South Delta Water Agency's

Memorandum of Points and Authorities in Support of its Appeal of DWR's
“Delta Conveyance Project: Final Certification of Consistency
for 2024-2026 Proposed Geotechnical Activities”

1. DWR Cannot Chop the Delta Conveyance Project (“DCP”) into Bite-Sized Pieces
and Certify the Pieces in Complete Isolation From the Rest of the Pieces; The
Entirety of the DCP Must be Certified in the Same Certification.

On December 21, 2023, DWR issued a Notice of Determination declaring and informing
the public that it approved its so-called “Delta Conveyance Project” (“DCP”). In particular,
DWR approved the following:

The Project consists of the construction, operation, and maintenance of new State
Water Project (SWP) water diversion and conveyance facilities in the Delta that
would be operated in coordination with the existing SWP facilities.

(DCP.A.1.00001.pdf, p. 3.) According to DWR, the construction, operation, and maintenance of
the DCP includes several “key components and actions,” including the following:

Efforts to identify geotechnical, hydrogeologic, agronomic, and other field
conditions that will guide appropriate construction methods and monitoring
programs for final engineering design and construction.

(Ibid.)

DWR concedes that the DCP is a “covered action” under the Delta Reform Act. Because
the DCP is a covered action, DWR must comply with Water Code section 85225, which provides
(with emphasis added):

A state or local public agency that proposes to undertake a covered action, prior
to initiating the implementation of that covered action, shall prepare a written
certification of consistency with detailed findings as to whether the covered
action is consistent with the Delta Plan and shall submit that certification to the
council.

Notwithstanding this clear Legislative directive, DWR is proposing to “initiate the
implementation” of the above-described “key component and action[]” by only certifying the
consistency of a small portion of that “key component and action” in complete isolation of the
rest of that component and action and in complete isolation from all other key and other
components and actions of the covered action. Such a proposal must be rejected because it is an
attempt to entirely and fundamentally circumvent the direct prohibition against the
implementation of a covered action in section 85225.

I
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a. Section 85225 Prohibits the Implementation of Any Activities of a Covered
Action that May Result in Physical Changes to the Delta Environment Prior
to Submitting a Written Certification of Consistency for the Entirety of the
Covered Action.

Under the Delta Reform Act, a “covered action” “is a ‘project,” as defined pursuant to

section 21065 of the Public Resources Code. Section 21065 is part of the California
Environmental Quality Act (“CEQA”) and provides:

“Project” means an activity which may cause either a direct physical change in
the environment, or a reasonably foreseeable indirect physical change in the
environment, and which is any of the following: . .. (a) An activity directly
undertaken by any public agency. . . .

Because covered actions are by definition comprised of activities that may result in direct
or indirect physical changes to the Delta environment, the prohibition against implementing the
covered action prior to filing a written certification is intended to prohibit those activities before
they are carried out. Like CEQA, a written certification of consistency is not a post hoc
justification for physical changes that have already taken place. The written certification comes
first to ensure the physical changes are consistent with the Delta Plan and will not thwart that
plan before they are carried out and cannot be undone.

DWR’s proposed 2024-2026 Geotechnical Activities will undisputedly result in direct
and indirect physical changes to the Delta environment and, accordingly, are the precise type of
physical activities that section 85225 prohibits in the absence of a certification for the entire
covered action.

b. Section 85225 Prohibits DWR From Extracting Small Pieces of the Covered
Action and Certifying Them in Isolation From All Other Pieces of the
Covered Action.

What DWR is proposing is remarkably misplaced and unlawful. DWR presumably
thinks it is okay to pick and choose certain activities of the DCP that it believes will be
consistent with the Delta Plan and evaluate the consistency of those activities with that plan in
complete isolation from all the other activities of the covered action. Such “piecemealing” of a
project is a cardinal sin in CEQA. For similar reasons, DWR’s proposed piecemealing of the
covered action under the Delta Reform Act is a fundamental and intolerable error.

As noted above, in order to be a covered action the proposed activities must be a project
under CEQA. Under CEQA a project cannot, under any circumstances, be chopped up into bite-
sized pieces such that the environmental impacts of the pieces are analyzed in complete isolation
of all other pieces. Under CEQA "‘[p]roject' means the whole of an action, which has a
potential for resulting in either a direct physical change in the environment, or a reasonably
foreseeable indirect physical change in the environment . . .." (Guidelines, § 15378, subd. (a),
emphasis added.) As the court explains in Orinda Assn v. Board of Supervisors (1986) 182
Cal.App.3d 1145, at page 1171:
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A public agency is not permitted to subdivide a single project into smaller
individual sub-projects in order to avoid the responsibility of considering the
environmental impact of the project as a whole. "The requirements of CEQA,
‘cannot be avoided by chopping up proposed projects into bite-size pieces which,
individually considered, might be found to have no significant effect on the
environment or to be only ministerial.' [Citation.]" [Citation].

Because a covered action “is a ‘project,' as defined pursuant to section 21065 of the
Public Resources Code” (i.e. pursuant to CEQA), a covered action also means “the whole of an
action, which has a potential for resulting in either a direct physical change in the environment,
or a reasonably foreseeable indirect physical change in the environment . . .." (Guidelines, §
15378, subd. (a), emphasis added.) Accordingly, DWR cannot avoid considering the consistency
of the DCP as a whole with the Delta Plan by chopping the DCP into bite-sized pieces, which,
individually considered, might be deemed consistent with the Delta Plan.

When piecemealing contentions arise in CEQA, the debate is whether one piece of an
activity is part of the same project as another activity. Here, DWR concedes in its Notice of
Determination that the proposed geotechnical activities are a “key component and action” of the
DCP. (DCP.A.1.00001.pdf, p. 3.) Hence, here, the piecemealing is particularly egregious
because there is no debate that DWR is improperly separating those activities from all other
activities of the DCP.

The instant piecemealing is also particularly egregious because of the staggering amount
of layers of piecemealing. Here, DWR chopped up the DCP in at least the following manners:

— DWR separated the construction component of the DCP from the
operation and maintenance components.

— DWR then separated the field investigations from all other components of
the construction component.

— DWR then separated the pre-construction field investigations from the
post-construction field investigations.

— DWR then separated the geotechnical investigations from all other
components of the pre-construction field investigations.

— DWR then separated borings, CPTs, and water sampling geotechnical
investigations from all other geotechnical investigations.

— DWR then separated land-based borings and CPTs from overwater
borings and CPTs.

— DWR then separated certain land-based borings and CPTs from other

land-based borings and CPTs (e.g., based on their proximity to levees and
other factors).
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After at least these seven subdivisions of the DCP, DWR then prepared the instant
certification contending the remaining bite-sized piece of the DCP is consistent with the Delta
Plan. It is frankly bewildering how DWR could have done this with a straight face. In no way,
shape, or form can this be tolerated under the Delta Reform Act. Because a covered action is a
project under CEQA, the DCP cannot be chopped up into two (2) pieces to evade the prohibition
against implementing the DCP in Water Code section 85225, much less chopped up into seven
(7) or more pieces.

It is mainfest and commonsense that all components and actions of a covered action must
be certified together. If a project proponent could subdivide a covered action into as many bite-
sized pieces as it desired, there would never be an assessment of the cumulative effect from all of
the pieces of the covered action together on the co-equal coals and the Delta Plan’s policies.

That would constitute the ultimate circumvention of section 85225 and the principles and
purposes of the Delta Reform Act, including the following:

“It is the intent of the Legislature that state and local land use actions identified as
“covered actions” pursuant to Section 85057.5 be consistent with the Delta Plan. .
.7 (Wat. Code, § 85022.)

The subdivision of a covered action into pieces directly thwarts the Legislature’s intent that
covered actions be consistent with the Delta Plan. If subdivisions are tolerated, only parts of the
covered action could be deemed consistent with the Delta Plan. There would be no certification
that the covered action as a whole is consistent with the Delta Plan.

Moreover, the entire purpose of the Delta Plan is to “guid[e] state and local agency
actions related to the Delta.” (Wat. Code, § 85300.) That guidance is fundamentally thwarted if
covered actions are subdivided and individual pieces are certified in complete isolation from all
other pieces.

For these reasons, DWR’s attempted subdivisions of certain geotechnical activities from
the totality of geotechnical activites and other activities that comprise the DCP is intolerable
under the Delta Reform Act. Such attempt must be denied on the grounds that DWR’s
certification is defective for failure to include the “whole of the action” that comprises the
covered action. The certification should also be denied on the grounds that there is a gross and
complete lack of substantial evidence in the record that the DCP as a whole is consistent with the
Delta Plan.

C. A Pending Court Case Has Already Determined that DWR Cannot Separate
the Geotechnical Activities from the DCP for Purposes of Certification.

In its certification package, DWR includes a copy of the “Ruling on Submitted
Matter—Petitioners’ Motions for Preliminary Injunction,” in Tulare Lake Basin Water Storage
District v. CA Department of Water Resources, Case No. 24WMO000006 et al. In that ruling the
Court addressed this precise issue and held:

The Department defined the DCP to include the geotechnical work at issue here.
The FEIR analyzed the geotechnical work as part of the project (Baykeeper RIN,
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Ex. A, pp. 3-2, 3-134 to 3-141), and the Notice of Determination described it as a
“key component” of the project (/d., Ex. B, Attachment 2). Because the
geotechnical work is part of the “project” within the meaning of CEQA, it is
necessarily part of a “covered action” within the meaning of Water Code section
85225.

(DCP.X2.1.00020, at “PDF” p. 117.) The Court further held:

The motions for preliminary injunction are granted. The geotechnical work at
issue here is part of the covered action [i.e., the DCP], which requires certification
of consistency with the Delta Plan before it is implemented. The Department is,
therefore, enjoined from undertaking the geotechnical work described in Chapter
3 of the FEIR prior to completion of the certification procedure that the Delta
Reform Act requires.

(Id., at “PDF” pp. 124-125.)

Notwithstanding that clear directive, DWR is burdening stakeholders and the DSC and its
staff with a certification of consistency that is directly prohibited by that Court ruling.

d. If DWR Wants to Begin Implementing the Geotechnical Investigation
Component of the DCP, then DWR Must Certify the Entirety of the DCP; If
DWR Thereafter Wants to Substantially Change the DCP as a Result of
those Investigations, then DWR Can and Must File a Supplemental
Certification to Address those Changes.

DWR has been studying the DCP for many years and determined on December 21, 2023
that it had enough information to approve the construction, operation, and maintenance of the
DCP. If DWR wants to begin implementing any component of the DCP, including the
geotechnical investigation component, then DWR must file a certification for the entirety of the
DCP that it approved on December 21, 2023.

DWR made various engineering and design assumptions when it approved its Final EIR
for the DCP. DWR can make reasonable engineering and design assumptions in its certification.
If the completion of the proposed geotechnical activities, or any other geotechnical or field
investigations, provides DWR with a reason to propose substantial changes to the design or other
aspects of the DCP, then DWR can and should file a supplemental certification to address those
changes. The Delta Reform Act readily accommodates such supplemental certifications and
DWR can and should utilize them as necessary to address any proposed significant changes to
the DCP that DWR desires to implement after its initial certification of the DCP.

/1
/1

1
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2. Inconsistency with the Delta Plan.

a. Because DWR Failed to Certify the “Whole of the Action” that Comprises
the DCP, there Is No Substantial Evidence in the Record to Support a
Finding that the Entirety of the DCP is Consistent with the Delta Plan.

As discussed above, DWR’s attempt to certify only a small portion of the activities that
comprise the covered action (the DCP) in complete isolation from all the other activities that
comprise the DCP is unlawful and must be denied as a matter of law. The failure to certify the
“whole of the action” that comprises the DCP also results is a complete failure on DWR’s part to
provide substantial evidence in the record that the entirety of the DCP is consistent with the
Delta Plan and all of its regulatory policies. Accordingly, DWR’s certification must also be
denied on the grounds that the record does not contain such evidence. (See Wat. Code, §
85225.25 [the certification must be “supported by substantial evidence in the record before the
state or local public agency that filed the certification].)

b. The Geotechnical Activities are Inconsistent with Policy “G P1-Detailed
Findings to Establish Consistency with the Delta Plan” (Cal. Code Regs., tit.
23, § 5002).

California Code of Regulations, title 23, section 5002, provides:

(b) Certifications of consistency must include detailed findings that address each
of the following requirements:

(1) Covered actions, in order to be consistent with the Delta Plan,
must be consistent with this regulatory policy and with each of the
regulatory policies contained in Article 3 implicated by the
covered action. . . ;

(2) Covered actions not exempt from CEQA must include all
applicable feasible mitigation measures adopted and incorporated
into the Delta Plan as amended April 26, 2018, which is here by
incorporated by reference, (unless the measure(s) are within the
exclusive jurisdiction of an agency other than the agency that files
the certification of consistency), or substitute mitigation measures
that the agency that files the certification of consistency finds are
equally or more effective;

(3) As relevant to the purpose and nature of the project, all covered
actions must document use of best available science; . . .

11

1
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1. DWR Fails to Adopt All Applicable or Substitute Feasible Mitigation
Measures and Fails to Use Best Available Science to Address Impacts
from Improperly Sealed Boring and CPT Holes.

Regarding mitigation of impacts from the Geotechnical Activities, DWR repeatedly relies
on the “sealing” of the boring and CPT holes after the work is completed to support its
conclusions that there will be no impacts from such holes and, hence, no mitigation is required.
For example, regarding the Delta Plan impact, “Violate Any Water Quality Standards or Waste
Discharge Requirements or Substantially Degrade Water Quality,” DWR states the following:

[W]hen completed. holes will be sealed using cement-bentonite grout in
accordance with State of California regulations and industry standards to ensure
that groundwater water quality will not be contaminated by the borings in a way
that would cause surface water quality to be substantially degraded. Therefore,
impacts to the specific constituents evaluated in the Final EIR water quality
impacts analysis will not occur and no mitigation is required.

(DCP.X2.1.00020, at “PDF” p. 50, emphasis added.)

DWR makes similar statements regarding potential impacts to other resources, including
the following:

— Delta Plan Impact: Substantially Deplete Groundwater Supplies or
Interfere Substantially with Groundwater Recharge. (/d., “PDF” p. 51.)

— Delta Plan Impact: Create or Contribute Runoff Water which would Exceed the
Capacity of Existing or Planned Stormwater Drainage Systems or Provide
Substantial Additional Sources of Polluted Runoff. (/d., “PDF” p. 61.)

— Delta Plan Impact: Conversion of Farmland to Nonagricultural Use. (/d., “PDF”
p. 65.)

— Delta Plan Impact: Conflict with Existing Zoning for Agricultural Use or a
Williamson Act Contract. (/d., “PDF” p. 66.)

There is a lack of substantial evidence to support DWR’s determination that the alleged
“sealing” of the boring and CPT holes will avoid such impacts and a lack of substantial evidence
that DWR is using the best available science to address improper sealing of those holes.

(1) It is Well-Established that Improperly Sealed Boring or CPTs
Holes Can Adversely Impact Levee Integrity.

Improperly sealed boring or CPT holes can result in preferential paths for seepage to flow
from the nearby rivers through or under the levees and through the improperly sealed holes.
Attached hereto as Exhibit “A” is the “Analytical Study on Flood Induced Seepage Under River
Levees,” which explains the hydrostatic pressure that creates seepage (at p. 14):
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“Whenever a levee is subjected to a differential hydrostatic head of water
as a result of river stages higher than the surrounding land, seepage enters the
pervious substratum through the bed of the river and riverside borrow pits or the
riverside top stratum or both, and creates an artesian head and hydraulic gradient
in the sand stratum under the levee. This gradient causes a flow of seepage
beneath the levee and the development of excess pressures landward thereof. If
the hydrostatic pressure in the pervious substratum landward of the levee
becomes greater than the submerged weight of the top stratum, the excess
pressure will cause heaving of the top blanket, or will cause it to rupture at one or
more weak spots with a resulting concentration of seepage flow in the form of
sand boils.

“In nature, seepage usually concentrates along the landside toe of the
levee, at thin or weak spots in the top stratum, and adjacent to clay-filled swales
or channels. Where seepage is concentrated to the extent that turbulent flow is
created, the flow will cause erosion in the top stratum and development of a
channel down into the underlying silts and fine sands, which frequently exist
immediately beneath the top stratum. As the channel increases in size or length,
or both, a progressively greater concentration of seepage flows into it with a
consequent greater tendency for erosion to progress beneath the levee.

“The amount of seepage and uplift hydrostatic pressure that may develop
landward of a levee is related to the river stage, location of seepage entrance,
thickness and perviousness of the substratum and of the landside top stratum,
underground storage, and geological features. Other factors contributing to the
activity of the sand boils caused by seepage and hydrostatic pressure are the
degree of seepage concentration and the velocity of flow emerging from the
boils.”

See also the following:

— Corps’ ER 1110-1-1807, entitled “Engineering and Design, Drilling in Earth
Embankment Dams and Levees” (attached hereto as Exhibit “B”), which
discusses, among other impacts, the potential for drilling on or near levees to
create preferential seepage paths.

— January 13, 2020 Memorandum prepared by Gilbert Cosio, Jr., an Engineer with
MBK Engineers (attached hereto as Exhibit “C”), which discusses concerns with

improperly sealed borings.

— Several photos of boils that have erupted from preferential seepage paths
(attached hereto as Exhibit “D”).

Page 8 of 12



(2) It is Also Well-Established that Improperly Sealed Boring or
CPTs Holes Can Adversely Impact Groundwater Quality and
Surface Water Quality.

Attached hereto as Exhibit “E” is a copy of Chapter 11-"Cone Penetrometer” from the
USDA/NRCS’ “Part 631 Geology National Engineering Handbook.” At page 11-12, it discusses
the challenges with properly sealing CPT holes:

(d) Hole closure—techniques. The need for grouting or sealing of holes is
usually established by individual States, most of which have laws requiring that
exploration holes be backfilled, sealed, or grouted after sampling and testing are
completed. The same applies to CPT sounding holes. This is of particular
importance in specific geologic settings where aquifer(s) need to be protected
against crosscontamination or water transmission.

As the CPT cone is pushed into the ground, it is creating a hole that could be as
detrimental to groundwater as an open borehole. If the hole stays open after the
tool is withdrawn, these cavities can become pathways for contamination of
aquifers either by cross-communication between permeable units or by the
transport of surface contaminants down the hole. Surface and subsurface

contaminants can potentially flow into aquifers that were previously
uncontaminated.

Providing a permanent seal in small diameter holes presents a number of
challenges compared with large diameter holes drilled with a conventional drill
rig. In larger-diameter holes, successful sealing can be performed using bentonite.
In smaller diameter holes, it can be difficult or impossible to verify the seal’s

effectiveness due to the likelihood of bridging.

Specific geologic conditions may cause the holes to immediately close as the tool
is removed. The best examples are relatively clean sands below the water table
and very soft, saturated clays. Borings in relatively clean, saturated sands are
well known for unstable sidewalls that collapse during the drilling process.
Drilling mud must be used to counteract this instability to keep the hole open. In
loose deposits, the vibrations from the cone truck are enough to cause collapse
during retraction. At the same time, the hydraulic conductivity in these deposits is
likely to be several orders of magnitude above that of the sealing materials. For
very soft clays below the water table, the hole may squeeze shut as the tools are
being withdrawn. Suction that develops as the penetrometer is pulled from the
hole increases this action.

3) There is No Substantial Evidence in the Record to Verify the
Success of DWR’s Sealing of Boring and CPT Holes.

Despite the fact that DWR acknowledges the importance of properly sealing the boring
and CPT holes and relies on that sealing to mitigate impacts from improperly sealed borings,
there is no evidence in the record to attest to the success of DWR’s sealing of the holes. As just
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noted above, the USDA explains that for smaller diameter holes like CPTs, “it can be difficult or
impossible to verify the seal's effectiveness due to the likelihood of bridging.” Nevertheless,
there are at least three ways DWR could and should provide evidence that the prior hundreds of
boring and CPT holes for the DCP and its variants have been properly sealed:

(1) DWR could confirm through its drilling and CPT logs how often it is able to grout
the entire length of the boring or CPT hole. For example, if it created a 200 foot
hole, was it able to insert the grout pipe (i.e., the “tremie pipe”) all the way to the
bottom of that 200 foot hole, or did it lose the hole or the did the other otherwise
cave in such that the grout pipe could not make it to the bottom? This
information should be readily available from its work logs.

(2) DWR’s Bulletin 74-90—"California Well Standards”™ (attached hereto as Exhibit
“F”) which DWR indicates it complies with (see e.g., DCP.X2.1.00020, at
“PDF” p. 227), states: “Verification. It shall be verified that the volume of
sealing material placed at least equals or exceeds the volume to be be sealed.”
(Bulletin 7-90, p. 22, emphasis added.) DWR could also easily compile this
information and enter it into the record.

3) DWR could explain how often, if ever, it inspects the boring and CPTs sites after
it “seals” them to ensure there has been no observable settlement of the grout
within the hole (which among other things could expose the groundwater to
surface contaminants that enter the hole) or observable seepage flowing out of it.
If it does inspect them, how often does it observe settlement or seepage and, if it
observes settlement or seepage, what does it do about it. This, again, is
information that should be readily available and easy to compile, if it is not
already compiled.

As it stands, there is no evidence in the record to verify the success of DWR’s sealing of
hundreds of prior boring and CPT holes and, accordingly, no reason to believe they have all been
properly sealed through the entirety of the holes and without incident. The recent substantial
seepage flow through or under the Victoria Island levee that has been in the news lately and that
is currently threatening to fail the levee is all the more reason to take additional precautions to
ensure the prior hundreds of boring and CPTs holes and the proposed additional hundreds of
boring and CPTs holes are not causing or contributing to increased seepage flow through or
under levees. Activities that threaten the integrity of the Delta’s vast network of essential levees
constitute a manifest “significant adverse impact on the achievement of one or both of the
coequal goals [and] implementation of government-sponsored flood control programs to reduce
risks to people and property in the Delta . ...” (Wat. Code, § 85225.10, subd. (a).)

With DWR proposing to perform 261 borings and up to 15 CPTs over the next two years,
it is imperative that DWR provide substantial evidence confirming the efficacy of its sealing
protocol in the unique and varied Delta soil conditions. Moreover, use of the best available
science would at a minimum call for obtaining, reviewing, disclosing, and documenting the
above-requested info. (See Cal. Code Regs., tit. 23, section 5002, subd. (b)(3) [“As relevant to
the purpose and nature of the project, all covered actions must document use of best available
science”].)
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C. Inconsistency with Policy “ER P5—-Avoid Introductions of and Habitat
Improvements for Invasive Nonnative Species” (Cal. Code Regs., tit. 23, §
5009).

California Code of Regulations, title 23, section 5009, provides:

(a) The potential for new introductions of or improved habitat conditions for
nonnative invasive species, striped bass, or bass must be fully considered and
avoided or mitigated in a way that appropriately protects the ecosystem.

(b) For purposes of Water Code section 85057.5(a)(3) and section 5001(k)(1)(E)
of this Chapter, this policy covers a proposed action that has the reasonable
probability of introducing or improving habitat conditions for nonnative invasive
species.

DWR states that “all equipment used during field investigations [will] be cleaned and
inspected by the qualified biologist for terrestrial invasive plant and animal species prior to
entering the work areas and before moving between work areas (California Department of Water
Resources 2023a:3B-29).” (DCP.X2.1.00020, p. 4-11, emphasis added.) DWR does not specify
whether all vehicles will be so cleaned and inspected nor the clothing and footwear of personnel,
both of which could reasonably result in the introduction of nonnative invasive species.

d. Inconsistency with Policy “DP P2—Respect Local Land Use when Siting
Water or Flood Facilities or Restoring Habitats” (Cal. Code Regs., tit. 23, §
5011).

California Code of Regulations, title 23, section 5011, provides:

(a) Water management facilities, ecosystem restoration, and flood management
infrastructure must be sited to avoid or reduce conflicts with existing uses or
those uses described or depicted in city and county general plans for their
jurisdictions or spheres of influence when feasible, considering comments from
local agencies and the Delta Protection Commission. Plans for ecosystem
restoration must consider sites on existing public lands, when feasible and
consistent with a project's purpose, before privately owned sites are purchased.
Measures to mitigate conflicts with adjacent uses may include, but are not limited
to, buffers to prevent adverse effects on adjacent farmland.

(b) For purposes of Water Code section 85057.5(a)(3) and section 5001(k)(1)(E)
of this Chapter, this policy covers proposed actions that involve the siting of
water management facilities, ecosystem restoration, and flood management
infrastructure.

One of the purported purposes of the Geotechnical Activities is to investigate and
confirm the suitability of sites for the DCP’s facilities. Hence, the locations of the Geotechnical
Activities are a substantial factor in the ultimate siting of those facilities and will play an
instrumental role in that siting. There is no discussion of respecting local land use when siting

Page 11 of 12



those activities and, hence, those facilities. Accordingly, there is no substantial evidence to
support the consistency of the Geotechnical Activities with this policy.

3. Additional Comments re Adverse Impacts on Levees and Property Damage.

DWR states: “In particular, the 2024-2026 Proposed Geotechnical Activities will not
include the following: work on levees, . ...” (DCP.X2.1.00020, at "PDF" p. 24.) A review of
DWR’s maps plainly indicates numerous borings on the landside levee slopes or immediately
adjacent to those slopes. As discussed above, such close proximity to the levees raises
heightened seepage concerns among other concerns (e.g., interference with flood fighting
activities, levee patrols and levee slope visibility).

As DWR is aware, in the court-ordered entry petition proceedings there has been a
longstanding “wet season’ prohibition against any borings or CPTs from December 1st through
April 30th. Seepage concerns are heightened during the wet season when hydrostatic pressure is
the highest and levees are heavily saturated by high water and rainfall and damage to
landowners’ property and roadways from rutting are virtually inevitable. DWR should add such
a restriction to the proposed geotechnical investigations. It has proven to be a feasible and
beneficial condition that has successfully avoided seepage and other flood control concerns as
well as property damage.

4. Conclusion.

For the foregoing reasons, the DSC must reject DWR’s certification of the Geotechnical
Activities as a matter of law because it has impermissibly piecemealed the DCP and is directly
contrary to a Court order. The DSC should also reject the certification because DWR has failed
to provide substantial evidence that those activities by themselves, and joined with all other
activities of the DCP, are consistent with the Delta Plan.

Respectfully submitted,

M

Dante J. Nomellini, Jr.
Attorney for the
South Delta Water Agency
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ABSTRACT

A common and potentially dangerous phenomenon associated with flooding is
seepage under levees and the formation of sand boils. Seepage flow due to hydrostatic
head gradients of floods may cause deformation of pervious layers leading to heave,
piping and sand boils. Underseepage may also cause irreversible changesin the
characteristics of the porous medium. A series of independent flood events may have
cumulative effects on pervious layers causing sand boils to grow. Current underseepage
analyses for levees are based on steady-state flow. Transient seepage flow due to rapid
changesin river head may contribute to cumulative effects and cause critical hydraulic
head development under levees and subsequent sand boil formation.

This research examined transient effects on hydraulic head development under
levees during a flood event. While the research is focused on levees, this study is
applicable to any hydraulic structures (e.g., flood walls, dams, and retaining structures)
subject to underseepage. An analytical model was developed for one-dimensional
transient flow in a confined aquifer under alevee in response to river stage fluctuations.
This analytical model was revised by considering leakage out of confined aquifersto
simulate the occurrence of sand boils on the landside of |evees. Transient flow nets were
also constructed using complex variables. The performance of these analytical models
was evaluated by comparing with the limited field studies, current U.S. Army Corps of
Engineers underseegpage anaysis methodol ogy for levees, and a finite element program.
The effects of possible cumulative deformations on development of exit hydraulic
gradients were aso evaluated and discussed.

Transient flow models performed reasonably well compared with the limited field

studies, the Army Corps seepage analysis method and SEEP2D finite element program.



Cumulative analysis of underseepage by the transient flow model simulating sand boil
formations showed significant increases in exit hydraulic gradients in response to

possible cumulative changesin aquifer characteristics.

vi



CHAPTER 1 INTRODUCTION

Underseepage of water through soil below levees during times of flood isa
natural phenomenon. Seepage becomes a matter of concern for the safety of alevee when
piping occurs and sand boils form. Turnbull and Mansur (1961) summarized the flood
induced seepage problem under levees based on their experience with the U.S. Army
Corps of Engineers (USACE). If the hydrostatic pressure force in the pervious substratum
landward of the levee becomes greater than the submerged weight of the overlying strata,
the excess pressure may cause heaving of the upper soil layers and rupture at weak spots
with aresulting concentration of seepage flow. Flow from these weakened |ocations may
increase to form sand boils. In addition, the concentrated seepage flow may erode fine
soil particles, and carry these fine particles up to the surface. Asthe erosion process
continues, a pipe or open channel may form through the top stratum. The pipe-shaped
opening through which water and eroded soil discharge is called a sand boil. A sand boail
opening bears some resemblance to a soil-walled pipe through the top stratum. The
flowing water exiting through a sand boil carries soil particles that have been eroded from
along the water’ s seepage path up to the soil surface where it may deposit to form a cone
around the sand boil. Heave and piping are the main mechanismsinvolved in creating a
pipe that leads to sand boils. Heaving occurs when seepage forces push the substrata
upward. Piping is the phenomenon where seeping water progressively erodes and washes
away soil particles, leaving large voidsin the soil. Removal of soil through sand boils by
piping or internal erosion damages levees, their foundations, or both, which may result in
settlement and has the potential to cause catastrophic failures of levees. A schematic view

of the underseepage problem isshowninFig. 1.1.
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Fig. 1.1 A schematic representation of seepage problem under levees (U: hydrostatic
uplift pressures, W: submerged weight of soil).

Although an exit hydraulic gradient of 0.85 on the landside of aleveeis
commonly considered sufficient to initiate sand boil formation, other field measurements
show that sand boils may occur with exit hydraulic gradients in the range of 0.54 -1.02
(Daniel, 1985). A photo of a sand boil in shown Fig. 1.2

While most analyses of underseepage, piping, heaving, and sand boil formation
have been based on steady seepage flow, it is unsteady seepage flow that is more
common for canal embankments and levees (Peter, 1982). Thisis because during floods
the water level in the river and between the levees changes so quickly that a constant flow
regimeis unlikely to be established. Instead, rapid changes of water level may cause a
head wave moving with varying velocity in the stratified porous medium. Consider that a
leveeis underlain with alayer of high hydraulic conductivity soil, which extends a
distance on the landside of the levee, while alayer of low hydraulic conductivity soil

overlies the high conductivity layer on the landside of the levee (Fig. 1.3).



Fig. 1.2 A picture of a sand boil (source: USACE, Vicksburg District).

Fig 1.3A hydraulic structure and seepage for ces acting on sand and gravel layer in
its subsoil (after Peter, 1982).

When aflood wave occursin the layer of greater hydraulic conductivity, the head wave
reaches farther in a given time than it does in the top layer. Asthe head wave develops,

so do uplift pressures that may induce heave and gradual liquefaction of the overlying
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layer. Static liquefaction isasoil state at which vertical effective stress on soil becomes
zero (Fig. 1.1). A mass of sand in a state of static liquefaction is known as quicksand,
which haslost its strength and behaves like viscous liquid (Budhu, 2000).

If the same problem were to be analyzed as a steady state problem, then the upper
layer would be assumed to be wet and thus heavier than similar dry material, so the heave
would have been less likely to occur. However, steady seepage is frequently assumed in
analyses of levees because the computations are simpler and the steady-state seepage
parameters are less difficult to determine than the corresponding transient parameters
(Peter, 1982). For these reasons, seepage flow based on transient effects due to changes
in river head has not been analyzed in as much detail as has steady flow.

At one time, it was thought that sand boils could “hea” or “repair” themselves
between flood events (Sills, G., personal communication to CE 7265 class, Fall 1997).
After the 1993 floods on the Upper Mississippi River, some engineers with the U.S.
Army Corps of Engineers began to question the extent of the inter-flood healing effect
and whether there is a cumulative effect caused by sand bails. (Sills, G., persond
communication to CE 7265 class, Fal 1997).

A more recent concept is that seepage under levees during a series of independent
flood events may cause sand boils to grow as the flood series grows longer. Researchers
have not examined the concept that there may be cumulative effects from sand boils,
which increase the likelihood of levee failure due to seepage. As aresult, the problem of
levee failure due to cumulative effects of underseepage is only now being recognized as a
problem that may have great urgency for evaluating the danger to lives and property in
areas protected by levee systems. Currently, the USACE Engineer Research and

Development Center (ERDC) in Vicksburg, Mississippi, is working on research on the



cumulative effects of piping under levees (Wolff, 2002). The research unit operates under
the Innovative Flood Damage Research Program (IFDR) sponsored by USACE.
1.1  Objectives
The objective of this research was to obtain a better understanding of the sand boil
problem. This dissertation explored the following two questions: (1) Istransient flow
analysis due to river head fluctuations critical in the development of exit hydraulic
gradients and the subsequent sand boil formation? and (2) If sand boils develop more
frequently due to cumulative effects associated with repetitive flood events, how can
transient flow analysis in conjunction with current underseepage analysis tools respond to
this problem? Both questions were addressed by developing transient flow models and
comparing them with current underseepage analysis tools. The transient flow models
developed in this study are also expected to contribute to the current literature on
analytical techniques for seepage problems. The following specific objectives were
established for this study:
1. develop an analytical model to describe hydraulic head in responseto river head
fluctuations in a confined agquifer under alevee,
2. develop an analytical model to describe hydraulic head in response to river head
fluctuations under alevee with leakage out of a confined aquifer,
3. construct time-dependent flow nets for underseepage analysis,
4. evaluate the performance of these analytical models by comparing them with other
current practice underseepage analysis methods, and
5. evauate possible cumulative effects in hydraulic head development with new

analytical models and other underseepage analysis methods.



1.2  Outlineof Dissertation

The dissertation is organized as follows: This chapter gives an introduction to the
research, an outline of the problem, the main questions asked, and the specific objectives
of the study.

The second chapter gives background information and literature review. It
provides detailed information on seepage erosion, previous studies on underseepage of
levees conducted by USACE, current underseepage analysistools, analytical studies on
transient flow, and possible cumulative effects due to repetitive flood events.

The third and fourth chapters present transient analytical hydraulic head models;
for aconfined aquifer in the third chapter and with leakage out of a confined aquifer in
the fourth chapter. In both, a solution with Laplace transform method and an approximate
solution are presented. The fifth chapter details analytical construction of transient flow
nets for infinite-depth aquifers and finite-depth aquifers. The results and a discussion
about the transient models and flow nets are given in each chapter.

The sixth chapter provides a performance analysis of the developed models
conducted by comparing the results of the analytical models with the USACE levee
underseepage method and a finite element program. Results and discussion of this section
explore the main question of this study: whether transient effects are critical in
development of exit hydraulic gradients, which may trigger sand boil formation.

Cumulative effects due to repetitive flood events are discussed in the seventh
chapter and are evaluated by transient flow models, USACE |evee underseepage method,
and afinite element program. The results and discussion of these evaluations explore the

second question of this study: how transient flow analysis and current underseepage



analysis tools respond to possible cumulative effects due to repetitive flood events. The
conclusions are presented in the eighth chapter.

There are four appendices containing details of mathematical computations and
finite element models.

1.3  Scope of Study

Thisresearch involved the use of mathematical models, which were supplemented
by data from published on-site investigations.

Typica geological features of Mississippi River Valley include aless permeable
top stratum and a more pervious substratum. This geological feature may allows usto do
confined flow analysis. In the analytical models, linear laws of seepage were studied,
where there is alinear relationship between seepage velocity and hydraulic gradient. The
pervious substratum typically combines horizontally stratified beds of sand where
horizontal conductivity of the main aquifer is so large compared to hydraulic conductivity
of the semi-pervious top stratum. Therefore, it is safe to assume that horizontal flow in
the pervious substratum is refracted over 90° to seep vertically through the semi-
confining layer due to hydraulic uplift forces (Hantush and Jacob, 1955). While, all
groundwater flow in nature is three-dimensional to a certain extent, symmetry features,
i.e. flow to awell, make the problem possible to analyze in two-dimensional form (De
Wiest, 1965). The solution may need to be further smplified by reducing the
dimensionality of the problem to one due to difficult boundary conditions. Reducing the
dimensionality of the problem introduce significant errors and it is up to hydrologists
judgement to estimate the error in engineering practice. In the light of this discussion,
certain simplifications were applied in the devel opment of analytical modelsin this

research.



The analytical models for transient flow in a confined aquifer were developed by
using the diffusion equation, which was derived under Darcy’s law, and the law of
conservation of mass. The geologic conditions beneath the levees can be very complex.
To simplify the problem the stratum was assumed as saturated, homogenous, and
isotropic, and the flow is assumed as one-dimensional. Transient analytical flow models
with leakage out of a confined aquifer were presented and a subsurface system with a
leaky confined aquifer and a semi-permeable layer on the top of it was considered. The
assumptions introduced by Hantush and Jacob (1955) on leaky aquifer systems - that
storage in the semi-permeable layer is negligible and the leakage is linearly proportional
to the difference in head between two layers - are applicable here.

The methodol ogies given by Polubarinova-Kochina (1962) were followed for
transient analytical flow nets for infinite and finite depth aquifers. The assumptions and
the conditions in her solutions were maintained. A downward vertical flow at the
riverside of the levee, a horizontal flow under the levee and an upward vertical flow at
the landside of levee were assumed. The solution is for homogenous and isotropic soil
conditions.

The performance of the analytical models was compared with the other seepage
anaysistools. Even though a simple cross-section with typical soil parameters was used,
the comparisons may not reflect identical conditions as each method was devel oped
under its own assumptions. The transient flow models and other seepage analysistools
were used to evaluate possible cumulative effects of flood-induced seepage. As explained
in the literature survey, there is a distinct lack of published studies on cumulative effects
of underseepage problems associated with sand boils. The best evaluation of cumulative

effects can be conducted by examining data from long-term site investigations and by



conducting laboratory experiments. The evaluation of cumulative effects by empirical,
analytical and numerical methods is complicated. The transient analytical models
developed in this study attempt to provide aview to the problem of evaluating cumulative

effects of sand boils. Further research is needed in this area.



CHAPTER 2 BACKGROUND AND LITERATURE REVIEW
21 Introduction

The following items are reviewed in this chapter: seepage erosion mechanisms;
levee underseepage and sand boil formation; field observations; soil properties
susceptible to piping problem; geology of Lower Mississippi River Valley and its
influence on underseepage; previous studies on levee underseepage conducted by
USACE; current underseepage analysis methods; analytical studies on transient flow with
cyclical boundary conditions; and cumulative effects. A list of symbolsisincluded at the
end of the chapter.
2.2  Seepage Erosion

Van Zyl and Harr (1981) classified seepage erosion failures into three modes:
heave, piping and internal erosion. Heave is analyzed by comparison of seepage force per
unit volume with effective unit weight of selected critical volume of soil. Terzaghi (1929)
presented an exit gradient approach to seepage analysisin his classical work on failure of
dams by seepage erosion. His theoretical development was based on the summation of
the vertical seepage forces exerted by the upward flow of water and the vertical
downward weight of the submerged soil. He defined the critical gradient to cause heaving

as:

i, = % = G15+ _el (2.1)

where, )4 1S the submerged unit weight of soil, Ky isthe unit weight of water, Gsisthe

specific gravity of soil, and e isthe void ratio of soil. For typical soils, the critical

gradient is approximately 1.0.
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Sherard et al. (1963) investigated the mechanics of piping in earth and earth-rock
dams. Aswater flows, the pressure head is dissipated in overcoming viscous drag forces,
which resist the flow through the small pores. The seeping water also generates erosive
forces and tends to drag the soil particleswith it asit travels through the pervious layer. If
the seepage erosive forces are greater than the erosion resisting forces, the soil particles
are washed away and piping starts. If the soil has some cohesion, a small tunnel or pipe
can form at the downstream exit face of a seepage path. Once piping starts, the flow in
the pipe increases due to the decreased resistance to flow, piping accel erates, and the
small tunnel or pipe lengthens. Van Zyl and Harr (1981) stated that the analysis of piping
erosion was amost impossible due to control by discontinuities. However, globa
gradient approaches developed by Bligh (1927) and Lane (1935) are still widely used in
the design of dams and weirs. The concept of the length of the path traveled by seeping
water led to the development of creep ratios or creep coefficients. Bligh (1927) defined a

creep coefficient as:
L

C=— 2.2
. (2.2)

where L isthe length of seepage path measured along the base of weir, and h is the total

head loss. Lane (1935) suggested a weighted creep ratio as:

(2.3)

where, L, is distance along horizontal contacts (<45°, measured from the horizontal), Ly is
distance along vertical contacts (>45°) and h istotal head loss. Bligh (1927) and Lane
(1935) suggested limiting values for creep coefficients obtained by analyzing alarge

number of structures founded on various soil conditions. Some typical vaues of weighted
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creep ratio are: 8.5t0 5.0 for very fine sand to coarse sand, 4.0 to 2.5 for fine gravel to
boulders, and 1.8 for hard clay (Lane, 1935).

Internal erosion beginslocally by fine particles being moved from the soil matrix
into a coarser layer leading to formation of cavities, collapse and failure. The mechanism
isan important concern for the analysis of seepage through the hydraulic structuresin the
event of transfer of particles between zones of earth and rock-fill dams, and in dispersive
soils (Sherard et al., 1972). While the analysis of internal erosion is generally very
difficult, installation of filters designed to proper filter criteriais the common prevention
technique (Van Zyl and Harr, 1981).

Casagrande (1937) estimated the exit gradient from flow nets. Khosla et al.
(1936) and Harr (1962) suggested theoretical methods to determine the exit gradients for
confined flow for specific cross-sections. Khilar et al. (1985) investigated the potential
for clay soilsto pipe or plug under induced flow gradients. They presented the following

equation as a measure of the critical gradient to cause piping:

r n 1/2
j=—°c |° (2.4)
2.878y,, | k,

where risthe critical tractive shear stress (dynesicm?), ngistheinitial porosity, and ko is
theinitial intrinsic permeability (atypica valueis, ko= 10"° cm?). For granular materials,
critical tractive shear stress can be estimated from the dsp size (Lane, 1935) as
I (dynes/cm?®) = 10ds, (mm). Aralunandan and Perry (1983) studied the erodibilty of
core materialsin earth and rock dams. They reported that the erosion resistant soils have
acritical tractive shear stress of 7> 9 dynes/cm? based on limited data.

Sail type, rate of head increase and the flow condition are the main dependents for

modes of seepage erosion failure (Van Zyl and Harr, 1981). The soil type controls
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whether heave is followed by a quick condition asin clean sand or whether heave leads to
crack formation, concentrated flow and piping. Heave, leading to cracks, concentrated
flow and piping, appears to be more common in granular soils with alarge percentage of
fines.

A rapid increase in head may result in heave of the surface, leading to a quick
condition (Van Zyl and Harr, 1981). This could be atypical failure condition on the
downstream side of awater retention structure being filled rapidly. A quick condition
before heave can also be produced when the head is raised very slowly. Tomlinson and
Vaid (2000) presented an experimental study of piping erosion. They tested various
artificial granular filter and base soil combinations in a permeameter under variable
confining pressures to determine the critical gradient where soil erodes through the filter.
They observed that the critical gradient was lower if the head was rapidly increased. Van
Zyl and Harr (1981) aso pointed out the importance of flow conditionsin piping
problems. According to the field observations, an unsaturated soil fails at lower gradients
than the critical gradient of the soil. Thefirst filling of areservoir may induce this type of
failure.

Sellmeijer and Koenders (1991) stated that empirically, a so-called piping channel
or dlit develops, extending from the downstream corner of the structure to alength of less
than half the bottom length of a dam. They presented a mathematical model for piping.
They modeled a prediction of an equilibrium situation in which some materials have
washed away from underneath the structure and the channel development has stopped.
The result of this study was a mathematical representation of the relation between the
pipe length and the difference in water head. Ojha et al. (2001) developed a piping model

based on Darcy’s law. They concluded that the choice of permeability function was
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critical for the piping model. The permeability functions, which depend only on grain
size, have limited value on clarifying piping models while those that include porosity are
more useful.
2.3  Development of Under seepage and Sand Boils

Turnbull and Mansur (1961) explained underseepage mechanisms and sand boil
formation at Mississippi River levees as aresult of the studies and investigations
conducted by the Army Corps of Engineers covering a period of 1937 to 1952:

“Whenever aleveeis subjected to adifferential hydrostatic head of water
asaresult of river stages higher than the surrounding land, seepage enters the
pervious substratum through the bed of the river and riverside borrow pits or the
riverside top stratum or both, and creates an artesian head and hydraulic gradient
in the sand stratum under the levee. This gradient causes aflow of seepage
beneath the levee and the devel opment of excess pressures landward thereof. If
the hydrostatic pressure in the pervious substratum landward of the levee becomes
greater than the submerged weight of the top stratum, the excess pressure will
cause heaving of the top blanket, or will cause it to rupture at one or more weak
spots with aresulting concentration of seepage flow in the form of sand boils.

“In nature, seepage usually concentrates along the landside toe of the
levee, at thin or weak spotsin the top stratum, and adjacent to clay-filled swales
or channels. Where seepage is concentrated to the extent that turbulent flow is
created, the flow will cause erosion in the top stratum and development of a
channel down into the underlying silts and fine sands, which frequently exist
immediately beneath the top stratum. As the channel increasesin size or length, or
both, a progressively greater concentration of seepage flowsinto it with a
consequent greater tendency for erosion to progress beneath the levee.

“The amount of seepage and uplift hydrostatic pressure that may develop
landward of aleveeisrelated to the river stage, location of seepage entrance,
thickness and perviousness of the substratum and of the landside top stratum,
underground storage, and geological features. Other factors contributing to the
activity of the sand boils caused by seepage and hydrostatic pressure are the
degree of seepage concentration and the velocity of flow emerging from the
boils.”

Turnbull and Mansur (1961) also explained the importance of underground
storage on underseepage and excess hydrostatic pressure during relatively low high
waters and high waters of short duration. They noted that during a high water, if the

ground water tableislow, drainage into subsurface storage landward of the levee reduces
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hydrostatic pressures and seepage rising to the surface. However, if the ground water
table is high or the flood is of long duration, this factor has little effect on substratum
hydrostatic pressures. In general, piezometric data obtained during the 1950 high water
indicated that ground water storage landward of the levees wasfilled by the time a high
flood stage developed.

The critical gradient required to cause sand boils or heaving is estimated by
Equation 2.1. Approximate theoretical critical gradients for silty sands and siltsis
approximately 0.85 and for silty clay and clay is 0.80 (Turnbull and Mansur, 1961). In
the field, the critical gradient required to cause sand boils can best be determined by
measuring the hydrostatic head beneath the top stratum at the time a sand boil starts. The

critical gradient in the field is determined by

= (2.5)
z

where hy is the head beneath top stratum at distance x landward from landside toe of the
levee, and z is the thickness of landside top stratum.
2.3.1 Field Observationsof Under seepage and Sand Boils

Mansur, et al. (2000) reviewed studies carried out since the 1940's on
underseepage, piping, and sand boil formation in the Mississippi River Valley. The
Mississippi River floods of 1993 produced seepage under some levees which resulted in
dramatic levee failuresin the Kaskasia IsSland Levee District in Illinois (Mansur, et al.,
2000). A sand boil and subsurface piping caused the Kaskasia Island levee to fail,
flooding the entire levee district.

According to witnesses, levee failures due to high water usually starts with sand

boil occurrences near the toe of the levee, followed by overtopping. In some cases, the

15



river does not rise above the top of the levee; rather, the levee fails, sinking below the
prior river levee elevation. Much sand boil information is derived from observational data
based on subjective descriptions by different people and usually does not represent
observations made on a continual basis. Mansur et al. (2000) gathered sand boil
information for seven levee districts after the 1993 high water. Uplift gradients calculated
from existing piezometers showed that significant sand boils were observed when uplift
gradients were in the range of 0.58 to 0.84.

Mr. Richard Meehan, instructor at Stanford University, California, with USACE
background, worked on Feather River hydrographs at |evee breaks. Levees near
Marysville and Y uba City, California, failed in 1955, 1986, and 1997. The investigators
compared the flood hydrographs. The 1955 and 1997 levee failures occurred at just about
the time the river stage made its peak. In 1986, floodwaters began to recede, then failure
occurred one day after the river stage made its peak. This investigation suggests that the
pressures causing failure may lag behind the immediate flood pressures on the levee. For
al thefailures, the levees were not overtopped but sand boils had been observed at the
toe of the levee before failure.

The Mississippi River floods of 1997 resulted in seepage under certain leveesin
Louisiana, especially those near Angola Prison. The levee at this |ocation developed sand
boils, leading to emergency repairs to prevent levee failure.

Li et al. (1996) studied widely reported sand boils north of Cairo, Illinois, where 4
m of head existed between the river and the landward ground surfacein 1993. The
researchers examined sand boils along the Mississippi River levee west of Ware, Illinois.
Sand boils were abundant within 5 m of the levee toe, only small pin boils were observed

at adistance of 100 m from the levee, and beyond 100 m, there was no significant
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evidence of surface seepage. Li et al. reported the sand boils had dimensions with 0.5 m
to 10 m diameter, and they commonly extended 0.3 m above the ground surface. Mansur
et al. (2000) reported the results of an underseepage and sand boil study after the 1993
high water. The dimensions of many sand boils were up to 30" in diameter at Prairie
DuPont and Ft. Chartres Levee Disdtricts, Illinois. At the other regions of Mississippi
River levees, many sand boils of 2" to 12" in diameter were observed. Another
observation of sand boils was reported by the Corps of Engineers after 1997 high water.
A sand boil with athroat of 0.45 m to 0.6 m (1.5 to 2.0 ft) in diameter was observed at
about 60 m (200 ft) from the levee at Blue Lake, Arkansas. The uncontrolled flow
resembled alarge relief well and approximately 23 cu.m (30 cu.yd) of fine to medium
sand was deposited.

The U.S. Army Corps of Engineers, New Orleans District Office, conducted a
seepage study from Louisiana State University (L SU) to Duncan Point of Pontchartrain
Levee Didtrict in 1992. This study references data back to atechnical manua, TM 3-424
published by USACE in 1956. During the 1937 high water, improperly backfilled seismic
shot holes near the LSU campus were attributed as being the cause for sand boils
experienced. During the 1950 high water, excess hydrostatic pressures of 12.5 to 15 ft
existed along the landside toe of the levee. This hydrostatic pressure corresponds to 75%
to 90% of the crest head in the river. Excess heads of 10 to 12 ft were aso observed as far
as 0.75 mile (1.2 km) landward of the levee. During the 1950 high water, four fairly large
sand boils were observed but according to the available records they were not at the same
locations as the 1937 boils. During the 1973 high water, sand boils were observed at
fairly large distances up to 2.4 km from the levee. In 1975, a sand boil nicknamed “Big

Mamou” developed at about 1 mile (1.6 km) from the levee aong the banks of Elbow
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Bayou due to high water. During the 1983 high water, there was no flow from Big
Mamou but a new sand boil developed about 200-ft (61 m) away from it. Again in 1983,
asand boil about 0.5 mile from the levee, which developed at LSU stadium parking lot,
was flowing clear.

In 1992, the USACE noted that the studied regions of levees have arelatively
thick soil blanket, which is sufficient to withstand high hydrostatic pressures. This fact
explains the occurrence of high hydrostatic pressures and sand boils as far as a mile from
the levee, where the soil blanket may be thinner. This study concluded that seepage
prevention methods, such as seepage berms and relief wells, protect limited areas.
Seepage berms may force seepage away from the levees, and relief wells along the
landside toe of alevee only create a“dip” in the hydrostatic gradient line.

Recent observations were also conducted at LSU Dairy Farm in July 2002 by Dr.
Dean Adrian, Professor, and Senda Ozkan and Curtis Sutherland, graduate students at
LSU. A sand boil near a drainage channel was observed about 0.5 mile away from the
Mississippi River levee. Apparently, soil under the sand boil was eroded, then discharged
into the drainage channel next to the boil. The sand boil turned into a sinkhole (Figure
2.1). The dimensions of the sinkhole were about 4 ft deep, 6 ft wide and 10 ft long.
According to the observations, as the water level in the river rose, there was bubbling
water at the bottom of the hole, then the accumulated water in the hole drained to the
drainage ditch. Later, the sand boil depression was repaired and arelief well wasinstalled
(Figure 2.2). Itisinteresting to note that there is a wastewater lagoon close to the sand
boil. However, the water in the sand boil looked fresh and clean, suggesting no flow was

leaking from the lagoon into the boil, but instead, water was seeping from the river.
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Fig. 2.1 A sand boil turned into a sinkhole at L SU Dairy Farm (July 2002). The
sinkhole had been filled before, but reformed after several years.

Fig. 2.2 A relief well wasinstalled into the sinkhole at L SU Dairy Farm (August
2002).
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2.3.2 Soil Properties Susceptibleto Piping

Peter (1974) examined the conditions associated with piping phenomenain the
subsoil, near leveesin the Mississippi River region, and in the Danube River regionin
former Czechoslovakia, Hungary and Y ugoslavia. The studies showed that the grain size
distribution curves are one of the most appropriate aids for judging the danger of piping
problems. From the coefficient of uniformity of the soil, C, and the coefficient of
curvature, C, the danger can be determined. The coefficient of uniformity and the

coefficient of curvature are defined as:

d
C, = 80 (2.6)
le
2
c = (27)
ledGO

A geological condition favorable for the formation of pipingisvery permeable
sandy gravel which has a substantial amount of fine particles, dyo= 0.25 mm, the
coefficient of uniformity, C, > 20, the coefficient of curvature, C.> 3, and thereisalack
of grains of size 0.5 to 2 mm. The pipings in the Danube River levees are connected with
geologic conditions similar to those of pipings near the Mississippi River (Peter, 1974).

