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1.1—PURPOSE AND SCOPE

The provisions of these Specifications are
intended for the design, evaluation, and rehabilitation
of highway tunnels. These Specifications are intended
for the design of tunnels constructed using cut-and-

cover, bored, mined, and immersed tunnel
construction methodologies.
Provisions are not included in these

Specifications for water conveyance, utility, transit, or
rail tunnels or for shafts. For tunnel elements not
explicitly covered herein, the provisions of these
Specifications may be applied, as augmented by the
Engineer with additional design criteria where
required.

Construction specifications consistent with these
design Specifications are not included. There is a
listing of suggested construction specification
sections included in Appendix B.

Structures internal to tunnels that support
roadways over ventilation plenums, roadways, or
other openings in the tunnel shall be designed in
accordance with the AASHTO LRFD Bridge Design
Specifications (hereafter referred to as the LRFD
Specifications) including all applicable interim
changes and as modified or supplemented herein. The
load effects of these internal structures shall be
applied to the tunnel lining, walls, or other supporting
members in accordance with these Specifications.

Retaining walls for retained cut approaches to
tunnels shall be designed in accordance with the
LRFD Specifications.

Support and ancillary structures such as
ventilation, control, and administrative buildings are
not covered by these Specifications. These structures
shall be designed in accordance with local building
codes.

These Specifications are not intended to supplant
proper training and experience or the exercise of
judgment by the Engineer, and provide only the
minimum requirements necessary for public safety.
The Owner or the Engineer may require the
sophistication of design or the quality of materials and
construction to be higher than the minimum
requirements. The design of tunnels is strongly
dependent upon the geologic setting, site conditions,
and construction methodology, and this fact is
considered in the Specifications. The concept of
ground/structure interaction is emphasized for mined
and bored tunnels; however, it is also applicable to
cut-and-cover and immersed tunnels.

The concept of safety through redundancy and
ductility is emphasized for tunnel elements subject to
repeated loads and load reversals.

The design provisions of these Specifications
employ the Load and Resistance Factor Design
(LRFD) methodology. The load factors have been
calibrated using structural analysis modeling for a
limited number of loading conditions that take into
account ground/structure interaction.

C1.1

These Specifications are modeled after the LRFD
Specifications and the AASHTO Guide Specifications
for LRFD Seismic Bridge Design. The philosophy and
guidance provided in those documents are carried
forward and implemented in this document.

Whenever the LRFD Specifications are
referenced in this document, the reference is to the
latest edition including all applicable interim changes.

The term “notional” is often used in these
Specifications to indicate an idealization of a physical
phenomenon, as in “notional load” or “notional
resistance.” Use of this term strengthens the
separation of an engineer’s “notion” or perception of
the physical world in the context of design from
physical reality itself.

The term “shall” denotes a requirement for
compliance with these Specifications.

The term “should” indicates a strong preference
for a given criterion.

The term “may” indicates a criterion that is
usable, but other local and suitably documented,
verified, and approved criteria may also be used in a
manner consistent with the LRFD approach to tunnel
design.

The load factors specified in Section 3 have been
calibrated to provide designs with member
proportions consistent with the current practice in
tunnel design.

The calibration is based upon analyses performed
for a circular bored tunnel. Additional calibration for
different tunnel cross-sectional geometry and
loadings from a variety of ground conditions would
be useful in further validating and refining the load
factors.

The primary loads on structural components of
tunnels are groundwater and earth loads. For
immersed tunnels, loads imposed by transporting
immersed elements from the fabrication site to the
tunnel location can also govern the design of these
tunnels. For pre-fabricated linings used in bored
tunnels, construction-imposed loading can govern the
design. The determination of groundwater, earth,
transportation, and other construction loads varies
based on the in-situ conditions, level of testing during
subsurface investigations, and ground conditions may
have great variation. There are little data available to
establish a statistically significant sampling in order
to calibrate these Specifications based upon structural
reliability theory. As such, judgment and past
experience were also used to select the load factors.

