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GEOTECHNICAL ENGINEERING ANALYSES AND RECOMMENDATIONS

THIRD RUNWAY EMBANKMENT

SEATTLE-TACOMA INTERNATIONAL AIRPORT

SEATAC, WASHINGTON

INTRODUCTION

This report presents the results of Hart Crowser's geotechnical analysesand
recommendations for construction of the proposed embankment to support the

new Third Runway at Seattle-Tacoma International Airport, in SeaTac,

Washington.

This report provides geotechnical designand construction information for the
Phase 4 and subsequent phases of embankment construction. Geotechnical
recommendations are based on results of subsurface explorations and tests that

are presented in other reports (see Hart Crowser, 2000j and other references
listed at the end of this text). Geotechnical recommendations for previous

phases of embankment construction are presented in other reports (AG[, 1998;
Hart Crowser, 1999a and 2000a).

SUMMARY

Phase 4 embankment construction will include permanent slopes as well as

construction of interior fill portions of the embankment. Design requirements

for these permanent slopes include seismic design considerations that differ from
the previously constructed temporary slopes that have been constructed in the
interior of the embankment. Accordingly, the main part of this report is focused

on the proposed permanent slopes, including foundation support for these
slopes, on the west side of the proposed embankment.

Significant elements of this report are summarized below. The main text, tables

and figures, appendices, and referenced documents should be referred to for

significant additional information that supports and/or qualifies the following
summary.

Area Covered by this Report

This report addresses the interior of the embankment (Phase 4) and permanent

fill slopes along the west side of the project. Inclination of the embankment
slopes discussedin this report is nominally 2 horizontal to 1 vertical (2H:lV).

Analyses and recommendations for design and construction of the proposed
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MSE walls that will retain portions of the embankment are discussedelsewhere

(Hart Crowser, 200(0 and 2000h).

Figures 1, 2, and 3 show the embankment slope areas that are addressed in this

report Figure 4 shows the Proposed Phase 4 embankment footprint. The

proposed permanent slope areas addressed in this report are located as follows
(projected west from the approximate runway centerline stations noted):

• Station 187+00 to 213+00 (between the NSA and West MSE walls);
• Station 149+00 to 171+00 (between the South and West MSE walls); and

• Station 133+00 to 139+00 (south of the South MSE wall).

Embankment Fill Materials

Embankment fill materials and methods of construction will generally be the

same as have been used for previous phasesof embankment construction.

Table 1 summarizes the specified gradation and recommended use for different

types of fill material. The embankment is to be constructed in zones, with

different compaction criteria applied to different fill materials and zones as
discussedelsewhere.

The specified fill soils are relatively "well-graded." Well-graded means that these

soilsare a blend of fine- and coarser-grained particle sizes. Hart Crowser has

proposed test specificationsthat could be used to broaden the range of

acceptable fill materials. These draft specifications and supporting research are

presented in Appendix D. Except for addition of the proposed specification in
Appendix D, Hart Crowser does not recommend any changes to the fill material

specifications or compaction criteria that are currently being used in Phase 3
construction (Port of Seattle, 2000).

Slope Stability Analyses

Embankment designwas based on slope stability and deformation analyses.

Limit equilibrium analyses of slope stability were accomplished for representative

cross section to verify the proposed embankment slopes met target values for
factor of safety. Various drainage and seismic conditions were assessedas

discussedin Appendix A, in accordance with conventional geotechnical
engineering practice.

The purpose of the slope stability analyses discussedin this report was to:

• Verify that permanent slopes constructed with the specified materials and

methods would be stable for all anticipated design loads; and

Hart Crowser Page 2
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• Define the need for and extent of any needed subgrade improvement to

foundation soils below the embankment slopes.

The design seismicevent for the Third Runway project is a large earthquake with

a probability of exceedence of 10 percent in 50 years, or an equivalent return

period of about once in 475 years. This design earthquake would have a Richter

magnitude on the order of about 7.5 and is estimated to produce a peak

horizontal acceleration of 0.36 g (see Hart Crowser, 1999d).

Overall stability of the proposed embankment slopes met target factors of safety

except in one specific area (extending from the area adjacent to approximately
runway stations 204+00 to 214+00) where existing native soilsare liquefaction

susceptible and/or include areas of low-strength silty clay. Recommended
subgrade improvements in this area will provide stable slopes. Smaller scale

seismic instability(slumps on slopes lessthan about 60 feet in height) may result

in other areas, asa result of isolated, discontinuous zones of soil liquefaction.

Analysis of Areas with Potential Foundation Instability

Initial analyses showed embankment slope stability would meet target factors of

safety except where problems might exist with native soils that provide
foundation support to the slope. Hart Crowser accomplished an extensive

assessmentof available soils information to identify location of problematic

conditions, and to verify adequacy of the available information to identify such
areas. This assessment focused on areas underlying the embankment slope

because our design approach assumed that a stable toe section was necessary
to buttress the interior of the embankment fill.

Analyses of soils along the embankment showed isolated areas of loose to

medium dense, saturated sandy soilsthat are susceptible to liquefaction, but

which are not contiguous or extensive enough to produce significant

embankment instability. Hart Crowser estimated post-liquefaction shear strength
that would result from different size earthquakes, and used a probabilistic

deformation-based analysisto demonstrate that the composite strength of areas
with mixed liquefaction susceptible and non-susceptible soilswould limit

embankment deformations to acceptable levels, even after a very large
earthquake.

Analysis of potential liquefaction also showed areas of loose to medium dense,

saturated sandy soilsthat are not susceptible to liquefaction under existing
groundwater conditions, but which might be susceptible in the event

groundwater levels rise. Significant changes in groundwater levels are not

anticipated, based on groundwater monitoring in the area. In addition,

Hart Crowser
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infiltration modeling (see Appendix C) indicates that construction of the
embankment would not produce long-term increases in groundwater levels

below the embankment

Other potentially problematic subgrade soil conditions that were evaluated
include limited areas of (1) clay and peat soils with low shear strength, and (2)

silt and clay soilswhere excesspore pressuresmight reduce shear strength

during construction.

Recommended Subgrade Improvements

Subgrade improvement are recommended in the area(s) where existingsoils
could affect the embankment slopes due to potential liquefaction, excess pore

pressuresin siltsand clays, and/or low shear strength organic soils (peat). The
available methods to accomplish subgrade improvement where needed for the

Third Runway MSE walls (see Hart Crowser, 2000f) are also generally applicable

for soilssupporting the embankment slopes.

For the Third Runway project overall, Hart Crowser recommended subgrade

improvements consist of either 1) overexcavation and replacement of unsuitable

soilswith compacted structural fill, or 2) use of stone columns to improve

subgrade soilsin place. Either of these approaches issuitable in the limited

areas where subgrade improvement is needed for stability of the permanent

embankment slopes.

Subsequent to the Hart Crowser's initial review of alternatives, independent

reviewers suggestedthat dynamic compaction be re-evaluated. Our analysis
indicates this approach would be feasible to mitigate potential liquefaction only,
but would not be effective in areas where silt, clay, and/or peat soilscould

contribute to instability. A variation on this approach, referred to as "dynamic

replacement," is currently being evaluated.

Recommended subgrade improvements are focused on conditions affecting

stability of the permanent embankment slopes. Conditions within the interior of
the embankment are generally of lessconcern because:

1) Our design approach assumes that stability of subgrade soils along the

perimeter of the embankment is necessary to assurestability of the
embankment as a whole; and

2) Subsurface explorations within the interior of the embankment generally

encountered more competent soils (higher denser and shear strength)

compared to soils along the west edge of the embankment.

HartCrowser Page 4
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Other Construction Recommendations

In addition to subgrade improvements, this report summarizes Hart Crowser's

previous recommendations for embankment construction. These
recommendations include:

• Site preparation should include removal of vegetation prior to placement of

fill, proof rolling, and limited stripping of topsoil along the toe of the
embankment;

• Provide a continuous drainage layer below the base of the embankment;

• Remove or improve in-place any areas of peat or other soft unsuitable soils

that may be encountered prior to fill placement;
• Abandon any existingutility pipes below the embankment by fillingthem

with grout; and

• Continue to use the fill material criteria and compaction approach as
specified for Phase 3 of the project. See Appendix D for recommended

additions to the fill material acceptance criteria.

Work in Progress

An independent Geotechnical Review Board reviewed geotechnical work to

date and work in progress, in November 2000. At the time this report is being

issuedas a draft for review and discussion,some related work is ongoing to
address questions raised by the GRB and/or to improve cost-effectiveness of the

designand construction. Recommendations in this report may be modified
depending on results of this additional work.

Organization of This Report

This report is organized as follows:

• Following this summary, the text of this report discussessubsurface

conditions in the areas analyzed, focusing particularly on conditions that
could require subgrade improvement; and

• The final section of the main text of this report provides geotechnical
recommendations for construction.

Appendix A provides a detailed geotechnical discussionof the slope stability and

deformation analyses accomplished for the permanent embankment slopes.

This includes design criteria, analysis methods, assumptions,and input soil
parameters.
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Appendix B presents generalized crosssections used for the stability analyses
discussedin this report.

Appendix C discussesthe groundwater modeling accomplished by Hart Crowser

to assessthe potential for long-term changes in groundwater level below the
embankment. The modeling was accomplished to assesspotential changes in

risk of seismicliquefaction, and potential for changes in base flow to Miller

Creek and adjacent wetlands west of the embankment.

Appendix D presents a recommended draft specification and supporting
information that may be used to broaden the fill material acceptance criteria.

GEOTECHNICAL OVERVIEW OF SUBSURFACE CONDITIONS

Areas Addressed in this Report

This report addressesthe Third Runway embankment areas shown on Figures I,

2, and 3. The specific areas represented in our analyses are as follows:

• Phase 4 Area between the NSA Wall and the West Wall. This area includes

the permanent embankment slopes from about Station 194+50 to 213+00.

Subgrade improvements in the area north of the existing 156th Street and
below the West MSE Wall, and most of the embankment fill in the area

between the NSA and West MSE Walls will be constructed as part of the
Phase 4 contract.

• South of the West MSE Wall. The remainder of the embankment will be

part of a subsequent construction phase(s). This includes permanent fill
slopes from about Station 149+00 to 171+00 (between the West and South

Walls) and a smaller area of permanent fill slopes from about Station 133+00
to 138+50, south of the South MSE Wall.

Existing Information

Information on subsurface conditions in the area covered by this report is

presented in several reports, including: AGI, 1998; Hart Crowser, 1999a, 2000b,

2000d, 2000e, 2000g, and 2000j.

Subgrade conditions below the embankment in general, and in the Phase 4 area
specifically, typically consistof up to about 20 feet of loose to medium dense

surficial soilsoverlying very dense or hard glacially overridden soils. In some
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areas, the surficial soilsinclude some existing fill that typically consistsof local
soilsthat have been disturbed.

The surficial soils generally consist of sands interbedded with a mixture of silts,

clays, and peat. These "sands" actually range in gradation from non-silty to silty

or clayey sands,and contain varying amounts of gravel.

• Typically the surficial soilsare more likely to contain lenses or interbeds of

fine-grained silt and clay, and organic peat, along the north and west sides of

the project where the embankment is adjacent to wetlands which border
Miller Creek.

• The surficialsoils are more typically loose sand (with varying fines content

but fewer distinct lenses of siltand clay) in the southwest part of the
embankment.

Generally very dense or hard, glacially overridden sands and silts are

encountered within 10 to 20 feet of the existing surface. Both the glacially
overridden soilsand the shallow surficial soils include zones of perched water

and a shallow regional aquifer that contribute base flow to Miller Creek and

Walker Creek, west of the embankment.

Subgrade Improvement Needed for Specific Soil Conditions to Provide Stability

Soil conditions in some areas require subgrade improvement to provide stable

support for the Third Runway embankment. Such conditions identified in some
explorations for the project include:

• Relatively loose, predominantly sand soilsbelow the water table, which are

potentially susceptible to strength lossdue to seismic shaking
("liquefaction");

• Compressible silt and clay soils which are potentially susceptible to short

term ("end of construction") strength lossdue to pore pressuresdeveloped
from embankment loads; and

• Low strength, compressible organic soils,referred to as peat.