De Wit et al. (1981) conducted |aboratory research on piping on a scale model
with fine, medium and coarse sand. In general, they observed higher critical exit
gradients for the coarser and the denser sand. They aso found that when two sands are
compared having the same grain size distribution curve, the sand with the higher angle of

friction exhibits a higher critical gradient.
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A grain-size analysis on one sand boil observed during Mississippi River Flood of
1993 showed that 98% by weight of eroded grains were smaller than 0.125 mmiin
diameter (Li et al., 1993).

Sherard et al. (1972) studied piping in earth dams of dispersive clays. Some
natural clay soils disperse in the presence of water and become highly susceptible to
erosion and piping. The tendency of dispersive erosion in agiven soil depends upon
variables, such as mineralogy, chemistry of clay, and the amount of dissolved saltsin the
soil pore water and eroding water. The susceptibility of afine grained soil to internd
erosion increases with the tendency of its particles to disperse either spontaneously with
the presence of water or under the drag force of seepage. Non-cohesive silt, rock flour,
and very fine sands also disperse in water and may be highly erosive.

24  Geology of the Lower Mississippi River Valley and ItsInfluence on
Under seepage

The U.S. Army Corps of Engineer conducted investigations of the geologic
conditions of Lower Mississippi River Valley in 1940’s. Geological studies at several
sites along the Mississippi River levees showed that there were significant correlations
between the distribution of alluvial deposits of sand, silt and clay, and the occurrence of
underseepage and sand boils (Turnbull and Mansur, 1961; Kolb, 1973). The Alluvial
Valley of Lower Mississippi is about 500 mileslong and 50 miles wide on average. The
valley begins at the confluence of the Mississippi and Ohio rivers at Cairo, lllinois, and
extends to the Gulf of Mexico. The alluvial depositsin the Lower Mississippi River
Valley fill atrench ranging in the depth from 100 ft to 400 ft. The aluvial fill was formed
about 30,000 years ago, when the glaciers of late Wisconsin stage began to melt, the sea

level gradually rose causing the entrenched valley to become filled with sandy gravels,
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sands, silts and clays that can be grouped as a sand and gravel substratum and a fine-
grained top stratum. Turnbull and Mansur (1961) presented an illustration of the

entrenched valley and adluvial fill asin Fig. 2.3.
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Fig. 2.3 Block diagram of Alluvial Valley of the Lower Mississippi River. The
section is at about latitude of Natchez, MS (Turnbull and Mansur, 1961).

The gravel and coarse sand to fine sand substratum has a high seepage carrying
capacity. Thetop of the pervious substratum is considered to be the uppermost portion of
the agquifer having ad;o> 0.15 mm or a hydraulic conductivity of k > 0.05 cm/sec. The
bottom of the substratum or alluvial valley istaken as the contact between the sand and
gravel substratum and the underlying rock. The thickness of sandy alluvium ranges from
75 ft to 150 ft. In design computations, the average hydraulic conductivity of the sandy
alluvium was taken as 0.1 cm/sec based on laboratory tests in the 1950's. After relief

wells were installed this value was found to be around 0.15 cm/sec (Turnbull and
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Mansur, 1961). The top stratum usually consists of several layers of clay, sandy silt and
silty sand layers. About 6000 years ago, the sea level reached its present position, rapid
filling of the entrenched valley ceased, and the former braided channel was replaced by a
meandering stream that deposited sediments including point bar, channel fill, natural
levee, and backswamp deposits. The point bar deposits are fine grained deposits with a
thickness of 10 ft to 20 ft; the channel fill deposits are relatively impermeable silts and
clays with a 55 ft to 125 ft depth; the natural levees are sandy silt and silty clayswith a5
ft to 10 ft depth in the Lower Mississippi Valley. The backswamp deposits are silts and
clays with 15 ft to 70 ft depth in southern Louisiana.

Sand boil formation at the landside of alevee isinfluenced by a number of
factors, including: (i) configurations of geological features such as swales and channel
fillings and their alignment relative to the levee; (ii) characteristics and thickness of the
top stratum; (iii) man made works such as borrow pits, post holes, seismic shot holes, and
ditches; (iv) cracks and fissures formed by drying and other natural causes; and (v)
organic agencies, such as decay of roots, uprooting of trees, animal burrows, and holes
dug by crawfish. In general, the seepage is greatly concentrated along the edges of swales
and the landside levee toe (Turnbull and Mansur, 1961; Cunny, 1980).

Kolb (1976) studied underseepage data collected by the USACE Vicksburg
District during the 1973 flood along a randomly selected 40-mile stretch of river. He
noted that point bar deposits are thin enough and permeabl e enough to cause
underseepage problems. During the 1973 flood, significant underseepage was confined
amost entirely to areas where point bar deposits underlie the levee. He presented severd
alignments of geological features beneath the levees and showed the concentrated sand

boils reported at those areas. Figure 2.4 shows how clay channel fillings and swales can
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cross beneath levees at an acute angle; sand boils tend to form in point bar deposits
within the angle between these layers. A borrow pit at the riverside of the leveeis
important in initiating and increasing underseepage in Fig. 2.4. Expanded section A-A’
shows a semi-pervious natural levee deposit lying between the backswamp clays and the
artificial levee where seepage may occur in the extreme landward portions of the natural
levee and in old natural levee crevasses backfilled with sand (Kolb, 1976). Borrow pits
on the riverside of the levee that have had their impervious top stratum removed may
accelerate the problem in this figure. Where swales and channel fill clays cross beneath
the levees at approximately right angles (Fig. 2.5), the sand boils are randomly dispersed
and not as frequent and severe as when there is an acute angle between the levee and clay
bodies. Note also that an oxbow lake partialy filling an abandoned channel is an
important source for seepage in Fig. 2.5. Kolb (1976) also pointed out a case where
drainage ditches penetrating fairly permeable materials on the landside of the levees may
cause heavy seepage and sand boil formation (Fig. 2.6).

In the conclusion of hiswork, Kolb (1976) stated that the disposition of pervious
versus impervious floodplain deposits beneath the levee and the angle at which such
deposits are crossed by the overlying levees controls the position of sand boils. He also
suggested that corrective design of levees should include: (1) a detailed delineation of the
surface and subsurface geology; (2) a careful selection of borrow pits to avoid stripping
critically thin top-stratum deposits; and (3) the use of riverside or landside berms or

blankets, and/or installation of relief wells.
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Fig. 2.4 Clay channel fillings and swales crossing beneath levees at an angle (Kolb,

1976).

25



(FOR SUBSURFACE PROFILES)

[IT] crar

[ SILTY SAND AND SAKDY SILT

o SAND
SAND BOIL AND SEEPAGE

Fig. 2.5 Swales and channel fill clays cross beneath the levees at more or lessright
angles (Kolb, 1976).
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Fig. 2.6 Drainage ditch penetrating fairly permeable materials on the landside of the
levee (Kolb, 1976).
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2.5 Previous Studieson L evee Under seepage Conducted by USACE

Thefirst investigation of potential levee underseepage was initiated by the
USACE Mississippi River Commission in 1937 in response to problems caused by high
water conditions. More detailed study was carried out by the USACE Waterways
Experiment Station (WES), Vicksburg, MSin the 1940’s. Procedures to evaluate the
guantity of underseepage, uplift pressures and hydraulic gradients were devel oped based
on closed-form solutions for differential equations of seepage flow presented by Bennett
(1946). In 1956, atechnica memorandum, TM 3-424 was published by the USACE
Waterways Experiment Station documenting the analysis of underseepage and design of
control measures for Lower Mississippi Valley levees (Mansur et al. 1956). In this
document, the top stratum landside of leveesis classified into one of three categories: (1)
no top stratum; (2) top stratum of insufficient thickness to resist hydrostatic pressures that
can develop; and (3) top stratum of sufficient thicknessto resist hydrostatic pressures that
can develop during the maximum design flood. Kolb (1976) discussed underseepage data
collected by USACE Vicksburg District along a randomly selected 40-mile reach of the
river during the 1973 flood. He pointed out the most dangerous top stratum category as
the second category listed by Mansur et al., 1956. In this category, artesian pressures can
build up beneath the top stratum landside of the levee to arange of 25% to 75% of the net
head on the levee, and may extend significant distances landward of alevee.

Mansur et al. (1956) classified seepage as heavy, medium and light. Turnbull and
Mansur (1961) presented seepage conditions and upward gradients through the top
stratum measured by piezometers during the 1950 high water (Table 2.1). During the
high water of 1950, sand boils were observed in a hydraulic gradient range of 0.5 to 0.8.

In devel oping these seepage conditions, sites were eliminated where the top stratum
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thickness was less than 5 ft or greater than 15 ft (Technical Letter, ETL 1110-2-555,
1997).

Table 2.1 Seepage Conditions and Exit Gradients During the 1950 High Water
Turnbull and Mansur, 1961).

Seepage Condition Amount of Seepage (Q/H) Exit Gradient
Light to no seepage < 5 gal/min/100 ft of levee 0-0.5

Medium seepage 5- 10 ga/min/100 ft of levee | 0.2-0.6

Heavy seepage > 10 gal/min/100 ft of levee | 0.4-0.7

Turnbull and Mansur (1961) summarized the design and analysis procedure of
levees presented in TM 3-424. Department of Army published in 1978 (and updated in
2000) an Engineer Manual (EM) 1110-2-1913 “Design and Construction of Levees’.
Other than advanced numerical modeling, this Engineer Manual represents the state-of -
practice analysis method for evaluating hydraulic gradient due to levee underseepage
(Gabr et al., 1996).

The Army Corps of Engineers investigated possible remedial measures to
underseepage problems, which are discussed below. The most common underseepage
control measures include pressure relief wells, landside seepage berms, riverside
blankets, drainage blankets or trenches, cutoffs, and sublevees. Muskat (1937) presented
adesign methodology for relief wells. Middlebrooks and Jervis (1947) revised Muskat's
method to include partial penetration of the relief wells. Barron (1948) presented a
design methodology for fully penetrating relief wells. The Department of the Army
published Engineer Manual (EM) 1110-2-1905 “Design of Finite Relief Well Systems’
in 1963 and EM 1110-2-1914 “Design, Construction, and Maintenance of Relief Wells’

in 1992. Mansur et al. (1956) stated that pressure relief wells, riverside blankets, and
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landside seepage berms are generally applicable for Mississippi River levees. Sublevees
and drainage blankets or trenches are applicable in certain specia situations.

Wolff (1974) and the U.S. Army Engineer District, St. Louis (1976) studied the
performance of 200+ mile levee system along the middle Mississippi River from Alton to
Gale (Fig. 2.7).

It was reported that the use of the Corps method outlined in Engineer Manual
(EM) 1110-2-1913 resulted in areliable design of levees. It was also concluded that the
existing procedure has deficiencies in characterization of atwo layer subsurface profile
and the inability to model levee bends at corners. Cunny (1980) summarized piezometer
datafor leveesin the Rock Island District, Illinois. Cunny reported that the probability of
sand boil occurrence increases with geologic discontinuities. Daniel (1985) reviewed
Cunny’ s report and the other Rock Island data and found that sand boils were observed at
gradients ranging from 0.54 to 1.02. A similar statement was also reported earlier in TM
3-424,

Wolff (1987) studied the application of numerical methods to levee underseepage
analysis and pointed out the advantages of special purpose computer programs over
traditional underseepage analysis and general-purpose numerical analysis programs.
Wolff (1989) developed the computer program LEVEEMSU for analysis of levee
underseepage. LEVEEM SU was al so used to analyze actual data at a number of levee
reaches and back-calculate field permeability values. Cunny et al. (1989) also developed
a computer program, LEV SEEP, to perform regular underseepage analysis outlined in
EM 1110-2-1913, TM 3-424, EM 1110-2-1602, as well as to calculate reduced seepage

guantities with the choice of control measures including seepage berms, riverside
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blankets, cutoffs and relief wells. Later, Wolff and Taylor (1991) extended LEVEEM SU

to analyze three-layer irregular foundation cases.
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Fig. 2.7 Plan of Levees Along Mississippi River, Alton to Gale, Illinois (after Mansur
et al., 2000).
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25  Current Underseepage Analysis Methods

In general, approximate methods of solution to confined flow problemsinclude
sketching flow nets, electrical analogs, method of fragments (Harr, 1962), viscous flow
models such as Hele-Shaw models, relaxation methods (numerical analysis), and small-
scale laboratory models. Advanced numerical modeling and 2-D finite element analysis
programs provide sophisticated analysis of seepage flow. Boundary fitted coordinate
methods also show promise as a method of analyzing seepage flow problems (Thompson
et al. 1977; Thompson and Warsi, 1982; Thompson et al. 1985, and Hartono, 2002).

The transient effects in seepage have been studied under conditions of partial
saturation (EM 1110-2-1901, Seepage Anaysis and Control for Dams). The flow in
partially or unsaturated soilsis considered in atransient state. Therefore, transient effects
in seepage are normally studied as the migration of awetting front into unsaturated soils
and variations in hydraulic conductivity according to soil water retention curves. Viscous
flow models have been used to study transient flow (EM 1110-2-1901). A viscous flow
model was constructed at USACE Waterways Experiment Station (WES) to simulate
seepage conditions induced in streambanks by sudden drawdowns of theriver level. The
results from the model study were compared with field observations, finite difference,
and finite element methods (Desal 1970, Desai 1973). Two and three-dimensional finite
element seepage computer programs for confined and unconfined flow problems were
developed at WES. Steady-state and transient problems can be solved with these
computer programs (Tracy 1973a, Tracy 1973b). Transient problems can be treated as a
series of steady-state problems. The studies lead by USACE formed a basis for further
development of commonly used finite element seepage programs. GMS/SEEP2D isa 2D

finite element model that can be used to model steady-state confined, partially confined
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and unconfined flow. Another finite element seepage anaysis program, SEEP/W
performs transient seepage analysis considering hydraulic conductivity and water content
changes as afunction of pore water pressure. Complex geometries, non-homogenous, and
anisotropic soil features can be modeled by these finite element models.

For seepage analysis under levees, U.S. Army Corps of Engineers, Design
Guidance on Levees, EM 1110-2-1913, recommends use of numerical analysis models
such as LEVSEEP and LEVEEMSU or finite element methods such as CSEEP which
include two-layer or three-layer subsurface characterization (ETL 1110-2-555, 1997).
The computer program LEV SEEP is based on the modeling of the steady-state flow
domain with Bennett’ s (1946) analytical solutions for underseepage and the method of
fragments for cutoff analyses. LEV SEEP provides similar analysis with the hand methods
of analysisoutlined in EM 1110-2-1913, EM 1110-2-1602, and TM 3-424 (Brizendine et
al. 1995). LEVEEMSU is based on one-dimensional simplification of the steady-state
flow domain using the finite difference method. LEVEEM SU solves Bennett’ s (1946)
differential equation for irregular foundation geometry and non-uniform soil properties.
2.6  Analytical Studieson Transient Flow

Cyclical boundary conditions represented by sinusoidal head functions represent
onetype of transient flow. The head profiles are described by the terms steady-state,
gquas steady-state and unsteady state. The steady-state case represents the situation where
there is no change in head profile with time. If the head profile is not steady-state, the
dternative is the unsteady-state case. However, in engineering literature, quasi steady-
state is aterm used to describe the unsteady-state head profile that is generated with a
cyclical boundary condition as time goes to infinity. Quas steady-state is reached with a

cyclical boundary condition when the head profile replicates itself within an acceptable
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error tolerance with the frequency of cyclical head. Yu et al. (1991) used the term
“memory time” and “memory length” to describe the time when the quasi steady-state
condition exists at a certain location, and the distance from the boundary where the quasi
steady-state profileis applicable at a certain time.

Water-level fluctuationsin wells can be affected by such natural loading events as
earthquakes, ocean and earth tides, changes in river stage, and atmospheric pressure
(Domenico and Schwartz, 1998). These fluctuations are evidence that confined aquifers
are not rigid bodies but that they respond to small changes in stress by being elastically
compressible (Meinzer, 1928 ; Jacob, 1940). There are many examples of the response of
water levelsto natural events, such asthe inland propagation of sinusoidal fluctuations of
ground-water levelsin response to tidal fluctuations of a simple harmonic motion (Ferris,
1951; Werner and Noren, 1951), and change in head in response to change in river stage
(Cooper and Rorabaugh, 1963). These earlier studies of progressive waves in confined
and unconfined aquifers caused by cyclical changesin river stage provide insight into
solution of one-dimensional diffusion-type equations subject to sinusoidally varying
boundary conditions.

A typica hydrograph can be simulated by superposition of a series of sinusoidal
fluctuations as shown in Fig. 2.8 (Singh, 1992). Superposition of more than two
sinusoidal fluctuations can model more complex hydrograph shapes, and a Fourier series
made up of an infinite series of sine and cosine functions can model any smooth function

Farlow, 1982).
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Fig. 2.8 Smulation of a typical hydrograph with a series of sinusoidal fluctuations.

Anidealized flow domain to analyze the transient effects of flood waves on
groundwater flow is shownin Fig. 2.9. The aquifer is represented as a semi-infinite,
horizontal confined aquifer of uniform thickness bounded on the left by an open
boundary. In this case, the open boundary isariver. The water level in the river fluctuates
and causes corresponding head fluctuations within the aquifer. From an analysis of
aquifer response to the river fluctuations, transmissivity and storage coefficient of the

aquifer can be estimated.
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Fig. 2.9 Representation of simplified one-dimensional flow as a function of surface-
water stage (source: USACE, EM 1110-2-1421).

One-dimensional flow is described in many textbooks by the equation for linear,

non-steady flow in a confined aquifer:

oh_Tonh (2.8)

where histherise or fall of hydraulic head in the aquifer, x is the distance from aquifer-
river intersection, tistime, T is aquifer transmissivity, and Sis aquifer storage
coefficient. The solution of Equation 2.8 subject to a fluctuating boundary condition was
presented by Ferris 1951; Cooper and Rorabough 1963; Pinder et al. 1969; and Hall and
Moench 1972. Ferris (1951) observed that wells near bodies of tidal water often show
sinusoidal fluctuations of water level in response to periodic changesin water stage. He
presented a quasi steady-state solution to the problem. He also presented expressions to
determine aquifer diffusivity (T/S) based on the observed values of amplitude, lag,
velocity, and wavelength of the sinusoidal changesin groundwater level. If thetimelag
between surface and groundwater maximum and minimum stages is known then aquifer
diffusivity can be estimated by using the following formula (Engineer Manual, EM 1110-

2-1421, Equation 6-9)
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where ti5g is the lag time in occurrence of maximum groundwater stage following the
occurrence of asimilar surface stage, d is the distance from an observation well to the
surface water, and P is the period of uniform tide or stage fluctuations.

Cooper and Rorabough (1963) presented a solution of Equation 2.8 for asingle
sinusoidal pulse of general form 1-cosat, where wis the frequency. Pinder et al. (1969)
devel oped solutions to the governing equation using discrete steps approximation to
fluctuations in the reservoir boundary. Hall and Moench (1972) applied a convolution
equation to find head fluctuations in the aquifer due to an arbitrarily varying flood pulse.
They derived equations for the instantaneous unit impul se response function, the unit step
response function, and the derivative of unit step response function for finite and semi-
finite aquifers, with or without semi-pervious stream banks.

More recently, Moench and Barlow (2000) presented Laplace transform step-
response functions for various homogenous confined and leaky aquifer types and for
anisotropic, homogenous unconfined aguifers interacting with perennial streams. They
inverted the Laplace transform solutions numerically to obtain the real-time step-response
functions for use in the convolution integral. Barlow et al. (2000) developed two
computer programs on the basis of their real-time step-response functions presented in
their companion paper of Moench and Barlow (2000). They used computer programs
they developed to simulate the responses of hypothetical confined and water-table
aquifersto sinusoidal-type flood waves.

As shapes of the stage hydrographs for flood waves vary, a solution of the

governing equation with a boundary condition described by a uniform sine wave does not
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describe the actual domain adequately (Engineer Manual, EM 1110-2-1421). The discrete
steps approach is not restricted to fluctuation of sinusoidal or uniform asymmetric curves
and allows the use of a stage hydrograph of any shape. An aternative approach for
representing the flood wave boundary has been shown in Figure 2.8.

Another application of cyclical boundary conditionsin analytical solutions are the
studies on tracer transport models in soils and contaminant transport in rivers. Logan et
al. (1996) studied a one-dimensional model of transport of a chemical tracer in porous
mediawith periodic Dirichlet and periodic flux type boundary conditions. Alshawabkeh
and Adrian (1997) studied pollutant transport in ariver subject to asinusoidally varying
boundary condition. They applied complex variables and the Laplace transform method
to solve for the pollutant concentration distribution. Oppenheimer et al. (1999) proved
that an unsteady-state solution approaches to the quasi steady-state solution with time.
Adrian et al. (2001) developed atracer transport model in a soil column with a periodic
loading function, which varies as asinusoidal curve. They solved the governing equation
by applying superposition, Laplace transform and convolution integral, and introduced
complex variables to evaluate the convolution integral .

28  Cumulative Effects

Cumulative effects of seepage under |evees can compromise levee safety. A
stratum of sands under seepage flow beginsto heave at a particular value of seepage. This
heaveisrelated to the size, velocity, and amount of particles that wash away (Peter,
1982). The deformation due to heave may be reversible; however, complete recovery of
this expansion is unlikely. When the same stratum of sands is exposed to a subsequent
flood, movement of fine particlesis expected to be more severe than it was during a

previous flood. Besides when piping islocalized at the landside levee toe, even if thereis
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no externa evidence of a sand boil, there are few if any mechanisms which would bring
about healing of a pipe located immediately below arigid, non-deforming levee. Peter
(1982) also noted another serious problem that can contribute to cumulative effects. As
theriver level drops, the seepage water that had been on the landside may flow back from
its former discharging point toward the river leading to backward erosion which may
promote development of a pipe on the riverside of the levee. This erosion gradually
enlarges and shortens the seepage channel and may cause additional cumulative changes
leading to enlargement and Iengthening of the internal pipe. Figure 2.10 shows the

mechanisms related to the cumulative effects in which backward erosion takes place.

: flood stage :
5 Yy ponded
| water |
| Levee sand boil ¢ |
; normal y y i
| Sy 2 ipin
f pi pi ng < o : piping
! backward erosion forward erosion
after flood during flood
PN

Fig. 2.10 A schematic diagram of under seepage mechanismsthat contributeto
cumulative effects both during a flood and immediately after a flood.

Although there is no reported study emphasizing the cumulative effectsin
underseepage problems of levees, Turnbull and Mansur’s study in 1961 implies the
existence of cumulative effects. During the 1950 high water, upward gradients through
the top stratum at some control sites were measured by piezometers. The gradient

required to cause sand boils varied considerably at the different sites, possibly because at
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sites where sand boils had developed previously only fairly low excess heads may have
been needed to reactivate these boils in 1950. At sites where no sand boils had occurred
in the past, higher gradients may have been required to initiate formation of the boils
(Turnbull and Mansur, 1961). They aso suggested that pressure relief resulting from the
boil might have lowered piezometer readings in the area (Wolff, 2002). Currently,
USACE Engineer Research and Development Center (ERDC) in Vicksburg, MSis
working on research on cumulative effects of piping under levees as part of the
Innovative Flood Damage Research Program (IFDR) sponsored by USACE (Wolff,
2002).
29 Summary and Concluding Remarks

In the literature, seepage under levees associated with sand boils has been studied
in detail. Qualitative and quantitative models exist to describe the mechanisms of seepage
erosion. Geology of Lower Mississippi River Valley has also been well explored.
Engineers should consider the complex geology in design of levees and underseepage
anaysis. Asin al civil engineering problems, appropriate assumptions are required to
solve confined flow problems. Overall, avariety of tools, design manuals, specifications
and guidelines are successfully in use to perform a seepage analysis for levees. However,
the literature depicts that transient flow conditions associated with sand boil problems
have not been studied in detail in levee underseepage analysis.

As presented in Section 2.6, there are numerous analytical studies on transient
flow and a variety of solution methods to the general one-dimensional flow equation
(Equation 2.8) subject to fluctuating boundary conditions. However, there isrelatively

little information on relating these transient flow models to critical hydraulic gradients
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and sand boil formation. In addition, as noted before, there is almost no information on

the cumulative effects of seepage under levees and its relationship to piping.
Overall, the background and literature review presented in this chapter implies

that the objectives set in this dissertation are important research topics. Successful

completion of the research work would bring a new perspective to the problem.

210 List of Symbolsand Acronyms

C = creep coefficient (dimensionless)

C. = coefficient of curvature (dimensionless)

C. = uniformity coefficient (dimensionless)

Cw = weighted creep ratio (dimensionless)

d =distance (L)

dio = grain diameter corresponding to 10% finer in grain size distribution curve (L)

dso = grain diameter corresponding to 30% finer in grain size distribution curve (L)

dso = grain diameter corresponding to 50% finer in grain size distribution curve (L)

dso = grain diameter corresponding to 60% finer in grain size distribution curve (L)

e =void ratio of soil (dimensionless)

Vaub = Submerged unit weight of soil (WL™)

Vw = unit weight of water (WL™)

Gs = specific gravity of soil (dimensionless)

h = hydraulic head (L)

h =total head loss (L)

hx = head beneath top stratum at distance x from landside toe of the levee (L)

ic = critical hydraulic gradient (dimensionless)

ko = initial intrinsic permeability (L?)
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L = length of seepage path (L)

Ly = distance along horizontal contacts (L)

Ly = distance aong vertical contacts (L)

N = initial porosity of soil (dimensionless)

P = period of uniform fluctuations (T)

S = aguifer storativity (dimensionless)

t=time(T)

tiag =timelag (T)

T = aquifer transmissivity (LT™)

T = critical tractive shear stress (MT?L™)

x = horizontal coordinate (L)

Z: = thickness of landside top stratum

EM = Engineer Manual

ERDC = Engineer Research and Development Center
ETL = Engineer Technical Letter

GMS = Groundwater Modeling System

IFDR = Innovative Flood Damage Research Program
USACE = United States Army Corps of Engineers
WES = Waterways Experiment Station

TM = Technical Manud
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CHAPTER 3 TRANSIENT FLOW MODEL IN A CONFINED AQUIFER
3.1 Introduction

The objective of this chapter was to develop analytical models that describe the
hydraulic head in a confined aguifer on the landside of alevee system during the rising
[imb of aflood wave. One-dimensional linear-laminar saturated flow conditionsin a
homogenous, isotropic confined aquifer were studied. The top stratum is assumed as
impervious. The models used a sinusoidally varying boundary condition to simulate the
effects of therising river stage. In these models, the governing equation is the diffusion
eguation that was developed under Darcy’ s law, and the law of conservation of mass
(Freeze and Cherry, 1979). Darcy’slaw isvalid as long as the Reynolds number based on
grain diameter does not exceed some value between 1 to 10 (Bear, 1972).

Two solutions were presented. Section 3.2 details the development of the transient
flow model by the Laplace transform method. Section 3.3 presents an approximate
solution to the same problem. The analyses were extended to falling limb of aflood wave
due to the fact that some field observations indicated critical situations during falling
river stages (Section 2.3.1).

3.2 Analytical Modeling of Transient Hydraulic Head in a Confined Aquifer by
Laplace Transform Method

A schematic view of the model is shown in Fig. 3.1. The governing equation for a
one-dimensional model of transient seepage through a confined aquifer is known as the

diffusion equation (Freeze and Cherry, 1979)

Oh, _T 0°h

— 3.1
ot S ox? (31)
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where £, isthe hydraulic head (L), T'is the transmissivity (L%T), ¢ istime (T), Sisthe
storativity, which is dimensionless and x is the distance from the entrance to the confined
aquifer (L). Theinitial head at time¢ = 0 is 0, assuming mean low river level iswell
below the origin which is the most common case. During high water, aninitial head of H,
is developed. During the flood, fluctuation of this head is typical and defined as Hsin(w)
in the analysis. Another boundary condition is the head # = 0 when x approaches infinity,
which represents no influence of head far landward. Therefore, initial and boundary

conditions are selected as

h,(x,0)=0 (3.2)
h(0,¢)= H, +H, sin(cax) (3.3)
lim#a, (x,7) 0 (3.4)

X 00

where H istheinitial hydraulic head applied to the aquifer, /; is the amplitude of the
variation from the initial hydraulic head and wis the frequency of the flood wave. To

make the problem redlistic H, and H, are positive or zero with the constraint that H, > H;.

AY
| Flood stage |
| v |
E Levee i
i | Top stratum > X
o Pervious substratum T o
PN

Fig. 3.1 Schematic view of confined flow under alevee.
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The approach in setting up the governing equationsis similar to the approach
followed by Ozisik (1968) and Alshawabkeh and Adrian (1997). We define a new
problem with dependent variable hy(x, t) that isidentical to Equations 3.1, 3.2, and 3.4
but the boundary condition is
h,(0,1)= H, + H, cos(ar) (35)

Each term in the first problem is multiplied by the complex number i and is added

to the second problem. Then, a new complex variable isintroduced
h(x,t)=h,(x,¢)+ih,(x,1) (3.6)
where ,(x,t), the imaginary part of solution, satisfies the original problem Equations 3.1
to 3.4, and A,(x,2), the rea part of the solution, satisfies the original problem with the
boundary condition (Equation 3.3 changed to Equation 3.5).

The governing equation for the complex transient seepage becomes

Z=2277 3.7
ot S ox? 37)
h(x,0)=0 (38
h(0,¢)=(+i)H, + H, explicx) (3.9)
lima(x,z) - 0 (3.10)
In Equation 3.9, Euler’ s relationship was used

explicr) = cos{ar ) +isin(ax) (3.11)
The Laplace transform is applied to Equations 3.7 to 3.10 yielding

2_ —
CH_pSh=o (3.12)
dx T



ﬁ(o):].'*'lH + Hl
0 .
p p_la)

(3.13)

limH (x) - 0 (3.14)

X 00

where the term ﬁ(x) isthe Laplace transform of 4(x,¢) and p isthe parameter in the

transform. The solution to the Equation 3.12 subject to Equations 3.13 and 3.14 is

H(x) = (1” H,+— jexp[— x\/p:Sj (3.15)
p p-iw T

The inverse Laplace transforms from Carslaw and Jaeger (1963) applicable to the

Equation 3.15 in their original notation are

4 e _ a
aawaty -
It { ;_a_ ;} = %e"’{e‘“ﬁ’erfc(zi\/; -Jar j + e“@erfc(zi\/; +Jar H (317)

When the inverse transform is applied to the Equation 3.15, the solution becomes

h(x,2)=(1+ i)HOerfc[% \/%j +
_ap(_x@j”f{%\g —Mj . (318)
exp[x\/? ]erfc[% \/TEz +iax ]

Equation 3.18 should be separated into its real and imaginary parts to be

~ H, explica)

applicable to practical problems. The treatment of the real and imaginary parts of the
complex function (Equation 3.18) is the same as the procedure of Fourier as cited by

Tikhonov and Samarskii (1963). Separation of the expression
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_eXp(— X@Jerfc(g\g i @J +_
eXp(x\/? jerfc(% \/% +Jiaa j

from Equation 3.18 into itsreal and imaginary partsis discussed term by term. By

E(xf) = %Hl explica) (3.19)

applying Equation 3.11

VS R o N O Y P

where r=wand 0=72

Next, the complementary error function can be expanded as (Abramowitz and Stegun,

1965)
erfe g\/% —Jiar | = erfe(RL+iI1) (3.21)
erfe %J% +iax | =erfe(R2+iI2) (3.22)
where
x |S v
R1="—_|— —+/rt cOS— 3.23
2\/; It 2 (323)
S i
R2—— —+\/_tcos— 3.24
oV YT (329
6
1=~ rtsmE (3.25
6
12=+Irt sin (3.26)

where r and @were defined in Equation 3.20.
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To evaluate the complementary error function of a complex number, the following
approximation is used (Abramowitz and Stegun, 1965):
erf(R+il)= F(R,1)+iG(R,I) + &(R,1) (3.27)

where erfc(y) =1-erf(y), and

F(R,]):erf(R)+%$2)(1 cos(2R1))+< exp( )y M (RI) (329)

= n®+4R?
ol0.1)= S an(onr) 2l e S @29
£, (R, 1) = 2R - 2R cosh(nl ) cos(2R1) + nsinh(ni )sin(2RI) (3.30)
g, (R,1) = 2R cosh(nI)sin(2RI) + nsinh(nl ) cos(2R!) (3.31)
and
£=10"erf (R +iI) (3.32)

As £ =10™|erf (R + il )|, negligible error is introduced into the cal cul ations when using

Equation 3.27. Now Equation 3.12 can be separated into the portion applicable to the sine
boundary condition, Equation 3.3 and cosine boundary condition, Equation 3.5. The

solution applicable for the sine boundary condition is
x |S
hy(x,2)= Hoerfc{E \/;t] +1m{h(x, 1} (3.33)

Equation 3.33 is the solution to the problem introduced in Equations 3.1 through 3.4

where Im{h(x,t)} istheimaginary part of A(x,?)
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: - co{— x\/g s n(ngG(RL 1)
exp(_ x\/g Co{gj s n(_ N \/g . n(ng(l F(RLIY) +

Im{A, (x,2)} = —H cos(ax) - o

RPN
SLEE I

I Sr g |
p[ \/5 5 co{—x\/;sm(z J(l F(RL1)
expl —x 7C0{Ej p

+sin(— x\/%sm EJJG(RLH)

: c;){x\/g S n(%)}(l ~ F(R2, 12)_ _
exp[x\/g cos(gj _+ g n(x\/T%g ”(ngG(RZ’ 12)

+ %Hlsin(wt)

(3.34)
This solution is applicable to determine time-dependent hydraulic head
development beneath the levee as a response to the stage fluctuations observed in the
river.
Similarly, the solution to the problem with cosine boundary equations, Equations

3.1,32,34and 3.6,is

hz(x,t):Hoerfc(g\/%j+Re{h(x,t} (335)

where Re{h(x,t)} istherea part of i(x,z)
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) _co{— x\/g S n[%j}(l— F(RL, 11)_
exp(_ x\/g Co{gj - 5 n(_ N \/g S n[ngG(Rl, 1) | '
_Co{x\/g S n(gjj(l— F(R 2,12)_

+ sin(xJE S n[gj]c;(zzz,zz)
T\ 2

Re{/,(x, 1)} = %Hl cos{ar)

53

| Sr 6 |
p[ \/5 {9) cog —x\/;sm(zj]G(Rlll)
expl — x ?co > +
+sin(— x\/E sin(g ](1—F(Rl11)
1 T 2 |
- —H,sin(ax) _ _
2 {x(F=(5)
—-co9 x,[—sin G(R2,12)
p[ \/5 {9) ro\2
expl x,/— cog —
T 2 g
+sm(x\/:sm(—j]1 F(R2,12)
(- T 2 —
(3.36)

Although the solution can be evaluated by a mathematics software, it isalong and
complex solution. Therefore, an approximate solution method to the same problem was
studied and will be presented in the next section.

3.3 Analytical Modeling of Transient Hydraulic Head in a Confined Aquifer by
an Approximate Method

Jiao and Tang (1999) presented an approximate solution to a problem of
groundwater response to tidal fluctuation in aleaky confined aquifer. This solution
follows their method for an approximate transient seepage model in a confined aguifer. A

schematic view of the model is shown in Fig. 3.2.
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Fig. 3.2 A schematic view of confined flow under aleveefor an approximate
solution.

The governing equation for confined flow with initial and boundary conditions are

e (3.37)
h(x,0) = h, (3.38)
h(0,1) = by + hsin(ax) (3.39)
limh(x,z) = hy (3.40)

X0

Let H=h-hy, then the differential equation becomes as follows with initial and boundary

conditions:

8H _ToH (3.42)
ot S ox?

H(x,0)=0 (3.42)
H(0,1) = hysin(w) (3.43)
limH(x,t)=0 (3.44)

X0

Equation 3.43isin the form of £(0,¢) = 4, 1me’“), then the sol ution can be assumed as:
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H(x,t) = hee@ (3.45)

Substitute the solution in Equation 3.41,

A% = iaS (3.46)
T
Let A =-p+ig, then
ws
= |= 3.47
P57 (3.47)
wS
= 3.48
1= o,7 (3.48)
H(x,t) = H,Im[e" /@ )] (3.49)
H (x,t) = he ™ sin(ar + gx) (3.50)
Back to the original problem
h(x,t) = hy + hye™ sin(al _w xj (3.51)
2pT

So, an approximate solution was found to the problem defined in Equations 3.37
through 3.40. Thisis an approximate solution because the final solution was initially
assumed as shown in Equation 3.45. Also, the final solution, Equation 3.51, does not
satisfy the initial condition specified in Equation 3.38. Thus, Equation 3.51 iscalled a
quas steady-state solution, which is applicable, when time is large enough that the initial
condition is forgotten.

34  Resultsand Discussion

A typical levee section defined by the Army Corpsis selected for analysis purpose

(EM 1110-2-1913). The thickness of sandy alluvium under Mississippi River levees

varies from 25 m to 45 m. The thickness of low permeable top layer under Mississippi
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River leveesranges from 1.5 m to 37.5 m. The hydraulic conductivity of sandy alluvium
ranges from 0.1 cm/sec to 0.2 cm/sec (Turnbull and Mansur, 1961). Typical storativity
values for confined aquifers are 5x10°°, 5x10™, 5x10™ (Freeze and Cherry, 1979). In the
1993 floods, the net river level elevation change of the middle Mississippi River levees
was recorded as 4.8 to 6.7 m (Mansur et al. 2000). A net head of 5 m and a fluctuation of
1.5 m were selected in the analysis. The typical levee section with selected aquifer

parameters and hydraulic head is shown in Fig. 3.3.

X Leveetoe at

100 m
Net head:
5+15mwv

Levee bottom
width: 50 m

Top stratum: 5 m
—%  Pervious substratum:25 m

<Y

S=5x10° B
K=0.1 cm/sec

R~

Fig. 3.3 A typical levee section with selected parameters (not in scale).

The flood duration was selected as 60 days. The net head starts at 5 m, risesto the
peak of 6.5 m at time=30 days, and falls back to 5 m at time=60 days. Head devel opment
over adistance of 200 m was determined, which included 50 m at riverside, a50 m levee
base, and 100 m on the landside of the levee. The analysis was restricted to 100-m
landside of the levee because, as noted in the literature review, Li et al.(1996) reported
that there was no significant evidence of surface seepage beyond 100 m from the levee
north of Cairo, Illinois after the 1993 high water. The exit gradient at the levee toe and
landside of the levee was also calculated by taking the difference between the heads

above and below the top stratum and dividing by the top stratum thickness. Calculations
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were performed by MathCad 2000 software. Figures 3.4, 3.5, 3.6 and 3.7 show the results
by the Laplace transform method. Figures 3.8, 3.9, 3.10 and 3.11 show the results by the

approximate method.

ST T I !
6.5 [T - -
L _
E h(x,1) 55 ]
< _rl(_x_,_so) 51 ]
45 = i
L _
35 l l :
35 50 100 150 200
o « 200
Distance (m)

Fig. 3.4 Transient head development at t=1 day and 30 days by L aplace transform
method.

t
Time (days)

Fig. 3.5 Transient head development at x=1 m and x=100 m, levee toe, by L aplace
transform method.
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Fig. 3.6 Transient exit gradient at the levee toe and at 200-m landside of levee by
L aplace transform method.
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Fig. 3.7 Transient exit gradient at t=1 day and t=30 days at landside of the levee by
L aplace transform method.
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Fig. 3.8 Transient head development at t=1 day and t=30 days by the approximate

method.
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Fig. 3.9 Transient head development at x=1 m and x=100 m, levee toe, by the

approximate method.
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Fig. 3.10 Transient exit gradient at the levee toe and at 200-m landside of the levee
by the approximate method.
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Fig. 3.11 Transient exit gradient at t=1 day and t=30 days at landside of the levee by
the approximate method.
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In general, both solutions give the expected 1.5 m sinusoidal head fluctuation with

an initial head of 5 m, with apeak at 30 days, and the part of the graphs after 30 days

represents the falling river stage (Figures 3.5 and 3.9). The approximate method performs

well compared with Laplace transform solution. Both solutions give minor head

dissipation with distance. Hydraulic head dissipates more rapidly at 100 m farther from

the levee toe by Laplace transform solution than by the approximate solution. Both

solutions assume a horizontal flow in semi-infinite layer. This assumption may be the

reason for minor head dissipations with distance. Table 1.1 shows the summary of the

results.

Table 3.1 Summary of theresults by L aplace transform method and the

approximate solution.

Head (m) and Hydraulic Time (day) | Laplacetransform Approximate
gradient Method Method
Head at |evee toe (M) 1 4.64 5.04

30 6.39 6.46
Head at 100 m farther than | 1 4.20 5.00
levee toe (M) 30 6.28 6.43
Hydraulic gradient at 1 0.93 1.01
levee toe 30 1.28 1.30
Hydraulic gradient at 100 | 1 0.84 1.00
m farther than levee toe 30 1.26 1.29

Time Lag in Head Development

One interesting common behavior is that both solutions show only a minor time

lag between the peak points of sinusoidal head curves with distance. In other words, the

peaks of head wave by Laplace transform solution (Fig. 3.5) and by the approximate
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solution (Fig. 3.9) correspond to about 30 days at the levee toe and also at 100 m farther
than the levee toe. Based on Meehan’ s observations of levee failure on the Feather River,
Cdlifornia, during the falling river stage in 1986 (reported in Chapter 2), one would
expect to observe atime lag between the peak points of the head waves at varying

distances. Figures 3.12 and 3.13 explore more on this subject.

.6.499, !
6.5
h(1,t) 6

E h(100,t) >,

h(300,t) 4
35
3476, 3 I I I I I I I
0 15 30 45 60 75 90 105 120
L t 120

Time (days)

Fig. 3.12 Transient head development beneath the levee at various distances from
theriver by Laplace transform method.

The time of occurrence of the peak points of the river hydrograph and the peak
hydraulic head of each head wave at various distances by Laplace transform and the
approximate method are also summarized in Table 3.2.

Both solution methods show a minor time difference between the peak heads at
various distances. As presented in Chapter 2, Ferris (1951) devel oped analytical
expressions to determine the agquifer diffusivity (T/S) based on the observed values of

amplitude, lag, velocity, and wavelength of the sinusoidal changes in groundwater level.
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Fig. 3.13 Transient head development beneath the levee at various distances from
theriver by the approximate method.

Table 3.2 Time of occurrence of the peak points of head wave at variable distances.

Methods Timeand Head | x=1m x=100m x=200m | x=300 m
at peak (leveetoe)

Laplace Transform | Time (days) 30 31 31 32

Method Head (m) 6.50 6.39 6.28 6.18

Approximate Time (days) 30 30 31 31

Method Head (m) 6.50 6.46 6.43 6.39

If the time lag between surface and groundwater maximum and minimum stages
is known, then the aquifer diffusivity can be estimated by using the following formula

(EM 1110-2-1421, Equation 6-9):

t:dP_S

lag = (3.52)

where #,,, is the lag time in the occurrence of the maximum groundwater stage following

the occurrence of asimilar surface stage, d is the distance from an observation well to the
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surface water, and P is the period of uniform tide or stage fluctuations. Equation 3.52 can
be applied to time lag analysis of transient head development due to river fluctuations. If
the same parameters asin the time lag analysis (d = 100 m, P = 60 days, S = 0.005,

T = 2160 m%day) of Laplace transform and approximate methods were applied to
Equation 3.52, the time lag would result in 0.33 days for every 100-m of distance.

Only field studies can confirm the reliability of time lags estimated by the
transient flow models. As noted in the literature review, alevee collapse near Marysville,
Cdlifornia, occurred one day after the peak of the flood stage of Feather River. Part of the
time delay may have been due to the time required for sand boils to erode channels or
pipes under the levee, undermine it, and accelerate its failure. At Louisiana State
University Dairy Farm, however, an existing sand boil was reported to have responded
very quickly with the river stage fluctuations.

Base on limited field studies and an analytical estimation, the time lag results
presented in Table 1.2 appear to be reasonable.

35 Summary

Two transient flow models were devel oped to describe the hydraulic head
development beneath the landside levee in response to head fluctuationsin theriver. The
rising river stage was defined by a sinusoidally varying boundary condition. Both models
consider one-dimensional saturated flow conditions in a homogenous isotropic confined
aquifer. Thefirst transient flow model was devel oped by solving the governing diffusion
equation and the boundary conditions (Equation 3.1 through 3.4) by Laplace transform

method. This solution method is complicated and can be evaluated only by a
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mathematical software. Therefore, an approximate solution was aso presented. The
results were evaluated for atypical levee section.

Both solutions result in expected head fluctuations. The approximate solution
performs well compared with the Laplace transform method. Both solutions give minor
head dissipation with time and distance. Both solutions also result in minor time lag
between the peak points of head waves at various distances. The distinctions between the
two solutions would become more apparent if the period of the river hydrograph
decreased, and if the development of heads and gradients at small times was sought. Then
the Laplace transform solution’ s performance would be enhanced over the performance
of the approximate method.

The main objective of this chapter was to devel op transient flow models by the
Laplace transform method and by an approximate method. This objective was satisfied.
The applicability and performance analysis of these flow models will be studied in the
following chapters.

3.6 List of Symbols

a= constant in inverse Laplace transform

d =distance (L)

E(x, t) = an expression for a part of the hydraulic head function
f»=function used to calculate error function

F =real function used to calculate an error function

g, = function used to calculate error function

¢ = error of approximation

G = imaginary function used to calculate an error function
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h = hydraulic head (L)

h(x, t) = hydraulic head function

hi(x, t) = imaginary part of hydraulic head function
hy(x, t) = real part of hydraulic head function

ho = initial hydraulic head (L)

Ho = initial hydraulic head (L)

h; = amplitude of the variation from the initial hydraulic head (L)
H, = amplitude of the variation from the initial hydraulic head (L)
ﬁ(x,t) = Laplace transform of h(x, t)

i = imaginary unit where;* = -1

11, I2 = imaginary part of acomplex variable

n = index of summation

A =acomplex variable

p = red part of the complex variable A

p = complex number in Laplace transform

P = period of uniform stage fluctuations (T)

r = inverse of length squared (L)

g = imaginary part of the complex variable A

RI, R2 =real part of acomplex variable

S = aguifer storativity (dimensionless)

t=time(T)

tiag =timelag (T)

T = aquifer transmissivity (LT™?), also time dimension
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x = horizontal coordinate (L)

y = variablein error function

z; = thickness of landside top stratum (L)
6 = phase angle for frequency ratio

w = frequency of the flood wave (T
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CHAPTER 4 TRANSIENT FLOW MODEL WITH LEAKAGE OUT OF A
CONFINED AQUIFER

4.1 Introduction

The objective of this chapter was to modify the analytical flow models developed in the
previous chapter by considering leakage occurring out of the confined aquifer. This
condition simulates the occurrence of loss of water by upward seepage and discharge
through sand boils at the landside of a levee or a flood wall system. The sand boils
develop at random points landside of the levee. The solution methods presented here
describe a homogenous leakage out of a confined aquifer through the landside of a levee
or a flood wall. The system considered is a subsurface confined aquifer with one-
dimensional saturated flow and semi-permeable layer on top. The aquifer is assumed to
be homogenous and isotropic. The models used a sinusoidally varying boundary
condition to simulate the effects of the rising river stage. In these models, the governing
equation is the diffusion equation that was developed under Darcy’s law, and the law of
conservation of mass. Two solutions were presented. The first solution used Laplace
transform method and followed the same methodology outlined in Section 3.2. The
second solution is an approximate solution and the same methodology outlined in Section
3.3 was followed. The analyses were extended to the falling limb of a flood wave due to
the fact that some field observations indicated critical situations during the falling river
stages (Section 2.3.1).

4.2  Analytical Modeling of Transient Hydraulic Head with L eakage Out of a
Confined Aquifer by Laplace Transform Method

The model was set up considering a subsurface system with a leaky confined

aquifer, and a semi-permeable layer on top representing the blanket layer (Fig. 4.1).
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Fig. 4.1 Schematic view of confined flow under a flood wall with leakage out of an
aquifer.

The initial head at time 7 = 0 is 0; assuming mean low river level is well below the
origin which is the most common case. During high water, an initial head of 4, is
developed. The fluctuation of this head is typical and defined as /4;sin(a) in the analysis.
Another boundary condition is the head # = 0 when x approaches infinity which
represents a condition in which there is no influence of head far landward. Under these
conditions, the governing equation is:

2
a_h:Za_il_éh 4.1)
ot Sox S

where £ is the hydraulic head, 7 is the transmissivity, # is time, S is the storativity, L is the
leakage, and x is the distance from the entrance to the confined aquifer. The initial and

boundary conditions may be given as

h(x,0)=0 (4.2)
h(0,¢) = h, + b, sin(ax) (4.3)
limh(x,7) - 0 (4.4)

X0

65



where 4, is the initial hydraulic head applied to the aquifer, 4, is the amplitude of the
variation from the initial hydraulic head and wis the frequency of the flood wave,

w= 277P, where P is the fluctuation period. To make the problem realistic 4y and /; are
positive or zero with the constraint that 4,2 4,. The leakage, L is the ratio of hydraulic
conductivity of the semi-confining layer to the thickness of semi-confining layer. We
apply the transform A(x, t) = Y(x, t) exp (-L t/S) to Equations 4.1 to 4.4 get a homogenous

differential equation. The new set of equations becomes

oY T0*Y

or _ 1 4.5
o S o 4.5)
¥(x,0)=0 (4.6)
Y(0,7) = h, exp[é tj +h, sin(al)exp[é tj 4.7)
limY(x,t) =0 (4.8)

Now an approach similar to one followed by Ozisik (1968), and Alshawabkeh and
Adrian (1997) and outlined in Section 3.2 is followed. A new problem is defined with
dependent variable Z(x,?) that is identical to Equations 4.5, 4.6, and 4.8 but the boundary

condition is
Z(0,¢)=h, exp(% tj +h, cos(at) exp(%tj 9)

Each term in the first problem is multiplied by the complex number i where i =+ -1, and

the two problems are superimposed. Then, a new complex variable is introduced

~

H(x,t)=Z(x,t)+iY(x,1) (10)
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where Y(x,t), the imaginary part of solution, satisfies the original problem Equations 4.5-
4.8, and Z(x,¢) the real part of the solution, satisfies the original problem with the
boundary condition Equation 4.7 changed to Equation 4.9. The governing equation for

the complex transient seepage becomes

~ S~
oH _ToH @.11)
ot S ox
H(x,0)=0 (4.12)
r : L . L
H(0,1) = (1+i)h, exp[Etj +h, exp(lat)exp(g zj (4.13)
lim H (x,7) - 0 (4.14)
In Equation 4.13, Euler’s relationship was used
exp(ial) = cos(al)+ i sin(at) (4.15)
The Laplace transform is applied to Equations 4.11 to 4.14 yielding
2_ —
d fl—p—SH=o (4.16)
dx T
— 1+i h,
= + .
H(0) _£h0 I (4.17)
P S P S
limH(x) - 0 (4.18)

X 00

where the term ﬁ(x) is the Laplace transform of H (x, t)and p 1s the parameter in the

transform. The solution to Equation 4.16 subject to Equations 4.17 and 4.18 is

H(x)= “; — ; exp(—x\/p?Tj (4.19)
. Sj
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The inverse Laplace transform from Carslaw and Jaeger (1963) applicable to Equation

4.19 in its original notation is

aip
L‘l{e }:le‘*’ {e‘“ﬁ’erfc(%—x/aj+e”ﬁ’erfc(i+\/aﬂ (4.20)
t

p-w| 2 2t

When the inverse transform is applied to the Equation 4.19, the result is
I L) (x[s [
exp| —x,|— lerfc| —.|— —.|—=t |+

L j T 2\ Tt S

> exp| x L erfc i £+ £t

PN P2 s
/S(. Lj x [S /(. Lj
exp| —x,|—|iw+— | lerfc| —,|— — .|| iw+— |t |+

1 I ( T S 2\ Tt S

—h, exp(ia)+—jt

2 S S(. Lj x [S ( Lj

exp| x,|[—|iw+— | lerfc| —,|—+ || iw+— |t
T S 2\ Tt S

Equation 4.21 should be separated into its real and imaginary parts to be

4.21)

applicable to practical problems. The treatment of the real and imaginary parts of the
complex function (Equation 4.21) is the same as the procedure of Fourier as cited by
Tikhonov and Samarskii (1963) and detailed in Section 3.2. The same method is followed

here. Separation of the expression

el )
Tl

from Equation 21 into its real and imaginary parts is discussed term by term. By applying

E(x,t)= —h exp(ia) exp(ét (4.22)

N

Euler’s relationship
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_ |iSw L _ |Sr g Sr . 8). .. (- (S . @
exp| ¥ x,/—+— |=exp| ¥,/— cos— [{cos| x,[— sin— |+isin| F,/— sin — (4.23)
T T 2 T 2 T 2

J(Sw) + 12

where r =———— and @ = arctan(Sij )

~

T
Next, the complementary error function can be expanded as (Abramowitz and Stegun,

1965)

erfe %\/% - /(ia}+§jt = erfe(R1+i01) (4.24)
erfe %E + /(iaﬁé)t = erfe(R2 +i12) (4.25)

where

x |S 6
Rl= 5\/% —Jnt cos— (4.26)

x | S 7
R2=—_[—+.rtcos— 4.27
2\ V! 2 (*427)
. g
11=—-\nt smE (4.28)
. g
12 = ’”1t51n5 (4.29)

JSw)?® + I
% and @ are defined as in Equation 4.23.

where 7, =

To evaluate the complementary error function of a complex number, the
following approximation is used (Abramowitz and Stegun, 1965):
erf(R+il)= F(R,1)+iG(R,1)+&(R,I) (4.30)

where erfc(y) = I — erf(y), and
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F(R,I) = erf(R) +M(1 —cos(2RI)) +3exp(—R2)iM £ (R,I) (431)

27R T ~ p? +4R?
G(R,1)= %;;Z)SinQR]) + % exp(- R? )2 e’;‘; ;Z ;/24 o (R,1) (4.32)
£, (R, 1) =2R = 2R cosh(nl)cos(2RI) + nsinh(nl )sin(2RI ) (4.33)
g, (R, 1)=2Rcosh(nl)sin(2RI )+ nsinh(nl )cos(2RI) (4.34)
and
£=10"lerf (R +iI) (4.35)

As £=107"|erf (R+il )‘ ,and erf (R +il) has a maximum value of 2, negligible error is

introduced into the calculations when using Equation 4.30.
Now Equation 4.21can be separated into the portion applicable to the sine
boundary condition, Equation 4.3 and cosine boundary condition, Equation 4.5. The

solution to the original problem with sine boundary condition, Equations 4.1 through 4.4:

h(e,) = If (v, )} exp[—ét} (4.36)

where Im{ N(x, t} is the imaginary part of H (x, t) where
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S

N

Im{H (x,t)} = %ho exp(ﬁt

s_
T
\/?
=+
Tt

_+ exp[x\/% Jerfc[g
ofosiod)

1 L
+ 5 h, cos(ax) exp(g tj

{25 E)

U |~

£

- cos(— x\/; sin

+ sin(— xﬁ sin

N\
N D

DG(RI,]I)

| D

_ cos(x\/; sin(gnG(RZ, 12)
exp(x r cos[gn
- sin(xx/; sin(gn(l - F(R2,12)
. (6
cos(— x\/; SIH(ED(I - F(Rl,]l)
exp(—x r COS E
+ sin(— xr sin(QDG(RLn)
1, . (L j 2
+—h, sin(ar)exp| —t¢ _
2 S 9
cos(x r sin(—)](l - F(R2,I2)
) 2
exp(x r COS(EJ 9
sin(xx/; sin(EDG(RLU)

D(l - F(R1,11)

(4.37)

Similarly, the solution to the problem with cosine boundary condition, Equations 4.5, 4.6,

4.8,and 4.9i1s
Z(x, t) = Re{PNI(x, t} exp(— étj

where Re{ﬁ (x, t} is the real part of H (x, t).
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_exp(— x\/%jerfc{g\/% - E ]
cos(—x\/; sin@](l _ F(RLI) +
+sin(— - sin(ngG(Rl,ll)

~ 1 L
Re{H(x,t)} = Eho exp(gt

S

exp| — xv'r cos| —
o oo 2

1 L
5 h, cos(ax) exp(g tj

cos(x\/; sin(gn(l - F(R2,12)
+ sin(xx/; sin(gij(Rz,lz)

exp| x\'r cos 4
P 2

cos(— xr sin(gij(Rl,I D

+
- sin(— xr sin(%D(l - F(R1,11)

cos(x\/; sin(gij(RLI 2)
. . (8
- sll’l(x r SIH(ED(I - F(R2,I2)

exp| —xvr cos 4
P 2

1. . L
+ Ehl sin(ax) exp(gtj

exp| x rcos(gj
P 2

(4.39)
Equation 4.39 is the solution to the problem introduced in Equations 4.1 through
4.4. This solution is applicable to determine time-dependent hydraulic head development
beneath the levee when there is leakage out of the aquifer in response to the stage
fluctuations observed in the river. Although the solution can be evaluated by
mathematical software, it is a long and complex solution. Therefore, an approximate

method to solve the same problem was studied and presented in the next section.
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4.3 Analytical Modeling of Transient Hydraulic Head with L eakage Out of a Confined
Aquifer by an Approximate Method

This solution follows the methodology outlined in Section 3.3 and originally
presented by Jiao and Tang (1999) for an approximate solution to a problem of
groundwater response to tidal fluctuation in a leaky confined aquifer. A schematic view

of the model is shown in Fig. 4.2.

y
A _ Flood
Flood stage wall

v
Leakage

A
Top stratum [

P X

Pervious substratum  —p

Fig. 4.2 Schematic view of confined flow with leakage out of aquifer for an
approximate solution.