These Specifications are an initial attempt to
codify and standardize highway tunnel design. As
such, as future data that are produced in a systematic
fashion in accordance with these Specifications
become available, recalibration may be implemented
based on statistical evaluation of these data.
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1-2 LRFD ROAD TUNNEL DESIGN AND CONSTRUCTION GUIDE SPECIFICATIONS

The commentary is not intended to provide a
complete historical background concerning the
development of these Specifications, nor is it intended
to provide a detailed summary of the studies and
research data reviewed in formulating the provisions
of the Specifications. However, references to some of
the research data are provided for those who wish to
study the background material in more depth.

The commentary directs attention to other
documents that provide suggestions for carrying out
the requirements and intent of these Specifications.
However, those documents and this commentary are
not intended to be a part of these Specifications.

The Specifications direct the Engineer to utilize
other documents in the development of designs. When
this occurs, the most current edition of those
documents should be utilized. Those documents
referenced in the Specifications are intended to be part
of these Specifications by reference.

Unless otherwise specified, the Materials
Specifications referenced herein are the AASHTO
Standard Specifications for Transportation Materials
and Methods of Sampling and Testing.

1.2—DEFINITIONS
For definitions not shown, see the LRFD Specifications.
Bored Tunnel—A tunnel constructed utilizing a tunnel boring machine.
Calibration—The selection of load and resistance factors to achieve a specified goal such as uniform reliability, as is
the case with the bridge design specifications, or member proportions consistent with past practice, as is the case with

these Specifications.

Collapse—A major change in the geometry of the tunnel lining or other structural component rendering it unfit for
use.

Component—Either a discrete element of the tunnel or a combination of elements requiring individual design
consideration.

Contract Documents—Drawings, specifications, reports, and memoranda that provide direction and/or guidance for
the construction of a tunnel and that form a contractual basis for the work to be performed.

Contractor—Entity responsible for the construction of the tunnel and associated construction engineering.

Cut-and-cover—Sequence of construction in which a trench is excavated and the tunnel or conduit section is
constructed and then covered with backfill. (AASHTO, 2010)

Design—Proportioning and detailing the components and connections of a tunnel.

Design Life—Period of time on which the statistical derivation of transient loads is based: 150 years for these
Specifications.

Engineer—Agency, design firm, or person responsible for the design of the tunnel and/or review of design related to
field submittals.

Evaluation—Determination of the load carrying capacity of one or more components of an existing tunnel.

© 2017 by the American Association of State Highway and Transportation Officials.
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Extreme Event Limit States—Limit states relating to events such as earthquakes, flooding, vehicle fire, or vehicle and
vessel collision, with return periods in excess of the design life of the tunnel.

Force Effect—A deformation, stress, or stress resultant (i.e., axial force, shear force, torsional or flexural moment)
caused by applied loads, imposed deformations, temperature changes, or volumetric changes.

Immersed Tunnel—A tunnel constructed from prefabricated elements constructed off the tunnel alignment, floated
into place over the tunnel alignment, and placed into a prepared trench. Placement is facilitated by the addition of
ballast to the elements to cause them to be immersed to the pre-determined depth and then joined to the adjacent
element(s) already in place.

Limit State—A condition beyond which the tunnel or component ceases to satisfy the provisions for which it was
designed.

Load Modifier—A factor accounting for ductility, redundancy, and the operational classification of the tunnel.

Mined—Any tunnel construction methodology that involves excavation of the tunnel without opening the excavation
to the surface and without the use of a tunnel boring machine, including mechanical excavation, blasting, and hand
excavation.

Model—An idealization of a structure or structure—ground system for the purpose of analysis.
Owner—Person or agency having jurisdiction over the tunnel.
Regular Service—Condition excluding the presence of special permit vehicles and extreme events.

Rehabilitation—A process in which the resistance or functionality of a tunnel component or connection is either
restored or increased.

Resistance Factor—A statistically or experience-based multiplier applied to nominal resistance accounting primarily
for variability of material properties, structural dimensions, and workmanship, an uncertainty in the prediction of
resistance, but also related to the statistics of the loads through the calibration process.

Service Life—The period of time that the tunnel is expected to be in operation.

Tunnel—Road tunnels as defined by the American Association of State Highway and Transportation Officials
(AASHTO) Technical Committee for Tunnels (T-20) are enclosed roadways with vehicle access that is restricted to
portals regardless of type of the structure or method of construction. The committee further defines road tunnels not
to include enclosed roadway created by highway bridges, railroad bridges, or other bridges. This definition applies to
all types of tunnel structures and tunneling methods such as cut-and-cover tunnels, mined and bored tunnels in rock
and soft ground, and immersed tunnels.