Occurrence of Problematic Subgrade Conditions Impacting Slope Stability

Most of the surficial soils and all of the underlying glacially overridden soils will

provide good embankment support. However, locally there are some near-

surfacesoils that will not provide good embankment support. A summary of

these potentially problematic subgrade conditions is provided below.

HaM Crowser Page 7
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Liquefaction

As used in this report "liquefaction" refers to partial or complete lossof strength

in granularsoilswhen excess pore pressuresare created as a result of seismic

shaking. Figures 2 and 3 show the extent of seismic hazard conditions (including

liquefaction-susceptible soils) identified during the EISfor the Third Runway,

(FAA, 1995). Explorations for the embankment that encountered liquefaction-

susceptible soilsare alsoshown on Figures2 and 3.

General Conditions of Interest

Liquefaction-susceptiblesoils, consisting of loose to medium dense sand and

slightlysilty to silty sand below the groundwater surface, were encountered (1)
in isolated, widely spaced explorations along the proposed embankment slope
between the South and West MSE walls, (2) more often but still discontinuously

in explorations between the West MSE wall and proposed runway Station
205+00 (about where the existing South 156th Way crosses the proposed

embankment), and (3) consistently in an area extending north of about runway
Station 205+00 and south of the proposed NSA wall.

Analysis of Liquefaction

Hart Crowser used the Seed and Harder method of analysisto determine

susceptibility of soilsto liquefaction (Hart Crowser, 2000i). Our analyses used
resultsof Standard Penetration Test (SPT N-values) and Cone Penetrometer Tests

(CPT) and considered the effect of different magnitude earthquakes having

return periods ranging from 72 years up to the 475-year design event.

Hart Crowser's analysisconcluded that the extent of liquefaction-susceptible

surficial soils along the permanent embankment slope is largely dependent on

the extent of saturation in the loose to medium dense, predominantly sandy

surficialsoils. Pre-1998 water level observations in the project area are reported
in AGI (1998). Hart Crowser installed and monitored additional observation

wells to measure groundwater levels in the area of interest in 1999 and 2000
(see Table 2).

Hart Crowser's interpretation of existing water levels to indicate potential areas
susceptible to liquefaction is conservative for two reasons:

I_ Review of local precipitation records indicates the winter of 1999 and 2000

was wetter than average (42 inches of precipitation compared with the long-

term (69-year) average of 38.4 inches). Groundwater monitoring in the

southern part of the embankment was initiated in the winter and spring of

Hart Crowser Page 8
.1-4978-28

AR 049671



2000, during the time when water levels are seasonally highest. Water level
monitoring over the rest of the embankment area has been regularly

accomplished for more than a year.
I_ Hart Crowser also completed a detailed hydrologic modeling analysis to

assesswhether infiltration through the embankment would affect long-term

groundwater levels after construction. Our analyses indicate the
embankment is unlikely to materially change groundwater levels compared

to existing conditions (see Appendix C).

As a result, our interpretation of risk of liquefaction based on existing conditions
isconservative.

Finally,Hart Crowser evaluated stability of areas where soil liquefaction is
anticipated to occur. We evaluated post-liquefaction residual shear strength in

areas of potentially complete liquefaction, and composite shear strength of
zones where liquefaction may occur discontinuously, for use in slope stability

and deformation analyses. These analysesand results are presented in Appendix

A. These analyses generally indicate the embankment slope will be stable for
the design seismic event, except in one area between runway Stations 204+00

to 214+00. As a result of these analyses, Hart Crowser recommends subgrade

improvements to prevent liquefaction and achieve target factors of safety along

thisportion of the west slope of the proposed embankment (see Figure .5).

Hart Crowser anticipates there will be some liquefaction in isolated areas below

the embankment south of runway Station 20.5+00; see Figures 2 and 3. Our

analysisof composite strength indicates that discontinuous areas of liquefaction

would not produce large-scaleslope instability such as would impact the

operability of the runway. However, less significant problems may result in areas
where subgrade improvement is not provided.

• Parametric analysisindicates that smaller scale instability involving slopes up
to about 60 feet in height could result from local discontinuous zones of

liquefaction. Depending on where liquefaction occurs and the magnitude of

strength reduction, such events could limit use of the airfield perimeter road
and require local slope maintenance.

• Where slope instability does not occur, there is some potential that ground

surface movements may occur ("sand boils") within the interior or slopes of

the embankment. Surface movements are not observed where the depth of
well-compacted fill is on the order of a few tens of feet or more. This is not

anticipated to be a significant problem for the proposed runway since
liquefaction-susceptible soilsare primarily anticipated in areas of thick fill
adjacent to the western side of the embankment.
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Recommended Mitigation

Figure S depicts the proposed location for subgrade improvement to mitigate

liquefaction in the Phase 4 construction area. Recommended mitigation in this
area could consist of either (1) removal and replacement of soils to a depth of

about 15 feet, or (2) use of stone columns.

End of Construction Excess Pore Pressures

Compressible siltand clay soilsare potentially susceptible to short-term ("end of
construction") strength lossdue to pore pressuresdeveloped from embankment
loads.

General Conditions of Interest

Soft and medium stiffto stiff siltand clay subgrade soils in the north part of

Phase 4, south of the NSA wall, were evaluated to assesspotential for

construction-induced pore pressurescould reduce soil shear strength below

acceptable values. Potential for occurrence of this problem below the
embankment slopes (i.e., outside the MSE wall subgrade support areas which are

discussedin Hart Crowser, 20000 is limited to the area north of about runway

Station 205+00 (about where the existing South 156th Way crosses the

proposed embankment. This is roughly the same area discussedabove, where

liquefaction-susceptible sandy soils are interbedded with relatively low strength

silty clay.

Silt and clay soils were also observed in the embankment slope area between

Stations 202+.50 and approximately 197+00. However, the silt/clay in this area

is stiff to hard and the results of Hart Crowser's analyses indicated adequate

factors of safety for undrained conditions due to the associated higher soil shear
strength (refer to Table A-1 in Appendix A).

Analysis of Construction-Induced Pore Pressures

Potential embankment stability problems due to excess pore pressures during
construction could occur if embankment fill placement occurs at a rate faster

than pore pressurescan dissipate. Hart Crowser created a spreadsheet model to

calculate the rate of pore pressurebuild-up based on consolidation theory.
Consolidation parameters were obtained from laboratory tests and CPT tests.

Maximum pore pressurevalues over time were calculated by comparing the
incremental increase in pore pressure due to daily fill placement with continuous

pore pressure dissipationdue to consolidation. Rate of fill placement was

adjusted to determine limiting values.

Hart Crowser Page 10
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Hart Crowser found excessconstruction-induced excess pore pressureswill not

cause instability where the embankment fill is placed at a rate of lessthan 4 feet

per day.

Recommended Mitigation

Potential for instability due to construction-induced excess pore pressure is not

anticipated within the Phase 4 area except within the area where subgrade

improvement is recommended for mitigation of seismic liquefaction. The
mitigation alternatives (remove and replace, or stone columns) would also

eliminate potential pore pressure concerns in the clay soils interbedded with the
sands in this area.

Provided mitigation for liquefaction is provided as recommended above, it

would not be necessary to limit rate of fill placement to avoid excess pore
pressures. No other mitigation is needed.

Low Shear Stren.qth, Compressible Peat

Peat (organic-rich soils) was encountered discontinuously in isolated areas within

the embankment footprint, including some areas along the proposed permanent
slope. Peat istypically associated with wetland soils,but is not present in all
wetlands.

General Conditions of Interest

The occurrence of peat is uncommon within the proposed embankment

subgrade, and will generally not be a stability problem for permanent slopes.

Limited thicknesses of peat (typically lessthan a foot in thickness) have been

observed discontinuously in a few isolated borings below the proposed
embankment.

(Peat is more pervasive in some of the wall subgrade areas. See Hart Crowser

(2000b, 2000e, and 20000 for discussion of peat below portions of the NSA and

West MSE walls, and below part of the right of way for the relocated South
1S6th Street).

Recommended Mitigation

Where peat is encountered below the main embankment it could be either (1)
removed and replaced with compacted fill, or (2) left in-place and filled over

with coarse gravel or quarry spalls,prior to placement of embankment fill. The

Hart Crowser
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second approach is generally apDropriate where the peat is less than about 2
feet in thicknessor about 25 feet in lateral extent. Hart Crowser recommends

that we be consulted prior to filling over thicker or more extensive peat deposits

left in-place.

GEOTECHNICAL RECOMMENDATIONS FOR CONSTRUCTION

This section of the report discussesrecommendations for geotechnical aspects
of embankment construction.

For the most part, previous Hart Crowser recommendations (Hart Crowser,

1999a and 2000a) for embankment construction Phases 2 and 3 are applicable

to the proposed Phase 4 and remaining embankment construction. As needed,

these recommendations are reiterated and/or modified herein.

Hart Crowser provides recommendations for construction in the following areas:

• Site preparation;

• Subgrade improvement;

• Drainage layer construction;

• Fillmaterials, placement and compaction; and
• Slope face treatment.

Embankment Site Preparation

Recommended site preparation for embankment construction includes (1)

removal of vegetation and debris, (2) limited topsoil removal, (3) proof rolling,
(4) fillingover, or local overexcavation and replacement, of unsuitable soils;and

(5) abandonment of wells and buried pipelines by grouting.

Removal of Vegetation and Debris

Prior to placement of any fill, Hart Crowser recommends that all vegetation be
removed within the fill footprint.

• Close-cut trees and vegetation, and process into wood chips;

• Rake and remove loose organic debris resultingfrom clearing and mowing
activities. Grubbing or removal of topsoil is not required except as noted
below.

Hart Crowser
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The chipped organic debris can be reused as mulch, for dust or mud control on

haul roads, or incorporated into non-structural fill.

Remove and dispose of all rubbish encountered during removal of vegetation.

Minor amounts of concrete or masonry demolition debris may be incorporated

into the embankment fill only if it is lessthan 6 inches in size and can be placed

and compacted in such a manner to prevent formation of voids. (Note that a

significant amount of concrete debris was incorporated into a test fill in the NSA

in 1998. Contact Hart Crowser if you wish to develop specifications for

placement of concrete debris in Phase 4 or subsequent embankment
construction).

Limited Removal of Topsoil

Within a 50-foot-wide zone underlying the toe of the fill and within the footprint

of future airfield pavement areas, Hart Crowser recommends the following:

• Clear and grub all stumps, roots, buried logs, brush, matted roots, and other
unsatisfactory materials; and

• Remove soft/loose, organic-rich topsoil at the ground surface to expose

medium dense to dense granular soils. We estimate that typically a half-foot
to about 1-foot nominal thickness would need to be removed, based on the

subsurface information available, including the test pits in the area.

However, we recommend there be some provision to do additional stripping
as needed based on observations at the time of construction.

This is a good construction procedure because it enables close observation of

subgrade conditions in area critical to overall slope stability. Also, decay over

time of organic material in the topsoil may reduce strength of the topsoil (if left

in-place) and possibly lead to instability. Stability analyses previously

accomplished by Hart Crowser (for Phase 3) indicate embankment stability is
relatively insensitive to the width of topsoil stripping, thus the 50-foot width is

considered reasonable for the embankment slopes.

Note that future airfield pavement will be located above part of the Phase 4 fill.

In our opinion, the risk of future settlements due to organic decomposition
causing potential long-term pavement damage is probably low, but it is not

possible to specifically quantify the magnitude of such risk. We recommend the

base preparation noted above extend over the area defined by projecting down
and outward from the edge of runway and taxiway pavement at 0.SH to 1V, to

avoid risk of possible future pavement damage related to settlements resulting
from organic decomposition.

Hart Crowser
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Proof Rolling

Prior to placement of any new fill, we recommend that the subgrade be proof
rolled with a heavy roller (nominal 15,000-pound static dead weight) after

removal of vegetation, topsoil, and any other overexcavation. The purpose of

the proof rolling is to identifi/any local areas of unacceptably soft, loose, or wet

soilsthat may need to be treated prior to fill placemenL

We recommend an experienced person representing the Port observe proof

rolling and initial fill placement and compaction, so that local overexcavation
and replacement may be accomplished if unsuitable conditions are encountered.