The governing equations for confined flow with initial and boundary conditions

are

oh _Toh L

oh _LO0h Ly 4.40
or S ox’ S( =) (4.40)
h(x,0) = h, (4.41)
h(0,1) = hy + by sin(ax) (4.42)
lim (x,z) = h, (4.43)

where /4 1s the initial head at # = 0, L is leakage, the ratio of hydraulic conductivity of the

semi-confining layer to the thickness of semi-confining layer with units time™. Let
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H = h-hy, then the differential equation with initial and boundary conditions becomes:

OH _TOH L

s s e
H(x,0)=0 (4.45)
H(0,7) = hysin(ax) (4.46)
lim H (x,£) = 0 (4.47)

X 00

Equation 4.40 is in the form of H (O,t) =h Ime'“ | the solution can be assumed as
H(x,1) = he’e'@ (4.48)
The assumed solution (Equation 4.48) is substituted in Equation 4.44, and A is derived

poieS_L

7 (4.49)

where A must be a complex number. Let A = —p +iq, then the real and imaginary parts

of Equation 4.49 are equated and p and ¢ are derived as

8-

g=-5 4.51)
2pT

Substituting A in Equation 4.48, and using the fluctuating boundary condition, Equation

4.46
H(x,1) = b, Im[e )] (4.52)
H(x,t) =he ™ sin(a,t + qx) (4.53)

Back to the original problem, the solution of Equation 4.40 subject to boundary

conditions Equation 4.42, 4.43 is
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h(x,t) = hy + he™ sm(az ) xJ (4.54)

2pT
where p is as defined in Equation 4.50.

Therefore, an approximate solution was found to the problem defined in
Equations 4.40 through 4.43. This is an approximate solution because the final solution
was initially assumed as shown in Equation 4.48. In addition, the final solution, Equation
4.54, does not satisfy the initial condition specified in Equation 4.41. Thus, the final
solution is referred to as a quasi steady-state solution.

44  Resultsand Discussion

A typical levee section defined by the Army Corps is selected for analysis
purposes (EM 1110-2-1913). The thickness of sandy alluvium under Mississippi River
levees varies from 25 m to 45 m. The thickness of low permeable blanket layer under
Mississippi River levees varies from 1.5 m to 37.5 m. The hydraulic conductivity of
sandy alluvium ranges from 0.1 cm/sec to 0.2 cm/sec (Turnbull and Mansur 1961).
Typical storativity values for confined aquifers are 5x107, 5x10™*and 5x10 (Freeze and
Cherry, 1979). In the 1993 floods, the net river level elevation change of the middle
Mississippi River levees was recorded as 4.8 to 6.7 m (Mansur et al. 2000). A net head of
5 m and a fluctuation of 1.5 m were selected in the analysis. The typical levee section
with selected aquifer parameters and hydraulic head is shown in Fig. 4.3.

The flood duration was selected as 60 days. The net head starts at 5 m, rises to the
peak of 6.5 m at time=30 days, and falls back to 5 m at time=60 days. Head development
over a distance of 200 m was determined, which included 50 m at riverside, a 50 m levee

base, and 100 m on the landside of the levee.
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Fig. 4.3 Typical levee section with selected parameters (not in scale).

The analysis was restricted to 100-m landside of the levee because, as noted in the
literature review, Li ef al. (1996) reported that there was no significant evidence of
surface seepage beyond 100 m from the levee north of Cairo, Illinois after the 1993 high
water. Head development and exit gradients were calculated at the landside of the levee.
Calculations were performed by MathCad 2000 software. The leakage amount was
selected as 0.14 1/day/m, which corresponds to a 5 gal/min/100 feet of levee, reported by
Turnbull and Mansur (1961) and presented in Table 2.1. Figure 4.4 shows the visual
explanation for the estimation of leakage out of a confined aquifer. The upward leakage
was estimated by Turnbull and Mansur (1961) using the general seepage formula:

O =kiA (4.55)
This horizontal seepage changes its direction and leaks out of the aquifer through semi-
pervious top layer as in Figure 4.4. Then, hydraulic gradient under semi-permeable layer,
i is estimated as Ah/Am, where 4h is the hydraulic head difference between the river and
landside of levee, and 4m is the thickness of top stratum. Recall that leakage is the ratio

of vertical hydraulic conductivity of the semi-confining layer to the thickness of semi-
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confining layer, L= k/Am. Here, a specific seepage is also defined as O,=Q/h which
corresponds to the computed natural seepage values, O/h, which were reported by
Turnbull and Mansur (1961). Therefore, seepage beneath the levee in terms of leakage is:
Q, = LAhA (4.56)
where 4 is the unit area through which seepage passes. Using the maximum hydraulic
head difference, A4h = 6.5 m, unit area, 4 =1 mz, and seepage amount, O; = 0.9 m3/d/m,
which corresponds to 5 gal/min/100 ft of levee, then leakage is estimated as, L = 0.14 1/d

/m of levee.

A
(T
1 1m

m
unit volume
h I

Levee Ah I / AN\
| | semi- able laye
Top stratum
Pervious substratum —» Q/h IR

Computation of natural seepage

by Turnbull and Mansur (1961) Leakage out of a confined aquifer

Fig. 4.4 Detailed figuresrelated to the computation of upward leakage.

Figures 4.5, 4.6, 4.7, and 4.8 show head development and exit hydraulic gradient
distributions by the Laplace transform method when there is a leakage of 0.14 1/day/m of
levee. Similarly, Figures 4.9, 4.10, 4.11, and 4.12 show the results by the approximate

method.
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Fig. 4.5 Transient head development at t=1 day and 30 days by L aplace transform

method with leakage, L=0.14 1/day/m of levee.
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Fig. 4.6 Transient head development at x=1 m and x=100 m, levee toe, by L aplace

transform method with leakage, L=0.14 1/day/m of levee.
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Fig. 4.7 Transient exit gradient at the levee toe and at 200 m landward of levee by
Laplace transform method with leakage, L =0.14 1/day/m of levee.
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Fig. 4.8 Transient exit gradient at t=1 day and t=30 days at landside of the levee by
L aplace transform method with leakage, L =0.14 1/day/m of levee.
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Fig. 4.9 Transient head development at t=1 day and 30 days by the approximate
method with leakage, L=0.14 1/day/m of levee.
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Fig. 4.10 Transient head development at x=1 m and x=100 m, levee toe, by the
approximate method with leakage, L =0.14 1/day/m of levee.
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Fig. 4.11 Transient exit gradient at the levee toe and at 200 m landside of the levee
by the approximate method with leakage, L=0.14 1/day/m of levee.
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Fig. 4.12 Transient exit gradient at t=1 day and t=30 days at landside of the levee by
the approximate method with leakage, L=0.14 1/day/m of levee.
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In general, the Laplace transform solution gives higher decreases in head and
hydraulic gradient with distance from the landside of the levee than does the approximate
method does. The results are summarized in Table 4.1.

Table 4.1 Head and hydraulic gradient development by L aplace transform and
approximate solution with aleakage of 0.14 1/day/m of levee.

Time (days) Laplace Transform | Approximate
Method Method

Head at levee toe (m) 1 2.31 3.98

30 3.73 6.04
Head at 100 m farther 1 1.08 3.50
than levee toe (m) 30 2.50 4.94
Hydraulic gradient at 1 0.46 0.80
levee toe 30 0.75 1.21
Hydraulic gradient at 100 | 1 0.22 0.70
m farther than levee toe | 30 0.50 0.99

Turnbull and Mansur (1962) reported that the exit gradient was in the range of 0.2
to 0.5 when there was 5 gal/min/100 feet of levee of seepage (Table 2.1). The Laplace
transform solution results in an exit gradient of 0.75 at the levee toe and 0.22 at 100 m
farther from the levee toe. As mentioned before, sand boils are most likely to occur
within this distance. The approximate method results in an exit gradient in the range of
0.70 to 1.21, over the same distance, which is higher than the observed values in the field
studies. Similarly, when there was 10 gal/min/100 feet of levee of seepage the exit
gradient was reported to be in the range of 0.4 to 0.6 (Turnbull and Mansur, 1962). A
seepage amount of 10 gal/min/100 feet of levee corresponds to a leakage of L = 0.28
1/day/m of levee (Equation 55). Figure 4.13 shows the exit gradient distribution by

Laplace transform method for this case.

82



0.8 I I I I

0.62,
- 0.67 I~ .
=i
L )
= 0.53
?D 1 1eak(X, 1)
27 0.4
g 1 leak(X, 30)
P - 0.27
an
0.13
0.118, l l l l
100 120 140 160 180 200
100, X 200,

Distance from levee toe (m)

Fig. 4.13 Transient exit gradient at t=1 day and t=30 days at landside of the levee by
L aplace transform method with leakage, L =0.28 1/day/m of levee.

As shown in Fig. 4.13, the exit gradient is in the range of 0.12 to 0.62 during the
rising limb of flood wave from the levee toe to 100 m further than levee toe. The same
condition is also analyzed by the approximate method. Figure 4.14 shows hydraulic
gradient distribution by the approximate method when there is a leakage of 0.28 1/day/m
of levee. Figure 4.14 shows that the exit gradient is in the range of 0.70 to 1.13 by the
approximate method when there is a leakage corresponding to 10 gal/min/100 feet of
levee. Table 4.2 summarizes this discussion. As shown in Table 4.2, the results of the
transient analytical model with Laplace transform method coincide with the results of the
limited number of field studies. However, the approximate method does not yield any
close results to the field studies. In addition, the approximate solution shows very little
dampening by time and distance as shown in Table 4.1 in response to upward leakage

from the aquifer.
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Fig. 4.14 Transient exit gradient at t=1 day and t=30 days at landside of the levee by

the approximate method with leakage, L=0.28 1/day/m of levee.
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Table 4.2 Exit gradient at landside of levee by L aplace transform method,
approximate method and field observed valuesfor Q=5 gal/min and 10 gal/min for

100 feet of levee.

Seepage Location Time | Laplace Approximate | Reported by
Quantity (days) | Transform | method Turnbull and
(Leakage) Method Mansur (1961)
5 gal/min/100 | Levee toe 1 0.46 0.80
feet of levee, 100 m from |1 0.22 0.70 0.2-0.6
(L=0.14 levee toe
1/day/m of Levee toe 30 0.75 1.21
levee) 100 m from | 30 0.50 0.99

levee toe
10 gal/min/100 | Levee toe 1 0.34 0.74
feet of levee, 100 m from |1 0.12 0.76 0.4-0.7
(L=0.28 levee toe
1/day/m of Levee toe 30 0.62 1.13
levee) 100 m from | 30 0.40 0.85

levee toe

Both methods can be further investigated by using a more extensive summary of

1950 high water data at piezometer sites in the Lower Mississippi River Valley presented

by Turnbull and Mansur (1961). The researchers concluded that the hydrostatic pressure

ratio at the landside toe of the levee (ho/H) varied from 20% to 75% depending on site

and soil conditions. The same parameters were applied to the transient flow models and

the results were presented in Table 4.3. The hydrostatic pressure ratio at the landside toe

of the levee (hy/H) varied from 21% to 75% by the Laplace transform method, and 3% to

99% by the approximate method (Table 4.3).
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Table 4.3 Comparison of hydraulic head by L aplace transform method,
approximate method and field observations of 1950 high water .

Site H (ft)* | x (ft)* | Seepage ho/H ho/H (%) | ho/H (%)
(Q/H) (%) Laplace | Approx.
(gpm/100 (1950) | Trans. Method
ft of levee) Method
Caruthersville, MO 9.4 4,530 |28 21 34 91
Gammon, AR 11.9 20,500 | 11.3 28 22 99
Commerce, MS 9.2 2,200 (99 25 35 98
Trotters 51, MS 9.0 3,550 | 8.1 33 35 40
Trotters 54, MS 13.8 2,975 |09.1 22 23 83
Stoval, MS 14.9 3,600 |10 44 21 91
Farrell, MS 6.8 5,500 |5.5 28 46 82
Upper Francis, MS 8.3 7,250 | 8.8 21 37 47
Lower Francis, MS 13.6 1,675 |25.2 13 23 96
Bolivar, MS 6.5 1,830 | 15.6 37 49 3
Eutaw, MS 6.2 2,950 |43 65 52 81
L’Argent, LA 16.4 2,880 | 1.1 35 20 98
Hole in the Wall, LA | 10.4 2,600 |3.5 13 31 57
Kelson, LA 16.7 1,180 |0.015 28 75 96
Baton Rouge, LA 17.4 710 1.1 73 33 74

* H: height of flood stage, x: distance from landside toe of the levee to effective source of
seepage entry.

In Table 4.3 seepage values were computed by using Bennett’s (1946) analytical
solutions as presented in The Army Engineer Manual (EM) 1110-2-1913 (Turnbull and
Mansur, 1961). They also stated that about 64% of seepage flow rises to the surface
between the landside levee toe and the effective seepage exit according to the blanket
formulas. Therefore in the analysis, the leakage value was estimated as 64% of the

computed seepage value for each site. According to the results presented in Tables 4.2
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and 4.3, the Laplace Transform method performs well compared with the field
observations.

Time Lag in Head Development

In the field, one would expect to observe a time difference in head development
between the river, at the levee toe, and with distance on the landside of the levee. The
Laplace Transform solution does not yield any significant time differences in head
development at various distances (Fig. 4.15). This figure shows considerable dampening
in head development by time due to leakage, however, little time lag occurs between the

head curves at various distances.

6.46, 8 I I I I I I I
- _
h (1 6
leak( !t) 5
E hpa(100,t) 4
BT 3
2 1200, 1) 5
hea(300,t) 1
. 0
-1
—1.048 — | | | | | | |
0 15 30 45 60 75 90 105 120
A, t 120,
Time (days)

Fig. 4.15 Transient head development beneath the levee at various distances from
theriver by Laplace transform method.

As noted in Chapter 2 and Chapter 3, Ferris (1951) presented analytical
expressions to determine aquifer diffusivity (T/S) based on the observed values of

amplitude, lag, velocity, and wavelength of the sinusoidal changes in groundwater level.
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If the time lag between river and groundwater maximum and minimum stages is known
then aquifer diffusivity can be estimated by using the following formula (Engineer

Manual, EM 1110-2-1421, Equation 6-9)

[ PS
lug =d yr (4.56)

where #,,, 1s the lag time in the occurrence of the maximum groundwater stage following
the occurrence of a similar surface stage, d is the distance from an observation well to the
river, and P is the period of uniform tide or stage fluctuations. Equation 4.56 can be
applied to time lag analysis of transient head development due to river fluctuations. If the
same parameters as in the time lag analysis (d = 100 m, P = 60 days, S = 0.005,

T'= 2160 m?*/day) of the Laplace transform solution and the approximate method were
applied to Equation 4.56, the time lag would result in 0.33 days for every 100-m of
distance. This expression does not consider any leakage out of an aquifer. However, one
would expect smaller time lags than 0.33 days between the head waves when leakage out
of an aquifer occurs.

In addition, as noted in the literature review, according to the observations of a
levee collapse near Marysville, California, there was one-day difference between the
peak of the flood stage in Feather River and the collapse of the levee. Sand boils were
also observed before the collapse of the levee. Part of the time delay may have been due
to the time required for sand boils to erode channels or pipes under the levee, undermine
it, and accelerate its failure. Also, at Louisiana State University, Dairy Farm, head and
seepage rate in one existing sand boil responded very quickly to the river stage
fluctuations. Therefore, the lack of time lag shown by the Laplace transform solution in

Fig. 4.15 may not be unreasonable.
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On the other hand, the approximate solution shows a significant time lag between
head fluctuations. Figure 4.16 shows about a 15-day time difference between the peak
points of head fluctuations for every 100-m distance from the river. A prediction of time
lag between head waves determined from Equation 4.56 and limited field observations
suggests that a 15-day time lag between the river and 100 m beyond the levee toe is not

reasonable.

Time (days)

Fig. 4.16 Transient head development beneath the levee at various distances from
theriver by the approximate method.

The approximate solution was not nearly as accurate as the Laplace Transform
solution and the field studies for estimating hydraulic head developments in a confined
aquifer with an upward leakage. Therefore, the approximate solution was eliminated from

further analysis of transient flow problems in this research.
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45 Summary

Two transient flow models were developed to describe the hydraulic head
development at the landside of a flood wall in response to head fluctuations in the river
when there is leakage out of a confined aquifer. This situation simulates surface seepage
and sand boil formation. The rising river stage was defined by a sinusoidally varying
boundary condition. Both models consider one-dimensional saturated flow conditions in
a homogenous isotropic confined aquifer. The first transient flow model was developed
by solving the governing diffusion equation and the boundary conditions (Equation 4.1
through 4.4) with the Laplace transform method. This solution method is complicated
and can only be evaluated by a mathematical software. Therefore, an approximate
solution was also presented. The results were evaluated for a typical levee section.

The Laplace transform solution resulted in considerable head dissipation with
time and distance in response to the upward seepage out of the aquifer. The hydraulic
gradient by the Laplace transform method was evaluated for different leakage quantities
as reported by Turnbull and Mansur (1962). The results were in agreement compared
with the field studies. However, the Laplace transform solution did not show any
significant time lag between the peak points of head waves at various distances. In other
words, the effect of head fluctuations in the river was felt quickly at various distances
from the landside of the levee when surface seepage was expected. According to very
limited field observations, this was a reasonable result.

The approximate solution did not perform well compared with the limited field
studies and the Laplace transform method. The solution showed little dampening in
hydraulic head in response to the leakage out of the aquifer. It also showed an

unreasonable time lag between head waves at various distances.
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The main objective of this chapter was to develop transient flow models for
leakage out of a confined aquifer by the Laplace transform method and by an
approximate method. This objective was satisfied. The results of the analysis lead us to
eliminate the approximate method from further analysis. The applicability and
performance analysis of the transient flow model with Laplace transform method will be
studied in the following chapters.

46  List of Symbols

a = constant in inverse Laplace Transform

A = unit area (L?)

d = distance (L)

E(x, t) = an expression for a part of hydraulic head function
f»= function used to calculate error function

F =real function used to calculate an error function

g, = function used to calculate error function

¢ = error of approximation

G = imaginary function used to calculate an error function
h = hydraulic head (L)

h(x, t) = hydraulic head function

Ah = hydraulic head difference (L)

hy = initial hydraulic head (L)

hy = head beneath top stratum at landside toe of levee (L)
H = height of flood stage (L)

Hy = initial hydraulic head (L)

h; = amplitude of the variation from the initial hydraulic head (L)
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H, = amplitude of the variation from the initial hydraulic head (L)

H (x,t)=a complex variable to define transformed hydraulic head function

ﬁ(x, t) = Laplace transform of H (x,1)

i = imaginary unit where i° = -1

L = leakage (T™)

11, I2= imaginary part of a complex variable
n = index of summation

A = a complex variable

p = real part of the complex variable A

p = complex number in Laplace transform

P = period of uniform stage fluctuations (T)
r = inverse of length squared (L)

r; = frequency of a wave (T

q = imaginary part of the complex variable A
Q =seepage (L’'T™)

R1, R2= real part of a complex variable

S = aquifer storativity (dimensionless)
t=time (T)

tiag = time lag (T)

T = aquifer transmissivity (LT?)

x = horizontal coordinate (L)

x = distance from landside toe of the levee to effective source of seepage entry (L)

y = variable in error function
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Y (x, t) = transformed hydraulic head function (imaginary part of H (x,1))
7, = thickness of landside top stratum
Z(x, t) = transformed hydraulic head function (real part of H (x,1))

6 = phase angle for frequency ratio

w = frequency of the flood wave
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CHAPTER S CONSTRUCTION OF TRANSIENT FLOW NETS
51 Introduction

The flow of water through soil is represented by flow nets. A flow net is formed
by the network of flow lines and equipotential lines that illustrates graphically how the
head or energy varies as water flows through a pervious medium. Flow lines characterize
the average flow path of a particle of water from the upstream water to the downstream.
The energy of flow is described by lines of equal potential called equipotential lines. A
simple method to obtain a flow net is sketching. Other methods besides sketching include
mathematical solutions, electrical analogs, viscous-flow models, small-scale laboratory
flow models, the method of fragments, and numerical methods (Holtz and Kovacs, 1981).

The objective of this chapter was to construct time-dependent flow nets. The
geometry of flow nets is not expected to change with time. Only the numerical values
assigned to equipotential and flow lines change with time. The main reason to include
such an analysis is because the literature provides little guidance on transient flow nets.
To develop equations to construct time dependent flow nets could be an interesting
contribution to the literature.

An analytical solution expressed as a flow net is actually a graphical solution of

Laplace’s equation in two dimensions:

2 2
6_%21+0_izz:0 (5.1)
Oox”~ Ody

In this analysis, time-dependent streamline and equipotential line equations were derived
analytically by using complex variables. While complex variables have long been

associated with two-dimensional steady flow, there are conditions in which time
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dependent boundary conditions can be introduced. The time dependent boundary
condition on the riverside of the levee is
h(0, y,t) = hy + b, sin(ar) (5.2)

Here, two solutions of transient flow nets were presented; one for infinite-depth
aquifers, and one for finite-depth aquifers. Mathematical analyses presented by
Polubarinova-Kochina (1962) were followed. For transient flow nets in an infinite-depth
aquifer case, Polubarinova-Kochina (1962) presented a problem with wave actions at
both headwater and tail water of a hydraulic structure on a soil of infinite depth. Her
examples were for standing waves such as a hydraulic jump that was a function of
distance, but not time. Here, her analysis was modified for a time-dependent boundary
condition representing a flood-wave. This solution allows us to draw a time-dependent
flow net in an infinite-depth semi-confined aquifer. Polubarinova-Kochina (1962) also
presented an analytical solution for flow net construction under a hydraulic structure on a
layer of finite-depth confined aquifer. Again, her examples were for standing waves as a
hydraulic jump that was a function of distance, but not time. The same methodology was
followed and a time-dependent head term was introduced into her solution.
52 Construction of Transient Flow Netsfor Infinite Depth Aquifers

Seepage flow in an infinite depth aquifer under a levee due to fluctuating river

head is considered in this section (Fig. 5.1).

The complex potential is defined as «(z) = ¢ +i¢/, which is a function of the
complex variable, z = x +iy. A constant value of @represents a line of constant head

while a constant value of /represents a particular streamline.
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Fig. 5.1 Flow region in a soil of infinite-depth aquifer.
Polubarinova-Kochina (1962) introduced the complex function representing the
conditions of the complex potential in the flow region

a(z,t)

EE

Polubarinova-Kochina (1962) explained the development of a velocity function

(5.3)

representing the flow in a soil of infinite depth. A similar analogy is used in the

development of the complex potential function, Equation 5.3. As is known

V22 —b* = (z-0) *(z +5) " (5.4)
The function (Equation 5.4) is real for z < -b and z > b, and imaginary for —b < z < b.
This expression satisfies the conditions in the flow region: along segment AB and CD,
complex potential is real, ¢/ = 0, and along segment BC, complex potential is imaginary,
@= 0. Now the complex potential function will be evaluated by applying Cauchy’s

integral formula,

f(z)d=z

zZ—a

-
flay=——f, (5.5)
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where f(z) is an analytic function within and on a closed contour C of a simply connected

region R, and point « is interior to C. Here, the value of function in the lower half-plane

1s evaluated

a&n _ jﬂamk

2 - b2
where

¢(¢.0)

aW(¢,t) = Jeb

The potential is defined in terms of the hydraulic conductivity and head as
AC,1) = —k,h(S,1)

where head fluctuation is represented by

h(¢.t) = hy + hysin(ax)

Equations 5.6, 5.7, 5.8, and 5.9 lead to

a(z t):—k 2 VZ —b2 j
’ n oG « 2) o= —b« 2)

The solution of the integral in Equation 5.10 is listed by Petit Bois (1961)

+h, sm(at)j

1 . +
dx =- arcsin 24"

(Fx+ pg 'y =gt qrr? = p’ rix+ pg

If r=1,q = b and p = -z/b, the integral is evaluated as

j - ! (arcsin(— ij - 7—T)
oA C b2 (¢— z) b -z b) 2

Equation 5.12 is substituted into Equation 5.10 to obtain the complex potential

97

(5.6)

(5.7)

(5.8)

(5.9)

(5.10)

(5.11)

(5.12)



_ hy (7—7 - arcsin(ij]
_kh\/Zz _bZ \/bZ_ZZ 2 b

w(z,t) = (5.13)
7T -1 . Vg . (z
+ ————=", sin(a¥)| — —arcsin| —
Vb? =z? 2 b
where
arccos(ij =T arcsin(ij (5.14)
b 2 b
S0 az,t) is reduced to,
k . z
a(z,t) = ——(h, + h,sin(axr))arccos 5 (5.15)
m
and
z=bcos a(z,0)n (5.16)

ky (hy + hy sin(ar))
Equation 5.16 can be separated into real and imaginary parts by using the following
properties z = x +iy and a(z,t) = ¢(z,t) +i(z,t). These properties lead to Equation

5.16 becoming

cos(@) =cosgcosy —isin¢gsinyy (5.17)
and
x =bcos¢ coshyy, (5.18)
y = —bsingsinhy, (5.19)
where

_ 1.

= 5.20
A G + Iy sin(ar)) (3.20)

!

v, v (5.21)

"k, (hy + by sin(ar))
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The streamline and equipotential line equations are derived from the relationships:

sin® @ +cos’ @ =1 and cosh’¢, —sinh’ ¢, =1 with the results:

2 2
SR — (5.22)
b”cosh™ ¢, b~ sinh” ¢,
which gives ellipses for the stream lines, and
2 2
SN A (5.23)

blcos’@ bsin®@
which gives hyperbolas for the equipotential lines. Equations 5.22 and 5.23 are used to
draw flow nets for a confined flow under a levee on soil of infinite depth aquifer with a
fluctuating reservoir boundary.

The velocity distribution can be evaluated by taking the derivative of the complex

potential given by Equation 5.15:

%a)(z,t) = —k—];(ho +h, sin(at))%arccos(gj (5.24)
4 ity =5+ sin(ary)——" : 1 (5.25)
dz Vg Z2 b

1 - bT

. . d . . .
The relationships d—aJ(z,t) =u +iv where u and v are the velocity components in the x
z

and y directions, respectively, give the result

u(z,t) +iv(z,t) = %(ho +h, sin(m))% (5.26)
-z

As mentioned above z is a complex variable so that Equation 5.26 becomes:

1
\/b2 —x’ —i2xy+ )’

(5.27)

u(z,t) +iv(z,t) = k—};(ho + h, sin(a))
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Along the landside of levee, along CD in Fig. 5.1, y = 0 is substituted into Equation 5.27
to obtain the horizontal component of velocity:

1

and the vertical component of the velocity is derived by multiplying numerator and

u(x,0,¢) = k—];(h0 + I sin(ar)) (5.28)

denominator of Equation 5.28 by complex number, i =+/—1 to obtain

1

—_ kh :
V()C,O,l) = ;(l’lo + hl SIH(M))W (529)
The exit gradient, i., is evaluated by using the relationship, v = ki,
= hy + h, sin(ax ! 5.30
I, —I—T( o T hysin( ))ﬁ (5.30)

Equation 5.30 is used to calculate the exit gradient along the landside of the levee where
x > b. This equation implies that in the vicinity of x = b, the toe of the levee as seen in
Fig. 5.1, the exit gradient is unbounded, and there exists in this area the danger of piping.
Of course, as the velocity becomes greater, Darcy’s equation is no longer valid so a
prediction of an infinite velocity at the levee toe is not literally true. Still the levee toe is a
vulnerable location for high velocity and piping.
5.3  Construction of Transient Flow Netsfor Finite Depth Aquifers

Flow in a finite depth aquifer is considered. Equations to draw transient flow nets
for a confined flow under a levee on soil of finite depth aquifer are developed. The strip
flow region in the z-plane is mapped onto the lower { half plane (Fig. 5.2). The

Schwartz-Christoffel formula is used for the transformation (Harr, 1962):

I
_ d¢
z—Mkzjl_kzcz

0

(5.31)
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where M and & are some numbers and will be determined after further analysis. The

integral in Equation 5.31 is evaluated as

p= My 1tk (532)
2k 1-k¢

The length of the base, BC is 2b. For { = £ 1,z =t b, then

[ = Mlnﬂ (5.33)
2k 1-k

Walking around the point { = 1/k in the lower half plane in Fig. 5.2 corresponds to
jumping from segment CD to DE in the z-plane, and gives an increase of -72. This value
also corresponds to the change in the imaginary part of z, from y = 0 to y = -B, which

is the thickness of the aquifer. Therefore,
Az =-Bi = —ﬂm' (5.34)
2k

So, M is found as

v =2k (5.35)
71

Then, M is substituted into Equation 5.33 to obtain

[="In—- (5.36)
and £ is found as

k = tanh% (5.37)

In order to solve for z, we use elliptic integrals. The elliptic integral of the first kind in

canonical form is

4
5.38
!J(l z><1 k%) (39
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Fig. 5.2 Flow region in z-plane and {-plane.

where the elliptic sine is also introduced as

¢ =snu (5.39)

and

y = 2K (5.40)
k,h(x,t)

where K is complete elliptic integral of the first kind with modulus m, k; is hydraulic
conductivity of the aquifer, and

h(x,t) = hy, + h, sin(ax) (5.41)
Then z is developed as

+
z :Eln”‘ﬂ (5.42)
T l1-ksnu

Equation 5.42 is differentiated and evaluated as
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s =Bopenu (5.43)
T dnu

. . . cnu .
where elliptic functions; cnu =+/1-sn’u and dnu =~/1-k*sn’u , and the ratio —— is

dnu
developed into the trigonometric series as
Tw 3nw Sntw
N ko) O\ khxs)
;=48 U A A (5.44)

= . , ,
sinh K 3sinh 3& 5sinh %
2K 2K 2K

where B is the depth of aquifer, K’is the complete elliptic integral of the first kind with
complementary modulus m “and K is the complete elliptic integral of the first kind with

modulus m. Harr (1962) presents a table for complete elliptic integrals of the first kind.

As mentioned before, a(z) = ¢ +iy is a function of the complex variable,
z = x +iy, where @and {are constants representing constant potential and stream

functions. Equation 5.48 can be separated into its real and imaginary parts:

cos( i jcosh( y j 005(377(0 jcosh( 3y j
S I IC) k) \kyh(x0) kh(x.0))

, , (5.45)
Vi
sinh(m J 3sinh(3m{ ]
2K 2K
sin( &l jsinh( i j sin( 371 jsinh(3m/j j
)= _ﬁ k,h(x,t) | k,h(x,t) N k,h(x,t) 'khh(x, 1) N (5.46)
7T
sinh(m{ J 3sinh(3m{ j
2K 2K

Along the boundary CD of Fig. 5.1, the velocity is
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5)
cosh| —
, = KahCGe, )1 2B

AKB (5.47)
sinh(”szmh(”(x‘b)]
2B 2B
Then, the exit gradient, i,, is evaluated by using the relationship, v = kji,, so that
hx.t COSh(Mj
I, = SCI’{;” (5.48)
sinh 71b + x) sinh 7> —b)
2B 2B

In conclusion, Equations 5.45 and 5.46 are used to draw flow nets for a confined
flow under a levee on soil of finite depth aquifer with a fluctuating reservoir boundary.
Equation 5.48 is used to calculate the exit gradient along the landside of the levee.

54  Resultsand Discussion
Exit gradients on the landside of the levee on an infinite depth aquifer can be

calculated using Equation 5.30. A schematic view of the problem is in Fig. 5.3.

5+1.5m Levee toe at
x=25m

AN

ky=0.1 cm/sec

Fig. 5.3 A schematic view of the problem (not in scale).
A net head of 5 m, and a fluctuation of 1.5 m were selected in the analysis. The
flood duration was selected as 60 days. The initial head of 5 m rises to the peak of 6.5 m

at time=30 days, and falls back to 5 m at time=60 days. The base width of the levee was
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selected as 50 m. As shown in Equation 5.30, the exit gradient for infinite depth aquifers
is not dependent on the thickness of the aquifer. The hydraulic gradient distribution for

the confined flow in a soil of an infinite depth aquifer is shown in Fig. 5.4 and 5.5.

020, [ T ! ! !

- 025+ ]

9 . 0.2 m
g) linﬁnite(X- 1) '
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2 Linfinite(X, 30) \

S - 0.1 [\, .

0.05[F S .

0.013, ¢ l l l B —
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25 125

X
Distance from levee toe (m)

Fig. 5.4 Transient exit gradient at t=1 day and t=30 days on landside of the levee on
a soil of infinite depth aquifer.
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Fig. 5.5 Transient exit gradient at the levee toe on a soil of infinite depth aquifer.
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A transient flow net for infinite depth aquifers can be drawn by using Equation
5.22 and 5.23. Figure 5.6 shows the flow net for horizontal and vertical hydraulic
conductivity of k; = 0.1 cm/sec, and time, ¢ = 30 days, when the head fluctuation makes
its peak, 4 = 6.5 m in the river. Although transient flow net equations were used to draw
the flow net, there exists only one flow net for a certain cross section of levee. In other
words, the shape of the flow net does not change with time but the numerical values of

the streamlines and equipotential lines change with time.

Fig. 5.6 Transient flow net for infinite depth aquifers, h=6.5 min theriver, k=0.1
cm/sec, t=30 days.

The aquifer thickness for the finite depth aquifer case is taken as 50 m. A scheme
of the problem is shown in Fig. 5.7. Equation 5.48 is used to calculate the hydraulic
gradient distribution for the confined flow in a soil of finite depth aquifer. The results are
shown in Fig. 5.8 and 5.9. If a scaled flow net is drawn, the exit gradient shown in Fig.
5.8 is reasonable, and it fluctuates depending on the fluctuations in the river as shown in

Fig. 5.9.
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Fig. 5.7 A schematic view of the problem (not in scale).
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Fig. 5.8 Transient exit gradient at t=1 day and t=30 days on landside of the levee on
a soil of finite depth aquifer.

107



0267, I I I I I I I I I I I
0.28 m

0.26
0.24

0.22

i i, 1) 0.2
0.18

0.16

0.14

012 -

OR 7P N N Y I Y N I N B
0 10 20 30 40 50 60 70 80 90 100 110 120

{0, t 120
Time (days)

Hydraulic gradient

Fig. 5.9 Transient exit gradient at the levee toe on a soil of finite depth aquifer.
A transient flow net for finite depth aquifers can be drawn by using Equations
5.45 and 5.46. Figure 5.10 shows the flow net for vertical and horizontal hydraulic

conductivity, k, = 0.1 cm/sec, and time, ¢ = 30 days, when the head fluctuation makes its

peak, 4 = 6.5 m in the river.

Fig. 5.10 Transient flow net for finite depth aquifers, h=6.5min theriver, k=0.1
cm/sec, t=30 days, aquifer depth=50 m.
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Again, although transient flow net equations were used to draw the flow net, there
exists only one flow net for a certain cross section of levee. However, the numerical
values assigned to equipotential and flow lines change with time depending on the river
head fluctuations
55 Summary

In this chapter, time dependent flow nets were constructed. Two solutions were
provided; one for infinite depth aquifers and one for finite depth aquifers. The
methodologies given by Polubarinova-Kochina (1962) were followed in both solutions.
The assumptions and the conditions in her solutions were maintained for the coordinate
y = 0; a downward vertical flow on the riverside of the levee, a horizontal flow under the
levee, and an upward vertical flow at the landside of the levee.

The flow nets were constructed for isotropic flow conditions. Exit gradients were
also evaluated. The results look very reasonable. As noted before, the geometry of the
flow nets does not change with time, however the numerical values assigned to the
equipotential lines and flow lines change with time due to head fluctuations. The
governing equations to the two-dimensional transient flow problem did not contain
storage terms so the streamlines and equipotential lines responded instantaneously to
changes in flood elevation.

The main objective of this chapter was to construct transient flow nets. This
objective was satisfied. An analytical solution for a transient flow net has not been
reported in the literature. The solutions presented here could be interesting to the
engineering community.

5.6  List of Symbols

b = horizontal distance (L)
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B = vertical distance (L)

cnu, dn u, sn u = Jacobian elliptic functions

f(z) = complex function

h = hydraulic head (L)

hy = initial hydraulic head (L)

h; = amplitude of the variation from the initial hydraulic head (L)
i = imaginary unit where i° = -1

i, = exit hydraulic gradient

ky, = hydraulic conductivity of soil

K = complete elliptic integral of the first kind with modulus m
K = complete elliptic integral of the first kind with complementary modulus m’
M, k, I, { = constants used in Schwartz-Christoffel formula

p, q, r = constants used in the solution of an integral (Eqn. 5.11)
t=time (T)

T = time dimension

u, u(z,t), u(x,t) = velocity component in x-direction

u = elliptic integral function

v, v(z,t) = velocity component in y-direction

x = horizontal coordinate (L)

y = vertical coordinate (L)

¢ = potential function

vy = stream function

{ = complex variable
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w (z), W(z, t) = complex potential
w = frequency (T™)

z = complex variable
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CHAPTER 6 PERFORMANCE ANALYSIS
6.1 Introduction

The objective of this chapter was to compare hydraulic head and exit gradient
development beneath alevee by the transient flow models developed in Chapters 3 and 4
with commonly used seepage analysis methods. This section also explored whether
transient effects are critical to the development of exit hydraulic gradients, which may
lead to sand boil formation.

The transient flow model developed in Chapter 3 is applicable to homogeneous
confined aquifers while the flow model developed in Chapter 4 is applicable for aleaky
confined aquifer. These transient models were compared with the steady-state models:
Army Corps EM 1110-2-1913 method and SEEP2D finite element analysis.

Two-dimensional transient flow net analysis was not used for comparisons. The
main focus of this research is one-dimensional transient flow study. A comparison of
two-dimensional transient flow net analysis with one-dimensional transient flow models
would not be applicable.

Performance of the transient flow models was analyzed using the parameters of
the cross section of atypical Mississippi Valley confined aquifer. A typical levee section
was selected according to the dimensions set in the Department of Army, Engineer
Manual, Design and Construction of Levees, EM 1110-2-1913 (2000). The thickness of
sandy alluvium under Mississippi River levees changes from 25 m to 45 m. Horizontal
hydraulic conductivity of pervious medium isin the range of 0.1-0.2 cm/sec (Turnbull
and Mansur 1961). Typical storativity values for confined aquifers are 5x10°, 5x10™,
5x10° (Freeze and Cherry, 1979). In 1993, the net hydraulic head of the middle

Mississippi River levees during floods were recorded as 4.8 m to 6.7 m above the
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landside of the levee (Mansur et al. 2000). Therefore, a net head of 5 m, and a fluctuation
of 1.5 m are selected in our analysis. The typical levee section with selected aquifer

parameters and hydraulic head is shown in Fig. 6.1.

. Nethead: 4m !
: 5£1.5m v . :
i Leveebottom N1 | eakage |
i Datum width: 50 m :
5 e Toplayer 5m [

o= -5 -3
—»  Pervious substratum: 25 m-45 m S=5x107-5x10"
K=0.1-0.2 cm/sec

PSS

Fig. 6.1 A typical levee section with selected parameters (not in scale).

Two sets of comparisons were carried out. The first set of analyses compared the
results of underseepage analysis with the transient flow model, the Army Corps EM
1110-2-1913 method, and SEEP2D finite element analysis. The second set of
comparisons analyzed the results of seepage analysis with leakage out of a confined
aquifer case. This set includes the results of the transient flow model with leakage and
SEEP2D finite element analysis. The Army Corps method does not examine a leakage
out of aconfined aquifer case. Therefore, it is not applicable for the second set of
comparisons.

A brief introduction was provided to the Army Corps EM 1110-2-1913 method
and SEEP2D finite element software.

. Army Corps EM 1110-2-1913 method. The Department of Army, Engineer
Manual, EM 1110-2-1913, Design and Construction of Levees (2000) details the

mathematical analysis of underseepage and substratum pressure for levees. The equations
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contained in the manual were developed during a study of piezometric data, reported in a
technical memorandum, USA CE Waterways Experiment Station (WES) TM 3-424
(1956), and confirmed by model studies. The procedures to evaluate the quantity of
underseepage, uplift pressures and hydraulic gradients were devel oped based on closed-
form solutions for differential equations of seepage flow presented by Bennett (1946).
The equations in this engineer manual were devel oped considering atwo-layer
foundation, which isatypical geological condition in Lower Mississippi River Valley.
The following simplifying assumptions were set in this seepage analysis (Engineer
Manual, EM 1110-2-1913):

“a. seepage may enter the pervious substratum at any point in the foreshore

(usually at riverside borrow pits) and/or through the riverside top stratum,

b. flow through the top stratum is vertical,

c. flow through the pervious substratum is horizontal,

d. the levee and the portion of the top stratum beneath it isimpervious,

e. al seepageislaminar.”

The equations are presented for several cases: no top stratum, impervious top
stratum both riverside and landside, impervious riverside top stratum and no landside top
stratum, impervious landside top stratum and no riverside top stratum, semipervious
riverside top stratum and no landside top stratum, semipervious landside top stratum and
no riverside top stratum, semipervious top stratum both riverside and landside. Two more
cases were added by Cunny et al. (1989) in a Technical Report REMR-GT-13. These
cases are. impervious riverside top stratum with semipervious landside top stratum and
semipervious riverside top stratum with impervious landside top stratum. In this chapter,

out of these nine cases, the most critical case, which is the seventh case listed in EM
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1110-2-1913, semipervious top stratum at riverside and landside of levee with a pervious
substratum was considered for analysis purpose. A cross-section of the levee with

required parametersis shown in Fig. 6.2.

Fig. 6.2 Basic scheme of levee with design parameters as presented in the Army
CorpsEM 1110-2-1913.

The hydrostatic head beneath the top stratum on the landside toe of levee, hyis
calculated as
S brwery ©1
where x; is effective length of riverside blanket, L, is base width of levee, and x3 is
distance from the landside levee toe to the effective seepage exit. If L3, landward extent
of top stratum measured from landside levee toe, is considered as it goes to infinity, then

X3 IS estimated as

-1
%= (6.2)
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_ |k
c= Kzb (6.3

where k, is vertical hydraulic conductivity of the top stratum, ks is horizontal hydraulic
conductivity of the pervious layer, z, is thickness of the top stratum, and b is thickness of
the pervious layer. Then, head beneath the top stratum at distance x from landside levee

toeis estimated as

h =he™ (6.4)

The hydraulic gradient through the top stratum at the landside of the levee is estimated as

IX

_h (6.5)
Z,

. SEEP2D Seepage AnalysisModel. The SEEP2D software was developed by
USACE Waterways Experiment Station to model a variety of problems including
seepage. In thisresearch, the SEEP2D model is used in conjunction with the GMS
(Groundwater Modeling System). GM S was devel oped by the Brigham Y oung
University in cooperation with WES. Several conditions can be modeled by using
SEEP2D. These conditions include isotropic/anisotropic soil properties,
confined/unconfined flow profile models, saturated/unsaturated flow for unconfined
profile models, confined flow for plan models, and heterogeneous soil conditions.
SEEP2D cannot model transient or time varying problems and unconfined plan models.
In the modeling process, a finite element mesh is constructed, boundary conditions are
defined, hydraulic conductivities are entered, and then the model is run by SEEP2D and

viewed by GMS. A partial aquifer modeled by SEEP2D is shownin Fig. 6.3.
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Fig. 6.3 A sample SEEP2D model.

This model applied in Fig. 6.3 represents a simple confined flow problem.
Constant heads were applied to the boundaries where trapezoid shapes were placed. The
other boundaries are “no flow” boundaries where the flow direction is parallel to those
regions. Isotropic soil conditions at the soil medium resulted in afamiliar flow net for
part of the aquifer as shown in Fig. 6.3.

6.2  Performance Analysisof Transient Flow Model in a Confined Aquifer

The parameters were selected as shown in Fig. 6.4.

4m
5 Net head: 5
i 5t15m V¥ |
E L evee bottom :
; width: 50 m i
5 " Top Stratum; 5 m -
—»  Pervious substratum:25 m 240 R
K=0.1 cm/sec

PSS

Fig. 6.4 A levee cross section with selected parametersfor performance analysis (not
in scale).

The Laplace transform solution considers seepage through the pervious
substratum. The thickness of top stratum is taken into account only for calculating the

exit hydraulic gradients. As noted before, the Army Corps method and SEEP2D model
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are applicable for steady-state analysis. Therefore a certain time was selected for
comparison purpose. The time of the analysis was chosen as 30 days, when the river head
makes its peak, which is 6.5 m. Therefore a constant head of 6.5 m was applied for the
steady-state methods. In Fig. 6.5, the hydraulic head and hydraulic gradient distribution

beneath the levee toe by the Laplace transform solution is shown.
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Fig. 6.5 Hydraulic head beneath the landside of the levee, and the hydraulic
gradient development through thetop layer at t=30 days by the transient flow
model, L aplace transform method.

In Fig. 6.5, exit hydraulic gradients were evaluated by dividing the differencein
hydraulic heads by the thickness of the top layer, which was chosen as 5 m. The same
methodology was followed in the applications of the Army Corps method and SEEP2D
model.

The Army Corps solution considers hydraulic conductivity of the top layer

(Equation 6.3). Therefore, avertical hydraulic conductivity of 1x10 cm/sec was
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assigned to the top layer of the soil medium for the applications of USACE method. The

resultsare seenin Fig. 6.6.

25 50 75 100

_ x 100,
Distance from the levee toe (m)

X
Distance from the levee toe (m)

Fig. 6.6 Hydraulic head beneath the landside of the levee, and the hydraulic
gradient development through thetop layer by the Army CorpsEM 1110-2-1913
method.

In the SEEP2D finite element model, an aquifer depth of 30 m with hydraulic
conductivities as seen in Fig. 6.4 were defined. Hydraulic head development at 5 m
below the landside levee and hydraulic gradients through the landside levee are plotted in
Fig. 6.7. The results presented in Figures 6.5 through 6.7 are summarized in Table 6.1,
which shows that there are significant differences between the results of the methods.

The analytical transient flow model developed by the Laplace transform method
showed the most conservative results compared with the Army Corps method and
SEEP2D model. The Laplace transform method assumes that seepage flow travels
horizontally in an infinite flow medium. The model does not alow any upward leakage

from the flow medium. In addition, as presented in Chapter 3, hydraulic head fluctuations

dissipate very slowly. Therefore, high hydraulic gradients were cal culated through the top

layer.
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Fig. 6.7 Hydraulic head beneath the landside of the levee, and the hydraulic
gradient development through thetop layer by SEEP2D modeling.

Table 6.1 Hydraulic head and gradient beneath the levee for a confined aquifer by
various methods.

Methods Nieveetoe (M) | Moo m (M) fleveetoe i100m
Transient flow model 6.39 6.28 1.28 1.26
The Army Corps method | 5.07 3.82 1.01 0.76
SEEP2D model 2.94 2.23 0.59 0.45

The SEEP2D finite element model was run under the confined aguifer medium, however
the program allows a portion of seepage flow to exit vertically through the top blanket.
This upward seepage reduced hydraulic head development on the landside of the levee,
and reduces the hydraulic gradient through the top layer.

Gabr et al. (1995) presented a study on the comparison between finite element
analysis and simplified analysis of levee underseepage. They used LEV SEEP and
LEVEEMSU computer programs for ssmplified analysis of levee underseepage. As
discussed in the second chapter, both computer programs were based on Bennett’ s (1946)

analytical solutions and both methods were expected to give results close to those
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outlined in Levee Design Manual, EM 1110-2-1913, which isthe Army Corps method
anayzed in this research. Gabr et al. (1995) used PCSEEP and SEEP finite element
computer programsin their study. SEEP is an older version of the SEEP2D model used in
this dissertation. The researchers found significant differences between the results of
LEVSEEP and LEVEEMSU and those from the two-dimensional finite element models.
They concluded that exit hydraulic gradients predicted from simplified LEV SEEP and
LEVEEMSU for the cases studied were conservative as compared with those predicted
from the finite element model. They noted that there were no available piezometer data
for high-water levelsto verify the results from the finite element models. They a so noted
that a comprehensive parameter study and investigation of several case histories were
needed before the conclusions they presented could be generalized. Table 6.1 al'so shows
conservative results from the Army Corps method compared with the SEEP2D model.

So far, the comparisons of the flow models were based on steady-state conditions.
The Army Corps method and the SEEP2D model can be solved for various heads and the
results of these steady-state flow models can be compared with the results of the transient
flow model. A flood wave of 60-day duration with a net head of 5 m and a fluctuation of
1.5 m were used for this purpose. The flood wave and corresponding hydraulic gradient
development at the levee toe by the Laplace transform method are shown in Fig. 6.8. The
hydraulic gradient curve in Fig. 6.8 was divided into certain ranges, and then
corresponding head values in the river were calculated. The Army Corps method was
solved by using these head values and the range of hydraulic gradients were calcul ated.

The results were presented in Table 6.2.
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Fig. 6.8 Flood wave in theriver and hydraulic gradient development at the levee toe
by L aplace transform method.

