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APPENDIX E
SECTION 1
GEOLOGY
1.1 INTRODUCTION

It is the intent of this section to present the geology for
the entire project area encompassing the tunnel and all other
project features. Included are discussions of physiography,
geology, seismicity, and subsurface investigation rationale.

1.2. REGIONAL SITE DESCRIPTION

1.2.1 Physiography and Land Use The Passaic River Basin

occupies a 935 square mile area in northeast New Jersey and
southeast New York. Parts of eight New Jersey and two New York
counties, containing 132 municipalities, are present in the
basin. The basin is located completely within the Appalachian
Province, which covers the northern one third of New Jersey.
This province is further divided into six lesser provinces, two
of which, the Highlands and Piedmont, contain the Passaic River
watershed. 1In some of the literature the Piedmont is divided
into two sub-provinces, the Central Basin and the Lower Valley.
These three physiographic regions the Highlands, The Central
Basin, and The Lower Valley, shown on Figure E.l1.1, are
distinguishable by widely differing topographic, hydrologic, and
land use characteristics.

1.2.1.1 The Highlands Province The Highlands

Province is a heavily wooded mountainous region of about 500
square miles in the western and northern half of the basin. The
countryside is rural in character and there is much undeveloped
land. The headwaters of the major tributaries of the Passaic
River are located in this area. Except for the headwaters of the
Wanaque and Ramapo Rivers, which are located in New York, most of
the Highland area of the Passaic Basin is in New Jersey.

1.2.1.2 The Central Basin The Central Basin, which
is located entirely in New Jersey, is an oval 262-square-mile
depression consisting of low, rolling hills, flat meadowlands,
and freshwater swamps. Extensive, and expanding residential and
commercial development is typical of this area although small
tracts of undeveloped land still remain. The area experiences
frequent flooding.

1.2.1.3 The Lower Valley The Lower Valley, a
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relatively flat area covering 173 square miles, is located in the
southeastern part of the basin near New York City, and is
susceptible to extensive flooding. Except for a small portion of
the Saddle River drainage area, this area is in New Jersey. The
Lower Valley, from Newark upstream to Paterson, is the most
densely populated and heavily industrialized part of the basin.
Very few areas of natural vegetation remain in the valley and
wetlands, once common, are almost completely gone. Remaining
open areas are used to satisfy recreation needs.

1.2.2 Geomorphology and Topography

1.2.2.1 The Highlands Province The Highlands
Province is a dissected, high relief, mountainous region higher

in elevation than the adjacent Piedmont Province. Altitudes
range from 600 to 1500 feet above mean sea level (msl) with some
slopes having grades in excess of 20 percent. Valley depths
range from 300 to 600 feet below the ridge crests. Glacially
formed lakes are another characteristic of this scenic area.

1.2.2.2 The Piedmont Province The Piedmont Province,
which encompasses the Central Basin and the Lower Valley, is
topographically low and smooth in relief except for the three
generally northeasterly-southwesterly trending ridges known as
the Watchung Mountains. The undulating plain of the Piedmont
attains its highest elevation along the border fault (Ramapo
Fault) at the western margin of the province and generally slopes
southeastward. The rolling and undulating topography of the
plains is developed on glacial material which covers the area.
The Watchung Mountains, which result from differential erosion
around resistant beds of basalt, are two to three hundred feet
higher in elevation than the surrounding plain and reach
elevations which range from 450 to 870 feet msl at High Mountain
north of Paterson. A further discussion of the nature of this
region 1is given in paragraph 1.2.3.

1.2.3 Regional Geology

1.2.3.1 Stratigraphy

1.2.3.1.1 Sgils Almost the entire Passaic River
Basin was subjected to glacial erosion and deposition, producing
lasting effects on its topography and drainage. The last stage
of the Wisconsinan glacier created the present landscape of the
Passaic River Basin as 1t swept away deposits from previous
glaciations. The southernmost limit of the glacial advancement
is marked by a terminal moraine ridge from Dover to Summit.
Also, as the glacier retreated, a blanket of ground moraine was
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deposited on bedrock. The moraine material is generally
comprised of an unsorted, heterogenous mixture of material,
ranging in size from clay to boulders, and can be 100 feet or
more in thickness. Glacial till and stratified drift deposits
are present in the Highlands Province and the Piedmont Province.
These deposits generally consist of silt, sand, and gravel and
can be up to 10 feet or more in thickness. West of Watchung
Mountains, glacial Lake Passaic deposited considerable quantities
of impermeable silts and clays. These clay deposits underlie the
vast meadowlands of the Central Basin.

1.2.3.1.2 Bed Rock

In New Jersey the Highlands Province is underlain mostly by
Precambrian rocks which extend northeastward into the Hudson ‘
Highlands of New York and southwestward toward Reading
Pennsylvania. The term Reading Prong has been used by many
authors to name this region. The geology is typified by a
complex of metamorphic and granitic rocks. Paleozoic rocks are
present in long narrow valleys which trend northeast-southwest.
No project features are to be developed in the Highlands
Province.

The Piedmont Province is known geologically as the Newark
Basin. Sandstones, shales, limy shales, and conglomerates were
deposited in the basin during Triassic and Jurassic times.

Around the margins of the basin the sediments are typically much
coarser being closer to the upland source areas. Adjacent to the
northwest limit of the basin this conglomeritic material 1is
named the Hammer Creek Formation. The basal unit is argylitic
and known as the Lockatong Formation. Above this the rocks
belong to the Brunswick Formation. They grade from red
sandstone, with minor arkosic, conglomeritic beds, upward to
interbedded shale and siltstone, culminating with limy shale.
Separating these sedimentary deposits are three basalt beds
composed of several flows each. Generally the oldest sediments
of the Brunswick Formation are the most uniform and massive. The
sequence of younger sedimentary beds are characterized as cyclic
with each cycle becoming progressively finer toward the top.

This is characteristic of a geosynclinal basin which has
undergone periods of rapid subsidence followed by quiescent
periods. Coarser sediments filled the basin at the start of the
active periods and as the basin filled the stream gradients
decreased and thus the texture of the sediments they carried ‘
decreased. The continental origin of these rocks is supported by
their texture, composition, and by the scant fossil evidence they
contain. Dinosaur foot prints are preserved in some of these
sediments. The tunnels are to be driven in the Brunswick
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Formation.

The basalt layers, collectively known as the Watchung Flows,
were extruded as sheet lava flows also known as flood basalt.
Each elongated ridge of the Watchung Mountains is made up of
several flows. Extended periods between volcanic activity
allowed paleosoils to develop on some of the flows. In some
places flows encountered standing water and developed a
characteristic pillow structure. Only minor heat alteration,
usually limited to less than 2 ft of the underlying sedimentary
rock, 1s present at the conformable lower contacts. The physical
characteristics of the basalt are dependent upon where in the
lava flow it cooled. The top of the flows cooled most rapidly
resulting in an aphanitic crust which was occasionally broken
through by molten lava creating a characteristic Pahoehoe
structure that is preserved in some locations. The bottom
portion of the flow, being in contact with the underlying rock,
also cooled more rapidly than the interior of the flow. These
zones of rapid cooling are usually vesicular to amygdaloidal.

The interior portions of the lava flows cooled more slowly
resulting in the basalt being more phaneritic or coarse
crystalline. 1In some of the thicker flows this rock is
sufficiently well crystallized to be classified as a gabbro.
Another characteristic of the flood basalt is the secondary
mineralization which they contain. This area is well known for
the unusual assemblage of zeolite minerals which is found here.
Prenite, pectolite, analcite, and natrolite are just a few of the
mineral species which are present. Associated with these are
calcite, pyrite and quartz. Occasional diabase intrusives in the
Triassic sediments are associated with the basalt.

The Newark Basin structure results in progressively younger
rocks being exposed toward the northwest (Fig. E.1.2). To the
east of the lowermost basalt formation, the rocks are late
Triassic age with the Triassic-Jurassic contact at the base of
this basalt. A geologic column of the section involved in the
tunneling is shown on Figure E.1.3 and a geologic map is shown on
Figure E.1.4.

1.2.3.2 Structural Geology The Newark Basin is the
largest of six major (and numerous lesser) Triassic rift basins
which stretch in a sinuous belt for more than 1,000 miles along
the east coast of North America. These features are associated
with an episode of tensional forces that accompanied the widening
of the Atlantic Ocean Basin. The Newark Basin is described as a
post-orogenic half graben which formed during the Palisade
Disturbance near the end of the Appalachian orogenic cycle. The
half graben developed as the crustal block underlying it dropped
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along its northwestern boundary on a prominent structural feature
known as the Ramapo or Border Fault while hinging on its
southeastern border. As subsidence continued the basin was
filled with a wedge of continental sediments derived from erosion
of the highlands which surrounded it. Judging from the nature of
the sediments the downward movement was not uniform over time and
coarse and fine sediments inter-finger in great complexity. The
strike of the formations within the Newark Basin are to the
north-northeast, parallel with the axis of the basin. Both the
sedimentary and basalt beds along the tunnel alignment
predominantly dip between 7 degrees and 15 degrees to the
northwest. This regional pattern was imposed by the filling and
continued down~-dropping of each successive layer of sediment.

The Ramapo Fault is a northeast trending right oblique normal
fault and dips 50 deg. to 60 deg. to the southeast. It is
estimated that a total of at least 18,000 feet of displacement
has occurred on this fault. Numerous other faults are present in
the Highlands Province where they parallel the Ramapo border
fault and dip mostly southeastward. In the Piedmont Province the
known faults are mainly steeply dipping normal faults which also
parallel the trend of the Newark Basin. Parallel to the trend of
the Newark Basin and close to its northwestern margin is the
Watchung Syncline plunging to the northeast. The Main Tunnel
alignment crosses the axis of the syncline and, therefore
encounters a reversal of the bedding dips. Most of the rocks in
the Passaic River Basin are part of the eastern limb of the
syncline. Local, perpendicular trending anticlines and synclines
plunging to the northwest are present in addition to the regional
syncline. This folding is responsible for the sinuous outcrop
pattern of the Hook Mountain Basalt.

1.2.3.3 Glacial Geology

Continental glaciation occurred in the Passaic River Basin
during the Kansan, Illinoisan, and Wisconsin stages. The present
landscape of the basin was created by the last stage of the
Wisconsin glacier. All evidence of earlier glaciation was
removed along with any weathered bedrock during this final
period. The terminal moraine deposits delimiting the southern
extent of Wisconsin ice are located south of the project area
(Fig. E.1.1). A blanket of ground moraine was deposited directly
over the bedrock as the glacier retreated. Both terminal and
ground moraines consist of unsorted, heterogenous material
ranging in size from clay to boulders. These overlying deposits
take on the petrographic character of the underlying bedrock. 1In
the Piedmont area along the tunnel route, the clastic material
comprising the moraine is predominantly red sandstone with lesser
amounts of metamorphic and igneous rocks entrained by ice and
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brought in from outside the province. u

As the glaciers retreated neltwater was dammad by the
Wat chung and Highland Muntains creating glacial Iake Passaic.
Deltas were built where streans flowed into the 1.gke and varved
silt and clay were deposited in the |ake proper. These | ow
perneability |ake deposits restrict percolation which has led to
the formation of wetlands in the mddle and upper "|Passaic River
Basin. The nelt-water streams deposited well soted, stratified
silt, sand and gravel along the length of their vidlleys Wwhich
became deeply incised into the weaker rocks of thgbasin and are
up to 300 feet below the current stream bed el eva.yions.

1.2.3.4 Commercial  Geol ouv The primgry mneral
industry production in the basin involves construqtion materials.
Commercial sand and gravel operations producing f gom the glacial
outwash are located generally south of the project limts.
Several trap rock quarries are still actively producing from the
Watchung Muntain basalts while several abandoned.|quarries are
also present along the project alignnent. Clay pits supporting
brick manufacture have been operated in historic gimes. — One such
pit reportedly operated near the Spur Tunnel in the vicinity of
Hole C118. Commercial deposits of copper ore we:xe once worked
in the area and one of the first nines to be oper gted by
Europeans in the US, the Schuyler mne circa 1700, is adjacent to \)
the tunnel alignment. It is interesting to note that the first
use of steam powered nachinery in the North Aneri ga was
associated with the developnent of this nine. Th.gse deposits are
exhausted and no |onger commercially viable.

1.3. SITE | NVESTI GATI ONS

1.3.1 Subsurface Investigations, Rationale |and Scope A
project of this magnitude requires a substantial afount of
exploration if one is to have a reasonable prospect of
characterizing the conditions to be encountered along its 20.5
mle length. The U S Commttee on Tunneling Technology
published a study in Septenber, 1985 that included, as one of its
main findings, the level of exploration that was Varranted for
tunneling projects. This study included 67 tunnel| projects in
non- mount ai nous terrain where the overburden depth| was not
abnor mal . The parameters which were used in this study to
determne the inpact of the level of exploration re linear feet
of boring per running foot of tunnel versus sone neasure of cost
growt h. The original engineers' estimate and the |bid price were
used as the base |ine against which cost growh was neasured.

The study concluded that at the level of 1.5 ft of| boring per
running ft of tunnel, the risk of increased constfuction

J
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expenditures due to cost overruns reach a minimum. As a
practical matter it may not be possible or even necessary to
obtain this level of exploration, however, this study has been
kept in mind while establishing the drilling program for the
Passaic River Basin Tunnel Project. At present there are over
110,800 ft of exploratory borings planned before preparation of
plans and specifications. Drilling footage will ultimately be
based on whatever drilling is necessary to perform geologic
correlation. There are several benefits of an adequate
exploration program. Sufficient coverage provides a more "level
footing" for bidders so less risk is taken and more competitive
bids are tendered. In this situation the spread on the bids
should be lessened, the interest in competing for the bid should
be increased, and the risk to the sponsor should be lessened.
This latter issue is particularly important since the Corps is
entering into a cost sharing agreement with the local sponsor.
Overruns on the agreed on price will be a major item of
contention should they occur. Another benefit of adequate
exploration is the ability to defend the original design and
estimate against unwarranted change of condition claims. Table
1.3.1 presents a summary of the factors which lead to cost
overruns in the USCTT study.

At the heart of the exploration program is the location and
definition of all buried valleys that may exist along the
alignment. The interception of a buried valley with a TBM is
totally unacceptable relative to safety and impact on costs and
schedule.

The holes drilled to date have been located as much as
possible directly over the proposed alignment of the tunnels and
at the work shaft and structure locations. However, availability
of open land is very limited in many areas and numerous holes had
to be offset from the ideal location. Additionally, in much of
the lower reach of the project, rights-of-entry were unavailable.

Downhole video camera studies have been conducted on a
selected number of borings to determine the orientation of
discontinuities. Along with this, water pressure testing has
been accomplished on most borings in an effort to establish the
quantity of water inflow that might be expected during
construction.
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TABLE 1.3.1
PROBLEMS AND CLAIMS* REPORTED FOR MINED TU

Problems
(% of tunnels)

Blocky/slabby rock, overbreak, 38
cave-ins

Running ground

Flowing ground

Squeezing ground

Spalling, rock bursts

Groundwater inflow

Noxious fluids

Methane gas

Existing utilities

Soft bottom in rock

Soft zones in rock

Hard, abrasive rock (TBM's)

Face instability, rock

Roof slabbing

Pressure binding (equipment)

Mucking

Surface subsidence

Face instability, soil

Obstructions (boulders, piles,

high rock in invert,

cememnted sand)

Steering problems 4

Air slaking 1

N
~1

w =
S WoY WO W

N RO OSSN ]

e

*The word "claim" encompasses all requests for extr
of an unexpected subsurface condition.

1.3.2 Laboratory Rock Mechanics Testing Ratio

NNELS

Claims
(30f tunnels)

16

R UONNDNDRPPMMNONNONEOYE OO

o

AS as a result

nale The

rock mechanics testing for the Passaic Tunnels bega
Feasibility Study. This and subsequent testing has
wide range of both field and laboratory techniques.
of the testing has been performed on 2% inch diamet
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In general, for tunneling Jjobs, the International Society for
Rock Mechanics suggests that 8 characteristics of a rock mass be
investigated as part of the evaluation. The characteristics and
some of the available tests are as follows:

Characteristic Suggested Tests

a. Hardness Schor Scleroscope, Schmidt Hammer

b. Strength Unconfined Compressive Strength, Brazilian
Test, Punch Shear, Point load, Fracture
Toughness

c. Texture Quartz Content, Texture Coefficint, Grain

size and Shape

d. Drillability

(Translational) Goodrich Drillability, Seviers "J" number,
VOEST-Alpine Rock Cuttability Index, Taber
Abradability
(Penetrative) NCB Cone Indenter Index, Morris Drillability,

Handewith Test

(Percussive) Rock Impact Hardness Number, Protodyakonov
Test
e. Abrasiveness Goodrich Abrasivity, Surchar Abrasivity, LCPC

Abrasivity, Taber Abrasivity

f. Geologic

Structure CSIR or NGI Rock Mass Classification Systems
g. Seismic P&S Laboratory Velocities, Field Seismic
Properties Velocities
h. Swelling Slake Durability, Free Swell Test, Swell
Properties Pressure Test

The results of the testing program are presented in detail in
section E-3 TUNNELS.
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1.4 SEISMIC STUDY

The Passaic project is located in a moderatelly
that is subject to strong shaking from infrequent |e
Experience with more seismic areas of the world has
underground structures are very resistant to damage
earthquakes, however, the surface works are a vital
the project and will have to be designed to resistf
level of shaking. At the current stage of design [k
features have been analyzed including an earthquake
using the pseudo-static method and an acceleration
more detailed, dynamic analysis using peak motions
required in the next stage of design. The seismoljo
evaluation presented in Appendix E.3.1 is the firsjt
process. Several similar studies for nuclear power
Corps of Engineers Dams in the Northeast have been
were consulted during the preparation of Appendix [E
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AGE [THICKNESS GRAPHIC
(FEET) LOG

DESCRIPTION

cene

Glacial Deposits: Basal gravel till in buried valleys, varved silts, |
upper deposits are fluvial outwash sands, & siits w/ some gravel.

740

Boonton Formation: Interbedded sandstone, siltstone, & shale.
Cyclic deposits with fining upwards sequences going from sand-
stone and shale red beds through grey shale.

260

Hook Mt. Basalt: Blocky unit consisting of at least four fiows.

1,125 [

Towaco Formation: Interbedded sandstone, siltstone, & shale.
Cyclic deposits with fining upwards sequences going from sand-
stone and shale red beds through grey shale. Cycles range
from 80 to 330 feet in thickness. Basal contact contains basalt
breccia.
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Preakness Mt. Basalt: Consists of 2 units divided by a 9 foot
thick layer of sandstone. The upper unit is made up of at least 2
flows with vesicular basait at the top. Slow cooling of the thick
flows produces a gabbro like texture in places. Lower unit
contains at least two flows.

435 s

Feltville Formation: Mainly fine sandstone with trace amounts
of coarse sandstone. 38% red shale and 2% black shale.

j(‘:; LR,

515

Orange Mt. Basalt: Basalt layer consisting of two flows.
Each flow is massive and blocky at teh base and vesicular
at the top. There is a three foot thick pillow basalt at

the base of the unit.

6,750

O—-0mn>»—-3-

Passaic Formation: Red beds, predominantly sandstone and
siltstone, with occasional arkosic layers near the top of

the formation and shale beds. Shale beds are generally less
than 5 teet thick but may be much thicker near the base of
the unit.

==
Approx. Uc Strength Range 10K 20K 30K 40K 50K

Figure E.1.3. Generalized Geologic Column for the formations of the Newark Basin
which are involved in the Passaic River Tunnel
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ATTACHMENT E.1.1
SEISMIC STUDY

I. PURPOSE. The Passaic River Flood Damage Reduction Project
is located in a moderately seismic area that is subject to strong
shaking from infrequent earthquakes. Experience with more
seismic areas of the world has shown that underground structures
are very resistant to damage caused by earthquakes, however, the
surface works are vital to the operation of the project, and will
have to be designed to resist an appropriate level of shaking. A
dynamic structural analysis using response spectra may be
required in the next stage of design. The seismological
evaluation presented here is the first step in this process. The
major source zones which are likely to cause shaking of the
project area are described and recommended peak motions from each
of these determined. Several similar studies for nuclear power
plants and Corps of Engineers Dams in the Northeast have been
performed and were consulted during the preparation of this
study.

IT. SCOPE. This attachment to the geotechnical appendix was
prepared according to the general guidelines presented in the
most recent draft of ER 1110-2-1806, dated 30 May 1995,
Earthquake Design and Analysis for Corps of Engineers Projects.
Paragraph 4. Policy, of this ER states, "The seismic design for
new projects..... should be accomplished in accordance with this
regulation. This reqgulation applies to all projects which have
the potential to malfunction or fail during major seismic events
and cause hazardous conditions related to loss of human life,
appreciable property damage, disruption of lifeline services, or
unacceptable environmental consequences." Further, paragraph
5.c. Evaluation requires, "Detailed site explorations, site
specific ground motion studies and structural analysis...only for
projects in zones 3 and 4, or for zone 2A and 2B project when
seismic loads control the design." The Passaic project is in
zone 2A (see Figure 1) so the requirements are not clear cut.
For non-impoundment flood control projects a detailed seismic
analysis is not usually specified because of the improbability of
a major earthquake occurring at the same time as a major flood.
In spite of this, the consequences of failure of some of the
structures for the Passaic Tunnel do warrant a more detailed
analysis. Because of the nature of this project and the
consequences of failure, it is probably appropriate to use an
operating basis earthquake (OBE) for future analysis. The OBE
should be based on the design life of the project. The site
parameters are determined by the deterministic method using the
USGS maps given in the new ER. As a check of this method a
probablistic analysis is also presented for an OBE. A 100 year
design life is consistent with the economic studies and has been
selected as appropriate for this study.
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At this stage of study only the peak site mot
determined for the OBE. The detailed structural A
analysis utilizing response spectra for these valy
individual structures is deferred until the next s
In the structural appendix, critical structures ha
analyzed using a pseudo-static analysis for an OBH
return period and a non-flood stage loading case.
consistent with the seismic design criteria requin
previous version of ER 1110-2-1806. Figure 2 is t
map from the old ER that was used to select the ps
design value of 0.10 g acceleration. This was not
load case for any of the structures analyzed so gr
resistance for all of these structures is evident.

III. MODES AND CONSEQUENCES OF FAILURE. The tunne
are excavated through deep soil cover are likely t
vulnerable to earthquake damage. Differential mov
the soil and rock at their contact may result in 1
this location. A liner system which is separate f
rock is likely to be most successful in resisting
In general the proposed designs for the shafts sat
requirement in that the shafts through the soil ar
diameter than the shafts in rock. By inspection t
in diameter (1 foot or more) would accommodate the
motion that would be expected in the OBE earthquak
rigorous analysis based on the OBE is warranted in
of design. The inlets and outlet structures are a
of shaft. The control structures at the surface c
dynamic response of these structures making the an
complex. Failure could be regarded as unacceptabl
structures may have to be designed to the MCE. Th
should be made after further consideration of the
consequences. Surface structures such as the Pequ
Great Piece Weirs and operational buildings will a
damage and should be designed to appropriate OBE 1
IV. GEOLOGY

A. CRUSTAL INVESTIGATIONS.
the crust of the earth is used by seismologists to
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records. Many of these crustal studies are conduc
analyzing seismic returns from known sources, for
blasts. Many authors have studied the crustal str
eastern United States (References 21, 26, 29 and 5
degree of consistency between their models. Layer
classified on the basis of seismic wave velocities
are correlated with gross lithologies. Lateral va
structure naturally exist, however, seismic refrac
geophysical studies demonstrate that in the easter
these variations are quite small. Table 1 is curr
the Northeastern U.S. Seismic Network.
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B. GEOLOGIC HISTORY. The geology of the region around
the Passaic Project is linked to and controlled by the tectonics
of the Appalachian system. Table 2 (Reference 35) provides a
summary of this tectonic history. The main text of Appendix E
provides detailed information on the geologic history of the
project which will only be summarized here.

The project is located in Mesozoic Aged rift valleys.
According to many authors, this activity represents the point at
which the Atlantic Ocean changed from a closing system to an
expanding ocean basin which eventually lead to a more quiescent
period which has continued to the present.

West of the rift valleys is extensive and intense folding
and faulting in the orogenic belt of western New Jersey and
Eastern Pennsylvania. This area has probably received the
greatest accumulation of Paleozoic sediments. Periodic uplift
and erosion of this area has provided much of the clastic filling
of the Allegheny Synclinorium.

Adjacent to and west of the Paleozoic Orogenic Belt lies
what Eardley (Reference 14) labels the Central Stable Region.
The Central Stable Region is underlain by a Precambrian basement
of high grade metamorphic and plutonic rocks, which are clearly
related to the Grenville province of the Canadian Shield. This
correlation is supported by exposures in the Adirondack
Mountains, along the Frontenac Axis, and in the St. Francois
Mountains. A profound unconformity marks the boundary between
these ancient Precambrian rocks and the overlying late
Precambrian Caloctin greenstone, Ocoee series, and Mt. Rodgers
Volcanics. It is these rocks that contain the first evidence
that the Appalachian region was systematically different from the
rest of North America. Figure 3 shows the major geologic
features in the region surrounding the project. Glaciation of
the region during the Pleistocene was the last major event which
is reflected in the geology of the region.

C. PLATE TECTONIC THEORY. The advancement of the plate
tectonic theory has provided a broad framework by which the
dynamics of the earth may be explained. The continuing expansion
of the Atlantic Ocean Basin, which is estimated to be 22cm/year
in the North Atlantic (see Reference 33), induces a horizontal
compressive force on the Eastern United States. This west-north-
westerly trending stress field is probably one of the primary
engines which drive the seismicity currently observed in the
region. This is evidenced by fault plane focal mechanism studies
(see Paragraph IV.G.), which are predominantly compressional for
the eastern United States, and in situ stress measurements which
are discussed in Paragraph IV.D. Local variations in this
pattern occur as a result of differing geologic conditions, such
as pre-existing fault orientations, localized uplift or
subsidence, residual stress fields and anisotropic lithology.
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However, these variations are consistent with Plate
Theory when these localized conditions are taken inf
(see Paragraph IV.E. on seismogenic mechanisms) .

A discussion of Plate Tectonic Theory and how i
mid-continent diastrophism (epeirogenic tectonics) w
complete without mentioning the work of Burke and De
They brought forth a "cause and effect" mechanism fdg
where crust located within an intraplate region fail
mantle-derived plume or "hot spot", in the form of 4
junction. If rifting continues long enough, an oced
produced. According to Burke and Dewey (1973), the
Province represents reactivated basement which devel
following continental collision (a classic Wilson cy
approximately one billion years ago. The destroyed
junction is presumably marked by a suture lying bene
rocks to the east.

Many proposed triple junctions are believed to
inactive before an ocean basin was created, possibly
of changes in deep-seated convective processes. One
of a failed triple junction is centered in the Great
near the eastern shore of Lake Superior (Burke and D
In this model, the mid-continent gravity high corres
one failed rift arm, another runs through to the Mic
(Hinge et al., 1972, 1975), and a third extends out
Bay.

Aulacogens are long-lived, deeply subsiding tro
evolve from narrow grabens to broad downwarps, some
during initiation of the triple junction. These can
undergo a final compressional stage of folding and f
along with periodic fanglomerate and alkalic basalt
(Burke and Dewey, 1974). This concept has been appl
explaining many features including the Raritan Embayj
failed arms of a triple junction.

It appears that under the proper tectonic condi
reactivation of these paleo-rift zones (or paleo-sut
occur and be reflected in terms of higher than avera
seismicity. Figure 4 shows a Plate Tectonic Map of

D. IN-SITU STRESS MEASUREMENTS. Measurement
stress can be acquired in a number of ways. The str
orientation can be inferred from focal mechanism stu
Paragraph IV.G.), or it can be measured directly by
hydrofracture technique or a strain relief overcorin
The magnitude of the maximum and minimum principal s

be determined using the direct measurement technique|.

and Table 3, which were prepared using Reference 36,
several in situ stress studies. These studies indic
deal of complexity east of the Appalachian Front, be
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uniform west of this area. The test results are highly
influenced by the site conditions. Tests on intrusive bodies may
reveal a residual stress domain which differs greatly from that
of the host rock. Surface measurements may not be representative
of the stresses at depth. Fault plane solution data are probably
more indicative of the tectonic stress regime than the shallow
test data shown on Figure 5. The magnitude of the stresses which
are indicated by these tests are quite high in many instances,
indicating the potential for earthquakes.

E. SEISMOGENIC MECHANISMS. Perhaps the main problem in
evaluating the seismicity of the eastern United States (that is
east of the Rocky Mountains) is the absence of surface expression
of the features which are producing the seismic activity. To
date, causative faults which are so readily observable in the
west (e.g., San Andreas), are, at best, poorly exposed in the
east. For this reason, the nature and location of the active
faulting must be evaluated through fault plane and focal
mechanism studies (see Paragraph IV.G.) and by evaluating
earthquake distribution. The mechanisms producing this faulting
are also shrouded in mystery with the result that several
hypotheses exist. It is no doubt true that no single hypothesis
explains all the seismic activity of the eastern United States
and adjacent parts of Canada, and for this reason, several of
these hypotheses are presented herein. This topic is
interrelated to the Plate Tectonics and in situ stress
measurements discussed in Paragraphs IV.C. and IV.D. A further
discussion of where these seismogenic mechanisms are thought to
be active is contained in Paragraph IV.F.

1. One of the most widely cited seismogenic mechanisms
for intraplate or epeirogenic tectonics involves the reactivation
of pre-existing zones of weakness. Some of these ruptures
originated as long ago as the late Precambrian (>600 million
years before present). Many of them are associated with
continental rifting or aulacogens as discussed in Paragraph IV.C.
If these zones are suitably oriented to the present day regional
stress field and the shear stress on the fault plane is large
enough, reactivation will occur.