Treatment of Unsuitable Soils

Hart Crowser anticipates that some areas within the embankment footprint may

be soft or wet or otherwise unsuitable for fill placemenL

Where peat or other soft soilsare encountered below the embankment, these
areas could be either (1) excavated and replaced with compacted fill, or (2) left

in-place and filled over with coarse gravel or quarry spalls, prior to placement of
embankment fill. The second approach is generally appropriate where the peat
or other soft soils are lessthan about 2 feet in thickness or about 25 feet in

lateral extent. Hart Crowser recommends that we be consulted prior to filling

over thicker or more extensive peat deposits, in the event that any suchareas

are encountered during construction.

Seepage is anticipated in some areas within the embankment footprint. Where

subgrade soilsare generally competent, the embankment underdrain material

can be placed directly on the subgrade to allow continued seepage below the
main fill. Where seepage occurs in soft soil or peat deposits, we recommend

that a filter geotextile be placed between the subgrade and the underdrain to

prevent piping of fine-grained soil into the underdrain.

Depending on condition of the subgrade, it may be necessary to increase the

thickness of the first lift of fill material, and/or to accept a somewhat lower

degree of compaction than otherwise specified. Regardless of whether topsoil is

left in-place, it may be difficult to achieve the specified minimum level of

compaction for the initial 1 to 2 feet of fill. Sometimes it is necessary to build up

some thicknessof good fill to bridge over soft subgrade, to achieve specified
compaction. Where the specified compaction cannot be achieved within the
first 1 to 2 feet, we recommend the Contractor be allowed to either:

1. Overexcavate and replace the soft subgrade; or

2. Stabilize the soft area with quarry spalls;and/or

Hart Crowser Page 14
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3. Use a geotextile between the subgrade and new fill, to obtain a relatively

non-yielding foundation to support the fill.

Abandon Bulled Utility Pipes and Wells

Prior to fill construction, existing monitoring wells and any abandoned water

supply wells that may be discovered, should be abandoned in accordance with

Washington State Department of Ecology regulations (Chapter 173-160 WAC).

Hart Crowser also recommends that any abandoned underground pipes within

the fill footprint be filled with cement grout to prevent them from becoming a

possible conduit for underground erosion that could produce settlements.

Typically this is done by completely filling such pipes with grout, from the lowest
point to the highest point. Lesscomplete filling, such as installation of one or

more intermittent grout plugsat the lowest end of the pipe is sometimes
acceptable, but provides a lower degree of protection.

Subgrade Improvement

Hart Crowser recommends that subgrade improvement of unsuitable soils be

accomplished by"either (1) removal of the unsuitable soil and replacement with

compacted structural fill, or (2) improvement in-place by installation of stone
columns.

Overexcavation and Replacement

For this alternative, soil would be excavated and replaced with Type 1 fill placed

and compacted as specified for the embankment underdrain. Dewatering
needed to accomplish overexcavation and replacement should consist of either

well points or wells installed by an experienced dewatering contractor. Please

refer to the draft dewatering specifications that Hart Crowser has previously
submitted to HNTB for further information.

Stone Columns

As an alternative to overexcavation and backfill, the installation of stone columns

could be used to mitigate soil liquefaction and avoid concerns about potential
excesspore pressuresin clayey soils.

Hart Crowser recommends that stone columns used for subgrade improvement

below the toe of the embankment slope be designed and installed using the
same criteria as previously recommended for subgrade improvements below the
MSE walls (Hart Crowser, 2000f). We recommend the stone columns be
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nominal 42-inch-cliameter, installed on a triangular pattern, 8 feet on center, to

produce an area replacement ratio of 17 percent. Please refer to the draft stone
column specifications that Hart Crowser has previously submitted to HNTB for
further information.

Embankment Underdrain

Hart Crowser recommends that an embankment underdrain, consisting of a

minimum 3-foot-thick layer of free-draining fill (Type 1) be placed under the

entire footprint of the embankment. The purpose of the underdrain layer is to
collect and discharge seepage without inducing any excesspore pressuresin the
embankment.

The underdrain should daylight in a drainage swale along the toe of the
embankment, and each section of the swale should be sloped to enable gravity

drainage. Locally the exposed face of the day-lighted underdrain should be

protected from erosion because stability analyses for the Phase 3 fill indicated

some potential for initiation of shallow instability associated with excessflow in
the underdrain.

Contract provisions for thickening the drainage layer are recommended to

accommodate variations in topographic relief of the existing ground surface and

seeps that will be encountered. Seeps encountered within the embankment fill
area should be hydraulically connected to the underdrain, and locally the

drainage layer thickness may need to be increased to achieve this.

Prior to placing the underdrain, Hart Crowser recommends the surface of the

area to be filled be graded as needed to prevent drainage within the underdrain

from being impeded by topographic high points. An example of this would be

where the fill will cross the existing ROW for 12th Avenue South that is higher in
elevation that the native ground surface to the east and west.

Where existing seepage occurs in peat areas that will be stabilized with quarry

spalls,Hart Crowser recommends excavation of finger drains which can be

backfilled with Type ] drain material to avoid any build-up of pore pressures as

the peat consolidates. The underdrain layer in these areas should be protected
with a filter geotextile as previously recommended.

In the event that Group 1 soilsare not readily available, it may be possible to

modify the specification for underdrain fill. In this case the drainage layer soil

gradation should meet established filter criteria to ensure that a) drainage layer

has adequate permeability relative to the overlying protected soil, and b)

drainage layer has gradation that is resistant to piping erosion of overlying
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protected soil. Rather than attempt to cover all possible contingencies in the
construction specification, Hart Crowser recommends specifying Group 1 soils

for the underdrain, and addressing alternate materials through submittal review

in the event this is required.

Embankment Fill

Table 1 summarizes the fill material gradation criteria used in the Phase 3

construction specifications. Hart Crowser recommends the Port and HNTB

consider modifying the existing specifications (Port of Seattle, 2000) to broaden

the allowable gradation range of acceptable fill material - see Appendix D.

Hart Crowser has reviewed field test data collected by Terra Associates for the

1998, 1999, and 2000 fill construction (Phases 1, 2, and 3). We find that the

materials specified in the existing Phase 3 fill specification are readily available

and can be placed and compacted within the specified limits.

Review of the test results and field notes indicates that problems with

compaction below the specified minimum density are relatively infrequent

overall. However, when such problems have occurred, this is consistently
associated with soilswet of the specified limits. Accordingly, we do not

recommend increasing the recommended compaction moisture contents or
other fill placement and compaction parameters.

Slope Face Treatment

Hart Crowser recommends that the specifications include a requirement for

overbuilding and trimming back the face of the embankment. This is a widely

used construction practice that has been voluntarily implemented by one
Contractor on some of the Third Runway embankment work to date.

Overbuilding and trimming the embankment provides some confinement that

improves density of the fill at the final slope surface. This, along with slope track
walking and revegetation reduces potential for erosion and instability of the
slope face.

Many embankment slope faces are constructed without benching, and appear to
perform well in most cases. Hart Crowser recommends the permanent

embankment slope be benched to reduce potential erosion-related instability

and to facilitate maintenance in the event this is required (Hart Crowser, 2000c).
We understand HNTB is now reviewing bench arrangements that would allow

an overall average slope of 2H:IV, with somewhat steeper sections between

Hart Crowser
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benches, and we anticipate Hart Crowser will assessstability of this

configuration when it is completed.

USE OF THIS REPORT

This report is for the exclusive use of the Port of Seattle, HNTB, and their
consultantsfor specific application to the subject project and site. We

completed this study in accordance with generally accepted geotechnical
engineering practices for the nature and conditions of the work completed in the
same or similar localities, at the time the work was performed. We make no

other warranty, express or implied.

In our opinion the explorations provide a reasonable basis for design and

showing the proposed extent of subgrade improvements on the construction

plans. Note, however, that the explorations performed for this study reveal
subsurfaceconditions only at discrete locations across the project site and that

actual conditions in other areas could vary. Furthermore, the nature and extent

of any suchvariations would not become evident until additional explorations

are performed or until construction activities have begun. If significant variations

are observed at that time, we may need to modify our conclusions and

recommendations accordingly to reflect actual site conditions.
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If you have questions or if we can be of further assistance, please call.

Sincerely,

HARTCROWSER,INC.

JAMESR. BEAVER,E.I.T. DOUC; D. LINDQUIST, E.I.T.

Project Engineer Senior Staff Engineer

MICHAELJ. BAILEY,P.E. BARRYS. CHEN, PH.D., P.E.

Project Manager Senior Associate Engineer
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Table 1 - Soil Gradations for Embankment Fill Material Groups

Sieve Size Percent Passing
Embankment Fill

(Not Reinforced)

Group 1A
6-inch 100
44nch
3-.inch 70 to 100
1¼-inch
%-inch 50 to 77

U.S. No. 4 30 to 50
U.S. No. 40 3 to 15
U.S. No. 200 c' 0 to 5

Group 1B
6-inch 100
4--inch
3-inch 70 to 100
1V,-Jnch
%-inch 35 to 80

U.S. No. 4 20 to 55
U.S. No. 40 3 to 30
U.S. No. 200 m 0 to 8

Group 2
6-inch 100
4-inch
3-inch 70 to 100
11/4-inch
%-inch 50 to 85

U.S. No. 4 30 to 65
U.S. No. 40 5 to 30
U.S. No, 200 m 0 to 12

Group 3
6-inch 100
U.S. No. 4 50 to 100

U.S. No. 40 20 to 60
U.S. No. 200 m 0 to 35

Group 4
6-inch 100

%-inch 75 to 100
U.S. No. 4 50 to 100

U.S. No. 40 20 to 70
U.S. No. 200 ql'2) 0 to 50

1. The fine-grained soil percentage passing the U.S. No. 200 is based on the fraction of the soil passing
the %-inch sieve

2. P.I. < 4 for fine-grained fraction.
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APPENDIX A

SLOPE STABILITY AND DEFORMATION ANALYSES

Introduction

This appendix provides a geotechnical description of the slope stability and
deformation analyses used for design of the permanent embankment slopes for

the Third Runway. This discussionincludes the design assumptions, methods of

analyses,design criteria and input soil parameters. Two major types of analyses
are included:

I_ Limit equilibrium analyses accomplished with various computer codes that
include the methods of analysis developed by Spencer, Bishop, and Janbu;
and

• A finite difference method for analysisof stressand deformation, usingthe

FLAC computer code.

The objective of our stability analysiswas to verify stability of the proposed
embankment and, as needed, to define areas of subgrade improvement to

assure foundation stability.

Limit Equilibrium Slope Stability Analyses

Limit equilibrium analyseswere accomplished with the computer programs

SIopes/W and XSTABL.

Types of Analyses

Slope stability analysesand target factors of safety are shown in Table A-1. A

complete discussionof these analysisconditions is provided in Hart Crowser
(20000.

Table A-1 - Limit Equilibrium Analyses

Analysis Condition Target FS
Undrained end of construction (EOC) > 1.3

Partially drained EOC > 1.3
Pseudo-static > 1.0 i,)

Liquefaction > 1.1
Steady state conditions > 1.5

(1) Note target factor of safety: greater than 1.1 for global stability for pseudo-

static conditions; greater than 1.0 for infinite slope type failure through toe.
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For the pseudo-static case, Hart Crowser found that factors of safety were
consistently around 1.05 for shallow infinite slope-type failures near the toe of

the slope. We accepted a slightlylower minimum factor of safety of 1.0 for this
case for the 2H:1V slope, since the overall integrity of the embankment was not

compromised, and a minimum FS of 1.0 for a large seismic event is consistent

with accepted standards of practice for slope stability analysis.

Hart Crowser developed slope crosssections to depict changes in slope

geometry and subsurface conditions at intervals of about 250 to 400 feet where
the slope height exceeded about 50 feet, and additional representative sections

where slope heights were lessthan 50 feet in height. These sections were

closely reviewed to identify potential problematic subsurface conditions and

seven sections were selected for detailed analyses. (The selected sections are

shown in Appendix B. Note these illustrationsare general in nature and actual
details were varied for analyses.)