Table 6.2 Summary of the range of hydraulic gradient and corresponding range of
hydraulic head with time duration at the levee toe by L aplace transform method

and the Army Cor ps method.
Time Duration Range of Range of Hydraulic Gradient at the
Range (days) Hydraulic Head in | Levee Toe
(days) the River (m) Laplace Transform Army Corps

Method Method

1-3 5.08-5.24 0.93-0.99 0.79-0.82
4-8 5.31-5.61 1.01-1.09 0.83-0.88
9-16 8 5.68-6.12 1.10-1.19 0.89-0.95
17-30 29 6.17-6.50 1.20-1.28 0.96-1.01
31-45 6.50-6.10 1.28-1.20 1.01-0.95
46-53 8 6.00-5.54 1.19-1.10 0.94-0.86
54-59 6 5.46-5.08 1.09-1.01 0.85-0.79
60 1 5.00 1.00 0.78
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The SEEP2D model was not used for this analysis because hydraulic gradient at
the levee toe by SEEP2D model was significantly lower than the results cal culated by the
Army Corps and transient flow models (Table 6.1). The analysis shown in Table 6.2 can
be useful to determine critical times during a flood. For example, if a hydraulic gradient
of 0.85is considered to be the initiation threshold of a sand boil, according to the
transient flow model by Laplace transform solution, the whole high water event is
critical, while according to the Army Corps method, the first and the last couple of days
of the high water event is not critical. In general, the transient flow model by Laplace
transform method and the Army Corps model resulted in close hydraulic gradients,
however higher hydraulic gradients were determined by the transient flow model than by
the U.S. Army Corps of Engineers method.

6.3  Performance Analysisof Transient Flow Model with L eakage Out of a
Confined Aquifer

The parameters were selected as shown in Fig. 6.9.

Flood stage:
5£15m v
Leakage,

L evee bottom L=0.2 1/d

width: 50 m
_— Top stratum: 5 m —
L : S=5x10°3
—»  Pervio bstratum: 25 B
VOSSR TS K =0 WEmisn K,=0.001 cm/sec

O~

Fig. 6.9 A levee cross section with selected parametersfor performance analysis (not
in scale).
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The Laplace transform solution considers seepage through the pervious
substratum. In SEEP2D modeling, a constant head boundary was defined at the riverside
of the levee and an exit face boundary was defined on the landside of the levee. After the
model was run, the flow rates on the landside of the levee were examined. As expected,
the highest flow rate occurred at the levee toe. The total flow below the landward levee
was averaged through the landside of the levee to find a leakage amount to be used in the
transient flow model. This leakage was found to be, L=0.2 1/day per meter of levee.
Therefore, aleakage amount of L=0.2 1/day per meter of levee was selected for
comparison purposes. In Fig. 6.10, the hydraulic head beneath the landside of the levee,
and the hydraulic gradient distribution through the top layer by Laplace transform
solution are shown. Hydraulic head and exit gradient distribution beneath the levee by

SEEP2D are shown in Fig. 6.11. Table 6.3 summarizes the results presented in Figures

6.10 and 6.11.
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Fig. 6.10 Hydraulic head beneath the landside of the levee, and the hydraulic
gradient development through thetop layer by the transient flow model, L aplace
transform method, with leakage, L=0.2 1/day/m of levee.
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Fig. 6.11 Hydraulic head beneath the landside of the levee, and the hydraulic
gradient development through thetop layer by SEEP2D modeling with leakage,
L=0.2 1/day/m of levee.

Table 6.3 Hydraulic head beneath the levee, and the hydraulic gradient through the
top layer for a confined aquifer with leakage, L=0.2 1/day/m of levee, by analytical
model and finite element analysis.

Methods Nievee toe (M) hioo m (M) levee toe 1100 m
Transient flow model 341 2.23 0.68 0.45
SEEP2D model 3.45 2.62 0.69 0.52

Table 6.3 shows that hydraulic head and gradient values are closely matched with
the transient flow model developed by the Laplace transform method and SEEP2D finite
element analysis when there is an upward leakage of 0.2 1/day/m of levee. This
agreement can be further investigated by using different leakage quantities. As discussed
in the fourth chapter, there are field studies reported by Turnbull and Mansur (1962) on
seepage quantities and corresponding exit gradients. The same seepage values can be

achieved by the SEEP2D model by changing the driving hydraulic forces and/or
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hydraulic conductivity of the medium. The investigated |eakage quantities are 5 gal/min
/100 ft of levee (L=0.14 1/day/m of levee) and 10 gal/min/100 ft of levee (L=0.28
1/day/m of levee). Theresults are shown in Table 6.4.

Table 6.4 Hydraulic head beneath the levee and the hydraulic gradient through the

top layer for a confined aquifer with leakage by analytical model and finite element
analysis.

L eakage (1/day/m Methods Neveetoe | Noom lleveetoe | 1200m

of levee) (m) (m)

0.14 Transient flow model | 3.73 2.50 0.75 0.50
(Kx=0.1 cm/sec)
SEEP2D model 3.49 2.56 0.70 0.51
(Kx=0.063 cm/sec)

0.28 Transient flow model | 3.10 2.01 0.62 0.40
(Kx=0.1 cm/sec)
SEEP2D model 3.36 2.69 0.68 0.54
(Kx=0.148 cm/sec)

Table 6.4 shows that the results from the transient flow model and finite element
anaysis are still in agreement for different leakage quantities. Here, in SEEP2D analysis,
the horizontal hydraulic conductivity of the medium was adjusted in order to get the
target leakage quantities at the exit face, which is the landside of the levee. In redlity, the
hydraulic conductivity of the medium may also change due to the mechanisms involved
in the underseepage process. Therefore, adjusting the hydraulic conductivity of the
medium in order to get target |eakage quantities can be considered as a reasonable
approach. However, it should be noted that the results presented in Table 6.4 do not
correspond to exactly the same conditions as used for comparison of transient flow and

SEEP2D models.
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So far, the comparisons of the flow models were based on steady-state conditions.
SEEP2D model can be solved for various heads and the results of these steady-state flow
models can be compared with the results of transient flow model. Asin Section 6.2, a
flood wave of 60 days, anet head of 5 m, afluctuation of 1.5 m, and a homogenous
upward leakage of 0.14 1/day/m of levee were selected for this purpose. The flood wave
and corresponding hydraulic gradient development at the levee toe by the Laplace

Transform method is shown in Fig. 6.12.
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Fig. 6.12 Flood wavein theriver and hydraulic gradient development at the levee
toe by L aplace transform method with leakage, 0.14 1/day/m of levee.

The hydraulic gradient curve in Fig. 6.12 was divided into certain ranges, and
corresponding head values in the river were calculated. A series of SEEP2D models were
solved by using these head values, and the range of hydraulic gradients were cal cul ated.
In SEEP2D analysis, horizontal hydraulic conductivity of the medium was adjusted in
order to get the target leakage quantity at the landside of the levee. Theresults are

presented in Table 6.5.
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Table 6.5 Summary of the range of hydraulic gradient with corresponding range of
hydraulic head with time duration at the levee toe by L aplace transform method
and SEEP2D model with leakage, L=0.14 1/day/m of levee.

Time Duration Range of Range of Hydraulic Gradient at the
Range (days) Hydraulic Head in | Levee Toe
(days) the River (m) Laplace Transform SEEP2D Model
Method
1-3 3 5.04-5.20 0.46-0.49 0.54-0.55
4-10 5.27-5.71 0.51-0.60 0.56-0.61
11-19 9 5.78-6.22 0.61-0.70 0.62-0.67
20-30 21 6.26-6.46 0.71-0.75 0.67-0.69
31-40 6.46-6.26 0.75-0.71 0.69-0.67
41-49 9 6.22-5.78 0.70-0.61 0.67-0.62
50-56 7 5.71-5.27 0.60-0.51 0.61-0.56
57-60 4 5.20-4.96 0.49-0.45 0.55-0.54

Asshown in Table 6.5, the results from the transient flow model and finite
element analysis are till in agreement during the assumed high water event. Again, it
should be noted that in SEEP2D modeling, the horizontal hydraulic conductivity value
was adjusted for each hydraulic head in the river to get the target upward leakage
guantity. This analysis simulates the pressure relief due to formation of sand boils during
aflood, and can be useful to examine the sites with relief wells.

6.4  Summary and Conclusions

The main objective of this chapter was to show the performance of the analytical
seepage model developed by Laplace transform method. The results from the anal ytical
model were presented and compared with other seepage analysis methods. The Army
Corps method outlined in Army Engineer Manual, EM 1110-2-1913 and SEEP2D finite

element analysis were selected for comparison purposes.
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Two sets of comparisons were conducted. In the first set, one-dimensional flow in
the confined aquifer case was studied. The transient analytical model by Laplace
Transform method resulted in higher exit gradients than the steady-state analysis models:
the Army Corps method and SEEP2D finite element analysis. In the second set of
comparisons, the Laplace transform method and SEEP2D analysis were compared for
one-dimensional flow with leakage out of a confined aquifer case. Theresultsarein
agreement for different leakage quantities. The assigned upward leakage term refers to
seepage flowing out through sand boils. This situation resembles relief wells and causes
decreases in head devel opment beneath the levee compared to the no leakage case.

Transient head development was also simulated by the steady-state models. The
Army Corps method and SEEP2D model were analyzed for certain increments of head
values and the results were compared with the transient flow model. Thistype of analysis
can also be useful to predict the occurrence of sand boils and the performance of the sites
where relief wells have been installed during a possible high water event.

The predictability of the models can only be measured and the results presented in
this chapter can only be generalized with field measurements. Besides, even though a
simple cross-section is compared, the comparisons do not reflect identical conditions due
to the fact that each method was developed under its own assumptions. With this
performance analysis, the main objective of this chapter was satisfied.

This chapter also investigated the question of whether or not transient effects are
critical in the development of hydraulic gradients. The performance analysis presented in
this chapter clearly shows that the transient flow models devel oped by Laplace transform
method give reasonabl e results compared with the commonly used steady-state seepage

analysis applications. Therefore, the transient flow models are worthwhile to consider
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during an underseepage study of levees and prediction of sand boil formations at the
landside of the levee.

6.5 List of Symbols

b = thickness of pervious layer (L)

c = avariableto define xs (L™)

ho = hydraulic head beneath top stratum landside toe of the levee (L)

H = total head loss (L)

hyx = head beneath top stratum at distance x from landside toe of the levee (L)
ic = critical hydraulic gradient (dimensionless)

ix = hydraulic gradient beneath top stratum at landside of the levee (dimensionless)
ky, = vertical hydraulic conductivity of top stratum (LT )

k¢ = horizontal hydraulic conductivity of pervious layer (LT™)

K = horizontal hydraulic conductivity of pervious layer (LT

Ky = vertical hydraulic conductivity of pervious layer (LT?

L =leakage (T'L™Y)

L = length dimension (L)

L, = basewidth of levee (L)

L3 =landside extent of top stratum measured from landside levee toe (L)

S = aguifer storativity (dimensionless)

x1 = effective length of riverside blanket (L)

X3 = distance from landside levee toe to effective seepage exit (L)

Zy, = thickness of landside top stratum
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CHAPTER 7 EVALUATION OF CUMULATIVE EFFECTS
7.1  Introduction

The objective of this chapter was to use the transient flow models and steady-state
seepage analysis methods to eval uate possible cumulative effects caused by repetitive
flood events.

In the case of piping problems under levees, the pore size may increase with time
asfine soil particles are washed away due to underseepage. The increased pore size may
enable the migration of larger sized soil particles. If the unobservable process proceeds
and sufficient soil istransported, an internal channel may develop. A sand boil at the
location where the seepage exitsis an indication that an internal channel has formed,
even though the channel is of small size. After asand boil has formed, fine soil isusually
discharged with the flowing water. This continued discharge of fine material might
suggest the eroded internal channel is migrating from the landside of the levee toward the
riverside. As aninterna channel develops, enlarges, and lengthens due to cumulative
effects, severa parameters that are important in seepage anaysis are expected to change.
The thickness of pervious layer, soil porosity, soil hydraulic conductivity, and saturation
degree are some of those parameters. Out of these parameters, soil porosity and degree of
saturation directly effects the hydraulic conductivity of the soil layer.

In this research hydraulic conductivity of the soil medium was assumed as the
most important parameter in the evaluation of possible cumulative effects due to
underseepage. Therefore, arange of hydraulic conductivity values for the soil medium
was assumed and then exit hydraulic gradients were evaluated for corresponding

hydraulic conductivity values.
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In Chapter 3, atransient anal ytical model was developed by the Laplace transform
method. The main soil property in thismodel isaquifer diffusivity value, whichis
transmissivity over storativity ratio (T/S). The model can be run for arange of T/Sratios
to examine the effect of changes in hydraulic conductivity of the soil medium. Typical
Mississippi Valley agquifer parameters were considered and a range of aquifer diffusivity
values (T/S) were selected for analysis purposes. The thickness of sandy alluvium under
Mississippi River levees changes from 25 m to 45 m. The hydraulic conductivity of
sandy alluviumisin the range of 0.1-0.2 cm/sec (Turnbull and Mansur 1961). Typical
storativity values for confined aquifers are 5x107%, 5x10, 5x10 (Freeze and Cherry,
1979). In the 1993 floods, the net change in river level elevation of the middle
Mississippi River levees was recorded as 4.8 t0 6.7 m (Mansur et al. 2000). A net head of
5 mand afluctuation of 1.5 m were selected in the analysis. The typical levee section

with selected aquifer parameters and hydraulic head is presented in Fig. 7.1.

. Net head: 4m .
: 5+1.5m v i
Levee height: Leckage
i 7.6 m i
: — Top layer: 56m ﬁ i

—»  Pervious substratum: 25 m-45m

S=5x10°-5x103
K=0.1-0.2 cm/sec

PSS

Fig. 7.1 A typical levee section with selected parameters (not in scale).
The range of typical aquifer diffusivities for cumulative analysis purpose is shown

inTable7.1.
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Table 7.1 Selected aquifer diffusivities used in cumulative effect analysis.

Aquifer Hydraulic Thickness of Transmissivity, | Storativity
diffusivity, conductivity, | aquifer (m) T (m?/sec) (dimensionless)
T/Sratio K (cm/sec)

5 0.1 25 0.025 5x10°

18 0.2 45 0.090 5x10°

500 01 25 0.025 5x10°

1800 0.2 45 0.090 5x10°

Two sets of analyses were conducted to evaluate possible cumulative effects of
piping under levees. The first set of analyses included the following methods: transient
analytical model by Laplace transform method, the Army Corps method, and SEEP2D
finite element model. The second set of analyses was applied when there was |eakage out
of a confined aguifer, which simulates the loss of water by upward seepage and discharge
through sand boils. For this situation, the transient flow model by Laplace transform
method and SEEP2D finite element analysis were studied.

7.2  Cumulative Analysisfor Underseepagein a Confined Aquifer

The transient flow model applying the Laplace transform method was solved for
various aquifer diffusivity values selected in Table 7.1. Hydraulic head development
beneath the landside of the levee when the river head makesits peak is shownin Fig. 7.2.
Hydraulic gradient development is shownin Fig. 7.3.

As aquifer diffusivity increases higher hydraulic heads and hydraulic gradients are
observed on the landside of the levee (Figures 7.2 and 7.3). The results of hydraulic head

and gradient development are tabulated in Table 7.2.
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Fig. 7.2 Hydraulic head development at t=30 days by transient flow model for
aquifer diffusivities (T/S) of 5, 18, 500, and 1800.
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Fig. 7.3 Hydraulic gradient development at t=30 days by transient flow model for
aquifer diffusivities (T/S) of 5, 18, 500, and 1800.
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Table 7.2 Hydraulic head beneath the landside of the levee and gradient through the
top layer of a confined aquifer by transient flow model for various aquifer
diffusivities.

Aquifer diffusivity (T/S) Nieveetoe (M) | h1oom (M) | Tleveetoe | 1100m
5 (T=0.025 m‘/sec, S=5x107°) 6.389 6.279 1.278 1.256
18 (T=0.090 m*/sec, S=5x107) 6.442 6.383 1.288 1.277
500 (T=0.025 m“/sec, S=5x10") 6.489 6.478 1.298 1.296
1800 (T=0.090 m?/sec, S=5x10") | 6.494 6.488 1.299 1.298

Asshown in Table 7.2, the transient flow model by the Laplace transform
solution results in slight increases in hydraulic head beneath the landside of the levee and
the gradient through the top layer as hydraulic diffusivity of the pervious medium
increases.

The Army Corps method as outlined in Engineer Manual, EM 1110-2-1913 was
detailed in the sixth chapter. The formulation of the solution considers horizontal
hydraulic conductivity and the depth of the pervious medium. Therefore, only aquifer
transmissivity (T) of the pervious medium was increased for analysis purpose. The peak
hydraulic head of 6.5 m was considered at the river. Figure 7.4 and 7.5 show hydraulic
head and gradients at the landside of the levee when the aquifer transmissivities are 0.025
m?/sec and 0.090 m?/sec, respectively.

The same parameters used in the Army Corps method were also used for SEEP2D
modeling. Figures 7.6 and 7.7 show the results when the aquifer transmissivities are

0.025 m?/sec and 0.090 m?/sec, respectively, by SEEP2D finite element analysis.
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Fig. 7.4 Hydraulic head beneath the landside of the levee and gradient development
thzrough thetop layer by the USACE method for aquifer transmissivity (T) of 0.025
m“/sec.
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Fig. 7.5 Hydraulic head beneath the landside of the levee and gradient development

through thetop layer by the USACE method for aquifer transmissivity (T) of 0.090

m?/sec.
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Fig. 7.6 Hydraulic head and gradient development beneath the landside levee by
SEEP2D modeling for aquifer transmissivity (T) of 0.025 m?/sec.
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Fig. 7.7 Hydraulic head and gradient development beneath the landside levee by
SEEP2D modeling for aquifer transmissivity (T) of 0.090 m?/sec.
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The changes in hydraulic gradients due to the changes in aguifer transmissivities
by three of the analysis methods are summarized in Table 7.3.
Table 7.3 Increasesin hydraulic gradients (%) through the top layer on the landside

of the levee by the transient flow model, the Army Cor ps method and SEEP2D
modeling for different aquifer transmissivities.

Methods Aquifer llevee toe Increase | i100m Increase

transmissivity, (%) (%)

T (m%/sec)
Transient flow model | 0.025 1.278 1.256
(S=5x10°%) 0.090 1.288 0.78 1.277 | 167
Transient flow model | 0.025 1.298 1.296
(S=5X10'5) 0.090 1.299 0.08 1.298 0.15
Army Corps method | 0.025 1.013 0.764

0.090 1131 11.65 0.975 27.62
SEEP2D model 0.025 0.588 0.446

0.090 0.602 2.38 0510 |14.35

Asdiscussed in Chapter 6, the transient flow model using the Laplace transform
solution and the Army Corps method result in more conservative hydraulic gradients than
SEEP2D finite element analysis (Table 7.3). This table also shows that the Laplace
transform solution gives only minor changes in the exit hydraulic gradient as hydraulic
diffusivity of the pervious medium changes. The Army Corps method is the most
sensitive solution to the changes in transmissivity of the pervious medium.

The Laplace transform solution assumes flow over an infinite horizontal distance
in the medium. Therefore, increasesin aquifer transmissivity affect the head devel opment
very dlightly in this assumed infinite soil medium within the first 200 m of landside levee.

The Army Corps method assumes there is an upward flow on the landside of the levee. In
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SEEP2D analysis, a confined aguifer was modeled, however, the program still allowed
upward leakage concentrated at the levee toe and through the top layer on the landside of
the levee. Probably, due to this upward flow in the Army Corps method and SEEP2D
model, hydraulic conductivity of the medium affects the exit gradients in both models.

A changein hydraulic conductivity has an affect on exit hydraulic gradients.
However, exit hydraulic gradients at alocation distant from the landside of the levee
were affected more than those closer to the levee.

7.3  Cumulative Analysisfor Under seepage with L eakage Out of a Confined
Aquifer

The transient flow model utilizing the Laplace transform solution and SEEP2D
finite element analysis are capable of analyzing hydraulic head developments when there
isan upward seepage emerging at the landside of the levee. Two separate SEEP2D
models were constructed using aquifer transmissivities of 0.025 m?/sec and 0.090 m%/sec,
respectively. The model with an aquifer transmissivity of 0.025 m?/sec resulted in an
average leakage of 0.20 1/day per meter of levee, and the model with an aquifer
transmissivity of 0.090 m?/sec resulted in an average leakage of 0.36 1/day per meter of
levee. Therefore, two transient flow models were run with each leakage quantity for
cumulative analysis and also for comparison purposes with SEEP2D finite element
modeling. The first model of transient flow analysis used aquifer diffusivitiesas set in
Table 7.1 and an upward leakage of 0.20 1/day/m of levee. With these parameters,
hydraulic head devel opment beneath the landside of the levee when the river head makes
its peak is shown in Fig. 7.8. Hydraulic gradient development for this case is also shown

inFig. 7.9. Itisimportant to note that hydraulic head and gradient development for
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aquifer diffusivities (T/S) of 5 and 500, and 18 and 1800 almost identical (Fig. 7.8 and

7.9).
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Fig. 7.8 Hydraulic head development beneath the landside of the levee by transient
flow model for aquifer diffusivities (T/S) of 5, 18, 500 and 1800 with a leakage of
0.20 /day/m of levee.
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Fig. 7.9 Hydraulic gradient development through the top layer on the landside of the
levee by transient flow model for aquifer diffusivities (T/S) of 5, 18, 500 and 1800
with aleakage of 0.20 1/day/m of levee.
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The second model of transient flow analysis also used the same aquifer
diffusivities, as set in Table 7.1 and aleakage of 0.36 1/day/m of levee. With these
parameters, hydraulic head development beneath the landside of the levee when the river
head makes its peak is shown in Fig. 7.10, and hydraulic gradient development is shown
inFig. 7.11. Again, the hydraulic head and gradient development for aquifer diffusivities
(T/S) of 5 and 500, and 18 and 1800 almost identical (Fig. 7.10 and 7.11). The results of
the transient flow models as shown in Figures 7.8 through 7.11 are also tabulated in
Table 7.4.

Figures 7.8 through 7.11 and Table 7.4 show that aquifer transmissivity, T, plays
amore important role than does the aquifer diffusivity, T/S, in the transient flow model
developed by the Laplace transform method. When the transmissivity was kept constant,
the transient flow model resulted in amost identical hydraulic heads beneath the landside
of the levee regardless of changes in storativity of the medium. In addition, the results
indicated a considerable increase in hydraulic head and gradient devel opment through the
top layer at the landside of the levee as transmissivity of the medium increases when
there is leakage out of the aquifer.

The same analysis was a so studied by using SEEP2D finite element modeling.
Two models were constructed. One has an aquifer depth of 25 m with a hydraulic
conductivity of 0.1 cm/sec, and the other one has an aquifer depth of 45 m with a
hydraulic conductivity of 0.2 cm/sec. In both models, an exit face was defined at the
landside of the levee to allow upward seepage. Figures 7.12 and 7.13 show hydraulic
head beneath the landside of the levee and gradient development through the top layer for

aquifer transmissivities of 0.025 m?sec and 0.090 m?/sec, respectively.
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Fig. 7.10 Hydraulic head development beneath the landside of the levee by transient
flow model for aquifer diffusivities (T/S) of 5, 18, 500 and 1800 with a leakage of
0.36 1/day/m of levee.
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Fig. 7.11 Hydraulic gradient development through thetop layer on the landside of
the levee by transient flow model for aquifer diffusivities (T/S) of 5, 18, 500 and 1800
with aleakage of 0.36 1/day/m of levee.
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Table 7.4 Hydraulic head beneath the landside of the levee and gradient through the
top layer by transient flow model for various aquifer diffusivitieswhen thereisa
leakage out of a confined aquifer.

(Yday/m | (m) (m)
of levee)
5 (T=0.025 m?/sec, S=5x10) 0.20 3408 [2225 [0.682 |0.445
18 (T=0.090 m?/sec, S=5x10") 4510 |[3312 [0902 |0.662
500 (T=0.025 m*/sec, S=5x107) 3410 [2229 [0.682 |0.446
1800 (T=0.090 m?/sec, S=5x10") 4511 [3313 [0.902 |0.663
5 (T=0.025 m?/sec, S=5x107) 0.36 2872 | 1872 [0574 |0.374
18 (T=0.090 m*/sec, S=5x107) 4031 [2781 |0.806 |0.556
500 (T=0.025 m*/sec, S=5x107) 2875 [1.878 |0575 |0.376
1800 (T=0.090 m?/sec, S=5x10") 4032 [2782 |0.806 |0.556
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34 ] 0.68
3.3 1 = 0.66 -
_. 32| ._:% 0.64 -
E 3 € 062 1
3] o 0.6 1
= 2]
28 | T 054 |
2.7 1 0.52 - 4
2.6 . : . 0.5
0 25 50 75 100 0 25 50 75 100
Distance from the levee toe (m) Distance from the levee toe (m)

Fig. 7.12 Hydraulic head and gradient development beneath the landside of the levee
by SEEP2D modeling for aquifer transmissivity (T) of 0.025 m?/sec with a leakage of
0.2 1/day/m of levee.
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Fig. 7.13 Hydraulic head and gradient development beneath the landside of the levee
by SEEP2D modeling for aquifer transmissivity (T) of 0.090 m?/sec with a leakage of
0.36 1/day/m of levee.

The increases in hydraulic gradients devel oped through the top layer on the
landside of the levee by the changes in aquifer transmissivities by transient flow model
and SEEP2D analysis are summarized in Table 7.5. The transient flow model solved by
the Laplace transform method shows that hydraulic gradients through the top layer on the
landside of the levee significantly increase as transmissivity of the medium increases
when there is seepage emerging at the landside of the levee. SEEP2D finite element
analysis does not show thistrend. The main reason that the software failsto do thisis that
the models were constructed in such away that upward seepage cannot be kept constant
while the transmissivity of the layer changes. Therefore, the results of SEEP2D analysis
cannot be generalized. One common trend is that the changes in hydraulic conductivity
effect exit hydraulic gradients at alocation distant from the landside of the levee more
than those closer to the levee. The same trend was a so observed when there was no

seepage allowed on the landside of the levee as discussed in the previous section.
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Table 7.5 Increasesin hydraulic gradients (%) through the top layer on the
landside of the levee by thetransient flow model and SEEP2D analysisfor different
aquifer transmissivities.

Methods Aquifer Leakage | ijevectoe | INCrease |iipom | INCrease
transmissivity | (L/day/m (%) (%)
T (m%/sec) of levee)

Transient flow | 0.025 0.20 0.682 0.445

model T/S=15, 500
0.090 0.20 0902 |323 0.663 | 49.0
T/S=8, 1800

Transient flow | 0.025 0.36 0.575 0.375

model T/S=15, 500
0.090 0.36 0.806 |40.2 0.556 | 48.3
T/S=8, 1800

SEEP2D model | 0.025 0.20 0.690 0.524

SEEP2D model | 0.090 0.36 0670 |-3.0 0.550 | 5.0

Table 7.5 also shows reasonabl e agreement of the exit gradients by both transient
flow model and SEEP2D analysis for the same aquifer transmissivity and leakage
guantities.

Further cumulative analysis can be conducted by assuming incremental changes
in hydraulic conductivity of the medium. For this purpose, an incremental increase of
0.01 cm/sec was assumed in a 25-m and 45-m depth of aguifers after each flood. An
upward leakage of 0.2 1/day/m of levee was assumed. Table 7.6 presents the changesin
hydraulic gradient at the levee toe and 100-m farther at the landside of the levee with the

Laplace transform solution.
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Table 7.6 Increasesin hydraulic gradients (%) through the top layer on the landside
of the levee by the transient flow model dueto an incremental increasein hydraulic
conductivity of the medium.

Aquifer thickness=25m

Aquifer thickness =45 m

K lleveetoe  |INCrease |izoom Increase |[ijeeetoe  |INCrease |ioom Increase
(m/sec) (%) (%) (%) (%)
0.0010; 0.682 0.445 0.788 0.538

0.0011 0.699 2.5 0.459 31 0.804 2.0 0.554 3.0
0.0012 0.715 2.3 0.472 2.8 0.819 1.9 0.570 2.9
0.0013] 0.730 2.1 0.484 2.5 0.833 1.7 0.584 2.5
0.0014{ 0.743 1.8 0.496 2.5 0.845 14 0.597 2.2
0.0015] 0.756 1.7 0.507 2.2 0.857 14 0.610 2.2
0.0016| 0.767 15 0.518 2.2 0.867 1.2 0.621 1.8
0.0017 0.778 14 0.528 1.9 0.877 1.2 0.633 1.9
0.0018, 0.788 13 0.538 19 0.886 1.0 0.643 1.6
0.0019 0.797 11 0.547 1.7 0.894 0.9 0.653 1.6
0.0020; 0.806 11 0.556 1.6 0.902 0.9 0.662 14

Table 7.6 shows that the hydraulic gradient at the levee toe increases from 0.682

to 0.806 after possible cumulative effects of assumed repetitive flood events causing an

increase in hydraulic conductivity of the medium. This table aso supports the trend that

the changes in hydraulic conductivity effect exit hydraulic gradients at alocation distant

from the landside of the levee more than those closer to the levee. Table 7.6 aso shows

that the 25-m depth aquifer is more sensitive to possible cumulative effects than the 45-m

depth aquifer suggesting the thickness of the aquifer is important factor in predicting

cumulative effects.
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7.4  Summary and Conclusions

This chapter discusses the possible cumulative effects due to repetitive
underseepage processes. In Chapter 3, atransient flow model was developed by the
Laplace transform method. In Chapter 4, the model was revised when there was an
upward seepage out of the aguifer. In this chapter, cumulative effects were evaluated with
and without an upward seepage at the landside of the levee.

For cumulative analysis of underseepage in a confined aquifer, the transient flow
model by the Laplace transform method, the Army Corps method and SEEP2D finite
element analysis were used. The results indicated that the transient flow model did not
show any considerable increase in exit gradients as the aquifer transmissivity increases.
The Army Corps method and SEEP2D analysis showed considerable increases in exit
gradients in response to increases in aquifer transmissivities.

For cumulative analysis of underseepage with leakage out of a confined aquifer,
the transient flow model by the Laplace transform method and SEEP2D finite element
analysis were used. The results indicated that the transient flow model showed significant
increasesin exit hydraulic gradients in response to increases in aquifer diffusivities
during seepage emerging at the landside of the levee. This result implies that the regions
where sand boils were observed may experience more dramatic underseepage problems
in the next flood event due to cumulative effects. A similar trend cannot be associated
with the results of SEEP2D finite element analysis. However, the increasesin exit
gradients by SEEP2D analysis are not expected to be as significant as the increases that
resulted from the transient flow model when there is an upward seepage at the landside of
the levee. The exit gradients are also in agreement when comparing the transient flow

model and SEEP2D finite element analysis.
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An interesting common trend in cumulative analysisis that the cumulative effects
seem to result in higher exit gradients farther from the landside of the levee than at the
toe of thelevee. Thistrend leads us to expect that critical underseepage problems may
develop farther from the landside of the levee due to cumulative effects of underseepage.
As presented in Section 2.3.1, sand boils were reported up to 2.4-km landside from the
Mississippi River levees. Cumulative effects may be among the reasons for the
occurrence of sand boil formations at surprisingly far distances from the levees.
However, this argument is applicable to the assumption of a homogenousincreasein
hydraulic conductivity of the pervious medium along the landside of the levee.

The objective of this chapter was satisfied with the analysis presented. This
chapter a'so examined one of the main questions of this research: how transient flow
anaysisin conjunction with current underseepage analysis tool s responds to possible
cumulative effects problem. As noted in the literature survey, there is no published study
on cumul ative effects of underseepage problems associated with sand boils. The approach
followed in this chapter helps to evaluate possible cumulative effects by the tools
developed and used in this research. Long term site monitoring is needed in the field to

confirm the application and the results of the tools used in this chapter.
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CHAPTER 8 CONCLUDING REMARKS

The phenomena of seepage under hydraulic structures and formation of sand boils
is quite complicated by a variety of factors including complex geological features and
other discontinuities due to man made works, natural processes and organic agencies. As
discussed in Chapter 2, qualitative and quantitative models and a number of tools exist to
successfully perform underseepage analysis of levees. However, in literature, transient
conditions associated with sand boil problems have not been studied in detail. This study
investigated transient effects of seepage flow under levees associated with sand boil
formation. The results of this research allow practicing engineers:

Q) to develop hydraulic gradient profile through the landside of alevee for rising and
falling river stages,

2 to consider possible site-specific cumulative effects due to repetitive flood, and
(©)) to be aware of atime-lag between the river head fluctuations and the formation of
uplift and sand boils at the landside of alevee.

Two transient flow models were developed: one was for the transient hydraulic
head development in a confined aquifer and the other was for the transient hydraulic head
development with leakage out of a confined aquifer. The second model simulated the
occurrence of loss of water by upward seepage and discharge through sand boils. Two
different solutions were presented for each model, and the exact solution, Laplace
transform solution, was studied in detail. With the development of transient flow models
the first and the second objectives of this research presented in Chapterl were satisfied.

The developed flow models are practical tools to examine transient cases. In
genera, the models performed well. The transient flow model in confined aquifersis

more conservative than the Army Corps method and SEEP2D finite element program.
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The transient flow model with homogenous upward |eakage out of confined aquifersisin
good agreement with the SEEP2D finite element model.

Two-dimensional transient flow nets were aso constructed based on analytical
solutions to the governing equations, and they provide useful information to investigate
head development beneath the landside of alevee. In addition, the solutions provide an
analytical benchmark against which to compare numerical contributions to formulations
of the flow nets. The third objective of this research was satisfied with this task.

Cumulative effects due to repetitive flood events were discussed. The response of
transient flow models and the current underseepage analysis tools make it possible to
evaluate some of the cumulative effects that may be associated with sand boil
enlargement and piping from a series of floods. The transient flow model with leakage
out of aconfined aquifer showed significant increases in exit hydraulic gradientsin
response to cumul ative effects.

This dissertation explored the following two questions that were set in Chapter 1:
(2) Istransient flow analysis due to river head fluctuations critical in the development of
exit hydraulic gradients and the subsequent sand boil formation? and (2) If sand boils
develop more frequently due to cumulative effects associated with repetitive flood events,
how can transient flow analysis in conjunction with current underseepage analysis tools
respond to this problem?

Thefirst question was explored in Chapter 6. This chapter also satisfied the fourth
objective of thisresearch. The transient flow analysis can provide critical informationin
the development of exit hydraulic gradients and subsequent sand boil formation.
However, a combination of further field, laboratory, and model studies are needed to

document changes in exit gradients with a series of floods. The second question was
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discussed in Chapter 7. This chapter also satisfied the fifth objective of thisresearch. The
transient flow analysis with upward |leakage responded significantly to possible
cumulative effects of repetitive underseepage of levees. For the case of no upward
leakage, the Army Corps method and SEEP2D finite element analysis are more
susceptible to the changes in the aquifer transmissivities than the transient flow model.

The present models can be further investigated for case studies. Some
modifications can be considered in the application of transient flow models according to
the site-specific underseepage history. Some of the modifications that appear warranted
are adjustment in upward leakage quantity, use of both transient flow models, with and
without upward leakage, and considering atime lag in head development between the
river head and landside of the levee. Analysisin the siteswith relief wells would also be
very useful to test transient flow model with upward leakage.

The Army Corps method for underseepage analysis of leveesisthe state-of-art
practice. Therefore, the Army Corps method can be taken as a base for comparison with
the transient flow models. Currently, the Laplace transform solution without upward
leakage case provides more conservative results than the Army Corps method. An error
range can be determined for the transient flow models with extensive site-specific
studies.

Other than experimental and field studies, transient and cumulative effects of
repetitive high water events can also be further investigated by analytical methods.
Transient models can be applied to the undersegpage analysis in conjunction with the
migration of wetting front. The changes in soil parameters due to saturation and

migration of fines can be incorporated into transient flow modelsin order to determine
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the effects of prolonged high water. One subject that would be beneficial to study isthe
migration characteristics of different sized particlesin natural strata under levees.

Overdl, transient seepage flow analysis due to fluctuating river head conditions
can be an important view point to adopt in the study of underseepage of levees associated
with sand boil problems. Further analytical, field and laboratory studies are

recommended to address the transient and cumulative effects of seepage under levees.

152



REFERENCES

Abramowitz M., and Stegun |.A. (Editors) (1965). Handbook of Mathematical Functions.
Dover Publications, NY.

Bear J. (1972). Dynamics of Fluidsin Porous Media. American Elsevier, New Y ork.

Adrian D.D., Alshawabkeh A.N., and Ozkan S. (2001). Tracer Transport in a Soil
Column for Sine Wave Loading. Physical and Chemical Processes of Water and Solute
Transport Retention in Soils, Edited by H. Magdi Selim and Donald Sparks, Soil Science
Society of America Special Publication, No.56, Madison, WI, pp. 169-188.

Alshawabkeh A.N., and Adrian D.D. (1997). Analytical Water Quality Model for a
Sinusiodally Varying BOD Discharge Concentration. Water Research, 31(5), pp. 1207-
1215.

Barlow P.M., DeSimone L.A., and Moench A.F. (2000). Aquifer Response to Stream-
Stage and Recharge Variations. I1. Convolution Method and Applications. Journal of
Hydrology, V. 230, pp. 211-229.

Bennett P.T. (1946). The Effect of Blankets on Seepage Through Pervious Foundations.
ASCE Transactions, Vol. 11, Paper No. 2270, pp. 215-252.

Bligh W.G. (1927). The Practical Design of Irrigation Works. Van Nostrand Co., New
Y ork.

Brizendine A.L., Taylor H.M., and Gabr M.A.(1995). LEV SEEP: Analysis Software for
Levee Underseegpage and Rehabilitation. USACE Waterways Experiment Station,
Technical Report, GL-95-10, United States Army Corps of Engineers, Washington, DC.
Budhu, M. (2000). Soil Mechanics and Foundations. John Wiley & Sons, Inc.
Casagrande A.(1937). Seepage Through Dams. Journal of the New England Water
Works Association, republished in Contributions to Soil Mechanics 1925-1940, Boston
Society of Civil Engineers, Boston, MA, pp. 295-336.

Cardaw H.S., and Jaeger J.C. (1959). Conduction of Heat in Solids, Second Edition.
Oxford University Press, London, England.

Cardaw H.S., and Jaeger J.C. (1963). Operational Methods in Applied Mathematics.
Dover Publications, NY.

Churchill R. V. (1958). Complex Variables and Applications. McGraw-Hill, New Y ork,
NY.

153



Cooper H.H., and Rorabaugh M.I. (1963). Groundwater Movementsin Bank Storage due
to Flood Stagesin Surface Streams. U.S. Geol. Survey Water Supply Paper 1536-J, U.S.
Government Printing Office, Washington, D.C., pp. 343-366.

Cunny R.W. (1980). Documentation and Analysis of Rock Island Underseepage Data.
USACE Waterways Experiment Station, Technical Report, GL-80-3, Vicksburg, MS.

Cunny R.W., Agostinelli V.M., and Taylor H.M., Jr. (1989). Levee Underseepage
Software User Manual and Validation. Technical Report REMR-GT-13. USACE
Waterways Experiment Station, Vicksburg, MS

Daniel D.E. (1985). Review of Piezometric Data for Various Ranges in the Rock Island
District. USACE Waterways Experiment Station, Vicksburg, MS.

Desai C.S. (1970). Seepage in Mississippi River Banks, Analysis of Transient Seepage
Using a Viscous-Flow Model and Numerical Methods, Miscellanous Paper S-70-3,
Report 1. USACE Waterways Experiment Station, Vicksburg, MS.

Desai C.S. (1973). Seepage in Mississippi River Banks, Analysis of Transient Seepage
Using a Viscous-Flow Model and Finite Difference and Finite Element Methods,
Technical Report S-73-S, Report 1. USACE Waterways Experiment Station, Vicksburg,
MS.

DeWiest R.J.M. (1965). Geohydrology. John Wiley and Sons, Inc. New Y ork.

De Wit JM., Sdimeijer J.B., and Penning A. (1981). Laboratory Testing on Piping.
Proceedings of the Tenth International Conference on Soil Mechanics and Foundation
Engineering, 15-19 June 1981, Stockholm, Part I, A.A. Balkema Publishers, The
Netherlands, pp. 517-520.

Farlow S.J. (1982). Partial Differential Equations for Scientists and Engineers, John
Wiley and Sons, Inc. New Y ork.

Ferris J.G. (1952). Cyclic Fluctuations of Water Level as a Basis for Determining Aquifer
Transmissibility. pp. 1-17. In Contribution No. 1, Ground Water Hydraulics Section,
Ground Water Branch, U.S. Geol. Surv., Washington, D.C.

Franklin, P. (1958). Functions of Complex Variables, Prentice-Hall, Englewood Cliffs,
NJ.

Freeze R.A., and Cherry J.A. (1979). Groundwater. Prentice-Hall Inc., New Jersey.
Gabr M.A., Wolff T.F., Taylor H.M., and Brizendine A.L (1995). LEVEEMSU:

Numerical Analysis Software for Levee Underseepage and Rehabilitation. USACE
Waterways Experiment Station, Technical Report, GL-95-9, Vicksburg, MS.

154



Gabr M.A., Brizendine A.L., and Taylor H.M (1995). Comparison Between Finite
Element Study and Simplified Analysis of Levee Underseepage. USACE Waterways
Experiment Station, Technical Report, GL-95-11, Vicksburg, MS.

Gabr M.A., Wolff T.F., Brizendine A.L., and Taylor H.M (1996). Underseepage Analysis
of Levees on Two-layer and Three-layer Foundation. Computers and Geotechnics, 18(2),
pp. 85-107.

Gradshteyn |. S., and Ryzhik I. M. (1980). Table of Integrals, Series, and Products.
Trandated from Russian by Scripta Technica, Inc., edited by Alan Jeffrey, Academic
Press, New York, NY.

GMS/SEEP2D, Finite Element Seepage Analysis, Brigham Y oung University, Scientific
Software Group, Washington, DC.

Hall F.R., and Moench A.G. (1972). Application of the Convolution Equation to Stream
Aquifer Relationships. Water Resources Research, 8 (2), pp. 487-493.

Hantush M.S,, and Jacob C.E. (1955). Nonsteady Radial Flow in an Infinite Leaky
Aquifer. Eos Trans, AGU, 36 (1), pp. 95-100.

Harr M.E. (1962). Groundwater and Seepage, McGraw-Hill Inc., New York, NY.
Hartono S. (2002). Prediction of Transient Head on Seepage Path Using Boundary Fitted
Coordinate (BFC) System. A master’ s thesis, Louisiana State University, Baton Rouge,
LA.

Holtz R.D., and Kovacs W.D. (1981). An Introduction to Geotechnical Engineering.
Prentice-Hall Inc., New Jersey.

Horenstein W. (1945). Quarterly Applied Math, Val. 3, 183.

Jiao J.J., and Tang Z. (1999). An Analytical Solution of Groundwater Response to Tidal
Fluctuation in a Leaky Confined Aquifer. Water Resources Research, 35(3), pp. 747-751.

Kirkham D., and Powers W.L. (1972). Advanced Soil Physics, John Wiley and Sons,
Inc., N.Y.

Kohler H.J. (1993). The influence of Hydraulic Head and Hydraulic Gradient on the
Filtration Process. In Filtersin Geotechnical and Hydraulic Engineering, edited by
Brauns J., Hetbaum H., and Shuler U. Karlsruhe, Germany. October 1992. A.A.
Balkema, Rotterdam, The Netherlands, pp. 225-240.

Kolb C.R. (1976). Geologic Control of Sand Boils Along Mississippi River Levees.
Geomorphology and Engineering, 7. Geomorphology Symposium, Binghamton, NY .

155



Lane E.W. (1935). Security from Underseepage: Masonary Dams on Earth Foundation.
Transactions ASCE, Vol. 100, pp. 1235-1272.

Li Y., Craven J., Schweig E.S., and Obermeir S.F. (1996). Sand Boils Induced by the
1993 Mississippi River Flood: Could They One Day be Misinterpreted as Earthquake-
Induced Liquefaction. Geology, 24 (2), pp. 171-174.

Logan J.D., and Zlotnik V.A. (1995). The Convective-Diffusion Equation with Periodic
Boundary Conditions. Applied Math. Lett., 8, pp. 55-61.

Logan J.D., Zlotnik V.A., and Cohn S. (1996). Transport in Fractured Porous Media with
Time-Periodic Boundary Condition. Mathematical and Computer Modeling, 24(9).

Meehan, R. (2001). Class notes of CE 297: Geotechnical and Environmental Failures,
Stanford University, California, jhttp://www.stanford.edu/~meehan/flood/peak.html|

Mansur C.I., Kaufman R.1., and Schultz J.R. (1956). Investigation of Underseepage and
Its Control, Lower Mississippi River Levees, 2 vols. USACE Waterways Experiment
Station, Technical Memo, 3-424, Vicksburg, MS.

Mansur C.I., Postol G., and Salley J.R. (2000). Performance of Relief Well Systems
Along Mississippi River Levees. Journal of Geotechnical and Geoenvironmental
Engineering, 126(8), pp. 727-738.

Moench A.F., and Barlow P.M. (2000). Aquifer Response to Stream-Stage and Recharge
Variations. |. Analytical Step-Response Functions, Journal of Hydrology, V. 230, pp.
192-210.

Oberhettinger F., and Badii L. (1973). Tables of Laplace Transforms. Springer - Verlag,
New York, NY.

OjhaC.S.P, Singh V.P., and Adrian D.D. (2001). Influence of Porosity on Piping Models
of Levee Failure. ASCE, Journal of Geotechnical and Geoenvironmental Engineering,
120 (12), pp. 1071-1074.

Oppenheimer S.F., Adrian D.D., and Alshawabkeh A.N. (1999). A River Water Quality
Model for Time Varying BOD Discharge Concentration. Math. Probl. Eng., 5, pp. 193-
221.

Ozisk M.N. (1963). Boundary Value Problems of Heat Conduction, International
Textbook Co., Scranton, PA.

Peter P. (1982). Canal and River Levees. Developments of Civil Engineering 29,
Bratislava, Slovakia, Elsevier/North-Holland, Inc., NY.

Petit Bois G. (1961). Tables of Indefinite Integrals. Dover Pub., New York, NY.

156


http://www.stanford.edu/~meehan/flood/peak.html

Pinder G.F., Bredehoeft J.D., and Cooper H.H. (1969). Determination of Aquifer
Diffusivity from Aquifer Response to Fluctuations in River Stage. Water Resources
Research 5 (4), pp. 850-855.

Polubarinova-Kochina P.Y a. (1962). Theory of Ground Water Movement. Translated
from the Russian by J.M. Roger De Wiest, Princeton University Press, Princeton, NJ.

SEEP/W for Finite Element Seepage Analysis (1995-2000). Geo-Slope Office Version 4,
Geo-Slope Int. Ltd., Alberta, Canada.

Sellmeijer J.B., and Koenders M.A. (1991). A Mathematical Model for Piping. Appl.
Math. Modelling, 15 (6), pp. 646-651.

Scott, E. J. (1955). Transform Calculus with an Introduction to Complex Variables.
Harper & Brothers, New York, NY.

Sherard J.L., Woodward R.J., Gizienski S.F., and Clevenger W.A. (1963). Earth and
Earth-Rock Dams, Engineering Problems of Design and Construction. John Wiley and
Sons, Inc., NY.

Sherard J.L., Decker R.S., and Ryker N.L. (1972). Specialty Conference on Performance
of Earth and Earth-Supported Structures. ASCE, Vol.1, Part 1, pp 589-626.

Singh, V.P. (1992). Elementary Hydrology. Prentice-Hall, Inc., New Jersey.

Terzaghi K. (1929). Effect of Minor Geologic Details on the Safety of Dams. Bulletin of
American Institute of Mining and Metallurgical Engineers, Technical Publication 215,
Class I, Mining Geology, No. 26, pp. 31-46.

Thompson J.F., Warsi Z.U.A., and Mastin C.W. (1985). Numerical Grid Generation:
Foundation and Applications, Elsevier, New Y ork.

Thompson J.F., and Warsi Z.U.A. (1982). Boundary—fitted Coordinate Systems for
Numerical Solution of Partial Differential Equations. Journal of Computational Physics
47: 1-108.

Thompson J.F., Thames F.C., and Mastin C.W. (1977). Boundary-fitted Curvilinear
Coordinate Systems for the Solution of Partial Differential Equations on Fields
Containing Any Number of Arbitrary Two-dimensional Bodies. NASA CR-2729,
National Aeronautics and Space Administration.

Tomlinson S.S., and Vaid Y .P. (2000). Seepage Forces and Confining Pressure Effects on
Piping Erosion. Canadian Geotechnical Journal, 37 (1), pp. 1-13.

Tracy F.T. (1973a). A Plane and Axisymmetric Finite Element Program for Steady-State

and Transient Seepage Problems, Miscellaneous Paper K-73-4. USACE Waterways
Experiment Station, Vicksburg, MS.

157



Tracy F.T. (1973b). A Three Dimensional Finite Element Program for Steady-State and
Transient Seepage Problems, Miscellaneous Paper K-73-3. USACE Waterways
Experiment Station, Vicksburg, MS.

Turnbull W.J., and Mansur C.1. (1961). Investigation of Underseepage-Mississippi River
Levees. Transactions, ASCE, 126 (1), pp. 1429-1485.

Turner G. A. (1972). Heat and Concentration Waves, Academic Press, New York, NY,
pp. 196-200.

U.S. Army Corps of Engineers (1956). TM 3-424, Underseepage and Its Control, Lower
Mississippi River Levees (1956). USACE Waterways Experiment Station, Vicksburg,
MS.

U.S. Army Corps of Engineers (1963). EM 1110-2-1905, Design of Finite Relief Well
Systems. Department of the Army, USACE , Washington, D.C.

U.S. Army Corps of Engineers (1986, 1993). EM 1110-2-1901, Seepage Analysis and
Control for Dams. Department of the Army, USACE, Washington, D.C.

U.S. Army Corps of Engineers (1992). EM 1110-2-1914, Design, Construction and
Maintenance of Relief Wells. Department of the Army, USACE, Washington, D.C.

U.S. Army Corps of Engineers, New Orleans District Office (1992). Mississippi River
Levees LSU-Duncan Point Seepage Study, Item M-227.5 to L-217.1, Pontchartrain
Levee District.

U.S. Army Corps of Engineers (1994). CSEEP: Seepage Package. USACE Waterways
Experiment Station, Vicksburg, MS.

U.S. Army Corps of Engineers (1997). ETL 1110-2-555, Design Guidance on Levees.
Department of Army, USACE, Washington, DC.

U.S. Army Corps of Engineers (1999). EM 1110-2-1421, Engineering and Design —
Groundwater Hydrology. Department of the Army, USACE, Washington, DC.

U.S. Army Corps of Engineers (2000). EM 1110-2-1913, Engineering and Design -
Design and Construction of Levees. Department of the Army, USACE, Washington, DC.

Van Genuchten M.T., and Alves W. J. (1982). Analytical Solutions of the One-
Dimensional Convective-Dispersive Solute Transport Equation. Technical Bulletin 1661,
U. S. Department of Agriculture, Agricultural Research Service, Washington, DC.

Van Zyl D., and Harr M.E. (1981). Seepage Erosion Analysis of Structures. Proceedings
of the Tenth International Conference on Soil Mechanics and Foundation Engineering,

158



15-19 June 1981, Stockholm, Part I, A.A. Balkema Publishers, The Netherlands, pp. 503-
5009.

Werner P. W., and Noren D. (1951). Progressive Waves in Non-Artesian Aquifers.
Transactions, American Geophysical Union, 32(2), pp. 238-244.

Wolff T.F. (1987). Levee Underseepage Analysis for Special Foundation Conditions.
Research report prepared for USACE Waterways Experiment Station, Michigan State
University, East Lansing, M.

Wolff T.F. (1989). LEVEEMSU: A Software Package Designed for Levee Underseepage
Analysis. Technical Report GL-89-13. USACE Waterways Experiment Station,
Michigan State University, East Lansing, MI.

Wolff T.F., and Taylor H.M. (1991). Critical Review of Levee Underseepage. Technical
Report prepared for USA CE Waterways Experiment Station, Michigan State University,
East Lansing, M.

Wolff T.F. (2002). Performance of Levee Underseepage Controls: A Critical Review.
USACE Engineer Research and Development Center, ERDC/GSL TR-02-19,
Washington, DC.

YuF. X., Adrian D. D., and Singh V.P. (1991). Modeling River Quality by Superposition
Method. J. Environmental Systems, 20(4), pp. 1-16.

159



APPENDIX A CALCULATIONSAND GRAPHSIN CHAPTER 3AND 4
Calculationsand Graphsin Chapter 3
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Figure3.4
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Figure 3.9
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6.452 3.725 2.487 1.933

Calculationsfor Figure4.12, L=0.28 1/day

. . -
S:=0.005 dimensionless T := 0.02586400M"2/day L= 0.28 6= =
m:= 100
/ 2.2 2 f 2.2 2
+ +
6 :=atan o) a(x) =2p2 p=dS 0 *L =¥ @ *L
L ) 2 T T S

fn(R,1,n) := 2[R — 2[RI¢osh (n) [Gos(2R) + niSinh(n)Sin(20R)
On(R,I,n) := 2[RGosh (M) [Sin(2IR) + niSinh(nl) [cos(20RM)

2
e o o
GR,1) = PR i omm + E@xp(—RZ)DZ —“@n(R,l,n)
2MR s STl P+ AR
[{ i2) )
2 m eXg —
KR, 1) :{erf(R) + ME&— cos(zmm))} + E@xp(—Rz) Y —“[ﬂn(R,l,n) |
2MR T ! n2+4[IR2 )
= ([FTigos| &) 4 29 = friin[ &)
R1(x,t) := rltﬂﬁtos( 2) + \/_t 11(t) := rlm@n( 2)
- 8), = Jrimn( &)
R2Ax,t) := \/Eﬂﬁtos( 2) + \/_t 12(t) := \/ﬁﬂ@n( 2)
hp:=5 meter h1:=1.5 meter
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Njeak(X,t) ::—;mlmos(m[ﬂ)[;exp(%]\/?mos(%)) —C0S —xﬂjgﬁn(%)g[@(m(x 0, 11() ..
- o)

/)
+exp(x|]\/§&tos(%) —CoS m]\/é@n(%z)gm(m(x t),12(1)) ..
| (2)
+—;[E11Sin(oo[ﬂ)[ {)C\I/i (9“ cos(—xﬁ@n(é))@l F(RI(x, 1), 1(t))) ... ...