Some seismicity, notably the Cape Ann, Massachusetts area
and the Grand Banks area, is located near the end of major
oceanic transform faults. Other zones are associated with
Triassic basins. The Ramapo fault in New Jersey and New York is
a fine example of a favorably oriented Mesozoic rupture which is
associated by some authors with present day seismicity. This
association is not conclusive in the minds of many because of
inaccuracies in location of hypocenters and a relative scarcity
of data. A study by Dames and Moore tried to resolve the
question of whether the Ramapo was a capable fault by trenching
and study of the actual shear plane of the fault near the
surface. This study found that the secondary mineralization
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along the fault had been deposited at least 2 mill
and that it had not been subjected to any stress.
interpreted as sufficient evidence to say that the
capable.
reflected in these near surface minerals could be
has been the official Corps interpretation in seve
similar studies that the Ramapo is, at most, only

2. Some seismicity in this region has b
stress amplification around intrusive bodies. Thi
supported by a correlation of seismic activity wit
circular, positive gravity and magnetic anomalies.
hypothesis is based on marked differences between
properties of the host rock and the intrusives.
regional stress field, the two rock types deform t
degrees. The more elastic rocks compress differen
resulting in a stress concentration in the less el
This situation has been compared to the way a stre
modified around a hole in a plate. Some authors £
sufficient stress concentration can be generated i
rupture the less elastic rocks, while the more ela
deform plastically. On a large scale, this condit
observed around the Adirondack Dome in the observe
The major principal stresses appear to vary in res
large, isolated, relatively inelastic mass. The e
this type of regional anisotropy affects the occur
earthquakes is conjectural, but it is very likely
play some part. A study by Boston Edison Company
earthquakes using field velocity measurements and
studies found that near the Ossipee Pluton in New
percent increase in the maximum principal stress c
produced.

3. Post glacial rebound (isostatic upli
controversial as a seismogenic mechanism. Some au
especially prior to the advent of Plate Tectonic t
unloading by continental ice sheets as a major str
earthquake driving mechanism. More recently, it h
recognized that the seismicity does not correlate
the limits of glaciation. It is also felt that sy
has elapsed since the last continental glaciation
(Wisconsin age 75,000 to 11,000 years before prese
accommodated much of the rebound. This is not to
glacial rebound is not contributory to present day
Post glacial pop-ups (vertical rock bursts) and of
squeeze features are well documented in New York g
Rochester, Buffalo) and several authors propose a
stress field due to glaciation, which contributes
seismicity by producing stress concentrations. Th
York/Hamilton, Ontario seismicity may be related
mechanism.
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4. Human activities have been connected with some
isolated seismicity. Several reservoirs in the east have been
monitored with microseismic networks during and after filling.
Clark Hill, Jocassee, Montecello and North Anna reservoirs were
all associated with increased microseismic activity. An
interesting occurrence is described in Reference 34. Surface
quarrying at Wappingers Falls, New York, is credited with
triggering numerous low magnitude, shallow focal depth (0 to 1
1/2 km) earthquakes. It is felt that the quarrying unloaded the
area, reducing the minimum principal stress. This resulted in
increasing the deviator stress sufficiently to cause faulting of
previously intact rock to occur. While significant from a
seismological standpoint, none of these mechanisms are thought to
be capable of producing damaging earthquakes. Other reported
earthquakes are probably the result of blasting, especially
around quarry operations.

5. Many areas in the Northeast exhibit significant
subsidence and uplift. Areas of subsidence include the Salisbury
Embayment in the Chesapeake Bay area, Sandy Hook, New Jersey, the
coastal area of the Connecticut River Valley, Southern Maine,
Passamaquoddy Bay, Maine, and the LaMalbaie area of the St.
Lawrence River. Uplift is still occurring in the Adirondack
Mountains. Subsidence along the coastal areas may be caused by
loading from thickening of the sea floor adjacent to the
continental margins and deposition of sediments derived from the
contents. The uplift of the Adirondack Dome is not so easily
explained. It may be more correct to label these vertical
movements as products of seismic activity, rather than
seismogenic mechanisms, however, seismic activity is observed at
locations where subsidence or uplift are occurring.

6. The May 31, 1908 earthquake near Allentown,
Pennsylvania was felt over a very small area, (80.5 square km),
but was quite strong (maximum intensity VI). It is speculated
that it was caused by a large roof collapse in a limestone
cavern. This event is not significant from a tectonic
standpoint, and is only explained to eliminate it from further
consideration.

7. An informal suggestion by some researchers
attributes some low level seismicity within the area of the
Salines Formation to the development of salt domes and subsequent
rupture of the surrounding rock. This has not been substantiated
by any field investigations and is not regarded as a likely
source of strong shaking.

F. DISTRIBUTION OF FAULTS. In eastern North America,
faults have been located by surface mapping, geophysical methods,
and seismicity. Figure 6 shows a map of the larger faults in the
region around the project. The majority of surface faulting
parallels the geologic grain of the Appalachian system.
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Northeasterly strikes predominate with variable dips
the area to the east of Eardley's Central Stable Re(
Paragraph IV.B) is typified by thrust faulting. Thd
faults are believed to flatten at depth and extend \
Valley and Ridge province as a regional decollement
younger Paleozoic strata from sedimentary and crystg
basement rocks (see Reference 35). Further east in
the Triassic basins are typically bounded and cut by
faulting. Geophysical investigations have demonstra
of these features extend to great depths. Basement
are not reflected at the surface have also been dete
geophysical methods which include profiling and gray
The Clanendon-Linden Fault in western New York is a
example of this type of fault.

To date, no surface rupture has been linked to
activity in the eastern United States. Hypocenters
in the mid to upper crustal depth range (5 to 10 km)
of Cenozoic age have only been demonstrated by seism
The Ramapo Fault is located within 2 miles of the Pd
Inlet for the tunnel.

G. FAULT PLANE AND FOCAL MECHANISM STUDIES.
there is limited data available for the eastern Unit
Since active faulting in this area is not well defin
features, the type and orientation of causative faul
deduced by analyzing seismic records of earthquakes.
construct a focal mechanism solution for a particulg
suitable records must be analyzed from a number of 9
which must be well distributed around the epicenter.
construction is based on P wave first arrival times,
the first arrival is dilational or compressional in
angle 1i,, at which the ray arriving at a particular
leaves the earthquake focus is given by the relation

Sine i, = V, [dT/d Delta]

where V, is the wave velocity and [dT/d Delta] is th
the time travel curve. The resulting angle i, is st
influenced by the focal depth and the velocity model
Paragraph IV.A). The data is plotted as a stereogrg
projection on the lower hemisphere of what is known
sphere. The resulting pattern of dilational and con
segments 1is characteristic for a particular fault ty
orientation. The planes which form the boundaries Y
dilational and compressional segments are called nod

Each focal mechanism solution will have two nod
one of which corresponds to the fault plane orientatf
Determining which nodal plane is the most likely fauy
solution is often difficult and must be based on thg
structure. The nature of the faulting is determined
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distribution of dilational and compressional components. If.the
center of the focal mechanism plot is in a compressional domain,
the faulting is reverse; if it is dilational, the faulting is
normal. An angle between the strike lines of the nodal planes
indicates that there is a strike slip component of the fault
plane. The number of fault plane focal mechanism studies
available for the eastern United States is still quite limited.
Some of this information, gathered from various sources, is
presented in Table 4 and on Figures 7 and 8. This data indicates
that a majority of earthquakes in the eastern United States are
the result of reverse fault movements. Many of these faults are
high angle and exhibit some amount of strike slip. Rare
instances of normal faulting are indicated. In some cases, this
is explained as tear faulting resulting from major strike slip
movement (New Madrid). An interesting hypothesis for the normal
faulting observed at Lake Hapatcong, New Jersey proposes that
differential movement on unhealed, oceanic transform faults may
serve to localize tensional stresses where they intersect the
continental margin. This local effect is not observed farther
inland. In many cases, where a focal mechanism study is not
possible, epicenter locations and focal depths can be computed.
This is also very useful information for defining the seismicity
of an area.

H. SURFACE EFFECTS ON THE TRANSMISSION OF SEISMIC WAVES.
For purposes of illustration, assume a seismic wave train with a
given energy originating in rock. When this wave grouping enters
a soil foundation, (since seismic velocities for soils are
typically low) the incoming wave lengths are shortened. In order
to maintain the energy in the system, the waves, in effect pile
up on one another, increasing their amplitude. In passing
through the soil, the waves experience high friction losses, most
profoundly in the shear wave components and at the higher
frequencies. The same wave train passing through a rock
foundation would lose energy through particle friction at a
slower rate than in soil, and for both cases the frictional
losses are lower in the saturated condition. Records obtained
from the Pacoima Dam site during the San Fernando earthquake on 9
February 1971, indicate the effects of topography on earthquake
motions. In mountainous terrain, some amplification takes place
at the higher elevations. This would be expected for surface
works around work shaft 2.

V. SEISMOLOGY

A. HISTORY OF SEISMOLOGY IN THE NORTHEAST. Reports of
earthquakes in the Northeast go back in the St. Lawrence area to
1534. Early accounts of earthquakes are limited to personal
journals, diaries, and newspaper reports from which only
intensity data can be interpreted. Table 5 presents a
chronological listing of earthquakes around the Passaic project.
The first seismic station in North America to use a seismograph
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with continuous recording was at Toronto, Ontario fn 1897. By
1901, there were similar stations at Baltimore, MD| and
Philadelphia, PA., followed in 1904 by stations at|Washington,
D.C. and Cheltenham, MD. These instruments typically had a low
magnification, permitting the detection of only th¢ stronger
earthquakes. This type of development continued d@iring the 20th
Century with installation of a limited network of seismographs of
greater sensitivity in the 1930's. These provided|valuable
information on seismic wave velocities and improved epicenter
location accuracy. In the 1960's, the World-Wide $tandard
Seismographic Network was established with the installation of
calibrated, high-gain instruments with excellent time control.
Most recently, the use of micro-earthquake detecti¢n devices,
with the ability to detect low magnitude events, has aided in
defining seismic boundaries, determining focal mechanisms and
extending the magnitude-recurrence curve. These instruments have
been used in permanent installations and as portable stations to
study specific sites.

Since October 1975, the Northeastern U.S. Seismic Network
has been publishing quarterly bulletins on the seismicity of the
northeastern United States. The network, which is|coordinated by
the U.S. Geological Survey, represents the combined efforts of
numerous universities, state, and federal agencies |with input
from the Earth Physics Branch, Department of Energy, Mines and
Resources, Ottawa, Canada. 1In 1984, a total of 162 seismic
stations were in operation gathering data for inclusion in the
bulletins. This project is being funded through state and
federal programs concerned largely with the siting|of nuclear
power producing facilities.

B. SEISMIC ZONE MAPS. The recommended metHod for design
of Corps of Engineers projects with regard to earthquake loads
involves a deterministic approach and the use of sdismic hazard
maps. These maps are still used in most national huilding codes,
largely because of availability, uniformity, and relative ease of
application. Generally, these maps are subdivided into zones
based on some seismic parameter, typically peak particle velocity
or a seismic coefficient, which is expressed as a decimal
fraction of the gravitational acceleration. For a |project within
a certain zone, the specified seismic coefficient for that zone
is used in computing expected earthquake loads. THese values are
normally based on the probability of non-exceedance over some
time period and do not necessarily represent maximum credible
earthquake values.

Figure 2 is the seismic zone map used under the old version
of ER 1110-2-1806. The design of the project features to date
has included an earthquake load case using an acceleration value
of 0.10 g from this map. The new, draft ER has updated versions
of Figure 2 which are included as Figures 9 and 10 These
present pseudo-acceleration maps for 50 year and 25%0 year return
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period earthquakes. Based on Figure 9 the pseudo-acceleration
that should be used for the OBE at Passaic is 0.15 g.

cC. ISOSEISMAL MAPS. Isoseismal maps present contours of
intensity. Intensity is a subjective value dependant upon human
judgment and observation. The value of intensity and the
accuracy of the resulting map is controlled by population
densities, building construction and other human factors which
have not held constant through recorded time. Attempts have been
made by researchers to minimize these effects, and the intensity
scale itself is designed to reduce errors, especially at higher
values. In any case, for earthquakes which occurred in the study
area prior to the first decade of the 20th Century, intensity
data is the only record which exists. This means that most of
the violent earthquakes of the past were not instrumentally
recorded and must be evaluated on the basis of contemporary
descriptions, which may be presented as isoseismal maps.

Since isoseismal maps are drawn directly from observed
surface effects, an isoseismal map is a picture of how earthquake
energy is dissipated from its source. This unique feature has a
major advantage over empirical formulae in depicting attenuation.
Formulae have been derived using both theoretical relationships
and observed data. They are, therefore, limited by fixed
observation points and imply a radial attenuation pattern which
is not true to life, although they have the advantage of being
more generally applicable in determining peak motions at a site.

Shock waves travel outward from an earthquake's hypocenter
in all directions. In a homogeneous, isotropic medium, they
spread like ripples on a pond; however, each geologic contact
that the wave front hits modifies the signal and distorts the
radial propagation. The complexity of the isoseismal is
controlled by many parameters: magnitude of the earthquake,
focal mechanism, focal depth, source location dimensions and
configurations, regional geology, regional stress patterns,
topography and surface deposits. It is reasonable to assume that
the maximum earthquake will occur in the same seismic zone as the
maximum historic earthquakes, provided the period of observation
is long enough. This assumption is verified by seismicity in
more active areas of the world and microseismic data in the study
area. This means that most of the controlling factors mentioned
above will have the same effects on the maximum credible
earthquake as they had on the maximum historic earthquakes. Only
focal depth and source location remain variable within the limits
outlined in Paragraphs IV.F. and IV.G.

Isoseismal maps from some of the largest historical
earthquakes that have effected the region have been collected
from various sources and are presented on Figures 11, 12, and 13.
From these and various other studies, the maximum intensity
experienced any where in the Passaic project area in historic
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time was between VI and VII.
this is described as follows:

Quoting from the Inf

VI. Felt by all, many people are frighf
outdoors. Some heavy furniture moved; a few
fallen plaster or damaged chimneys. Damage 4
VII Rossi-Forel Scale).

VII. Everybody runs outdoors. Damage i
building of good design and construction; sli
in well-built ordinary structures; consideraQ
built or badly designed structures; some chinm
Noticed by persons driving motor cars. (VIII
Scale)

While this does not necessarily represent the maxi
value, it is probably representative of an operati
earthquake.

Another type of isoseismal map is presented i
and included as Figure 14 in this report. This ma
cumulative maximum intensity over a fixed time per
through 1973). This type of map gives a good idea
which might be experienced at a particular site ov
time period. 1Its shortcoming lies in the length o
represents and the variability of seismicity. The
maximum credible earthquake are not well establish
eastern United States. The project area was subje
Intensity of VI during this time period.

D. ATTENUATION. A seismic impulse, while
its source to a site, loses energy through geometr
and anelastic attenuation. Energy loss through ge
spreading is a function of distance from the epice
has demonstrated that the coefficient of geometric
changes at a horizontal distance approximately equ
depth of the earthquake (see Paragraph IV.G.). Th
varies, but is generally taken to be 15 kilometers
eastern United States. At this distance from a Se
Zone (see Reference 15) the type of analysis chang
field to far-field. The near-field in the eastern
is typified by high accelerations, high frequencie
durations.

Anelastic attenuation occurs when energy is a
transmitting medium. The amount of energy absorbe
upon the elastic properties of the transmitting me
frequency of the seismic wave. The higher the fre
higher the absorption. As a result, at increasing
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As can be seen from the above discussion, attenuation is
dependent upon the region of interest. The values of attenuation
coefficients are not interchangeable from one region to another.
A prime example of this can be seen in eastern versus western
United States earthquakes. Typically, an eastern earthquake will
have a felt area ten or more times larger than a western
earthquake of the same magnitude.

Numerous methods for determining the attenuation have been
developed. For the Passaic project the seismic parameters were
estimated using two methods: Cornell and Mertz using Herrmann's
attenuation equation (assuming point source at the closest point
on the source zone) and Krinitzsky and Marcusson (intensity vs.
acceleration curves and Intensity attenuation curves from
Chandra). Both of these methods give roughly comparable results
as shown on Table 6.

With the Cornell and Mertz method the general form of the
attenuation equation is:

log P = 3, + a;s - a,log R - a; R

where P is the strong ground motion parameter to be estimated, s
is a measure of the earthquake size, i.e., magnitude, and R is
the distance from the source. The "a" coefficients are specific
to the source zone and region and apply to only one frequency.
The coefficient of geometrical spreading is a, and the
coefficient of anelastic attenuation is a;. These coefficients
must be empirically derived by fitting observed data to the
general equation. Here again, there is a limited amount of data
for the eastern United States and within this data is significant
variation.

For the central and eastern United States, Herrmann presented
the following equation for peak horizontal acceleration:

For R 2 15km
log a, = 0.54 + 0.5m, - 0.83 log R - 0.0019R

Where: a, is the horizontal acceleration
m, is the body wave magnitude of the earthquake and
R is the distance from the site to the source zone
boundary

Krintizsky and Marcusson evaluate attenuation based on an
empirical study of Intensity and its equivalent values of the
seismic parameters. Type curves for various regions of the
country relating loss of Intensity to epicentral distance have
been developed by several authors. Figure 15 presents one of
these. Using the epicentral Intensity for the earthquake of
interest, for example the OBE, the distance from the source zone
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to the project and the appropriate type curve, a site Intensity

can be estimated.
with the appropriate curves shown on Figures 16, 17
arrive at the site seismic parameters.

In a dynamic analysis, the next step is to generate a motion

The next step is to use this site

intensity
and 18 to

time history which fits the peak values that were calculated.
This can be done by selecting an earthquake record from a site

with foundation characteristics which are similar td
study site.

those at the

This record is scaled if necessary by fitting the
peak value on the record to the calculated peak valye.

If a

suitable record is not available, a synthetic earthquake record

is generated.
vibration time history which is used to analyze the
response of the project feature being analyzed (i.e|
portion of dams, foundation soils, etc.). This prod
beyond the scope of this report and should be done i
stage of design.

E. PROBABILITY STUDIES. A full understandir]
seismic risk within a region is not possible without
of the distribution of earthquakes in time; in otheq
probability of occurrence for each earthquake. ProQ
determined from the historical record and based on t
relationship between the strength of an earthquake a
frequency of occurrence with larger earthquakes bein
frequent. Based on studies of numerous seismic aregq
relationship is generally defined by the equation:

log N = a - bM
(Gutenberg and Richter)

where N is the number of earthquakes of a given strdg
year, M is the strength of the earthquake (e.g., mag
intensity) for which N is to be computed, and "a" an
constants which are particular to the seismic zone Db
This relationship is typically presented in graphica
semi-logarithmic plot of N versus M. This is known
recurrence curve. Gumbel (1958) emphasized the impo
complete data set in this type of study. In order 4
for the random nature of occurrence, he recommends 4
observation period be no less than 5 times the retun
the earthquake magnitude being studied.

Some researchers contend that this curve is 1lin
throughout the magnitude range, which enables them t
representative values of "a" and "b" by microseismig
of very small earthquakes over a shorter period of f
Reference 20 describes a study of this kind conducts
mine in northern New Jersey. The resulting values o
were 2.6 and 0.9 respectively. A similar study of 4
swarm which occurred in the Blue Lake area of the Ad
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Mountains resulted in a "b" value of 1.5. The value of "a" could
not be readily computed from the data. There is sufficient
disagreement on the linearity of the magnitude/recurrence curve
to raise a question on the validity of these short term studies.
Many authors propose that the curve is either quadratic or bi-
linear. Some authors suggest that the curve asymptotically
approaches a maximum magnitude. The higher magnitude events are
of greater interest in a stability analysis. The
magnitude/recurrence curve for these events should be based upon
an analysis over the long term or historic data.

The results of this type of study are also strongly
influenced by the size and boundaries of the area which is
analyzed. 1In other words, a magnitude/recurrence curve for the
entire eastern United States would be markedly different from one
for the Passaic River basin. This can be accounted for in a
variety of ways. The curve can be normalized to area, for
example, cumulative number of earthquakes per year per square
kilometer. In addition, the region can be subdivided into
seismic source zones (see Paragraph V.F.) which are discrete with
regard to geologic setting, tectonics, and seismicity.
Magnitude/recurrence curves can then be developed from the
seismic history of each zone. The shortcoming of this approach
in the eastern United States is the scarcity of data especially
at higher magnitudes. The maximum credible earthquake is not
represented in the historic record. Nuttli and others have
studied the zones in which the maximum credible earthquake is
thought to have occurred (New Madrid, Charleston). In both these
cases, the maximum earthquake corresponds to a return period of
about 1,000 years on an extension of the magnitude/recurrence
curve. More involved methods of analysis have been suggested,
but for the present level of study, the 1,000 year return period
for an MCE is assumed to be representative for all seismic zones
in the East. The slopes used on the magnitude/recurrence curves
in this study are those suggested by Nuttli although other
authors have proposed slightly different coefficients. The
operating basis earthquake was selected by reading the magnitude
of the 100 year or 0.0l recurrence interval earthquake from the
magnitude-recurrence curves for the various source zones. The
earthquakes derived in this way were used with the attenuation
equation or the site Intensity curves (see Paragraph V.D.) to
yield the predicted site motions for the Passaic project given on
Table 6.

F. SEISMIC SOURCE ZONES. The distribution of earthquakes
is not uniform. Events cluster in some areas, are scattered
diffusely in other areas, and are absent in others. This
variability is to be expected since earthquakes occur on fixed
geologic structures of differing characteristics under a non-
uniform stress distribution. In terms of human time frames,
these conditions can be expected to remain fairly constant. It
is possible, therefore, through analysis of earthquake
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distribution in light of seismogenic mechanisms (3
IV.E.), geologic history (see Paragraph IV.B), ang
Paragraphs IV.C. and IV.G.), to subdivide the regij
source zones. This has been done for the eastern
by several authors. Reference 4 was prepared for
Regulatory Commission to facilitate site investigd
nuclear power plants. It is equally applicable f£q
civil works projects and is used as a basis for tlh

Figure 19, which is taken directly from this repox

source zone boundaries for the region. A refinemd
zonation taken from reference 62, is presented as

The Passaic project is located within the boy
Raritan Bay zone but would be subjected to shaking
zones in the area. The problem, therefore, becomg
determining which zone will have the greatest effs
project area. The following are the zones most 11
the Passaic project. Table 6 gives computed site
of these zones.

1. NIAGARA-ATTICA. It has been associdg
Clarendon-Linden fault, the only major fault in th
solution to focal mechanism studies is consistent
northwesterly strike of this fault, however, the 4
a somewhat diffuse east-west trending ellipse, whi
another focal mechanism solution, but is not consi
Clarendon-Linden strike. This question of source
been resolved.

The first earthquake in this zone which is iQ
historical record was in February 1796. The largqg
in the zone to date was an Intensity VIII event on
1929. Instrumental data and felt reports suggest
earthquakes were shallow focus (see Table 4). As
exhibit high epicentral intensities and frequency
sharp noises were common to most descriptions). ]
indicate that the attenuation of these earthquakesg
higher than other eastern North American earthquak
magnitude/recurrence curve for Niagara-Attica is g
21. The maximum credible earthquake derived from
6.4. The 100 year return period earthquake (OBE)

2. ANNA-CLEVELAND. The concentration (¢
western and northern Ohio is in line with the nort
trending belt of seismicity which extends from Ney
St. Lawrence. The cause of this concentration of
well understood, but some believe it is part of a
initiated during the Mesozoic and still active todg
recorded event in the Anna-Cleveland zone was of 1]
and occurred on June 18, 1875. Subsequent activit
regular and unusual for the percentage of higher }
events. A magnitude/recurrence curve for this zor
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Figure 22. The maximum credible earthquake for this zone is Mb =
6.5. The 100 year return period earthquake (OBE) is Mb = 5.4,

3. NEW ENGLAND-RARITAN BAY. A long, well documented
history of seismic activity in New England begins with an account
of an Intensity VII event in 1568, which affected what is now
Connecticut and Rhode Island. The entire zone, which for this
report includes southern New York and northern New Jersey, 1is
undoubtedly very complex, involving numerous faults of varying
character. They are grouped here based on related tectonics and
the relative uniformity of activity throughout the outlined area.
Greater resolution of the activity is undoubtedly possible with
analysis of focal mechanism and microseismic studies, but does
not serve the purpose of this paper. Much of the activity is
thought to be occurring in reactivated fault zones and rifts of
late Mesozoic or older age. As described in paragraph IV.E.,
some feel that stress concentrations may occur where major
oceanic transform faults truncate on the continental margin. It
is interesting to note that the northern portion of New England
seismicity aligns with the projection of the trend of the New
England seamount chain. The Adirondack-Western Quebec seismic
zone 1is located further west on this same general bearing.
Whether these features are genetically related is still very much
in question. The Passaic project is within the limits of this
zone. Because of the diffuse nature of the earthquakes and lack
of clear evidence on causative features (See Paragraph IV.E.1l.)
selection of site parameters have been done using Far Field
curves for attenuation. A magnitude/recurrence curve for this
zone is shown on Figure 23. Based on this, the maximum credible
earthquake for the zone is Mb = 6.4. The 100 year return period
earthquake (OBE) is Mb = 5.3.

4. ADIRONDACK-WESTERN QUEBEC. The earliest event
listed for this zone is an Intensity VII earthquake which
occurred on February 10, 1661. The historical seismicity for
this zone defines a roughly elliptical area extending from Lake
Champlain in the southeast to Timiskaming, Quebec in the
northwest. Correlations between the seismicity and geological
and topographical features have been observed. As mentioned in
Paragraph V.F.3., this zone generally aligns with a small circle
describing the movement of the North American continent with
relation to Africa during the opening of the Atlantic and passing
through the New England seamount chain. The seismicity is also
largely confined within the Grenville supergroup to the central
metasedimentary belt. This zone of marbles, quartzites, and
paragneisses containing complex north and northeast striking
structural trends is distinct from the adjacent older gneissic
terrain to the west, and the younger area of granulitic terrain
to the east. The southern boundary of the seismicity appears to
be a west northwesterly trending fracture zone represented by
Proterozoic dikes and Paleozoic faults, some of which form the
Ottawa-Bonnechere graben. Some seismicity included within the
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zone falls outside the geologic boundaries described above,
notably the Blue Lake swarm in the Adirondacks and Timiskaming in
Quebec. This activity is included because of its proximity,
although it is probably genetically unrelated.

The zone is conterminous to a large degree with a
topographically low area known as the "Gatineau Trhangle". The
significance of this relationship is not clear. A
magnitude/recurrence curve for this zone is shown on Figure 24.
Based on this, the maximum credible earthquake for this zone id
Mb = 6.5. The 100 year return period earthquake (pBE) is Mb =
5.4, |

5. RICHMOND. One of the first accountsjof an
earthquake from this zone is for an Intensity IV event on March
22, 1758. The first strong shock in the historical record was an
Intensity VII earthquake on February 21, 1774. The seismicity is
quite localized and has been associated by some authors with a
general seismic trend along the fault line. Here again, this is
believed to be related to resurgent tectonics or reactivated
zones of weakness. Numerous Cretaceous and Cenozoic faults are
located in the area. Seismic profiling demonstrates offsets of
50 - 60 meters in early Cenozoic sediments with some indication
of progressive offset up through surficial sediments in isolated
locations. Notable faults in the area of this seismic zone are
the Brandywine and the Stafford. The exact nature and extent of
these faults is not yet confirmed, but at present, | they are
thought to be reverse northeastwardly striking zones, dipping
steeply either northwest or southeast, with no apparent
predominance. Strike slip movement is not normally noted. It is
interesting to note that where offsets can be measlred over a
complete section of the Cenozoic strata, they indicate a general
decrease in the rate of movement. A magnitude/recurrence curve
for the zone is shown on Figure 25. Based on this* the maximum
credible earthquake for the zone is Mb = 6.1. The 100 year
return period earthquake (OBE) is Mb = 5.0. ?

6. CHARLEVOIX. This zone, located about midway on the
St. Lawrence River has produced one of the largest historical
earthquakes in eastern North America. The first recorded quake
in the zone was an Intensity IX earthquake on June 11, 1638. An
Intensity X event was reported on February 5, 1663 from the same
region. The persistent, strong seismicity of Charlevoix-
LaMalbaie is associated with two major geologic features:
Logan's Line, which separates Precambrian shield rock on the
north shore of the St. Lawrence River from Paleozoic sediments on
the south shore, and the Charlevoix impact structure. Almost all
the seismicity appears to be confined to the southeastern half of
the crater, where it intersects Logan's Line. The impact
structure is interpreted as a deep-seated zone of weakness, which
serves to localize stress. Logan's Line is interpreted as a
graben, which may currently be influenced by a compressional
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stress field. Thrust faulting is indicated in some focal
mechanism studies and by evidence of seismic velocity changes
prior to earthquakes. This velocity phenomenon has been observed
in more active regions and is always associated with thrusting.

A magnitude/recurrence curve for this zone is shown on Figure
26. Based on this, the maximum credible earthquake for this zone
is Mb = 6.8. The 100 year return period earthquake (OBE) is Mb =
5.75.

VI. CONCLUSIONS. The Passaic project is located in a moderately
seismic area. Earthquakes have occurred periodically causing
minimal damage. Because of the consequences of failure it is
appropriate to use an operating basis earthquake for design.