Crosssections at Stations 193+19 and 206+44 were analyzed for the complete
suite of analysis conditions indicated in Table A-1. Based on the results of these

representative crosssections, we proceeded to analyze the other sections for

the pseudo-static, liquefaction, and steady state conditions. Since subsurface

conditions in the area of Stations 170+23 and 187+60 did not include clay/silt

soils,the EOC and partially drained EOC were not analyzed for these sections.

Input Soil Parameters

input soil parameters were selected based on the results of field and laboratory
tests,specifically correlations of SPT blow counts and CPT measurements for

granular soils,and laboratory triaxial tests for fine-grained soils (see Hart
Crowser, 2000b, 2000d, 2000e, and 2000g).

Susceptibility to Liquefaction

Susceptibility to liquefaction was determined as shown in Hart Crowser (2000i).
in determining depth to groundwater, data from monitoring wells that have been

measured over an extended period of time were considered to provide the best

quality data. Groundwater levels measured in recently installed wells,

groundwater observations at the time of drilling or test pit excavation, and

groundwater elevation contour maps (i.e. Hart Crowser, 2000b) were used as a

secondary data source to interpolate design groundwater levels.
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Analysis of Excess Pore Pressure in Slit and Clay

For the partially drained and more conservative EOC cases, we used undrained

shear strength for the silt/clay soil assuming the embankment is constructed so

rapidly that the load is transferred to pore water. The soft to medium stiff silt

and clay was assigned 1,000 psf for this case, while the stiff to hard silt/clay was

assigned 3,500 psf,based on CU and UU triaxial testing.

For the three sections north of Station 205+00 where EOC stability was below

the target value of factor of safety, our approach was to estimate the build-up of

pore pressure in the silt/clay considering actual construction rates that would be
expected for the embankment. To simulate the drainage characteristics in the

silt/clay, we used one dimensional consolidation theory to estimate the buildup
of excesspressure in the silt/clay for an assumed rate of loading. In situ

piezocone pressuredissipation test and laboratory consolidation tests were used

to determine a value of coefficient of consolidation to represent the permeability

of the silt/clay.

The layer thickness we assumed was either 5 or 8 feet for the affected cross

sections based on borings, giving some consideration to the presence of thin

sandier layers in the silt/clay that would tend to enhance drainage assuming
adequate lateral extent. We assumed double drainage conditions since the

silt/clay is generally surrounded by sand soil. Using a rate of fill placement up to
4 feet per day, the excess pore pressure under full embankment loads

approaches 5,700 psf (>90 feet of water) for an 8-foot-thick clay layer and 1,800
psf (>29 feet of water) for a 5-foot-thick clay layer. For this modeled condition of

partial drainage, factors of safety are above target values.

Other Limit Equilibrium Assumptions

Other assumptionsused in our stability analyses include:

• Seismic basisof designwas based on a 10 percent probability of

exceedence in 50 years (Hart Crowser, 1999d) with a pseudo-static

acceleration equal to 50 percent of the peak horizontal ground acceleration.

• Laterally extensive areas of peat would be removed or, if left in-place they
would be filled over with gravel or quarry spalls compacted into the peat.

• A minimum 3-foot-thick drainage layer will prevent development of
hydrostatic positive pore pressureswithin the embankment.

• For casesexcept the liquefaction case, the drainage layer is water-filled with

hydrostatic groundwater conditions below. For the liquefaction case,
maximum observed or projected existing groundwater level was used.
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• Embankment soils will be compacted to a density and moisture level

consistent with that previously specified, sufficient to provide a friction angle

of phi ,, 3.5 degrees.

A summary of unit weight and shear strength parameters for the embankment

analysesis listed in Table A-2.

Table A-2 - Summary of Input Soil Parameters
Soil Type Unit Drained Strength Undrained

Weight Strength

c' L�X�c
in pcf in psf in deB. in psf in deB.

Existin_ Sub_rade Soils
Loose to Medium Dense 12.5 0 32 67.5 m 0

Sand

Medium Dense to Dense 130 0 3.5

Sand

Dense to Very Dense Sand 13.5 0 37
Glacial Till 130 2.50 40 -

Soft Peat or Organic Silt 110 0 1,5
(Topsoil)

Medium Stiff Silt/Cla_ 21 11.5 0 32 1000 0

Stiff to Hard Silt/Clay t2) 11.5 0 32 3.500 0
Post Construction Soils

Embankment Fill 13.5 0 3.5

Drainage Blanket 140 0 37

Improved Subgrade 13.5 0 3.5

(1) Undrained strength parameters were used for post-liquefaction residual
strength for loose to medium dense sand for the liquefaction case, as

applicable. This is discussed further in the text below.

(2) Undrained strength parameters were used for the end-of-construction cases,
otherwise, drained strength properties were used.

Results of Limit Equilibrium Analyses

Table A-3 presents a general summary of the results of the limit equilibrium

stability analyses for the 2H:IV embankment slopes.
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Table .4-3 - Generalized Summary of Limit Equilibrium Results.
Station EOC, EOC, Pseudo- Liquefaction, SteadyState,

Undrained, Partially Static,
Drained,

(F.S.• 1.3) (F.S.> (F.S.>1.o (F.S.>1.11 (F.S.• 1.s)
170+23 N/A N/A OK GlobalOK OK

187+60 N/A N/A OK GlobalOK OK
193+19 OK OK OK GlobalOK OK

202+47 OK OK OK GlobalOK OK

206+44 NO OK OK NO OK

210+00 NO OK OK NO OK

212+50 NO OK OK NO OK

The resultsshown in Table A-3, indicate the need for subgrade improvements to

prevent liquefaction and subgrade improvement or other mitigation to prevent
excesspore pressure-related instability in the area extending from about Stations

205+00 to 213+50, as shown on Figure 5. Subgrade improvements are
recommended north of the Station 205+00 because:

(1) Potentially liquefiable soils (and soilssusceptible to development of excess

pore pressuresdue to construction) are relatively continuous in this area;
and

(2) Proximity of the embankment to an urban street (relocated South 154th

Way) justifies a high degree of precaution to prevent potential injury or loss
of life.

South of Station 20.5+00, the potential benefit of subgrade improvements is less

clear: potentially liquefaction-susceptible soils are not contiguous over large

areas; and the extent of liquefaction from the design seismicevent (475 year
return period) would not produce global (large-scale) instability of the
embankment slope.

Based on discussionswith HNTB and other members of the design team, Hart

Crowser undertook a series of special studies to further define the potential
extent of liquefaction, and its effects, south of Station 205+00. These studies
included:

• Additional special explorations;

• Statistical analysis of liquefaction-susceptibility and estimated post-
liquefaction residual strength; and

• Probabilistic based deformation analysis of a representative slope section
with non-continuous liquefaction conditions.
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Additional Special Explorations

Test pits used to explore subsurface conditions allow subjective assessment but

are not directly amenable to quantitative assessment of liquefaction

susceptibility. To check interpretation of conditions observed in test pits, Hart
Crowser accomplished additional special explorations (borings and CPT probes)

to verify our interpretation of conditions in along the embankment slope south
of Station 205+00. Boringswere accomplished with special attention to quality
of the SPTdata. The CPT work is in progress at the time this report is being

prepared.

Statistical Analysis of Liquefaction

Analysis of the effect of liquefaction on stability was based on two different

approaches:

(1) Analysisof global liquefaction with single residual strength value; and

(2) A "composite strength" approach that more accurately represents the
variability in existing subsurface conditions.

In general, as the recurrence interval of the earthquake decreases, the

magnitude of the earthquake decreases, the extent of liquefaction-susceptible

soil decreases, and the average post-liquefaction (undrained) residual strength

decreases. This is an important observation since it explains why the Port should

anticipate that some small slope failures are likely to occur along the toe of the

2H:IV slope in areas which analyses show have acceptable factors of safety

against large scale (global) instability. To illustrate:
• In a small earthquake, very loose sands might liquefy and they would have

very low residual strengths.

• In a larger earthquake, more dense sandsmay also liquefy such that average

residual strength would increase because it includes both very loose sands
and more dense sands.

The crosssections analyzed south of Station 205+00 have acceptable post-

liquefaction global stability based on exceeding the minimum target factor of
safety. However, local failures at the toe of the embankment could occur where

liquefaction occurs over limited areas that are not extensive enough to produce

large-scale instability. The effect for small earthquakes is limited: while the

average undrained residual strength decreases, the spatial extent of liquefaction

also decreases, and small soil slumps may occur in areas where complete
liquefaction does not occur.
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Conservative Assumption of Saturated Conditions Used for

Comparison

Hart Crowser found that the depth and continuity of potentially liquefaction-

susceptible soilsvaried widely south of Station 205+00. In addition, both

susceptibility to liquefaction and magnitude of post-liquefaction residual shear

strength varied by location and, importantly, with the size of the earthquake. To
illustratethis, Hart Crowser assessedresults of liquefaction analysisfor all the

samples from borings below the embankment slope, south of Station 20.5+00.

To provide a large enough database to support statistical compa_suns, all
samples above the gladally ovenidden soils were induded in this analysis,

including those that are above the 3_undwater table. Indusion of
unsaturated soils is to enable cornpa_sun only and does not represent the

actual prevalence of liquefaction-susceptible soils below the embankment
slope. Using results of borings only below the embankment slope eliminates the

subjectivity of using soilsinformation from the test pits and possible differences

in soil conditions elsewhere on the project site. Note that at the time this report

is being prepared, additional CPT explorations are in progress, which will

produce a large enough data set that the non-saturated samples can be
eliminated from the analysispresented below. Table A-4 presents resultsof the

analysis(assumingcomplete saturation of all samples).

Table A-4 Results of Liquefaction Analysis for Different Earthquake Events
Seismic Return Interval Proportion of Post-liquefaction

Liquefaction-Susceptible Undrained Residual

Samples Shear Strenl_th in psf
475-year 33% 675

300-year 21% 500

175-year 9% 290

72-year 0% N/A

Note: see Hart Crowser (2000i) for details of the method of analysis used.

The percentage of liquefaction-susceptible samples, and the post-liquefaction
residual strength for those samples were used in the analyses discussed below.

• A parametric analysis was accomplished to evaluate the maximum slope

height that would meet the target factor of safety - assuming liquefaction
occurred for all the soil below the slope.

• A second parametric analysis assessed the effect of partial liquefaction

through use of a composite shear strength. This composite strength was

obtained using both stress dependent (i.e., soil strength based on a normal

load and friction angle, phi, for the non-liquefied soil) and stress independent

(i.e., undrained residual strength, for the liquefied soil) components.
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Note that resultsof these analysesare very conservative because actual degree

of saturation and hence the number of liquefaction susceptible soils is much

lower than assumed to generate the values used in the analyses.

Assumption of Complete Liquefaction

For the assumption of complete liquefaction of foundation soils, the limit

equilibrium analyses showed that the factor of safety for a global failure through

subgrade soilsis a function of embankment height For the design value of 675

psf representing the post-liquefaction residual shear strength for the 475-year
seismic event, Hart Crowser found that factor of safety exceeded the target

values for slopes lessthan about 60 feet in height. This result indicates that the
area south of the west wall would not suffer large instability due to liquefaction

for the designevent. However, some local instability may result for lessthan

complete liquefaction, where lower residual shear strength occurs over limited
areas.

We used the crosssection at Station 170+23, which has a fill height of about 40

feet, as a check to validate the parametric analysis.

Composite Strength Analysis for Partial Liquefaction

For the case of partial or discontinuous liquefaction, stability analyses were

accomplished with a composite soil shear strength calculated as a function of

embankment height.

The composite shear strength value represents an average value in which the

proportion of liquefiable soil on the critical failure surface is assigned an

undrained residual shear strength, while the remaining proportion of soil is

assigned a drained shear strength for non-liquefiable soils (i.e., phi = 32 degrees

for loose to medium dense sand or medium stiff siltand clay).

Based on the statistical analysisnoted above, the 475-year event would cause

liquefaction of 33 percent of the subgrade soil samples analyzed, and 67 percent

non-liquefiable soil. For this condition:

"_= 1/3"c + 2/3*av*tan(_)

Since the contribution to total shear strength for the frictional component of is

dependent upon embankment height, we performed a parametric analysisfor a

representative crosssection (i.e., Station 193+19) to determine factor of safety

for given embankment heights. We averaged the variation in height of the
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embankment slope by usingone-half of the embankment height to calculate the
vertical overburden stress. The resultsare shown below.