ST
+sin —x%/ Sin [G(RI(x, 1), 11(t))
( T ( J)

+ex;{x|]\/@l__¢ (ZD (x[ji (eDml F(R2(x, 1), 12(1))) ...

0))

ol A e )

Figure4.12
h :
ileak(X,t) = IeaI;(X v

X:=100.. 200

0
100 120 140 160 180 200

X
Distance from levee toe (m)
ileak(200,1) = 0.118 ijggk(200,30) = 0.402 ijgqk(100,1) = 0.336 ijggk(100,30) = 0.62

Transient Flow Model by an Approximate Method with L eakage Out of Confined
Aquifer

S:=0.005 dimensionless T :=0.02586400 M"*2/day L :=0.141/day w:= 6—2 hy:=5mhy:=15m
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2
2

t
2 512
p::i LY, s L h(x,t) :==h + hl@_p&@n(mm—w—gﬁt\
V2I\T) T ) T 0 2[p
Figure4.8
t:=1 x:=0,1..200m
7 |
65" - -
6 L - S-el - —
E h(x,1) 55 7]
§ oo
4
35
3 | | |
0 50 100 150 200

Distance (m)
h(100,1) = 3.975 h(200,1) = 3.502 h(100,30) =6.039 h(200,30) = 4.941

Figure4.9
t:=0,1..120days

I I I I I I I
0O 15 30 45 60 75 90 105 120

t
Time (days)

h(100,48) = 6.485 h(1,30) = 6.5

Figure4.10

t:=0..120days

: h(100,t) . h(200, t
leveetod X, 1) := h100.9 i200m(%:t) := %
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14
13
12
ileveetod 100, 1) 1.1

i200m(200, t)

0.9
0.8
0.7
0.6

Hydraulic gradient
=

I I I I I I I
0O 15 30 45 60 75 90 105 120

t
Time (days)
ileveetod100,50) = 1.291 ixgom(200,68) = 1.278

Figure4.11

h(x, t)
5

i(xt) := x:=100.. 200

1.3
12 s . —
11 -

1 .
i(x,30) 0.9 -
""" 0.8 M
0.7

0.6
100 120 140 160 180 200

Hydraulic gradient

X
Distance from levee toe (m)
i(100,1) =0.795 i(200,1) = 0.7 i(100,30) =1.208 i(200,30) = 0.988

Calculationsfor Figure4.13, L=0.28 1/day
S:=0.005 dimensionless T :=0.02586400 M*2/day L:=0.28 1/day w:= 6—7; hy:=5mhy:=15m
1
2
2 2 2
p:= L (L\ + (@\ _L h(x,t) :=h_ + hie pa@in(w[ﬂ - w—SDt\
V2 IL\T1) T ) T 0 2pT )

Figure4.13

. h(x,t
i(x 1) := % x:=100.. 200
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12
117 --. 1
1 el -
— 09} ) - -

""" 08 =

Hydraulic gradient
=
N

0.7

0.6
100 120 140 160 180 200

X
Distance from levee toe (m)
i(100,1) =0.735 i(200,1) = 0.762 i(100,30) = 1.126 i(200,30) = 0.805

Figure4.15
t:=0..120

7 T T T
6.5
h(1,t) 6

E h(100,t) S5,

h(300,) |

35
3

0O 15 30 45 60 75 90 105 120

t
Time (days)
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APPENDIX B CALCULATIONSAND GRAPHSIN CHAPTER 5

L
w::&) hg:=5m hy:=15m b:=25m

h(t)

T[\/ x2 - b2

h(t) :=ho + h1@n(wd) iinfinitex.t) =

Figure5.3
X:=25..125 m

037

025 [ -

. 0.2 ]

finfinite X, 1) .

: 0151 -
linfinite(X, 30) |

----- 01\x. —

Hydraulic gradient

005 . .

0
25 45 65 85 105 125

Distance from levee toe (m)

Figure5.4
t:=0..120day x:=26m

0.3
0.28
0.25

iinfinitd X, 1) 0.23

0.2

Hydraulic gradient

0.18

0.15 I T L1
"0 10 20 30 40 50 60 70 80 90 100 110 120

t
Time (days)

Transient flow net for infinite depth aquifer:

Equipotential lines:

b:=25 wi= = hp:=5 hy1:=15 t:=10 k:=86.4 n
60 d

h:=hg + hyBin(wd) x:= 125124.99. -125
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p=0.41.246 alok )= yilxar)=/Fitn(a)’ - bsnor)
a(ek,h) =

0
0.259
0.519
0.778
1.037
1.296
1.556

y1(x,0 -19

y1(x,0.26)

y1(x,0.52)

y1(x,0.78) —20

y1(x,1.04)

y1(x,1.3)

y1(x,1.57) ~30

-40 | | | |
—100 —50 0 50 100
X

Streamlines:
X:=125,124.99.-125 P :=0,41..246 Lpl(w k,h) = %

y2(x, 1) = = bnh{p)? - e (p)?

Wa(w,k,h) =

0
0.259
0.519
0.778
1.037
1.296
1.556
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0 T T U T
-0 _
y2(x,0)
y2(x,026) 2 [ n

y2(x,052)

y2(x,0.78) —30 — ]

y2(x,1.04)
2(x,1.30
y2( )_40

y2(x,1.57)

—60

—100 —50 0 50 100

Figure5.5

y2(x,0.26)

y2(x,052) ~20 [

y2(x,0.78)

y2(x,1.04) -40

y2(x,1.3)

y2(x,1.57)
- -60
y1(x,0.26)

y1(x,0.52)

y1(x,0.78) -80
y1(x,1.04)

1(x,1.30;
yi( )_100 N
y1(x,1.57)

~120
=120 —-100 —-80 ~60 —40 -20 0 20 40 60 80 100 120
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Figure5.6
Finite depth aquifers:

T
b:=25 w::E) hgp:=5m hy:=15m T:=50m

Tih .
zZ.= tanh(z—\ h(t) :==hg + hlﬁhn(w[ﬂ) 22 =043 K:=1.799

)
h(t) Tt Com(%)
ifinite(%, 1) = AKT 3 — —
snh| 72X gl X =0
2T 2T
X:=26..125
0.3
0.26 [~ -
— 0.23 -
o
g ifinitedX, 1) 0.19
2 - 0.15 —
g ifinitdX, 30)
S---- 0.11 -
T
0.075 -
0.038 -
125
Figure5.7

x:=26m t:=0..120day

I I I I I I I I I I
028~

0.26
0.24
0.22
ifinitdX, t) 0.2
0.18
0.16
0.14
012 —

Hydraulic gradient

0.1

0 10 20 30 40 50 60 70 80 90 100 110

t
Time (days)
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Transient flow net for finite depth aquifer:

T
= _O hgp:=5 hy:=15 K:=1.799 K1:=1918 T:=50 |:=25

t:=10w
6
gl .
z:=tanh —\ h(t) :=hg + hl&n(w[ﬂ) z=0.656 22 =043
2T )
TiK

1
a.=—— k:=864
2K
¢:=0,20..500 ¢ :=0,100..800

__9 —_Y

20 cos (2m + 1) (cp, h) [dosh| (2 + 1) (Lp,h)
SO s (AR LL G Lol 28l
T (20 + 1)Binh[ (20 + 1) |

n=0 N

20 sin[ (2 + Dnita (. h)]Sinh[ (20 + D4(w,h)]

-AT
Yih,o, @) :=——
(.. w) == Zo (2 + DSnh[ (20 + Dia]
n=

Figure5.8
Note: Microsoft Excel was used to create the final figure.

t:= 10 days
¢:=0,20..500

Y(h, @,500)
-20

Y(h, ¢, 600)

Y(h, ¢, 700) B

Y(h, @, 400) 40|

-60 l l l l I l l
~80 ~60 ~40 ~-20 0 20 40 60

X(h, @,500), X (h, @,600), X (h, @, 700), X (h, ¢, 400)
Y :=0,100.. 800
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0
0,

e ST OV
mloo,q;) Tor S / ‘ \

iﬁ 150, ) ’ / “( ‘|‘ \ \\
Y(h,200,4) -20 - ) | ‘;/ | \
Y(h, 250, ) p | \
ano,w) ok . / ; | \ .‘.
Y(h, 350, p) ‘
Y_(h;400,q;)
Yin,as0,9) O

; | \
.~ 47.699,-50
~70 -60 -50

40 "0 20 710 0
- 64.236,

10 20 20 0 o pos .
X(h,50, ), X(h, 100, ), X(h, 150, ), X(h, 200, ) ,X(h, 250, ¥) , X (h, 300, y) , X (h, 350, ) , X (h, 400, ) , X (h, 450, )

62.294,
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APPENDIX C CALCULATIONSAND GRAPHSIN CHAPTER 6

Transient Analytical M odel by L aplace Transform Method

S:=0.005 dimensionless T :=0.025986400 M"2/day
s T X_|S
w:=— r=w 6:=— X) ===
60 2 o 2 \/ T

fr(R,1,n) := 2R — 2[R[¢osh (n[) [dos(2R) + ni&inh(n)Sin(20R)
On(R,1,n) := 2[R[¢osh (n) Sin(2IR) + niSinh(n() [dos(20R)

m:=100
2
n
2 m ex;{——
GR, 1 ::@@in(zum) + E@xp(—RZ)DZ _\4) (R, 1,N)
2R m oZ1 n°+ 4R
2
KR, 1) = erf(R) + %ml ~ cos(2RM) ...
p( n2) 3
m exp —
+ 2 o] =Y D 4 R
n ST+ aR )
RI(x,t) = —\/ﬁﬂﬁtos( ) a\j)_() 11(t) = _\/ﬁﬂ@m(%)
R2(X t) —\/_[ﬂlﬂos( ) a\j)_() |2(t) = m@n(%)
Ho:=5 meter
H1:=15 meter

him(X,t) :=—;mlmos(w[ﬂ)[;exp(—m@mos(%)) —cos| - gﬁm(%zz@(m(x 1),111)) ..
- 8
e o 3 o o

+—;EH11Bin(wEﬂ)_Dexp( xD\/ﬁ (9“ cos(— %@n@))ml F(RYx,1), 11(t)))
8)

_ +sn(>@\/§@n( D[@(Fez(x t), 12(t))
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+exp{>d]\/ﬁﬁt s( cos(x ﬂﬁn( \\m1 F(R2(x,t),12(1))) ...
T J)
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Figure 6.5

h(x 1) = Hoﬁrf{ggj%) + (%, 1)

x:=100..200 m

6.4
E
g 6.35
<
2 h(x,30)
R
1=k 6.3
I
| | |
6.25
100 125 150 175 200
X
Distance from the levee toe (m)
. h(x,t)
i(x,t) i =————=
5

I I I
100 125 150 175 200

X
Distance from the levee toe (m)
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Figure 6.8
t:=0..60

6.5 | | | | |

6.25[~ ]

0,t)5.75[ .

Head (M)
=y

5.25[~ ]

t
Time (days)

x:= 100 Thickness of upper layer isassumed as5 m
t:=0..60

.- h(100,1)

i(x,t) : —5

1.3
1.25

1.2

1.15

i(100,t) 1.1
1.05

1

0.95

0.9

Hydraulic gradient

Time (days)

Calculation of Substratum Pressures by the Army Corps Method

EM 1110-2-1913: Design and Construstion of Levees details the underseepage analysis.
The equations contained in the manual were devel oped during a study reported in (U.S.
Army Engineer Waterways Experiment Station TM 3-424, Appendix A) of piezometric
data and seepage mesurements along the Lower Mississippi River and confirmed by
model studies.

Case 7, which is a semipervious top strata both riverside and landside was selected.

H := 6.5m head at theriverside X1 := 50m Lo := 50m
d:=25m assumed thickness of pervious aquifer

182



assumed thickness of top layer

Zy = 5m
_,m
ki := 0.100" 2—
s
_eMm
Kp := 100 6—
s

Kp
c:=
ks Zpd

hp = 5.067m

Figure 6.6
X :=0..100

Head (m)

ib(X) =

1.1

1.05

1

0.95

in(X) 09
085
0.8

0.75

0.7

55

hydraulic conductivity of pervious substratum

hydraulic conductivity of top substratum

X3

1

c

HX3
X1+ Lo+ X3

(¥ = o ¥

head beneath top stratum at landside levee toe

distance from landside |evee toe

75 100

X
Distance from the levee toe (m)

- clX

0
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Transient Analytical M odel by L aplace Transform Method with L eakage out of a

Confined Aquifer

S:= 0.005 dimensionless

Tt

L:=0.2 w.=—
60

r_:\l82w2+ L2
' T

T := 0.02586400 M"2/day

m:=100

\l82w2+ L2
rl=———
S

S )

.

0= atan( ax) ::ED\/E

fa(R,1,n) := 2[R - 2[R[Gosh (n() [dos(2MR) + niSinh(nd)Ein(20R)
On(R,1,n) := 2[R[¢osh (n) Sin(2[R) + niSinh(n) dos(20R)

GR,I =

%@n(mm + %@xp(—Rz)Di ex;{;

n=

e~
HR,I) :=| ef(R) + ———[{1 - cos(2[R))
2R
),
R1(x,1) := rl[ﬂmos( 11(t)
)"
R2Ax,1) := \/Eﬂmos(z) + % 12(t)
hp:=5 meter
h1:=1.5 meter

1
Njeak(X,t) == Emlmos(m[ﬂ) 1N

+—;Eﬂllﬁin(w[ﬂ)[

A el 5

T (3]
ror{ T 2)
{f5els)

{eff:

n?)
*) oot 1)
1 N + 4R
[{ 2 )
m &g ——
+ 2rod Y D V4 R
T = 24 AR )
= rl[ﬂﬁin(%)
(8
:=\/ﬁﬂ®n(3)
—C0S —XDE (%QEB(RJ(X 0, 11() ..
+sin| = gﬁm(%))m F(R1(x,t),11(t)))

[G(RZ(X,'E),lZ(t))

[01 - F(RAX,1),1X(1)))

T 2}
+si @Eﬁn 9\
T 2

cos| —X —Bm 2
( \’ T 2

S e\\
n( U[(B(Rl(x 1),111)

Tl

(1 - F(RZx,t),12(t))) ..
}}
+sin| X —1[8in| —
T

“Eﬂl F(R1(x,t),11(t)))
+sin

0
2))]°

“EB(RZ(X B, |2(t))

N
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Figure 6.9

Xx:=100..200 m
35
E
g hyeak(X, 30)
T —
2 | | |
100 125 150 175 200
X
Distance from the levee toe (m)
hieak(x, t)
ileak(X,t) = =
0.7
5
e 0.6
o
L jea(X, 30)
8 ——
5 0.5
>
I
0.4 | | |

"100 125 150 175 200

X
Distance from the levee toe (m)

Transient Analytical M odel by L aplace Transform Method with L eakage out of a
Confined Aquifer

s:=0.005 dimensionless T :=0.02586400 M"2/day

Sl S
L:=0.14 w:= n m:= 100 0:= atan(—\ a(x) := ED =

" 60 L ) oy T

\l 82032 + L2 \l 82032 + L2
rr=——m0 =YY= - -
T S

fn(R,1,n) := 2[R — 2[RI¢osh (n) [Gos(2R) + nSinh(n)Sin(20R)
On(R,1,n) := 2[R[¢osh (n) Sin(2[R) + niSinh(n) dos(20R)

n?)

ex
G(R,1) :z%@n(mm + E@xp(—Rz)Di Q@n(R,I,n)
m n=1 N +4R

[{ 2) )
2 m eXg ——
KR, 1) =| ef(R) + ME&— cos(zmm))} + E@xp(—Rz) Y —“[ﬂn(R,l,n) |
2R T 2
n=1 N + 4R )
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R1(x,t) := rl[ﬂmos(

R2Ax,t) := \/Eﬂﬁtos(

hg:=5 meter
h1:=1.5 meter

0, axy (8)

12(t) ;= —/rliSin| —

)" Vi 2)

), a0 [ ( )

} \/_ 12(t) :=+/r1dSin 2)
—cos| —x(J m [G(R1(x,t),11(t)) ..

hieak(x, 1) = —;Eﬂllmos(w[ﬂ) it ex;{ @\/ﬁ ( AN

i)

+—;[B11Bin(oo[ﬂ)[]ex{ >@\/7 (9“

A e

Figure6.12

t:=0..60

6.5

0
2))]°

e ff:

[01 - F(R1(x,1),11(1)))

[G(R1(x,1),11(1))

( i_mﬁm( DEM—F(RZ(x,t),IZ(t)))
+sin xljgﬁm g“IZ(B(RZ(X t), I2(t))

-

6.25
. 6
E
§ Nead0,1)5.75
I —
55

525

t
Time (days)
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hieak(100,t)

i x,t) =
leak( 5
t:=0..60
0.8 T T T T T
0.75
g 0.7
3 0.65
(a2}
%’ ileak(100,1) 0.6
5 0.55
>
T 05
0.45
0.4 I I I I I
o 10 20 30 40 50 60
t
Time (days)
Fig. 6.7

SEEP2D Mode

A confined aquifer with a depth of 30 m, and hydraulic conductivities of kn=0.1 cm/sec,
ky=0.0001 cm/sec were defined. The cross-section included 50 m at riverside, 50-m
levee base, 100 m at landside. Constant head was defined at riverside and landside of the

levee. The figure of the model is below:

T LT Y S
N O N N N e -f-_‘ e =
< . it _1 - - &
= - E 3 T T T I - . & & . - K . @
| =1 l 1 |
[ | 1
¥ ¥ + 1 &
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Note: Node numbers 142 to 282 are located at 5 m below the landside of the levee.
Model Output

Plane flow problem
Confined aquifer, 30 m.
Number of nodal points------ 287

Number of elements---------- 240
Number of diff. materials-- 1
Elevation of datum---------- 0.000
Unsaturated flow option----- 0

Material Properties
30 m depth confined aquifer, kh=0.1 cm/sec, kv=0.0001 cm/sec

Node  Distance (m) Head Head-30 i=h/z
142 0 32.94 2.94 0.588 3
149 5 32.86 2.86 0.572 299
156 10 32.79 2.79 0.558 2.8 1
163 15 32.73 2.73 0.546 £ 271
170 20 32.66 2.66 0.532 =z .6
177 25 32.61 2.61 0.522 g 05 |
184 30 32.56 2.56 0.512 T -
191 35 32.51 251 0502 241
198 40 32.47 2.47 0.494 231
205 45 32.43 2.43 0.486 2.2
212 50 32.39 2.39 0.478 0 2 50 s
219 55 32.36 2.36 0.472 Distance from the levee toe (m)
226 60 32.34 2.34 0.468
233 65 32.31 2.31 0.462
240 70 32.29 2.29 0.458
247 75 32.27 2.27 0.454 061
254 80 32.26 2.26 0.452 0.58
261 85 32.25 2.25 0.45 £ 0.56 -
268 90 32.24 2.24 0.448 T 0.54
275 95 32.24 2.24 0.448 S 0524
282 100 32.23 2.23 0.446 3 o5
°
T 0.48
Flow = 21.907
0.46
0.44
0 25 50 75
Distance from the levee toe (m)
Mat K1 K2 Angle Usparl  Uspar2
1 0.8640E+02 0.8600E-01 0.0000E+00 0.1000E-02 0.0000E+00
Node Point Information
18 0 1000 15.00 0.00
Node BC X Y  Fow-head 19 0 10.00 10.00 0.00
20 0 10.00 5.00 0.00
11 000 30.00 3650 21 0 10.00 0.00 0.00
2 0 0.00 25.00 0.00 22 1 15.00 30.00 36.50
30 0.00 20.00 0.00 23 0 15.00 25.00 0.00
4 0 0.00 15.00 0.00 24 0 1500 20.00 0.00
50 0.00 10.00 0.00 25 0 15.00 15.00 0.00
6 0 0.00 5.00 0.00 26 0 15.00 10.00 0.00
70 0.00 0.00 0.00 27 0 15.00 5.00 0.00
8 1 500 30.00 36.50 28 0 15.00 0.00 0.00
9 0 5.00 25.00 0.00 29 1 20.00 30.00 36.50
10 0 500 20.00 0.00 30 0 2000 2500 0.00
11 0 500 15.00 0.00 31 0 2000 20.00 0.00
12 0 5.00 10.00 0.00 32 0 20.00 15.00 0.00
13 0 5.00 5.00 0.00 33 0 2000 10.00 0.00
14 0 5.00 0.00 0.00 34 0 20.00 5.00 0.00
15 1 10.00 30.00 36.50 3% 0 20.00 0.00 0.00
16 0 1000 25.00 0.00 36 1 2500 3000 3650
17 0 1000 20.00 0.00 37 0 2500 2500 0.00
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125.00
125.00
125.00
125.00
125.00
130.00
130.00
130.00
130.00
130.00
130.00
130.00
135.00
135.00
135.00
135.00
135.00
135.00
135.00
140.00
140.00
140.00
140.00
140.00
140.00
140.00
145.00
145.00
145.00
145.00
145.00
145.00
145.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00
155.00
155.00
155.00
155.00
155.00
155.00
155.00
160.00
160.00
160.00
160.00
160.00
160.00
160.00
165.00
165.00
165.00
165.00
165.00
165.00
165.00
170.00
170.00
170.00
170.00
170.00
170.00
170.00
175.00
175.00

190

z
2
[©)

CoOoO~NOUILAWNPE

175.00
175.00
175.00
175.00
175.00
180.00
180.00
180.00
180.00
180.00
180.00
180.00
185.00
185.00
185.00
185.00
185.00
185.00
185.00
190.00
190.00
190.00
190.00
190.00
190.00
190.00
195.00
195.00
195.00
195.00
195.00
195.00
195.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00

[eNoNoNeoNoNol NololooNolol NeoloNolNoNeoNol JeloNoloNolol NololeoNoNoNol NeoloNoNoNo]

Nodal Flows and Heads

Percentage of
Head available head Flow
0.3650E+02 100.0 % 0.2234E+00
0.3241E+02 37.0%
0.3242E+02 37.2%
0.3244E+02 375%
0.3243E+02 374 %
0.3243E+02 374 %
0.3243E+02 374 %
0.3650E+02 100.0 % 0.4473E+00
0.3240E+02 37.0%
0.3242E+02 37.2%
0.3244E+02 375%
0.3243E+02 374 %
0.3243E+02 374 %
0.3243E+02 374 %
0.3650E+02 100.0 % 0.4488E+00
0.3239E+02 36.8 %
0.3242E+02 37.3%
0.3244E+02 375%
0.3243E+02 374 %
0.3243E+02 374 %



0.3243E+02
0.3650E+02
0.3238E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3650E+02
0.3235E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3650E+02
0.3232E+02
0.3244E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3650E+02
0.3229E+02
0.3245E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3650E+02
0.3224E+02
0.3246E+02
0.3242E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3650E+02
0.3219E+02
0.3248E+02
0.3242E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3650E+02
0.3213E+02
0.3250E+02
0.3242E+02
0.3244E+02
0.3243E+02
0.3243E+02
0.3650E+02
0.3207E+02
0.3252E+02
0.3241E+02
0.3244E+02
0.3243E+02
0.3243E+02
0.3582E+02
0.3217E+02
0.3249E+02
0.3242E+02
0.3244E+02
0.3243E+02
0.3243E+02
0.3515E+02
0.3227E+02
0.3247E+02
0.3242E+02
0.3243E+02
0.3243E+02

374 %
100.0 %
36.6 %
37.3%
375%
374 %
374 %
374 %
100.0 %
36.2 %
374 %
374 %
374 %
374 %
374 %
100.0 %
35.7%
376 %
374 %
374 %
374 %
374 %
100.0 %
352 %
37.7%
374 %
37.4%
374%
374%
100.0 %
345 %
37.9%
37.3%
374%
374%
37.4%
100.0 %
33.7%
38.2%
372%
374%
37.4%
374%
100.0 %
32.8%
384 %
372%
37.5%
374%
374%
100.0 %
31.8%
38.7%
37.1%
375%
374%
37.4%
89.5 %
334 %
38.3%
372%
375%
37.4%
374%
79.2%
35.0%
38.0 %
37.3%
37.4%
374%

0.4512E+00

0.4547E+00

0.4592E+00

0.4647E+00

0.4713E+00

0.4790E+00

0.4878E+00

0.1752E+02

191

0.3243E+02
0.3450E+02
0.3236E+02
0.3245E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3385E+02
0.3244E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3321E+02
0.3252E+02
0.3242E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3258E+02
0.3260E+02
0.3240E+02
0.3244E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3194E+02
0.3268E+02
0.3238E+02
0.3244E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3130E+02
0.3276E+02
0.3237E+02
0.3244E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3066E+02
0.3285E+02
0.3235E+02
0.3245E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3000E+02
0.3294E+02
0.3232E+02
0.3246E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3000E+02
0.3286E+02
0.3234E+02
0.3245E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3000E+02
0.3279E+02
0.3236E+02
0.3245E+02
0.3243E+02
0.3243E+02

374%
69.2 %
36.3%
37.7%
37.3%
37.4%
374%
37.4%
59.3 %
37.6 %
37.4%
37.4%
374%
37.4%
37.4%
49.4 %
38.8%
37.2%
374%
37.4%
37.4%
374%
39.7%
40.0 %
36.9 %
37.5%
374 %
374%
374%
29.9%
41.2%
36.7 %
375%
374 %
374%
37.4%
20.0 %
425%
36.4 %
376 %
374%
37.4%
374 %
10.1%
43.8 %
36.1 %
37.7%
37.3%
374%
374%

0.0%
452 %
35.7%
37.8%
37.3%
374%
37.4%

0.0 %
44.0%
36.0 %
37.7%
37.3%
374 %
374 %

0.0 %
429 %
36.3 %
376 %
374 %
374%

-0.1670E+02

-0.3283E+00

-0.3177E+00



161
162
163

165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183

185
186
187
188
189
190
191
192
193

195
196
197
198
199
200
201
202
203

205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229

0.3243E+02
0.3000E+02
0.3273E+02
0.3238E+02
0.3244E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3000E+02
0.3266E+02
0.3239E+02
0.3244E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3000E+02
0.3261E+02
0.3240E+02
0.3244E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3000E+02
0.3256E+02
0.3241E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3000E+02
0.3251E+02
0.3242E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3000E+02
0.3247E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3000E+02
0.3243E+02
0.3244E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3000E+02
0.3239E+02
0.3244E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3000E+02
0.3236E+02
0.3245E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3000E+02
0.3234E+02
0.3245E+02
0.3243E+02
0.3243E+02

374 %

0.0%
41.9 %
36.6 %
37.6%
374 %
374 %
374 %

0.0%
41.0%
36.8 %
375%
374%
374 %
374 %

0.0 %
40.1 %
37.0%
375%
374 %
374 %
374%

0.0%
39.3%
37.1%
374 %
374 %
374%
374 %

0.0%
38.6 %
37.3%
374 %
374 %
374%
374 %

0.0 %
38.0 %
374 %
374%
374%
374 %
374%

0.0 %
374 %
375%
374%
374 %
374 %
374%

0.0%
36.8 %
376 %
374 %
374%
374%
37.4%

0.0 %
36.4 %
37.7%
37.3%
374%
374 %
374%

0.0 %
35.9%
37.7%
37.3%
374 %

-0.3080E+00

-0.2990E+00

-0.2908E+00

-0.2833E+00

-0.2764E+00

-0.2702E+00

-0.2646E+00

-0.2595E+00

-0.2551E+00

-0.2511E+00

192

0.3243E+02
0.3243E+02
0.3000E+02
0.3231E+02
0.3246E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3000E+02
0.3229E+02
0.3246E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3000E+02
0.3227E+02
0.3246E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3000E+02
0.3226E+02
0.3246E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3000E+02
0.3225E+02
0.3247E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3000E+02
0.3224E+02
0.3247E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3000E+02
0.3224E+02
0.3247E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3000E+02
0.3223E+02
0.3247E+02
0.3243E+02
0.3243E+02
0.3243E+02
0.3243E+02

374%
37.4%

0.0%
35.6 %
37.8%
37.3%
374 %
374 %
374 %

0.0 %
352 %
37.8%
37.3%
37.4%
374 %
374%

0.0%
35.0%
37.9%
37.3%
374 %
374%
37.4%

0.0%
34.8 %
37.9%
37.3%
374%
374%
374 %

0.0 %
34.6 %
37.9%
37.3%
374 %
37.4%
374%

0.0 %
345%
379%
37.3%
37.4%
374%
374%

0.0%
344 %
38.0 %
37.3%
374%
374 %
374 %

0.0 %
344 %
38.0%
37.3%
374 %
37.4%
374 %

Flow = 2.1907E+01

-0.2476E+00

-0.2447E+00

-0.2422E+00

-0.2402E+00

-0.2386E+00

-0.2375E+00

-0.2369E+00

-0.1183E+00



Fig. 6.11

SEEP2D M odel

An unconfined aquifer with a depth of 30 m, and hydraulic conductivities of k,=0.1 cm/sec,
k,=0.0001 cm/sec were defined. The cross-section included 50 m at riverside, 50-m levee base,
100 m at landside. Constant head boundary was defined at riverside and exit face boundary was
defined at landside of the levee. The figure of the model is shown below:
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30 m depth unconfined, exit face landside levee, kh=0.1 cm/sec, kv=0.0001 cm/sec

Node Distance (m) Head (m) Head-30 i=h/5
142 0 33.45 3.45 0.69 35 ¢
149 5 33.38 3.38 0.676 3.4 1
156 10 33.29 3.29 0.658 3.3 1
163 15 33.2 3.2 0.64 g 321
170 20 33.12 3.12 0.624 = 311
177 25 33.05 3.05 0.61 E 31
184 30 32.98 2.98 0.596 T 29;
191 35 32.93 2.93 0.586 2.8 1
198 40 32.88 2.88 0.576 2.7 1
205 45 32.83 2.83 0.566 26
212 50 32.79 2.79 0.558 0 25 S0 7 100
219 55 32.76 2.76 0.552 Distance from the levee toe (m)
226 60 32.73 2.73 0.546
233 65 32.7 2.7 0.54
240 70 32.68 2.68 0.536
247 75 32.66 2.66 0.532 07 ¢
254 80 32.65 2.65 0.53 0.68 7
261 85 32.64 2.64 0.528 z gzi
268 90 32.63 2.63 0.526 5 062
275 95 32.63 2.63 0.526 2 06
282 100 32.62 2.62 0.524 ERy
é 0.56
I
0.54
0.52 y
0.5
0 25 50 75 100

Distance from the levee toe (m)

Note: Node numbers 142 to 282 are located at 5 m below the landside of the levee.
Model Output

Plane flow problem
30 m exit face
Number of nodal points------ 287

Number of elements---------- 240

Number of diff. materials-- 1

Elevation of datum---------- 0.000

Unsaturated flow option----- 0

Material Properties

Mat K1 K2 Angle Usparl  Uspar2

1 0.8640E+02 0.8600E-01 0.0000E+00 0.1000E-02 0.0000E+00

193



Node Point Information

Node
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BC

[eNeoNoNeol NeoloNoNoNolol JNeoloNoNoNoNol JolNoNoloNoNaol JleloNoNoNoNol JeoloNoNoloNol NeoloNooNoNeol NeoleoloNolNeoNoll NelloNoNeNeNol

Y

Flow-head

194

OO0 0000000000000000000000000000RO0O0O00O

25.00
20.00
15.00
10.00
5.00
0.00
30.00
25.00
20.00
15.00
10.00
5.00
0.00
30.00
25.00
20.00
15.00
10.00
5.00
0.00
30.00

5.00
0.00
30.00
25.00

0.00
0.00
36.50
0.00



OOONOOOOOONOOOOOONOODOOOONOOOOOONOOODOOONOODOOOONOOOODOONOODODODOODODODOOODOOOO

90.00
90.00
90.00
90.00
90.00
90.00
95.00
95.00
95.00
95.00
95.00
95.00
95.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
105.00
105.00
105.00
105.00
105.00
105.00
105.00
110.00
110.00
110.00
110.00
110.00
110.00
110.00
115.00
115.00
115.00
115.00
115.00
115.00
115.00
120.00
120.00
120.00
120.00
120.00
120.00
120.00
125.00
125.00
125.00
125.00
125.00
125.00
125.00
130.00
130.00
130.00
130.00
130.00
130.00
130.00
135.00
135.00
135.00
135.00

195

OO O0OO0OO0OONOOOOOONOOODOOONOODOOOONOOOOOONOOODOOONOODOOOONODOOODOONOODODOOONOOO

135.00
135.00
135.00
140.00
140.00
140.00
140.00
140.00
140.00
140.00
145.00
145.00
145.00
145.00
145.00
145.00
145.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00
155.00
155.00
155.00
155.00
155.00
155.00
155.00
160.00
160.00
160.00
160.00
160.00
160.00
160.00
165.00
165.00
165.00
165.00
165.00
165.00
165.00
170.00
170.00
170.00
170.00
170.00
170.00
170.00
175.00
175.00
175.00
175.00
175.00
175.00
175.00
180.00
180.00
180.00
180.00
180.00
180.00
180.00

10.00
5.00
0.00

30.00

25.00

20.00

15.00

10.00
5.00
0.00

30.00

25.00

20.00

15.00

10.00
5.00
0.00

30.00

25.00

20.00

15.00

10.00
5.00
0.00

30.00

25.00

20.00

15.00

10.00
5.00
0.00

30.00

25.00

20.00

15.00

10.00
5.00
0.00

30.00

25.00

20.00

15.00

10.00
5.00
0.00

30.00

25.00

20.00

15.00

10.00
5.00
0.00

30.00

25.00

20.00

15.00

10.00
5.00
0.00

30.00

25.00

20.00

15.00

10.00
5.00
0.00



Node

O©CoOoO~NO O WNPE

2 185.00 30.00 0.00
0 18500 25.00 0.00
0 18500 20.00 0.00
0 185.00 15.00 0.00
0 18500 10.00 0.00
0 185.00 5.00 0.00
0 185.00 0.00 0.00
2 190.00 30.00 0.00
0 19000 25.00 0.00
0 190.00 20.00 0.00
0 19000 15.00 0.00
0 19000 10.00 0.00
0 190.00 5.00 0.00
0 190.00 0.00 0.00
2 19500 30.00 0.00
0 195.00 25.00 0.00
0 19500 20.00 0.00
0 19500 15.00 0.00
0 195.00 10.00 0.00
0 195.00 5.00 0.00
0 195.00 0.00 0.00
2 200.00 30.00 0.00
0 20000 25.00 0.00
0 20000 20.00 0.00
0 200.00 15.00 0.00
0 20000 10.00 0.00
0 200.00 5.00 0.00
0 200.00 0.00 0.00

Nodal Flows and Heads

Percentage of
Head available head

0.3650E+02 100.0 %
0.3279E+02 43.0%
0.3285E+02 438 %
0.3286E+02 44.0 %
0.3285E+02 43.9%
0.3285E+02 439%
0.3285E+02 43.9%
0.3650E+02 100.0 %
0.3279E+02 29%
0.3285E+02 43.8%
0.3286E+02 44.0 %
0.3285E+02 439%
0.3285E+02 43.9%
0.3285E+02 43.9%
0.3650E+02 100.0 %
0.3278E+02 42.8%
0.3285E+02 43.9%
0.3286E+02 44.0 %
0.3285E+02 43.9%
0.3285E+02 43.9%
0.3285E+02 43.9%
0.3650E+02 100.0 %
0.3277E+02 42.6 %
0.3286E+02 43.9%
0.3286E+02 43.9%
0.3285E+02 43.9%
0.3285E+02 439%

Flow

0.2029E+00

0.4062E+00

0.4076E+00

0.4098E+00

196

0.3285E+02
0.3650E+02
0.3275E+02
0.3286E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3650E+02
0.3272E+02
0.3287E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3650E+02
0.3268E+02
0.3288E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3650E+02
0.3264E+02
0.3289E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3650E+02
0.3260E+02
0.3291E+02
0.3284E+02
0.3286E+02
0.3285E+02
0.3285E+02
0.3650E+02
0.3254E+02
0.3292E+02
0.3284E+02
0.3286E+02
0.3285E+02
0.3285E+02
0.3650E+02
0.3248E+02
0.3294E+02
0.3283E+02
0.3286E+02
0.3285E+02
0.3285E+02
0.3583E+02
0.3259E+02
0.3292E+02
0.3284E+02
0.3286E+02
0.3285E+02
0.3285E+02
0.3517E+02
0.3270E+02
0.3289E+02
0.3284E+02
0.3286E+02
0.3285E+02
0.3285E+02
0.3452E+02
0.3279E+02

43.9%
100.0 %
42.2%
44.0%
43.9%
43.9%
43.9%
43.9%
100.0 %
41.8%
441 %
43.9%
43.9%
43.9%
43.9%
100.0 %
41.3%
44.3 %
43.8%
43.9%
43.9%
43.9%
100.0 %
40.7 %
445 %
43.8 %
43.9%
43.9%
43.9%
100.0 %
39.9%
44.7%
43.7%
43.9%
43.9%
43.9%
100.0 %
39.1%
45.0%
43.7%
44.0%
43.9%
43.9%
100.0 %
382%
453 %
43.6 %
44.0%
43.9%
43.9%
89.6 %
39.9%
44.9%
43.7%
44.0%
43.9%
43.9%
79.5%
415%
445 %
43.7%
43.9%
43.9%
43.9%
69.5 %
42.9%

0.4130E+00

0.4172E+00

0.4223E+00

0.4283E+00

0.4355E+00

0.4436E+00

0.1727E+02



0.3287E+02
0.3285E+02
0.3286E+02
0.3285E+02
0.3285E+02
0.3387E+02
0.3288E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3324E+02
0.3297E+02
0.3284E+02
0.3286E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3260E+02
0.3306E+02
0.3282E+02
0.3286E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3196E+02
0.3315E+02
0.3280E+02
0.3286E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3132E+02
0.3324E+02
0.3278E+02
0.3287E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3067E+02
0.3334E+02
0.3275E+02
0.3287E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3000E+02
0.3345E+02
0.3273E+02
0.3288E+02
0.3285E+02
0.3286E+02
0.3285E+02
0.3000E+02
0.3338E+02
0.3274E+02
0.3288E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3016E+02
0.3329E+02
0.3277E+02
0.3287E+02
0.3285E+02

44.2%
43.8 %
43.9%
43.9%
43.9%
59.6 %
443 %
43.9 %
43.9 %
43.9%
43.9 %
43.9 %
49.8%
45.7 %
43.6 %
43.9%
43.9%
43.9 %
43.9%
40.0 %
47.0%
433 %
44.0 %
43.9%
43.9%
43.9 %
30.2%
484 %
431 %
441 %
43.9%
43.9%
43.9 %
20.3 %
49.8%
42.7%
441 %
43.9%
43.9 %
43.9%
10.2 %
51.4 %
424 %
44.2%
43.8 %
43.9%
43.9%
0.0%
53.0 %
41.9%
44.3 %
43.8%
43.9%
43.9 %
0.0%
52.1%
422 %
443 %
43.8%
43.9 %
43.9%
24%
50.5 %
42.6 %
44.2%
43.8 %

-0.1698E+02

-0.4273E+01

0.1137E-12
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160
161
162
163

165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183

185
186
187
188
189
190
191
192
193

195
196
197
198
199
200
201
202
203

205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225

0.3285E+02
0.3285E+02
0.3030E+02
0.3320E+02
0.3279E+02
0.3287E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3043E+02
0.3312E+02
0.3281E+02
0.3286E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3054E+02
0.3305E+02
0.3282E+02
0.3286E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3065E+02
0.3298E+02
0.3284E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3074E+02
0.3293E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3083E+02
0.3288E+02
0.3286E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3090E+02
0.3283E+02
0.3287E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3097E+02
0.3279E+02
0.3287E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3103E+02
0.3276E+02
0.3288E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3108E+02

43.9%
43.9 %
4.6 %
49.2%
429 %
441 %
43.9%
43.9%
43.9 %
6.5%
48.0 %
432 %
44.0%
43.9 %
43.9 %
43.9%
8.3%
46.9 %
43.4%
44.0 %
439 %
43.9%
43.9 %
10.0 %
45.9%
43.7%
43.9 %
43.9%
43.9%
43.9 %
11.4%
45.0%
43.8 %
43.9%
43.9%
43.9 %
43.9%
12.7%
44.3 %
44.0%
43.9%
43.9 %
43.9%
43.9%
13.9%
43.6 %
441 %
43.8 %
43.9%
43.9%
43.9 %
149 %
43.0%
442 %
43.8%
43.9%
43.9 %
43.9%
15.8%
424 %
443 %
43.8%
43.9 %
43.9%
43.9%
16.6 %

0.2842E-12

-0.3979E-12

0.1137E-12

-0.5684E-13

-0.2842E-12

-0.2842E-12

0.5684E-13

-0.5684E-13

-0.2274E-12

0.0000E+00



0.3273E+02
0.3288E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3113E+02
0.3270E+02
0.3288E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3116E+02
0.3268E+02
0.3289E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3120E+02
0.3266E+02
0.3289E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3122E+02
0.3265E+02
0.3289E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3124E+02
0.3264E+02
0.3289E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3126E+02
0.3263E+02
0.3289E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3127E+02
0.3263E+02
0.3289E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3127E+02
0.3262E+02
0.3289E+02
0.3285E+02
0.3285E+02
0.3285E+02
0.3285E+02

42.0%
44.3 %
43.8 %
43.9%
43.9 %
43.9 %
17.3%
41.6 %
444 %
43.8%
43.9 %
43.9 %
43.9%
17.9%
41.3%
44.4%
43.8 %
43.9 %
43.9%
43.9 %
18.4 %
41.0%
44.4 %
43.8 %
43.9%
43.9 %
43.9 %
18.8%
40.8 %
445 %
43.8%
43.9%
43.9 %
43.9%
19.1%
40.6 %
445 %
43.8%
43.9 %
43.9%
43.9%
193 %
40.5%
445 %
43.8 %
43.9%
43.9%
43.9 %
19.5%
40.4%
445 %
43.8%
43.9%
43.9 %
43.9%
19.5%
40.4 %
445 %
43.8%
43.9 %
43.9%
43.9%

Flow = 2.1252E+01

0.1137E-12

0.1137E-12

0.1137E-12

0.1705E-12

-0.1705E-12

-0.5684E-13

0.1705E-12

-0.2274E-12
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APPENDIX D CALCULATIONSAND GRAPHSIN CHAPTER 7

Transient Analytical Model by Laplace Transform Method Cumulative Analysis

a.T/S=5

s:=0.005 dimensionless T := 0.02586400 M*2/day
T T X_[|S

w=— r=w 0.=— a) =—-0— m:= 100
60 2 2N T

fr(R,1,n) := 2R — 2[R[¢osh (n[) [dos(2R) + ni&inh(n)Sin(20R)
On(R,1,n) := 2[R[¢osh (n) Sin(2IR) + niSinh(n() [dos(20R)

2)
2 E
aR. 1) ::%@n(zmm . i@xp(—Rz)Di . 4) (R, 1,n)
n=1 n + 4R

2
KR, 1) = erf(R) + @ml ~ cos(2R)) ...
IR

L{_n_ﬂ )\
+ 2 gl -RY i A4 g R

m n=1 n2 + 4R )
R1(x,t) := —\/ﬁﬂﬁtos(%) + % 11(t) = _\/ﬁﬂ@n(%)
R2Ax,t) := \/Eﬂlitos(%) + % 12(t) = \/ﬁﬂ@n(%)

Hp:=5 meter
Hp:=1.5 meter

hia(x,t) :=—;mlmos(w[ﬂ)[;exp(—m@mos(%)) ~cos —@@n(%)z@(wx,o,mt))
| (g))
e ) @@n@j%wx,o,.m
(%) - FR20.120)
+—;[H11Bin(w[ﬂ)_[;ex;{—xD\/§mos(%)) cos(—xﬁ@n(%)

)Eﬂl ~ F(RI(x, 1), 11(1))
)

)ECB(RJ(X, 1), 11(t))
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S
hs(x,t) := Ho@rfc(iz( D\/%) + hla(xt)

b.T/S=18

S:=0.005 dimensionless T :=0.0986400 M*2/day

(A):=1 r=w 9:=7—T ax) :=§D\/§ m:=100
60 2 2T

fn(R,1,n) := 2R — 2[R[¢osh (n[) [dos(2R) + ni&inh(n)Sin(20R)
On(R,1,n) := 2[R[¢osh (n) Sin(2[R) + niSinh(n) [dos(20R)

2
i o ol
aR,1) = PR ginemm + E@Xp(—RZ)DZ —”@n(R,I,n)
2MR T STl P+ AR
[{ 2) 3
) _n
AR, 1) :{erf(R) + ME&—COS(ZDRD}))} @xp( ) )[ﬂn(R,I,n) |
2R fn 1 n° + 4R )
R1(x, 1) ——\/_[ﬂmos( j a\j)_() 11(t) = —\/ﬁﬂ@n(z)
R2(x, 1) ::\/Eﬂmos( j a\j)_() 12(t) ::\/ﬁﬂBin(%}
Ho:=5 meter
Hp:=1.5 meter

hib(x,t) ::—;[H-Ilmos(oo[ﬂ)[ ;{xD\/ﬁ (9“ —cos —@@n(%);[@(mx 1),121)) ..
| 3)

+sin| - gﬁmn 1 - FRIX, 1), 14(1)))
o] _ Si. (6
+exp(>d]\/7 ( C0S A]\/:Bm(zj [G(R2(x,1),12(t)) ..
. Si 6 )
+sin T Bm( ))Eﬂl F(R2(x,1),12(t)))

+ é[ﬂ-llﬁi n(w[ﬂ)_[;ex;{—m\/? Etos(%) cos(—xD\/; @né

DE@l— F(R1(x,t),11(t)))
ol o g 8
+sm( xI]\/:@n( UIZ(B(R:L(X 1), 11(t))

+sm(>d]\/:@n( D[@(RZ(X t), 12(t))

S )

X
h1g(x,t) ;= Hplérfc —0 — | + hlb(x,t
18(x,t) :=Hp 0(2 = (%)
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;{xD\/ﬁ (9“ ( imﬁm(e))ml F(R2A(x, 1), 12(t))) ...




c. T/S=500
S:=0.0000= dimensionless T := 0.02586400 M"2/day

Tt T X_|S
w=— r=w 0:=— ax) =—-0— m:=100
60 2 2T

fa(R,1,n) := 2[R - 2[R[Gosh (n() [dos(2MR) + niSinh(nd)Ein(20R)
On(R,1,n) := 2[RGosh (n) Sin(2RO) + ni&inh(nD) Gos(20RM)

GR,I) =

n2)
exzp(_ )ﬁ N(2R) + = mzxp( )i ex{_jj

n=1 N + 4R

;{ W2 )
2 m exp ——
FHR,I) ::{erf(R) + %Eﬂl— cos(ZEIRIZI]))} + %@xp(—Rz) Z . 4 ) Bn(R,1,N) |

oZ1 N +A4R )
RI(X,t) := —\/_[ﬂEtos( ) a\j)_() 1A(t) := —\/ﬁﬂ@in(%)
R2(X, t) :=\/Eﬂmos( ) a\j)_() 12(t) :=\/ﬁﬂﬂin(%)
hic(x,t) ::—;Eﬁilmos(w[ﬂ)[]ex;{—xDEmos(%)\ —cos —@@n(%)gmmx 1),111)) ..
+sin| - %@n(%))ml F(R1(x,1),11(t)))
+exp{xD\/:Etos(e\\ —cos A]\/?&n(%)\EE(RZX £),12(t) ..
+sin g&n(%)jml F(RAx,1),12(t)))
+—;[H11Bin(w[ﬂ)_[]ex;{ x[\/ﬁmos(e“ cos(—xﬁ@n(i)}ml F(RI(x, 1), 11(t)))
+sin| — —mﬁn(g))@(m(x t),1(t))
+@(;{>@\/ﬁ (9“ ( STm@m( Dml F(R2Ax,1),12(1))) ...
+sm(>d]\/§@n(g))@(R2(x t),12(t))
hsoo(X,t) := Ho@rfc( —) + hic(xt)
d. T/S= 1800
S:=0.0000= dimensionless T :=0.0986400 M"2/day
m::6—"0 F= 0 e::g a(%) ::lz(D\E m:= 100

fa(R,1,n) := 2[R - 2[R[osh (n() [dos(2IR) + niSinh(nd)Ein(20R)
On(R,1,n) := 2[R[¢osh (n) Sin(2[R) + niSinh(n) [dos(20R)
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2
i o ol
ar.p) = 2R g omm + 2 R0 —”@n(RJ n)
2R T ! n2+4DR
[{ 2) 3
) _n
AR, 1) :{erf(R) + ME&—COS(ZDRD}))} @xp( ) Z—MEﬂn(R,I,n) |
2R n=1 n’ + 4R )
R1(x, 1) ——\/_[ﬂmos( \ a 11(t) = —\/ﬁﬂ@n(g\
)" Vi 2)
R2(x,1) :=\/ﬁﬂﬁtos( ) a\j)_() 12(t) :=\/ﬁﬂﬁin(%)
Ho:=5 meter
Hp:=1.5 meter

hid(x, t) ::—;[H-Ilmos(w[ﬂ)[]@(;{ xD\/ﬁ (e\\ —cos| —
+ex,{d7 (e\\ —cos m\/?m%&m;(m(x 0,1201) ..

_ | 2))

+§[H41Bin(co[ﬂ)[ p(xDF (e\\ cos(—xﬁ@né)}ml F(RI(x, t), 11(t)))

+ s‘n(—m@@n( D[(B(Rl(x t), 11(t))

( Jsi . (8))
+sm( _I_Bm( UE(B(RZ(xt) 12(1))

S
h1goo(%t) 1= Ho@rfc@gjﬁ) + hd(x.t)

Figure7.2
Head vs Timefor T/S=5, 18, 500, 1800

t:=30 day
x:=100..200
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;{xD\/ﬁ (9“ (XD\/:Bm(e))Eﬂl F(R2A(x, 1), 12(t))) ...




6.

6.45

hs(, 30)

E h18(X, 30)

T
6.
h1800(X, 30)

g """ 6.35
h500( X, 30)

5

3

6.25

6.2
100

hs(100, 30) = 6.389
hs(200, 30) = 6.279

z=5'm

i5(X,1) :=hg(X, t)Bl—'

i1800(%: t) := h1g800(X, t)Bg

Figure7.3
t:=30
x:= 100.. 200

1.

1.293

i5(x,30) 1.28

263
i1800(X; 30)]“ 255

120 140 160 180 200

X

Distance from the levee toe (m)
h1g(100, 30) = 6.442 hs00(100,30) = 6.489
h15(200, 30) = 6.383 h500(200, 30) = 6.478

is00(x.1) = hsgo(x. t)t—&

1804 1) = h1g(x, ‘)Bg

3

5

1.248 I~

1.24

i5(100,30) = 1.278
i5(200,30) = 1.256

100

120 140 160 180 200

X
Distance from the levee toe (m)

i15(100,30) = 1.288 i500(100,30) = 1.298
i15(200,30) = 1.277 i500(200,30) = 1.296
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h1g800(100, 30) = 6.494
h1800(200, 30) = 6.488

i1800(100, 30) = 1.299
i1800(200,30) = 1.298



Calculation of Substratum Pressures by the Army Corps Method

EM 1110-2-1913: Design and Construstion of Levees details the underseepage analysis. The
equations contained in the manual were developed during a study reported in (U.S. Army
Engineer Waterways Experiment Station TM 3-424, Appendix A) of piezometric data and
seepage mesurements along the Lower Mississippi River and confirmed by model studies.
Case 7, which is a semipervious top strata both riverside and landside was sel ected.