This earthquake is based on a 100 year return period. Other
seismic source areas may contribute to shaking experienced within
the project boundaries but their effect is negligible for a 100
year event. The greatest effect will likely be felt from the New
England-Raritan Bay seismic source zone. Based on restraining
the design earthquake for the Passaic project to a 100 year
operating basis earthquake as determined in this report, the
following peak site parameters are recommended:

Peak Horizontal Acceleration = 153 cm/sec/sec = 0.16 g
Peak Horizontal Velocity = 14 cm/sec
Peak Horizontal Duration with acceleration > 0.05g = 8 seconds

These values are in keeping with values from the draft ER and
similar engineering reports prepared for other structures in the
surrounding area. It was decided that, while the project is
spread over a large area, a single set of design parameters would
suffice. This was assumed since the project lies within the New
England-Raritan Bay Seismic Zone and therefore is equally prone
to shaking within that zone.
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Figure 1. SEISMIC ZONE MAP OF THE UNITED STATES
From ER-1110-2-1806 DRAFT, 30 May, 1995
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Figure 3. Map of Raritan Embayment and surrounding region showing location of early
Mesozoic basins, oceanic fracture zones, and select geologic features (from
. Wentworth and Mergner-Keefer, 1983)
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Fig.8 . Fault map (4, 5, 29) of southeastern New York and northern New Jersey showing epicen-
ters (circles) of instrumentally located earthquakes from 1962 through 1977. Indicated uncer-
tainties (ERHA) in epicentral locations represent approximately two standard deviations. Focal
mechanism soiutions are upper-hemisphere plots; the dark area represents the compressional
quadrant. For event 14 there are two possible focal mechanism solutions: the data, however.
are more consistent with solution b than a. The Ramapo fault and two of its major branches
(A-A") are shown by the heavy lines: x’s denote locations for other events discussed in the
text. The solid tnangle shows the location of the Indian Point nuclear power reactors.

From "Earthquakes, Faults, and Nuclear Power Plants in
Southern New York and Northern New Jersey." by Aggarwal
and Sykes \ )
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the acceleration of gravity, with a 10 percent probability of
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From ER 1110-2-1806 DRAFT 30 May, 1995
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Figure 10. 1994 USGS map of the 5 percent damped, 1.0 second
pseudo-acceleration spectral responce, expressed in percent of
the acceleration of gravity, with a 10 percent probability of
exceedance in 250 years.

From ER 1110-2-1806 DRAFT 30 May, 1995
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PASSAIC FLOOD DAMAGE REDUCTION STUDY
ATTACHMENT E.1.1 SEISMIC STUDY

TABLE 1

VELOCITY MODELS USED FOR EPICENTER LOCATIONS

IN THE NORTHEASTERN UNITED STATES

VELOCITY To |DEPTH | GENERALIZED
REGION km/sec sec |[TOTOP| LITHOLOGY*
km
Northern New York and 6.1 0.0 0.0 | Granodiorite
Adirondacks 6.6 0.5 4.0 | Gabbro
8.1 6.3 35.0 | Peridotite
Attica, NY 4.5 0.0 0.0 | Sedimentary
o 5.0 0.2 1.0 | Metamorphics
L/ 6.0 1.4 6.0 Granodiorite
|Blue Mountain Lake, NY 59 | 0.0 | 0.0 |Granodiorite
Southeastern New York and 5.98 0.0 0.0 | Volcanics
northern New Jersey 6.62 1.0 7.0 [ Gabbro
8.1 6.5 35.0 | Peridotite
New England 5.31 0.0 0.0 [ Sedimentary
6.06 0.16 0.88 | Granodiorite
6.59 1.78 | 13.09 | Gabbro
8.10 6.72 | 34.60 | Peridotite

*Speculative Lithology for illustration only




TABLE 2

OROGENIC MOVEMENTS IN THE
APPALACHIAN REGION

Orogenic Episode and
Approximate Date

Appalachian movements
Palisades
Late Triassic
(Carnian-Norian)
190 - 200 m.y.

Allegheny
Pennsylvanian and/or
Permian
(Westphalian and
later)

230 - 260 m.y.

Acadian
Devonian, mainly
Middle but epi-
sodic into Miss-
issippian
(Emsian-Eifelian)
360 - 400 m.y.

Salinic
Late Silurian
(Ludlow)

Taconic
Middle (and Late)
Ordovician
(Caradoc, locally
probably older)
450 - 500 m.y.

Avalonian
Latest Precambrian

Known Area of
Influence

Belt along central
axis of already
completed mountain
chain.

West side of central
and southern Appala-
chians, south-east
side of northern
Appalachians, perhaps
also in Carolina
Piedmont.

Whole of northern
Appalachians,
exceptnorthwest edge;
as far southwest as
Pennsylvania

Local on northwest
side of northern
Appalachians.

General on north-
westside of northern
Appalachians, local
elsewhere; an early
phase in Carolinas
and Virginia, perhaps
general in Piedmont
province.

Scutheastern New-
foundland, Cape Breton
Island, southern New
Brunswick; probably
also central and
southern Appalachians
(Florida?)

Maximum
Manifestation

Fault troughs, broad
warping, basaltic
lava, dike swarms.

Strong folding, also
middle-grade
metamorphic and
granite intrusion at
least in southern
New England.

Medium to high grade
metamorphism,
granite intrusion

Mild angular uncon-
formity, minor
clastic wedge.

Strong angular
uncon-formity,
gravity slides(?),
at least low grade
metamorphism,
granodioritic and
ultramafic
intrusion.

Probably some
deformation, uplift
of sources of coarse
arkosic debris,
gravity slides (?)

Y




TABLE 2 (continued)
OROGENIC MOVEMENTS IN THE
APPALACHIAN REGION

Orogenic Episode and
Approximate Date

Late Precambrian
About 580 m.y

Grenville (pre-
Appalachian movements)
Late Precambrian

800-1100 m.y.

Known Area of
Influence

Southeastern New-
foundland, Cape Breton
Island, southern New
Brunswick; perhaps
eastern Massachusetts

Eastern North America
including western part
of Appalachian region.

Maximum
Manifestation

Mostly low grade
metamorphism,
granitic and other
intrusion

High grade
metamorphism,
granitic and other
intrusion. '




PASSAIC FLOOD DAMAGE REDUCTION STUDY
ATTACHMENT E.1.1 SEISMIC STUDY

TABLE 3

TAKEN FROM REFERENCE 37. (SEE FIGURE 2)
SOME STRAIN-RELIEF IN-SITU STRESS MEASUREMENTS

PRINCIPAL STRESS
NUMBER (BARS) TREND OF
FROM DEPTH | STRESS | MAXIMUM
FIGURE 2 LOCATION MAXIMUM [ MINIMUM | METERS) { RATIO STRESS |ROCK TYPE
1 Barre, VT 118 54 | ee--- 2.19 N14E Granite
2 Proctor, VT 19 38 ] eeee- 2.57 N4W Dolomite
3 Tewksbury, MA 81 445 | ----- 1.80 Na2w Paragneiss
4 W. Cheimsford, MA 145 76 | ----- 1.9 NSGE Granite
5 Nyack, NY 12 5 | —eee- 2.40 N2E Diabase
6 St. Peters, PA 56 238 | ----- 2.43 N14E Norite
7 Rapadan, VA 114 94 | eeee- 1.21 N6E Diabase
8 Mt. Airy, NC 168 81 | ae--- 2.07 N87E Granite
9 Lithonia, GA 102 68 | —eee- 1.50 N8E Granite
10 Lithonia, GA 111 64 | ----- 1.73 N4 E Gneiss
11 Douglasville, GA 35 19 | ---e- 1.84 N64wW Gneiss N
12 Carthage, MO 217 9% | ----- 2.28 N 67 E Limestone
13 Graniteville, MO 73 5 | ----- 1.38 N2E Granite
14 Troy, OK 73 3B | e 2.09 N84 w Granite
15 Niagra Falls, NY 68 -0.7 | ---e- -—-- NS5 E Dolomite
16 Barbertown, OH 440 230 850 1.91 NIOW Limestone
17 Gibsonville, OH |  ——acc | -l | LD ——— N78E Sandstone
18 Sudbury, ONT 510 -440 | ----- —— ENE | ---=---
19 Eliot Lake, ONT 210 180 300-400 1.17 E Sandstone
20 White Pine, Mi 170 | —meee | ceeem _— NW | —eeeeee
21 St. Cloud, MN | ecee | - [ __ZIC -— NSOE Granite
22 Morgantown, PA 510 40 700 12.75 N27E Diabase
SOME FAULT PLANE SOLUTIONS
ORIENTATION OF ORIENTATION OF
NUMBER FAULT PLANE SOLUTION PORT AXIS PRINCIPAL STRESS
FROM R
FIGURE 2 LOCATION ECHANIS | STRIKE DiP TREND | PLUNGE TREND |PLUNGE
23 Southern, IL Thrust N15SE 45w 83w 1E 85 wW 15W
23 Southern, IL Thrust N1w 47E el e Bt
24 Blue Mt. Lake, NY Thrust N12wW 25E 80E 20W 80E 5W
25 Lake Hopatcong, NJ Normal N12E 60 SE 58 W 11 SE 88 E 4w

SOME HYDROFRACTURE IN-SITU MEASUREMENTS

PRINCIPAL STRESS
NUMBER (BARS) TREND OF
FROM DEPTH | STRESS | MAXIMUM
FIGURE 2 LOCATION MAXIMUM | MINIMUM | METERS) | RATIO STRESS
26 Alma Township, NY 223 147 512 1.52 N77E
27 Falls Township, OH 280 150 815 1.87 N64 E
28 Minois 75 46 95 1.63 NG62E
29 Bradford, PA -—- —— -— — N70E




PASSAIC FLOOD DAMAGE REDUCTION STUDY

ATTACHMENT E.1.1 SEISMIC STUDY

TABLE 4
FOCAL MECHANISM STUDIES
FOCAL PLANE
: SOLUTIONS
LOCATION STATE |LATITUDE|LONGITUDE[MAGNITUDE] INTENSITY | DEPTH | STRIKE | DIP [MECHANISM| DATE
(Km)

Attica NY | 4280 78.20 4.60 — 2.0 N14E | 70SE | Reverse | 01-01-1966
Attica NY 42.90 78.20 4.20 - 3.0 N20E | 72SE | Reverse | 06-13-1967
Blue Lake NY 43.90 74.50 2.2-38 - <2.0 N12W | 25NE| Thrust 1971
Blue Lake NY | 4390 74.50 20 - >2.0 N31E | 69SE | Thrust 1971
Dover DW | 3970 75.44 3.80 - 8.4 N28E | NW | Reverse | 02-28-1973
Goodnow NY | 4396 74.28 2.1 — 5.34 —_ | — | ———— | 04-13-1984
Hatfield PA 40.32 75.30 22 -_ 7.48 —_— | —] — os—1o-19;4
Ira vT 43.52 73.12 1.2 — 20.2 — | = | ——— | 04-05-1984
Keene NH 43.02 72.30 2.30 - 14.67 e | e— | ——— | o06-18-1984
Kinnelon NJ 41.00 74.41 1.30 - 0.20 —_— | — 06-03-1984
Lake Hopatcong | N | —— | ———— 1.25 — 0.5-3.3 | N25E [@0SE{ Normal | 10-06-1969
Mahopac NY | 4138 73.83 0.7 — 7.2 —_ | — 06-06-1984
Maniwki QB | 4846 76.21 42 - 17.0 Ne4w |85SW! Thrust | 07-12-1975
Marticville PA | 40.13 76.04 29 — 7.5 — | ~— | —=——— | 04-19-1984
Marticville PA 39.95 76.32 25 - 10.0 — | — | ——— | 04-23-1984
Marticville PA 30.95 76.32 23 — 10.0 —_— | — | ———— | 05-17-1984
Morristown NJ 40.78 74.48 1.70 -_ 7.0 — | = ———— | 08-06-10884
Mt. Hope NJ 40.92 74.54 2.10 - 5.63 — | = | =————— | 05-13-1984
Portland ME | 4323 70.21 2.20 - 10.87 — | ~—| —— | 06-08-1984
Quabbin MA | 4250 23.40 2.40 — 1047 | — | —| ——— | 06-14-1984
Rotterdam NY | 42389 74.18 2.1 — 398 — | —— | ———— | 05-05-1984
Utica NY | 4319 75.17 25 — 407 —_— | — | ———— | 08-01-1984
Wappingers Falls | NY 41.63 73.94 —_ v 0-1.5 | N4OW |30SW/| Thrust 06-1974




PASSAIC FLOOD REDUCTION STUDY ATTACHMENT E.1.1 SEISMIC STUDY

TABLE 5
CHRONOLOGIC LISTING OF EARTHQUAKES AROUND THE PASSAIC PROJECT BY REGION

),

The distances are approximate and calculated based on the Latitude and Longitude.
The Inlet is located at Lat. 40.9716, Long. 74.2808. The Outlet is located at Lat. 40.7153, Long. 74.1159.

DISTANCE | DISTANCE
INTENSITY| FROM FROM
LOCATION STATE DATE LAT. LONG. |MERCALLI| INLET(km) [OUTLET(km)
——————— CcT 06--28-1875 41.8 73.2 5.0 129 143
Southeastern Mass. MA 09--21-1876 42.8 70.9 4.5 349 356
Northern New York NY 11--04-1877 44.5 74 7.0 391 419
Hudson River NY 10--04-1878 41.5 74 5.0 63 87
Canada, West of Buffalo| CAN 08--21-1879 43.2 79.2 5.0 482 508
Northeastern Mass. MA 05--12-1880 42.8 70.9 4.5 349 356
Bath ME 01-20-1881 44 70 4.5 492 502
——————— NH 12-19-1882 43.2 71.4 5.0 346 358
——————— ME 12--31-1882 45 67 5.0 757 764
——————— RI 02--27-1883 41.5 71.5 5.0 241 237
Contoocook NH 01--18-1884 43.2 71.7 4.0 329 342
New York NY 08--10-1884 40.6 74 7.0 47 16
Southern NH NH 11--23-1884 43.2 71.7 5.5 329 342
Southern NH NH 05-01-1891 43.2 71.6 5.0 334 347
New York NY 03-09-1893 40.6 74 5.0 47 16
------- ME 03--22-1896 45.2 67.2 4.5 757 765
Northeastern New York NY 05--27-1897 44.5 74.5 6.0 391 420
Belfast ME 09-17-1898 44.3 69.1 4.5 571 579
Eastern Mass. MA 01-27-1903 421 70.9 5.0 311 311
Northeastern Mass. MA 04--24-1903 42.7 71 5.0 336 342
Madrid NY 12--25-1903 44.7 75.5 5.0 425 456
Southeastern Maine ME 03-21-1904 45 67.2 7.0 744 751
——————— ME 07-15-1905 44.3 69.8 5.0 527 538
Rockingham County NH 08-30-1905 43 71 4.5 356 364
Northern VT vT 10--22--1905 44.9 72.2 4.5 469 490
Schenectady NY 01-24-1907 42.8 74 4.5 204 231
Northeastern Mass. MA 10--15-1907 42.8 71 5.0 342 349
Cumberland County ME 01--22-1910 43.8 70.4 5.0 452 463
Calais ME 12-11-1912 45 68 5.5 691 700
Potsdam NY 04-28-1913 44.8 75.3 6.0 432 463
Lake Placid NY 08--10-1913 44 74 5.0 336 364
——————— ME 01-13-1914 45.1 67.2 5.0 751 758
——————— CAN 02-10-1914 45 76.9 7.0 497 529
Western Maine ME 02--21-1914 45 70.5 5.0 548 563
Lake George NY 01--05-1916 43.7 73.7 5.0 306 332
Mohawk Valley NY 02--02-1916 43 74 5.0 226 253
New York NY 06--08-1916 41 73.8 4.5 41 41
Glenns Falls NY 11--01-1916 43.3 73.7 5.0 262 288




PASSAIC FLOOD REDUCTION STUDY ATTACHMENT E.1.1 SEISMIC STUDY

TABLE 5

CHRONOLOGIC LISTING OF EARTHQUAKES AROUND THE PASSAIC PROJECT BY REGION
The distances are approximate and calculated based on the Latitude and Longitude.

The inlet is located at Lat. 40.9716, Long. 74.2808. The Outlet is located at Lat. 40.7153, Long. 74.1159.

DISTANCE | DISTANCE
INTENSITY| FROM FROM
LOCATION STATE DATE LAT. LONG. |MERCALLI| INLET(km) |OUTLET(km)
NORTHEASTERN REGION
St. Lawrence Valley CAN | 06-13-1638 46.5 72.5 9.0 630 655
Newbury MA 06-11-1643 42.8 70.8 3.0 356 362
St.Lawrence Valley CAN | 02-10-1661 45.5 73 7.0 513 538
St.Lawrence Valley CAN | 02-05-1663 47.6 70.1 10.0 814 834
Newbury MA 11-09-1727 42.8 70.8 8.0 356 362
St.Lawrence Valley CAN | 09-16-1732 45.5 73.6 9.0 505 531
Boston MA 02-17-1737 42.4 71 3.0 318 322
New York NY 12-18-1737 40.8 74 7.0 30 14 |*
Eastern Mass. MA 06-24-1741 42.2 71.2 7.0 293 295
East of Cape Ann MA 11-18-1755 42.5 70 8.0 398 399
East of Cape Ann MA 11-22-1755 42.5 70 5.0 398 399
East Haddam CcT 05-18-1791 41.5 72.5 8.0 161 161
Exeter NH 11-09-1810 43 70.9 6.0 362 370
Central Maine ME 05-12-1817 46 69 6.0 712 726
Woburn MA 10-05-1817 42.5 71.2 6.5 309 315
New London CcT 08-23-1827 41.4 72.7 4.5 141 141
Hartford CcT 04-12-1837 41.7 72.7 5.0 155 161
Southern Conn. CcT 08-09-1840 41.5 72.9 5.0 130 134
Northeastern Mass. MA 11-27-1852 42.8 71 5.0 342 349
Northern New York NY 03-12-1853 43.7 75.5 6.0 319 350
Newburyport MA 12-10-1854 42.8 70.8 5.0 356 362
Canada CAN 11-08-1855 46 64.5 6.0 993 998
Western New York NY 10-23-1857 43.2 78.6 6.0 439 467
New Haven cT 06-30-1858 41.8 73 5.0 141 152
Canada CAN 10-17-1860 47.5 70 8.5 807 827
Canada CAN | 07-12-1861 45.4 75.4 7.0 499 530
------- vT 12-18-1867 44 73 5.0 352 376
Bay of Fundy CAN 10-22-1869 45 66.2 8.0 813 817
Canada CAN 10-20-1870 47.4 70.5 9.0 779 800
Canada CAN 01-09-1872 47.5 70.5 7.0 790 810
Westchester County NY 07-11-1872 40.9 73.8 5.0 41 34
Concord NH 11-18-1872 43.2 71.6 4.5 334 347
Ontario CAN 06-06-1873 43 79.5 5.0 493 519
Southeastern Maine ME 11-27-1874 44.8 68.7 5.0 632 642
Westchester NY 12-10-1874 40.9 73.8 6.0 41 34




PASSAIC FLOOD REDUCTION STUDY ATTACHMENT E.1.1 SEISMIC STUDY

TABLE 5

CHRONOLOGIC LISTING OF EARTHQUAKES AROUND THE PASSAIC PROJECT BY REGION

The distances are approximate and calculated based on the Latitude and Longitude.
The Inlet is located at Lat. 40.9716, Long. 74.2808. The Outlet is located at Lat. 40.7153, Long. 74.1159.

DISTANCE | DISTANCE
INTENSITY| FROM FROM

LOCATION STATE DATE LAT. LONG. |MERCALLI| INLET(km) |OUTLET(xm)

St. Lawrence Valley CAN | 05-22-1917 45 75 4.5 450 480
Southern Maine ME 08-20-1918 44,2 70.6 7.0 473 486
St. Lawrence Valley CAN | 09-30-1924 47.6 69.7 5.0 829 848
Eastern Mass. MA 01-07-1925 42.6 70.6 5.0 358 362
St. Lawrence River CAN 02-28-1925 47.7 70.5 8.0 810 831
Southeastern Mass. MA 04-24-1925 41.8 70.8 5.0 307 304
Southeastern NH NH 10-09-1925 43.7 70.7 6.0 427 438
Hartford CT 11-14-1925 41.5 72.5 6.0 161 161
Manchester NH 03-18-1926 42.9 71.4 6.0 323 333
New Rochelle NY 05--11-1926 40.9 73.9 5.0 33 27
Western Maine ME 08--28-1926 447 70 5.0 548 561
Concord NH 03--08-1927 43.3 71.4 5.0 354 366
Milo ME 02--08-1928 45.5 69 6.0 670 682
Saranac Lake NY 03--18-1928 44.5 74.3 5.5 391 419
Berlin NH 04--25-1928 44.5 71.2 5.0 469 485
Attica NY 08--12-1929 42.9 78.3 8.0 400 427
Grand Banks CAN 11--18-1929 44 56 10.0 1574 1566
Attica NY 12--02-1929 42.8 78.3 5.0 394 421
------- CAN | 01--07-1931 47.4 70.5 4.0 779 800
Lake George NY 04--20-1931 43.4 73.7 7.0 273 299
St. Johnsville NY 10--29-1933 43 74.7 4.0 227 258
Adirondack Mountains NY 04-14-1934 44.5 73.9 5.5 392 419
Cape Cod MA 04-23-1935 42.2 70.2 4.0 369 368
Timiskaming CAN 11--01-1935 46.8 79.1 6.0 762 793
Bangor ME 08-22--1938 44.7 68.8 5.0 619 628
——————— CAN 10-19-1939 47.8 70 5.0 837 857
Buzzards Bay MA 01-28-1940 41.6 70.8 5.0 301 296
Lake Ossipee NH 12-20-1940 43.8 71.3 7.0 401 416
Lake Ossipee NH 12-24-1940 43.8 71.3 7.0 401 416
Dover-Foxcroft ME 01-14-1943 45.3 69.6 5.0 620 634
Massena NY 09-04-1944 44.9 74.8 8.0 437 467
Dover-Foxcroft ME 12-28-1947 452 69.2 5.0 634 646
Southwestern Maine ME 10-04-1949 44.8 70.5 5.0 530 545
Rockland County NY 09-03-1951 41.2 74.1 5.0 30 54
Burlington vT 01-29-1952 44.5 73.2 6.0 401 426
Mohawk Valley NY 08-24-1952 43 74.5 5.0 225 255
Poughkeepsie NY 10-08-1952 41.7 74 5.0 84 109
South-central Quebec CAN 10-14-1952 48 69.8 5.0 864 884




PASSAIC FLOOD REDUCTION STUDY ATTACHMENT E.1.1 SEISMIC STUDY

TABLE 5

CHRONOLOGIC LISTING OF EARTHQUAKES AROUND THE PASSAIC PROJECT BY REGION

The distances are approximate and calculated based on the Latitude and Longitude.
The Inlet is located at Lat. 40.9716, Long. 74.2808. The Outlet is located at Lat. 40.7153, Long. 74.11589.

DISTANCE | DISTANCE
INTENSITY| FROM FROM
LOCATION STATE DATE LAT. LONG. [MERCALLI| INLET(km) |OUTLET(km)

Stamford cT 03-27-1953 411 73.5 5.0 67 67
West-central VT vT 03-31-1953 43.7 73 5.0 321 343
Burlington vT 02-02-1955 44.5 73.2 5.0 401 426
Attica NY 08-16-1955 42.9 78.3 5.0 400 427
St. Johnsbury vT 04-23-1957 44.4 72 5.0 425 445
——————— ME 04-26-1957 43.6 69.8 6.0 476 483
Cape Elizabeth ME 09-19-1958 43.5 70.2 5.0 443 451
Massena NY 04-22-1961 44.9 74.9 5.0 438 468
Niagra Falls NY 03-27-1962 43.1 79.1 5.0 469 495
------- VT 04-10-1962 441 73.4 5.0 354 379
Southern Quebec CAN | 06-20-1962 45.4 72.7 5.0 508 532
Milford NH 12-29-1962 42.8 71.6 5.0 303 313
——————— MA 10-16-1963 42.5 70.8 6.0 338 342
Peabody MA 10-30-1963 42.7 70.8 6.0 350 355
Tilton-Laconia NH 12-04-1963 43.6 71.6 5.0 368 383
Massena NY 03-29-1964 44.9 74.9 5.0 438 468
Warner NH 06-26-1964 43.3 71.9 6.0 326 341
Waestchester County NY 11-17-1964 41.2 73.7 5.0 55 64
Nantucket MA 10-24-1965 41.3 70.1 5.0 353 344
Narraganset Bay RI 12-07-1965 41.7 71.4 5.0 255 253
Attica-Varisburg NY 01-01-1966 42.8 78.2 6.0 387 414
Jonesport ME 07-23-1966 44.5 67.6 5.0 684 690
Manchester NH 10-23-1966 43 71.8 5.0 307 319
Narraganset Bay Rl 02-02-1967 41.4 71.4 5.0 247 241
Attica-Alabama NY 06-13--1967 42.9 78.2 6.0 393 420
Kennebec County ME 07-01-1967 44.4 69.9 5.0 529 540
Westchester County NY 11-22-1967 41 73.7 5.0 49 47
Southern Ontario CAN 10-19-1968 45.4 74 5.0 49N 519
Moultonboro NH 08-06-1969 43.8 71.4 5.0 396 411




PASSAIC FLOOD REDUCTION STUDY ATTACHMENT E.1.1 SEISMIC STUDY
TABLE S

CHRONOLOGIC LISTING OF EARTHQUAKES AROUND THE PASSAIC PROJECT BY REGION

The distances are approximate and caiculated based on the Latitude and Longitude.
The Inlet is located at Lat. 40.9716, Long. 74.2808. The Outlet is located at Lat. 40.7153, Long. 74.1159.

DISTANCE | DISTANCE
INTENSITY| FROM FROM !
LOCATION STATE DATE LAT. | LONG. |MERCALLI| INLET(km) |OUTLET(xm) !
EASTERN REGION |
|
Annapolis MD 04-24-1758 38.9 76.5 3.0 296 284 i
Philadeiphia PA 03-17-1800 39.8 75.2 3.0 151 136 ]
Philadelphia PA 11-11-1840 39.8 75.2 3.0 151 136
Charlotte Court House VA 02-02-1855 37 75.5 5.0 451 427 ;
Wilmington DE 10-09-1871 39.7 75.5 7.0 174 162 ?
Arvonia VA 12-22-1875 37.6 78.5 7.0 515 505
Delaware Valiey DE 09-10-1877 40.3 74.9 4.5 91 80 |,
Delaware Valley DE 03-25-1879 39.2 75.5 4.5 221 204
Hartford County MD 03-11-1883 39.5 76.4 4.5 241 235
Hartford County MD 03-12-1883 39.5 76.4 4.5 241 235
Allentown PA 05-31-1884 40.6 75.5 5.0 110 117 u g
——————— MD 01-02-1885 39.2 77.5 5.0 334 330
------- VA 10-09-1885 37.7 78.8 6.0 525 516
------- PA 03-08-1889 40 76 5.0 180 177
Newark NJ 09-01-1895 40.7 74.8 6.0 53 58
Pulaski VA 05-03-1897 31.7 80.7 6.0 1160 1141
Giles County VA 05-31-1897 37.3 80.7 7.0 676 670
Southwestern VA VA 10-21-1897 37 81 5.0 716 710
Ashland VA 12-18-1897 37.7 77.5 5.0 452 439
Pulaski VA 02-05-1898 37 80.7 6.0 696 690
Southwestern VA VA 02-13-1899 37 81 5.0 716 710 :
Seaford DE 05-08-1906 38.7 75.7 5.0 278 260 !
Arvonia VA 02-11-1907 37.7 78.4 6.0 501 491 ?
Allentown PA 05-31-1908 40.6 75.5 6.0 110 117 “
Powhatan VA 08-23-1908 37.5 77.9 5.0 490 477 |
Martinsburg wv 04-02-1909 39.4 78 5.5 358 358 1
Arvonia VA 05-08-191- 37.7 78.4 5.0 501 491
Luray VA | 04-09-1918 38.7 78.4 6.0 428 424 i
Front Royal VA 09-05-1919 38.8 78.2 6.0 408 404
——————— NJ 01-26-1921 40 75 5.0 123 109
Mendota VA 07-15-1921 36.6 82.3 6.0 830 825
New Canton VA 08-07-1921 37.8 78.4 5.0 493 484
Roanoke VA 12-25-1924 37.3 79.9 5.0 623 616
Asbury Park NJ 06-01-1927 40.3 74 7.0 78 47 u
Charlottesville VA 06-10-1927 38 79 5.0 515 509




PASSAIC FLOOD REDUCTION STUDY ATTACHMENT E.1.1 SEISMIC STUDY

TABLE 5

CHRONOLOGIC LISTING OF EARTHQUAKES AROUND THE PASSAIC PROJECT BY REGION

The distances are approximate and calculated based on the Latitude and Longitude.
The Inlet is located at Lat. 40.9716, Long. 74.2808. The Outlet is located at Lat. 40.7153, Long. 74.1159.

DISTANCE | DISTANCE
INTENSITY| FROM FROM
LOCATION STATE DATE LAT. LONG. [MERCALLI| INLET(km) |OUTLET(km)
Central VA VA 12-26-1929 38.1 78.5 6.0 476 469
Trenton NJ 01-24-1933 40.2 74.7 5.0 92 75
Erie PA 10-29-1934 42 80.2 5.0 511 531
South Blair County PA 07-15-1938 40.4 78.2 6.0 336 345
Central NJ NJ 08-22-1938 40.1 74.5 5.0 98 75
Salem County NJ 11-14-1939 39.6 75.2 5.0 170 153
Sinking Spring PA 01-07-1954 40.3 76 6.0 163 165
Wilkes-Barre PA 02-21-1954 41.2 75.9 7.0 139 159
Wilkes-Barre PA 02-23-1954 41.2 75.9 6.0 139 159
West-central NJ NJ 03-23-1957 | 40.75 74.75 6.0 46 53
——————— VA 04-23-1959 37.5 80.5 6.0 649 644
Lehigh Valley PA 09-14-1961 | 40.75 75.5 5.0 105 116
——————— PA 12-27-1961 40.5 74.75 5.0 65 58
Galax VA 10-28-1963 36.7 81 5.0 737 730
Cornwall PA 05-12-1964 40.2 76.5 6.0 205 208
Richmond VA 05-31-1966 37.6 78 5.0 487 475
Southern NJ NJ 12-10-1968 39.7 74.6 5.0 143 120
Louisville KY 12-11-1968 38.7 85.7 5.0 993 999
Southern WV wv 11-19-1969 37.4 81 6.0 690 685
Richmond VA 12-11-1969 37.8 77.4 5.0 438 425




PASSAIC FLOOD REDUCTION STUDY ATTACHMENT E.1.1 SEISMIC STUDY \\)

TABLE S

CHRONOLOGIC LISTING OF EARTHQUAKES AROUND THE PASSAIC PROJECT BY REGION
The distances are approximate and calculated based on the Latitude and Longitude.
The Inlet is located at Lat. 40.9716, Long. 74.2808. The Outlet is located at Lat. 40.7153, Long. 74.1159.