• Height of 40 feet, S,,. - 2,472 psf

• Height of 65 feet, S._ "3,885 psf

• Height of 85 feet, S.,_ " 5,015 psf

• Height of 115 feet (max for Station 193+19), S_,. - 6,709 psf

Using estimated composite shear strength for partial liquefaction based on the

design event, Hart Crowser obtained acceptable factors of safety for all slopes
south of Station 205+00.

Deformation Analysis for Discontinuous Liquefaction Conditions

South of Station 205+00, Hart Crowser did not find any basis for predicting

location of liquefaction-susceptible soils,other than at the specific location of the

explorations. Hart Crowser used a stress-deformation model (FLAC) to further

assessthe potential effectsof discontinuous liquefaction of foundation soils

below the embankment slope.

FLAC is a two-dimensional explicit finite difference program for engineering
mechanics computation. This program simulates the behavior of soil, rock, or

other materials. Materials are represented by elements, which form a grid that is
adjusted to the geometry of the specific problem. FLAC has a number of built-in

constitutive models for modeling various materials.

In contrast to limit equilibrium slope stability analyses,which result in a factor of

safety, FLAC calculates forces and displacements directly according to a

material's constitutive model and the site's geometry.

Model Parameters

The FLAC model was evaluated at Section 193+19 of the 2H:IV embankment

slope. The material properties were similar to those used in the slope stability
calculations with minor simplification of the subsurface profile.

Figure A-1 illustratesthe generalized embankment section and subsurface profile

used in the FLAC analyses. In the FLAC analyses the embankment "Drainage
Layer" was incorporated into the "Embankment Fill" and the "Loose to medium

SAND," "Medium stiff to stiff SILT," and "Medium dense to dense SAND" were

combined into a single potentially liquefiable layer for which random distribution
of liquefaction was applied.
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The values usedfor the elastic modulus of the subgrade were based on the

resultsof pressuremeter tests (Hart Crowser, 20008). The elastic modulus for
the liquefied soilswas calculated from the stressstrain model of Byrne (1991) as

presented in Kramer (1996). The dilation angles were selected based on typical
valuesfor sandsand silty sands.

The probability of liquefaction for different seismic events and their

corresponding residual strengths are shown in Table A-4. The soil properties

used in the FLAC analyses are shown in Table A-5.

TableA-5 - SoilPropertiesUsedin the Displacement-Based(FLAC)Model at Station 193+19

Unit Friction Dilation Elastic
Weight in Anglein Cohesion Anglein Modulus Poisson's

SoilDescription psf Degrees inpsf Degrees inksi Ratio
EmbankmentFillandDrainageLayer | 3S 35 0 1S 6 0.3
PotentiallyLiquefiableSoils(static)* 125 32 0 10 4 0.3
PotentiallyLiquefiableSoils(residualstrength)* | 25 0 "* 10 "** 0.3
Denseto verydenseSAND 135 37 0 15 30 0.3

* A probabilisticcombinationof staticandresidualstrengthswere used.
"" Cohesionsof 293,643, and963 psfwere usedfor theincrementalsamplesthat liquefyin the

175, 300, and475-yrevent.
**" ElasticModuliof 0.01, 0.04, and0.08 ksiwere usedfor the incrementalsamplesthat liquefy

in the 175, 300, and475-yrevent.

FLAC Analyses

The FLAC modeling sequence progressed as follows:

(1) Set up model geometry and boundary conditions;
(2) Initialize displacements to a post-construction condition;

(3) Randomly distribute post-liquefaction or non-liquefaction shear strength in

the potentially liquefiable soil layer, according to the expected probability of
liquefaction;

(4) Calculate the resulting deformations; and

(5) Repeat Steps 3 and 4 to observe the effects of the random distribution.

A random number generator was used in Step 3 to determine whether each grid
cell in the FLAC model would liquefy. When the random number was below a

cutoff value, the cell was identified to liquefy and the shear strength was

changed to the post-liquefaction residual strength value. A small grid size was

used in the analyses such that there were 1500 grid cells in the partially

liquefiable layer. An example of the profile of liquefaction for the 9% probability
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of liquefaction (175-year event) in the potentially liquefiable layers is illustrated

on Figure A-1.

Deformation Due to Random Distribution of Discontinuous Liquefaction

The FLAC analyses were performed using a random distribution of liquefaction

for both the 175-year and 475-year events. Each analysis was iterated 10 times

to assess the effect of variability in the results. The displacements were

measured at the toe, mid-height, and top of the slope. The results for the two

seismic events are presented in Tables A-6 and A-7.

Table A-6 - Displacements Calculated for the 175-year Seismic Event (9% liquefaction)

Number Horizontal Displacement in Inches

Number toe of slope midheight of slope top of slope
1 0.3 0.8 0.5

2 0.9 0.7 0.5

3 10.7 0.8 0.5

4 0.7 0.7 0.5

5 2.3 1.0 0.5

6 0.5 0.7 0.5

7 1.7 0.6 0.4

8 1.0 0.7 0.5
9 0.8 0.8 0.6

10 0.5 O.7 0.5

mean 1.9 0.7 0..5

median 0.9 0.7 0.5

st. dev. 3.1 0.1 0.0

Table A-7 - Displacements Calculated for the 475-year Seismic Event (33% liquefaction)

Run Horizontal Displacement in Inches

Number toe of slope midheight of slope top of slope
1 4.2 5.4 3.4

2 7.3 5.1 3.4

3 17.7 6.7 4.1

4 6.6 5.9 4.3

5 10.9 7.2 4.7

6 14.7 14.7 11.0

7 6.5 3.9 2.4

8 7.7 5.2 3.3

9 6.5 4.2 3.0

10 4.6 4.0 2.2

mean 8.7 6.2 4.2

median 6.9 5.3 3.4

dev. 4.4 3.2 2.5
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These resultsindicate that deformations from the 175-year event will likely be in

the 1- to 2-inch range; however, they could be a foot or greater. Deformations
from the 475-year event will likely be in the 4- to 8-inch range; however, they

could be 2 feet or greater. It is important to note that if the zones of liquefaction

are not randomly distributed (i.e., if there is a significant zone of liquefaction in

critical area, such as occurs north of Station 205+00) actual deformations would

be greater than these calculated deformations for discontinuous liquefaction.

P _red!ctedDeformations as a Function of Composite Shear Strength

The FLAC model was also run for a number of different composite strengths

ranging from 1250 to 4000 psf. The displacements were calculated at the toe,

mid-height, and top of the slope. The results are presented in Table A-8.

TableA-8 - DisplacementsCalculatedusingthe CompositeStrengthMethod

Composite(Residual)Strengthin HorizontalDisplacementin Feet
psf toe of slope midheightof slope top of slope

4000 0.0 0.0 0.0
2000 0.0 O.1 O.1
1750 0.1 0.3 0.2
1500 12.5 15.1 9.0
1250 unstable unstable unstable

These results indicate that the composite strength needs to be approximately

1,750 psf or larger to keep displacements to a reasonable level (on the order of

inches) during the design level seismic event. Use the proportional approach to
estimating composite strength discussedabove for the 475-, 300- and 175-year

return period events, Hart Crowser found that this minimum value of composite
shear strength would be exceeded for all critical failure surfaces, for slopes

greater than about 50 feet in height. This analysis puts a probable upper bound

on the size of the local instability anticipated to result from discontinuous
liquefaction.

Deformation for Different Probabilities of Liquefaction

Finally, the FLAC model was run with the probability of liquefaction varied in the

liquefiable layer. In the base case discussed above, the probability of a sample
being liquefaction-susceptible (including the very conservative assumption of

complete saturation) was 33 percent. Change in deformation was checked for

various probabilities of liquefaction ranging from 20 to 60 percent. The

displacements were calculated at the toe, mid-height, and top of the slope. The
results are presented in Table A-9.
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Table A-9 - Displacements Calculated Using the Probabilistic Strength Method

Percent of Liquefaction Zone that Horizontal Displacement in Feet

Liquefies with Sr_675 psf toe of slope midheight of slope top of slope
20 0.0 0.1 0.0

40 0.3 0.2 0.1

50 4.9 3.8 1.1

60 unstable unstable unstable

These results indicate that displacements on the order of a foot or less are

anticipated for the probability of liquefaction of 40 percent or lower during the

design level seismic event (475-year return period). Above 50 percent

liquefaction, deformations on the order of several feet would be expected, and

instability of the slope is anticipated when the probability of liquefaction is on

the order of 60 percent or greater. These results appear very consistent with the

limit equilibrium analyses that show acceptable factors of safety against

instability for composite shear strength based on 33 percent liquefaction for the

design seismic event.

F:\docs_jobs\497828\Analyses_Recommendations.doc
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APPENDIX C

EMBANKMENT INFILTRATION AND SEEPAGE STUDIES

Introduction

This appendix presents the results of seepage analyses designed to track changes
in the infiltration and deep percolation of moisture occumng as a result of

constructing the proposed Third Runway embankment. Understanding of these

changes is important for a number of reasons:

• Different soil types proposed for the embankment fill will result in different
amounts of infiltration and runoff. The surface soil type will also affect rates

of evapotranspiration.

• The percolation of moisture through the embankment could potentially
create zones of saturation were pore pressurescould build up, with

consequent risk to the stability of slope faces.

• The rate and timing of recharge to groundwater beneath the embankment

could change, affecting the groundwater level beneath the fill. This could
affect the extent of areas susceptible to liquefaction during earthquake

events, and/or affect base flow to wetlands and Miller Creek.

The analysespresented in thisappendix are designed to address:

• The relative quantities of moisture percolating downward through the

embankment and into the underlying drainage layer;

• The proportion of moisture that flows along the drainage layer and
dischargesat the embankment toe;

• The proportion and timing of groundwater recharge occurring as downward

seepage from the drainage layer into the native soils beneath the
embankment; and

• The water table elevation maintained in the existing subgrade soilsafter
embankment construction.

Approach

The movement of moisture into and through the Third Runway embankment

represents a complex interplay of hydrologic processes occurring at and beneath

the soil surface, which are listed and defined below. Figure C-1 shows a
representative crosssection through the embankment and illustrates the water
balance components used in the model.
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• Predpitation (P). The occurrence of rainfall is the main driver for the

infiltration process.

• Evaporation (E). A portion of the precipitation evaporates without

infiltrating or running off, this includes interception storage on leaves and in
shallow surface ponds.

• Runoff (R.). The occurrence of runoff from the surface of the embankment

(excluding the effect of impervious surfaces) depends on a number of

factors, including:

• The intensity and duration of each precipitation event;
• The prevailing moisture content of the surface soil, as influenced by

antecedent conditions;

• The type and density of vegetation;

• Surface slope; and

. The hydraulic conductivity of the surface soil, as influenced by grain size,
soil fabric, macro-porosity, and degree of compaction.

• Infiltration (I). The amount of water infiltrating into the soil surface is

complimentary to the runoff, and is largely dependent on the same factors.

• Transpiration ('1"). A portion of the moisture in the upper soil layer(s) is

taken up by the vegetation and lost back into the atmosphere.

• Percolation (P). Excessmoisture in the upper soil zone(s) is available to
move downward under the influence of gravity and the pressure gradient

created by soil moisture tension in the unsaturated vadose zone within the

body of the embankment. The moisture content in the vadose zone

continually adjuststo the rate of percolation to achieve a dynamic balance

with the unsaturated hydraulic conductivity.

• Seepage (S). Locally saturated conditions can occur within or beneath the

embankment where deep percolation encounters lower-permeability layers

(e.g., silty or clayey soils or very dense soils such as glacial till), potentially

creating zones of saturation in which water can perch and move laterally.
• Drain Flow (DF). Seepage within the underdrain is identified as drain flow.

There is both a horizontal and vertical component of drain flow.

• Groundwater Flow (GW). Seepage into the native soils below the

underdrain becomes groundwater flow (horizontal or base flow component).

• Deep Percolation (DP). Deep percolation is the vertical component of

groundwater flow that goes down into the ground below the surficial water-

bearing zone to recharge deeper regional aquifers.

The approach taken to analyzing embankment infiltration and seepage usesa

sequence of three models to represent these processes, recognizing that
unsaturated flow conditions likely predominate within the embankment.