H := 6.sm head at theriverside X1 := 50m Lo := 50m
d:=25m assumed thickness of pervious aquifer
Zp :=5m assumed thickness of top layer
ks := 0.100" 2 hydraulic conductivity of pervious substratum
S
Kp := 10~ 6 M hydraulic conductivity of top substratum
S

c:= X3 1= = hpi= ——————  hy(X) :=hg® ©
ks [Z,[d C X1+ Lo+ X3

hp = 5.067m  head beneath top stratum at landside levee toe

Figure7.4
X:=0..100 distancefrom landside |eveetoe

55

Head (m)

X
Distance from the levee toe (m)

ho@—cﬁt

Zy

ib(X) :=
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1.1

105 —

1

0.95

ih(X) 09
0.85
0.8
075 —
0.7

0 25 50 75 100

H := 6.sm head at theriverside
X1 :=50M Lo ;= s0m

d:=45m assumed thickness of pervious aquifer
Zy := 5m assumed thickness of top layer
ki := 0.200" 2IM hydraulic conductivity of pervious substratum
S
kp := 10~ il hydraulic conductivity of top substratum
S

c:.= X3 = — = X) == hple
/kfﬁb 3= ho it Lot xa hp(X) = ho

hp = 5.657m  head beneath top stratum at landside levee toe

Figure7.5
X :=0..100 distance from landside |evee toe

6

hp(x)

4.5
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- clX
ib(X) =

1.15

1.13

1.1

1.08

ip(X) 1.05
— 103
1

0.98

0.95 0

25 50 75 100

Figure7.6

SEEP2D M oddl

A confined aquifer with adepth of 25 m, and hydraulic conductivities of ky=0.1 cm/sec,
k,=0.0001 cm/sec were defined. The cross-section included 50 m at riverside, 50-m levee
base, 100 m at landside. Constant head was defined at riverside and landside of the levee. The
figure of the mode! is below:

Cumulative analysis purpose
25 m confined aquifer, T=0.025 m"2/sec

Node Distance (m) Head (m) Head-25(m) i=h/5 291
122 0 27.94 2.94 0.588 28
128 5 27.86 2.86 0.572 £ 27
134 10 27.79 2.79 0.558 =gy
140 15 27.73 2.73 0.546 -§ 9 |
146 20 27.66 2.66 0.532 o
152 25 27.61 2.61 0.522
158 30 27.56 2.56 0.512 231 |
164 35 27.51 2.51 0.502 22
170 40 27.47 2.47 0.494 0 25 50 5 100
176 45 27.43 2.43 0.486 Distance from the levee toe (m)
182 50 27.39 2.39 0.478
188 55 27.36 2.36 0.472
194 60  27.34 234 0.468 007
200 65 27.31 2.31 0.462 0.58 1
206 70 27.29 2.29 0.458 E 056 {
212 75 27.27 2.27 0.454 8 054 |
218 80 27.26 2.26 0.452 S 052 |
224 85  27.25 225 045 g os]
230 90 27.24 2.24 0.448 Z o048 ]
236 95 27.24 2.24 0.448
242 100  27.23 2.23 0.446 048 1 {

0.44
Flow = 21.907 0 » %0 ” 100

Distance from the levee toe (m)
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Plane flow problem
25 m confined aquifer, T=0.025 m"2/sec
Number of nodal points------
Number of elements----------
Number of diff. materials---

Elevation of datum

Unsaturated flow option-----
Material Properties

Mat K1

1 0.8640E+02 0.8600E-01 0.0000E+00 0.1000E-02 0.0000E+00

Node BC

©Coo~NoOO~WNPE

K2

246

Angle

Node Point Information

0000 O0OrPROO0OO0OO0OORFROOOO0OO0ORrROO0OO0OO0OOFrROO0OOOORFRPROOOOORrROOO0OOORrROOOOORrOOOOOr

X

Y

Flow-head

Usparl

Uspar2
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[eNoNeoNeoololoololoololoololooNoloNoNoloNololoNololoJololoN ol oloNololo o oo oNoloNololoN ol oNoNoNolol _loloNoNoNal o

45.00
45.00
45.00
45.00
45.00
45.00
50.00
50.00
50.00
50.00
50.00
50.00
55.00
55.00
55.00
55.00
55.00
55.00
60.00
60.00
60.00
60.00
60.00
60.00
65.00
65.00
65.00
65.00
65.00
65.00
70.00
70.00
70.00
70.00
70.00
70.00
75.00
75.00
75.00
75.00
75.00
75.00
80.00
80.00
80.00
80.00
80.00
80.00
85.00
85.00
85.00
85.00
85.00
85.00
90.00
90.00
90.00
90.00
90.00

25.00
20.00
15.00
10.00
5.00
0.00
25.00
20.00
15.00
10.00
5.00
0.00
25.00
20.00
15.00
10.00
5.00
0.00
25.00
20.00
15.00
10.00
5.00
0.00
25.00
20.00
15.00
10.00
5.00
0.00
25.00
20.00
15.00
10.00
5.00
0.00
25.00
20.00
15.00
10.00
5.00
0.00
25.00
20.00
15.00
10.00
5.00
0.00
25.00
20.00
15.00
10.00
5.00
0.00
25.00
20.00
15.00
10.00
5.00



eNeol NeloNeololNol JelloNoloNol JeloNoNeoNol JeloNoleoNol JeloNoloNol NeloNoleoNol JeoloNoloNol elocNoleoNol JelocloleNol JeloNoloNol NeloNoloNoNoNe]

90.00

95.00

95.00

95.00

95.00

95.00

95.00
100.00
100.00
100.00
100.00
100.00
100.00
105.00
105.00
105.00
105.00
105.00
105.00
110.00
110.00
110.00
110.00
110.00
110.00
115.00
115.00
115.00
115.00
115.00
115.00
120.00
120.00
120.00
120.00
120.00
120.00
125.00
125.00
125.00
125.00
125.00
125.00
130.00
130.00
130.00
130.00
130.00
130.00
135.00
135.00
135.00
135.00
135.00
135.00
140.00
140.00
140.00
140.00
140.00
140.00
145.00
145.00
145.00
145.00
145.00
145.00
150.00
150.00
150.00
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Node

150.00
150.00
150.00
155.00
155.00
155.00
155.00
155.00
155.00
160.00
160.00
160.00
160.00
160.00
160.00
165.00
165.00
165.00
165.00
165.00
165.00
170.00
170.00
170.00
170.00
170.00
170.00
175.00
175.00
175.00
175.00
175.00
175.00
180.00
180.00
180.00
180.00
180.00
180.00
185.00
185.00
185.00
185.00
185.00
185.00
190.00
190.00
190.00
190.00
190.00
190.00
195.00
195.00
195.00
195.00
195.00
195.00
200.00
200.00
200.00
200.00
200.00
200.00

[eNoNoNoNol NeoloNoNoNol JNeololoNoNol NeoloNoNoNol JeoloNoNolol JeoloNoNoNol JNeoloNoNoNol JNeololoNolol NeololoNoNol NoloNoNoNol NoNoNe]

10.00 0.00
5.00 0.00
0.00 0.00

2500 25.00

20.00 0.00

15.00 0.00

10.00 0.00
5.00 0.00
0.00 0.00

2500 25.00

20.00 0.00

15.00 0.00

10.00 0.00
5.00 0.00
0.00 0.00

2500 25.00

20.00 0.00

15.00 0.00

10.00 0.00
5.00 0.00
0.00 0.00

2500 25.00

20.00 0.00

15.00 0.00

10.00 0.00
5.00 0.00
0.00 0.00

2500 25.00

20.00 0.00

15.00 0.00

10.00 0.00
5.00 0.00
0.00 0.00

2500 25.00

20.00 0.00

15.00 0.00

10.00 0.00
5.00 0.00
0.00 0.00

2500 25.00

20.00 0.00

15.00 0.00

10.00 0.00
5.00 0.00
0.00 0.00

2500 25.00

20.00 0.00

15.00 0.00

10.00 0.00
5.00 0.00
0.00 0.00

2500 25.00

20.00 0.00

15.00 0.00

10.00 0.00
5.00 0.00
0.00 0.00

2500 25.00

20.00 0.00

15.00 0.00

10.00 0.00
5.00 0.00
0.00 0.00

Nodal Flows and Heads

Head

Percentage of
available head

Flow
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0.3150E+02
0.2741E+02
0.2742E+02
0.2744E+02
0.2743E+02
0.2743E+02
0.3150E+02
0.2740E+02
0.2742E+02
0.2744E+02
0.2743E+02
0.2743E+02
0.3150E+02
0.2739E+02
0.2742E+02
0.2744E+02
0.2743E+02
0.2743E+02
0.3150E+02
0.2738E+02
0.2743E+02
0.2743E+02
0.2743E+02
0.2743E+02
0.3150E+02
0.2735E+02
0.2743E+02
0.2743E+02
0.2743E+02
0.2743E+02
0.3150E+02
0.2732E+02
0.2744E+02
0.2743E+02
0.2743E+02
0.2743E+02
0.3150E+02
0.2729E+02
0.2745E+02
0.2743E+02
0.2743E+02
0.2743E+02
0.3150E+02
0.2724E+02
0.2746E+02
0.2742E+02
0.2743E+02
0.2743E+02
0.3150E+02
0.2719E+02
0.2748E+02
0.2742E+02
0.2743E+02
0.2743E+02
0.3150E+02
0.2713E+02
0.2750E+02
0.2742E+02
0.2744E+02
0.2743E+02
0.3150E+02
0.2707E+02
0.2752E+02
0.2741E+02
0.2744E+02
0.2743E+02
0.3082E+02
0.2717E+02
0.2749E+02
0.2742E+02

100.0 %
37.0%
37.2%
375%
37.4%
37.4%

100.0 %
37.0%
37.2%
375%
374 %
374 %
100.0 %
36.8 %
37.3%
375%
374 %
374 %

100.0 %
36.6 %
37.3%
375%
374 %
374 %

100.0 %
36.2 %
374 %
374 %
374 %
374 %

100.0 %
35.7%
376 %
374 %
374 %
374 %

100.0 %
352%
37.7%
374 %
374 %
374 %

100.0 %
345 %
37.9%
37.3%
374 %
374 %

100.0 %
33.7%
38.2%
372%
374 %
374 %

100.0 %
328 %
38.4%
372%
375%
374 %

100.0 %
31.8 %
38.7%
37.1%
375%
374 %
89.5 %
334 %
38.3%
372%

0.2234E+00

0.4473E+00

0.4488E+00

0.4512E+00

0.4547E+00

0.4592E+00

0.4647E+00

0.4713E+00

0.4790E+00

0.4878E+00

0.1752E+02
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0.2744E+02
0.2743E+02
0.3015E+02
0.2727E+02
0.2747E+02
0.2742E+02
0.2743E+02
0.2743E+02
0.2950E+02
0.2736E+02
0.2745E+02
0.2743E+02
0.2743E+02
0.2743E+02
0.2885E+02
0.2744E+02
0.2743E+02
0.2743E+02
0.2743E+02
0.2743E+02
0.2821E+02
0.2752E+02
0.2742E+02
0.2743E+02
0.2743E+02
0.2743E+02
0.2758E+02
0.2760E+02
0.2740E+02
0.2744E+02
0.2743E+02
0.2743E+02
0.2694E+02
0.2768E+02
0.2738E+02
0.2744E+02
0.2743E+02
0.2743E+02
0.2630E+02
0.2776E+02
0.2737E+02
0.2744E+02
0.2743E+02
0.2743E+02
0.2566E+02
0.2785E+02
0.2735E+02
0.2745E+02
0.2743E+02
0.2743E+02
0.2500E+02
0.2794E+02
0.2732E+02
0.2746E+02
0.2743E+02
0.2743E+02
0.2500E+02
0.2786E+02
0.2734E+02
0.2745E+02
0.2743E+02
0.2743E+02
0.2500E+02
0.2779E+02
0.2736E+02
0.2745E+02
0.2743E+02
0.2743E+02
0.2500E+02
0.2773E+02

375%
374 %
79.2%
35.0 %
38.0%
37.3%
374 %
374 %
69.2 %
36.3 %
37.7%
373%
374 %
374 %
59.3 %
37.6 %
374 %
374 %
374 %
374 %
49.4 %
38.8 %
372%
374 %
374 %
374%
39.7%
40.0 %
36.9 %
37.5%
374%
374%
29.9%
41.2%
36.7 %
37.5%
374%
374 %
20.0%
425%
36.4 %
37.6%
374 %
374%
10.1 %
43.8%
36.1 %
37.7%
37.3%
374 %

0.0%
452 %
35.7%
37.8%
37.3%
374 %

0.0%
44.0%
36.0 %
37.7%
37.3%
374%

0.0%
42.9%
36.3 %
37.6%
374%
374%

0.0%
41.9%

-0.1670E+02

-0.3283E+00

-0.3177E+00

-0.3080E+00



0.2738E+02
0.2744E+02
0.2743E+02
0.2743E+02
0.2500E+02
0.2766E+02
0.2739E+02
0.2744E+02
0.2743E+02
0.2743E+02
0.2500E+02
0.2761E+02
0.2740E+02
0.2744E+02
0.2743E+02
0.2743E+02
0.2500E+02
0.2756E+02
0.2741E+02
0.2743E+02
0.2743E+02
0.2743E+02
0.2500E+02
0.2751E+02
0.2742E+02
0.2743E+02
0.2743E+02
0.2743E+02
0.2500E+02
0.2747E+02
0.2743E+02
0.2743E+02
0.2743E+02
0.2743E+02
0.2500E+02
0.2743E+02
0.2744E+02
0.2743E+02
0.2743E+02
0.2743E+02
0.2500E+02
0.2739E+02
0.2744E+02
0.2743E+02
0.2743E+02
0.2743E+02
0.2500E+02
0.2736E+02
0.2745E+02
0.2743E+02
0.2743E+02
0.2743E+02
0.2500E+02
0.2734E+02
0.2745E+02
0.2743E+02
0.2743E+02
0.2743E+02
0.2500E+02
0.2731E+02
0.2746E+02
0.2743E+02
0.2743E+02
0.2743E+02
0.2500E+02
0.2729E+02
0.2746E+02
0.2743E+02
0.2743E+02
0.2743E+02

36.6 %
37.6%
374 %
374%

0.0%
41.0 %
36.8 %
37.5%
374 %
374 %

0.0%
40.1 %
37.0%
37.5%
374 %
374%

0.0%
39.3%
37.1%
374 %
374 %
374 %

0.0%
38.6 %
37.3%
37.4%
374 %
374 %

0.0 %
38.0%
374 %
374%
374 %
374%

0.0 %
374 %
375%
374%
374 %
374%

0.0 %
36.8 %
376 %
374%
374 %
374%

0.0 %
36.4 %
37.7%
37.3%
37.4%
374%

0.0 %
35.9%
37.7%
37.3%
374 %
374%

0.0 %
35.6 %
378 %
37.3%
374 %
374%

0.0 %
352%
378 %
37.3%
374 %
374%

-0.2990E+00

-0.2908E+00

-0.2833E+00

-0.2764E+00

-0.2702E+00

-0.2646E+00

-0.2595E+00

-0.2551E+00

-0.2511E+00

-0.2476E+00

-0.2447E+00
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0.2500E+02
0.2727E+02
0.2746E+02
0.2743E+02
0.2743E+02
0.2743E+02
0.2500E+02
0.2726E+02
0.2746E+02
0.2743E+02
0.2743E+02
0.2743E+02
0.2500E+02
0.2725E+02
0.2747E+02
0.2743E+02
0.2743E+02
0.2743E+02
0.2500E+02
0.2724E+02
0.2747E+02
0.2743E+02
0.2743E+02
0.2743E+02
0.2500E+02
0.2724E+02
0.2747E+02
0.2743E+02
0.2743E+02
0.2743E+02
0.2500E+02
0.2723E+02
0.2747E+02
0.2743E+02
0.2743E+02
0.2743E+02

0.0%
35.0 %
37.9%
37.3%
37.4%
37.4%

0.0%
34.8 %
37.9%
37.3%
37.4%
37.4%

0.0%
34.6 %
37.9%
37.3%
37.4%
37.4%

0.0%
34.5%
37.9%
37.3%
37.4%
37.4%

0.0%
34.4%
38.0 %
37.3%
37.4%
37.4%

0.0%
34.4%
38.0 %
37.3%
37.4%
37.4%

Flow = 2.1907E+01

-0.2422E+00

-0.2402E+00

-0.2386E+00

-0.2375E+00

-0.2369E+00

-0.1183E+00



Figure7.7

SEEP2D M odel

A confined aquifer with a depth of 45 m, and hydraulic conductivities of kn=0.2 cm/sec,
k,=0.0001 cm/sec were defined. The cross-section included 50 m at riverside, 50-m levee base,
100 m at landside. Constant head was defined at riverside and landside of the levee. The figure
of the model is below:

I—11 ¥ ¥ -
gL = mn ; "
- o "‘-'It i — . R = 5 5 5
* .
Cumulative analysis purpose
45 m confined aquifer, T=0.09 m"2/sec

Node Distance (m) Head (m) Head-45(m) i=h/5 s
202 0 48.01 3.01 0.602 39
212 5 47.96 2.96 0.592 ~ 29
222 10 47.92 292 0584 £
232 15 4787 287 0574 g 28
242 20 47.84 2.84 0.568 I 27
252 25 47.8 2.8 0.56 26
262 30 47.77 2.77 0.554 >
272 35 47.74 2.74 0.548 25 ! ! !
282 40 47.71 2.71 0.542 0 25 50 s 100
292 45 47.68 2.68 0.536 Distance from the levee toe (m)
302 50 47.66 2.66 0.532
312 55 47.64 2.64 0.528
322 60 47.62 2.62 0.524
332 65 47.6 26 0.52 0.6 9
342 70 47.59 2.59 0.518 _
352 75 47.58 2.58 0.516 & 058 1
362 80 47.57 2.57 0.514 -,'g 056
372 85 47.56 2.56 0.512 g
382 90 4755 2.55 0.51 2 o054
392 95 47.55 2.55 0.51 z
402 100 47.55 2.55 0.51 0.52 1 {

05

0 25 50 75 100

Distance from the levee toe (m)
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Model Output

45 m confined aquifer, T=0.09 m"2/sec
Number of nodal points------ 410

Number of elements---------- 360

Number of diff. materials-- 1

Elevation of datum---------- 0.000

Unsaturated flow option----- 0

Material Properties

Mat K1 K2 Angle Usparl Uspar2

1 0.1728E+03 0.8600E-01 0.0000E+00 0.1000E-02 0.0000E+00

Node Point Information

Node BC X Y  FHow-head

11 0.00 4500 5150
2 0 0.00  40.00 0.00
30 0.00  35.00 0.00
4 0 0.00  30.00 0.00
50 0.00 25.00 0.00
6 0 0.00  20.00 0.00
7 0 0.00 15.00 0.00
8 0 0.00 10.00 0.00
9 0 0.00 5.00 0.00
10 O 0.00 0.00 0.00
1 1 500 4500 5150
12 0 500 40.00 0.00
13 0 500 35.00 0.00
14 0 500 30.00 0.00
15 0 500 25.00 0.00
16 0 500 20.00 0.00
17 0 500 15.00 0.00
18 0 500 10.00 0.00
19 0 5.00 5.00 0.00
20 O 5.00 0.00 0.00
21 1 1000 4500 5150
22 0 1000 40.00 0.00
23 0 1000 3500 0.00
24 0 1000 30.00 0.00
25 0 1000 25.00 0.00
26 0 1000 20.00 0.00
27 0 1000 15.00 0.00
28 0 1000 10.00 0.00
29 0 1000 5.00 0.00
30 0 10.00 0.00 0.00
31 1 1500 4500 5150
32 0 1500 40.00 0.00
33 0 1500 3500 0.00
34 0 1500 30.00 0.00
35 0 1500 2500 0.00
36 0 1500 20.00 0.00
37 0 1500 1500 0.00
38 0 1500 10.00 0.00
39 0 1500 5.00 0.00
40 0 15.00 0.00 0.00
41 1 2000 4500 5150
42 0 2000 40.00 0.00
43 0 2000 3500 0.00
44 0 2000 30.00 0.00
45 0 2000 2500 0.00
46 0 2000 20.00 0.00
47 0 2000 1500 0.00
48 0 2000 10.00 0.00
49 0 20.00 5.00 0.00
50 0 2000 0.00 0.00
51 1 2500 4500 5150
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50.00
50.00
50.00
55.00
55.00
55.00
55.00
55.00
55.00
55.00
55.00
55.00
55.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
65.00
65.00
65.00
65.00
65.00
65.00
65.00
65.00
65.00
65.00
70.00
70.00
70.00
70.00
70.00
70.00
70.00
70.00
70.00
70.00
75.00
75.00
75.00
75.00
75.00
75.00
75.00
75.00
75.00
75.00
80.00
80.00
80.00
80.00
80.00
80.00
80.00
80.00
80.00
80.00
85.00
85.00
85.00
85.00
85.00
85.00
85.00

10.00
5.00
0.00

45.00

40.00

35.00

30.00

25.00

20.00

15.00

10.00
5.00
0.00

45.00

40.00

35.00

30.00

25.00

20.00

15.00

10.00
5.00
0.00

45.00

40.00

35.00

30.00

25.00

20.00

15.00

10.00
5.00
0.00

45.00

40.00

35.00

30.00

25.00

20.00

15.00

10.00
5.00
0.00

45.00

40.00

35.00

30.00

25.00

20.00

15.00

10.00
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85.00
85.00
85.00
90.00
90.00
90.00
90.00
90.00
90.00
90.00
90.00
90.00
90.00
95.00
95.00
95.00
95.00
95.00
95.00
95.00
95.00
95.00
95.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
105.00
105.00
105.00
105.00
105.00
105.00
105.00
105.00
105.00
105.00
110.00
110.00
110.00
110.00
110.00
110.00
110.00
110.00
110.00
110.00
115.00
115.00
115.00
115.00
115.00
115.00
115.00
115.00
115.00
115.00
120.00
120.00
120.00
120.00
120.00
120.00
120.00
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120.00
120.00
120.00
125.00
125.00
125.00
125.00
125.00
125.00
125.00
125.00
125.00
125.00
130.00
130.00
130.00
130.00
130.00
130.00
130.00
130.00
130.00
130.00
135.00
135.00
135.00
135.00
135.00
135.00
135.00
135.00
135.00
135.00
140.00
140.00
140.00
140.00
140.00
140.00
140.00
140.00
140.00
140.00
145.00
145.00
145.00
145.00
145.00
145.00
145.00
145.00
145.00
145.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00
155.00
155.00
155.00
155.00
155.00
155.00
155.00
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155.00
155.00
155.00
160.00
160.00
160.00
160.00
160.00
160.00
160.00
160.00
160.00
160.00
165.00
165.00
165.00
165.00
165.00
165.00
165.00
165.00
165.00
165.00
170.00
170.00
170.00
170.00
170.00
170.00
170.00
170.00
170.00
170.00
175.00
175.00
175.00
175.00
175.00
175.00
175.00
175.00
175.00
175.00
180.00
180.00
180.00
180.00
180.00
180.00
180.00
180.00
180.00
180.00
185.00
185.00
185.00
185.00
185.00
185.00
185.00
185.00
185.00
185.00
190.00
190.00
190.00
190.00
190.00
190.00
190.00
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0 19000 10.00 0.00
0 190.00 500 0.00
0 190.00 0.00 0.00
1 19500 45.00 45.00
0 19500 40.00 0.00
0 19500 3500 0.00
0 19500 30.00 0.00
0 19500 25.00 0.00
0 19500 20.00 0.00
0 19500 15.00 0.00
0 19500 10.00 0.00
0 195.00 500 0.00
0 195.00 0.00 0.00
1 20000 4500 45.00
0 200.00 40.00 0.00
0 20000 3500 0.00
0 20000 30.00 0.00
0 20000 2500 0.00
0 200.00 20.00 0.00
0 20000 1500 0.00
0 20000 10.00 0.00
0 200.00 500 0.00
0 200.00 0.00 0.00
Nodal Flows and Heads
Percentage of
Head available head
0.5150E+02 100.0 %
0.4700E+02 30.8%
0.4748E+02 38.1%
0.4743E+02 37.4%
0.4743E+02 37.4%
0.4743E+02 37.4%
0.4743E+02 37.4%
0.4743E+02 37.4%
0.4743E+02 37.4%
0.4743E+02 37.4%
0.5150E+02 100.0 %
0.4700E+02 30.7 %
0.4748E+02 38.1%
0.4743E+02 37.4%
0.4743E+02 37.4%
0.4743E+02 37.4%
0.4743E+02 37.4%
0.4743E+02 37.4%
0.4743E+02 37.4%
0.4743E+02 37.4%
0.5150E+02 100.0 %
0.4699E+02 30.6 %
0.4748E+02 38.1%
0.4743E+02 37.4%
0.4743E+02 37.4%
0.4743E+02 37.4%
0.4743E+02 37.4%
0.4743E+02 37.4%
0.4743E+02 37.4%
0.4743E+02 37.4%
0.5150E+02 100.0 %
0.4698E+02 30.5%
0.4748E+02 38.2%
0.4743E+02 37.4%
0.4743E+02 37.4%
0.4743E+02 37.4%

Flow

0.2526E+00

0.5055E+00

0.5064E+00

0.5080E+00
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0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.5150E+02
0.4697E+02
0.4749E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.5150E+02
0.4695E+02
0.4750E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.5150E+02
0.4693E+02
0.4750E+02
0.4742E+02
0.4744E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.5150E+02
0.4690E+02
0.4751E+02
0.4742E+02
0.4744E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.5150E+02
0.4687E+02
0.4753E+02
0.4742E+02
0.4744E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.5150E+02
0.4683E+02
0.4754E+02
0.4741E+02
0.4744E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.5150E+02
0.4679E+02
0.4756E+02
0.4741E+02
0.4744E+02
0.4743E+02

374 %
374 %
374 %
374 %
100.0 %
30.3%
38.3 %
37.3%
375%
374 %
374 %
374 %
374 %
374 %
100.0 %
30.0 %
38.4%
37.3%
375%
374 %
374 %
374 %
374 %
374 %
100.0 %
29.6 %
385%
37.3%
375%
374 %
374 %
374 %
374 %
374 %
100.0 %
292%
38.7 %
372%
375%
374 %
374 %
374 %
374 %
374 %
100.0 %
28.7%
38.9 %
37.2%
375%
374 %
374 %
374 %
374 %
374 %
100.0 %
282%
39.1%
37.1%
375%
374 %
374 %
374 %
37.4%
374%
100.0 %
271.5%
39.3%
37.0%
37.5%
374%

0.5102E+00

0.5130E+00

0.5166E+00

0.5207E+00

0.5256E+00

0.5311E+00

0.3388E+02



0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.5083E+02
0.4692E+02
0.4753E+02
0.4741E+02
0.4744E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.5017E+02
0.4705E+02
0.4750E+02
0.4742E+02
0.4744E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4952E+02
0.4718E+02
0.4747E+02
0.4743E+02
0.4744E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4887E+02
0.4730E+02
0.4745E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4823E+02
0.4741E+02
0.4742E+02
0.4744E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4759E+02
0.4753E+02
0.4740E+02
0.4744E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4694E+02
0.4765E+02
0.4738E+02
0.4745E+02
0.4743E+02
0.4743E+02

374 %
37.4%
37.4%
374 %
89.7 %
29.6 %
38.9 %
37.1%
37.5%
374 %
37.4%
37.4%
374 %
37.4%
79.6 %
31.6 %
38.4%
37.2%
375%
37.4%
37.4%
374 %
37.4%
37.4%
69.5 %
33.5%
38.0%
37.3%
375%
37.4%
374 %
374 %
37.4%
374 %
59.6 %
35.3%
37.7%
374 %
37.4%
374%
374%
37.4%
374 %
374%
49.7 %
37.1%
37.3%
37.5%
374%
374 %
37.4%
374 %
374 %
37.4%
39.8 %
38.9 %
36.9 %
376 %
374%
37.5%
374%
374%
374 %
374%
29.9 %
40.7 %
36.5 %
37.7%
374 %
375%
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0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4630E+02
0.4776E+02
0.4735E+02
0.4745E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4565E+02
0.4788E+02
0.4732E+02
0.4746E+02
0.4743E+02
0.4744E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4500E+02
0.4801E+02
0.4730E+02
0.4747E+02
0.4743E+02
0.4744E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4500E+02
0.4796E+02
0.4731E+02
0.4746E+02
0.4743E+02
0.4744E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4500E+02
0.4792E+02
0.4733E+02
0.4746E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4500E+02
0.4787E+02
0.4735E+02
0.4745E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4500E+02
0.4784E+02
0.4736E+02
0.4745E+02
0.4743E+02
0.4743E+02

374 %
374 %
374 %
374 %
20.0%
425 %
36.2 %
37.8%
37.4%
375%
374 %
374 %
374 %
37.4%
10.0 %
44.4%
35.8%
37.8%
37.3%
375%
374 %
374%
374 %
37.4%

0.0 %
46.3 %
35.3%
37.9%
37.3%
375%
374 %
374%
37.4%
374 %

0.0 %
455 %
35.6 %
379 %
37.3%
375%
374%
37.4%
374 %
374%

0.0%
44.9%
35.9%
37.8%
374%
375%
37.4%
374%
374 %
37.4%

0.0 %
44.2%
36.1%
37.7%
374%
375%
374%
374%
374 %
374 %

0.0 %
43.6 %
36.3 %
37.7%
37.4%
375%

-0.3288E+02

-0.3430E+00

-0.3362E+00

-0.3298E+00

-0.3239E+00



247

249
250
251
252
253

255
256
257
258
259
260
261
262
263

265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283

285
286
287
288
289
290
291
292
293

295
296
297
298
299
300
301
302
303

305
306
307
308
309
310
311
312
313
314
315
316

0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4500E+02
0.4780E+02
0.4737E+02
0.4745E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4500E+02
0.4777E+02
0.4738E+02
0.4744E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4500E+02
0.4774E+02
0.4739E+02
0.4744E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4500E+02
0.4771E+02
0.4740E+02
0.4744E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4500E+02
0.4768E+02
0.4741E+02
0.4744E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4500E+02
0.4766E+02
0.4742E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4500E+02
0.4764E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02

374%
374 %
374 %
374%

0.0%
431 %
36.5 %
37.6%
374 %
374 %
37.4%
374 %
374%
374 %

0.0%
42.6 %
36.7 %
37.6%
374%
374 %
374 %
374 %
374 %
374 %

0.0 %
42.1%
36.8 %
375%
374 %
374 %
374 %
374%
374 %
374%

0.0 %
41.6 %
37.0%
375%
374 %
374%
374%
374 %
374%
374%

0.0%
41.2%
37.1%
37.5%
374%
374%
37.4%
374%
374%
374 %

0.0 %
40.9%
37.2%
374%
375%
374 %
374 %
374%
374 %
374%

0.0 %
40.6 %
37.3%
374%
375%
374%

-0.3184E+00

-0.3133E+00

-0.3087E+00

-0.3044E+00

-0.3005E+00

-0.2970E+00

-0.2938E+00
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0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4500E+02
0.4762E+02
0.4743E+02
0.4743E+02
0.4744E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4500E+02
0.4760E+02
0.4744E+02
0.4743E+02
0.4744E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4500E+02
0.4759E+02
0.4744E+02
0.4743E+02
0.4744E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4500E+02
0.4758E+02
0.4744E+02
0.4743E+02
0.4744E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4500E+02
0.4757E+02
0.4745E+02
0.4743E+02
0.4744E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4500E+02
0.4756E+02
0.4745E+02
0.4743E+02
0.4744E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4500E+02
0.4755E+02
0.4745E+02
0.4743E+02
0.4744E+02
0.4743E+02

374 %
374 %
374 %
374 %

0.0%
40.3 %
374%
37.4%
375%
374 %
374 %
374 %
374 %
37.4%

0.0%
40.0%
375%
374 %
375%
37.4%
374 %
374%
374 %
37.4%

0.0 %
39.8%
375%
374%
375%
37.4%
374 %
374%
37.4%
374 %

0.0 %
39.6 %
376 %
37.3%
375%
374%
374%
37.4%
374 %
374%

0.0%
39.5%
376 %
37.3%
375%
374%
37.4%
374%
374 %
37.4%

0.0 %
394 %
37.7%
37.3%
375%
37.4%
374%
374%
374 %
374 %

0.0 %
39.3%
37.7%
37.3%
37.5%
374%

-0.2910E+00

-0.2886E+00

-0.2865E+00

-0.2847E+00

-0.2832E+00

-0.2821E+00

-0.2813E+00



0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4500E+02
0.4755E+02
0.4745E+02
0.4743E+02
0.4744E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4500E+02
0.4755E+02
0.4745E+02
0.4743E+02
0.4744E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02
0.4743E+02

37.4%
37.4%
37.4%
37.4%

0.0%
39.2%
37.7%
37.3%
37.5%
37.4%
37.4%
37.4%
37.4%
37.4%

0.0%
39.2 %
37.7%
37.3%
37.5%
37.4%
37.4%
37.4%
37.4%
37.4%

Flow = 3.8768E+01

-0.2808E+00

-0.1403E+00
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Transient Analytical M odel with Laplace Transform Method with L eakage out of a
Confined Aquifer for Cumulative Analysis

aT/S=5

S:= 0.005 dimensionless

LS
w=—
60

L:=0.2

r_:\l82w2+ L2
' T

fr(R,1,n) := 2R — 2[R0
gn(R,1,n) := 2RGosh (n

T := 0.02586400 M"2/day

- atan( S

L)
\l82w2+ L2
rn=-—m—
S

osh (N [dos(2MR) + niSinh(n) Sin(20R)
M Sin(2R) + niSinh(n() [dos(2MR)

X_|S
X) =—0— m:= 100
a9 2\/:

{1
m €X
GR,I) = @(p(_ )BI n(2R0) + < mzxp( ) Y )@n(R,I,n)
2R ST P+ AR
[{ 2 )
2 m &g ———
R, :{erf(R) . Mm—cos(zmm))} + 2l -r?) D —”[ﬂn(R,l |
2R T ! n2+4[|322 }
R1(x,1) := rl[ﬂmos( j a\j)_() 11(t) := rl[ﬂﬁin(%)
- 8, a9 [T (9\
R2(x,1) .—mmos(zj + \/_t 12(t) .—\/ﬁﬂ@n 2)
hg:=5 meter
hq := 1.5 meter
1 [ S o)) St (6))
hg(x,t) .—E[ﬁllmos(m[ﬂ)[]ex = ?Etos E} —cos| - ?E'hn E)<[(B(R1(x,t),ll(t))
+sin| = gﬁn(%))m—F(Rl(x,t),ll(t)))
+ex{xD\/: (9\\ —CoS XD\/?BH’](%)%EE(RZ(X 1),12(1) ..
+sin xDEBm(%LEﬂl F(R2(x,t),12(1)))
+§[ﬂllﬁin(w[ﬂ)[]exp(—xD\/§Etos(%D cos(—xD\/?@n(gDml F(R1(x,1),11(t)))
+sin —xD\/?Bm(EBIIB(R](x t),11(t))
+ex;{xD\/§mos(%)) cos(xD\/:Bm(e))EGl F(R2(x,t),12(1))) ..
s gﬁm —\\[(B(RZ(X t),12(t))

N NE N SR

gy
)
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b. T/S=18

s:= 0,005 dimensionless T := 0.0986400 M"2/day
S S
L:=0.2 oo::l 0 := atan —\ a(x) ;:55_ m:= 100
60 L ) 24T

\l 82032 + L2 \l 82032 + L2
r=———m rl=———
T S

fn(R,1,n) := 2[R — 2[R[¢osh (n[) [Gos(2R) + niSinh(n)Sin(20R)
On(R,1,n) := 2[R[¢osh (n) Sin(2[R) + niSinh(n) dos(20R)

-
d-? n en
GR,1) = PR i omm + 2 maxp( ) 0> —“@n(R,l,n)
2R STl P+ AR
p( 2) 3
X _n
AR, 1) ::{erf(R)+MEQ1—cos(2[Rm))} @xp( ) —)[ﬂn(R,In)|
2R 1 2, a2 )
R1(x,t) := rl[ﬂmos( j a\j)_() 11(t) := rl[ﬂﬁin(%)
R2(x,1) ::\/Eﬂﬁtos(e\ A 12(t) —\/ﬁﬂ@n(e\
)t )
hg:=5 meter
h1:=1.5 meter

hyg(X 1) ::—;[ﬂllmos(m[ﬂ)[;ex;{—@\/?mos(%) —cos —xDj: (%Q@(Rux,t),mt))
(%L

+sin gﬁhn UE@l F(R2(x,t),12(1)))
+—;[511Bin(oo[ﬂ)[]ex;{ m#im (9“ cos(—xl] gﬁln(2))m1 F(RI(x, 1), 11(t)))
B, ()

+sin| - —I[Sin [G(R1(x,t),11(t))
( T ( J)

+sin| X gﬁm E(B(RZ(X t), I2(t))

ST R
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+ex[{xD\/§mos(%}\ cos (m\/?@m(e))ml F(R2(x, 1), 12(1))) ...




c. T/S=500
s:=0.0000= dimensionless T := 0.02586400 M2/day

L:=0.2 oo::1 0 := atan @\ ax) ::ZD§
60 L ) 24T

m:= 100
(o= \l82m2+ L2 = \l82m2+ L2
e e
fn(R,1,n) := 2[R — 2[R[¢osh (n[) [Gos(2R) + niSinh(n)Sin(20R)
On(R,1,n) := 2[R[¢osh (n) Sin(2[R) + niSinh(n) dos(20R)
{1
d-=2 m e
GR,1) = PR i omm + 2 E&xp( ) 0> —“@n(R,l,n)
2R STl P+ AR
{ 2 )
5 -
AR, 1) :{erf(R) +Mm1—cos(2|]}?[ﬂ))} @xp( ) —)[ﬂn(R,I |
2TR 1 n2+4DRZ )
0), a . (9\
R1(x,t) := rl[ﬂmos( 12(t) ;= —/rliSin| —
)" Vi 2)
R2(x,1) ::\/Eﬂﬁtos(e\ A 12(t) —\/ﬁﬂ@n(e\
VR )
hg:=5 meter
h1:=1.5 meter

hsoo(X,t) :=§Eﬂ\1mos(m[ﬂ)mexp( @\/7 mos(e\\ —cos| - XDE
)

(%JQMXRuxoluo)
6)
(EU

+sin Sin

-cos m]\/ﬁ@n(g\\@(m(x 1), 12(t)) ..
T 2
(E
2

+ gn(—@@in( 0 D[(B(Rl(x t), 1(t))

+sm(x|]\/§@n “IZ(B(RZ(X t), I2(t))

ol [ D 1
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[01 - F(R1(x,1),11(1)))

11 - F(R2Ax.Y), 11)))
)]

/
+§[ﬂ11@n(w[ﬂ)_[]exp( xD\/:Etos(e\\ cos(—xD\/?Bm(i))Ml— F(RI(x, 1), 11(t)))
+ex;{>d]\/ﬁ (e\\ cos (xD\/?@n(e))EQl F(R2(x, 1), 12(t))) ...




d. T/S=1800

S:= 0.0000= dimensionless

_ It

L:=0.2 :
60

[ 2
[o= 8203 + L2
' T

)

L)

0= atan(

\l 82032 + L2
rl=———
S

T := 0.0986400 M"2/day

X_|S
X =—0— m:= 100
a9 2\/:

fn(R,1,n) := 2[R — 2[R[¢osh (n[) [Gos(2R) + niSinh(n)Sin(20R)
On(R,1,n) := 2[R[¢osh (n) Sin(2[R) + niSinh(n) dos(20R)

{1
d-=2 m e
GR,1) = PR i omm + 2 E&xp( ) 0> —“@n(R,l,n)
2R STl P+ AR
[{ 2 )
5 -
AR, 1) ::{erf(R)+MEQ1—cos(2[Rm))} @xp( ) —)[ﬂn(R,I |
2TR 1 n2+4DR2 )
R1(x,t) := rl[ﬂmos( j a\j)_() 11(t) := rl[ﬂﬁin(%)
R2(x,1) ::\/Eﬂﬁtos(e\ A 12(t) —\/ﬁﬂ@n(e\
VR )
hg:=5 meter
h1:=1.5 meter
h1s00(X, t) ::%[ﬁllmos(m[ﬂ)[]ex;{ mjﬁmos(e\\ —C0S —@ﬁn(%)\[@(m(x t),12(t)) ..
(ST 2\<
+din A]\/:Bm(zﬂm F(R(x,t),11(t)))

RN
2))

el

+ imlﬁin(w[ﬂ)_[] exp( XDF Etos( 81)

Ao

wfefEel)

[GRZAX,1),1A1)) ..

[01 - FR1(x,1),11(1)))

2
o &)
U

)
Vi - FRax . 1209)
/)
o))
J)

+sin( -

[G(RI(x, 1), 11(1))

S
cos| x] [Sin 1-FR2x,1),12(t))) ...
(/T (UEG (RA(x,t),12(1)))

S
+sin| X —&8in| —
T

\EG(RZ(X 1), 12(1))

3f o)
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Head Development with L=0.36 1/d, for different T/Sratios, a,b,c,d=5,18,500,1800

Figure7.8
t:=30 day
X:=100..200 m
5
hg(x, 30) R
€ hug(x,30) e
E hsoo(x, 30) T~ B
3+ \\\\ —
hagoo(X, 30) T
— . 25 TS —~— —
2 | | | | ]
100 120 140 160 180 200

hs(100, 30) = 3.408
h5(200,30) = 2.225

z:=5m

i5(x,t) := —;EE15(X, t)

Distance from the levee toe (m)
h15(100,30) = 4.51 h500(100,30) = 3.41
h15(200,30) = 3.312 h500(200, 30) = 2.229

h1g800(100,30) = 4.511
h1800(200, 30) = 3.313

. 1 . 1 . 1
i18(X,1) = > M1g(x,t) i500(X,t) == > Msoo(x,t)  i1800(Xt) == > h1g00(X t)

Figure7.9
t:=30
x:= 100.. 200
1
093~
£ i5(x,30) o085

g i15(x, 30) 0.78 [~

g i500(X, 30) \\\\\\\
© ~—~—— ]
> T~
T I1800(X1 30) 055 - T~ ]
—_ - T ~—~——
048 ~—— ]
| | | |
0.4
100 120 140 160 180 200

i5(100,30) = 0.682
i5(200,30) = 0.445

X
Distance from the levee toe (m)
i18(100,30) = 0.902 i500(100,30) = 0.682
i18(200,30) = 0.662 i500(200,30) = 0.446

i1500(100, 30) = 0.902
i1500(200, 30) = 0.663
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Head Development with L=0.36 1/d, for different T/Sratios, a,b,c,d=5,18,500,1800

aT/S=5

S:= 0.005 dimensionless

LS
w=—
60

L:=0.36

[ 2
(o= 8203 + L2
' T

T := 0.02586400 M"2/day

6 atan( S

L)
/ 2 2 2
S +
rl:m—L
S

fn(R,1,n) := 2[R — 2[RI¢osh (n[) [Gos(2R) + niSinh(n)Sin(20R)

gn(R,1,n) := 2RGosh (n

M Sin(2R) + niSinh(n() [dos(2MR)

X_|S
X =—0— m:= 100
a9 2\/:

{4
m €X
GR,I) = el )Bl (2R + = @xp( )5 0> )@n(R,I,n)
2R STl P+ AR
p( 2 )
2 m &g -
FR,I) :{erf(R) . ME@l—cos(ZlR[ﬂ))} + 2d-r?) D —”[ﬂn(R,l |
2TR T ! n2+4[IR2 }
R1(x,t) := rl[ﬂmos( j a\j)_() 11(t) := rl[ﬂﬁin(%)
- 8, a9 - (2\
R2(x,1) .—\/Eﬂﬁtos(zj + \/_t 12(t) .—\/ﬁﬂ@n 2)
hg:=5 meter
hq := 1.5 meter
1 [ S o)) St (6))
hg(x,t) .—E[ﬁllmos(m[ﬂ)[]ex = ?Etos E} —cos| - ?E'hn E)<[(B(R1(x,t),ll(t))
+sin| = g&n(%))m—F(R](x,t),ll(t)))
+ex{xD\/: (9\\ —CoS XD\/?BH’](%)%EE(RZ(X 1),12(1) ..
+sin xDEBm(%LEﬂl F(R2(x,t),12(1)))
+§[ﬂllﬁin(w[ﬂ)[]exp(—xD\/§Etos(%D cos(—xD\/?@n(gDml F(R1(x,1),11(t)))
+sin —xD\/?Bm(EBIIB(R](x t),11(t))
+ex;{xD\/§mos(%)) cos(xD\/:Bm(e))EGl F(R2(x,t),12(1))) ..
S gﬁm —\\[(B(RZ(X t),12(t))

N NE N SR

gy

224

i)




b. T/S=18

s:=0.005 dimensionless T := 0.0986400 M2/day
S S
L:=0.36 oo::l 0 = aan —\ ax) ;:55 — m:=100
60 L ) 24T

\l 82032 + L2 \l 82032 + L2
r=———m rl=———
T S

fn(R,1,n) := 2[R — 2[R[¢osh (n[) [Gos(2R) + niSinh(n)Sin(20R)
On(R,1,n) := 2[R[¢osh (n) Sin(2[R) + niSinh(n) dos(20R)

-
d-? n en
GR,1) = PR i omm + 2 maxp( ) 0> —“@n(R,l,n)
2R STl P+ AR
p( 2) 3
X _n
AR, 1) ::{erf(R)+MEQ1—cos(2[Rm))} @xp( ) —)[ﬂn(R,In)|
2R 1 2, a2 )
R1(x,t) := rl[ﬂmos( j a\j)_() 11(t) := rl[ﬂﬁin(%)
R2(x,1) ::\/Eﬂﬁtos(e\ A 12(t) —\/ﬁﬂ@n(e\
)t )
hg:=5 meter
h1:=1.5 meter

hyg(X 1) ::—;[ﬂllmos(m[ﬂ)[;ex;{—@\/?mos(%) —cos —xDj: (%Q@(Rux,t),mt))
(%L

+sin gﬁhn UE@l F(R2(x,t),12(1)))
+—;[511Bin(oo[ﬂ)[]ex;{ m#im (9“ cos(—xl] gﬁln(2))m1 F(RI(x, 1), 11(t)))
B, ()

+sin| - —I[Sin [G(R1(x,t),11(t))
( T ( J)

+sin| X gﬁm E(B(RZ(X t), I2(t))

ST R
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+ex[{xD\/§mos(%}\ cos (m\/?@m(e))ml F(R2(x, 1), 12(1))) ...




c. T/S=500

S:= 0.0000= dimensionless

L:=0.36

2
. VLo + 12
' T

wi=—
60

T :=0.02586400 M"2/day

S®) _x s
0 —atan( ] } ax = ZD\/; m:=100

’ 2 2 2
S +
S

fr(R,1,n) := 2R — 2[R[¢osh (n[) [dos(2R) + ni&inh(n)Sin(20R)
On(R, I, n) := 2[RGosh (M) [Sin(2IR) + niSinh(nI) [cos(20RM)

{1
<) m e
GR,1) = PR ginemm + 2 @xp( ) 0> 4}@n(R,I,n)
2R STl P+ AR
[{ 2 )
5 -_—
KR, 1) :{erf(R) + Mml—cos(zmm))} @xp( ) )[ﬂn(R,I,n) |
2R o 1 n’ + 4R )
R1(x,t) := —\/rltﬂﬁtos( ) a\j)_() 11(t) := —Jrl[ﬂ@in(%)
R2(x,t) := rl[ﬂmos( j a\j)_() 12(t) := rltﬂﬁin(%)
hp:=5 meter
h1:=1.5 meter
hsgg(X, t) ::—;[hlﬁtos(w[ﬂ)[]exp( >G\/7 (9“ —CoS —XDE (%}%[@(Rl(x 10, 11(0) ..
+sin| —x(J gﬁm(%btm F(R1(x,t),11(t)))
p(xD\/ﬁ (e“ —Cos M]\/@ﬁn(g\\@(m(x t),12(t)) ..
T 2) <
+sin A]\/?Bm(%b[@l F(RAx,t),12(t)))
+%mlﬁin(w[ﬂ)[]eXp(—xD\/7m (9“ cos(—xﬁ@n(g))ml F(RI(x, 1), 11(t)))
+sm(—>d]\/:@n( DEG(R](X t),11(t))
+exp(>d]\/§&tos(%) cos(xD\/?Bin(eDml F(R2(x,t),12(1))) ...
+sm(xD\/ﬁ (e“[(B(RZ(x t), I2(t))

ol 3 D

d. T/S=1800
S:=0.0000= dimensionless

T := 0.0986400 M"2/day
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Sldo
L:=0.36 w.=— 0 :=atan| —

X_[|S
X) =—0— m:= 100
a9 2\] T
Lo+ 12 Lo+ 12
r=—— ri=—-——
T S

fr(R,1,n) := 2R — 2[R[¢osh (n[) [dos(2R) + ni&inh(n)Sin(20R)
On(R,1,n) := 2[RGosh (nM) [Sin(2IR) + niSinh(nl) [dos(20RM)

D

o:i
TN

[
~—

@n(Z[IR[I])+ @xp( )

AR, 1) === Gn(R,1,1n)
=1 N + 4R
{nﬂ )
2 _

HRJ):{GKR)+Eﬂijilm1-cwﬂﬂRﬂw} EMA ) -———JiimMRJ,m|

2[R n:1 24 4R )
RI(x,t) ===/ rltﬂmos( ) a\j)_() 11(t) = _\/Eﬂ@m(%)
R2(x,t) := rltﬂmos( ) a\j)_() 12(t) := rlm@n(%)
hg:=5 meter
h1:=15 meter

h1500(X, t) :zi[ﬂllﬁtos(w[ﬂ)[ p{ xI]\/7m (9\\ —COS| — gﬁn(%)gE(B(R](x ), 12(1) ..
+sin —@@n(%))m F(R1(x,t),11(t)))
p(@\/ﬁ (9“ —C0S xﬂjﬁﬁln(g
T 2
. (g
2

i )
+%Mﬂ§n@ﬂm {}@J_ﬁ (9\\<m%}%j§§mn(z)) 1 - FRYx,t),1L1)))
E\

[G(RI(x, 1), 1(t))

?Bm \\IIB(RZ(X t),12(t))

o
ol o575 [ )
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T
EL TN
+exp(>d]\/?ﬁtos( cos(xl]\/:@n( )m1 F(RZAx,t),12(1))) ...
. 0




Figure7.10

t:=30day
X:=100..200 m

hs(x, 30)

E h18(X, 30)

h1g00(X, 30)

hs(100, 30) = 2.872
hs(200,30) = 1.872

z=5 m

i5(x,t) := —i[ﬂ\g,(x, t)

Figure7.11
t:=30 x:=100.. 200
I
09~ .
= i5(x, 30) 0.8~ _ T
g i1g(x,30) 07" e |
Q- 06 S~ T
g i500(x, 30) ~——
ke 5 T~ .
> —
T i1800(%,30) g4 —— ]
03[ 1
| | | |
0.2
100 120 140 160 180

5

433

367 T~

233 Te—

167

1
100 140 160

X

Distance from the levee toe (m)
h15(100, 30) = 4.031
h15(200,30) = 2.781

1
i18(x,1) := > [h1g(x,t)

200

hsoo(100,30) = 2.875
hsoo(200,30) = 1.878

Distance from the levee toe (m)

200

i5(100,30) = 0.574
i5(200,30) = 0.374

i15(100,30) = 0.806
i15(200,30) = 0.556

i500(100,30) = 0.575
i500(200,30) = 0.376

228

h1800(100, 30) = 4.032
h1g800(200,30) = 2.782

_ 1 _ 1
i500(%:t) == > (hsoo(x,t)  i1800(Xt) = S h1g00(X t)

i1800(100, 30) = 0.806
i1800(200,30) = 0.556



Figure7.12

SEEP2D Model

An unconfined aquifer with a depth of 25 m, and hydraulic conductivities of k,=0.1 cm/sec,
k,=0.0001 cm/sec were defined. The cross-section included 50 m at riverside, 50-m levee base,
100 m at landside. Constant head boundary was defined at riverside and exit face boundary was
defined at landside of the levee. The figure of the model is below:

: [l e
B — - ; - " . R : - —y—r—1-1 1
x. - . ' . . .
For cumulative analysis
25m exit face, T=0.025 m"2/sec
Node Distance (m) Head (m) Head-25 (m) i=h/z 3-5‘
3.4
122 0 28.45 3.45 0.69 3.3 1
128 5 28.38 3.38 0.676 g 321
134 10 28.29 3.29 0.658 = 314
140 15 28.2 3.2 0.64 '§ 31
146 20 28.12 3.12 0.624 T 29;
152 25 28.05 3.05 0.61 2.8 1
158 30 27.98 2.98 0.596 2.7 1
164 35 27.93 2.93 0.586 26
170 40 27.88 2.88 0.576 0 25 50 7 100
176 45 27.83 2.83 0.566 Distance from the levee toe (m)
182 50 27.79 2.79 0.558
188 55 27.76 2.76 0.552
194 60 27.73 2.73 0.546 07 4
200 65 27.7 2.7 0.54 0.68 1
206 70 27.68 2.68 0.536 z 0.66 +
212 75 27.66 2.66 0.532 3 82‘2‘
218 80 27.65 2.65 0.53 s
224 85 27.64 2.64 0.528 S o5
230 90 27.63 2.63 0.526 S 056 |
236 95 27.63 2.63 0.526 T o054
242 100 27.62 2.62 0.524 0.52 g
0.5 ‘ ‘ ‘
0 25 50 75 100

Distance from the levee toe (m)

Note: Node numbers 122 to 242 are located at 5 m below the landside of the levee.
Model Output

Plane flow problem
25m exit face, T=0.025 m"2/sec
Number of nodal points------ 246

Number of elements---------- 200
Number of diff. materials—- 1
Elevation of datum---------- 0.000
Unsaturated flow option----- 0

Material Properties
Mat K1 K2 Angle Usparl  Uspar2
1 0.8640E+02 0.8600E-0O1 0.0000E+00 0.1000E-02 0.0000E+00
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Node BC

O©CoO~NOODWNPE

Node Point Information

0COoOO0OOPRPOO0OO0OO0OORPROOOOO0ORrROO0OO0OO0OOROODOOORrROOOO0OO0ORrROO0OO0OO0OOROOOOORrROO0OO0OO0OO0OrROOOOORrROOOOOR

X

Y  Fow-head
2500 3150
20.00 0.00
15.00 0.00
10.00 0.00
5.00 0.00
0.00 0.00
2500 3150
20.00 0.00
15.00 0.00
10.00 0.00
5.00 0.00
0.00 0.00
2500 3150
20.00 0.00
15.00 0.00
10.00 0.00
5.00 0.00
0.00 0.00
2500 3150
20.00 0.00
15.00 0.00
10.00 0.00
5.00 0.00
0.00 0.00
2500 3150
20.00 0.00
15.00 0.00
10.00 0.00
5.00 0.00
0.00 0.00
2500 3150
20.00 0.00
15.00 0.00
10.00 0.00
5.00 0.00
0.00 0.00
2500 3150
20.00 0.00
15.00 0.00
10.00 0.00
5.00 0.00
0.00 0.00
2500 3150
20.00 0.00
15.00 0.00
10.00 0.00
5.00 0.00
0.00 0.00
2500 3150
20.00 0.00
15.00 0.00
10.00 0.00
5.00 0.00
0.00 0.00
2500 3150
20.00 0.00
15.00 0.00
10.00 0.00
5.00 0.00
0.00 0.00
2500 3150
20.00 0.00
1500 0.00
10.00  0.00
500 0.00
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eNol VNeoloNoloNol VleloNoloNol VN eloNoloNoNoloNololoNololoNoloNoN oNoloNololoNoNolo N oloNeoN o oloNoloNoNoNoloNoloNoNoNoloNoNoloNoloNeoNoNoloNoNoNe]