Tunnel Boring Machine (TBM)—Machine that excavates a tunnel by drilling out the heading to full size in one
operation. Sometimes called a mole, the TBM is typically propelled forward by jacking off the excavation supports

emplaced behind it or by gripping the side of the excavation (AASHTO, 2010).

1.3—DESIGN PHILOSOPHY

1.3.1—General

Tunnels shall be designed for specified limit states
to achieve the objectives of constructability, safety, and
serviceability, with due regard to issues of inspectability,
maintenance and economy. Additional information
regarding tunnel systems, planning, ancillary facilities,
and appurtenances can be found in Section 2.
Regardless of the type of analysis used, Equation
1.3.2.1-1 shall be satisfied for all specified force effects
and combinations thereof.

C1.3.1

The limit states specified herein are intended to
provide for a buildable, serviceable tunnel capable of
safely operating for a specified design life. As defined
in Article 1.2, the design life relates to the return period
of the transient loads of the strength limit states and
hence their nominal magnitude. The design life should
not be confused with the service life. As defined in
Article 1.2, the service life relates to the eventual
demonstrated durability of the tunnel. The service life of

© 2017 by the American Association of State Highway and Transportation Officials.
All rights reserved. Duplication is a violation of applicable law.



1-4

LRFD ROAD TUNNEL DESIGN AND CONSTRUCTION GUIDE SPECIFICATIONS

The specified 150-year design life is appropriate for
the design of tunnel geotechnical features and soil—
structure-interaction-systems given the high capital
costs of rehabilitation and replacement and the likely
importance to the transportation network. Internal
structures such as roadway slabs and suspended ceilings
as well as system components, such as signs, piping, and
their supports; communication and signal devices; and
ventilation equipment that are more easily replaced, may
have design lives assigned to them by the Owner.

1.3.2—Limit States
1.3.2.1—General

Each component and connection shall satisfy
Equation 1.3.2.1-1, for each limit state unless otherwise
specified. For service and extreme limit states, resistance
factors shall be taken as 1.0 except for bolts. For bolts,
the provisions of Article 6.5.5 of the LRFD
Specifications shall apply.

an’YiQiSq)Rn:Rr (1321-1)

in which:

For loads for which a maximum value of v; is
appropriate:

Ni=npnzn: = 1.0 (1.3.2.1-2)

For loads for which a minimum value of v; is
appropriate:

1

= <1.0 1.3.2.1-3
M= o S ( )
where:

1 = load factor: a multiplier applied to force
effects

¢ = resistance factor: a multiplier applied to
nominal resistance, as specified herein

ni = load modifier: a factor relating to ductility,

redundancy, and operational classification

a tunnel is not specified in these Specifications, just as
the service life of a bridge is not specified in the LRFD
Specifications, as the durability of tunnels or bridges is
not well quantified.

The resistance of components and connections is
determined, in many cases, on the basis of inelastic
behavior. In other words, the capacity of tunnel
components used to define their nominal resistance at
the strength limit states is based upon behavior past first
yield of the material. On the other hand, the force effects
on the load side of the LRFD equation, Equation 1.3.2.1-
1, are determined using elastic analysis but amplified by
the specified load factors. This apparent inconsistency
is consistent with most modern structural-design codes
including the LRFD Specifications. The application of
this comparison of loads and resistances for design is a
result of incomplete knowledge of inelastic structural
action combined with the behavior of the earth
surrounding the tunnel that acts in concert with the
tunnel structure.

Cl1.3.2.1

Equation 1.3.2.1-1 is the basis of the LRFD
methodology.

Ductility, redundancy, and operational
classification are considered in the load modifier n.
Whereas the ductility and redundancy directly relate to
physical strength, operational classification concerns
the consequences of the tunnel being out of service. The
grouping of these aspects of the load side of Equation
1.3.2.1-1 is therefore, arbitrary. However, it constitutes
a first effort at codification. In the absence of more
precise information, each effect is estimated as +5
percent, accumulated geometrically, a clearly subjective
approach.