Rosetta. The USDA has developed a "neural network" database model to

generate soil moisture and hydraulic conductivity characteristic curves from
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grain size and soil density information (Schaap and Bouten, 1996). These curves
define the fundamental moisture-conductivity-suction relationships that control
infiltration and unsaturated percolation in the embankment, and are needed as

input to simulation models, such as SoilCover and SEEP/W.

HELP. The EPAhas developed a program for studying runoff, infiltration, and

evapotranspiration as an aid to the design of landfill covers (Schroeder et al.,

1994). The program, called HELP (Hydrologic Evaluation of Landfill
Performance) has since been widely used to calculate groundwater recharge, it

is applicable to the Third Runway embankment design in that it allows the direct
simulation of lateral drainage layers within the embankment.

SoilCover. SoilCover is a soil-atmosphere flux model that linksthe subsurface

saturated/unsaturated groundwater system and the atmosphere above the soil in

a rigorous mathematical algorithm that represents the physical processes that
occur between the soil and the atmosphere. These include: precipitation,

infiltration, runoff, transpiration, and evaporation. The model calculates moisture
fluxeswithin an unsaturated soil profile, as driven by day-to-day variations in

atmospheric conditions, including precipitation, temperature, humidity, and solar
radiation.

Soil Properties

Infiltration and seepage of moisture into the proposed embankment are

controlled primarily by atmospheric conditions and soil properties. The soil

properties of interest are those that govern the physical processes occurring at
the soil surface, namely runoff, infiltration, and evapotranspiration. These

processes are controlled primarily by the relative hydraulic conductivity of the

soil layer, where the hydraulic conductivity of the unsaturated soil varies with the

moisture content of the soil. The relative hydraulic conductivity is some fraction

of the saturated hydraulic conductivity of the soil.

in recent years, numerous attempts have been made to define the unsaturated

characteristics of soilsusing mathematical relationships among the three key

parameters: moisture content, matric suction, and hydraulic conductivity. The

computer program Rosettawas used to determine unsaturated hydraulic

parameters from the grain-sizedistributions of the proposed fill materials (van

Genuchten, 1980). Once the parameters were obtained, relationships (also

known assoil characteristic curves) between matric potential (also known assoil

suction or tension) and volumetric water content were constructed usingthe van
Genuchten method, and between matric potential and unsaturated hydraulic

conductivity usingthe Mualem (1976) method. Rosetta input requires

percentages of sand, silt, and clay along with the bulk density for the soil(s) of
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interest. The program uses a limiting maximum bulk density value of 2.0 g./cm3

(128 pcO.

Existing Soils

Hart Crowser reviewed the results of more than 50 test pits and borings in the

proposed embankment foot print area, and identified two soil types that are

representative of the overall embankment subgrade. The existing embankment

subgrade soilsof interest for the infiltration and seepage study are as follows:

• Outwash Sand and Silty Sand. Outwash sand and silty sand are the

predominant surficialsoil type within the embankment footprint. A
representative sample of this soil type was chosen for use as input to the

analyses based on a review of grain-size analyses. Sample S-2 from a depth

of 8 feet in boring HC00-B115 was chosen. Gradation for this sample was

comprised of 74 percent sand and 26 percent sill with an estimated bulk

density of 106 pcf (1.7 g/cm3). These parameters were run through the

Rosetta model to develop the characteristic unsaturated moisture

content/matric potential/hydraulic conductivity curves shown on Figure C-2.

• Dense Glacial Till. Surficial soils at the embankment site are underlain at

relatively shallow depth (5 to 20 feet) by glacially overridden advance

outwash and glacial till soils, generally consisting of silty sand and sandy silt.

For the HELP runs, the "glacial till" was represented using a default soil type

available within the HELP program (Material 24 - a sand-silt-clay loam
mixture with a saturated hydraulic conductivity of 2.7 x 104 cm/sec.). This

material is considered representative of the conductivity expected for glacial
tillsand silty advance deposits of the type observed at the embankment site.

The moisture�conductivity characteristic curves for this soil generated within
SoilCover, using field capacity and wilting point data from HELP, are shown
on Figure C-3.

Fill Materials

Four generalized soil groups are proposed for the Third Runway embankment

construction, with Group 1 soilssplit into two subgroups (see Hart Crowser,
2000):

• Group 1A. This is a free-draining sand and gravel with less than 5 percent

fines (i.e., passingthe US No. 200 sieve) conforming to the grain size

envelope presented on Figure C-4. Group 1A soilsare required to be used
for the embankment drainage layer.
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• Group lB. This is a sand and gravel with lessthan 8 percent fines

conforming to the grain size envelope presented on Figure C-.5.

Soilsfrom Groups 1A and 1B will be used as select fill in the reinforced zone

for the West MSE wall, may be used in the reinforced zone for the South

MSE and NSA walls, and aswet weather fill for the embankmenL

• Group 2. This is a sand and gravel with up to 12 percent fines conforming
to the grain size envelope presented on Figure C-6. Group 2 soils may be
used in the reinforced zones for the NSA and South MSE walls, and will be
used as common embankment fill except during wet weather.

• Group 3. This is a silt, sand, and gravel with up to 35 percent fines
conforming to the grain size envelope presented on Figure C-7. Group 3
soils are intended for use ascommon embankment fill, except during wet
weather.

• Group 4. This is a clay, silt,sand, and gravel with up to 50 percent fines

conforming to the grain size envelope presented on Figure C-8. Group 4
soils may be used as common embankment fill, except during wet weather.

For each of these soil groups, a median grain size distribution was selected to be

representative of the respective group (asshown on the figures listed above).

This median grain size distribution was extrapolated into the fines region and

used to define the proportions of gravel, sand, silt, and clay for each soil group.

These proportions are listed in Table C-1. The Rosetta model was then used to

generate the unsaturated moisture content/matric potential/hydraulic
conductivity characteristic curves for each representative median soil type.

Curves for soil Groups 1B, 3, and 4 are shown on Figures C-9 through C-11.

The soils proposed as fill material for the Third Runway embankment have

significantpercentages of gravel (up to 80 percent in Group 1A), which is

ignored in the inputs to the Rosetta program. Rosetta deals only with the sand-

silt-clayfractions, so the percentages listed in Table 1 were normalized to

discount the presence of gravel before being input to Rosetta. As a result, the

Rosetta model tends to slightly underpredict the unsaturated hydraulic

parameters to a degree that is proportional to the gravel content.

A method was devised to account for the effect of gravel content on the

hydraulic properties calculated by the Rosetta model. The parameter that can

be manipulated in Rosetta without affecting the grain size distribution of the soil

is the bulk density. A correction factor for the percentage of gravel contained in

the soil was therefore applied to the saturated hydraulic conductivity value
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calculated initially by Rosetta, after the method of Brakensiek et al. (1974). This

correction factor was determined by:

Correction Factor - 1 + (% gravel) / 100

As needed, the bulk density value for each soil group was then reduced to

below limiting value of 2.0 8/cm 3 and Rosetta was rerun to produce a new

parameter set with a saturated hydraulic conductivity equal to the corrected
value. The reduction in bulk density represents in part the reduced degree of

compaction achieved among the sand-silt-clayfraction in soils with increasing

gravel content.

Note that hydraulic conductivity of the glacial till was not analyzed with the
Rosetta model because we used a default conductivity value from the HELP

model for the till. This is acceptable because the unsaturated hydraulic

properties of the glacial till would not be affected by the presence of the
embankment. The Rosetta model was used for the embankment fill materials

and the native surficial soil (outwash) so that the HELP model output would

accurately represent conditions following embankment construction.

Weather Data

Precipitation, temperature, humidity, and solar radiation are the main

atmospheric drivers controlling the surficial soil moisture. Data collected at

SeaTac for the most recent 11 years (1987 through 1997) and published by

NCDC (1998 and 1999) were used to the extent possible. Data are incomplete

for the years 1998 and 1999; however, the total precipitation in those years was
similarto 1995 and 1991, respectively. We therefore reused data from 1995
and 1991 to extend the data record to the end of 1999.

Simulations

The HELP model was used to simulate infiltration and seepage under existing

conditions at the site of the proposed embankment, and to study changes in
infiltration and seepage that will occur following construction of the

embankment. HELP works by routing the products of precipitation,

apportioning them between runoff, evapotranspiration, and percolation. In the

model, precipitation is applied as inches of rainfall and is thus independent of
the surface area under consideration. To maintain consistency in the model, all

other fluxes are measured in inches of water per unit time.
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•Existing Conditions (Baseline)

The infiltration and seepage analysiswas applied to existing subgrade soils in the

embankment area to establish a baseline for post.construction comparisons.

Natural vegetation conditions at the embankment site were approximated in

HELPwith a leaf area index (of 4.5 for Western Washington forested lands) and
an evaporative zone depth of 20 inches. Net infiltration from the surface water

balance currently sustainsthe shallow groundwater table typically found in the

outwash sandsand silts,perched on the underlying till layer, as noted in
observation wells.

Existinghydrogeologic conditions in the proposed embankment area are
characterized as follows:

• Moderately sloping ground surface, dropping down from the airfield

elevation (-400 feet) to the toe of the west slope of the proposed
embankment (between 280 and 320 feet elevation).

• Vegetation cover is generally deciduous forest with a moderate understory

• Shallow soils are typically outwash sands and silts,5 to 20 feet thick,
overlying dense glacial till that is 5 to 15 feet thick

The following soil profile was simulated in HELP:

• Layer 1. 5 feet of outwash sand and silt - vertical percolation layer;

• Layer 2. 10 feet of outwash sand and silt - lateral drainage layer that
transmits base flow in the existing condition; and

• Layer 3..5 feet of glacial till - generally an aquitard or barrier soil layer with
only limited ability to transmit deeper percolation vertically.

The model was configured to allow ponding and lateral flow of water in Layer 2,

as representative of the perched groundwater conditions observed overlying the

glacial till. In calibration runs, the hydraulic conductivity of the glacial till had to
be reduced to 5 x 107 cm/sec to develop the typical range in saturated thickness

(listed in Table C-2 as Head on top of Layer 3) that was comparable to field
observationsin monitoring wells (i.e., 1 to 10 feet).

Constructed Conditions

The infiltration and seepage analysiswas also applied to anticipated soil
conditions to assesschanges that would occur as a result of embankment

construction. The following generalized soil profile was simulated in HELP:

• Layer 1. 100 feet of embankment fill - vertical percolation layer;
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• Layer 2. 3 feet of sand and gravel - lateral drainage layer;

• Layer 3. 5 feet of outwash sand and silt - native surficial soil layer that might
act asa nominal barrier layer, depending on its conductivity relative to the

ovedying embankment soils;

• Layer 4. 10 feet of outwash sand and silt - existing soils that act as a lateral
drainage layer (transmitting base flow to Miller Creek); and

• Layer 5. 5 feet of glacial till - existing barrier soil layer.

Three different types of embankment fill material were simulated, representing
median conditions and probable extremes in terms of grain size distribution for

the bulk of the fill material:

I_ Group 1B represents the coarsest material likely to be used within the main

body of the embankment;
I_ Group 3 representsthe median soil type that may be expected to

predominate in embankment construction (based on 1998 (Phase I) and

1999 (Phase II) construction records); and

• Group 4 represents the finest gradation material likely to be used within the
embankment.

A long-term vegetated surface condition was modeled for each soil group with a
leaf area index of 2.0 (representing a fair stand of grass)with an evaporative

zone depth of 20 inches.

Layer 2 immediately beneath the fill represents the drainage layer, comprised of

Group 1A material.

The lower layers (3, 4, and 5) in the post-construction model represent the same

soilsas in the existing conditions (see previous section). A limitation of the HELP

model requires that a barrier soil layer must underlie any lateral drainage layer.
This does not affect the soil properties, except that HELP considers a barrier soil

to be permanently at 100 percent saturation.

We elected not to model the Group 2 soil material because it is very similar in

grain size distribution to the Group 1B material, and because quantities used in
embankment construction to date have been relatively minor.

Model Results

The models were used to simulate hydrologic conditions as they affect the

existing water table beneath the embankment. Predicted model flux rates
calculated in HELPare markedly affected by the initially assumed moisture
content distribution in the unsaturated soil profile at the start of the simulations;
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this effect lasted for between 1 and 3 years into the simulation period,

depending on soil type. Our comparison of results, therefore, focuses on the

last 10 years of the simulation period (1990 through 1999).