DISTANCE | DISTANCE

INTENSITY| FROM FROM
LOCATION STATE DATE LAT. LONG. |MERCALLI| INLET(km) |OUTLET(km)
CENTRAL REGION

Western OH 06-18-1875 40.2 84 7.0 822 833
Columbus OH 09-19-1884 40.7 84.1 6.0 826 840
------- OH 05-17-1901 39.3 82.5 5.0 716 722
Ohio Valley OH 09-22-1909 38.7 86.5 5.0 1058 1065
Southeastern OH OH 11-05-1926 39.1 82.1 6.5 689 695
Cleveland OH 09-09-1928 41.5 82 5.0 652 669
Bellefontaine OH 03-08-1929 40.4 84.2 5.0 837 849 |,
------- OH 09-30-1930 40.3 84.3 7.0 846 858
Anna OH 09-20-1931 40.4 84.2 7.0 837 849
Western OH OH 3-02-1937 40.4 84.2 7.0 837 849
Western OH OH 03-08-1937 40.4 84.2 7.0 837 849 u
Lake Erie area OH 03-08-1943 41.6 81.3 4.5 594 612
Southeastern OH OH 06-20-1952 39.7 82.2 6.0 681 689
Cleveland OH 05-26-1955 41.5 81.7 5.0 627 644
Cleveland OH 06-28-1955 41.5 81.7 5.0 627 644
Cleveland OH 05-01-1958 41.5 81.7 5.0 627 644
Northwestern OH OH 02-22-1961 41.2 83.4 5.0 767 783
Columbus OH 04-08-1967 39.6 82.5 5.0 708 716
——————— OH 04-27-1967 39.6 82.5 5.0 708 716
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APPENDIX E
SECTION 2
GROUNDWATER STUDY
2.1 INTRODUCTION

A comprehensive groundwater study was performed for this GDM
because of the importance of the potential impacts of tunnel
construction and operation on groundwater resources. It is
anticipated that the groundwater modeling performed as a part of
this investigation will be adequate for feature design studies.
Quantitative studies were performed for the tunnel and Great
Piece Meadow and qualitative evaluations for other project
features.

The proposed tunnel system consists of a main 20.l1-mile
long, 40-foot diameter diversion tunnel (Main Tunnel) along with
a 1.2-mile long, 20-foot diameter spur (Spur Tunnel). See Fig.
E.2.1 for tunnel location map. The Main Tunnel will convey flood
waters from the upper reach of the Pompton River to an outlet in
Newark Bay located in the vicinity of Kearny Point. The Spur
Tunnel will convey flood waters from the Passaic River through an
inlet located just south of the confluence of the Passaic and
Pompton Rivers to an underground junction with the Main Tunnel.

The specific environmental concerns in the proposed tunnel
area include (1)reduction of hydraulic head in local aquifer
systems and interference with local water users; (2)seepage of
potentially contaminated groundwater into the tunnel during
construction activities and worker exposure; (3)seepage of
potentially contaminated groundwater into the tunnel during
operation, and (4)mobilization of contaminants at Hazardous,
Toxic, and Radioactive Waste (HTRW) sites near the tunnel or
shafts which may possibly affect the local groundwater use.
Groundwater inflow into the tunnel and shafts during construction
is also an engineering concern.

The objectives of the groundwater investigation were to
characterize the hydrogeologic environment and to obtain
estimated aquifer parameters for groundwater flow modeling. Data
were also used to develop a regional hydrogeologic framework.
Data collected during the groundwater investigation were used
during the modeling study to evaluate the interconnection of the
shallow subsurface with the deep bedrock aquifers, and the
potential for tunnel construction and operation activities to
mobilize contaminants. Other objectives include estimation of
inflow quantities of groundwater into the tunnel and shaft
excavations during and following construction, localized
interference with water supply wells, and dewatering-induced
settlements.

E-2-1
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The groundwater investigation included intrusive
investigations ranging from straddle packer testing in pilot
boreholes to multi-well, multi-zone pumping tests at several
shaft locations. The groundwater investigation was conducted in
conjunction with the HTRW field investigation to minimize the
number of boreholes, samples, and field tests required.

2.1.1 Regional Environmental Setting

2.1.1.1 Physiographvy

New Jersey has been divided into four general physiographic
province, which have distinctive rock types, landforms, and
drainage patterns (New Jersey Geological Survey [NJGS], 1994).
From northwest to southeast, these regions are: Valley and Ridge,
Highlands, Piedmont, and Coastal Plain. The upper portion of the
Passaic River basin lies in the Highlands, while the majority of
the river basin lies in the Piedmont Province. The Passaic
River Tunnel project lies entirely in the Piedmont Province. See
Fig. E.2.1 for project location map .

2.1.1.2 Regional Geology

The Piedmont province is the result of sedimentation and
igneous activity in a Mesozoic aged geologic feature known as the
Newark Basin. This rift basin developed as one of a series along
the eastern seaboard of North America, from Florida to Nova
Scotia in which large, elongate crustal blocks were dropped
downward during the initial stages of the opening of the Atlantic
Ocean.

The rocks of the Newark Basin include Triassic and Jurassic
interbedded sandstone, siltstone, shale, conglomerate, basalt,
and diabase. These rocks form a broad lowland area interrupted
by long northeast-southwest trending ridges which are formed by
the erosion-resistant diabase and basalt formations. Bedrock
within the Newark Basin include, from oldest to youngest; the
Passaic Formation, the Orange Mountain Basalt, the Feltville
Formation, the Preakness Basalt, the Towaco Formation, the Hook
Mountain Basalt and, the Boonton Formation.

The region traversed by the tunnel project is mantled by
deposits of unconsolidated sediments. These deposits are
Quaternary in age, and most were formed during several
Pleistocene glaciations of the region. These glacial deposits
may be broadly grouped into three categories: continuous or
discontinuous sheets of glacial till; lacustrine (i.e., lakebed)
deposits of silt, clay, and fine sand; and coarser-grained
outwash and kame deposits.

2.1.1.3 Regional Hyvdrogeology
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Three types of stratigraphic units can generally be defined
in the project area. These include sedimentary rocks of the
Newark Group, basalt flows of the Newark Group, and
unconsolidated sediments (Hoffman, 1989a; Gill and Vecchioli,
1965; Nichols, 1968; and Hoffman and Quinlan, 1994). These
groupings are exceptionally broad as the hydrogeologic properties
and hydraulic interconnection of these units are very
heterogeneous.

The sedimentary rocks of the Newark Group contain both
confined and unconfined aquifers. Unconfined conditions
generally occur in upland areas where overlying unconsolidated
deposits are thin or absent. Confined and semi-confined
conditions exist in lowland areas, especially where clay beds in
the unconsolidated Quaternary deposits mantle the underlying rock
units. Similarly, the unconsolidated Pleistocene deposits have
varied hydrogeologic characteristics and may comprise both
unconfined and confined aquifers.

Groundwater is used for municipal, commercial, industrial
and individual domestic water supplies along the tunnel
alignment. The degree of usage varies depending on the
availability of surface water and the hydrogeologic and economic
factors that would favor groundwater usage.

Groundwater is derived from both the unconsolidated glacial
and alluvial materials as well as the fractured bedrock. The
fractured bedrock produces small to moderate and sometimes large
water supplies. Where the unconsolidated materials consist of
thick stratified sand and gravel deposits in buried glacial
valleys, high capacity wells, capable of pumping more than 1,000
gallons per minute (gpm), are not uncommon, especially in the
southern part of the Central Passaic River Basin (Hoffman and
Quinlan, 1994). In general, the most productive surficial wells
yield more groundwater than the most productive bedrock wells.

2.2 INVESTIGATIVE APPROACH

Hydrogeologic field investigations were conducted to obtain
data at several proposed workshaft and inlet locations along the
planned Passaic Tunnel alignment. The data from the field
investigation and information from available literature were used
to develop groundwater models for seven areas along the
alignment.

2.2.1 Field Investigations Activities The field
investigation activities included soil borings, soil and rock
sampling, well installation, borehole geophysics, and hydraulic
testing of the aquifers for the Passaic River Flood Protection
Project area. The results from these field activities were used
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to characterize the hydrogeologic environments and to provide
information used to construct groundwater models of the project
area.

2.2.2 Numerical Simulation Numerical groundwater models
were constructed, calibrated, and run for seven different areas.
These areas were chosen because they have different geologic,
hydrologic, and topographic characteristics or specific
engineering concerns. In general, the hydrogeologic conditions
for these models covered the spectrum of conditions that were
anticipated in the vicinity of the tunnel alignment. Results of
these models were used to predict potential hydrological impacts
resulting from tunnel construction in these and other areas that
were not specifically modeled.

2.3 GROUNDWATER INVESTIGATION

Three separate hydrogeologic/modeling studies were conducted
as part of the investigation; a major hydrogeologic study for the
entire tunnel length, a hydrogeologic study of the Pompton River
Inlet area and, a hydrogeologic study of the Spur Tunnel Inlet
area. The results of these studies are summarized below. The
complete studies are available in the Passaic River Division
office.

2.3.1 Tunnel Groundwater Investigation The purpose of this
investigation was to estimate the potential impact of groundwater
on the design of the tunnel as well as estimate the potential
impact of tunnel construction and operation on the local
groundwater resources. Field investigations were conducted at
five locations and groundwater simulations were performed for
these areas. See Figure E.2.2 for workshaft locations.

2.3.1.1 Borings and Wells As part of the geotechnical
boring program, groundwater measurements were made when initially
encountering the water table, at the beginning of each day, and
at hole completion. Refer to the geologic profile drawings in
Section 3 for approximate groundwater levels. In addition,
pressure tests were made in the rock at 10 ft intervals to
determine in-situ rock permeability. Some borings were converted
to observation wells on which monthly measurements have been made
since completion of the borings. The purpose of these
measurements was to provide a data base for seasonal groundwater
fluctuations.

2.3.1.2 Site Investigations

Field investigation results for Workshafts 3, 2, 2C, 2BF and
2BK were obtained using a variety of investigative techniques
including geotechnical, geophysical, and hydraulic analyses. It
should be noted ther¢ Workshaft designations 2BF and 2BK refer to
the site investigai:ons performed at the Fiore site and the
E-2-4
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Keegan Landfill site, respectively. Ultimately, the Keegan
Landfill site was selected as the Workshaft 2B location. The
intrusive field investigations at the Workshaft sites included
soil sampling, rock coring, soil and rock characterization, and
the installation of a combination of bedrock boreholes,
overburden wells, multiport wells, and pumping-test wells. 1In
addition, extensive geophysical and hydraulic testing programs
were completed at each workshaft. The results from these field
investigations provided the information needed to characterize
the hydrogeologic environment, estimate aquifer parameters for
groundwater modeling, and were incorporated with data from other
locations to develop a regional hydrogeologic framework of the
Passaic River Flood Protection Project area. The workshaft
groundwater investigation sites are shown in Figure E.2.2

The stratigraphy encountered in the pumping-test borehole at
Workshaft 3, from ground surface to the top of competent bedrock
at 101 feet, consisted of silty gravel fill to a depth of 2 feet;
brown-gray clay with little sand to 5 feet; brown-green, coarse
sand and fine gravel with some silt to 11 feet; brown, silty clay
to 19 feet; brown clay to 39 feet; red, varved clay to 61.5 feet;
sandy clay to 74 feet; glacial till consisting of red, sandy
gravel and silty coarse sand to approximately 97 feet; and
weathered gray shale fragments mixed with clay to 101 feet. The
stratigraphy in the overburden borehole was similar, with the
upper sand and gravel deposit at 3.5 to 11.5 feet, underlain by
brownish-gray, silty slay.

The bedrock at the Workshaft 3 location is indicative of the
Towaco Formation. It consists of dusky-red, micaceous shale with
thin laminations from 101 to 165 feet below ground surface;
medium-light-gray siltstone with 1/2-inch bedding planes and
calcite veins from 165 to 185 feet; and weathered, black shale
with fine laminations and a hydrocarbon odor from 185 to 190
feet. The medium-light gray siltstone reoccurred form 190 to 194
feet and dusky-red shale reoccurred from 194 feet to the bottom
of the borehole at 355 feet.

The bedrcock surface at Workshaft 2 was encountered at
approximately 20 feet below existing grade, and was overlain by
weathering products consisting of silt, clay, and sand, and
sandstone rock fragments. The grayish-red, fine-grained
sandstone containing quartz and calcite veins encountered through
the length of the borehole is indicative of the middle unit of
the Passaic Formation. The bedrock is medium-hard, except for
soft zones at 450 to 465 feet and 500 to 525 feet. Water-bearing
zones were encountered in the borehole at depths of 50 feet, 75
to 80 feet, 155 feet, 330 feet, 420 to 434 feet, 450 to 465 feet,
and 500 to 510 feet.

The stratigraphy at Workshaft 2BK, from ground surface to
the top of the competent bedrock at 155 feet, consists of refuse
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and soil fill material to a depth of 9 feet; underlain by
interbedded sand, silt, gravel and varved clay. The overburden
stratigraphy at Workshaft 2BF, from ground surface to the top of
competent bedrock at 285 feet, consists of fill material to 14
feet, underlain by interbedded silt, sand, gravel and varved clay
to 132 feet and till to 285 feet. The bedrock at the Workshaft
2B location consists of the lowermost unit of the Passaic
Formation and is represented by interbedded, reddish-brown shale
and siltstone.

At Workshaft 2C, the stratigraphy encountered in the pilot
borehole, from ground surface to the top of competent bedrock at
81 feet, consisted of silty and sandy gravel fill to a depth of
7.5 feet; organic clay and clayey silt with a thin, basal layer
of peat to 19 feet; medium to coarse sand to 27.5 feet; clayey
silt and silty clay to 39 feet; fine to medium sand to 46.5 feet;
varved silt and clay to 76 feet; and weathered rock fragments
mixed with silt and sand to 81 feet. The underlying bedrock at
the Workshaft 2C location is indicative of the lowermost unit of
the Passaic formation which consists of interbedded, moderate-
reddish-brown shale and siltstone with a few beds of sandstone
and conglomerate.

2.3.1.3 Groundwater Modeling

The complexity and wide range of heterogeneities in the
groundwater system along the proposed tunnel alignment makes the
quantitative assessment of these potential problems difficult.
Therefore, a groundwater modeling effort was designed and
performed in order to simulate the range of hydrogeological
conditions that might be encountered before, during, and after
tunnel construction. The use of computer modeling as a
predictive tool in groundwater investigations has increased over
the years because large amounts of complex data can be
manipulated quickly and sensitivity analyses can be performed to
evaluate the reliability of prediction.

The goal of the groundwater modeling investigations was to
evaluate the short-and long-term environmental impacts that could
potentially arise as a result of tunnel construction, operation,
and maintenance. Because the main tunnel length is relatively
long (20.1 miles) and transects a variety of geological,
hydrogeological, and physiographic conditions, the groundwater
modeling studies for the Tunnel Groundwater Investigation were
performed in five different smaller subregions. Each of the five
models were intended to evaluate small areas in greater detail.
Each model area has specific geologic or hydrogeologic conditions
that are different from the other model areas. 1In this way, the
five models span the full range of conditions that are
anticipated along the tunnel alignment and results can be
extrapolated to areas that were not modeled. Additional
groundwater modeling was performed as part of the Pompton Inlet
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and Spur Inlet groundwater investigations.
2.3.1.3.1 Packanack Lake Model

The Packanack model area is located approximately 6,700 feet
south of the Pompton Inlet of the main tunnel. See Figure E.2.2
for model area location and Figure E.2.3 for a geologic section.
The local bedrock consists of Towaco Formation, the Hook Mountain
Basalt, and the Boonton Formations, which are concealed by
surficial glacial deposits lies primarily in the township of
Wayne, in Passaic County. The model area is 10,000 feet long by
15,000 feet wide. Packanack Lake overlies the southeast quadrant
of the model area and the Pompton River flows from north to south
through the northwest portion of the model area. The main tunnel
runs northwest-southeast, bisecting the model area into two equal
halves.

The Packanack Lake model was used to simulate groundwater
conditions in the Boonton Formation near the north end of the
tunnel alignment. Results of the transient and steady-state
tunnel simulations using the Packanack Lake model indicate that
maximum drawdowns in the unfractured rock directly adjacent to
the tunnel will be about 90 to 100 feet. At 1,000 feet distance,
the expected drawdowns are roughly 10 to 15 feet in the
unfractured rock. Little or no drawdown (i.e., less than 3 feet)
is expected in fractured rock layers and none is predicted for
the glacial overburden.

During the period of tunnel construction, the model
predicted a maximum flow rate into the tunnel of 300 gpm, (158
gpm/mile of tunnel). Following tunnel completion and liner
installation the computed seepage rate into the tunnel
immediately decreased to 100 gpm (53 gpm/mile of tunnel) and
remained steady.

2.3.1.3.2 Preakness Valley Model

The Preakness Valley model area is located near the
confluence of the Passaic and Pompton Rivers, near Two Bridges.
Bedrock units found in the Preakness Valley model area include
the Boonton Formation, the Hook Mountain Basalt, and the Towaco
Formation. See Fig. E.2.2 for model area location and Fig. E.2.4
for a geologic section. Surficial units in the Preakness Valley
model area include continuous till, lake-bottom deposits, and
deltaic and lacustrine fan deposits. Two major aquifers are
present at the Preakness Valley study area, the unconsolidated
overburden aquifer and the bedrock aquifer.

The model domain is 10,000 feet by 7,500 feet and includes
areas within the Passaic and Morris counties. Workshaft 3 is
located to the eastern boundary of the model area, and
approximately 4,000 feet from the southern boundary. The tunnel
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alignment runs northwest-southeast along the eastern boundary of
the model domain. The spur tunnel also runs east-west across the
southern end of the model domain.

The Preakness Valley model was used to simulate groundwater
flow conditions in the Towaco Formation, and the Preakness and
Hook Mountain Basalts. Results of the steady-state tunnel
simulations using the Preakness Valley model indicate that
maximum drawdowns in the unfractured rock directly adjacent to
the tunnel will be approximately 50 feet. Less than 9 feet of
drawdown is predicted to occur in fractured rock layers directly
adjacent to the tunnel, while zero drawdown is predicted in the
glacial overburden. The drawdown at 1,000 feet horizontal
distance from the tunnel is less than 30 feet in the unfractured
rock; about 6 feet is expected in the fractured rock layers.

The computed seepage rate for the tunnel construction
scenario indicates that seepage rate increases with increasing
length of the tunnel and averages approximately 1,056 gpm/mile.
The simulation representing tunnel operation indicates that the
seepage rate into the tunnel decreased immediately after the
placement of the liner and remained steady at an average rate of
121 gpm/mile.

2.3.1.3 Little Falls Model

The Little Falls model area is located southeast of the Spur
Inlet where the main tunnel alignment bends twice. Three rock
formations are present near the surface in the Little Falls model
area, the Passaic Formation, the Orange Mountain Basalt, and the
Feltville Formation. See Figure E.2.2 for model area location
and Figure E.2.5 for a geologic section. Deltaic sand and gravel
represent the most abundant surficial deposit in the area and are
principally located along the Peckman Valley floor. Sand and
gravel deposits are thin or absent along the Passaic River Valley
in the northern corner of the model area. A thin reddish brown
layer of till is found at the surface of the valley between the
Peckman River and the Cedar Grove Reservoir. The model area is
rectangular (10,000 feet x 7,500 feet) and the major axis is
oriented northwest-southeast. The main tunnel alignment runs
along the northeast edge of the model area.

The Little Falls model was used to simulate groundwater
conditions in the Feltville Formation and the Orange Mountain
Basalt. The results of this model can be used to evaluate
potential impacts to well users from the Second Watchung Mountain
southeast to the First Watchung Mountain and Workshaft 2
location.

The maximum drawdowns predicted for unfractured bedrock were
155 feet immediately adjacent to the tunnel alignment. However,
maximum drawdowns calculated for the fractured permeable rock
E-2-8
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layers were significantly less (about 3 feet of drawdown was
predicted). At 1,000 feet distance from the tunnel alignment,
drawdowns predicted for unfractured and fractured layers were
less than 10 feet and less than 1 foot, respectively. Zero
drawdown is expected in the shallow sand and gravel aquifer.

The results of the tunnel construction simulation indicate a
maximum seepage rate into the tunnel of about 2,708 gpm (1,430
gpm/mile of tunnel) when the 10,000-foot section of unlined
tunnel is completed. The simulated flow rate into the tunnel
declined immediately following the installation of the liner to
240 gpm (127 gpm/mile of tunnel) and remained steady.

2.3.1.3.4 Kearny Model

The Kearny model area is located at Kearny, Hudson County,
starting from approximately 14,000 feet north of Kearny Point and
extending north to include Workshaft 2B. Surficial materials
within this model are of glacial and post glacial origin. Post-
glacial surficial materials include fill and estuarine deposits
and glacial deposits include till and lacustrine deposits of
glacial Lake Rayonne. Bedrock is comprised of the Passaic
Formation which underlies all of the Kearny model area. See
Figure E.2.2 for model area location and Fig. E.2.6 for geologic
section.

The model domain is rectangular, with longitudinal axis
oriented parallel to the tunnel alignment. The tunnel runs along
the eastern boundary of the model area. The model domain is
approximately 10,000 feet long and 7,500 feet wide. The Passaic
River intersects the model area at the northwest corner.

During tunnel construction, the model indicates that the
maximum predicted drawdown, 138 feet, occurred in the unfractured
rock zones immediately adjacent to the tunnel. The drawdown
rapidly dissipated to less than 1 foot at a horizontal distance
of 600 feet from the tunnel alignment. Within the fractured
aquifers, the maximum drawdown at the tunnel was approximately 43
feet. The dissipation of drawdown with distance away from the
tunnel was gradual. The overburden aquifer does not show any
significant drawdown impacts due to tunnel construction.

The predicted seepage rate into the tunnel during
construction generally increases linearly with increasing length
of the tunnel and reaches a maximum of approximately 754 gpm/mile
of tunnel when 10,000 feet of tunnel is completed. Following
tunnel construction and liner installation the model indicates
that the average seepage into a "dry" tunnel would be 96 gpm/mile
of tunnel. The estimated steady-state seepage rate into a "wet"
tunnel would be only 15 gpm/mile.

E-2-9

SECIRIVWPD/8-124-90




2.3.1.3.5 Newark Bay Model

The Newark Bay model area is located at Kearny Point, Hudson
County, New Jersey. Post-glacial surficial materials located
within the Newark Bay model area include fill and estuarine
deposits, which are underlain in most areas by lake-bottom
sediments including silt, clay, and fine sand. The Passaic
Formation underlies all of Newark Bay model area. See Figure
E.2.2 for model area location and Figure E.2.7 for a geologic
section. The model domain begins at Newark Bay and extends north
to include Workshaft 2C area. The model area is rectangular
(10,000 feet x 7,500 feet), and oriented in the northwest-
southeast direction. The main tunnel also runs northwest-
southeast along the western boundary of the model area.

Results of the transient tunnel simulations indicated that
short-term drawdown in the fractured aquifer will be less than 20
feet directly adjacent to the tunnel alignment, and less than 3
ft at 1,000 feet distance from the tunnel. The highest drawdowns
were predicted for the unfractured bedrock at the tunnel.
However, rapid dissipation of drawdown in the low permeability
zones results in less than 12 feet of predicted drawdown at 3,000
feet distance from the tunnel alignment. No impact from the
tunnel was predicted for the glacial overburden aquifer.

The model-computed seepage rate as the tunnel construction
Craversed the model area generally indicate that the seepage rate
increases linearly with increasing length of the tunnel. The
maximum seepage rate at the end of the tunnel construction is
approximately 422 gpm/mile of tunnel. Following liner
installation the model indicates a rapid decrease in seepage rate
to 52 gpm/mile for a "dry" tunnel. The computed seepage rate for
a "wet" tunnel was less than one gpm/mile.

The lowest seepage rates during construction simulations
were predicted by the Packanack Lake model located toward the
northern end of the tunnel alignment. The maximum seepage rate
for this model was estimated to be 158 gpm/mile. Low seepage
into the tunnel in this model area is explained by the presence
of low permeability rocks with a lesser degree of fracturing than
found in other rock formations to the south.

The long-term steady-state simulations indicate that the
maximum seepage, 127 gpm/mile, will occur in the lined tunnel in
the Little Falls area due to the presence of several fracture
zones and a bedrock valley filled with permeable sand and gravel.
In other areas, the steady-state seepage into a dry, lined tunnel
will probably be less than 100 gpm/mile. At the southern end of
the tunnel during normal operation, seepage rates into the "wet"
tunnel sections will be almost nonexistent. See Table E.2.2 for
a summary of estimated seepage rates for the model area.
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2.3.2 Spur Inlet Geohydrologic Study

2.3.2.1 Introduction The purpose of the study was to
determine the hydrologic characteristics of the Spur Tunnel Inlet
area and to utilize a model to estimate groundwater inflows into
the proposed spur tunnel. See Figure E.2.8 for a plan view of
the study area. The center of the study area is located at well
DC-122 immediately adjacent to the Passaic River and
approximately 1500 ft. downstream from the confluence of the
Passaic and Pompton Rivers. The spur tunnel would be bored
entirely in the Towaco Formation of the Brunswick Group. The
Towaco Formation consists primarily of Jurassic-age red, gray and
black sedimentary rock. See Figure E.2.9 for a geologic cross
section through the site. A summary of the results of this study
is presented below. The full study is available at the Passaic
River Division office.

2.3.2.2 Summary of Results

A hydrologic framework was developed based on new and
existing data including well records, drillers logs, analysis of
continuous core, pressure test data, geophysical logging and long
term water-level monitoring. Three confined aquifers were
defined as the primary water producing units in the spur inlet
area. These included a glacial sand, gravel and till aquifer and
two zones of water bearing fractured bedrock in the Towaco
Formation of the Brunswick Group.

A 48 hour aquifer test was conducted in June of 1994 to
determine aquifer and confining unit permeabilities. Results of
aquifer test showed less than a foot of drawdown in 6 observation
wells used for water-level measurements. Analysis of the aquifer
test was complicated by the small drawdowns measured, diurnal
fluctuations in water-levels and regionally declining water
levels. The aquifer test data was corrected for these factors
and analyzed using a 3 dimensional groundwater flow model. Best-
fit simulations indicate transmissivities of 2400 ft?/day in the
glacial and upper fractured rock aquifers and 1600 ft?/day in the
lower fractured rock aquifer.

The model was used to simulate for 10 days a 1000-foot
section of tunnel constructed at a rate of 100 feet per day. The
model simulation indicates that a liner with a permeability of 1
x 1077 with a thickness of 1 foot and is surrounded by 15 feet of
material with a permeability of 1 x 107 will effectively reduce
leakage of ground-water to the tunnel during construction. The
estimated rate of inflow to the 1000 ft. section of lined tunnel
at the end of 10 days is 2.3 gallons per minute.

2.3.3 Pompton Inlet Geohvdrologic Study

2.3.3.1 Introduction The purpose of this study was to
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determine the hydrogeologic characteristics of the Pompton Inlet
area and to utilize a model to estimate groundwater inflows into

a section of tunnel. The Pompton Inlet area as shown on Figure
E.2.10 is located at the confluence of the Ramapo, Pequannock,
and Pompton Rivers. The center of the study area is located at

well DC-147, immediately adjacent to the Ramapo River and 200
feet upstream from a concrete weir. A summary of the results of
this study is presented below. The full study is available at
the Passaic Rivexr Division office.

2.3.3.2 Summary of Results The Boonton Formation of
the Brunswick Group is the bedrock formation underlying the inlet
area. The Boonton Formation consists primarily of Jurassic
sandstone, siltstone, and shale. The Hook Mountain basalt lies
to the southeast of the study area and roughly parallels the
eastern boundary of the study area. To the west of the inlet area
the bedrock elevations quickly decrease toward the area occupied
by glacial lake Passaic during the Pleistocene age. Pleistocene
age unconsolidated clay-silt sand and gravel deposited primarily
by stratified glacial drift and glacial lake-bed sediments overly
the Boonton Formation in most of the study area (See Figure
E.2.11 for. geologic sections).

The study began with a Phase I development of the conceptual
geoclogic framework and a preliminary three-dimensional ground-
water flow model. This Phase II study involved aquifer testing,
refinement of the conceptual geologic framework and ground-water
flow model, and the use of this model to analyze the aquifer test
results for a better understanding of the flow system and its
hydraulic properties.

The degree of rock fracturing was found to be a poor indicator of
water-transmitting properties. Aquifer testing demonstrated that
sharply contrasting hydraulic properties exist within rock with
similar fracture density. Discrete-zone pressure testing of the
rock during drilling was found to be a better indicator of water-
transmitting properties.

While there are sharp contrasts in the permeabilities of
various bedrock zones in the study area, all the bedrock aquifers
in the study area have very low yields. Wells DC-147 and DC-114,
both with an open interval of more than 160 feet, yielded 3.0 or
less gallons per minute. Any conclusions about the relative
permeability or impermeability of the rock material should be
taken with regpect to the overall low yield of the aquifers.