Groundwater is an example of a loading that would
be appropriate to apply as a maximum and a minimum.
Variation in groundwater elevations are common due to
seasonal changes and tidal influences. Tunnel linings
are designed as compression members; therefore,
maximum groundwater pressures would produce
maximum axial loads and vice versa. As such, both
maximum and minimum groundwater loads should be
checked.

© 2017 by the American Association of State Highway and Transportation Officials.
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np = afactor relating to ductility as specified in
Article 1.3.3

nr = a factor relating to redundancy as specified in
Article 1.3.4

ni = afactor relating to operational classification as
specified in Article 1.3.5

Qi = force effect

R, = nominal resistance

R; = factored resistance: $R,

1.3.2.2—Service Limit State

The service limit state shall be taken as restrictions
on stress, deformation and crack width under regular
service conditions.

1.3.2.3—Fatigue and Fracture Limit State

The fatigue and fracture limit state shall be taken as
restrictions on stress range as a result of repetitive
machinery or ventilation loads at the number of expected
stress range cycles.

1.3.2.4—Strength Limit State

Strength limit state shall be taken to ensure that
strength and stability, both local and global, are provided
to resist the specified statistically significant load
combinations that a tunnel and its component parts are
expected to experience in its design life.

1.3.2.5—FExtreme Event Limit State

The extreme event limit state shall be taken to
ensure the structural survival of a tunnel during a major
earthquake, flood, tsunami, collision, blast, or fire, or
when an immersed tunnel is subject to sinking vessel or
anchor drag loads possibly during, or in conjunction
with, a scour event.

1.3.3—Ductility

The structural system of a tunnel shall be
proportioned and detailed to ensure the development of

Cl1.322

The service limit state provides certain experience-
related provisions that cannot always be derived solely
from strength or statistical consideration.

For tunnels, this limit state controls tunnel lining
deformation, cracking, and leaking.

Cl1.3.2.3

The fatigue and fracture limit state is intended to
limit crack growth under repetitive loads to prevent
fracture during the design life of the component.
Additionally, the fatigue limit state is intended to
prevent premature failure of anchoring and supporting
components subject to machinery or ventilation loads.

Cl.3.24

The strength limit state considers stability or
yielding of each structural element. If the resistance of
any eclement, including splices and connections, is
exceeded, it is assumed that the tunnel resistance has
been exceeded. The redistribution of loads that can
occur due to structure—ground interaction typically
allows the tunnel ground supporting structure to support
loads in excess of the capacity calculated utilizing linear
elastic static analysis. Extensive distress and structural
damage may occur under the strength limit state, but
overall structural integrity is expected to be maintained.

Cl1.3.2.5

Extreme event limit states are considered to be
unique occurrences whose return period may be
significantly greater than the design life of the tunnel.

C1.3.3
The response of structural components or
connections beyond the elastic limit can be
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significant and visible inelastic deformations at the
strength and extreme limit states before failure.
For the strength limit state:

1p = 1.05 for nonductile components and connections

= 1.00 for conventional designs and details
complying with these Specifications

For all other limit states:
np > 1.00

Internal components of tunnels including structural
elements, equipment supports, and their connections
shall be designed to exhibit ductile behavior, especially
when subject to extreme events such as earthquakes.

Attention shall be given to the ductility of
transitions between structural systems of tunnels,
specifically at the interfaces between retained cut and
cut-and-cover  structures; between cut-and-cover
structures and mined, bored, or immersed tunnels; and at
the joints between immersed tunnel elements.

1.3.4—Redundancy

The provisions of the LRF'D Specifications shall
be used to ensure that the internal components of
tunnels and all aspects of cut-and-cover and immersed
tunnels incorporate redundancy in their design.

For the strength limit state:

Nnr > 1.05 for nonredundant members
= 1.00 for conventional levels of redundancy

For all other limit states:

nr > 1.00

1.3.5—Operational Importance

This Article shall apply to the strength and
extreme limit states only.

The Owner may declare a tunnel or any structural
component, or connection thereof, to be of
operational priority.

For the strength limit state:

N1 > 1.05 for critical or essential tunnels

= 1.00 for typical and relatively less important
tunnels

For all other limit states:

ni=> 1.00

characterized by either brittle or ductile behavior. Brittle
behavior is undesirable because it implies a sudden loss
of load-carrying capacity immediately when the elastic
limit is reached. Ductile behavior is characterized by
significant inelastic deformations before any loss of load
carrying capacity occurs. The redistribution of load
effects provided by ground-structure interaction results
in ductile behavior of concrete tunnel linings when
proper detailing of the reinforcing is used. Internal
components, however, should be designed to exhibit
ductile behavior. The provisions of the LRFD
Specifications provide guidance and direction for the
ductile design of these internal components.