Existing Conditions

The lateral drainage rate from Layer 2 of the HELP model for the existing

conditions is equated to groundwater base flow or discharge in the shallow

water table aquifer. The predicted rate ranges between 3.8 and 20.0 inches per

year as shown highlighted in Table C-2. This forms the baseline we used for

comparison with possible changes that are predicted due to the placement of
various embankment fill configurations in the constructed condition.

Embankment Conditions

The lateral drainage rate from Layer 4 of the HELP model for the constructed

conditions is equated to groundwater base flow or discharge in the shallow
water table aquifer beneath the embankment. The abbreviated annual output

from HELP for each year of the simulation period is listed in Tables C-3, C-4, and

C-5 for the respective embankment soil groups. The predicted discharge rates
are highlighted in each table, ranging between 5.1 to 21.3 inches per year, and

groundwater of 5.4 to 18.3 inches per year, for the different fill soils modeled.

Group 1B

The embankment profile composed of Group 1B material exhibits minimal

runoff and slightly lower evapotranspiration than the other fill materials. The

lower evapotranspiration isattributed to higher porosity and steeper soil
moisture characteristic curves (see Figure C-9), which limit soil moisture

utilization in the active near-surfacesoil zone. As a result, the amount of deep

percolation remaining that can move downward through the embankment is
higher than for the finer-grained Group 3 material.

Group 3

The embankment profile composed of Group 3 material exhibits a minor

amount of runoff and slightly more evapotranspiration than for the Group 1B

soil. As a result, the amount of deep percolation remaining that can move

downward through the embankment is lower than for the coarser-grained Group
1B material.
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Group 4

The embankment profile composed of Group 4 material exhibits substantial

runoff and moderate to low evapotranspiration. Plant growth in Group 4

material is least able to extract moisture from the active surface layer because

unit changes in matric suction yield the smallest volume of moisture, due to the
relative flatnessof the soil moisture characteristic curve (See Figure C-11 ).

Taking into account the water lost as runoff, the amount of deep percolation

remaining that can then move downward into the passive mass of the
embankment is lessthan for the Group 3 material, but more than the Group 1B

material.

For all fill soils, the seasonality of the groundwater recharge/flow component
from the embankment (also called the hydroperiod) is strongly impacted, with

reduced peaks and troughs that are shifted by 3 to 6 months relative to the

existing conditions (see Figures C-12, C-13, and C-14). These changes reflect the

delay and buffering effect created by time for percolation through and storage
within the full thickness of the embankment.

Conclusions

The results of the model show groundwater base flow rates for existing and post-

construction conditions, indicating substantial differences on a month-by-month

basis, but the overall long-term average amounts are generally very similar. The

differences are the seasonal lag which produces a net benefit of more base flow
to Miller Creek in the summer and early fall. The overall long-term similarity is

best illustrated by cumulative plots of groundwater discharge for each fill type

for a 10-year simulation period, asplotted on Figure C-15.

Implications for Underlying Water Table Conditions

Close examination of the cumulative plots (Figure C-15) indicates the

groundwater flowrates beneath the proposed embankment will generally be
similarto existing conditions but that slightdifferences are predicted depending

on whether annual precipitation is more or less on average, as discussed below.

Years with More than Average Precipitation (Wet Years)

Groundwater flowrates beneath the proposed embankment will generally be

similarto or slightly lower than for existing conditions during wet years (1990;

1995-99). This implies that groundwater water levels beneath the toe of the

embankment would be similar to or slightly lower than those observed in
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monitored wells over the past 12+ months (a relatively wet period in the

precipitation record).

Years with Less than Average Precipitation (Dry Years)

The cumulative plots indicate that groundwater flowrates beneath the

embankment would show a relative increase over existingconditions during dry

years (1991-94). While this would result in higher water levels compared to

existingconditions (i.e., a wet year), it should be noted that the absolute water

levels during dry years would be lower than the levels recently observed in
monitored wells over the past 12+ months.

It is, therefore, concluded that groundwater levels beneath the constructed
embankment should become no higher than the peak levels observed over the

last 12 moths or so, which means no increase in the area(s) susceptible to

liquefaction is anticipated. Similady, the effect of the embankment on hydraulic

lag in precipitation becoming base flow will be most pronounced in dry years,
when the increased water is most beneficial to the environment.

Effect of Different Fill Materials

Although the grain size and consequently the saturated hydraulic conductivity of
the fill materials vary widely, there is a much narrower envelope of variation

bounding their respective hydrologic behaviors under constructed conditions in
the embankment.

Group 1B materials allow more recharge than would occur under existing

conditions, but it is unlikely that a large portion of the embankment would be

constructed of Group 1B materials.

Group 3 materials allow approximately the same recharge than would occur
under existingconditions, and this is likely the most representative of the bulk
materials that will be used in the embankment.

Group 4 materials result in less recharge than would occur under existing

conditions, but use of Group 4 fill will not be allowed in wet weather conditions

(i.e., when the lesssilty Group 1A or 1B materials must be used), which will limit

the overall quantities of Group 4 soils that will be placed.

The reasons for the broad similarity in recharge response (compare Figures C-12

through C-14) relates to the mechanisms of unsaturated flow by which infiltrated
water percolates through the embankment.
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Deep percolation in the embankment is driven by the net flux leaving the
surficialsoil layer once the processes of runoff, evaporation, infiltration, and

transpiration have been satisfied. This net flux is relatively insensitive to soil type,
aslong as the infiltration capacity is not too low. The net surface flux that moves

downward into the body of the embankment causes the moisture content of the

fill material to adjust under the physical constraints of unsaturated flow. This

requires that the unsaturated hydraulic conductivity of the soil mass be

approximately equal to the net surface flux. The moisture content and matric

potential of the soil mass thus adjust in concert with the hydraulic conductivity,

as governed by the soil characteristic functions (Figures C-9 through C-11 ). The
result is differing soil moisture and matric suction distributions for the three soil

types studied, but very similar unsaturated hydraulic conductivities, because the
net flux rates are essentially similar.

This balance should not be significantly affected by layering of different fill

materials as the embankment is constructed, as long as each layer is capable of

passingthe net flux entering from above. The limiting value for the saturated
hydraulic conductivity of any discrete layer within the embankment should be no

lessthan the net flux rate for deep percolation in the embankment. This rate is

estimated using Soil Cover to be around 4.6 x 10_ cm/sec, which is.well below

the value expected for any of the proposed embankment soils. In the event less

permeable soilsdo become part of the fill (for instance, due to variability within

an approved fill material source), the result would be creation of a local perched
zone of limited extent within the embankment, with no loss in overall infiltration

capacity. The frequent gradation checks accomplished as part of the

embankment construction process prevent such an effect from extending over
any significant area.

Effect of Different Fill Thicknesses

The simulation resultspresented above were for a nominal 100-foot-thick

embankment fill. In reality, the embankment thickness will vary from zero to

160 feet. We made some additional runs of the HELP model using rainfall

records for the year 1997, with Group 3 material in fill thickness of 150, 100, 60,

30, and 15 feet to see if there was a trend in seepage behavior, or a point at

which the seepage behavior changed significantly.

Flux rates in the simulations of different fill thickness showed little variation (on
the order of 2 to 5 percent) from the nominal 100-foot base case (see Table

C-6). The resultsshow a trend of increasing groundwater recharge rates with
decreasing fill thickness, down to thicknessesof about 30 feet. Reduced

thicknesses of fill in general, have less moisture storage capacity and so yield less
water during a period of declining precipitation.
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Table C-1 - Soil Properties Used for Developing Input to Rosetta Model

Size Fractionsin %
Material Gravel sand Silt Clay BulkDensity GravelCorrection

in _m/cm3 Factor

Group 1A 74 22 3 1 1.77 1.74
Group1B 69 26 4 1 1.B1 1.69
:Group2 62 31 5 2 1.85 1.62
Group3 35 57 6 2 1.9 1.35
Group4 37 38 20 5 1.91 1.37
Oulwash 8 68 24 0 1.7 1.08

Notes: Bulkdensityvalue is basedon the relativecompactionof the
sand- silt- clayfraction,adjustedby usingthe Gravel
CorrectionFactorafterBrakensieket aL(1974), (seetext).
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Table C-6 - HELP Output Summary for Various Embankment Heigl_l_

Embankment Height in Feet
150 100 60 30 15

Inches of H20

PRECIPITATION 43 .3 43_3 43.3 43.3 43.3

RUNOFF 0.0 0.0 0.0 0.0 0.0

EVAPOTRANSPIRATION 20.0 20.0 20.0 20.0 20.0

DRAINAGE COLLECTED FROM LAYER 2 0.0 0.0 0.0 0.0 0.0

PERC./LEAKAGETHROUGH LAYER 3 28.9 30.5 31.0 30.4 28.0

AVG. HEAD ON TOP OF LAYER 3 0.0 0.0 0.0 0.0 0.0

DRAINAGE COLLECTED FROM LAYER 4 17.9 19.6 20.6 21.0 20.9

PERC./LEAKAGETHROUGH LAYER 5 10.1 10.5 10.7 10.8 10.7

AVG. HEAD ON TOP OF LAYER 5 37.3 41.1 43.1 44.0 43.9

CHANGE IN WATER STORAGE -4.7 -6.9 -8.1 -8.5 -8.4

SOIL WATER AT START OF YEAR 358.8 267.0 192.3 136.4 109.3

SOIL WATER AT END OF YEAR 354.1 260.1 184.2 127.9 100.9

SNOW WATER AT START OF YEAR 0.0 0.0 0.0 0.0 0.0

SNOW WATER AT END OF YEAR 0.0 0.0 0.0 0.0 0.0

ANNUAL WATER BUDGET BALANCE 0.0 0.0 0.0 0.0 0.0

Comparison is based on data for 1997.
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APPENDIX D
ALTERNATIVE ACCEPTANCE CRITERIA FOR

EMBANKMENT FILL MATERIALS
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MEMORANDUM ,n¢.o_.ge

DATE: September 27, 2000

TO: JimThompson, HNTB eo.on

FROM: Michael J. Bailey,P.E.,and John P. Laplante, Hart Crowser, Inc.

RE: Alternative Acceptance Cdteria for Embankment fill Materials Chicago

DRAFT Specification: Direct Shear Testing for Fill Material Substitution

Third Runway Project
SeaTac, Washington

1-4978-25
Denver

As we have discussed,there are a number of potentially acceptable fill sources that do not

fall within the currently specified gradation rangesfor Groups 1A through 4 for the Third Fairbanks
Runway embankment. It is generally necessary to specify gradation and density, and some
other characteristics,to provide assurance that the resultant fill will have acceptable strength

and deformation characteristics. This is relatively easy to do by limiting gradation, as we

have done to date. The approach presented herein is to specify some additional testing and

acceptance criteria that could be used by the Port and its Contractors to assesssuitability of JerseyC,y
alternative fill materials.

This memorandum and attachments provide our recommendations for specifying use of the
"Direct Shear Test" along with other information already part of Item P-152, Excavation and Juneau

Embankment, of the Project Manual. This approach issomewhat uncommon because 1)
strength tests are typically limited by the maximum size of soil particles that can be tested,

and 2) there is contradictory information on how to adjust "small scale" test results for

actual gradations used in construction. We have adopted a conservative approach herein, Lonoaeach
based on a review of geotechnical literature and the practices used by other engineering
organizations.

Background
Portland

The effect of fill gradation on strength of compacted embankments is often not considered

explicitly. Many organizations constructing earth fillsselect fill material, side slope, and fill

compaction criteria simply because they have worked well in the past. Typically this is an

Seattle
1910 Fairvtew Avenue East

Seattle, Washington 98102-3699
Fax 206,328.5581
Tel 206.324.9530

AR 049760

e



P'j_

HNTB J-4978-25

September 27, 2000 Page 2

acceptable approach, particularly where strength to resist seismicloads is not an explicit

design consideration, or where the cost of using _well-graded" fill material to conservatively
achieve minimum strength required, is acceptable. (A "well-graded" fill is soil that has a

mixture of particles of different sizes,which promotes densification, and provides higher

strength and lesscompressibility compared to "poorly graded" or more uniform fill
materials).