The ground-water flow model was used to simulate the
proposed tunnel under unlined conditions. A simulation of a 100-
foot section of tunnel resulted in a ground-water inflow of 35.7
gpm after four days with no tunnel liner. With the addition of a
tunnel liner with a permeability of 1.0 x 10° cm/s, the inflow
to the 100-foot tunnel section was reduced to 20.2 gpm after four
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days. A reduction in tunnel liner permeability by one-half, to
5.0 x 10°® cm/s, further reduced the ground-water inflow to
tunnel, to 14.0 gpm after four days. The model, because of its
size, is limited in the length of tunnel it can adequately
represent. With simulated tunnel lengths greater than 100 feet,
the drawdown reaches the model boundaries before the inflow to
the tunnel stabilizes sufficiently.

2.3.4 Potential Impacts to Groundwater Users

The groundwater modeling analysis indicated that, along the
tunnel alignment, there will be less than one foot of drawdown in
wells open solely to overburden aquifers, both during
construction and operation of the tunnel. As a result, there
will be no significant impacts to overburden aquifer well users.

The southern half of the tunnel will be below sea level in
elevation and will be flooded during normal operation conditions
after construction is completed. Because of the flooded
conditions, the groundwater seepage rate into the tunnel will be
substantially less than seepage rates predicted for a "dry"
portion of the tunnel. As a result of lower seepage rates after
construction in "wet" tunnel areas, the drawdown in bedrock
layers caused by tunnel construction will rebound after
construction and will be minimal during normal operation
conditions. Thus, no long-term impacts are predicted for
groundwater levels, water wells, or groundwater usage in the
southern one half of the tunnel.

Many bedrock wells are located within 5,000 feet of the
tunnel alignment along the southern end of the proposed tunnel.
These wells could experience drawdown impacts ranging from 10 to
50 feet during construction activities. Once construction is
completed the tunnel will be lined and inflow will be
significantly diminished. Additionally, if the tunnel is
operated in a wet condition (i.e., the tunnel will remain filled
with water to an elevation of 0.0 feet msl), significant long
term drawdown impacts from the tunnel do not exist. The wells
along the alignment would only be impacted for short periods of
time during dewatering and maintenance activities.

If a well were to be significantly affected by drawdown,
current estimates to hook-up to municipal water supplies is
roughly $700 (Passaic Valley Water Commission, personal
communication, 1995). The $700 estimate is considered an average
installation cost for a 2-inch line from curb to building.
Therefore, the $700 estimate ordinarily applies to single family
residences and other small volume water users. Hence, small
capacity water wells that are impacted temporarily by tunnel
construction or operation could be mitigated inexpensively by
connecting the user to a public water supply.

E-2-13
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Distribution lines for public water supplies are common
throughout the southern portion of the tunnel alignment and
virtually the entire nearby population is serviced by purveyor
supplied surface water. In the northern portion of the
alignment, there is less urbanization, and consequently, the
density of distribution lines are less. However, most of the
population in the north has convenient access to nearby
distribution lines. See Table E.2.3 for a listing of project
area water suppliers.

2.3.5 Interaction of Tunnel Construction and Operation With
HTRW Sites

In conjunction with the groundwater investigation, an
investigation of hazardous, toxic, and radioactive waste (HTRW)
was conducted along the tunnel alignment and near other project
features, such as levees and floodwalls. This information is
included in Appendix F (Hazardous, Toxic and Radioactive Waste
Investigation). The investigation included collection and
analysis of soil and groundwater samples at proposed workshaft
and tunnel inlet locations, and evaluation of known HTRW sites in
the vicinity . Various levels of groundwater contamination were
identified at one workshaft location and several known HTRW sites
along the tunnel alignment.

The results of the HTRW investigation are incorporated with
the groundwater modeling results to evaluate the potential for
mobilization of known groundwater contaminants toward the tunnel
or workshafts and inlets during construction and operation.

With the exception of one location all shaft and inlet
locations at which bedrock groundwater samples were collected
showed minor or no contamination. Groundwater collected from the
highly permeable zone at Workshaft 2B was shown to be
contaminated with up to 900 ppb of chlorinated solvents in an
area which is projected to intersect both the tunnel and
workshaft. Engineering controls will be employed during
construction and operation to mitigate potential infiltration and
migration of contaminants.

Shallow groundwater contamination was identified at several
existing HTRW sites along the alignment. The groundwater models
indicate that there will be negligible or no drawdown in
overburden units resulting from tunnel construction and operation
and, as a result, the tunnel is not expected to impact the
distribution or movement of these contaminants. Other sites may
Or may not present problems in terms of chemical contamination.
Additional investigations should be performed to assess the
uncertainties and risks associated with these sites.
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2.3.6 Potential Impacts to Surface Structures Since less
than one foot of drawdown of overburden water levels is
predicted, no drawdown induced foundation settlements or other
related damage to surface structures is expected. If unexpected
overburden drawdown should occur, recharge wells can be utilized
to restore groundwater levels and e11m1nate the potential for
structural settlements.

2.3.7 Tunnel Seepage Control Measures

Based on the results of the geohydrologic/modeling studies
summarized above, a tunnel construction procedure has been
developed to limit seepage into the tunnel to acceptable levels
both during and after construction. Based on the model study
results, long term steady state seepage into the grouted-lined
tunnel, filled with water to El1 0.0, is estimated to be on the
order of 1,000 to 2,000 gpm.

Reduction of seepage inflows into the tunnel will be
accomplished by cement grouting and concrete liner placement.
The cement grouting requirements for the tunnel used for
construction cost estimating purposes are shown on Table E.2.1.
Grouting ahead of the tunnel boring machine (TBM) will be
performed in the most pervious rock zones. A series of probe
holes will be drilled radially and ahead of the TBM. If the
seepage from these probe holes exceeds a specified amount, the
TBM will be stopped and grouting will be performed ahead of the
TBM. After placement of the concrete tunnel liner, contact
grouting will be performed to f£ill any voids between the liner
and rock. Consolidation grouting refers to drilling holes
through the liner and into rock and grouting pervious rock zones.

The grouting procedures were developed based on input from
our tunnel consultants and discussions with design and
construction personnel working on the Milwaukee sewer (MMSD)
tunnels. Grouting effectiveness, cost and production data were
obtained from the Milwaukee project.

2.3.8 Tunnel Shaft Seepage Control In order to excavate
the tunnel shafts through the overburden soils, either
slurry/concrete walls or freeze walls will be utilized for
structural support and seepage control. For the portion of the
tunnel excavated through rock, cement grouting will be utilized
to control seepage. As a result of these controls, no
significant drawdown of groundwater levels around shaft
excavations is expected.

2.4 GROUNDWATER STUDY - OTHER PROJECT FEATURES
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2.4.1 Great Piece Meadows

A weir will be constructed on the Passaic River upstream of
the Spur Tunnel Inlet to control water levels in Great Piece
Meadows. During tunnel operation, the weir would maintain a 2
year flood level in Great Piece Meadows. Some concern has been
expressed over the loss of aquifer recharge in Great Piece Meadow
during tunnel operation due to the reduction in flood water depth
over the meadow. We have, therefore, performed an evaluation to
determine if any significant aquifer recharge occur from
floodwaters.

See Figure E.2.12 for a Great Piece Meadow location map and
Figure E.2.13 for a geologic section. Our recharge analysis
indicates that due to the thick layer of glacial clay overlying
the aquifer (Figure E.2.13) and the relatively short flood
duration, no significant aquifer recharge occurs during flood
events. A volume of water equal to only about 0.004 % of the
total aquifer volume would potentially recharge the aquifer
during a 100 year flood. 1In fact, our deep observation wells
located in the eastern portion of Great Piece Meadow indicate
that the piezometric level in the bedrock is higher than in the
shallow overburden aquifer. This observation would tend to
support the conclusion that the Great Piece Meadows is a
discharge area for the bedrock aquifer, not a recharge area. It
has been suggested that the recharge of the overburden and
bedrock aquifers in the Central Basin is from runoff and
infiltration from higher elevations surrounding the basin.

2.4.2 Pequannock Weir and Channel Work

2.4.2.1 A new Pequannock River Weir will be
constructed upstream of the Pompton Inlet to maintain river
levels during low flows at the same level as the existing weir.
During flood periods, the weir gates will open to allow
additional flow into the inlet. 1In addition to the weir, channel
work will be performed on the Pequannock, Wanaque, and Ramapo
Rivers to improve conveyance and thus lower water levels during
flood periods.

2.4.2.2 The weir and channel work described above will
have no significant effect on groundwater resources. First, the
thick glacial lake deposits underlying the alluvial sands prevent
significant recharge from the river into the deep overburden or
bedrock aquifer. Refer to the discussion above on Great Piece
Meadow concerning aquifer recharge. Secondly, the observation
wells installed at the Pompton Inlet indicate that this area is a
discharge area for the bedrock aquifer. Piezometer levels in
the bedrock aquifer are several feet higher than in the recent
alluvial sands and gravels (See USGS geohydrologic report for the
Pompton Inlet).
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2.4.2.3 The proposed channelization will lower river
levels about 2 to 5 ft. during flood periods and about 1 to 4 ft
during normal flows. This slight lowering of the river levels

will have no significant impact on recharge of or storage in the
shallow alluvial sand and gravel aquifer. 1In fact, there are
very few wells located in this shallow recent alluvial aquifer.

2.4.3 Levees/Floodwalls Approximately 20 miles of levees
and floodwalls will be constructed as part of the project. These
features will prevent inundation of floodplain areas during high
water periods. As discussed above, recharge of aquifers during
flood periods is insignificant for the Central basin, Pompton,
and Hurricane Levee areas.
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Geologic Cross-Section along Spur Tunnel Align
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GROUTING REQUIREMENTS*

Lower Tunnel (48,398 LF)

a. Grouting ahead of face - rock with k gréate
cm/sec = 9% of tunnel = 4,400 LF.

b. Consolidation grouting of rock outside conc

rock with k greater than 1 x 10" cm/sec = 40% of tuni
19,400 LF.

c. Contact grouting behind lining - everything
consolidation grouted = 60% of tunnel. = 29,000 LF.

Upper Tunnel (59,349 LF)

a. Grouting ahead of face rock with k greater
cm/sec = 4% of tunnel = 2,400 LF.

b. Consolidation grouting of rock outside conc
rock with k greater than 1x10™ cm/sec = 31% of tunne
LF.

c. Contact grouting behind lining - everything
consolidation grouted = 69% of tunnel = 40,950 LF.

* The grouting requirements were developed based on
of borehole packer test permeability data.

r 1 x 1073

rete lining -
nel =

not

than 1 x 1073

rete lining -
|l = 18,400

not

histograms

TABLE E.2.1
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TABLlj E.2.3
Population, Water Suppliers, and Residential [Wells
Along Tunnel Alignment and Buffer
Passaic River Flood Protection Project
Population Primary Water Secondary Water Percent of Population Served
Company Company Population by Residential
Hooked-up Wells*
Morris County
Pequannock 14,000 Municipal (wells) City of Newark 100 none
Liacoln Park 10,720 PVWC nooe 95 536
Riverdale 1,200 Municipal (wells) nooe 100 nooe
Essex County
North Caldwell 12,000 Jersey City PVWC, Essex Fells 99 120
Cedar Grove 12,600 NIDWC PVWC 100 none
Montclair 38,000 NJDWC Municipal (wells) 95 1,900
Glen Ridge 7,600 NIDWC Municipal 100 nooe
(via Moatclair) (via Moatclair)
Nutley 8,000 PVWC 75% none . 100 none
Newark 25%
Bloomfield 45,061 City of Newark none 100 none
Belleville 34213 City of Newark none 100 none
Newark 275,000 City of Newark none 100 nope
Passaic County
Wayne 52,000 NIDWC Municipal (wells) 98 1,040
Totowa 11,000 PVWC none 100 none
West Paterson 10,982 PVWC none 100 none
Little Falls 12,000 Essex Fells (wells) NJAWC 99.8 24
Clifton 70,000 PYWC nooe 100 none
Pompton Lakes 10,539 Municipal (wells) nooe 100 none
Bergen County
Lyndburst - 18,300 Jersey City none 100 none
Nonth Adington 13,790 PVWC none 100 aone
~ Hudson County
- ,59‘5‘,’7}2’__ ) 34,700 NIDWC poue 100 none
East Newark 2,000 NIDWC none 100 none
o o - o (via Kearny) o
!, o [,{:“Iﬂ]_# . 13,42.5 PVWC none i 100 nooe t
B Jf;l\kv-(llv 228.53] Jersey City none _,“!00 none !
Note: PVWC - Passai¢ Valley Water Commission
There are 935,667 people in the study area. NJIDWC - New [Jersey District Water Commission
pulation data are from 1990 census NJAWC - New Jersey Amencan Water Company
a l’op'ulmon served by residenual wells s esumated from the percent population not hooled up to the municipal water supply for
each community
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PASSAIC RIVER FLOOD DAMAGE
REDUCTION PROJECT

SECTION 3
TUNNELS

3.1 SCOPE

This portion of the report outlines the studies and results
of the current level of geotechnical design on the Main and Spur
Tunnels. Supporting information from other disciplines may be
found in the Main Report and in Appendixes A through D, and F
through I. The amount of data gathered in the geotechnical field
to date is too voluminous to include in this report but is
available in the Passaic River Division Office of the New York
District (PRD). This report is intended to summarize the most
important information gained through the field investigations and
present the methods of analysis which were used and the results
obtained. Computation sheets are provided as examples only or
presented in sub appendices. The complete set of computations is
also available at the PRD.

3.2 FEATURE DESCRIPTION
3.2.1 Main Tunnel

The Main Tunnel runs from the inlet at Pompton Lake to the
outlet at Newark Bay, a horizontal distance of 107,747 feet from
the center line of the Pompton inlet to the center line of the
outlet. The tunnel is circular with an inside diamefer of 42
feet. In order to accommodate a 15 inch thick concrete liner the
minimum excavated dimension of the tunnel will be 44% feet.
Details of the proposed alignment are presented in Attachment
E.3.1.

The alignment for the tunnel was defined in concept in the
Water Resources Development Act of 1990 and detailed in a study
by the New York District titled "Tunnel Alignment Selection”
finalized in late 1991. Several factors influenced the current
location of the Main Tunnel. The availability of work shaft
locations and their proximity to roads or railroads suited to
transportation of the tunnel muck was critical in this highly
urbanized area. Minimizing the length of tunnel which had to be
driven through the hardest rock was also an important
consideration in minimizing construction costs. Hydraulic
considerations dictated that no curve in the tunnel Dbe
constructed with a radius of less that 500 feet measpred at the
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inside of the bend. Maneuverability of the tunnel boring machine \“)
(TBM) favored having no curve with a radius of less than 1,500
feet. The invert of the Main Tunnel varies between elevation 9
at the inlet to -408 at Work Shaft 2C near the outlet. This
variation stems from hydraulic, geotechnical, and operational
considerations. The need to avoid deep, glacially generated
buried valleys in the lower portion of the tunnel forced the
lowering of the invert to elevation -408. A practical rule of
thumb is to keep a minimum of one tunnel diameter of sound rock
above the crown of the tunnel. To facilitate dewatering of the
tunnel the invert climbs in either direction from a low point at
the dewatering pump station location at Work Shaft 2C. The
degree of slope to accommodate the elevation changes were the
result of mathematical hydraulic modeling. Future refinements to
the proposed location of the Main Tunnel should be relatively
minor provided the work shaft locations are available in the
future and the current outlet in Newark Bay is not altered.

Four separate contracts are required for construction of the
Main Tunnel under the currently proposed plan. Contract A goes
from tunnel station 0+00 at the outlet to 161+15 at the end of a
drill and blast section connecting to Work Shaft 2B where the TBM |
will be removed and transported to the Pompton Inlet. It is
estimated that 2,257 feet of tunnel, from Work Shaft 2C to the
Outlet, will be excavated by drill and blast methods using
multiple drifts. The remainder of the excavation in contract A
will be by TBM. Contract B goes from statipn 161+15 at Work
Shaft 2B to 484+73 at the end of a drill and blast section
connecting to the "hook hole", Work Shaft 5. Drill and blast
sections will be excavated from work shafts on either end to
facilitate start up with the TBMs and their disassembly. Total
drill and blast footage is estimated at 550 feet. The remaining
31,810.4 feet will be excavated using a TBM. Contract C extends
from station 484+73 at Work Shaft 5 to 842497 at the end of a
drill and blast section connecting to Work Shaft 3. A drill and
blast section 654 feet long is proposed in the middle of this
contract at Work Shaft 2. This drill and blast section is to be
advanced through the faulted zone by multiple drift methods and
to provide a starter tunnel for the TBM. The TBM is to complete
the drive from Work Shaft 2 to Work Shaft 5, be partially
disassembled at 5, and returned to shaft 2, where it will be
turned around to make the drive toward Work Shaft 3. 1In this way
the remaining 35,170 feet of tunnel in this contract will be
excavated by TBM. The final contract for the Main Tunnel, D,
goes from station 842+97, at Work Shaft 3 to 1077+47.00, at the
center line of the Pompton Inlet. It has drill and blast
sections on either end totaling 563 feet. Much of this at the
inlet end to excavate the 52' diameter portion of the tunnel \u)

|
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required by hydraulic considerations and to provide

starter section for the TBM. The remaining 22,887 f
contract D will be excavated by TBM southward from t
shaft to Workshaft 3. For this construction sequenc
necessary to have three TBMs for the Main Tunnel.

3.2.2 Spur Tunnel The Spur Tunnel connects a
the Passaic River near State Route 46 and Fairfield
Main Tunnel at station 785+15.6 a total horizontal d
7,015 feet. The inside diameter of the Spur is to b
It is to have a 15 inch thick concrete liner so the
excavated diameter will be 25% feet. The proposed a
described in Attachment E.3.1, is roughly the shorte
line distance between the Spur Inlet and the Main Tu
will still accommodate the construction of Work Shaf
curved transition section having a minimum radius of
will redirect the straight portion of the Spur to in
Main Tunnel at an acute angle for hydraulic efficien
invert of the Spur Tunnel is straight and slopes at
to connect with the invert elevation of the Main Tun
feet MSL. It is anticipated that the Spur will be c
under a separate contract with a drill and blast sec
the curved section for 785 feet, and, for 360 feet a
to produce a 30 foot diameter intake section. For t
of estimating cost the remaining 5,870 feet is to ex
TBM from Workshaft 4 to the inlet.

3.3 SUBSURFACE INVESTIGATIONS

3.3.1 Earlier Studies

3.3.1.1 Exploration
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The Corps of Engineers first began studying soluytions to the
areas' chronic flooding problem after the devastating flood of
1936. Support for the project quickly waned until the next major
flood in 1984 which catalyzed local support and led to the
development of the feasibility study out of which the current
study evolved. A complete discussion of the exploration for
feasibility is covered in Parts II and III-Addenda t¢ the

Feasibility Report. The exploration conducted durin
Feasibility study was performed along the then propo
alignment from the Pompton Inlet to an Outlet on the
River at Third River. The Spur Tunnel Location was

same as the currently proposed alignment. Since the
for the lower portion of the tunnel changed to an ou
Newark Bay three of the feasibility level holes are

applicable.
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and were completed in 1985. These holes are included in the
current design and are summarized in parag:aph 3.3.1. below.

Water pressure testing was performed on some of these holes
and all were backfilled with cement grout upon completion. These
locations were not tied in with surveying until recently.

3.3.1.2 Geophysical Exploration During the
Feasibility Phase the U.S. Geological Survey conducted subsurface
seismic profiling along the tunnel alignments near the spur to
define the top of rock elevations in this area. The results of
this survey are presented in US Geological Survey Water-Resources
Investigations Report 88-4061. Downhole television camera
surveys were run on many holes to acquire orientation data on
discontinuities.

3.3.1.3 Geologic Mapping Reconnaissance field
mapping was conducted on outcroppings, quarries, and road cuts.
This work was aimed at gathering information on the orientation
of discontinuities and structural geology. Glaciation and
cultural development has limited the number of outcroppings in
the sedimentary rocks. Much of the surface exposures are in the
basalt because it is more resistant and because it is frequently
quarried.

3.3.2 Current Study

3.3.2.1 Exploration The exploration program was
primarily laid out to provide information on the tunnels. Some
of the borings located to serve as exploration for work shafts,
inlets and the outlet as well as the tunnel. The drilling was
begun in late 1989 and completed in late 1994. It consisted
primarily of unsampled drilling through overburden although
standard penetration testing and 3" Shelby tube sampling were
done in some holes. Rock was sampled using 2% inch diameter HQ
coring. Hole designations generally follow the format D - drive
sampled, U - Shelby Tube sampled, and C - cored. 1In the original
layout they were numbered consecutively from the Outlet to the
Pompton Inlet. Subsequent, supplementary holes are out of this
numbering sequence. For the geotechnical exploration on the Main
Tunnel, including the feasibility level holes, a total of 119
borings have been drilled. These borings totaled 4,593.2 feet of
unsampled overburden drilling, 1,349 feet of intermittent
standard penetration test drilling, 49.2 feet of Shelby tube
sample, and 31,828.4 feet of rock core the vast majority of which
is HQ (2.5 inch diameter). For the Spur Tunnel 10 borings were
made totaling 397 feet of unsampled overburden drilling, 292.9
feet of intermittent standard penetration test drilling, 57 feet
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of Shelby tube sample, and 1,836.3 feet of rock core.
summarizing the basic data on this exploration and p]
exploration sheets showing the borings in relation tg
alignments are included in Attachment E.3.2. The exp
drilled by the IT Corporaticn for the ground water st
summarized in Section 2 of this appendix. The rock g
currently stored in boxes at a specially prepared waxn
facility at the Military Ocean Terminal at Bayonne, N

3.3.2.2 Geophysical Exploration

3.3.2.2.1 Downhole Television Camera
the limited number of surface outcroppings available
decided to log as many of the holes as possible with
television camera equipped with an orientation head d
assembled by the Corp's Southwestern Division Laborat
camera and supporting equipment was manufactured by R
Equipment Co. Videotapes of the holes were analyzed
Corp's Southwestern Division Lab to measure the orien
character of any breaks in the rock mass. Individual
each of these logs were prepared and submitted. The
from the video tape analysis was used in the disconti
described in paragraph 3.4.3.2.3.

3.3.2.2.2 Downhole Geophysics Limiy
geophysical logging was performed during this phase o
exploration. Natural Gamma, Caliper, spontaneous pot
resistivity logs were run on the holes in Newark Bay
stratigraphic imaging was performed. The USGS perfog
caliper, natural gamma, fluid resistivity, and fluid
logging on five Dboreholes in conjunction with their
geohydrologic studies at the Pompton and Spur Inlets.
Corporation performed natural gamma, spontaneous potd
multipoint resistivity, caliper, temperature, and del
temperature geophysical logging for their tunnel groy
study.

3.3.2.3
mapping was
feasibility

Geologic Mapping Very limited su
conducted to supplement the work done dupy
stage. Joint scan lines were measured af
quarries in the Montclaire area. In addition disconft
orientation and lithologic data were obtained from 9
scattered around the project area.

3.3.3 Suggested Future Subsurface Investigatiorn
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3.3.3.1 Exploration Subsurface explorat]
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of the tunnel. Large gaps in the coverage still exist. Several
angled borings should be drilled in the areas where faulting is
inferred or where the correlation of rock units from hole to hole
is questionable. Information on the area where the Spur Tunnel
joins the Main Tunnel is not well developed. All of the future
exploration that extends into the rock should be conducted to
provide as much additional information as possible on the
presence of water bearing zones. Grouting of these zones during
construction has a major effect on cost so defining them during
design is very important. Defining the depth and extent of
buried valleys along the tunnel route is a c¢ritical goal for
future exploration. Ensuring sufficient roc¢k cover over the
tunnel is vital. Additional information will be critical at this
location. A buried valley which is very close to the Spur Tunnel
crown is indicated by boring C-118. Additional borings are
needed to define this situation and to determine if the currently
proposed Spur alignment is parallel to a fault zone. The deep
buried valley near Work Shaft 2B is also not well defined.
Additional exploration around shafts, inlets,and the outlet are
discussed later in the text. :

3.3.3.2 Geophvysics

It was planned to use surface methods to try to delineate
the buried valleys along the tunnel alignment. The methods
considered were refraction seismic, Vibroseis, and microgravity.
All of these methods have been used successfully in similar
applications; however, difficulty with outside noise
interference was anticipated because of the level of industrial
development in the basin. When these methods were investigated
further it was found that the current scope of work and an
inability to acquire rights-of-entry in the areas of interest
prevented their use. It is recommended that future studies
utilize one of these methods to help target sites of subsurface
exploration in the next phase of design.

Down hole geophysical logging should be performed on some of
the future exploratory holes. As a minimum Natural Gamma, SP and
Resistivity logs should be run.

3.3.3.3 In-situ Stress Measurement To date no
attempt has been made to measure the in-situ state of stress
along the project alignment. Regional data is available which
indicates that high horizontal stress is present at some East
Coast locations so it is recommended that some future effort be
aimed at measuring this condition. However, this data is
notoriously difficult to acguire and even a horizontal to
vertical stress ratio of 3, which is close to the upper range of
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the available data for the East Cocast, would not prgq
to the tunnel design. However, it could result in s¢
and spalling in the crown and invert of the bore resy
nuisance and potential worker safety hazard. It is ¢
during the FDM studies to make stress measurement usi

jacking, hydraulic fracturing, or, prossibly borehole
cells.
3.4. SITE GEOLOGY

3.4.1 Stratigraphy of the Main Tunnel

3.4.1.1 Overburden The overburden is as d

the Introduction section of this appendix.
3.4.1.2 Bedrock

The alignment of the Passaic River Basin Tunnel

the strike of the Newark Basin. Over the 107,746.4 f

of the tunnel, over 14,000 ft of strata will be cross

separate folio of drawings showing the detailed logs

borings on individual sheets is available in the Passg
Division Office along with the original field geologi

This text portion provides a narrative description of

types to be traversed by the tunneling however a clesg
of the geology may be gained by referring to the geol
section along the tunnel alignment which shows the bg
locations and stratigraphy. This section is presente
Attachment E.3.3 drawings E.3.2 through E.3.22. The
of formations reported below are only approximate beg
variations in the dip of the beds along the tunnel al
gaps in the exploration. A discussion of the amount

in each formation is presented in paragraph 3.8.1.3.3.

The tunnel outlet,
Bay, 1is the lowest point in the geologic sequence.
up-section from the outlet, the tunnel will begin in
Formation, a sequence of Triassic "red-beds" composed
of sandstone with associated siltstone and shale. Tk
Formation in the lower 20,000 to 30,000 feet of the f
generally finer grained rock than the upper material
primarily siltstone, claystone, and shale with lesse]
sandstone. It 1is characterized by significant quant]
secondary gypsum which is present as joint fillings,
6 inches thick, and as "blebs" of disseminated mater
bands and joint filings are typically dense and "spa]
disseminated material produces a characteristic greeq

in the vicinity of Kearny Poij
I
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the red claystone in which it is usually found. Some of this
material has irregular voids up to four inches in maximum
dimension and associated "pin hole" porosity. X-ray analysis of
these fine grained rocks indicate it is 40 to 60% clay consisting
of illite/sericite and chlorite, 15% quartz, 10 to 12% feldspar,
5 to 14 % gypsum, 5 to 6% carbonate and the balance opaque
minerals. Near tunnel station 222+00 the sediments are cut by
three closely spaced diabase sills which have a maximum
individual thickness of 16 feet and a total thickness of the zone
of over 27 feet. The hole which sampled this material did not
extend through the entire thickness of the sills so the maximum
total thickness of the zone is not known. Two additional sills
of similar composition were intercepted by boring DC-38 near
tunnel station 277+60. They are between onhe and three feet thick
and are separated by about 35 feet of sediment. A thin band of
contact metamorphism surrounds these intrusive layers.
Progressing up section the coarser grained red-brown sandstone,
which is characteristic of the Passaic Formation, predominates.
Based on the lithologic distribution indicated on the field logs
for this portion of the Passaic Formation it consists of 15% fine
grained rock and 85% sandstone which includes infrequent,
discontinuous beds of conglomerate. The sandstone is
feldspathic, frequently micaceous, and calcareous. It varies
from very fine grained to coarse grained with the individual
grains being angular to subrounded. These characteristics are
typical for continental sediments which have not been transported
over great distances. The sharpness of the grains indicated on
the thin sections is significant from the standpoint of cutter
wear on the TBMs. The thin section photomicrographs included in
Attachment E.3.4 reveal the nature of this;material. The x-ray
diffraction analysis indicates that this rock is cemented with
ferruginous clay, calcite, and ankerite in various proportions.
The quartz/feldspar content varies from 45 to over 70%. Some of
the clay in the 14 degree range is interpreted to be expansive
smectite. Assuming that 200 vertical feet of the formation will
be repeated along the tunnel drive because of faulting, the
estimated total thickness of Passaic Formation traversed by the
tunnel is 6,750 feet. A contact zone at the top of the Passaic
has been heat altered by the overlying Orange Mountain Basalt.
This altered material varies in thickness up to several feet and
is very hard and abrasive.

The Orange Mountain Basalt of First Watchung Mountain
overlies the Passaic Formation. The base ¢f this igneous unit is
interpreted to be the contact between the Triassic and Jurassic
aged rocks. Based on measurements in the borings, this formation
is approximately 515 feet thick along the tunnel alignment. It is
made up of at least three lava flows each of which contain beds
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of pillow lava structure at the base with thick secti
fresh basalt capped by vesicular basalt in g
The bottom of the middle flow
contains some thin sandstone beds surrounded by pilld

massive,
portions of the flows.

which indicates a prolonged interruption during this
episode.
separate layers is indicated by the core. The voids
pillow structures are normally partially filled with

secondary mineralization consisting of quartz, calcit
Different samples sh
The x-ray analysis of the den
5 g
ores and the balance alteration products and accessor

chlorite, and various zeolites.
degrees of alteration.
detected 35 to 40% feldspar, 25 to 35% pyroxenes,
The close intergrowth of pyroxene and feldspar make t

unaltered basalt of this formation a very tough,

Attachment E.3.4.