50.00
55.00
55.00
55.00
55.00
55.00
55.00
60.00
60.00
60.00
60.00
60.00
60.00
65.00
65.00
65.00
65.00
65.00
65.00
70.00
70.00
70.00
70.00
70.00
70.00
75.00
75.00
75.00
75.00
75.00
75.00
80.00
80.00
80.00
80.00
80.00
80.00
85.00
85.00
85.00
85.00
85.00
85.00
90.00
90.00
90.00
90.00
90.00
90.00
95.00
95.00
95.00
95.00
95.00
95.00
100.00
100.00
100.00
100.00
100.00
100.00
105.00
105.00
105.00
105.00
105.00
105.00
110.00
110.00
110.00



OQOOOONOOOOONOOOOONOOOOONOOOOONOOODOONOOOOONODOODOONODOODOONOOO

110.00
110.00
110.00
115.00
115.00
115.00
115.00
115.00
115.00
120.00
120.00
120.00
120.00
120.00
120.00
125.00
125.00
125.00
125.00
125.00
125.00
130.00
130.00
130.00
130.00
130.00
130.00
135.00
135.00
135.00
135.00
135.00
135.00
140.00
140.00
140.00
140.00
140.00
140.00
145.00
145.00
145.00
145.00
145.00
145.00
150.00
150.00
150.00
150.00
150.00
150.00
155.00
155.00
155.00
155.00
155.00
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155.00
160.00
160.00
160.00
160.00
160.00
160.00
165.00
165.00
165.00
165.00
165.00
165.00
170.00
170.00
170.00
170.00
170.00
170.00
175.00
175.00
175.00
175.00
175.00
175.00
180.00
180.00
180.00
180.00
180.00
180.00
185.00
185.00
185.00
185.00
185.00
185.00
190.00
190.00
190.00
190.00
190.00
190.00
195.00
195.00
195.00
195.00
195.00
195.00
200.00
200.00
200.00
200.00
200.00
200.00



Nodal Flows and Heads

Node

©CoO~NOOhAWNPE

Head

0.3150E+02
0.2779E+02
0.2785E+02
0.2786E+02
0.2785E+02
0.2785E+02
0.3150E+02
0.2779E+02
0.2785E+02
0.2786E+02
0.2785E+02
0.2785E+02
0.3150E+02
0.2778E+02
0.2785E+02
0.2786E+02
0.2785E+02
0.2785E+02
0.3150E+02
0.2777E+02
0.2786E+02
0.2786E+02
0.2785E+02
0.2785E+02
0.3150E+02
0.2775E+02
0.2786E+02
0.2785E+02
0.2785E+02
0.2785E+02
0.3150E+02
0.2772E+02
0.2787E+02
0.2785E+02
0.2785E+02
0.2785E+02
0.3150E+02
0.2768E+02
0.2788E+02
0.2785E+02
0.2785E+02
0.2785E+02
0.3150E+02
0.2764E+02
0.2789E+02
0.2785E+02
0.2786E+02
0.2785E+02
0.3150E+02
0.2760E+02
0.2791E+02
0.2784E+02
0.2786E+02
0.2785E+02
0.3150E+02
0.2754E+02
0.2792E+02
0.2784E+02
0.2786E+02
0.2785E+02
0.3150E+02
0.2748E+02
0.2794E+02
0.2783E+02

Percentage of

available head

100.0 %
43.0 %
43.8 %
44.0%
43.9 %
43.9 %

100.0 %
42.9 %
43.8 %
44.0 %
439 %
439 %

100.0 %
42.8 %
439 %
44.0 %
439 %
439 %

100.0 %
42.6 %
439 %
43.9 %
43.9 %
439 %

100.0 %
422 %
44.0 %
43.9 %
43.9 %
439 %

100.0 %
41.8 %
44.1%
43.9 %
43.9 %
439 %

100.0 %
41.3 %
443 %
43.8 %
43.9 %
439 %

100.0 %
40.7 %
445 %
43.8 %
439 %
439 %

100.0 %
39.9 %
44.7 %
43.7 %
43.9 %
439 %

100.0 %
39.1%
45.0 %
43.7 %
44.0 %
439 %

100.0 %
38.2%
453 %
43.6 %

Flow

0.2029E+00

0.4062E+00

0.4076E+00

0.4098E+00

0.4130E+00

0.4172E+00

0.4223E+00

0.4284E+00

0.4355E+00

0.4436E+00

0.1727E+02
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0.2786E+02
0.2785E+02
0.3083E+02
0.2759E+02
0.2792E+02
0.2784E+02
0.2786E+02
0.2785E+02
0.3017E+02
0.2770E+02
0.2789E+02
0.2784E+02
0.2786E+02
0.2785E+02
0.2952E+02
0.2779E+02
0.2787E+02
0.2785E+02
0.2786E+02
0.2785E+02
0.2887E+02
0.2788E+02
0.2785E+02
0.2785E+02
0.2785E+02
0.2785E+02
0.2824E+02
0.2797E+02
0.2784E+02
0.2786E+02
0.2785E+02
0.2785E+02
0.2760E+02
0.2806E+02
0.2782E+02
0.2786E+02
0.2785E+02
0.2785E+02
0.2696E+02
0.2815E+02
0.2780E+02
0.2786E+02
0.2785E+02
0.2785E+02
0.2632E+02
0.2824E+02
0.2778E+02
0.2787E+02
0.2785E+02
0.2785E+02
0.2567E+02
0.2834E+02
0.2775E+02
0.2787E+02
0.2785E+02
0.2786E+02
0.2500E+02
0.2845E+02
0.2773E+02
0.2788E+02
0.2785E+02
0.2786E+02
0.2500E+02
0.2838E+02
0.2774E+02
0.2788E+02
0.2785E+02
0.2786E+02
0.2516E+02

44.0 %
439 %
89.6 %
39.9%
449 %
43.7 %
44.0 %
439 %
79.5%
415%
445 %
43.7 %
439 %
439 %
69.5 %
429 %
442 %
43.8 %
439 %
439 %
59.6 %
443 %
439 %
439 %
439 %
439 %
49.8 %
45.7 %
43.6 %
439 %
439 %
439 %
40.0 %
47.0%
433 %
44.0 %
43.9%
43.9 %
30.2%
48.4 %
431 %
44.1 %
439 %
439 %
20.3%
49.8 %
42.7%
44.1 %
43.8 %
43.9 %
10.2 %
51.4 %
42.4%
442 %
43.8 %
43.9 %

0.0%
53.0%
41.9 %
44.3 %
43.8 %
43.9 %

0.0%
52.1%
42.2%
44.3 %
43.8 %
43.9 %

24%

-0.1698E+02

-0.4273E+01

-0.5684E-13



0.2829E+02
0.2777E+02
0.2787E+02
0.2785E+02
0.2786E+02
0.2530E+02
0.2820E+02
0.2779E+02
0.2787E+02
0.2785E+02
0.2785E+02
0.2543E+02
0.2812E+02
0.2781E+02
0.2786E+02
0.2785E+02
0.2785E+02
0.2554E+02
0.2805E+02
0.2782E+02
0.2786E+02
0.2785E+02
0.2785E+02
0.2565E+02
0.2798E+02
0.2784E+02
0.2785E+02
0.2785E+02
0.2785E+02
0.2574E+02
0.2793E+02
0.2785E+02
0.2785E+02
0.2785E+02
0.2785E+02
0.2583E+02
0.2788E+02
0.2786E+02
0.2785E+02
0.2785E+02
0.2785E+02
0.2590E+02
0.2783E+02
0.2787E+02
0.2785E+02
0.2785E+02
0.2785E+02
0.2597E+02
0.2779E+02
0.2787E+02
0.2785E+02
0.2785E+02
0.2785E+02
0.2603E+02
0.2776E+02
0.2788E+02
0.2785E+02
0.2785E+02
0.2785E+02
0.2608E+02
0.2773E+02
0.2788E+02
0.2785E+02

50.5 %
42.6 %
442 %
43.8%
43.9 %

4.6 %
49.2%
42.9 %
441 %
43.9%
43.9 %

6.5%
48.0%
432 %
44.0 %
43.9%
43.9 %

83 %
46.9 %
434 %
44.0 %
43.9%
43.9 %
10.0 %
45.9%
43.7%
43.9 %
43.9%
43.9%
11.4%
45.0%
43.8%
43.9 %
43.9%
43.9%
12.7%
443 %
44.0%
43.9 %
43.9%
43.9%
13.9%
43.6 %
441 %
43.8 %
43.9%
43.9%
149 %
43.0%
44.2%
43.8 %
43.9%
43.9%
158 %
424 %
443 %
43.8 %
43.9%
43.9%
16.6 %
42.0%
443 %
43.8 %

0.1705E-12

0.3979E-12

-0.5684E-13

-0.5684E-13

-0.5684E-13

0.1137E-12

0.4547E-12

-0.1137E-12

0.5684E-13

0.0000E+00
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0.2785E+02
0.2785E+02
0.2613E+02
0.2770E+02
0.2788E+02
0.2785E+02
0.2785E+02
0.2785E+02
0.2616E+02
0.2768E+02
0.2789E+02
0.2785E+02
0.2785E+02
0.2785E+02
0.2620E+02
0.2766E+02
0.2789E+02
0.2785E+02
0.2785E+02
0.2785E+02
0.2622E+02
0.2765E+02
0.2789E+02
0.2785E+02
0.2785E+02
0.2785E+02
0.2624E+02
0.2764E+02
0.2789E+02
0.2785E+02
0.2785E+02
0.2785E+02
0.2626E+02
0.2763E+02
0.2789E+02
0.2785E+02
0.2785E+02
0.2785E+02
0.2627E+02
0.2763E+02
0.2789E+02
0.2785E+02
0.2785E+02
0.2785E+02
0.2627E+02
0.2762E+02
0.2789E+02
0.2785E+02
0.2785E+02
0.2785E+02

439 %
43.9 %
17.3%
41.6 %
44.4 %
43.8 %
439 %
43.9 %
17.9%
41.3%
44.4 %
43.8 %
439 %
43.9 %
184 %
41.0 %
44.4 %
43.8 %
439 %
43.9 %
18.8 %
40.8 %
445 %
43.8 %
439 %
43.9 %
191 %
40.6 %
445 %
43.8 %
439 %
439 %
193 %
40.5 %
445 %
43.8 %
439 %
439 %
195 %
40.4 %
445 %
43.8 %
439 %
439 %
195 %
40.4 %
445 %
43.8 %
439 %
439 %

Flow = 2.1252E+01

0.1705E-12

-0.1705E-12

0.0000E+00

0.1137E-12

-0.5684E-13

-0.5684E-13

0.5116E-12

-0.1705E-12



Figure7.13

SEEP2D Model

An unconfined aquifer with a depth of 45 m, and hydraulic conductivities of k,=0.2 cm/sec,
k,=0.0001 cm/sec were defined. The cross-section included 50 m at riverside, 50-m levee base,
100 m at landside. Constant head boundary was defined at riverside and exit face boundary was
defined at landside of the levee. Thefigureis below:

e o EEH e s e i e e R |
| H L&
‘ = . . o
For cumulative analysis
45m exit face, T=0.09 m"2/sec
Node Distance (m) Head (m) Head-45(m) i=h/z 34 )
3.3 1
202 0 48.35 3.35 0.67 .
212 5 48.31 3.31 0.662 g
222 10 48.24 3.24 0.648 = 317
232 15 48.18 3.18 0.636 8 s
242 20 48.13 3.13 0.626 T,
252 25 48.08 3.08 0.616
262 30  48.03 3.03  0.606 281 g
272 35 47.99 2.99 0.598 2.7 : : :
282 40 47.95 2.95 0.59 0 25 50 s 100
292 45 47.92 2.92 0.584 Distance from the levee toe (m)
302 50 47.89 2.89 0.578
312 55 47.86 2.86 0.572
322 60 47.84 2.84 0.568 068 1
332 65 47.82 2.82 0.564 0.66
342 70 47.8 2.8 0.56 2 064 ]
352 75 47.78 2.78 0.556 5
362 80 47.77 2.77 0.554 5 0.62 7
372 85 47.76 2.76 0.552 S 06+
382 90 47.76 2.76 0.552 S 58
392 95 47.75 2.75 0.55 *
402 100 4775 275 0.55 0561 {
0.54 ‘ ‘ ‘
Flow = 38.272 0 2 50 s 100

Distance from the levee toe (m)

Note: Node numbers 202 to 402 are located at 5 m below the landside of the levee.
Model Output

Plane flow problem
45m exit face, T=0.09 m"2/sec
Number of nodal points------ 410

Number of elements---------- 360

Number of diff. materials-- 1

Elevation of datum---------- 0.000

Unsaturated flow option----- 0

Material Properties

Mat K1 K2 Angle Usparl  Uspar2

1 0.1728E+03 0.8600E-01 0.0000E+00 0.1000E-02 0.0000E+00
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Node BC
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Node Point Information
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X

Y

Flow-head
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60.00

60.00
60.00
60.00
60.00
60.00
60.00
65.00
65.00

25.00
20.00
15.00
10.00

5.00

0.00
45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00

5.00

0.00
45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00

5.00

0.00
45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00

5.00

0.00
45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00

5.00

0.00
45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00

5.00

0.00
45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00

5.00

0.00
45.00
40.00
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65.00
65.00
65.00
65.00
65.00
65.00
65.00
65.00
70.00
70.00
70.00
70.00
70.00
70.00
70.00
70.00
70.00
70.00
75.00
75.00
75.00
75.00
75.00
75.00
75.00
75.00
75.00
75.00
80.00
80.00
80.00
80.00
80.00
80.00
80.00
80.00
80.00
80.00
85.00
85.00
85.00
85.00
85.00
85.00
85.00
85.00
85.00
85.00
90.00
90.00
90.00
90.00
90.00
90.00
90.00
90.00
90.00
90.00
95.00
95.00
95.00
95.00
95.00
95.00
95.00
95.00
95.00
95.00
100.00
100.00

35.00
30.00
25.00
20.00
15.00
10.00

5.00

0.00
45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00

5.00

0.00
45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00

5.00

0.00
45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00

5.00

0.00
45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00

5.00

0.00
45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00
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100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
105.00
105.00
105.00
105.00
105.00
105.00
105.00
105.00
105.00
105.00
110.00
110.00
110.00
110.00
110.00
110.00
110.00
110.00
110.00
110.00
115.00
115.00
115.00
115.00
115.00
115.00
115.00
115.00
115.00
115.00
120.00
120.00
120.00
120.00
120.00
120.00
120.00
120.00
120.00
120.00
125.00
125.00
125.00
125.00
125.00
125.00
125.00
125.00
125.00
125.00
130.00
130.00
130.00
130.00
130.00
130.00
130.00
130.00
130.00
130.00
135.00
135.00
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135.00
135.00
135.00
135.00
135.00
135.00
135.00
135.00
140.00
140.00
140.00
140.00
140.00
140.00
140.00
140.00
140.00
140.00
145.00
145.00
145.00
145.00
145.00
145.00
145.00
145.00
145.00
145.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00
155.00
155.00
155.00
155.00
155.00
155.00
155.00
155.00
155.00
155.00
160.00
160.00
160.00
160.00
160.00
160.00
160.00
160.00
160.00
160.00
165.00
165.00
165.00
165.00
165.00
165.00
165.00
165.00
165.00
165.00
170.00
170.00
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170.00
170.00
170.00
170.00
170.00
170.00
170.00
170.00
175.00
175.00
175.00
175.00
175.00
175.00
175.00
175.00
175.00
175.00
180.00
180.00
180.00
180.00
180.00
180.00
180.00
180.00
180.00
180.00
185.00
185.00
185.00
185.00
185.00
185.00
185.00
185.00
185.00
185.00
190.00
190.00
190.00
190.00
190.00
190.00
190.00
190.00
190.00
190.00
195.00
195.00
195.00
195.00
195.00
195.00
195.00
195.00
195.00
195.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00



P
Q
Q.
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Nodal Flows and Heads
Percentage of
Head available head

0.5150E+02
0.4729E+02
0.4775E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.5150E+02
0.4729E+02
0.4776E+02
0.4771E+02
0.4771E+02
0.4776E+02
0.4770E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.5150E+02
0.4726E+02
0.4777E+02
0.4770E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.5150E+02
0.4724E+02
0.4777E+02
0.4770E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.5150E+02
0.4722E+02
0.4778E+02
0.4770E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.5150E+02
0.4719E+02
0.4779E+02
0.4770E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.5150E+02
0.4716E+02

100.0 %
352%
42.4%
41.6 %
41.7%
41.7%
41.7%
41.7%
41.7%

41.7 %
100.0 %
352%
424 %
41.6 %
41.7 %
425 %
41.6 %
41.7%
41.7%
41.7%
41.7 %
41.7 %
41.7%
100.0 %
34.7%
42.6 %
41.6 %
41.7%
41.7%
41.7%
41.7%
41.7%
41.7%
100.0 %
345 %
42.7%
41.6 %
41.7%
41.7%
41.7%
41.7%
41.7%
41.7%
100.0 %
34.1%
42.8 %
41.5%
41.7%
41.7%
41.7%
41.7%
41.7%
41.7%
100.0 %
33.7%
42.9%
41.5%
41.7%
41.7%
41.7%
41.7%
41.7%
41.7%
100.0 %
33.3%

Flow
0.2367E+00

0.4737E+00

0.4781E+00

0.4808E+00

0.4841E+00

0.4881E+00

0.4926E+00
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0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.5150E+02
0.4728E+02
0.4776E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.5150E+02
0.4727E+02

0.4780E+02
0.4769E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.5150E+02
0.4713E+02
0.4782E+02
0.4769E+02
0.4772E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.5150E+02
0.4709E+02
0.4783E+02
0.4768E+02
0.4772E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.5083E+02
0.4723E+02
0.4780E+02
0.4769E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.5018E+02
0.4736E+02
0.4777E+02
0.4770E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4953E+02
0.4748E+02

41.7%
41.7 %
41.7%
41.7 %
41.7 %
100.0 %
35.1%
42.4%
41.6 %
41.7%
41.7 %
41.7 %
41.7 %
41.7 %
41.7%
100.0 %
34.9%

431 %
41.4%
41.8 %
41.7%
41.7%
41.7%
41.7%
41.7%
100.0 %
32.8%
433 %
41.3%
41.8 %
41.7%
41.7%
41.7%
41.7%
41.7%
100.0 %
322%
43.6 %
41.3%
41.8%
41.7%
41.7 %
41.7%
41.7%
41.7 %
89.8 %
34.3 %
43.1%
414 %
41.8%
41.7 %
41.7%
41.7%
41.7 %
41.7%
79.6 %
36.3 %
42.6 %
415%
41.7 %
41.7%
41.7%
41.7 %
41.7%
41.7%
69.6 %
382%

0.4746E+00

0.4761E+00

0.4978E+00

0.3369E+02



0.4774E+02
0.4770E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4888E+02
0.4761E+02
0.4772E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4824E+02
0.4773E+02
0.4769E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4759E+02
0.4785E+02
0.4767E+02
0.4772E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4695E+02
0.4797E+02
0.4764E+02
0.4773E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4631E+02
0.4809E+02
0.4762E+02
0.4773E+02
0.4770E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4566E+02
0.4822E+02
0.4759E+02
0.4774E+02
0.4770E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4500E+02
0.4835E+02

42.2%
41.6 %
41.7 %
41.7%
41.7 %
41.7%
41.7%
41.7 %
59.7 %
40.1 %
41.8 %
41.7%
41.7%
41.7 %
41.7 %
41.7%
41.7%
41.7 %
49.8%
42.0%
41.4%
41.8%
41.7 %
41.7%
41.7%
41.7%
41.7 %
41.7%
39.9 %
43.8 %
41.0%
41.9%
41.7%
41.7%
41.7%
41.7%
41.7%
41.7%
30.0 %
45.7%
40.7 %
41.9%
41.6 %
41.7%
41.7%
41.7%
41.7%
41.7 %
20.1%
47.6 %
40.2 %
42.0%
41.6 %
41.7 %
41.7%
41.7%
41.7%
41.7%
10.1%
49.5 %
39.8 %
421 %
41.6 %
41.7%
41.7%
41.7 %
41.7%
41.7%
0.0%
51.5%

-0.3308E+02
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0.4756E+02
0.4775E+02
0.4770E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4500E+02
0.4831E+02
0.4757E+02
0.4774E+02
0.4770E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4510E+02
0.4824E+02
0.4760E+02
0.4774E+02
0.4770E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4519E+02
0.4818E+02
0.4761E+02
0.4773E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4527E+02
0.4813E+02
0.4763E+02
0.4773E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4534E+02
0.4808E+02
0.4765E+02
0.4772E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4541E+02
0.4803E+02
0.4766E+02
0.4772E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4548E+02
0.4799E+02

39.4 %
42.3 %
41.6 %
41.7%
41.7 %
41.7 %
41.7%
41.7 %
0.0%
50.9 %
39.6 %
422 %
41.6 %
41.7 %
41.7%
41.7%
41.7 %
41.7 %
15%
49.9 %
39.9%
421 %
41.6 %
41.7%
41.7%
41.7 %
41.7 %
41.7%
29%
49.0 %
40.2%
42.0%
41.6 %
41.7%
41.7%
41.7 %
41.7%
41.7%
41%
481 %
40.5%
41.9%
41.6 %
41.7%
41.7 %
41.7%
41.7%
41.7 %
53%
474 %
40.7 %
41.9%
41.7%
41.7 %
41.7%
41.7%
41.7 %
41.7%
6.4 %
46.7 %
40.9%
41.8%
41.7 %
41.7%
41.7%
41.7%
41.7%
41.7%
7.3%
46.0 %

-0.5191E+01

0.0000E+00

-0.1819E-11

0.1592E-11

-0.4547E-12

0.6821E-12

-0.1137E-11



273
274
275
276
277
278
279
280
281
282
283

285
286
287
288
289
290
201
292
293

295
296
297
298
299

301
302
303

305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333

335
336
337
338
339

341
342

0.4767E+02
0.4772E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4553E+02
0.4795E+02
0.4768E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4559E+02
0.4792E+02
0.4769E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4563E+02
0.4789E+02
0.4770E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4568E+02
0.4786E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4571E+02
0.4784E+02
0.4772E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4575E+02
0.4782E+02
0.4772E+02
0.4770E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4577E+02
0.4780E+02

411 %
41.8 %
41.7 %
41.7%
41.7 %
41.7%
41.7%
41.7 %
82%
454 %
41.3 %
41.7%
41.7%
41.7 %
41.7 %
41.7%
41.7%
41.7 %
9.0%
449 %
41.4%
41.7%
41.7 %
41.7%
41.7%
41.7%
41.7 %
41.7%
9.7%
44.4 %
41.6 %
41.7%
41.7%
41.7%
41.7%
41.7%
41.7%
41.7%
10.4 %
44.0%
41.7%
41.6 %
41.7%
41.7%
41.7%
41.7%
41.7%
41.7 %
11.0%
43.7%
41.8 %
41.6 %
41.7%
41.7 %
41.7%
41.7%
41.7%
41.7%
11.5%
43.3 %
41.9%
41.6 %
41.7 %
41.7%
41.7%
41.7 %
41.7%
41.7%
11.9%
431 %

-0.1137E-11

0.4547E-12

-0.2274E-12

-0.2274E-12

-0.9095E-12

0.9095E-12

-0.9095E-12
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0.4773E+02
0.4770E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4580E+02
0.4778E+02
0.4773E+02
0.4770E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4582E+02
0.4777E+02
0.4773E+02
0.4770E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4583E+02
0.4776E+02
0.4774E+02
0.4770E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4584E+02
0.4776E+02
0.4774E+02
0.4770E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4585E+02
0.4775E+02
0.4774E+02
0.4770E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4585E+02
0.4775E+02
0.4774E+02
0.4770E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02
0.4771E+02

41.9%
41.6 %
41.7 %
41.7%
41.7 %
41.7 %
41.7%
41.7 %
122 %
42.8%
42.0%
41.6 %
41.7%
41.7 %
41.7%
41.7%
41.7 %
41.7 %
125%
42.7%
42.0 %
41.6 %
41.7%
41.7%
41.7%
41.7 %
41.7 %
41.7%
12.8 %
425 %
421 %
41.6 %
41.7 %
41.7%
41.7%
41.7 %
41.7%
41.7%
129 %
424 %
421 %
415 %
41.7%
41.7%
41.7 %
41.7%
41.7%
41.7 %
13.0%
423 %
42.1%
415%
41.7%
41.7 %
41.7%
41.7%
41.7 %
41.7%
13.1%
42.3 %
421 %
415%
41.7 %
41.7%
41.7%
41.7%
41.7%
41.7%

Flow = 3.8272E+01

0.0000E+00

0.4547E-12

-0.4547E-12

0.2274E-12

0.4547E-12

-0.2274E-12
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U.S. Army Corps of Engineers

CECW-CE Washington, DC  20314-1000

Regulation

No. 1110-1-1807 31 December 2014
Engineering and Design

DRILLING IN EARTH EMBANKMENT DAMS AND LEVEES

1. Purpose. This regulation establishes policy and requirements and provides guidance for
drilling in dam and levee earth embankments and/or their earth and rock foundations. The
primary purpose of this regulation is to prevent damage to embankments and their foundations
from hydraulic fracturing, erosion, filter/drain contamination, heave, or other mechanisms during
drilling operations, sampling, in-situ testing, grouting, instrumentation installation, borehole
completion, and borehole abandonment.

2. Applicability. This regulation applies to all major subordinate commands (MSC), district
commands, laboratories, and field operating activities having Civil Works and/or Military Program
responsibilities. It applies to in-house and contracted drilling efforts for earth embankments or
foundations associated with all dams and levees that have a federal interest.

3. Distribution. This regulation is approved for public release; distribution is unlimited.

4. References. References are listed in Appendix A.

5. Background. Drilling into, in close proximity to, or through embankment dams and levees
and their foundations may pose significant risk to the structures. Water, compressed air, and
various drilling fluids have been used as circulating media while drilling through earth
embankments and their foundations. Although these methods have been successful in
accomplishing the intended purposes, there have been incidents of damage to embankments and
foundations. While using air (including air with foam), there have been reports of loss of
circulation with pneumatic fracturing of the embankment as evidenced by connections to other
borings and blowouts on embankment slopes. While using water and drilling mud as the
circulating medium, there have been similar reports of erosion and/or hydraulic fracturing of the
embankment or foundation materials. Conversely, there have been cases where heave, borehole
collapse and significant disturbance have occurred while drilling in granular materials below the
groundwater level. This typically has been the result of not using a proper drilling fluid to balance
the water pressures in the soil or using high energy systems that induce heave in order to evacuate
the cuttings. There is a delicate balance between too much induced fluid pressure that will cause
hydraulic fracture and not enough fluid pressure that will result in borehole instability, heave, or
significant sample disturbance. Other potential damaging effects include: creating preferential
seepage paths due to improper backfilling, inadequate protection of embankment from drilling
fluids during foundation rock coring, erosion and widening of cracks, and inadvertently clogging
filters or drains with drilling fluid or grout. All drilling and associated activities that use fluid or
other circulation or stabilization media need to be evaluated for the potential to hydraulically

This regulation supersedes ER 1110-1-1807, dated 1 March 2006
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fracture the embankment or foundation. These activities include but are not limited to the use of
drilling fluids, backfilling borings after completion, backfill grouting of instrumentation, backfill
grouting of casings, water testing for permeability, piezometer rehabilitation, etc. The risk will
vary with the selected methods and the site conditions. Every drilling operation must be well
thought out and must have benefits of successful completion that confidently outweigh the risk of
potential negative impacts. The following paragraphs describe the general concerns associated
with each type of potential damage.

a. Hydraulic Fracturing. Excessive pressures from water, air, drilling fluid, or grout can
fracture embankment and foundation materials. Hydraulic fracturing problems have occurred
while drilling in embankments as evidenced by reports of loss of fluid circulation, blowouts into
nearby borings, seepage of drilling fluids on the face of the embankment, and other similar
situations. Hydraulic fracture can occur in both cohesive materials and cohesionless materials,
and bedrock. It has been found that in soils, hydraulic fracturing can occur when the borehole
pressure exceeds the lowest total confining stress (minimum principal stress o3) plus some
additional strength. The additional strength can be approximated by the undrained strength of the
soil. The minor principal confining stress (o3) in a normally consolidated soil with a level ground
condition is typically the horizontal stress, which can be reasonably estimated. However, the
minor principal confining stress in and under an embankment is difficult to determine and can vary
significantly from idealized geostatic conditions. Effects from the side slope geometry,
piezometric surface, abutment configuration, foundation rock geometry, embedded structures,
compaction stress, and settlement history all are significant and can influence in-situ stress
conditions. Typical drilling methods that use circulation fluids can quickly create induced fluid
pressures that exceed the minimum confining stress. This often occurs when the return path for
the fluid clogs and the induced pressures quickly increase. The use of non-pressurized stabilizing
fluids is preferable, yet in some subsurface conditions, hydraulic fracture can occur under gravity
pressure. Low stress zones may exist within and under embankments. It is possible for the
confining stress in these locations to be much less than the gravity pressure exerted by a drilling
fluid or grout. Certain embankment locations and conditions have a higher potential for hydraulic
fracturing due to geometric configurations that create zones of low confining stress. Sherard 1973
and 1986 are good references that provide a comprehensive evaluation of the issues along with
numerous case histories. Locations and conditions where hydraulic fracturing by drilling media is
more likely to occur and have the higher potential of damaging the structure include the following:

(1) Near and over steep abutments that create low confining or tensile stress conditions.

(2) Adjacent to rock overhangs on abutments.

(3) Adjacent to buried structures or abrupt foundation geometry change that creates a
differential settlement condition and a zone of lower soil stress transfer.

(4) Adjacent to conduits where narrow zones of soil backfill were placed between the
structure and rock face.

(5) Dam cores that can experience more settlement than the adjacent shells.
(6) Dams in very narrow valleys. Arching keeps full confining stresses from developing.
(7) Near abutments where abrupt changes in geometry occur.
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(8) In areas where the embankment is subject to differential settlement due to large
differences in thickness of adjacent compressible foundation or embankment soils.

b. Erosion. The introduction of drilling fluids into cracks, either existing or formed by
hydraulic fracture, can potentially cause erosion along the crack walls. This will enlarge the crack
and could lead to an increased potential for internal erosion. Existing subsurface cracks are
common in many dams and are often the result of differential settlement. The locations most at
risk for existing cracks are typically the same areas that have low confining stress and have the
highest risk for hydraulic fracture to occur.

c. Contamination of Filter/Drainage Features. In addition to hydraulic fracturing, the use of
drilling fluids can pose a contamination risk for internal drainage features if the drill fluid or
sealing grout migrates into and clogs the drain materials. Avoid drilling near drains or seepage
blankets that may become contaminated by fluids. If drain penetration is justified, special
provisions must be taken to prevent contamination. Special provisions may also be required for
protecting the drainage features while backfilling the hole (such as placement of filter material
through the zone of the drain or filter and installing lower and upper seals).

d. Heave and Sample Disturbance. Drilling programs that include performing in-situ tests or
undisturbed sampling may require the use of drilling fluid to offset the confining stress relieved by
the drilling of the hole. There have been cases where the failure to prevent stress relief or heave of
granular soils below the water table have led to invalid in-situ test results and subsequently invalid
interpretation of the subsurface conditions. This has occurred for both tests performed in drill
holes and test performed in casings installed by methods that did not control heave or disturbance.
Reclamation DSO 98-17 (1999) contains methods to deal with heaving sands while drilling and
performing Standard Penetration Tests. If high quality undisturbed samples of fine grained soils
are required for shear strength testing, then drilling mud may be required to prevent the soil from
failing in undrained triaxial extension. See Ladd and DeGroot (2004) for a discussion on clay
sample disturbance due to drilling.

6. Policy. This regulation provides guidance for investigation, maintenance, and remediation
drilling in and near embankment dams and levees and/or their earth and rock foundations.
including investigation planning, site preparation, borehole advancement, subsurface testing,
instrumentation installation, piezometer and well rehabilitation, grouting, and borehole
completion. It identifies drilling program plan requirements, restrictions on drilling fluids,
drilling procedures to minimize risk of damage, borehole completion requirements, and prescribes
personnel requirements, and the review and approval processes. It is the responsibility of the
District Dam or Levee Safety Officer (DSO or LSO) to assure compliance with the restrictions and
procedures outlined in this regulation.

a. Drilling Program Plan. An approved Drilling Program Plan (DPP) is required prior to any
drilling, sampling, grouting, or any other invasive in-situ testing or exploration. This includes
drilling activities related to investigation, maintenance, and remediation. When planning an
investigation or remediation program, the data needs must be weighed against the potential risks of
damage created by the drilling process. In general, all drilling and investigation should be
targeted to obtain information related to a specific failure mode identified from a Potential Failure
Mode Analysis (PFMA). For dams, the justification for drilling must include an approved
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recommendation from a risk assessment performed in support of the Dam Safety risk management
process described in ER 1110-2-1156 Safety of Dams - Policy and Procedures. If the structure has
not had a PFMA, a thorough evaluation similar to the PFMA process must be performed and
presented in the DPP to show that the drilling is justified. It is paramount that all existing
subsurface information is thoroughly evaluated and understood by the exploration team prior to
developing a plan for additional drilling. In order to understand and communicate subsurface
conditions and estimate drilling risks, the existing subsurface information must be assimilated into
essential plan and section drawings showing the proposed drill holes, target sample areas and/or
proposed instrumentation. For critical or complicated drilling programs the Geotechnical and
Geology Community of Practice leads can be contacted to obtain recommendations for subject

matter experts to assist in developing the DPP. Specific requirements for the DPP are included in
Appendix B.

b. Restrictions on the Use of Drilling Fluids. All drilling programs in dams and levees
should be designed to minimize the need for any drilling fluid such as air, gas, water, mud,
polymers, slurries or any other drilling fluid that could pressurize the borehole soils. If the drilling
objective can be performed using dry methods such as augers or sonic drilling they should be
employed in lieu of methods that require fluids. If drilling fluids must be used due to the drilling
objective or the subsurface conditions, the DPP must contain an analysis of the potential to cause
damage and a plan that covers the measures that will be used to minimize the risk. The use of
pressurized air or foam should only be considered when drilling in materials that will not transmit
pressures to the soil core or other critical features or when the air pressure is reliably isolated from
the borehole soils. Drilling in an open graded rockfill shell may be an example of when using air
may be appropriate. All DPPs that propose the use of stabilizing or circulating fluids or other
media will require additional review and approval as described in paragraph 6f.

c. Drilling Procedures. As there are many existing and potentially new methods for drilling
and sampling that may be implemented on dams and levees, this regulation will not provide
specific procedures. Most procedures are documented in applicable standards and reference
documents. There are however, some general procedures that should be followed when using
drilling fluids to limit the risk of damage.

(1) Tools should be sized and designed to minimize the likelihood of the return flow clogging.
Methods that require the cuttings to flow through a small annulus between the tools or casing and
the borehole wall should not be used.

(2) If possible, fluid discharges from the bit should be upward. A downward discharge
increases the chance of clogging which could lead to a pressure spike. A lateral discharge into the
sidewalls could lead to excessive disturbance or erosion.

(3) Lower and raise drill tools slowly to avoid pressure changes in the drill hole; this is
especially important when using tools with restricted annulus space below the groundwater table as
the pressure changes are more severe and can lead to suction and surging problems.

(4) Dirilling feed rate must be slow enough to avoid crowding the bit and, thus, minimize the
chance of inducing fracturing. The bit must be of a design such that pressure buildup is
minimized.
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(5) Drilling media properties, pressure, and return should be continuously monitored. A
floating needle pressure valve is required to record maximum pressure spikes that can occur
instantaneously and are often unnoticed.

(6) Insome conditions, casing can be advanced ahead of the drilling bit to reduce the risk of
hydraulic fracturing by confining the drilling fluids within the casing.

(7) When core drilling rock, the embankment or foundation soil above top of rock must be
protected and isolated from the circulating drilling fluid. Fractures in the bedrock must be
considered as potential flow paths in contact with the overlying soil.

(8) In situations where the presence of significant artesian pressure is suspected, which are
common at the toe of dams, it may be necessary to use weighted drilling muds or raise the drill rig
or install surface casing for pressure control along with the use of drilling mud. In some cases
there may be a high risk of initiating internal erosion by drilling borings or excavating test pits in
these areas. Emergency materials to stop progressive erosion in an excavation, a trench, or a
borehole must be on site and readily available. For this situation, it is recommended to stockpile
fine (C33 concrete sand) and coarse processed aggregates to filter and plug the excavation.
Specific details such as height of the drill pad and amount of surface casing must be developed on
a case-by-case basis dependent upon specific site conditions.

d. Borehole Completion. All boreholes and other penetrations (including direct push
sampling, Cone Penetration Test soundings, Standard Penetration Testing, Becker Penetration
Testing,) in and around embankment dams and levees must be sealed after completion.
Completing a borehole by backfilling with drill cuttings is not acceptable. All boreholes and
similar penetrations in the impervious portions of an embankment dam or levee and their
foundations must be backfilled by tremie placed cement-bentonite grout or bentonite pellets/chips.
The DPP must address the possibility of confined and separate ground water aquifers and
demonstrate safe completion which avoids cross-contamination and leakage. The grout must be
designed to obtain strength equal to or greater than the soil. Note that some instrumentation
installations may require additional considerations for the grout strength. Gravity grouting
techniques should be used for backfilling boreholes. For borings that penetrate zones with low
confining stress it is possible to induce hydraulic fracturing from the gravity pressure. When
grouting borings in these locations or if significant grout losses are observed, the grout backfilling
should be done in stages allowing the grout to set between stages. For pervious portions of the
dam or levee, the borehole must be backfilled by tremie placement of granular materials that are
sized to provide drainage without being susceptible to migration through the pervious embankment
or foundation materials or segregation during placement. Lutenegger, et.al. (1995) is a good source
for borehole backfill guidelines. Special procedures and materials may be required for installation
of instrumentation in boreholes.

e. Drilling Personnel. Drill rig operators must have a minimum of 5 years experience drilling
with the equipment and procedures described in the drilling program. The drill rig operator must
also be familiar with these guidelines. All drilling activities on USACE dams or levees must be
conducted in the presence of a geotechnical engineer that is a licensed professional engineer or a

licensed professional geologist who will be responsible for maintaining the integrity of the
structure.
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f. Approval Requirements. Drilling Program Plans must be reviewed and approved by the
District Dam Safety Officer (Dams) or Levee Safety Officer (Levees). If any drilling fluid or
other stabilizing or circulating media is proposed, a technical review performed by the
Geotechnical and Materials Community of Practice (G&M CoP) Standing Committee on Drilling
and Instrumentation is required. The plan will then require approval from the District DSO/LSO
pending satisfactory resolution of the technical review comments. The Standing Committee on
Drilling and Instrumentation will be chaired by the G&M CoP Lead, co-chaired and managed by
the Risk Management Center, and staffed with G&M CoP experts.

g. Reporting. All incidents of damage or potential damage related to drilling and associated
activities for dams must be reported following procedures outlined in Chapter 13 Reporting
Evidence of Distress in Civil Works Structures of ER 1110-2-1156 Safety of Dams- Policy and
Procedures. Damage in levees must be reported to the Levee Safety Officers and Levee Safety
Program Managers in the District, MSC, and Headquarters.

h. Exemptions. Drilling required for immediate emergency measures where delays required
to develop the DPP and obtain approvals would result in unacceptable risk of damage or failure,
may be exempted from the requirements to prepare a DPP by the District DSO/LSO. Emergency
drilling should be appropriately expedited but should follow the general guidelines presented in
this regulation. No other exemptions or deviations from these requirements may be made.

7. Environmental Operating Principles. The user of this ER, as a member of a Project Delivery
Team, is responsible for seeking opportunities to incorporate the Environmental Operating
Principles (EOPs) wherever possible. A listing of the EOPs is available at:
http://www.usace.army.mil/Missions/Environmental/Environmental OperatingPrinciples.aspx.

FOR THE COMMANDER:
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APPENDIX A

References and Resources
Drilling Procedures

EM 1110-1-1804 Geotechnical Investigations (including Appendix F EM 1110-1-1906 Soil
Sampling).

EM 1110-2-1908 Instrumentation of Embankment Dams and Levees.
EM 1110-2-1914 Design, Construction and Maintenance of Relief Wells.

EM 1110-2-2300 General Design and Construction Considerations for Earth and Rock-Fill Dams.

EM 1110-2-3506 Grouting Technology.
UFGS-02210 (August 2004) Subsurface Drilling, Sampling, and Testing.
ASTM D1452-09 Standard Practice for Soil Exploration and Sampling by Auger Borings, 2009.

ASTM D1586-11 Standard Test Method for Penetration Test (SPT) and Split-Barrel Sampling of
Soils, 2011.

ASTM D1587-08 Standard Practice for Thin-Walled Tube Sampling of Soils for Geotechnical
Purposes, 2012.

ASTM D2113-08, Standard Practice for Rock Core Drilling and Sampling of Rock for Site
Investigation, 2008.

ASTM D5781/D5781M-13, Standard Guide for Use of Dual-Wall Reverse-Circulation Drilling

for Geoenvironmental Exploration and the Installation of Subsurface Water-Quality Monitoring
Devices, 2013.

ASTM D5782-95, Standard Guide for Use of Direct Air-Rotary Drilling for Geoenvironmental
Exploration and the Installation of Subsurface Water-Quality Monitoring Devices, 2012.

ASTM D5783-95, Standard Guide for Use of Direct Rotary Drilling with Water-Based Drilling
Fluid for Geoenvironmental Exploration and the Installation of Subsurface Water-Quality
Monitoring Devices, 2012.

ASTM D5872-95, Standard Guide for Use of Casing Advancement Drilling Methods for
Geoenvironmental Exploration and Installation of Subsurface Water-Quality Monitoring
Devices, 2006.

ASTM D5875-95, Standard Guide for Use of Cable-Tool Drilling and Sampling Methods for

Geoenvironmental Exploration and Installation of Subsurface Water-Quality Monitoring Devices,
2006.
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ASTM D5876-95, Standard Guide for Use of Direct Rotary Wireline Casing Advancement
Drilling Methods for Geoenvironmental Exploration and Installation of Subsurface
Water-Quality Monitoring Devices, 2012.

ASTM D6066-11, Determining the Normalized Penetration resistance for Sands for Evaluation of
Liquefaction Potential, 2011.

ASTM D6151-08, Standard Practice for Using Hollow-Stem Augers for Geotechnical Exploration
and Soil Sampling, 2008.

ASTM D6286-12, Standard Guide for Selection of Drilling Methods for Environmental Site
Characterization, 2012.

ASTM D6914-04, Standard Practice for Sonic Drilling for Site Characterization and the
Installation of Subsurface Monitoring Devices, 2010.

Standard Penetration Test: Drillers/Operators Guide, Report Number DSO 98-17, J. Farrar,
Bureau of Reclamation, Dam Safety Office, Denver, Colorado, May 1999.

Earth Manual, Parts I & II, Third Edition, Bureau of Reclamation, Denver, Colorado.

Australian Drilling Manual, Third Edition, Australian Drilling Industry Training
Committee, NSW 2113 Australia, 1992.

Drillers Manual, accessed at www.nda4u.com, National Drilling Association, Brunswick, Ohio
44212.

Lutenegger A.J., D.J. Degroot, C. Mizra and M. Bozozuk, “Recommended Guidelines for Sealing
Geotechnical Exploratory Holes”, Report 378, National Cooperative Highway Research Program,
Transportation Research Board, National Academy Press, Washington, DC, 1995.

Hydraulic Fracture

Albritton, J., Jackson, L., and Bangert, R., “Foundation Grouting Practices at Corps of Engineers
Dams”, Technical Report GL-84-13, US Army Corps of Engineers, October 1984.

Alfaro, M.C., and Wong, C.K., “Laboratory studies of fracturing of low-permeability soils”,
Canadian Geotechnical Journal, 38, 303-315, 2001.

Andersen, K.H., Rawlings, C.G. Lunne, T.A., and By, T.H., “Estimation of hydraulic fracture
pressure in clay”, Canadian Geotechnical Journal, 31, 817-828, 1994.

Bjerrum, L., Nash, J. K. T. L., Kennard, R.M. & Gibson, R.E., “Hydraulic fracturing in field
permeablity testing”, Geotechnique, 22, 319-32, 1972.
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Bozozuk, M., “Minor principal stress measurements in marine clay with hydraulic fracture tests”,
Proceedings, Engineering Foundation Conference on Subsurface Exploration for Underground
Excavation and Heavy Construction, Henniker, N.H., August 1974.

Calcagno, Frank, Jr., USBR, “Hydraulic Fracture Study of the Tiber Spillway Cofferdam”, AEG
Newsletter 26/4 October 1983.

Casagrande, A. and Covaarrubias, S.W., “Cracking of earth and rockfill dams, tension zones in
embankments caused by conduits and cutoff walls”, Contract Report S-70-7, U.S. Army Engineer
Waterways Experiment Station, July 1970.

Chang, H., “Hydraulic fracturing in particulate materials”, Doctoral Thesis, Georgia Institute of
Technology, November 2004.

Chen, Yu-jiong, and Zhang, Shu-lu, “Test embankment of fracture grouting”, Journal of
Geotechnical Engineering, Vol. 115, No. 11, November 1989.

Clough, R.W. and Woodward, R.J. III, “Analysis of embankment stresses and deformations”,
Journal of Soil Mechanics and Foundations Division, Proceedings of ASCE, Vol. 93, No. SM4,
July 1967.

Elwood, D., and Moore, 1., “Hydraulic fracture experiments in sand and gravel and approximations
for maximum allowable mud pressure”, North American Society for Trenchless Technology, No
Dig Show, Mar-Apr 2009.

Hamouche, K.K., Leroueil, S., Roy, M., and Lutenegger, A.J., “In situ evaluation of K, in eastern
Canada clays”, Canadian Geotechnical Journal, vol 32, pgs 677-688, 1995.

Independent panel to review cause of Teton Dam failure, 1976, Failure of Teton Dam: Report to
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Kulhawy, F.H., and Duncan, J.M., “Stresses and movements in Oroville dam”, Journal of Soil
Mechanics and Foundations Division, Proceedings of ASCE, Vol. 98, No. SM7, July 1972.

Lo, K.Y. and Kaniaru, K., “Hydraulic fracture in earth and rock-fill dams”, Canadian Geotechnical
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McCook, D.K, and Grotrian, K.O., “Using SIGMA/W to predict hydraulic fracture in an earthen
embankment”, Proceedings: Dam Safety, ASDSO, September 2010.

Mori, A. and Tamura, M., “Hydrofracturing pressure of cohesive soils”, Soils and Foundations,
Japanese Society of Soil Mechanics and Foundation Engineering, Vol. 27, No. 1, 14-22, Mar 1987.
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APPENDIX B

Drilling Program Plan

An approved drilling program plan (DPP) is required for any exploration or remedial drilling
(including grouting) work to occur in or near an embankment dam or levee or their foundations.
When drilling is justified, an exploration team must be formed to determine and document the
drilling program components required to adequately and safely address the project needs. The
exploration team must thoroughly discuss the drilling program to ensure that the program
minimizes risk and meets the project goals. The drilling program must be prepared by experienced
geotechnical engineers and/or engineering geologists familiar with subsurface exploration
techniques and methods, with advice from drilling specialists. The Lead engineer on the
exploration team must be a registered professional engineer. This section describes the basic
information that must be developed and included in the drilling program.

a. Objective and Justification. The objective of the drilling program must be clearly
summarized including the purpose of the drilling and how the borings, samples, testing,
instrumentation, etc. will be used. The need for the drilling must be thoroughly justified. Drilling
should be minimized by first utilizing non-destructive methods including parametric analysis, the
use of published correlations, and non-destructive geophysical testing. The justification must
include documentation that shows the purpose is based obtaining information related to potential
failure modes identified in an approved risk assessment in support of the dam or levee safety
program. If an approved PFMA or risk assessment has not been performed, the exploration team
must perform a thorough evaluation similar to the PFMA process and present a valid justification
demonstrating that the drilling is required to obtain information related to a credible potential
failure mode.

b. Exploration Team. List members of the exploration team used in developing the DPP.
Include name, organization, title, registration, and years of experience.

c. Existing Information Review. In order to understand subsurface conditions, justify
additional drilling, and estimate drilling risks, all relevant existing information must be
assimilated and reviewed by the exploration team and then concisely summarized in the DPP.
Information review typically includes, but is not limited to:

(1) Geologic mapping, boring logs, driller’s notes, and reports portraying information from
previous investigations and construction.

(2) Geotechnical files and reports including Site Characterization Reports.
(3) Foundation Completion Reports.

(4) Embankment Construction Reports.

(5) Periodic Inspection or Periodic Assessment Reports.

(6) As-built drawings.

(7) Archived records.
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(8) Other construction reports.

(9) Construction photos for both original embankment construction and any subsequent
construction.

(10) Instrumentation plans, data, and reports.

(11) Project records available in district and project offices.

d. Essential Geologic and Engineering Drawings. The DPP must include a set of drawings
depicting the current understanding of subsurface conditions, as they relate to the proposed work.
This detailed set of foundation and embankment drawings typically requires a plan showing all
previous and proposed subsurface investigation locations, profile drawings, and sections of the
embankment in the areas proposed for exploration. The sections must be drawn to scale with no
vertical exaggeration and must show the proposed borings along with all available factual
information and appropriate geologic or engineering interpretations. The drawings should be
updated regularly during the drilling operations to show conditions encountered and adjust
geologic interpretations to help guide the program. The information on the plan, profile and
sections must be detailed and include a summary of all data significant to the analytical and
exploration needs such as:

(1) Embankment zones, including added berms, blankets, filters, and drains.

(2) Details of subsurface material classification.

(3) Geologic contacts and continuity interpretations supported by all nearby drilling and
sampling details.

(4) Depth of the top of rock and all other zones of importance.

(5) Piezometer locations showing screened influence zones and recorded piezometric levels
tied to the reservoir water level.

(6) Other instrumentation such as inclinometers, movement monuments, etc., shown in the
context of the foundation geology contacts and interpretations.

(7) SPT blow counts or other test results defining engineering properties.

(8) Geophysical data, where useful (e.g. cross hole shear wave velocity profiles).

(9) Estimated extent of any zones of interest, including natural and made-made (grout holes).
(10) Seepage areas tied to geologic units, where possible.

(11) Location of all structures, including seepage control features, outlet works, etc.

(12) Location and types of any distress features (seepage, wet spots, sand boils, sinkholes,
etc.).

Maintaining updated geologic sections and a plan during the drilling operations is important for
making exploration changes and for responding to unusual or unexpected conditions or events.
The process for accomplishing this must be outlined in the drilling program.
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e. Drilling Scope and Methodology. The drilling program must include a summary of the
scope and methods that will be used, including the following:

(M
@
3)
(4)
)
(6)
M
®)
©)

Number and location of proposed borings.

Utilities, surface and underground obstacles, and accessibility.

Materials expected to be drilled, sampled, and tested.

Depth, diameter, bearing, and inclination of borings.

Required sample type (disturbed or undisturbed), size, location, and reason for sampling.
Proposed laboratory testing.

Drilling, sampling, and testing methods.

Details of the proposed tools and drilling equipment.

Instrumentation and borehole completion requirements (influence zone, seals, etc.). Drill

rig operators: Name and years of experience.

(10) Field Supervision Personnel: Name, organization, title, registrations, years of
experience.

(11) Personnel responsible for logging materials and assuring geologic drawings are updated
regularly during the drilling program.

f. Risk Evaluation. Include an evaluation of the risk of hydraulic fracturing, erosion,
contamination of drainage features, heave, or any other damage. This should include:

(1)

A detailed description of any drilling fluid used including details on the circulation system,

locations where fluid will contact soil, and circulation pressures that will be used.

@

Monitoring needs during drilling, and a contingency plan if loss of drilling fluid or other

complications are observed during drilling.

G)
@

Measures to minimize the risk of damage to the dam or foundation.

Measures to prevent the possibility of cross-contamination and leakage from confined and

separate ground water aquifers.

©)

Measures to prevent drill contact with structural features, such as conduits.

(6) Nearby instruments whose behavior will be monitored during the investigation and the
expected response including threshold and limit values, and contingency plans for unexpected
response.

(7) An emergency action plan including a list of emergency equipment and supplies to have
onsite (phone/radio, filter materials, grout materials, etc.).
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g. DSO/LSO Certification. Provide a certification page with the signature of the appropriate
DSO/LSO. The certification must state: This Drilling Program Plan has been developed and
reviewed by experienced professionals and is in compliance with all the requirements of ER
1110-1-1807. The proposed actions are justified and have been developed to minimize the
likelihood of damage to the existing structure.
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MEMORANDUM

January 13, 2020

Melinda Terry, California Central Valley Flood Control Association

PREPARED BY: Gilbert Cosio. Jr., MBK Engineers

SUBJECT:

Soil Investigations for Data Collection in the Delta ISMND

We have reviewed the California Department of Water Resources (DWR) Initial
Statement/Mitigated Negative Declaration (IS/MND) relative to “Soil Investigations for Data
Collection in the Delta”. Based on my 36 years of experience (curriculum vitae attached) with
the levees, drainage, and irrigation in the Delta, we have a number of concerns that must be
reviewed as part of the IS/MND as described, below.