To date the Third Runway specifications for different fill material groups have allowed only

relatively well-graded soils. This approach could be continued and would produce
satisfactoryfill, but might not be the most cost-effective way to produce satisfactory fill. For
example, soilfrom Taxiway C was successfullyplaced in 1999 in an area that will become
the interior of the embankment. This soil is too uniform (silty fine sand) than our current

specswould allow, and Hart Crowser would not recommend use of this soil for permanent
exterior slopessubject to seismicloads, without test results to verify strength of the

compacted fill

Strength tests on soilssuchas the Taxiway C material are relatively easy to use. However,

strength tests on gravelly soilsare much more variable and are difficult to interpret. The

goal of the approach presented herein is to provide a relatively simple procedure that can
be used by the Contractor's testing lab, similar to the kind of tests now required for
verification that proposed fill materials meet criteria in Item P-152.

Strength Test Requirements

To screen potential fill materials that do not meet the existinggradation requirements

(Groups 1A through 4), we recommend the Port require the Contractor to complete a
testingprogram to determine if the proposed soil can be sufficientlycompacted to provide

the strengthneeded for adequate embankment stability.

Strengthfor compacted soil specimens can be measured using "Direct Shear" testing,which
is a commonly availabletechnique. Almost all soils laboratories have capability to

accomplish "direct shear testing" (ASTM D 3080) but many labsare not equipped to

accomplish more sophisticated "triaxial shear" tests(ASTM D 4767, D 2850, etc.).

Most soilslaboratories are limited to testing fill sampleswith a maximum particle size

considerably lessthan 1 inch, regardless of what test methods are used. For comparison of

strengthtest resultsto actual soil fills,a conventional rule of thumb isthat increasing the
portion of the soil larger soil particleswill increase,or at least not decrease, the measured
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strength. However, several research studies have shown this is not always true, and there
are a number of explanations why.

To addressthe uncertainty of particle size effects, ASTM requires the minimum Direct Shear

sample diameter be at least 2 inches, or 10 times the maximum particle diameter, whichever

is greater. Typical commercially available Direct Shear test equipment allows samples sizes
from about 2 inches up to a maximum of about 12 inches. Even for a 12-inch shear box, the

maximum particle size that can be tested (on the order of 1-1/4 inch if AST/vt standardsare

used) is much smaller than the maximum particle size (6 inches) allowed for the import fill
material at the Third Runway.

Publishedresearch is inconsistenton the relationship between particle size and the strength
of a soil sample, apparently because no simple, direct correlation exists. Table 1 liststhe

references we checked and summarizes the general conclusions from each study.

Some research suggeststhat laboratory samples,which have had larger particles screened

out for testing,will exhibit lower strengththan their parent soils. However, more of the

publishedtest resultssuggestthe opposite. That is to say, testing a portion of a soil

(screened sample) that contains only the finer fraction of the parent soil should yield
strengthsthat are actually higher than the parent material would exhibit. The available

research further predicts that this decrease in strengthis linear with increasingparticle size.

As a result,mathematical relationshave been developed that allow the reduced strength of
the parent material to be estimated based on the laboratory strengthtest results of screened
samples.

In developing the enclosed draft specification, Hart Crowser assumed that soil strength
decreaseswith increasingparticle size according to the most current research we located.

Thus,smaller test samples must demonstrate higher strengthsto assureacceptable strengths
are achieved during construction. The enclosed draft specification includes different

minimum strengthacceptance criteria to enable the Contractor to use any commercial soils
testing laboratory to evaluate potential fill sources.

Implementation

Upon acceptance by HNTB and the Port, the enclosed draft special provision can be

included under Item P-152 (or possiblyas part of the Substitutionsclause, Section 01630), in

the Project Manual for Third Runway Embankment Construction. Completion of a direct
sheartest program would provide a way for the Contractor to support the use of an
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alternative fill material that does not conform to the gradation requirements for soil Groups

listed in P-125.

If a Contractor wants to propose use of an alternative or "non-conforming" fill material, the
submittal for thistesting program can be prepared by any test laboratory with Direct Shear

equipment, and can be easilyreviewed for acceptance by the Port of Seattle. We estimate
that each seriesof Direct Shear testswould cost the Contractor about $1,000.

One question that needs careful consideration is how many strengthtests to require per
submittal, or what variation to tolerate in an approved fill material before considering it as a
"new" material. We propose to require Direct Shear testsat a rate of I test per 50,000 tons

of proposed import fill material. Ideally, testswould be performed on a pre-approval basis,
with the test lab certifying that the entire source was examined and found to be consistent

enough such that the samples tested were representative of the whole. As you know, there
have been some problems with thisapproach but overall it seems to be working.

At present, changes in soil gradation for a particular source require the Port to obtain
additional Proctor test results,but do not put any cost burden on the Contractor. We

propose to use the same approach with the stipulation that changes in fill gradation
sufficientto require a new Proctor test may be the basisfor requiring the Contractor to

submit new Direct Shear strengthtest resultsor for rejection of the material.

We would like to get your comments on the enclosed draft specification, and particularly

how you might propose to modify this approach based on your experience. Please contact
us if you have any questions.
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Table I - Summary of Supporting Research

Source Ma_mum hrlicle Size, Type of Test Conclusion

Marachi et al. (1) 6 in., Tdaxial Shear _ increases as particle size decreases.

Bishop (2) 1-1/4 in., Direct Shear Particle size does not affect _b.

Lewis (3) 1.1/4 in., Direct Shear _ decreases as particle size decreases.

VallerEra,et al. (4) 0.2 in., Triaxial Shear Partide size does not affect _.

Rowe (S) 1 ram, Sliding Friction _u increasesas particle size decreases.

Leslie (6) 3 in., Triaxial Shear _ increases as particle size decreases.

Kirkpatrick (7) 2 mm, Triaxial Shear _ increases as particle size decreases.

Marsal (8) 8 in., Triaxial Shear _ increases as particle size decreases.

Compression increases asparticle size
Lee et al. (9) 3/4 in., Triaxial Compression increases.

Compression increases asparticle size
Fumagalli (10) 260 mm, Triaxial Compression increases.

Thiers and Donovan
2-1/2 in., Triaxial _ increases as particle size decreases.

(11)

Knodel, P.C. US Dept. Gravel content below 50% has little
Varying gravel contents

of Interior (12) affect on dp.

Particle size, at constant void ratio,

Holtz & Kovacs (13) does not influence _ significantly.

Hirschfeld & Poulos Forsome materials gradation mighl

(14) not be an important factor.

Samples with same uniformity

Lambe & Whitman coefficient, but different avg. particle
sizes have much the same ¢; A better

(15) distribution of particle sizes will have a

higher d_.
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Draft Specification: Direct Shear Tes_ng for Fill Material Substitution

The following specit_cation should be inserted at the end of Part B of Item P-152-1.1:

6. Direct Shear test for soil strengthin accordance with ASTM D 3080.

All soiltests shall be accomplished in conformance with ASTM D 3740: Minimum

Requirementsfor Agencies Engaged in the Testing and/or Inspection of Soil and Rock as
Used in EngineeringDesign and Construction.

The following speci/ication should be inserted at the end of Item P-152-1.2

G. Alternative Approval Processfor Non-conforming FillBorrow Material: Fill borrow
material that meets all other requirements of P152-1.2 except gradation requirements of

Part A, may be approved by the Engineer as a substituted fill material based on the
submittal of Direct Sheartest resultswhich demonstrate the proposed non-conforming
fill meets the minimum strength criteria specified herein.

1. General Requirements

1.1. Applicability

Thisspecial provision covers testing and acceptance requirements for proposed

import soilsthat do not meet the gradation requirements specified for soil groups in
- Section 152-1.2. All other provisionsof Section 151-1.2 apply to the proposed

import soils.

The Contractor's Independent Testing Laboratory (ref. Section 01451 ) shall

accomplish all tests required for submittals asspecified herein. The Testing

Laboratory shall collect the test samplesof the proposed non-conforming fill
material, and certify that tests were completed on representative portions thereof.

1.2 Testing Frequency

For each non-conforming soil type proposed by the Contractor, at least one series of

Direct Shear tests shallbe required per 50,000 tons of proposed import soil. Where

more than 100,000 tons of a particular soil are available, a maximum of 3 seriesof
Direct Shear tests shall be required for that soil type, provided the Engineer observes

that gradation and maximum dry density (7_,) of the soil placed and compacted

are consistent. Change in soil gradation or maximum dry density shallbe grounds

for rejecting further use of an approved non-conforming soil type, or for requiring
additional Direct Shear tests to support continued use.

Hart Crowser Page 1
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2. Sample Preparation

2.1. Samplesfor each series of Direct Shear tests shall be prepared in general
accordance with the procedures specified in ASTM D 3080. At least 3 samples

shall be compacted and tested for each series.

2.2. Maximum test sample particle size shall be subject to the following limitations,

based on the equipment being used to perform the Direct Shear test.

Size of Shear Maximum Particle

Box* Size in Sample
2.5-inch 1/4 inch

4-inch 3/8 inch

12-inch 1-1/4 inch

* Consult the engineer for shear box sizes other than those listed herein.

2.3. Each test sample shall be prepared by removing oversize particles to the limits

specified above, while taking care to maintain gradation of the test sample as

nearly parallel as possible to the grain size curve of the original material.

2.4. Each testsample shall be compacted to a minimum of 92 percent of maximum

dry density, with a moisture content that is within +_.2.0 % of optimum moisture

content, as determined by ASTM D 1550. Higher percentages of maximum dry

density may be used for the test samplesto obtain the minimum shear strength
specified herein, provided the Contractor can consistently achieve those same
higher compaction levels during construction.

Compact each test sample directly into the Direct Shear test apparatus shear

box, or use a mold that facilitates transfer of the compacted sample into the
shear box without disturbance.

All three sampleswithin a Direct Shear test seriesshall be compacted to within
_.+1.5%of the same dry density of one another.

3. Direct ShearTests

3.1 Test Methods and Standards

Direct Shear testing shallbe performed in conformance with requirements of
ASTM D-3740 and ASTM D 3080.

Hart Crowser _Oa-e 2
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A series of testsshall consistof 3 samples, tested at normal loads of 5, 10, and 15

kipsper square foot (ksf). Analyze and report results in accordance with ASTM D
3080.

Maximum dry density of each test sample shall be measured in accordance with
ASTM D 1557.

4. Submittals

For each type of proposed non-conforming fill borrow material, submit resultsof
each Direct Shear test seriesincluding the following:

4.1 Location of material source, and name or designation provided to uniquely

identify the proposed import soil.

4.2. Sieve analysisand existingmoisture content of proposed import soil at the time

of field sampling.

4.3 Sieve analysisof test samples prepared for Direct Shear tests.

4.4 Moisture/density relationship of proposed import soil, per ASTM D 1557.

4.5 Dry density and moisture content of all three samples used for the seriesof
Direct Shear tests.

4.6 Test results, includingplots of shear stressand shearstrain for each test sample;

and normal load vs.shear stressat failure, with the interpreted soil strengthfriction

angle for the testseries..

4.7 Certification from a licensed ProfessionalEngineer that the submitted soil test

data accurately represent the proposed non-conforming fill material from the
designated source site.

5. Acceptance Criteria

The proposed non-conforming fill material may be accepted by the Engineer

provided 1) the soil friction angle from Direct Shear testing meets or exceeds the soil

strength requirements in the following table; and 2) the soil conforms to all other

requirements of this specification except gradation.

Hart Crowser Pa_e 3
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Minimum Soil StrengthShear Box
Expressed as Friction

Size*
An_le in Desrees

2.5-inch 41

4-inch 39

12-inch 37

Consult engineer for shear box sizes not listed herein.

Acceptance of a non-conforming fill material shall further be contingent upon
verification that fill compaction by the Contractor meets or exceeds both

1. The percent compaction that was required for the Direct Shear test seriesto

meet the specified acceptance criteria; and

2. Minimum percent compaction for the Zone in which it is placed, specified in
section 152-2.3.

The contractor shall not propose an import material that requires higher laboratory
compaction than can be achieved in the field.

i

(end of specification insert)
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