The next overlying formation is the Feltville whl

approximately 435 feet thick. This formation is comp
of fine grained sandstone with about 40 to 45% shale
to 25 feet in thickness. Cyclic sequences of interbe
from coarser to finer grained sediments are a charact
this formation. Thin calcareous bands up to two feet
present in the lower portion of the Feltville formati
formation is fresh and tightly cemented, however the
highly susceptible to separation along its bedding.

Above the Feltville Formation is approximately 1
Preakness Mountain Basalt of the Second Watchung Moun
basalt formation consists of three units, separated b
sedimentary deposits. The lowest unit appears to be
flow approximately 625 feet thick. The base of the f
apparently encountered some standing water as indicat
eighteen foot thick layer of pillow basalt. The uppe
feet is vesicular. The remainder of the flow is quit]
with thick sections of coarser crystalline gabbro res
slower cooling rates. X-ray and thin section analysi
material determined that it was 40 to 45% feldspar, 3
pyroxene, 15% ore (mostly magnetite), and the balancse
and alteration minerals. Some of this rock has a chsg
"dusky red" appearance that results from oxidation of
the minerals. Most of the voids in this rock are eif
partially or totally filled with secondary mineralizs

to that described in the Orange Mountain Basalt abovsg.

is overlain by a persistent, 9 foot thick section of
sandstone containing a small amount of shale. The ng
also a single flow unit approximately 190 feet thick
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three foot thick layer of shale. It has a vesicular zone in the
upper 16 feet and is similar to the lower unit in other respects.
Based on the presence of vesicular layers the uppermost unit is
made up of several flows that grow progressively thinner toward
the top of the Preakness Mountain Basalt. This is consistent
with the model that the magma chamber supplying the basalt was
becoming exhausted of extrusive material. The contact with the
overlying Towaco formation is marked by a widespread brecciated
or mixed layer that is probably a preserved aa or pahoehoe
surface which has been backfilled by sediments. Boreholes also
indicated that the contact is very irregular on a larger scale.
Photomicrographs of representative sample of the Preakness
Mountain Basalt are included in Attachment E.3.4.

The Towaco Formation is about 1,125 foot thick and is made
up of a series of cyclic sediments similar but, on average,
coarser textured than the Feltville Formation beneath it. These
sediments consist essentially of siltstone and very fine
sandstone containing about 20% shale in beds up to 12 feet thick
with red and black shale being about equal in amounts. The
clastic particles making up this rock are a heterogeneous mixture
of quartz, feldspar, mica, calcite and rock particles in a clay
matrix leading to a classification as a graywacke. The rock is
fresh, tight, hard and massive. A thin section photomicrograph
of the graywacke is presented in Attachment E.3.4.

The youngest basalt Zlows belong to the Hook Mountain Basalt
which underlies the Third Watchung Mountain and is composed of at
least two separate flows. The total thickness of these flows is
between 260 and 280 feet. This formation contains beds of
massive, blocky, and fresh, as well as, vesicular basalt. The
contacts continue to be at dips of between 7 and 8 degrees as
with all the other units. X-ray and thin section analysis was
not performed on any of this material.

The youngest formation along the tunnel alignment is the
Boonton. This unit is approximately 1,640 feet thick but only
the basal 740 ft will be encountered by the tunnel. The
formation is made up of about 57% fine sandstone, 19% siltstone
and 24% red and black shale, with red shale constituting about
30% of that total. The sandstone and siltstone is feldspathic
and contains abundant mica. It is calcareous with some of the
carbonate being ankerite. Some of the x-ray data suggests that
the clay is expansive smectite. Hydrocarbons and carbonaceous
material is present in some of the grey sandstone and black shale
beds and is discussed further in paragraph 3.8.7.

3.4.2 Bedrock Stratigraphy of the Spur Tunnel The spur
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tunnel alignment is a straight route about 6,500 feef
connecting with the main tunnel above its mid-point 3
toward the west. This alignment is approximately 40
the regional strike and will result in the strata dij
about 3.5 degrees into the tunnel. The excavation al
alignment will encounter about 238 vertical feet of {
Preakness Mountain Basalt and about 215 vertical feef
basal Towaco Formation. Much of the Preakness Mounts:
along the alignment appears to have been altered and
The altered material is dull greenish grey and contal
carbonate and chlorite. A complex mesh of fracturing
healed with calcite in many of the cores and in some
layers of basalt have disintegrated to a granular pas
section photomicrographs of the altered basalt are px
Attachment E.3.4. The Towaco formation is as descril
Main Tunnel but is more fractured.

3.4,

3 Structure of the Main Tunnel

3.4.3.1 Top of Rock and Weathering Profild

The top of rock profile along the tunnel route i
reflection of the underlying geology. The toughest n
basalt has resisted erosion most and forms ridges. &
weaker rocks are subject to progressively more erosig
general, the low points in the top of rock are under]
shales and claystones. The top of rock profile is al
of the amplified erosive action of the glaciers and j
derived from them. Deep pockets of erosion and weat}
sedimentary rocks adjacent to the basalts are attriby
plunge pools formed by glacial meltwater runoff throy
water gaps in the basalt ridges. In the lower valley
Passaic there is at least one buried valley which ext
elevation -300 *. This indicates that sea level wag
at that time. These scoured areas extend to conside}
below the current stream baseline elevation which 1is
on this older topography.

A measure of the depth of weathering in the var]
types 1s sometimes given by the RQD values versus dej
top of rock. Plots of this data for each rock formal
presented as Figures E.3.1 through E.3.8. As can beq{
these plots there is not a clear cut demarcation in |
which indicates a limit of the depth of weathering.
various rock formations there is considerable variat
on the presence of faulting, folding,or buried valley
general rule the RQD increases with depth. Much of
weathered material at top of rock was removed by sco
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glaciers as they over-rode the region.

3.4.3.2 Discontinuities

3.4.3.2.1 General The intact strength of the
rocks along the tunnel is sufficient to sugport the openings
proposed. The occurrence of weakness planes in the rock are
therefore the key issue in evaluating the stability of the
proposed openings. These planes of weakness or discontinuities

are of two primary types, bedding and jointing. A limited number
of shears and fault zones have also been encountered in the
investigations. Their influence on the tunnel design, though
profound, is very localized. '

3.4.3.2.2 Bedding

Strata along the tunnel alignment strike primarily to the
northeast and dip to the northwest at approximately 7 to 9
degrees. However, the northern most 1.9 miles of the tunnel will
be excavated through the Watchung Syncline where beds of the
Boonton Formation exhibit a reversal of dip as can be seen on the
geologic cross-sections in Attachment 3 on drawings E.3.2 through
E.3.22. Pronounced cross—-bedding is present in the Passaic and
Boonton Formations as a result of fore-set beds in delta
deposition. This results in local steepenihng of the dips to up
to 20 degrees * and variation in the strike.

The average thickness of the bedding varies from thin to
massive. Based on the current information, the Passaic and
Boonton Formations exhibit the thickest bedding and the
Feltville and Towaco Formation have the thihnest bedding. A plot
of the average bedding thickness for the portion of the rock mass
involved in the tunneling versus approximate tunnel station 1is
shown on figure E.3.9. This data was developed by dividing the
length of the each run in the bottom 90 feet * of each boring by
the number of open bedding planes recorded on the geologists'
field log in that run. This data was then averaged per hole.
Because of the method used the extreme values are not reflected
in the data. 1In some areas the rock is massive with zones over
ten feet thick with no bedding present. In other areas the beds
are less than 0.1 feet thick. These are not reflected in the
data but figure E.3.9 does present an accurate representation of
the relative bedding characteristics encountered along the
tunnel. Bedding is a factor in the design of the initial rock
support system described below in paragraph 3.8.3.

3.4.3.2.3 Jointing
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Jointing, in varying degrees,
exploratory borings.

with various minerals to clay filled. Staining from

was encountered ir
It varied from tight to open, gnd healed

all of the

dissolved

minerals indicated the movement of water through many of the

joints.
not uncommon.
very rough. On a larger scale the joints varied fromn
curving or undulating.

Soft clay fillings or coatings were less frgquent but
Surface textures also varied from sligkensided to

planar to

The continuity of the jointing was also

highly variable and difficult to determine from the dore holes.
The northeasterly striking joints were usually the mgst
persistent as observed in the limited outcroppings but other

joints did show some continuity. In the interbedded
many of the joints were very irregular and often ende
on shale beds. All of these characteristics were in
the nature of the rock, the causative mechanisms, and

subsequent action of glacial loading and ground water].

Most of the measurement of the orientation and a
the jointing was accomplished by use of a down hole f
camera with an orientation head and by logging the cg
Limited data was developed from surface outcroppings
tended to be in the basalts. The data from the core
plotted as poles on an equal area stereo net using th
outlined in Hoek and Bray. The stereo plots of poles
various formations are included in Attachment E.3.5.
were contoured and composite poles plotted based on 4
greatest concentration. Each of these composite join
given an identification number for use in subsequent
stability analyses. A table listing the composite jg
formation and orientation along with great circle plo
stereo net for these composite joints are included in
E.3.5. The intersection points of the composite join
potentially unstable wedges for the cut slopes and sh
identified on the great circle plots. Discussion of
failure analysis for the shafts and inlets is present
paragraphs 4.8.1, 5.8.2, and 6.8.2. For the tunnel d
takes three or more joints in combination to form pot
unstable wedges. Discussion of the wedge analysis fd
is presented in paragraph 3.7.3 however, the actual 4
been deferred until a later stage of design.

Figure E.3.10 shows the distribution of dips foqy
borehole discontinuity readings taken. Figures E.3.]
show the distribution of discontinuity data poles fofy
data.

The nature of the jointing in the basalt formati
significantly different from that in the sedimentary

E-3-13
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may have developed from contraction or convection as the lava
cooled, or as tectonic joints that have resulted from regional
stress conditions on the rock mass. The cooling joints are
completely independent of the tectonic joints with their
frequency and geometry being dependant upon where in the flow
they are located. 1In general each flow unit can be divided into
a series of distinct zones which are either in sharp contact or
grade into one another. The top of each flow is usually
characterized by a vesicular zone with indistinct jointing that
produces a rectangular, slabby pattern. Below this is a columnar
zone characterized by columns, commonly six or five-sided
polygons. Individual, joint bounded columms vary from .5 to 1
foot wide and 4 feet or more tall. Columnar zones are most well
developed in the Orange Mountain and Preakness Mountain basalts
where they may form striking fan structures many tens of feet in
maximum dimension. Underlying the columnar zones there is the
blocky zone which is remarkable for its planarity and the
persistence of its jointing. The resulting rock mass is composed
of large blocks 10 feet or more on a side. Beneath the blocky
zone 1s the curvilinear zone which typically constitutes the
majority of the thicker flows. Jointing in this zone follows a
curved helical surface. The pitch of this surface varies from
one area to another. 1In appearance the curvilinear zone
resembles the columnar zone except that the joint surfaces are
curved. Another interesting feature of this zone is that the
overall vertical extension of the joints suggests that they are
bounded by a surface which is almost cylindrical. The bounding
surface of these large cylinders are thought to mark the
boundaries of convection cells within the cooling flow and within
the limits of the flows these cells are of fairly uniform
dimension. The lowermost unit is a thin vesicular zone which
cooled more rapidly because of its contact with the underlying
rock. This is often indistinct and hard to identify. These
different zones are seen in various degrees in each of the three
basalt units. Superimposed on this system of joints are tectonic
joints. They may be the product of regional stress field or
localized unloading of the rock mass. Stress related joints may
be modified by the preexisting set of cooling joints but are
normally oriented with a principal set parallel to the Ramapo
Fault and the axis of the Newark Basin and :a conjugate set
roughly perpendicular. The conjugate set is most apt to be
modified by the cooling joints. It appears that the tectonic
jointing is most likely to be open and exhibit the highest degree
of weathering, staining, and mineral or clay filling. They are
the most persistent and therefore the most likely ground water
conduits and the most likely to influence the stability of the
tunnel opening. Cocoling joints are most often tight and rough in
texture having developed largely from tensional rather than shear

sec3rj.wpd/8-24-95 E-3-14




failure. Sheet jointing is well developed in some aj
the product of unloading of the rock mass. The stref
toward the surface results in the formation of rough
persistent joints sub-parallel with the ground surfa
type of jointing is less likely to be found at tunne]
is well exposed in outcrop especially near Little Fal
E.3.13 shows the results of some joint scan lines wh]
measured in the Orange Mountain basalt. They give s4
indication of the joint spacing which is anticipated
columnar zones of all of the basalts.

Jointing in the sedimentary rocks is primarily (
origin although some is the product of consolidation
sediments. The continuity of the jointing is influer
nature of the material through which it passes. It ]
anticipated and has been seen from the down hole vidd
the joints become tighter with increasing depth. Thg
producing zones discussed in Section 2 of this append
notable exceptions to this rule.

3.4.3.2.4 .Shears and Faults Faults 3
along the tunnel alignment. The most evident of thegd
located in the Montclair, Great Notch area. This zor
of several parallel and subparallel failure planes wh
been observed both in outcrop and in the drill holes
zones consisting of brecciated rock in clay and secor
mineralization have been observed and recovered in bd
Orange Mountain Basalt of the First Watchung Mountaip
underlying Passaic sandstone. The combined vertical
on this series of north easterly striking faults is 4
200 feet. The individual faults comprising this zong
well defined. Most consist of a brecciated layer, nd
foot or less thick, in sharp contact with relatively
rock. The rock mass surrounding these faults does cqg
spaced jointing than unfaulted rock and numerous slig
surfaces. At least one of the faults in this area h3
wet clay gouge and breccia about 4 ft thick and high]
rock for about 50 ft on either side. The borings in
disturbed zone indicate that it has been healed to a
by calcite filling the fractures. Another fault is
correlation of the beds in the Boonton Formation.

disrupted zone was encountered near the Spur Tunnel
that may be related to the condition of the rock enc
along the Spur alignment. While the actual plane of
not have been encountered in this location it is ver
one exists here. All the faults that have been iden

A
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any certainty appear to normal faults with high angle dips
greater than 70 degrees and normally in a north west direction.
Other faults will no doubt be discovered during future
exploratory programs. Additional evidence iof movement in the
rock mass is provided by high angle clay seams, alteration of the
rock, and slickensided surfaces. Numerous low angle slickensided
surfaces were found in the cores of the Boonton Formation. Most
of these are interpreted to be relative movement which occurred
along bedding planes during the folding that produced the
Watchung Syncline. A minor fault was noted in boring C-106 with
a displacement of 0.02'. Additional low-angle slickensides, not
related to any of the structures prev1ously‘mentloned were
recovered in the Hook Mountain Basalt, the upper Preakness
Mountain Basalt, and in the Passaic Formatij Boring C-62
penetrated a zone of mineralized and brecciated rock at tunnel
station 457+62. A similar, but less disturbed Zone was
encountered in boring C-59 at Station 439+23. Slickensides were
also associated with the emplacement of the igneous intrusives at
stations 277+60 and 222+72

3.4.4 Structure of the Spur Tunnel

3.4.4.1 Top of Rock and Weathering Profile A buried
valley is indicated by boring DC-118. Loca@ residents indicated
that a brick manufacturing plant and clay pit had been operated
in this same area for many years and had subsequently been
backfilled. This information has not yet been substantiated.
Regardless, there is indication that the top of rock is low in
this area. The depth of weathering 1nd1cated by the RQD values
appears to be greater also.

3.4.4.2 Discontinuities

3.4.4.2.1 Bedding and J01nt1nq Bedding and
jointing are basically as recorded for the Maln Tunnel except the
frequency of jointing is greater along the Spur Tunnel alignment.

3.4.4.2.2 Shears, Faults, and Folding The
Preakness Mountain Basalt sampled by the dr&lling along the Spur
Tunnel has been chemically altered in many places as described in
paragraph 3.4.2 above and it is suspected that this is the result
of mineralizing fluids present in a fault zpne. The spur tunnel
alignment is sub-parallel to the major structural axis in the
basin so it is suspected that it is paralleling a fault zone.
Numerous low angle shears, unaccountable loss zones, slickensided
planes, and clay filled joints are present in the cores and in
one place the core barrel dropped a foot duking drilling
indicating an open or at least very weak area. Additional
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exploration is needed, angled perpendicular to the al
the Spur to confirm the presence of faulting.
3.

5 LABORATORY AND FIELD ROCK MECHANICS TESTING

3.5.1 General

As 1s true of the exploration program, the rock
testing conducted thus far has been aimed primarily
design. Despite this, much of the data is equally aq
the characterization and design of the shafts and sus
The test program procedures and results are covered i}
portion of the text and not repeated in subsequent sq
covering the geotechnical design of the Shafts, Inlet
other than as a reference. A summary of the rock tes
has been performed thus far is summarized on a table
Attachment E.3.6. Graphical presentation of some of
is also presented in this appendix. During the early
studies the testing focused on unconfined compressivdg
and unit weight tests. This program was expanded in
phase of design to provide information on other rock
as described in the introduction. Most of the sample
later phase of testing were wrapped in polyethylene 1t
preserve the natural moisture content. They were tes
in an as received moisture condition, or submerged fg
in water and tested saturated-surface dry. Some of 1
shear strength testing was done in a submerged-saturs
condition. For the finer grained sedimentary units d
samples during the first phase of testing resulted in
gains except for the fissile shales.

The applicability of the testing and a summary d
results are presented in the following paragraphs. 1
laboratory reports are on file with the New York Dist
of Engineers and present details that are important Y
lengthy to be included in this report.

3.5.2 Unconfined Compressive Strength The Uncg
Compressive Strength Test (U.) is a widely used index
gives some indication of the rocks resistance to bred
is not the definitive parameter for excavation since
factors are influential but it is one of the fundamer
parameters used to give some indication of the TBM pz
rate discussed in paragraph 3.8.1.3.3. These tests }
on intact samples however many had incipient fracturg
that controlled the breakage. On some of the tests {
deformation of the samples was measured to determine
Modulus and Poisson's Ratio of the materials. In all
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strength tests have been performed. Deformation readings were \.)
taken on 66 of these. As would be expected the more compact,

dense rocks such as the very fine grained sandstones and the

basalts have very high elastic moduli exceeding 10’ PSI but even

the siltstones and mudstcnes are not highly compressible. The
greatest compressibility was exhibited by the loosely cemented,

coarse grained sandstones of the Passaic Formation. Figures in
Attachment E.3.6 show the Uc data on a formation by formation

basis. As can be seen from these figures there is significant
variation of strength within each formation.

3.5.3 Brazilian Tensile (Splitting) Test This type of
test is widely used to determine the tensile strength of material
by splitting a disk of specified dimensiong. This index test is
also indicative of TBM production rates. Eight of these tests
were run on the various lithologies. The sedimentary rocks
ranged from 602 PSI to 1,651 PSI with the shale and micaceous
rocks being weakest. The two basalt samples broke at 1,198 PSI
for the amygdaloidal rock and 2,043 PSI for the dense basalt.

3.5.4 Direct Shear Testing The direct shear testing
program consisted of testing both intact samples and samples with
a pre-sawed failure surface, in a direct shear box. Most of
these tests were run in as received moisture content. Those
tested at Missouri River Division were run submerged. Normal ku)
loads of between 100 and 450 PSI were utilized for most of the
testing however a few tests were run at lower normal loads. For
the intact strength determinations, samples were selected which
had a visible plane of weakness on which fgilure was expected to
occur. A peak strength at failure and residual strength or
sliding friction after failure were recorded on each test at a
given normal load. In most cases three samples from each rock
core were taken so that a suite of tests at three different
normal loads could be run. These three regults provided three
points for drawing the peak strength envelope and three for the

sliding friction envelope. 1In some cases failure did not occur
on the predicted plane of weakness. Also, variations from sample
to sample were unavoidable. For these reasgons there is

considerable scatter in the intact direct shear test results.
This was anticipated so numerous tests werd run to try to even
out the discrepancies. The sliding friction data shows less
scatter than the intact strength data. In addition selected
samples were prepared by pre-sawing and lapping a failure
surface. Each sawed surface sample was tested using three
different normal loads and a failure envelope developed for each
set of data. This test represents a lower bound for the shear
strength of a particular rock type and normally is most
consistent from the standpoint of variations. The direct shear
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strength test data and sliding friction test data is
figures in Attachment E.3.6 for five of the formatior
approximating the shear strength of jointing in the 3
analyses the sliding friction values were used. Thej{
run at high normal loads which results in lower bound
the friction angles. This may be overly conservative
subsequent testing should be conducted with lower noi
ranges.

3.5.5 Triaxial Test Limited triaxial testing }
performed so far. The results are not presented here
available through the New York District Office of thg
Engineers.

3.5.6 X-Ray Diffraction

To adequately define the mineralogy of much of f{
was necessary to use x-ray diffraction. Much of the
mineralogy of the samples does not indicate a swellirp
being mostly illite and kaolinite with trace amounts
However the x-ray data shows the presence of smectitg
the samples. The swelling characteristics of the clg
were determined by the ethylene glycolation test. T}
information conflicts with the findings of the jar sl
described later but suggests that the proportion of 4

clays not sufficient to cause a problem in most cases.

It is also interesting to note that the percenty
feldspar in the sandstone samples ranges from 3% to ]
an indication that the material tested is not highly

The mineralogy of the igneous rocks is also revg
showing the amount of weathering and alteration that
and as an indicator of the rock strength.

3.5.7
on Passaic sandstone,
gabbro.
the sandstone at 16.67% then the Gabbro at 10.16%.
the igneous rock is relatively tough and resistant t
losses. These values are probably representative of
types regardless of which formation they are from ho
greatest variability should be expected from the san

LA Abrasion Testing LA Abrasion tests ws
Towaco shale, and Preakness Mol

J

3.5.8 Unit Weight Testing Unit weight determi
been performed on 165 samples from the various litho
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data is summarized on a Table and shown on figures in Attachment
E.3.6. The samples were tested with as recéived moisture content
which affected the results slightly. The uhit weight testing has
been used to estimate the vertical stress at the tunnel level
discussed in paragraph 3.6.3 and it is needed in performing the
plane failure and wedge failure analyses discussed in paragraphs
4.8, 5.8 and 6.8.

3.5.9 Schmidt Hammer Testing The Schmidt hammer rebound
test is a commonly used index test. Tests were run on 18 samples
of various lithologies. The samples were submerged in a water
bath for two weeks prior to testing. Seven of the tests produced
no reading because of sample saturation. Rébound numbers for the
basalt samples ranged from 24.6 for vesicular material to 36.7
for finely crystalline Orange Mountain basalt. Most values were
above 30. The rebound number for the sedimentary rocks ranged
from 12.2 to 27.7. None cf the shales tested provided a reading.

3.5.10 Specialized Testing Because of the individual
performance characteristics of various typeé of tunnel excavation
machinery, different manufacturers have devised different test
methods to evaluate what is commonly referred to as a
"Drillability Index". These tests are specialized and not
usually run by most laboratories. Results of this testing, when
completed, will be interpreted by the manufacturer to predict
machine productivity, cutter disk wear, and other pertinent
design considerations. To this point a limited amount of this
type of testing has been accomplished. Some by the manufacturers
and some by the independent laboratory of the Norwegian Institute
of Technology. This testing was focused on the toughest, most
abrasive rock cores that were available. Information from this
testing was used in the project cost estimate to predict cutter
wear and costs. :

3.5.11 Future Rock Mechanics Testing

Additional rock mechanics testing is required to provide a
better statistical base for some of the rock properties. Future
testing will include a large number of unconfined compressive
Cests as well as point load testing of core as it is recovered
from the bore hole. Additional direct shear testing is also
required along with more specialized testing for predicting
cutter wear and machine production.

In the next stage of design, sources of construction
materials will have to be identified, sampled, and tested for
suiltability for use as concrete aggregate and slope protection
stone
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3.5.12 Field Testing Rock

3.5.12.1 Point Lgad Testing
3.5.12.1.1 TITest Equipment and Methods

the rock mechanics test program, point load tests wen
cores from the tunnel section. The point load test i
test which is easy to run in the field and which, thz
simple conversion, can be compared to the unconfined
strength. The comparative ease of the point load tes
broader coverage of the rock strength than is possibl
laboratory unconfined compressive tests and allows td
cores immediately after they are recovered. The test
used, shown schematically on Figure E.3.14, consisted
PLT-10 instrument manufactured by the Structural Behd
Engineering Laboratory of Phoenix, Arizona. The machi
fitted with a load frame, a hydraulic jack,
gage which read directly in pounds force exerted at t
The gage is graduated up to 10,000 pounds. Tests are
across the diameter of the core and along the axis of
a measure of anisotropy is developed. The sample is
much as possible, such that the load acts along the g
of the preferred failure plane. The lcad is applied
pump and measured by the hydraulic gage. The gage is
a maximum deflection needle which marks the maximum I
sustained by the sample before failure.

3.5.12.1.2
location, and orientation of the sample along with th
results were entered in the remarks column of the fis
FORM 1836) roughly in the area of the test. Unusual
patterns were recorded by a sketch. Data on each of
were entered in a data base and analyzed using a micr
The point load index for these tests was computed acg
the International Society of Rock Mechanics recommend
procedures and corrected for size so the Index report
Is(so0). The Iss0) values were multiplied by a correl:
of 24 to give an approximation of the Unconfined Uni
Compressive Strength. This correlation factor is bad
by Bieniawski, D'Andrea and various other authors. 1
comparison with Unconfined Uniaxial Compressive Strer
valid for the diametral test where the breaks are ocd
parallel with the bedding.

3.5.12.1.3 Test Results

A clean,

with this test which results in a considerable amount
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in the data. In the thinly bedded material the axial tests \u)
usually broke on a diagonal or in a "stair stepped" surface to
the side of the core. Failure of weaker rock were often
progressive with the cone shaped platens gradually penetrating
the sample before failure. The strength o% the weakest material
was often below the sensitivity of the pressure gage, especially
for the diametral tests in shales. In the |more homogeneous rock
the diametral tests sometimes broke axiallﬁ and in some cases the
strength of the rock exceeded the range of the gage. There is a
lot of scatter in the data. This is expectied because of normal
variation in rock strengths. This results from differences in
cementation, bedding, mineralogy, cohesion, texture, etc. In the
sedimentary rock the axial strength is normally much higher than
the diametral strength because they are gerlerally perpendicular
to the bedding. For the basalts the oppoéite is generally true
although the difference in strength is lesé.

The amount of data for the point load testing is too great
to be presented in full in this document. %Instead it is
summarized on the figures contained in Attachment E.3.7. The
field data compares favorably with the labdratory test data.

3.5.12.2 Jar Slake Testing j g ’

3.5.12.2.1 Methods A crudq measure of the slake
durability of the various rock types is pravided by this method.
A short piece of core from a rock type which is suspected of
being susceptible to slaking is placed in ﬁ jar full of water and
observed over time. Periodic observations lof the sample are made
to see 1f any material has spalled off and ian estimate of the %
of material lost and the time of the observation is made.

3.5.12.2.2 Results Generally, while many of the
rocks present along the tunnel alignment cdntain significant clay
fractions, few of them show a susceptibility to slaking. Most of
the clay minerals present are Illite and, donsequently are fairly
stable. A further measure of this is the dondition of the rock
cores after many years of storage. Only a lsmall percentage of it
has deteriorated significantly because of slaking despite being
exposed to the effects of weather. Similar observations can be
made on the condition of the few surface e#posures in these
rocks.

3.5.12.3 Water Pressure Testinq;

3.5.12.3.1 General This déta is most pertinent
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to the ground water study presented in section 2 of {
appendix. It is presented here because it was part (

testing consisted of using a wire line packer in HQ q
holes. For most of the holes only the zone of major
was tested. Generally this was assumed to extend frq
above the proposed crown elevation to 45 feet below {
invert elevation. Selected holes were tested for thg
to try to determine the connection between the overbi
rock. The borings drilled in Newark Bay were tested
straddle packer.

3.5.12.3.2 Data Reduction

The aim of the pressure testing was to provide ]
on the ground water transmission characteristics of {
rock mass, specifically the coefficient of permeabili
recommended procedures in, Bennett, R.D., and Andersq
Technical Report GL-82-3, "New Pressure Test for Deté
Coefficient of Permeability of Rock Masses", July, 19
Waterways Experiment Station and Goodman, R. E., Moya3
Schalkwyk, A., and Javandel, I., "Ground Water Inflov
Tunneling" have been used for preparation of the data:
pressure test information. It is consistent with thd
references and with Corps guidelines. The equation 1
continuum analysis (ie. assumed uniform seepage along
length) using the constant head test. It is;

K, = (Q/ZnLHO) *ln( R/rc,)
where: K., = Equivalent coefficient of permeab
Q = Volume flow rate at equilibrium (I
r, = Borehole radius (L)
R = Radius of influence of the pressul
(Distance from borehole at which

pressure is zero)

H, = Excess pressure head at center of
section
H, = *tfo'/y, (Force L7?)

L = Length of test section (L)
(Consistent units should be used for all the va
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In this equation R, the radius of influehce is not known.
However, research has shown that in fractured media;

i
i
!

L>R>L/,

Generally R will be smaller in a fissured mass because head
loss occurs more rapidly with distance from the hole. For this
data R is assumed to be .75L. The pressure tést data is
presented in Attachment E.3.8.

I

3.5.12.3.3 Analysis The pressure test data were
used to estimate the water inflow which is expected during
construction of the tunnels and the amount of| grouting ahead of
the TBM that would be required. Grouting ahead of the TBM adds
considerably to the cost. In addition the an lysis provided
input into the prediction of ground water draw-down that would
result from the tunnel construction and operation. For purposes
of this analysis the tunnel was divided into two reaches, one
from the outlet to station 485+00 and the other from station
485+00 to the main inlet. This division was based on an
approximation of the depth of cover over, and| hence the
hydrostatic pressure on, the tunnel (see parayraph 3.6.3, Stress
Analysis). The permeability data was presented as a histogram ‘
for the two tunnel reaches. Each histogram, included as figures \u)
in Attachment E.3.8, presents the data for a series of
permeability ranges expressed as a percentage of the total length
of borehole tested. Shortcomings of this appioach include over
representation of high permeability zones. For example, a short
reach of high permeability rock in a long tes¢ section will be
represented as a high permeability for the entire length of the
test section. Also, because of the method used in the field
operations very low permeability zones, with K less than 1x107°
cm/sec are below the sensitivity of measurement. Overall,
however, these are thought to have a minor influence on the
analysis.