Geotechnical exploration in the Delta involves penetrating through varying layers of soil into a
pressurized aquifer. Therefore, any drilling should prepare for artesian flow and address long-
term concerns that improper sealing of borings could lead to future seepage. These impacts can
result in levee instability and levee failure, and long-term seepage issues that impact farming and
increase drainage costs. In addition, compaction of fields caused by drilling equipment causes
long-term farming impacts.

Therefore, the IS/MND should provide specific details on how it will address the following:

Abandonment and sealing of the holes to prevent future seepage
Preparation for, and measures to deal with, artesian flow that may
occur during development of the borings

Obtaining approval from levee maintaining agencies and the
California Central Valley Flood Protection Board

Evaluating farm fields that would be impacted by geotechnical drill
rigs



Melinda Terry January 13, 2020
Soil Investigations Page #2

If you have any questions, or require additional information, please call me at 916-456-4400.

Gilbert Cosio, Jr.

GC/nl
8888.4 MELINDA TERRY 2020-01-13

Enclosure
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EDUCATION

¢ University of California, Davis
Completed course work for MS in Civil Engineering with emphasis in Water Resources, 1984

¢ University of Santa Clara
BS in Civil Engineering, 1980

PROFESSIONAL LICENSES AND SOCIETIES
¢ Registered Civil Engineer in California

¢ Member, American Society of Civil Engineers

¢ Member, Tau Beta Pi, Engineering Honor Society

Member, U.S. Committee on Irrigation and Drainage

EXPERIENCE

1984 to Present MBK Engineers, Sacramento, CA

Principal

Civil engineer in fields of flood control, hydrology, hydraulics, water resources planning, drainage, water supply,
surveying, and levee maintenance.

1980 to 1983 Bechtel Corporation, San Francisco, CA

Civil/Structural Engineer

Design and construction of concrete and steel involving structural analysis, seismic design, interdisciplinary
coordination, field construction correspondence and temporary field assignments.

EXPERIENCE HIGHLIGHTS

RECLAMATION DISTRICT LEVEE ENGINEERING

Acts as public representative and provides consulting engineering service to 34 Sacramento/

San Joaquin Delta, Suisun Marsh and Sacramento River reclamation districts in regard to levee maintenance and
rehabilitation. This includes levee rehabilitation design and construction, levee surveys, bank protection design
and construction, resolution of seepage and subsidence problems, development of encroachment control criteria,
maintenance inspections, maintenance recommendations, assistance with regulatory filing, environmental
assessment assistance, assistance and participation in funding programs through the State and Federal
governments, flood fight planning, coordination and hazard mitigation planning (1984 to Present).

Significant projects include a $10 million full island levee rehabilitation project on Empire Tract (2016), and a
$1.5 million seepage berm on Grand Island (2013); development of Emergency Operations Plans and Flood
Contingency Maps for nine San Joaquin County Reclamation Districts (2015), development of five-year levee
rehabilitation plans for 22 reclamation districts (2010), importation of 625,000 cy of material from Decker Island
to stabilize 10 miles of levee on four reclamation districts (2000 to 2004), design and construction of a habitat-
friendly levee on Reclamation District No. 2110 (2001, 2005, and 2018), development of procedures to perform
non-destructive subsurface surveys of the levees using electromagnetic technology (2005), design and
construction of breach closures on Prospect Island (1996), McCormack-Williamson Tract (1997), and Little
Mandeville Island (2001). Provided services to U.S. Army Corps of Engineers in regard to $196 million CALFED
Levee Stability Program (2008 to 2009). Provided flood fight participation and coordination, and disaster
restoration through federal and state disaster assistance programs for floods of 1982, 1983, 1986, 1995, 1997,
1998, 2006, and 2017.

HABITAT IMPROVEMENT IN CONJUNCTION WITH LEVEE REHABILITATION

In role of engineering consultant to reclamation districts, extremely active in development of projects that benefit
levees and provide habitat enhancement. Responsibilities include development of design plans, environmental
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documentation. regulatory assistance, construction, and monitoring. Recent projects include design of a self-
mitigating erosion repair site under the DWR FSRP program (2019),the development of habitat friendly levee
design for preparation of return to tidal wetland (2016), development of plans to return Dutch Slough (RD 2137)
to tidal habitat (2016), the Beaver Slough Habitat Improvement Project, which stabilized eroded sections of levee
while providing marsh and shaded riverine aquatic habitat; the Decker Island Habitat Project that stabilized 10
miles of levee on four levee districts while creating 30 acres of tidal marsh habitat (2000 to 2004); the Lower
Sacramento River Revegetation Demonstration Project, which consisted of construction and maintenance of
vegetation through existing rip rap on Grand Island (2000); the Delta Channel Islands Demonstration Project,
which evaluated the viability of using biotechnical bank protection in the Delta (1999 to 2005); design and
construction of a habitat-friendly levee on McCormack-Williamson Tract (2001, 2005, and 2018); and bank
protection demonstration projects on Holland Tract and McCormack-Williamson Tract, utilizing various methods
to demonstrate the ability to incorporate vegetation in bank protection.

DRAINAGE FACILITIES ENGINEERING

As consulting engineer to reclamation districts, responsibilities also include evaluation of drainage facilities. In
1992, performed research and reporting to the Regional Water Quality Control Board of all irrigation and
drainage channels for all reclamation districts as required under the Inland Surface Waters Plan. Has performed
numerous evaluations of drainage facilities including pump testing and evaluation, hydraulic and hydrologic
evaluation of canals, and pump plant design and construction. Major projects include construction of new
pumping plants on Reclamation District Nos. 551, 999, 2029, 2033, and 2065. Performed hydrology and
hydraulics analysis of drainage systems of RD 551 and RD 3.

BOARDS AND COMMITTEES

Habitat Advisory Committee to the State of California Delta Levee Subventions Program
Delta Channel Islands Work Group

CALFED Levees & Channels Technical Team

CALFED Levees & Channels Seismic Sub-Team

CALFED Suisun Marsh Levees Sub-Team

Delta Risk Management Strategy Technical Advisory Committee

Delta Risk Management Strategy Steering Committee

Lower Yolo Bypass Planning Forum

Delta Vision Stakeholder Coordination Group

Delta Conservancy Delta Dialogues Stakeholders Group

Delta Stewardship Council Delta Climate Change Vulnerability Assessment and Strategy TAC
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Delta Conservancy Delta Salmon Rearing Habitat Study Advisory Group
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R.D. No. 3 - Crand Island — Site Review of Boil Near Sacramento River Levee
January &, 1997

Looking at boil 400 ft. from levee toe downstream of Ryde at levee mile 8.15 on the
Sacramento River levee; 1120 hours.

PHOTO SOURCE: (G. Cosio = Photographer) ;
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Boil on Grand Island south of Ryde.

CCC crews working around boil.

R.D. No. 3 = Boil on Right Bank of Sacramento River - 1/4/97

PHOTO SOURCE: (M. Fortner - Photographer)
MBK ENGINEERS
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CCC crew about 1/3 of the way into boil sandbag ring.

CCC crew comstructing sandbag ring around boil.

R.D. No. 3 — Boil on Right Bank of Sacramento River - 1/4/97
PHOTO SOURCE: (M. Fortner - Photographer) '
MBK ENGINEERS
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PHOTO SOURCE: KAREN CUNNINGHAM
BRADFORD ISLAND LANDOWNER
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Preface

This new chapter replaces Soil Mechanics Note 11 (SMN-11), which was
originally issued in 1984.

Materials in this chapter were adapted from the following publications:
e ASTM D5778, Standard Test Method for Electronic Friction Cone

and Piezocone Penetration Testing of Soils

e Cone Penetration Testing in Geotechnical Practice, 1997, Lunne, T.,
P.K. Robertson, and J.J.M Powell.

e Cone Penetration Testing State-of-Practice, Mayne, PW., 2007,
National Cooperative Highway Research Program (NCHRP) Project
20-05, Topic 37-14, Washington DC. http://onlinepubs.trb.org/
Onlinepubs/nchrp/nchrp_syn_368.pdf.

e Guide to Cone Penetration Testing for Geotechnical Engineering,
3rd Edition, 2010, Robertson PK., and K.L. Cabal.

(210-VI-NEH, Amend. 55, January 2012)
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Chapter 11

Cone Penetrometer

631.1100 Purpose and scope

The cone penetrometer test (CPT) provides valuable
information in geotechnical investigations when used
in conjunction with other equipment and procedures.
This chapter describes the CPT and explains the equip-
ment, field procedures, and application. It also de-
scribes some procedures and guidance for interpreting
and using the test results. The working end of a typical
cone penetrometer is shown in figure 11-1.

This manual is not intended to provide full details of
geotechnical analyses. The primary references gener-
ally accepted by industry are listed and shown in the
references at the end of this chapter.

Figure 11-1 Working end of cone penetrometer (Photo
s courtesy of Gregg Drilling & Testing, Inc.)

N AR T

| S

631.1101 Introduction

Cone penetrometer testing (CPT) is a fast, effective,
and relatively inexpensive system for collecting impor-
tant soils parameters during a geotechnical site inves-
tigation. When used in conjunction with conventional
drilling and sampling methods, it provides a more com-
plete description of the subsurface conditions, thereby
reducing uncertainty in design and construction.

CPT methods can be divided into two basic groups:
e geophysical logging and stratigraphic profiling

e specific test methods

Testing equipment consists of a cone on the end of a
series of rods that are pushed hydraulically into the
ground. The typical rate of penetration is 2 centime-
ters per second (~1 in/s), or 91 meters per hour (~300
ft/h). CPTs can be performed to depths exceeding 100
meters (~300 ft) with large-capacity pushing equip-
ment.

CPT logging is fast and economical, particularly in soft
soils. CPTs can also provide preliminary evaluations
of soil parameters and provide quantitative estimates
of various geotechnical parameters based on empirical
correlations.

Specific tests measure soil properties at a particular
point, while some in situ CPTs can characterize specif-
ic engineering properties, including shear strength and
modulus of elasticity. They require the use of special-
ized equipment, however, and can be slower and more
expensive. Because of the increased cost, they are best
used in critical areas that have been previously identi-
fied.

CPTs can be used to screen subsurface conditions
during preliminary geologic investigations and locate
borings for subsequent detailed geologic investigations
(refer to NEM531 and NEH631.02). Soundings can

be used to pinpoint changes in the lithology (stratig-
raphy) and identify areas to be sampled. CPT is par-
ticularly useful in nonuniform foundations and where
undisturbed samples are difficult to obtain.

CPT with modern equipment provides continuous
readings of:

(210-VI-NEH, Amend. 55, January 2012)
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* point load or tip resistance (q_)
e friction (f))

e porewater pressure (1)

Tip resistance is theoretically related to the undrained
shear strength of a saturated, cohesive material and
measured with an embedded load cell. The sleeve fric-
tion is theoretically related to the friction of the hori-
zon being penetrated and measured using tension load
cells embedded in the sleeve.

After the initial information is collected, the digital
data are post-processed to provide numerical values
for engineering analysis. The use of computer process-
ing during field investigations has enabled immediate
interpretation of CPT results.

Results of CPT can be used to make reliable estimates
of settlement and undrained shear strength in areas
where some basic information about the engineering
properties of the soil is available. Results, however,
should always be confirmed or correlated with labora-
tory analyses of actual samples.

The cone itself does not produce a sample. Test results
are nonunique and must be verified and calibrated to
the specific site. Fewer physical samples are required
if the geology of the area and some of the engineering
properties of the soil are understood. While the CPT
equipment cannot obtain a sample, some samplers can
also be pushed into the ground using CPT equipment.

Undisturbed soil sampling is vital to the success of a
geotechnical investigation and should be considered

a companion of CPT. CPT data complement undis-
turbed sampling and provide a significant volume of in
situ information that is difficult to achieve in the lab.
Comparing lab results of both shear and consolidation
tests with CPT data reduces the uncertainty of either
set of data.

Most of the commercially operated CPT rigs use elec-
tronic friction cone and piezocone penetrometers as
standard practice. Soundings are presented digitally. In
the United States, most CPT is performed using electri-
cal cones. The mechanical CPT is, however, manufac-
tured and used in some parts of the world, particularly
in developing countries, because of the equipment’s
low cost, simplicity, and sturdiness.

631.1102 Applications

CPT results have two fundamental uses requiring spe-
cific sensors and equipment:

¢ Direct measurements are used to estimate geo-
technical parameters, which can then be used
in an analysis.

e CPT results can also be directly applied into
geotechnical engineering designs.

Although older CPT versions had previously only
delivered readings for g, f, and u, recent improve-
ments in the technology have greatly increased the
CPT’s utility in geotechnical investigations. Separate
modules are now available with a wide range of sen-
sors. The additional soundings generated are recorded
simultaneously at the surface with the standard data in
digital output. The new mechanical configurations are
variable as well, with most added just behind the cone,
some being retractable, and others with the capability
to simultaneously measure porewater pressures. Sepa-
rate modules that can be added to the cone include:

e temperature sensors, used to identify saturated
zones

¢ video and still cameras
® microphones

¢ pH sensors, mounted either in the cone or on
the surface of the probe

e pressure meters, which measure in situ (und-
rained) lateral stresses

¢ radioisotope detectors (gamma), used for de-
termining density and water content

Modules used primarily for geoenvironmental investi-
gations include:

e Oxygen exchange capacity, the electrical poten-
tial associated with the oxidation or reduction
of a substance; or a measure of the tendency of
a chemical species to acquire electrons in the
reduction process.

e Laser/ultraviolet-induced fluorescence (LIF)
measures hydrocarbons with polyaromatic
constituents, such as benzene.
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e Membrane interface probe (MIP) is used to
locate volatiles in the subsurface. It has semi-
quantitative capabilities and acts as an interface
between contaminants in the subsurface, which
diffuse across the membrane into an upward-
moving gas stream, and the detector at the
surface.

¢ Dielectric permittivity, which is based on the
propagation of electromagnetic waves; indicate
presence of organic contaminants in porewater
with much more sensitivity than resistivity.

The common types of CPTs that are available for site
characterization are listed in table 11-1.

The primary application of the CPT is for soil profiling
and determining soil type using soil behavior type (SBT)
graphs (fig. 11-2) that have been developed for this
application. The numerical values are plotted on SBT
graphs, from which the zone is identified. For example,
cone resistance (q,) is high in sands, and the friction
ratio (R) is low, shown in zone 9 in figure 11-2. In soft
clays, q, is low and R, is high, shown in zone 3.

CPT measures state parameters of the soil, which is one
of a set of variables that describe the “state” of a dy-
namic system. They include void ratio (e ), unit weight

(V), porosity (n), and relative density (D). These data
are used to estimate the following geotechnical param-
eters of the materials, which then can be used in various
geotechnical analyses:

¢ undrained shear strength (S )

* soil sensitivity (S) S

u

¢ undrained shear strength ratio, G,

¢ stress history, overconsolidation ratio (OCR)

These data can also be applied directly to an engineering
analysis, particularly in the analysis of load-settlement
relationships and bearing capacity. CPT data can be
used to develop factors for the bearing capacity analy-
sis, including shape factors, load inclination factors, and
the effects of groundwater and effective stress.

Table 11-2 shows reliability ratings of CPT data for
design applications. The data presented are a synthesis
on the state of practice in CPT undertaken during the
National Cooperative Highway Research Program
(Mayne 2007). A survey questionnaire was prepared
for this program, directed at geotechnical engineers
working for Departments of Transportation in 52
States and 12 provincial DOTs in Canada. Conclusions
from this survey are summarized in table 11-3.

Table 11-1  Basic CPTs used in site characterization (Mayne 2007)
—
Type of CPT Acronym Measurements taken Applications

Mechanical cone penetration MCPT
test

q, and f_at 20-cm intervals. Uses in-
ner and outer rods to convey loads
uphole

Stratigraphic profiling, fill control,
natural sands, hard ground

Electrical friction cone ECPT q, and f_(taken at 1- to 5-cm inter- Fill placement, natural sands, and
vals) soils above the groundwater inter-
face
Piezocone penetration test CPTu and PCPT q,, £, and either face u, or shoulder  All soil types. Note: Requires u, for
u, (taken at 1- to 5-cm intervals) correction of q_ to q.
Piezocone with dissipation CPTu Same as CPTu with timed readings =~ Normally conducted to 50% dis-
of u, or u, during decay, measured sipation in silts and clays. Used to
by stopping the penetration and estimate compressibility and perme-
measuring the decay of pore pres- ability
sures with time
Seismic piezocone test with ~ SCPTu Same as CPTu with downhole shear Provides fundamental soil stiffness
embedded geophones waves (V) at 1-m intervals with depth:
Gmax = p t ‘]s2
Resistivity piezocone test RCPTu Same as CPTu with electrical con- Detect freshwater—saltwater inter-

ductivity or resistivity readings

face, indicates contaminant plumes.

Notes: q,
f

measured sleeve friction

measured point stress or cone tip resistance

u = penetration porewater pressure (u, at face; u,at shoulder)

q, = total cone resistance, V_= shear wave velocity
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Figure 11-2  Soil behavior types (Robertson 1989)
|

1,000 -

Zone q/N SBT
1 2 Sensitive, fine grained
= 2 1 Organic materials
»:“ 100 3 1 Clay
= 4 15 Silty clay to clay
; 5 2 Clayey silt to silty clay
k| 6 25 Sandy silt to clayey silt
§ 7 3 Silty sand to sandy silt
g 8 4 Sand to silty sand
g w0 9 5 | | Sand
10 6 Gravelly sand to sand
11 1 Very stiff fine grained*
12 2 . Sand to clayey sand*

*Qver consolidated or cemented

0 1 2 3 4 5 6 7 8
Friction ratio (%), R,

Table 11-2  Perceived applicability of the CPT/CPTu for various design problems (Mayne 2007)

I

Pi.!e Beari}lg Settlement* Compaction Liquefaction
Soil type design capacity control

CPT reliability rating

Sand 1-2 1-2 2-3 1-2 1-2
Clay 1-2 1-2 2-3 34 1-2
Intermediate 1-2 2-3 2-3 2-3 1-2
soils

Reliability rating: 1 = High; 2 = High to moderate; 3 = Moderate; 4 = Moderate to low; 5 = Low

Table 11-3  Advantages and disadvantages of CPT
|

Advantages Provides fast and continuous profiling
Equipment is economical and productive
Generates repeatable and reliable data that are not dependent on the operator
Can identify thin horizons of low strength
Reduces contact between field personnel and contaminated soil
Strong theoretical basis for interpretation

Disadvantages  High initial capital investment
Skilled operators are required
No drill cuttings or soil samples are produced
Limited penetration in gravels or cemented materials
Data are unreliable in unsaturated conditions, particularly in clayey soils
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631.1103 Advantages,
disadvantages, and cautions

The CPT was developed primarily for use in soft earth
materials. The development of additional sensors and
heavier equipment has extended the range of use. The
advantages and disadvantages are shown in table 11-3.

The precise distance impacted below the cone tip de-
pends on the stiffness and thickness of the units being
penetrated and on the contrast in stiffness between
adjacent beds (Rogers 2006; personal communica-
tion 2010). This influence varies between about 8 to
15 inches below the cone tip, so the soundings tend
to overestimate unit strength parameters as the tip
approaches a much stiffer horizon, such as the soil-
bedrock contact (fig. 11-3).

The tip of the cone penetrometer senses out ahead of
itself as it induces a local bearing failure of the soil
through which it passes. The tip resistance recorded
by the instrument is an average across this tip influ-
ence zone. Therefore, caution should be exercised
when evaluating in situ strength parameters for hori-
zons less than 14 to 28 inches (36-72 cm) thick, such
as landslide slip surfaces (Rogers 2006).

Figure 11-3 Zone of disturbance for cone penetrometer
—

Zone of disturbance

< —P

Minimum
thickness of 6 to 8
> cone diameters
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631.1105 Equipment

A CPT system includes the following components (fig.
11-4):

e electronic penetrometer

e hydraulic pushing system with rods
e cable or transmission device

e depth recorder

e data acquisition unit

(a) Penetrometers

The standard cone penetrometer consists of a three-
channel-instrumented steel probe. The front end of the
probe consists of a conical tip with a 60 degree apex.
The tip typically has a 5-millimeter cylindrical exten-
sion, or lip, located at the upper portion to protect

the outer edges of the cone base from excessive wear.

Penetrometers are normally available in two standard
sizes:

e 35.7-millimeter diameter with a corresponding
cross-sectional area of 10 square centimeters

e 44-millimeter diameter with a cross-sectional
area of 15 square centimeters

The 10-square-centimeter size is the original standard
size and remains in widespread use. However, the
15-square-centimeter version has some advantages and
is specified in some standards. Being more robust, it
can generally obtain soundings at greater depths and
through coarser or harder materials. Also, as rods nor-
mally have a cross-sectional area of 10 square centime-
ters, the 44-millimeter-diameter cone produces a larger
hole, reducing sleeve friction during pushing.

Figure 11-5 shows the basic styles of penetrometers in
routine use. Detailed requirements and standards for
the design, dimensions, and manufacturing and oper-
ating tolerances for the cone and sleeve are given in
ASTM D5778.

Figure 11-4 Configuration of the CPT, following ASTM D5778 (Mayne 2007, NCHRP Project 20-05)

==

Cone rig hydraulic pushing system (CPT)

e ASTM D5778 field test procedures
l e Continous push at 20 mm/s
® Add rods at 1-m vertical intervals

-

— I

/

Enlargement

T~

Readings taken every 1 or 5 cm

u
m

q,

£l
t

—_ — —

?—»—»—»

\\ ‘v -
i

ic = inclination

Electronic penetrometer

fS = measured sleeve friction resistance

u, = porewater pressure
q.= measured tip resistance

q = total cone tip resistance
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Cone penetrometers without porewater transduc-

ers can be used in soils with minor porewater pres-
sure development, such as fill, clean sands, and soils
well above the groundwater interface. However, for
most soils below the water table, the piezocone pen-
etrometer is recommended. It contains a porous filter
element, pressure transducer, and fluid-filled ports
connecting the element to the transducer. The filter
element is usually positioned either at the apex or
midface of the cone tip, or at the shoulder just behind
the tip.

For the proper correction of measured cone tip resis-
tance to total resistance, placement at the shoulder is
required by national and international standards. Filter
elements placed midface of the cone top are useful in
fissured earth materials and other materials prone to
desaturation.

The element is a fine porous filter made from plastic,
ceramic, or sintered steel or bronze (formed by heat-
ing metal powders without melting). Typical pore size
is between 20 and 200 microns. Different materials
have unique properties that affect their suitability,
including brittleness and durability, expense, and the
ability to be cleaned and reused. Plastic filters are
inexpensive, disposable, and can be replaced often to
avoid possible clogging problems, particularly in plas-
tic clays. Metal and ceramic filters are reusable and
cleaned using an ultrasonic bath. Hydrophilic poly-
propylene elements placed at the shoulder are most
commonly used in practice.

When using the cone to penetrate dense layers, such
as cemented siltstone, sandstone, or conglomerate, a
polypropylene piezo-filter can become compressed.
This may induce high positive pore pressures. Plastic

Figure 11-5 Dimensions and measurements taken by the standard 10-cm? and 15-cm?penetrometers, ASTM D5778
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filters do not exhibit this tendency; however, they do
become brittle with time and should be replaced peri-
odically (Rogers 2006).

In stiff, overconsolidated clays, such as glacial till, the
pore pressure is usually negative, and negative pore
pressures may desaturate the cone, resulting in errone-
ous measurements. The pore pressure gradient around
the cone can be high in these soils, resulting in dissipa-
tions recorded behind the tip that increase originally,
and then decrease to the equilibrium value.

(b) Hydraulic pushing systems

The hydraulic pushing machine can consist of the new
dedicated CPT hydraulic system or a standard drill rig,
mounted on a truck, track, trailer, all-terrain vehicle,
skid arrangement, or portable unit. A variety of CPT
systems are available, from mini units installed in vans
used in shallow investigations, to large trucks and
tracked vehicles useful for well-cemented or coarse-
grained materials.

Standard drill rigs have the ability to drill or bore
through hard zones and then continue the soundings
to the desired depths, as well as to obtain soil samples.
This greatly reduces costs associated with mobilizing a
dedicated CPT truck.

Disadvantages of using a standard drill rig can include
less thrust capabilities, the need for additional sub-
connector pieces to advance and withdraw the rods,
and manual controls, which depend on the operator
and rarely push at a constant rate. A standard drill rig
outfitted with CPT equipment is shown in figures 11-6
and 11-7.

Cone penetration soundings usually require thrust
capabilities ranging from 100 to 200 kN, which is
equivalent to 11 to 22 tons. After positioning the rig at
the desired test location, the rig is usually leveled with
hydraulic jacks or “outriggers.” Many small lightweight
CPT systems in the 18- to 50-kN range (2- to 6- ton)
use earth anchors to gain capacity and provide the
necessary reaction for the penetrometer, as well as to
prevent the rig from moving during thrust, relative to
the soil surface.

Figure 11-6 Drill rig set up to conduct SCPT. Metal plates

s are struck with a sledge hammer to initiate
energy pulse. The seismic cone penetrometer
has a geophone incorporated into its design.
(Photo courtesy of Glen Miller, Geologist
(retired), NRCS, Stillwater, Oklahoma)

Tie downs

4— Metal plate
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Figure 11-7 SCPT being conducted through hollow stem
s augers (Photo courtesy of Glen Miller, Geolo-
gist (retired), NRCS, Stillwatey, Oklahoma)

(c) Push rods

The push rods are typically 35.7-millimeter diameter,
hollow, steel rods in 1-meter lengths with tapered
threads. For hard materials, larger diameter cone
rods (44 mm) are also available. Steel rods must

have enough cross-sectional area to sustain, without
buckling, the thrust required to advance the cone. For
penetrometers using electrical cables, the cable is
prestrung through the rods prior to testing. Hydraulic
systems of dedicated CPT trucks are usually outfitted
with grips to grasp the rods from the side during push-
ing and pulling. With standard drill rigs, pushing and
pulling of rods is done from the top.

(d) Friction reducer

Rod friction can be reduced through the use of a fric-
tion reducer, which is an enlarged section of rod (e.g.,
aring welded to the outside rod) above the penetrom-
eter that opens the hole to a larger diameter, thereby
reducing soil contact on all the upper rods.

(e) Data transmission and cabling

All analog and most digital CPT systems use a cable
threaded through the rods that transmits the data
uphole. It also provides between 5 to 20 volts of cur-
rent to the penetrometer. The original analog systems
require an external power supply, signal enhancer, and
analog-digital converter at the surface.

Some of the newer designs include wireless digital
CPT systems. They are useful when standard drill rigs
are running the penetration equipment, as the cables
can be easily damaged. They are used increasingly in
deep-water offshore site investigations. Special re-
ceivers are required uphole to capture the signals and
decode them for digital output. A variety of wireless
technologies are available, including:

¢ infrared signals conveyed uphole in glass-lined
rods

¢ audio signals

¢ battery-operated micro chips that store data
until the rods are back at the surface
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(f) Depth loggers

Common systems for recording depth include depth
wheels, low-voltage or direct current displacement
transducers (LVDT and DCDT), gear boxes, optical
readers, spooled wire potentiometers, and ultrasonic
sensors, which use high-intensity acoustic energy.
Spooled wire potentiometers consist of a transducer
used to detect and measure the length of a moving
object using a flexible cable and spring-loaded spool.

(g) Data acquisition systems

Data acquisition systems used with electrical CPTs
have evolved from simple pen plotters and analog-
digital converters to laser printers. Now data are
digitized to a computer at intervals that are typically 1
to 2 inches in depth. Fully digital systems include rug-
gedized notebook computers and microchip technolo-
gies built into the cone penetrometer itself.

Older systems can be adapted to almost any type of
cone commercially available; however, most new
systems have proprietary designs which require that
the penetrometer, cable, and data acquisition system
be matched.

631.1106 Standards

Procedures for calibrating and maintaining cone pen-
etration equipment and for conducting CPTs are well-
established. The following procedures are intended to
contain the essential requirements for equipment, cali-
brations, and testing. Current ASTMs that are specific
to individual systems are listed in table 11-4.

Table 11-4  Applicable ASTM standards and standard
s guides for cone penetration testing

ASTM Title

D3441 Standard Test Method for Mechanical Cone
Penetration Tests of Soil

D5434 Standard Guide for Field Logging of Subsurface
Explorations of Soil and Rock

D5753 Standard Guide for Planning and Conducting
Borehole Geophysical Logging

D5778 Standard Test Method for Electronic Friction
Cone and Piezocone Penetration Testing of
Soils

D6066 Standard Practice for Determining the Normal-
ized Penetration Resistance of Sands for
Evaluation of Liquefaction Potential

D6067 Standard Guide for Using the Electronic Cone
Penetrometer for Environmental Site Charac-
terization
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631.1107 Field operations—
performing the CPT

Before setting up the rig, check for any safety hazards,
including overhead utilities or obstructions. Local util-
ity companies must be notified and their subsurface
lines located and flagged. Such contact is normally
required at least 24 to 48 hours in advance of the inves-
tigation. Soundings must not be performed any closer
than 25-borehole diameters from any existing uncased
or open boreholes.

(a) Preparation for use of the
penetrometer

Modern CPT equipment has the potential for produc-
ing results with a high degree of accuracy and repeat-
ability. This accuracy depends on skilled operators and
adequate facilities for calibration and maintenance

of the equipment. Procedures and requirements for
calibrating electronic penetrometers are described in
the Annex to ASTM D5778. Simple calibrations and
checks are also essential to ensure that everything is
functioning properly in the field after connecting the
equipment.

Electronic baselines or zero-load readings in both
cone and friction sleeve load cells and porewater pres-
sure transducers must be taken before and after each
sounding. Baseline readings are a reliable indicator of
output stability, temperature-induced apparent loads,
soil ingress, internal friction, and threshold sensitivity.
Also, they may indicate any unknown conditions that
may be loading the system.

Baseline readings of the porewater pressure transduc-
ers should be obtained immediately after assembly to
prevent evaporation at a temperature close to that of
the material to be sounded. The penetrometer tip can
hang freely in air or be immersed in a bucket of water.
Baseline readings should not be obtained with protec-
tive caps or covers in place, as these may induce pres-
sure in the system. It is also recommended to secure
a set of baseline readings after the sounding has been
completed, and the penetrometer withdrawn to the
surface.

(210-VI-NEH, Amend. 55, January 2012)

(b) General procedures

For the soundings, the penetrometer thrust system of
the CPT truck or drill rig must be set to as near verti-
cal as possible. For penetration in compacted fills

or hard soils, it may be necessary to prebore a hole
through the upper material, using a diameter slightly
larger than the cone. This will prevent damage to the
cone. Before beginning the sounding, check individual
push rods for straightness. Assemble and tighten push
rods by hand, cleaning the threads if necessary to
ensure that the shoulders are tightly butted to prevent
damage to the rods.

The standard rate of push for CPT soundings is 2 centi-
meters per second (cm/s), usually applied in 1 meter
increments, the length of a standard cone rod. With
dedicated CPT rigs, the hydraulic system automati-
cally adjusts the pressures to maintain a constant rate.
When using a rotary drill rig, the driller must manually
adjust the pressure to maintain the 2 centimeters per
second rate. Cone results are generally not sensitive to
slight variations in the rate of penetration.

As the rods are pushed, electrical cones produce
continuous readings of cone resistance and sleeve fric-
tion. Electrical cones produce analog data, but most
systems convert it to digital form at selected intervals.
Most standards require the interval to be no more than
20 centimeters (~8 in); ASTM D5778 requires intervals
not to exceed 5 centimeters (~2 in).

During testing, monitor the tip and sleeve forces
continuously for signs of proper operation. As data

are recorded, note any unusual occurrences in testing.
These can include “crunching” sounds that may indi-
cate gravel and directional drift of the penetrometer

as it passes through or alongside obstructions such as
boulders, cobbles, soil concretions, or thin rock layers.
Inclination is a useful indicator of imminent danger to
the system, as damage can be caused if resistant layers
or obstructions are penetrated. Generally, a 5-degree
change in inclination over 1 meter of penetration can
result in rod bending.

As push rods are added, interruptions of short dura-
tion can affect initial cone and sleeve readings at the
beginning of the next push. During a pause in the pen-
etration, excess pore pressures will begin to dissipate.
For that reason, it is important to note and record the
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depths at which long pauses may have affected initial
startup resistances.

At the end of the sounding, obtain a final set of base-
line readings with the penetrometer tip hanging freely
and check them against the initial readings. Maintain
a continuous record of initial and final baselines for
the tip and sleeve load cells and the porewater trans-
ducers, as they may indicate problems with the equip-
ment.

Inspect penetrometer tips before and after soundings
for damage, soil ingress, and wear. If soil ingress is
significant, the cone assembly may need to be disman-
tled, cleaned, and lubricated before the next sounding.

(c) Procedure for piezocone use

There are no major differences in field test procedures
between CPT and CPTu, except those required for the
preparation of a porous piezo-element, or filter, used in
the latter (Robertson 1986). Before use, filters must be
saturated under vacuum in a bath of glycerin, a mix of
glycerin plus water, or peanut oil to remove compress-
ible air bubbles which can cause errors in the sound-
ings. In the field, the filter elements must be installed
so that a continuity of fluid is maintained from the
filter face through the ports in the penetrometer and
the cavity housing the pressure transducer.

Caution should be used when interpreting CPT sound-
ings above the water table. Unsaturated soils have
negative pore pressures that can potentially distort
the readings. They can also cause the development of
air bubbles in the filter that can be suctioned off into
the surrounding soils. Cohesive soils that are not fully
saturated may exert significant skin friction, which can
complicate the interpretation. In some geologic condi-
tions, it may be necessary to prebore a pilot hole to
the water table to obtain accurate porewater pressure
readings in the saturated materials below.

(d) Hole closure—techniques

The need for grouting or sealing of holes is usually
established by individual States, most of which have
laws requiring that exploration holes be backfilled,
sealed, or grouted after sampling and testing are com-
pleted. The same applies to CPT sounding holes. This
is of particular importance in specific geologic settings

11-12

where aquifer(s) need to be protected against cross-
contamination or water transmission.

As the CPT cone is pushed into the ground, it is creat-
ing a hole that could be as detrimental to groundwater
as an open borehole. If the hole stays open after the
tool is withdrawn, these cavities can become pathways
for contamination of aquifers either by cross-commu-
nication between permeable units or by the transport
of surface contaminants down the hole. Surface and
subsurface contaminants can potentially flow into
aquifers that were previously uncontaminated.

Providing a permanent seal in small diameter holes
presents a number of challenges compared with large-
diameter holes drilled with a conventional drill rig. In
larger-diameter holes, successful sealing can be per-
formed using bentonite. In smaller diameter holes, it
can be difficult or impossible to verify the seal’s effec-
tiveness due to the likelihood of bridging.

Specific geologic conditions may cause the holes to
immediately close as the tool is removed. The best
examples are relatively clean sands below the water
table and very soft, saturated clays.

Borings in relatively clean, saturated sands are well
known for unstable sidewalls that collapse during the
drilling process. Drilling mud must be used to counter-
act this instability to keep the hole open. In loose de-
posits, the vibrations from the cone truck are enough
to cause collapse during retraction. At the same time,
the hydraulic conductivity in these deposits is likely
to be several orders of magnitude above that of the
sealing materials. For very soft clays below the water
table, the hole may squeeze shut as the tools are being
withdrawn. Suction that develops as the penetrometer
is pulled from the hole increases this action.
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631.1108 Field operations—
readings and calculations

The two basic measurements taken during the test
are tip resistance (q_) and sleeve friction (f ). Both q,
and f_are determined by dividing the axial force by
the surface area of the instrument (tip or sleeve). The
axial force is represented by F. F_ is the axial force on
the tip of the cone, while F_ is the axial force on the
sleeve.

Cone tip resistance (q_) is the measured axial force
pushing down on the tip, which is the force (F ) di-
vided by the tip area (A ):

qﬁzA

c

Sleeve resistance (f) is the measured axial force push-
ing down on the sleeve (F), divided by the sleeve area

(A):

F.
f=-—
A

(a) Correcting tip and sleeve readings
using porewater pressure (u,)

Measured tip resistance (q.) must be adjusted to ac-
count for porewater pressures acting on unequal tip
areas of the cone. In clean sands and dense, granular
soils, they are nearly equivalent. However, in soft to
stiff clayey soils, appreciable porewater pressures are
generated, and the correction can be from 20 to 70
percent. Total tip resistance (q,) is calculated as:

q,= q.+ (l—an)u2

where:

q, = totaltip resistance

a = tip net area ratio from triaxial test
q, = measured tip resistance

u, = porewater pressure at shoulder

The correction to total cone resistance is particularly
important when porewater pressures are generated

(210-VI-NEH, Amend. 55, January 2012)

during penetration; e.g., in saturated clays and silts, as
weak soils are the most critical in a geotechnical inves-
tigation. The correction is usually not so significant for
clean sands, dry soils, or dense to hard earth materials.
The correction is due to porewater pressures acting on
opposing sides of the face and the joint annulus of the
tip (ASTM D5778).

The sleeve friction (f) is also exposed to pore water
pressures as well, which must be corrected. When ex-
cess pore pressures are generated, they are normally
different at the upper (u,) and lower (u,) ends of the
sleeve. The corrected sleeve friction (f) is given by:

f=f— uZXAsh _ uSXAst
t S AS As

where:

f. = sleeve friction, corrected
f. = sleeve friction

u, lower end of sleeve

u, upper end of sleeve

A, bottom end area of sleeve
A, = top end area of sleeve

A = area of sleeve

®

(b) Field logging

U.S. Department of Agriculture (USDA), Natural
Resources Conservation Service (NRCS) standard log-
ging procedures are outlined in NEH631.03. In particu-
lar, logs should contain:

¢ Jocation and characteristics of contacts

¢ number of outer sounding tubes, as their
weight can be an appreciable part of the record

e number of inner rods, to maintain the record of
depth of penetration

¢ depth and length of long pauses in pushing
¢ initial and final baselines for each sounding

¢ any unusual condition affecting test procedures
or results

11-13
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631.1109 Soil mechanics
laboratory use of CPT data

(a) Soil classification

Where possible, soil classifications are to be based on
the Visual-Manual Procedure outlined in ASTM D2488,
Standard Practice for Description and Identification
of Soils, and the appropriate laboratory test data. The
CPT does not classify soils on their grain-size distribu-
tion, but provides a guide based on their mechanical
characteristics or the soil behavior type. Some over-
lapping of zones can be expected. The SBT is derived
from non-normalized data, which do not include pore
pressure as do the newer CPT equipment and interpre-
tation charts.

(b) Determining extent of soils to be
represented by sample testing

One of the most important and beneficial uses of CPT
data in the laboratory is to provide a basis for judg-
ing whether engineering property test data can be
accurately extended to represent soils located some
distance from the sampling location. For example, in
the slope stability analysis of an embankment, shear
strength values determined using samples taken from
the centerline of a structure are usually assumed to
represent the foundation soils several hundred feet
upstream and downstream. CPT data can be used to
judge the extent of the area to which these data apply
or indicate the need for further sampling and testing.

(c) Consolidation and settlement testing
and analysis

Undisturbed samples are seldom obtained from the
center of a particular layer of foundation soil. CPT
data provide information for determining more pre-
cisely the upper and lower boundaries represented by
one or more samples. Engineering properties are not
always uniform in earth materials of a given formation
or geologic age.

A grouping of several cone tests at the base of an abut-
ment can establish a reasonably accurate estimate of

potential differential settlements, which can then be
confirmed by sampling and testing.

To compute horizontal strain associated with the
design of principal spillway conduits, the lower limit
of settlement must be known. Cone penetrometer tests
extended to bedrock or to refusal in sands, gravels,

or stiff clays provide good information for determin-
ing this lower limit. The reliability of samples, often
obtained with great difficulty and expense, can then be
judged for their potential use in settlement and strain
analyses.

In areas where previous work has established a base
of test results, analyses, and field measurements,
settlement can be estimated using only CPT data if
results of direct testing are not available. The general
equation for consolidation of a layer (Ah) is:

Ah = hxApxm,
or

Ah = thpx(ocxi)

q.
where
Ah = change in layer thickness, cm
h = layer thickness, cm
Ap = load;increase in vertical strength, kg/cm?
a = variable coefficient based on the state param-
eters of the soil
q, = cone point resistance, kgf/cm?
m = (oc X LJ ; coefficient of mass volume change,
q.
cm¥kg

Using settlement plate data supported by laboratory
testing, a graph of q_ vs. a is computed for soils found
in a given area:

hxAp
oO=—
q. XAh

For fairly uniform soils and given adequate time, Ah
from settlement plate records can be accurate for
determining the o coefficient. Compute the increase
in stress due to the embankment load (Ap) from field
placement records. The graph is less accurate where
the basis for computation is only laboratory testing to
determine Ah.

11-14 (210-VI-NEH, Amend. 55, January 2012)
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(d) Shear strength comparisons

Undrained shear strength values (S, or cohesion, C )
are used in analyses of stability and bearing capacities
for clays and clayey silts under short-term loadings.
No single value of undrained shear strength of a given
material exists, since the undrained response of a soil
depends on the direction of loading, strain rate, bond-
ary conditions, stress level, sample disturbance, and
other factors.

While there is no single value of S, a relationship

has been established between the undrained shear
strength (S ) of a soil and a theoretical net cone resis-
tance. Both theoretical and empirical solutions exist.
The theoretical studies result in the following relation-
ship between theoretical cone factor (N ) and in situ
total pressure (G ):

q.=(N, x8,)+0,

Empirical correlations are in a range of 10 to 20, with
an average of 15. S is expressed as:

Su — q; —GC;
th
where:
q = total cone resistance
o, = Vvertical stress
N,, = empirical cone factor

(e) Slope stability analysis

Slip surfaces in landslides and other slope failures can
be thin—Iless than 1 inch. CPT soundings are the best
tool available to positively identify these low-strength
horizons, which are otherwise difficult to sample,

test, or measure reliably. In most cases, however, the
soundings represent an average value of a zone that
can be 8 to 15 inches thick.

In addition, the actual mobilized shear strength along
the slip surface is usually considerably lower than the
sleeve friction and tip resistance values recorded in
the CPT, potentially as low as 20 percent of the esti-
mated value (Rogers 2010, personal communication).
Soundings are more definitive for thicker planes of
weakness.

(210-VI-NEH, Amend. 55, January 2012)

CPT results, coupled with results of laboratory shear
testing, are useful in analyzing slope stability of foun-
dation soils. Temperature sensors are also useful in
assessing the precise position of the zone or zones of
saturation, which is of great importance in slope sta-
bility and consolidation studies. A temperature shift of
about 6 degrees Fahrenheit (3.3 °C) is common at the
groundwater interface, even in perched water tables
within landslides.
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631.1110 Use of CPT data in
design

(a) Foundation

When determining the extent of excavation needed in
fine-grained soils, compare results of representative
laboratory consolidation and shear tests with CPT
data. Tests on undisturbed samples usually represent
a small volume of soil. In-place testing with the pen-
etrometer allows the laboratory data to be applied to
larger volumes of soil.

The CPT is a good tool for use during construction to
determine if foundation excavation is completed and
to locate soils of questionable properties not found in
the predesign investigations. Construction specifica-
tions should allow the designer to use CPT or other
in-place tests.

(b) Sectional embankment or preloading

CPT can determine settlement at various points, where
highly compressible soils extend to great depths. This
information indicates that preloading the foundation
soil or a sectional embankment is needed if settlement,
differential settlement, or horizontal strain are poten-
tial problems. If preloading or a sectional embankment
does not provide a solution to the potential problem,
relocation of the structure may be required. Data from
CPT can aid in locating soils of acceptable properties.
Sampling and testing can then confirm the decision of
structure location.

Data from CPT at locations of stilling basins and risers
can confirm the results of laboratory tests on samples
which are in many cases obtained only on the center-
line of the structure.

(c) Channels

Channel projects usually involve stratified soils and
encompass long reaches. Use of the friction sleeve
cone is accurate enough to classify the soils vertically
and horizontally so that sampling may be more repre-
sentative, and the investigation will also be faster and
more economical. However, negative pore water pres-

11-16

sures in banks of influent streams cause an apparent
cohesion that could skew results.

(d) Liquefaction potential

CPT offers several capabilities in the evaluation of
seismic ground hazards. The sounding can be used to
identify loose, weak sands and silty sands below the
groundwater interface that are susceptible to lique-
faction. CPT data can also be used to determine the
threshold for triggering liquefaction. Care should be
taken to identify layers or zones of potential concern.
Samples should be taken for fine-content testing to aid
in the analysis.

CPT soundings can also be used to provide an assess-
ment of the amount of resistance available to counter
the shearing of the soil during ground shaking. The
penetrometer can also be fitted with geophones to
allow for the determination of downhole shear wave
velocity profiles.

Liquefaction potential has traditionally been deter-
mined by the use of the Standard Penetration Test
(SPT). Today, liquefaction potential is increasingly
estimated based directly on the CPT (e.g., Youd et

al. 2001; Robertson 2010, personal communication)
because the CPT provides a continuous profile that is
more reliable.

(210-VI-NEH, Amend. 55, January 2012)
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631.1111 SPT

Use of the SPT is presented in NEH631.04. The test
provides a measure of earth material strength and also
provides a representative sample of the horizon tested.

SPT advantages and disadvantages over
CPT

Caution must be used in sampling geologic contacts
and interpreting materials interfaces; as with the CPT
there is an increase in the resistance to penetration as
the drive sampler barrel approaches a stiffness bound-

ary.

A major disadvantage of the SPT method is the small
diameter of the cutting shoe. The equipment cannot
recover clasts over 1.375 inches in diameter, which
often leads to erroneous interpretations about bedrock
contacts or drilling refusal.

SPT and CPT procedures work best when used to-
gether, not one exclusive of the other. The best corre-
lations can be made when CPT soundings are verified
with a SPT hole nearby (2 feet is a good distance). Use
of the CPT allows detailed examinations of site stra-
tigraphy. Individual beds and stringers can be traced
across a sizable area in a minimal amount of time. In
addition, the cone is able to delineate discrete, low-
strength horizons that can be missed in a SPT sampler.

Robertson, Campanella, and Wightman (1983) summa-
rized correlations between CPT cone penetration re-
sistance and the SPT N value (blow count) and found
that a relationship applies with an average energy ratio
of about 60 percent; i.e., N

The (q/p,)/N, ratio correlates to the mean particle
size of the soil (D, ), where p, is the atmospheric pres-
sure in the same units as q_ (fig. 11-8). Table 11-5 re-
lates this ratio to the soil behavior types (SBT). Values
of q_ are made dimensionless when dividing by the at-
mospheric pressure (p,) in the same units as q_. These
ratios are a reasonable estimate, but discontinuous
changes in the predicted SPT N, values may occur.
Note for sandy soils that the measured tip resistance
(q,) = the total tip resistance (q,).

(210-VI-NEH, Amend. 55, January 2012)

Figure 11-8 CPT-SPT correlations with mean grain size
= (Robertson, Campanella, and Wightman 1983)
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Table 11-5  Soil type correlating between CPT and SPT
messsssss  (Robertson 1986)
q,
Zone Soil behavior type * (pn )
Nf‘,ﬂ
1 Sensitive fine grained 2.0
2 Organic soils—clay 1.0
3 Clays: clay to silty clay 1.5
4 Silt mixtures: clayey silt and silty clay 2.0
5 Sand mixtures: silty sand to sandy silt 3.0
6 Sands: clean sands to silty sands 5.0
7 Dense sand to gravelly sand 6.0
8 Very stiff sand to clayey sand 5.0
9 Very stiff fine-grained 1.0
* Suggested (q /p,)/N,, ratios
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631.1112 Glossary
A, Projected area of cone
a Tip net area ratio from triaxial test

Area of sleeve

b Sleeve net ratio from triaxial test on the
equipment itself, used to calibrate new equip-
ment

f, Sleeve friction measured

f Total sleeve friction, calculated

F Total axial force acting on the instrument

F, Total force acting on the tip of the cone,
f/A,

F, Total force acting on friction sleeve, f/A_

N, Theoretical cone resistance factor

N, Empirically derived cone resistance factor

P, Atmospheric pressure

R, Friction ratio, f /q,

q, Measured tip resistance

q, Total tip resistance

u Measured penetration porewater pressure
Penetration pore water pressure

. Porewater pressure at face
) Porewater pressure at shoulder

CPT Cone Penetrometer Test, can be performed
with mechanical and electrical equipment

CPTu Piezocone Penetration Test, can only be per-
formed with electrical equipment

CPTu  Piezocone with dissipation

SCPTu Seismic Piezocone Penetration Test, equip-
ment includes imbedded geophones that
measure shear wave velocity

RCPTu Resistivity Piezocone Penetration Test

S,=C, Undrained shear strength

S, Soil sensitivity, the ratio of undisturbed,
undrained shear strength to totally remolded,
undrained shear strength

T, Shear strength, kgf/cm?

o, Totalin situ pressure

11-18
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Appendix A Examples of Cone Penetrometer Tests

Figure 11A-1  CPT log showing soil classification and soil behavior type, tip (q ), sleeve (f), pore pressure (u,), and friction
s ratio (R). Log clearly shows the varying soil conditions found when pushing CPT in Salina County, Kansas.
See figure 11-2 for soil behavior types
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Figure 11A-2  CPT log showing soil classification, tip (q.), sleeve (), pore pressure (u,), and friction ratio (R)). Log clearly
messsssssmmm  shows the change from clay to sand in both tip pressure and pore pressure. Note the steady increase in pore
pressure beginning at 36 feet, indicating the probe had penetrated the water table.
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Figure 11A-3  Plot of CPT Data Record, Monroe County, lowa
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Table 11A-1 CPT data record, Monroe Co., [lowa

I
Dutch Cone Monroe Co., IA 10/5/2005 TH-2 W.L.=12.2
Soap Creek 4-86 f =0.133xDG
DG=P,-P, q, =0.14 x(# rods)+2xP, : f
R, = —x100
(q, = pr:svious reading)
?Iflz?e‘rs) ?fzgttl)‘ # rods P, P, DG q, £ R,
0.2 0.66
0.4 1.31
0.6 1.97
0.8 2.62
1 3.28
1.2 3.94 2 7 8 1 14.3 0.1 #DIV/0!
14 4.59 2 8 12 4 16.3 0.5 3.7
1.6 5.25 3 6 10 4 124 0.5 3.3
1.8 5.90 3 5 7 2 10.4 0.3 2.1
2 6.56 3 8.5 10.5 2 174 0.3 2.6
2.2 7.22 3 6.5 9.5 3 13.4 0.4 2.3
2.4 7.87 3 5 7 2 10.4 0.3 2.0
2.6 8.53 4 10 15 5 20.6 0.7 6.4
2.8 9.18 4 11 13 2 22.6 0.3 1.3
3 9.84 4 9 11 2 18.6 0.3 1.2
3.2 10.50 4 85 11 2.5 17.6 0.3 1.8
34 11.15 4 11 15 4 22.6 0.5 3.0
3.6 11.81 5 11 15 4 10.7 0.5 2.4
3.8 12.46 5 16 19 3 32.7 0.4 3.7
4 13.12 5 11 13 2 22.7 0.3 0.8
4.2 13.78 5 10 12 2 20.7 0.3 1.2
44 14.43 5 2.5 5 2.5 5.7 0.3 1.6
4.6 15.09 6 2.5 3 0.5 5.8 0.1 1.2
4.8 15.74 6 2.5 3 0.5 5.8 0.1 1.1
5 16.40 6 4 5 1 8.8 0.1 2.3
5.2 17.06 6 4.5 5 0.5 9.8 0.1 0.8
5.4 17.71 6 5.5 7 1.5 11.8 0.2 2.0
5.6 18.37 7 3.5 45 1 8.0 0.1 1.1
5.8 19.02 7 2.5 5 2.5 6.0 0.3 4.2
6 19.68 7 4 45 0.5 9.0 0.1 1.1
6.2 20.34 7 3.5 4 0.5 8.0 0.1 0.7
6.4 20.99 7 4 45 0.5 9.0 0.1 0.8
6.6 21.65 8 6 7 1 13.1 0.1 1.5
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Table 11A-1 CPT data record, Monroe Co., [owa—continued

I
Dutch Cone Monroe Co., IA 10/5/2005 TH-2 W.L.=12.2
Soap Creek 4-86 f =0.133xDG
DG=P,-P, q, =0.14 x(# rods)+2xP, : f
R, = —x100
(q, = pr:svious reading)
gﬁzgrs) ?fzgttl)‘ # rods P, P, DG q, £ R,
6.8 22.30 8 6.5 7.5 1 14.1 0.1 1.0
7 22.96 8 10 12 2 21.1 0.3 1.9
7.2 23.62 8 6 3 13.1 0.4 1.9
7.4 24.27 8 1.5 2.5 1 4.1 0.1 1.0
7.6 24.93 9 2.5 0.5 6.3 0.1 1.6
7.8 25.58 9 2 1 5.3 0.1 2.1
8 26.24 9 2 1 5.3 0.1 2.5
8.2 26.90 9 3 1 7.3 0.1 2.5
8.4 27.55 9 13 16 3 27.3 0.4 5.5

(210-VI-NEH, Amend. 55, January 2012)
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