3.5.12.3.4 (Conclusions All analysis of the
results was conducted as described in Technical Report GL-82-3.
The pressure test data has been compiled in a data base and an
equivalent k computed for each test. This was done using the
continuum model constant head test. The length of tunnel
involved suggests that a continuum method would be acceptable for
overall modeling. The permeability data and g¢roundwater level
data are presented in Attachment E.3.8. ‘

3.6 DESIGN PARAMETERS \_)
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3.6.1 General Many of the design parameters n
tunnel have already been discussed in previous parag
include Unconfined strength, shear strength, unit we
structural geology, and permeability. Additional pa
discussed previously are outlined below. The specif
these parameters on the design process which was uti
discussed in greater detail in paragraph 3.7.1.

3.6.2 In-Situ Stress The principal stress dir
not been determined at this level of design because
likely to add substantially to the cost of construct
an important safety issue and should be addressed in
phase of design. The problem lies in the cost of acqg
data at depth and its reliability. It is probable t
will be significant differences in both the magnitud
direction of the principal stress at various locatio
tunnel. This is influenced by the localized geology
tests will have to be run at several locations to ac
statistically significant sample and to account for

the stress. Hydro-fracturing is the most likely met
might be used to determine the in situ state of stre
reading using the hydro-fracture technique it is nec
have a thick, homogeneous section of rock to set the

3.6.3 Tunnel Stress Distribution The hydrosta
is assumed to result from the weight of the water co
the tunnel as measured in the borehole. This is an
simplification but as a rule would yield the maximum
hydrostatic pressure. It is likely that fractures i
are the main conduit for water transmission and ther
hydrostatic pressure is not uniform throughout the r
The vertical stress is assumed to be the result of t
the overlying materials. No attempt has been made
analysis to measure or estimate stresses resulting £
forces and it is assumed that any vertical stress th
produced by the glaciation has already dissipated.
the weight of material at a location each boring log
to measure the ammount of each different lithology a
tunnel. For example feet of Boonton Formation shale
overburden etcetera. Each of these footage values w
by the average unit weight of the material as determ
laboratory and all of the values added together to g
vertical stress measured at the tunnel crown. To ge
effective stress the hydrostatic pressure should be
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from the vertical stress. Plots of this data versus tunnel \“)
station are presented on figures and tables in Attachment E.3.10. |
The hydrostatic pressure was used to design the tunnel liner as f
described in Appendix G. ‘

3.7 STABILITY ANALYSES ‘
3.7.1 General

The ultimate goal of the tunnel design is to ensure a stable
opening of the required dimension, with the desired hydraulic
characteristics, and at the least cost. As the opening is made
it will disturb the existing, at-rest state, of the surrounding
rock mass. Over some variable time period dependant upon rock
mass conditions and state of stress, the rock mass and stress
within it will redistribute in such a way to produce a new at-
rest state. The design should assure that this occurs without
loosing the project function. To ensure this, the rock mass is
provided initial support to control movement within it such that
a self supporting rock arch is developed around the desired
opening. The goal is to install an adequate amount of an
appropriate type of initial support that will safely accomplish

this. Determination of the type and amount of initial support is \u)
central to the design. The final liner is to be installed to

provide the required hydraulic characteristics and to resist the
hydrostatic pressure acting on it.

Among the many factors influencing the:selection and design
of the initial support are, method of excavation, size of the
opening, purpose for which the opening is béing made, practical
construction and compatibility issues, grouhdwater conditions,
rock strength and deformation characteristics, state of stress,
rock unit weight, discontinuity characteristics, discontinuity
spacing, and more. Analysis must take all of these factors into
account. Two primary methods of performing these analyses exist,
the numeric or analytical and the empirical. Numeric methods
utilize the principals of rock mechanics and a knowledge of the
site conditions to evaluate the problem. Several numerical
methods are available and fall into two main categories based on
how they model the rock mass. The continuum methods treat the
rock mass, more or less as if it was free to deform in any
direction. Some of the more sophisticated of these methods allow
for modeling anisotropic strengths but they'all treat the mass as
a continuous medium so movement can occur in any direction
favored by the mass strength and induced stress field. The
discontinuum models treat the rock as a fractured medium and

U
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constrain movement to the discontinuities which occu
orientations. Examples of both of these methods are
greater detail below. The empirical methods evaluats
mass based on a data base of past experience using a
parameters that allow quantifying of mass properties
numbers assigned to these parameters allow for a rela
comparison of various properties of the rock mass but
do not define a measurable physical property. For t}
study the empirical method was used to select the suj
requirements and formulate the estimate. A detailed
of this is provided below. It will be appropriate tgd
numerical analyses on the proposed support system sel
empirical methods at a later date. What should be ke
is that many of the parameters that actually effect t
of the opening are highly variable over the length of
and also very hard to quantify precisely. It is comp
impractical to provide a precise analytical design fq
point along the tunnel. For this reason a reasonable
conservatism is warranted in selecting the support tg
uncertainties. Each of the numerical evaluations of
designs should be conducted at several places along f
alignment to provide a reasonable measure of assurang

D

-

D

b

p
L

3.7.2 Numerical Methods, Continuum Model

One generic type of numerical analysis is called
boundary element stress analysis. Using a finite ele
this method is used to approximate the stress field
the tunnels and how the rock mass will respond. Inpu
analysis includes the rock mass strengths and the in-
field after the tunnel opening is made. It predicts
stability by dividing the available rock mass strengt
induced stress field around the tunnel at each node {
grid. Where this ratio is less than 1 the rock mass
stressed and in need of additional support. The locs
length of the support, ie. rock bolts, shotcrete, or
can then be evaluated. For this method the rock mass
to isotropic and homogeneous.

g
J

|

Modeling of non-linear, non-elastic behavior whi
possible with the boundary element analysis requires
sophisticated modeling technique known as a finite di
model. Several variations of this type of analysis 3
available. The Fast Lagrangian Analysis of Continua
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one of these programs. Using this model it' is possible to
evaluate the interaction of the support system with the rock
mass, discontinuities, and stress field. Out put from this
program includes a displacement diagram which shows the predicted
magnitude and direction of movement within the rock mass as a
result of the tunneling after the support is installed.

3.7.3 Numerical Methods, Discontinuum Mcodel

A recently developed numerical model that evaluates the rock
mass as a fractured medium is called Dynamic Discontinuous
Deformation Analysis or DDDA. This method incorporates the
properties and orientations of discontinuities as well as the
intact rock mass. Since the strengths along the discontinuities
are normally much lower than the intact rock, failure in this
model will occur along these weakness planes. The effects of the
support system can be input to this model by increasing normal
loads across discontinuities. This is an agternate method that
uses a more accurate model of failure that the continuum methods.

Another type of discontinuum method th?t evaluates wedge
failure in a tunnel is conceptually similar to the DDDA but
handles the analysis one wedge of rock at a time. For the
tunnel, unstable wedges may form in the crown with 3 or more
joints in combination or in the walls with two joints in
combination with a bedding plane. The maximum size of the wedge
is limited by the size of the opening. The orientation data is
fed into the computer which then computes, geometrically, the
largest wedge that is possible under the confiqguration which is
input. The stability of this wedge is then analyzed. "Unwedge"
or "Phases" are both public domain programs!which perform this
type of analysis. The wedge analysis is debscribed in greater
detail in Section 4 for the shafts.

3.7.4 Empirical Methods

3.7.4.1 General

Because of the large number of parameters and their
variability it has proven practical to evaluate the stability and
support requirements of tunnels based on ekperience developed
over many years. Key properties of the rock mass such as
strength, fracturing, groundwater conditions, and state of stress
have been numerically characterized with thbse systems to provide
a comparative basis on which to evaluate design and to provide a
basis for future design. These rock mass classification systems,
as they are known, have been developed using large empirical data
bases and are normally a very conservative design approach.
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For this phase of design two rock mass classifi
systems have been used, the Q-system, developed by t}j
Geotechnical Institute, and the RMR-system, developed
Bieniawski. 1In addition a combination of the two sys
been tried. The two systems were used to serve as a
and confirmation. The combined system was used to lg
inconsistencies between the two systems on individual
The strength of this approach is that instead of basi
design and estimate of support on a few rigorous nume
evaluations it is based on the data acquired by the ¢
program, virtually in its entirety. During the next
design it is recommened that Terzaghi's classificatig
used also. This system has been widely used in the ¢
valuable in communicating rock mass conditions for tu

In this evaluation each run of core in the bottd
feet of drilling for each hole was evaluated with bof
RMR systems. The rock above this zone was not consid
it may have been of lesser quality being closer to th
rock and more effected by weathering. It was felt th
would imbalance the analysis towards inferior rock th
be involved in the tunneling. For each system the st
characterization was based on the point load test dat
tests. This was felt to be specifically representati
rock within the pull. The RQD did not require interp
Groundwater conditions were evaluated based on the wg
testing that was performed on the pull being evaluats
Threshold permeability values were selected for each
category. The discontinuity data was taken from the
descriptions on the geologist's field logs. Conservg
values were selected for those items such as joint pqg
and stress condition that could not be discerned fronm
available data. In this way a consistent evaluation
hole was achieved. A more detailed discussion of eadg
systems is provided below. Comparative plots of the
data are presented, by formation, in Attachment E.3.]
be seen this data is very consistent with the literat

3.7.4.2 Q The Q-System is based on a 7
assessment of the rock mass quality using six differd
parameters and based on the following formula:

Q = RQD/J, * J./J, * J,/SRF
J, is the joint set number and is based on the number
different discontinuity sets that are present. J, 1S
roughness number and is based on the joint surface
characteristics for the critical joint set. J, is th

E-3-29

secl3ri.wpd/8-24-95

cation
te Norwegian
1 by
tems has
cross check
vel
readings.
ng the
rical
xploration
phase of
n system be
ast and 1is
nneling.

m ninety

h the Q and
ered because
e top of

at this

at would not
rength

a axial

ve of the
retation.
ter pressure
d.
groundwater
visual

tive fixed
rsistence

1 the

from hole to
h of the two
Q versus RMR
1. As can
ure.

jumerical
nt

of
the joint

e joint




alteration number and is based on the surface condition of the
joints. J, is the joint water reduction ndmber and is based on
the groundwater conditions. This number was selected based on
the permeability computed from the pressure testing. The SRF 1is
the stress reduction factor and is based on an approximation of
the in situ stress condition. Since this has not yet been
defined for the project a conservative value of 2.5 was used in
all of the Q determinations. This corresponds to a low stress,
near surface condition, a reasonable model for the Passaic
project. If higher stress is assumed the value of Q will go up.
Based on the data bases certain ranges of Q correspond to
descriptive rock qualities. The following table lists these
ranges and qualitative statements: ‘

0.01 to 0.1 = EXTREMELY POOR
0.1 to 1.0 = VERY POQR
1.0 to 4.0 = POOR :
4.0 to 10.0 = FAIR
10.0 to 40.0 = GOOD ,
40.0 to 100.0 = VERY GOQD
100.0 to 400.0 = EXTREMELY GOOD
> 400.0 = EXCEPTIONALLY GOOD

Histograms of the distribution of the Q vaiues by formation are
included in Attachment E.3.11. The rocks along the spur tunnel

were treated separately because they were Visibly of poorer
quality and because the Spur Tunnel is to be a smaller diameter
than the Main Tunnel.

3.7.4.3 RMR The RMR or Geomechanics Classification
System is also based on a numerical assessment of six parameters;
one is for intact strength, one is for RQD, one is for spacing of
discontinuities, one is for condition of discontinuities, one is
for groundwater conditions, and finally there is an adjustment
for the orientation of the jointing. Each of these parameters is
assigned a point value based on where in the range of possible
conditions the observation falls. The RMR is computed by adding
these six parameter values together. The unadjusted maximum value
for RMR is 100, that representing the best quality rock possible.
The lower the value of RMR the poorer the rock quality. To speed
the evaluation of RMR, a computer program developed by
Bieniawski, the author of the method, was used. Because of the
limitations of using a 2% inch diameter core for this evaluation
certain assumptions had to be made. The persistence of the

; E-3-30
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jointing was assumed to be 50 feet in all cases. As
is reasonable and, since it spans the tunnel dimensid
provides a conservative basis for design. The joint
computed for each pull by dividing the length of the
number of fractures in it. This often contained breg
induced by the drilling so, here again a conservativg
used. The general groundwater condition was figured
pressure test data and selecting reasonable values fd
values. The computed permeability in centimeters pen

times 10°®> was the basis for this selection as follows;

completely dry, K from 0 to 10 was damp, K from 10 tg
K from 50 to 100 was dripping, and K > 100 was flowin
the other relevant parameters could be taken from thqg
without much interpretation. Histograms of the distn
the RMR values by formation are included in Attachmen
The rocks along the spur tunnel were treated separats
they were visibly of poorer quality and because the §
is to be a smaller diameter than the Main Tunnel.

3.7.4.4 Combined Q and RMR In
some of the inconsistencies for individual
also evaluated based on the product of the two classi
systems. It was felt that this would tend to normali
in cases where the Q was low compared to the RMR and
Because of the nature of Q it had the greatest influg
process but the results were interesting. This procs

an effort
readings f

been discussed in the literature and does have the sH
being controlled largely by Q but it does seem to hay
effect. Again, histogram plots of this data are preqd
Attachment E.3.11.

3.8 CONSTRUCTION CONSIDERATIONS
3.8.1 Excavation
3.8.1.1 General Excavation in the tunnel

performed by two different methods under the propocsed
majority of excavation will be by TBM with starter ty
excavated by drill and blast.

3.8.1.2 Drill and Blast Sections
sections in the proposed plan were based on an assumg
length of opening at the work shafts for machine assg
support equipment layout. This length is subject to
preferences and therefore only a best guess at this j
oversized sections at the inlets will, most probably
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excavated with drill and blast along with the section from Work
Shaft 2C to the outlet shaft. At Work Shaft 2 a long section of
drill and blast was assumed in order to get through the worst of
the faulted rock. The advantages of drill and blast through this
section are increased flexibility in reactﬁng to bad ground
conditions, and the avoidance of risk in gqtting the TBM stuck in
such bad ground. The section from Work Shaft 4 to the tie-in
between the Spur and Main Tunnels will probably also be excavated
by drill and blast because of improved flexlblllty in the
operation. Because of the size of the tunmels the drill and
blast operation is assumed to take place as multiple drifts.
Possibly two upper drifts above spring line and one lower drift
that may be removed as a bench. The exact [final configuration
will be left to the contractor's discretion.

3.8.1.3 Machine Boring Issues

3.8.1.3.1 General

Although conventicnal excavation u81ng drllllng and blasting
techniques is clearly feasible and would offer flexibility in the
case that adverse geologic conditions were encountered, it
appears that a TBM 1is clearly the most economical method to
approach the Passaic River Basin Tunnel Projject. Even though a
hardrock TBM 44's feet in diameter has not yet been utilized, TBMs
40 feet in diameter have been used in Europe; larger machines are
being considered for Taiwan, and it is well within the technology
of the manufacturers to produce such a machine. The geologic
conditions present along the alignment are also believed to be
suitable for this alternative. All the well known positive
reasons for TBM excavation, such as increased production, less
temporary support, and less concrete lining as the result of
reduced overbreak, are present on this projpct. With such a
large project it will be necessary to have several contracts.
Under the proposed plan there will be 5 contracts
involving tunnel construction, 4 on the Main Tunnel an 1 on the
Spur. In the proposed plan 4 different TBMs would be needed.
Prosecution of the work would ultimately bq‘controlled by the
funding stream.

These three contractual precautions are recommended: a)Pre-
qualification of the bidders. b) Placing bid documents in
escrow. C) Use of a Contract Disputes Review Board. It is
common practice now to include a Geotechnical Design Summary
Report or GDSR as part of the bid documents.

3.8.1.3.2 Service Requiremdnts
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The TBM's proposed for use on the Passaic Tunnel
Naturally the
specific design details will be left to the manufactuyrers
They include probe

than any hard rock machines built to date.

certain requirements are anticipated.
capability for drilling ahead of the face, drilling 1
installed on either side of the main beam for rock sy
installation immediately behind the cutter head and,
rib-erector system. The cutter heads may be equippeq
mounted, recessed cutters. Among other things, the s
cutter head design will have to take into account, mj
conditions, rock hardness, and, in some of the basalt
closely jointed blocky nature of the rock mass. The
gathering system may have to accommodate some larger
that dislodge from the face during boring. Generalljy
faced design is likely to provide greater face stabil
Variable speed drive and autcomatic thrust control arg
features that will be highly desirable if not essenti
TBMs to accommodate the wide range of toughness and 4
the rocks to be bored.

Delivery of a TBM of the size being considered i
take 15 months. It is advisable that a spare main bsd
available during the life of the contract since replsd
this item could result in a significant loss of time

3.8.1.3.3 Production Rates The prog
for the TBM are dependant on the machine penetration
utilization. Estimates of the penetration rates disg
are based on the laboratory testing performed to datd
jointing characteristics of the rock mass. Figure E|
the estimated TBM penetration rate versus the Unconfi
Compressive Strength based on the experience of the §
and Atlas Copco, Jarva.

the instantaneous penetration rate for the intact material.

degree of jointing and bedding also has a tremendous
the penetration rate.

are larger
but
hole
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The
influence on

The method of computation of daily

production rates assuming a homogeneous face conditign for a TBM

is summarized below.

The instantaneous penetration rates for a TBM are calculated

as follows:

I=0+ (nxD) x¥&

Where: P
Q = maximum head speed.

(This is limited by the capacity of the cutting
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bearings. They are subjected to tremqndous pressure \m)
and should not travel much faster than 600 feet per

minute or the bearings will be damaged. Therefore the

maximum RPMs for a machine may be calcplated by

dividing @ by the circumference of the TBM.)

3.1416

diameter of cutter head

T
D H
8§ = penetration per revolution

The penetration per revolution is the key variable in this
relationship and is dependant upon numerous factors relating to
both the rock and the machine. The cutting disk size and thrust
per cutter are two obvious machine factors.) The main lithologic
factors include unconfined and tensile stréngth, toughness, and
degree of Jjointing. At this stage the Unconfined Compressive
Strength is used as a index for estimating the penetration rate.
Using the upper bound values of the strength data for the
sedimentary materials, the average penetration rate should range
between 7 feet per hour for machines equipped with 17 inch
diameter cutters and 13 feet per hour for 19 inch cutters.
Assuming an average strength of around 24,000 PSI for the basalt,
the penetration rate using 17 inch cutters |is 3 feet per hour
and 5 feet per hour for 19 inch cutters. The new 19 inch cutter
will have decided advantages when working in basalt. Although
this size cutter has had limited use to daqe, it is believed that \“)
within the next five years large machines with 19 inch cutters
will be readily available. Because of the low dips much of the
excavation will be in mixed face conditions.

Several factors affect machine utilizdtion. Case histories
show that since there is more time to perform associated tasks,
the lower the penetration rate the higher ﬁhe utilization. A de-
Crease in utilization always occurs when there is need for extra
support in fault and shear zones, when thede are large water
inflows, through reaches of highly abrasive formation, or when
there are major machine breakdowns. Muck gathering capability is
another important consideration when estimgting utilization and
production rates. It is possible, especially in the most
"boreable" rocks with a machine of this size, for the muck
production to exceed the capability of the muck gathering and
transport system. This "muck bound" condiﬁion, indicated on
figure E.3.15 is a limiting case on the machine production.
Experience has shown that the maximum mucking capacity for a 45
foot diameter machine is slightly over 11 feet per hour but it is
believed that with some modifications about 15 feet per hour is
achievable. '

If a TBM with 17 inch cutters is operating in sedimentary
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rock on the Passaic Project, a penetration rate of 7
hour with a utilization of 50% will result in an adva
estimated at 89 feet per day. If 19 inch cutters ard
an advance rate of 13 feet per hour is possible, howd
utilization would decrease. Assuming a utilization 1
one could expect an advance of about 109 feet per day
operating in basalt the penetration rate will be slow
utilization rate will be higher. 1If one uses 3 feet
penetration rate with a 70% utilization, it is estimdg
advance will be about 47 feet per day for a machine d
cutters. TIf 19 inch cutters are available, an advang
excess of 67 feet per day may be possible. The cost
are based on the lesser advance rates.

When boring in mixed face conditions, where ther
marked difference in the strength of material being s
the production is controlled by the harder or more rd
material. If the operator attempts to force through
conditions there will be excessive vibration as the d
jump from soft to hard materials. This will also res
excessive wear and chipping of the disks, and extra s
entire system. All of these factors limit the produd
through mixed face so for the purposes of the product
estimate any portion of the tunnel that had any "hard
was assumed to be excavated as if it were all hard rdg
the dense basalts are considered hard rock in the est
Amygdaloidal, vesicular, pillow, and weathered basalt
considered soft rock that could be excavated at the s
the sedimentary rocks. From the standpoint of penetrn
production rates all of the sediments are considered

this estimate even though some of them will undoubted
gquicker than others. The table in Appendix E.3.11 sh
production estimate was formulated and presents the 1
tunnel that fall in each rock category divided out by

3.8.1.3.4 Cutter Wear Estimates Vern
work has been done so far to predict cutter wear so (
estimates of cutter wear have been used in the cost ¢4
Many of the rocks to be excavated have a high silica
based on the thin section analysis, much of this sili
This suggests that these rocks will be very abrasive|

3.8.2 Muck

3.8.2.1 General The tunnel muck producsd
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construction will generally fall into two categories, blasted
muck and TBM derived muck. Only a very smalll percentage of the
tunnel is to be driven by drill and blast methods.

3.8.2.2 Nature of Materials The muck produced by the
drill and blast operations is likely to contaln a wide range of
particle sizes with the coarse fraction domhnatlng The precise
size distribution will be dependant upon thé nature of the rock
being shot and the layout of the blasting pattern The muck
produced by the TBMs will be comprised of a!very fine fraction
mixed with flat and elongate fragments. The gradation is
dependant upon the rock type being bored but normally the higher
the penetration rate the larger the flake dimensions. Figure
E.3.16 was taken from a promotional pamphlet distributed by
WIRTH, a German TBM manufacturer. It gives a rough idea of the
range of particle sizes that can be expected from a TBM. The
fine fraction results from crushing of the material under the
cutter disks. The balance of the material ﬁemoved flakes off
between the grooves cut by the disks. The width of the flakes is
dependant on the cutter spacing and the thlckness is dependant on
the penetration rate.

3.8.2.3 Methods of Removal It is$ most likely that a
horizontal tunnel and vertical shaft conveyor system would be
used in conjunction with the TBM driven tunnel for muck removal.
Use of other haulage methods will not be exd¢luded by the
specifications however other methods will probably not be able to
keep pace with the muck production of the machlne in the more
boreable rocks. Some recent experience lndicates that about 5%
improvement in TBM utilization can be realized when conveyors are
used instead of mucking trains. Muck removal in the drill and
blast sections will probably be by loaders and possibly some
rubber tired vehicles. As mentioned previously this does not
represent a very large percentage of the tunneling.

3.8.2.4 Surface Transportation This issue can not be
completely resolved until construction begins because of
uncertainty in the long term availability of different
transportation systems. Depending on the shaft location muck
will be transported from the site either by train, truck, or
barge.

3.8.2.5 Potential Usage Refer to Section 16, Appendix
E, for a full discussion cf the disposal of the tunnel muck.
Adequate disposed areas have been located for the tunnel muck
within 10 miles of the workshaft. All muck is suitable for use
as levee fill, engineered fill, and quarry fill. The basalt
tunnel muck could be processed into concrete or asphalt aggregate
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or road base material.

3.8.3 Initial Rock Support

3.8.3.1

Design and General Considerations

The initial support of the tunnel opening is that which is

installed prior to placement of the liner.

It will gonsist

primarily of rock bolts on regular spacings installed in the
crown of the tunnel approximately 30 degrees above the spring

line.

The spacing of the bolts will be dependent upgn the

quality of the rock in the crown and will be supplemanted with

spot bolting, welded wire mesh, and strapping.

In cgses where

rock bolts are not sufficient to support the rock, fgar example in

faulted areas, 8 x 48 steel ribs on four foot centers
used. Typical section of the various initial support
both the main tunnel and the spur are shown on Plates
E.3.2.
Tunnel Boring Machines because of the amount of dust

will be
layouts for
E.3.1 and

Shotcrete is not generally regarded as compatible with

and latence

that it produces and because it can not be applied vegry close to

the face.
contractors using shotcrete with TBMs but it is still
usage. It is likely to be very useful in the portion

tunnels that are driven using Drill and Blast methodg.

is anticipated that steel fiber reinforced shotcrete
as part of the initial support system before the fing
formed and poured.

The initial rock support requirements have been
using the rock mass classification systems.
category is based on the rock mass classification val
equivalent dimension of the excavation. The equivals
is a function of the span and purpose of the opening.
example a temporary mine opening would not require th
amount of support as a permanent water tunnel. Baseg
literature the span of the opening should be divided
called the Engineering Support Ratio or ESR to derive
appropriate equivalent dimension. The ESR is based or
proposed use of the opening. In the case of the Pasg
an ESR of 1.3 was used which is pertinent for storags
water treatment plants, minor highway and railroad ty
chambers, and access tunnels. A higher ESR of 1.6 mi
appropriate since the larger tunnels are to excavateq
Ranges of Q and RMR, for the appropriate equivalent ¢
were selected based on recommendations from the consy
and from the literature for each support class of roq
modification of the support classes described in the
was necessary because of the size of this tunnel. Ag
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it was assumed that pattern bolting on fivé foot centers would be \“)
needed. For poorer quality rock classes this spacing would be
tightened up to 4 feet. This support was gupplemented with
welded wire mesh, strapping, and steel ribs based on the tunnel
class. In all, seven classes of rock were%used to characterize
the mass and each class had a corresponding initial support
design. 1Instead of trying to characterize specific tunnel
reaches which would require specific support treatment the data
was evaluated statistically. The percentage of data in each Q or
RMR class range was assumed to be equivalent to an equal
percentage of the total footage of tunnel to be bored in each
formation per contract. In this way, for each contract the total
footage requiring support class I, II, III etc. treatment could
be figured without specifying precisely what reach of tunnel this
corresponded to. It was not felt to be realistic to be this
specific since normal practice is to evaluate support
requirements as the tunnel is bored. Being too specific based on
the limited data available will very likely result in differing
site conditions claims. This method just provides a systematic,
supportable approach to estimate the amound of each class that
can be expected overall. The limits of the different support
classes for Q and RMR by contract and the design description of
these classes is presented in Attachment E.3.12.

3.8.3.2 Rock Bolts Rock bolts lare to be the primary &“)
means of initial support in the tunnel. They are to be installed
immediately behind the head of the TBM using drill rigs installed
especially for this purpose. Several different types of rock
bolts are available and each provides specific advantages and
disadvantages. Swellex® and split set bolts belong to the broad
category known as friction anchored bolts.§ The disadvantages of
these bolts are they are not regarded as long lived as solid bar
reinforcement, they will normally require corrosion protection
for permanent installations, the length of bolt that can be
installed is limited, and their material cost is relatively high.
For split sets the hole diameter is very critical. Their
advantages are they are more able to deform with the rock mass
and still retain their strength, and they are quick and
relatively cheap to install. The use of Swellex® bolts or split
sets has not been encouraged in the Corps df Engineers. Resin
encapsulated bolts provide the advantages of quick installation,
adaptability, and resistance to corrosion. ' Their disadvantages
include, high cost, occasional problems with anchorage
reliability, and resin can be messy and toxic without adequate
ventilation. Cement grouted bolts using mechanical anchors and
Hollow Core® beolts are another option for ﬁupport. Their
disadvantage is that they are more difficult to install, and they
do not develop their maximum support as quickly as the other

.
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systems described. For the purposes of the cost estimate the
resin encapsulated bolts were used. This will put the cost on
the high side so that savings may be achieved during|the next :
phase if some less expensive type of bolt is deemed acceptable at S
that time. e

3.8.3.3 Strapping Strapping is to consist of 12 to :
124 gage steel plate deformed as shown on Plates E.3|1 and E.3.2.
This is to provide necessary support between the rock bolts as
needed. The key is to hold intermediate loose blocks of rock in
place so that the self supporting rock arch can form This
supplemental support is normally fabricated specifically for a

job. It must be installed so that it is contact with the rock to
be effective. Many experts prefer curved, light sections of
channel or I-beam to strapping.

3.8.3.4 Welded Wire Mesh This material is to be

used to prevent small rock falls from occurring betwéen the |
bolted and strapped material. Even a small rock congtitutes a
serious threat to worker safety in a tunnel of this size. The
estimate is based on welded wire mesh with a 4 inch $quare
opening. Welded wire is preferred over chain link mésh because

it will not unravel if a strand is severed. The mesh will be

held in place with the rock bolts and intermediate short pins as
needed. The mesh is to be installed over the upper 90 degrees of
the tunnel as needed based on the frequency of jointjing and
bedding. Mesh on the side walls and invert is not thought to be
necessary.

3.8.3.5 Steel Ribs Steel ribs will be ne¢ded
primarily in the faulted areas where the disturbed rock will not
allow bolting to develop adequate strength. The ribs will be
installed in segments immediately behind the TBM head. Some type
of lagging between the ribs will be needed. Mats of|welded
rebars (Melbourne type) are beginning to take the place of
convetional wooden lagging in the U.S. and offer seveéral '

advantages. For the cost estimate it was assumed that 8" ribs

weighing 48 pounds per foot would be installed on 4 oot centers
through the bad ground. The ribs would eventually beg
encapsulated in the final concrete liner.

3.8.4 Tunnel Lining A detailed discussion of|the tunnel
liner design is presented in Appendix G, Structural Design.
Initially three alternative treatments were considered, unlined,
pre-cast-segmental, and cast-in-place. Because of environmental
and longevity considerations the unlined option was e¢liminated
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i i
early in the study even though it is the cheapest alternative. &&u)
Based on its more desirable hydraulic characteristics and the
recommendations of the consultant group, a cast-in-place liner

was assumed to be most appropriate at this stage of design. The

option to use a precast-segmental liner should be an option that

is left to the contractors, possibly as a bidding option. The
cast-in-place liner was designed to withstand full hydrostatic

head assuming groundwater elevation equal to the top of ground
elevation. To accommodate the variation in this hydrostatic

pressure the strength of the concrete was varied and the liner

thickness was held constant at 15". Under the proposed plan the

liner within a given contract reach would not be placed until the
excavation in that reach is completed. :

3.8.5 Water Inflow and Control

A critical issue for the successful completion of tunneling
is the control of water inflow. This is of importance from both
an operational and environmental standpoint. | The results of the
groundwater study indicate that some water bearing zones are
present which would produce enough flow to stop tunneling
operations. In addition, the drawdown of watler levels within
these zones caused by unobstructed flow into the tunnel is

environmentally unacceptable. For these reas
necessary to anticipate and treat these high

ons it will be
yield water bearing

zones before encountering them with the excavation.

In order to anticipate areas of heavy inflow the TBMs will
be fitted with the capability to drill and probe hole in advance

of the drive as described in paragraph 3.8.1.
high flow from the probe hole will initiate a

3.2. Indication of
grouting operation

by drilling a series of holes in advance of the TBM and pre-

grouting the rock mass before boring through

it. A successful

grouting program will be much easier before making the tunnel

opening, however this will result in keeping
the grouting is performed.
cost of tunneling.
based on the analysis described earlier.

the TBM idle while

This adds very silgnificantly to the
The added costs related to grouting have been

Panning may be used for localized seeps as
necessary to allow for placement of the concrete tunnel liner as

described in
complete,
will be performed in the more pervious zones.
grouting through the liner is performed to en
between the liner and the surrounding rock.

paragraph 3.8.4. After liner p

3.8.6 Ventilation and Dust Control Ade
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‘ any underground works is strictly controlled by OSHA|regulation.

(Hj The contract will require that all pertinent regulatjions are met.
Driving the tunnel with TBMs produces a lot of dust.| Since much
of the rock to be bored has a high silica content this dust poses
a serious medical threat to workers if it is not adeguately
controlled. Dust suppression systems using water ar¢ commonly
used but will be left to the contractor's discretion|so long as a
system which meets the minimum requirements is utiligzed. The
potential for medical problems inherent in silica dust will be
addressed in the contract.

3.8.7 Potential for Encountering Gassy Conditions

This issue 1is related to ventilation but constitutes a
separate, and potentially serious condition. There were
indications during the exploration work that hydrocarbons are
naturally occurring in some of this rock. Strong hydrocarbon
odor and "crude oil" seepage was noted on the log for boring C-
130 at a depth of 280 to 290 feet in the Towaco Formation. The
possibility of gassy ground is obviously in this formation and
should be strongly suspected in all of the Jurassic s$edimentary
rocks which contain dark grey beds with high organic|content.
Further evaluation of the red-beds and basalts is neg¢essary to
reach any conclusions regarding gassy ground while excavating in

(;/ them. However monitoring will be a requirement for all of the
tunneling work.

Monitoring during the shaft sinking is also a wilse
precaution. Some of the overburden may be contaminated to the
point where gassy conditions could pose a threat to worker health
and safety.
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sec3rj.wpd/8-24-95




REFERENCES \J

American Society of Civil Engineers, 1989,}"Avoid and Resolving
Disputes in Underground Construction, Successful Practices and
Guidelines"™, ASCE Publication, pp 1-24 wit, 3 appendicies

Bieneawski, Z.T., 1989, "Engineering Rock Mass Classifications",
John Wiley & Sons, pp 1 251

Bowcock, J. B., Boyd, J. M., Hoek, E., and |Sharp, J. C., 1977,
"Drakensberg Pumped Storage Scheem - Rock ﬁnglneering Aspects.",
Proceedings Symposium Exploration for Rock | Englneerlng, Zz.T.
Bieniawski, editor, A.A. Balkena, Rotterdam, Volume 2, pp 121-139

Brekke, T.L., Heuer, R.E., and Korbin, G. EJ 1990, "Passaic River
Diversion Tunnel Project, New Jersey", Flnal Report Phase A,
Jul., U. S. Army Corps of Engineers, Nashvllle District,
Nashville, TN, 20 pp.

i
Broch, E. and Franklin, J.A., 1972, "The Paint Load Strength
Test", International Journal of Rock Mechanics, , Min. Sci. Vol
9, Pergamon Press, pp 669-697 ‘

Broch, E., Franklin, J.A., and Walton, G., 1971, "Logging the
Mechanical Character of Rock.", Transactions/Section A of the
Institution of Mining and Metalurgy, Vol 80, pp Al-A9 )

Buro, M. R., May, 1970, "Prestressed Anchoﬁs and Shotcrete for
Large Underground Powerhouse.", Civil Engineering, ASCE, Volume
40, No. 5, pp 60-64 |

East, J. H. and Gardner, E. D., 1964, "0il |SHale Mining, Rifle,
Colorado, 1944-56.", U.S. Bureau of Mines, /Bulletin 611, pp 1-163

Endersbee, L. A. and Hofto, E. 0., 1963, "Civil Engineering
Design and Studies in Rock Mechanics for Poatina Underground
Power Station, Tasmania.", Journal of the Institution of
Engineers, Austrailia, Volume 35, pp 187-2Q9

Faulst, George T., 1978, "Joint Systems in the Watchung Basalt
Flows, New Jersey", US Geological Survey Professional Paper 864-
B, US Government Printing Office, Washingtdn D.C., 45 pp.

Hoek, E. and Bray, J., 1977, "Rock Slope Englneerlng" Revised
2nd Edition, The Instltutlon of Mining anq Metalurgy, London, pp
1-402

Hoek, E., and Brown, E.T., 1980, "Underground Excavations in
Rock", The Institution of Mining and Metalurgy, London, pp 1-527

International Society of Rock Mechanics, Jdne 10, 1984,
"Suggested Method for Determining Point Load Strength", pp 53-60. \,)

E-3-42




Imprie, A. S. and Jory, L. T., 1968,
Powerhouse Arch at the W.A.C. Bennett Dam During Exc

Proceedings, 5th Canadian Rock Mechanics Symposium,
19-39
Kaiser, P. K., and Hutchinson, D. E., 1982, "Effects

"Behavior of the Underground

avation.",
Foronto, pp

of

Construction Proceedure on Tunnel Performance", Proceedings of

the Fourth International Conference on Numerical Met
Geomechanics, Edmonton, Canada, pp 561-569

Kimmons, G. H., Mar-April, 1972, "Pumped Storage Pla
Mountain in U.S.A.", Tunnels and Tunneling, Volume 4
pp 108-113

University of Trondheim, The Norwegian Institute of |
The Division of Construction Engineering, October, 1
Rock Tunneling, Project Report I-88", pp

U.S. Army Corps of Engineers, 1987, "Flood Protectiol
Main Stem Passaic River", Phase I, General Design Mej
Part III, Dec., U.S. Army Corps of Engineers, New Yo
NY, 63 pp.

U.S. Army Corps of Engineers, 1982, "Park River Loca
Project, As-Built Foundation Report, Auxiliary Condu
Volumes I and II, U.S. Army Corps of Engineers New E]
Division.

Stillborg, B., 1986, "Professional Users Handbook fo
Bolting", Trans Tech Publications, Series on Rock an
Mechanics, Vol 15, pp 1-145

Serafim, J. L. and Periera, J. P., 1983, "Considerat
Geomechanical Classification of Bieniawski", Interna
Symposium on Engineering Geology and Underground Con
Proceedings, Volume 1, pp IT.33-II.42

Toolanen, B., Hartwig, S., and Janzon, H., "Design C
for Large Hard Rock TBMs When Used in Bad Ground", A
Mechanical Rock Excavation AB, Stockholm, Sweden. 16

Toombs, A. F., Snowdon, R. A., and O'Reilly, M.P., 1
Particle-Size Distributions of Debris Produced Durin
Trials", Transport and Road Research Laboratory, Dep
the Environment, TRRL Report # 714, pp 1-24

Van Houten, F.B., 1969, "Late Triassic Newark Group,
Central New Jersey and Adjacent Pennsylvania and New
Geoloqy of Selected Areas in New Jersey and Eastern

hods in

ht at Racoon
Number 2,

4

rechnology,
88, "Hard

h Feasibility
morandum,
rk District,

] Protection
it Tunnel",
ngland

r Rock
H Soil

ions on the
tional
struction,

bnsiderations
tlas Copco

pp.

576, "The
g Tunneling
artment of

North
York",
Pennsylvania

and Guidebook of Excursions, Subitzky, S., ed., The
Society of America, Rutgers University Press, New Br]
pp. 314-347.

E-3-43

Geological
unswick, NJ,




Various, October 1978, "Analysis of Tunnelistability by the

Convergence-Confinement Method", Proceedings AFTES Conference,

Paris, Underground Space, Volume 4, Number'6, pp 361-402

Wijk, Gunnar, 1980, "The Point Load Test for the Tensile Strength
of Rock", Geotechnical Testing Journal, GT$ODJ, Vol. 3, No. 2, pp

49-54.

US ARMY CORPS OF. ENGINEERS PUBLICATIONS

ENGINEERING REGULATIOHS

ER 1105-2-10Planning PLANNING PROGRAMS
18 DEC, '85 ;
ER 1105-2-20Planning PROJECT PURPOSE PLANNiNG GUIDANCE,
Chap. 3, FLOOD DAMAGE REDUCTION. :
1 JuLy, '82 ‘

ER 1105-2-30Planning GENERAL PLANNING PRIN¢IPALS
18 oCT, '85

ER 1105-2-60Planning PLANNING REPORTS
*%22 NOV, '85

ER 1110-2-1150 E&D ENGINEERING AFTER FEASIBILITY STUDIES
*%*15 NOV, '84

ER 1110-2-1200E&D PLANS AND SPECIFICATIONS
**12 JUNE, '72

ER 1110-2-1160 E&D CONSULTANTS

6 AUG, '71

ER 1110-2-1801 CONSTRUCTION FOUNDATION ﬁEPORTS

ER 1110-2-1925 FIELD CONTROL DATA FOR EARTH AND ROCK
ER 1110-2-2901 CONSTRUCTION COFFERDAMS

ENGINEERING CIRCULAR$

EC 1110-2-265 E&D ENGINEERING AND DESIGN FOR CIVIL WORKS
PROJECTS, 1 SEPT, '89

DESIGN MANUALS

EM 1110-2-1801 GEOLOGICAL INVESTIGATIONS

EM 1110-2-1802 GEOPHYSICAL EXPLORATION |

EM 1110-2-1804 GEOTECHNICAL INVESTIGATI%NS

EM 1110-2-1901 SOIL MECHANICS DESIGN SEEPAGE CONTROL

EM 1110-2-1903 BEARING CAPACITY OF SOILS

EM 1110-2-1904 SOIL MECHANICS DESIGN SETTLEMENT ANALYSIS
EM 1110-2-1906 LABORATORY SOIL TESTING

E-3-44

)

J




EM
EM
EM
EM
EM
EM
EM
EM
EM

™
™

1110-2-1907
1110-2-1910
1110-2-1913
1110-2-2000
1110-2-2005
1110-2-2901
1110-2-2906
1110-2-2907
1110-2-4300

5-818-4
5-818-4

SOIL SAMPLING
INSPECTION OF EARTHWORK CONSTRUCTI(
DESIGN AND CONSTRUCTION OF LEVEES
STANDARD PRACTICE FOR CONCRETE
STANDARD PRACTICE FOR SHOTCRETE
TUNNELS AND SHAFTS IN ROCK

DESIGN OF PILE STRUCTURES AND FOUN
ROCK REINFORCEMENT

INSTRUMENTATION FOR CONCRETE STRUC!

TECHNICAL MANUALS (NAVFAC)

BACKFILL FOR SUBSURFACE STRUCTURES
DEWATERING GROUNDWATER CONTROL

E-3-45

DATIONS

'URES




PASSAIC RIVER FLOOD DAMAGE REDUCTION STUI

APPENDIX E

SECTION 3

FIGURES

Y




DEPTH BELOW TOP OF ROCK (FEET)

PASSAIC RIVER TUNNEL PROJECT
RQD VERSUS DEPTH BELOW TOP OF ROCK
BOONTON FORMATION

25
50
75
100 4
125
150
175 ¢
200
225

250

275

AW

: . : . & .
P ; P g
300 forn — SRR S— e R B S— 1 — PO ’o@<

395 | S SO A T N S Qb o
z é % e s f

380 | ................... ................... ................... .................. ..................

375 | — e S e SN N 0 Qi

400 | b ARNS S, T S SR B A S— S

425 [ RS ................... ................... ................... ................... .................. ——

450 :
0 10 20 30 40 50 60 70 80 90 100

RQD

Figure E.3.1




DEPTH BELOW TOP OF ROCK (FEET)

25

50

75

100

125

150

175

200

225

250

275

300

PASSAIC RIVER TUNNEL PROJECT
RQD VERSUS DEPTH BELOW TOP OF ROCK
HOOK MOUNTAIN BASALT

o O

O

O

0 10 20 30 40 50 60 - 70 80 a0 100

RQD

Figure E.3.2




DEPTH BELOW TOP OF ROCK (FEET)

PASSAIC RIVER TUNNEL PROJECT
RQD VERSUS DEPTH BELOW TOP OF ROCK
TOWACO FORMATION

[T N EET , ................... A Qs M ............ BN neeereenenens
; ; 020 0TEE1OTY

75 | — S S— Q..;.O....O....(;)O .............. oGDOOga ..............

100 |- _ ................... ....... o ............... % ...... Q.. ¥ ; O%{b .................
T R D P
125 | ; ................... ( ................. . ...... Qg,o .......... %‘ ................... .<8 ...... OQ8<8 .......

150 [0 0 00 Bog B

w7

175 | v ................... ................... .,o ........... 0 ........ oo O ........ o4

O
S

200 |- , ................... ( ................... , ................... ................... .................. @ Qi) Q x 8 .......

A i z i : i : i B i O
f : : : L O
225 | ................... ................... 4444444444 OOQQOQ% .......

@)
T 0 508
280 |- , ................ ................... ................... .................. Oé)g ........
SNSRI S——— S
o | o EJ
[ Q
300 | e b b R SO SOOI SO Q.| TSN - B

e e
e T B
325 ; ................... ................... (‘ .................. ) ................... ............. O(; \o ...........

{0 N EEEITISS ................... ................... ................... ................... .................. O

O

375 Lo ................... ................... v ................... OO .....

400 | T T S S F— SR 0 — Qe

425

0 10 20 30 40 50 60 70 80 90 100
RQD

Figure E.3.3




PASSAIC RIVER TUNNEL Pl?iOJECT
RQD VERSUS DEPTH BELOW TOP OF ROCK

PREAKNESS MOUNTAIN BASALT

o
8

B

b

s

B

b
o

| o %% Odo o o 8 . e
o 906050, 0080 03 geoaooBomoo 8 o

: O :
: 5 : : 00 : : 4 H : :
.a ................... O ............. 8 ........ 8@%%%@8 ........ o @; ..................... O .................. ..................... .....................

100

100
125
150
178
2
250
275
300

(1334) M00¥ 40 401 M0T138 HLd3a

RQD

Figure E.3.4



DEPTH BELOW TOP OF ROCK (FEET)

PASSAIC RIVER TUNNEL PROJECT
RQD VERSUS DEPTH BELOW TOP OF ROCK
FELTVILLE FORMATION

25 | ......... _ .................. O .................. _ .................. e
50 | ......... O ............ O' ................... ................... .................. R
. — ................... ................... ................... e
100 | ................... ................... ____________ o ........ S O
125 [ ﬁ ................... h .................. -
180 o ................... 4444444444444444444 ................... o ................... - .
175 | ................... ................... ................... ek C—
200 o ................... ................... e 0.0

A T— T S — T S S e T

250
0 10 20 30 40 50 60 70 80 S0 100

RQD

Figure E.3.5




DEPTH BELOW TOP OF ROCK (FEET)

25

50

75
100
128
1 ‘.SQ
175
200
225
250
275
300
3285
350

375

PASSAIC RIVER TUNNEL PROJECT
RQD VERSUS DEPTH BELOW TOP OF ROCK
ORANGE MOUNTAIN BASAL?T

By R TRy PP Py S PP PPURt SOP PP E P PP P OO U &t PP SUPTRRUOPRTRRY

0 10

20 30 40 50 a0

RQD

60 S0 100

Figure E.3.6




100

PASSAIC RIVER TUNNEL PROJECT
RQD VERSUS DEPTH BELOW TOP OF ROCK

PASSAIC FORMATION

08, 55 o & 0
m%@@& ....... Q@AVO.. @. ............ O- .......... e O. ...................... ................. O Ox ................................
Qo .o a | *og !
< o O & o,
..... o@o
a@o % oooo o 90 79 P
S o 4 O S0 i b i b
faia© oo TP
po.o....o...m.pw...m... 29 o S — H :
d i & %9¢ o
o Q@ o7 Lo o !
o “ ool Yo
......... oo...,~.).).).,‘.~.\.\
4 o o o0 o
o O o
....... o e T o 3 o B e S
00530 o Pl P m
: : : J : B : :
% o
Oo .......... O ....................................................... 00 ........... ....................... ......................................................... ...............................
o o
© & 3 B 8 & 83 2 8 &§ 8 2 8 8 8 2 8 & 8 2 8 8 8 ®
— ~— - -— oN o~ o~ N ™ L8} " M L <+ « <+ 9] 'e} 'e] el

(1334) X00¥ 40 40OL MO39 H1d3d

9

RQD

Figure E.3.7



DEPTH BELOW TOP OF ROCK (FEET)

PASSAIC RIVER TUNNEL PROJECT J
RQD VERSUS DEPTH BELOW TOP OF ROCK
PASSAIC FORMATION

100 Lo L O S— - RPN e

OOl
T

125

150

175

200

225
250
275
300 !

325

: ; AN
A NSRS

350

375

400

425

450

475

500

525

550

575

0 10 20 30 40 50 60 70 80 90 100
RQD

Figure E.3.8




NOILVLS T13NNNL JLVYWIXOHddV

"paJsjunodus sauoid Buippsq uado jo
Jaquinu a4y} Aq yibus| @103 [DYO)} By} Buipiap
£q payndwod som ssauxdiy) buippaq sbouaap ayj

I T ] T I 0 >
A
< - o
. [0y N N A A Py
A 1 Ao \ W VA VA
NN AV W A A 7} P g
A WA I\ [WAWAY AN W AN /- @)
\ TAVIR 1Y UNY TN VAN mMm
\ I\ 1 \f I A |
Vo N Y 1 z
1WA ARV 1 w
| — \ M
| \ O
[ . O
| i e -
{ X .
] bd LI A P
I...0. o) a > —4-“ — e ()
Y a) o A d P ¥ (o)
[-2 - - I — .
o _.Q o ; _«n S { mlu 1
2 (= (2] my .......... m Y m
Tt _m 3 m M
o o — c-—io ) z o
d = = - 2 M N
=
= > = B 9 W0 =)
= Lu_ > £ d n o
o L — L <) g =
2 1= z o4 > of = —~ =]
ot [ - |
g = m
lln*
w g
0ol

LAAA NI SSANMOIHL DNIAAId IDVYIAV ALVIIX0YddV
LOAr0Odd TANNMNL JIVSSVd

I



D, D,

(STWAYILNI) FTONV dId

eI N I LI I - - A N
(o V@ & o&%%%o/ﬁo X"

1 0
et
1 0%
1 G
1001
1 G2l
1061l
1 GLL
1002
1 62¢
1 052
16/3
1 008
1628
3068

Q3LNNOD SINIOM 40 ¥3IFWNN TVLOL

VIVA AL TIOHNMOQ WOY¥d TTIONV dId J0 NOILNFIILSIA
TANNL DIVSSVd

Figure E.3.10



¢ 40 | 133HS

‘0 — 0 UonRDIUBLIO 30 ausm sbuippas |¢|
‘9spq DIDP SIYy Ul spuiod QOG'L J9AO 9D duay)

NOILO3Ha dId
O8L 0LIL 09L 0SL O¥L OFL OZL OLL OOl 06 ©08 OL 09 OS Oy O 0Z OL O
b 5 3 0
q (3
° o) 100 ¢ ° : $ «ovmw m
° & o b o @) ° Q ° 2 <= 01
_ O ) ) ) [@)] O [0S
)] 9 , o o Q o ° o ° M
q P ¢ o o q [ () b 3
o $ 4 o d o | O o) o E J
° ) ° ) ° ° 3
) o E
b () [+} ° ¢ 3
¢ o f ° s ° o )] 3 os
O ) o m i
M ° ¢ ° 2 ov J
=] = 3
839 O 0 ° O 3 0
O ° ° 9 o 3 05 =
q o O o w ° 3 m
SONIQVIY 01< ﬂw o 3 5
~ © m S S —3 09 &
° [ [} 3 -
/ q ° m F
- SONIQV3Y 6-G °d 871 3 I 3
o ° S S O 3 0L
D [+] 2
g | © o8, ]
SONIQV3Y ¥-2 o Q o ° o 3
o o [+] (] q 3 Om
o o : , E
HTNO SNIAV 3O 6-6-0-0-G-o(De I Do 000 © * 06
did

VYIAV) AL TI0HIIOE WO¥d VIVA ALIONILNOOSIA
LOUrodd TANNNL JIVSSVd



¢ 40 ¢ 133HS ‘0 — Q UORDIUBIO D diem sBulPDaL | ¢ |
"95Dq D}OP SIYy Ul syulod 0OG*|L JeA0 8D sudy)

NOILO3dId dI
09¢ 0SE O¥e 098 028 Olf 008 062 08Z 0L 097 0SZ 0¥ 05T 022 0LZ 00Z 06l 08l

) 804

g
W O
5

0

ol

@ oL

oQoo
Oo OO

o

o

SR
o
Vo dla @B

[e]
DoO(J

(o]

0z ... [

° ©JO00°
PR Ve W

WP SA OO

(0 o0 Q0[O0 o
91O @A

P

q
Q
°

oc@o@oo o

@
Do

OT
B o
°
o
O
)

o¢

oy

0S
O ) o &

SONIQv3Y 01< o

q P
O O

SONIQVIY 6-G °
O @ 8 °
SONIQV3Y $-2 o

09

[
Figure E.3.12

°
oo
O

0L

08

[}

ATINO ONIGV3Y 3NO

<]
D
At 74
o}
=]
o
dlciii s e b b s dann ey bisgiia s nlani ey s laiatar
g

&,
o
o

did

VIIAVD AL TIOHIYOd WO¥A VIVA ALIANLLNODSIA
LOUfO0dd TANNAL JIVSSVd



'P3INSO3W 3J9M UONDIO] | 1O SBUI UDIS Z }|osog
‘TN SSaUNDaId 3y} IO 'PIINSDIW 3IM SUONDIO]
C 10 s3ull uDds 9 jjosog W abuobig ayy oy

v A

(1334) 9NIOVS INIOP

NN

~

SN NN
VO VO

NN

(CIR

NN
“ N

‘PRINII0 U0 IIS IAYUL
yuiof o aseym adoid yoo0a bulnsosw puo 3doy
D Buisn UKD} JJ9M S3UIN UDIS |OJUOZIIOY ISIY|

SN
NN

1WSV8 1IN SSINXMVIND -

17vSve 1K JONVH0 .

SONIJV3IY 40 438ANN

Al

Sd0Y¥ILNO LTVSVE NO SINIT NVOS [LNIOr

I

Figure E.3.13



POINT LOAD TEST APARATUS
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LT Fdr samples D is measured between the platens, [ ]
L is the length of the sample., !

b
T

D JAMETRAL

SAMPLE ORIENTATION

The point load strength index is computed by
dividing the failure load by the dia. squared.

Empirical studies indicate that the Unconfined
Compressive strength is 24 times the point load
strength index.

PASSAIC FLOOD DAMAGE
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FOR CLASE V. v VI, USE STRAPWING
A3 ASOUTAED.

IX48 STEEL migs

8 i
TUNNEL EXCAVATION
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CLASS v POOR ROCK
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SEE DETAIL A

CLASS | EXTREMELY GOOD ROCK
CLASS 1l VERY GOOD ROCK
CLASS 111 GOOD ROCK
CLASS IV FAIR ROCK

WOTED FOR CLASS 110,101, 1V, ¥.V1.  USE WINE MESH
A AG30.TO PREVENT ROCK FAGH FALLING.
FOR CLASS IV V V1. USE STRAPPING
a3 mrQuneD.
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LL XY
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Efa¥Y2ids.61.0

N=699,586.1__ _
£E=2,146,490.3
Inv=-400.7

WORK SHAFT #2B

CURVE DATA
LC=46.75"
R=500"
0=699,768.4N
2,146,944 . 4E
Ang=3.9104°

E 2.160,000

KEARNEY POINT
WORK SHAFT #2C

Vi PT
7 Stq. 20+82.4

N=686-902" 1
7 E=2,1%3,048.9
VL cunve oaTA Inv=-408.99
c= ,l' ~ e PT-VIPC
R=500 — " Sta. 20+80
D=686, 900N N=686, 900
2,153,050€ E=2, 153,050
Ang=0.2743 Tnv=-409.
CURVE DATA — Tepe
LC=3ES ) STa. 17+64.6
R=500" bo525537100. 0
D=686,670.3N Se s
2,152,605.9€ Inv=-407.4
Ang=36. 1522 Sta. 0+00
N=684,850.0
E=2.152,830.0
Inv=-398.6

PASSAIC RIVER TUNNELS
Survey Dafa - Sheet 1 of 6
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' CURVE DATA ;
 LC=36.29’ ‘
, R=500" ‘

D=718,240.60N |
' 2,138,946.92E
, Ang=4.1582° !

-

BC s WORK SHAFT #2A
N=T718,083, PT
£=2,138,471.18 —_ Sta. 364+89

. Inv=-165.84

V2 CURVE DATA

- y2 PC LC=11.5"
o Sta. 163+73.2 R=500"
& N=699,596.6 =699,586. IN
o £=2,146,485.7 MR TR
- Inv=-400.3 Ang=2.7402°
‘ -v2P
o - §FaY 54618
R 'N=699,586. | o
~ , £-2,146,490.3
Inv=-400.7

\ PASSAIC RIVER TUNNELS
_Survey Daid - Sheet 2 of 6

WORK SHAFT #2B
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V3PT(Shaft ¢)
Sta. 483+98.0
N=729,281.93
E=2,135,553.46
Inv=-26.17

WORK SHAFT #5

V?PC

Sta. 483+92,04
N=729,276.04
E=2,134,55.43
Inv=-25.97

V3 CURVE DATA
LC=5.87"
R=500"
D=729,281.93N
2,135,553.46E
Ang=0.6417°

'

e
PC
Sta. 365+25.29 WOR
N=718,083.8
E=2,138,471. —
Inv=-165.42

PASSAIC RIVER TUNNELS
Survey Data - Sheet 3 of 6

140,000

£ 2,

N 720.000

, CURVE DATA
LC=36.29'

+ R=500°
D=718,240.60N

' 2,138,946.92F

' Ang=4.1582°

—

P
*Sta. 364+89
N=718,041.7

- E.3.1-7




125,000

2,

£

PT-1
Sta. 635+17.83
N=743,229.42
E=2,129,359. 14
Inv=-18.04

CURVE DATA
LC=953.2
R=1500'
D=741,986.37N
2,128,519.58E
Ang=36.4099"

N 740,000

PC-1

Sta. 625+64.64
N=742,664.6
E=2.129 B71.44
Inv= .52

Sta. 623+76.00
N=742,475.82
E=2,129,937.48

Inv=-18.61

WORK

PASSAIC RIVER TUNNELS
Survey Data - Sheet 4 of 6

3PT(Shaft C)
ta. 483+98.0
*729 281.93

. 135,553 46
nv— 26.17

HAFT #5

RK SHAFT #2

V3 CURVE DATA
LC=5.87"
R=500"
D=729,281.93N
2,135,553.46E
Ang=0.6417°

E.3.1-8




SPUR INLET

Sta. 70+15.0
N=751,497.4
E=2,110,580.35
Inv=-0.6

E 2,125,000

N 740,000
- o ) —-__-‘>_~7‘>‘A"“‘,--——-_
'
]
1
1
1
WORK SHAFT #3 |
Std. 843+47.0
N=757,549.96 |
E=2,115,072.60
Inv=-7.61 .
5 -
T- CURVE DATA
gta? 781+12.46 LCG=905.3"

N=751,588.12

WORK SHAFT #4

Sta. 3+26.36
N=752,200.0

E=2,117,100.0
Inv=-10.63

Inv—-ll 3

W8. 6930 25/
S1ope=0-0015

SPT
Sta. 7+84.75 /
N=752,439.77 /
E=2,116,738.91 y N4
Inv=-9.94 / NaO,

Siog

SPUR CURVE DATA
LC=253.61"
R=250" ///
D=752, 192.68N
2,116,176.92E
Ang=58.{248% ///
Std. 5+31.14

N=752,355.43
E=2,116,966.68
nv=-10.32

PASSAIC RIVER TUNNELS
Survey Data - Sheef 5 of 6

E=2,117,458.21

R=1500"
D='752, 134.97N
2,118,854.97E

Ang=34. 1529°
VENy/gHAFT *6

Sta. 783+00
N=751,936.77
E=2,117,321.7
Inv=-11.22




[elolEelata)

(7]

N 780.0060

A0, Gou

]

POMPTON
INLET

Sta. 1077+47.0
N=779,265,75
E=2,106,3483.08
Inv=+3.5

PASSAIC RIVER TUNNELS

Survey Data - Sheet 6 of 6
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