While the LRFD Specifications have a value of np
less than one in implementation, the value is unused.
Traditionally, structural engineers characterize
structures as ductile, np = 1.00, or non-ductile, np =
1.05.

C1.34

Tunnel linings for bored and mined tunnels are
considered redundant due to ground-structure
interaction and the ability to share load along the
length of tunnel.

While the LRFD Specifications include a value
of nr less than one, in implementation the value is
unused.  Traditionally,  structural  engineers
characterize structures as redundant, ng = 1.00, or
non-redundant, nr = 1.05.

C1.35

Such classification should be done by personnel
responsible for the affected transportation network
and knowledgeable of its operational needs. The
definition of operational priority may differ from
Owner to Owner. Guidelines for classifying critical
or essential tunnels are as follows:

e Tunnels that are required to be open to all traffic
once inspected after the design event and are
usable by emergency vehicles and for security,
defense, economic, or secondary life safety
purposes immediately after the design event.

e Tunnels that should, as a minimum, be open to
emergency vehicles and for security, defense, or
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SECTION 1: INTRODUCTION 1-7

economic purposes after the design event, and
open to all traffic within days after that event.

Owner classified tunnels may use a value of n < 1.0
based on ADTT, available detour length, or other
rationale to use less stringent criteria.

1.4—REFERENCES

1. AASHTO. LRFD Bridge Design Specifications. 7th ed. American Association of State Highway and
Transportation Officials, Washington, DC, 2014.

2. AASHTO. Standard Specifications for Transportation Materials and Methods of Sampling and Testing.
American Association of State Highway and Transportation Officials, Washington, DC, 2016.

3. AASHTO. Technical Manual for Design of Road Tunnels—Civil Elements. American Association of State
Highway and Transportation Officials, Washington, DC, 2010.

© 2017 by the American Association of State Highway and Transportation Officials.
All rights reserved. Duplication is a violation of applicable law.



SECTION 2 — GENERAL FEATURES AND REQUIREMENTS

TABLE OF CONTENTS
2UImmSCOPE .ttt h bbbt h e bt bt et et b et b e bt bt et eneen 2-1
2. 2—DEFINITIONS ... ettt ettt ettt ettt ettt ekt e bt et e e st et et e eeeete e bt eseeseemeemsenseseeaeebeeseeneansensensesseeseaneeneeneans 2-1
2.3 INOTATION ...ttt ettt et ettt e et et ea e e ae et e s e aeee e et e eseeneensensenseeaeebeeseaneensensenseaseesesneeneeneanean 2-2
2.3 T GONETAL ettt st bbbt et et e b h e bt st eb et et et be e 2-2
2.3, 2 ADDIEVIATIONS. ... ettt sttt ettt ettt b e sb e eb e et et et e st ebes bt bt es e es b et e s bt e bt sbeeb e e bt ea b et et besb e ebe et eatenee 2-3
2.4—TYPES OF ROAD TUNNEL STRUCTURES ......c.cootitiiiiiiiirieteteeese sttt 2-3
2.4.1—Cut-and-Cover TUNNEIS. .........coiiiiiiiier ittt sttt ettt ebe et enae s 2-4
2.4.2—MINEA TUNNELS ....c.eeetiiiteiieee ettt ettt h e bt e bt et e et setesaeesbe e bt emteeneeebeenbeenbeenseenaesneenaie 2-4
2.4.3—BO0red TUNNCIS.......eeitieiieiiee ettt e b e b et e et s et e saeeste e beenteenteeseeebe e beenseenaesaeesae 2-4
2.4.4—TmMMETISEA TUNNELS .....ooeiitiiiieiei ettt ettt et e b e b et e bt eetesseesbeesbeenbeenaeeneeenes 2-4
O Y 1 4 IR UUSUTSE PP URUUORR 2-5
2.5—PLANNING AND ROUTE CONSIDERATIONS ......ootiiiiirineritetetetentestesie sttt sttt 2-5
T e € 15 1T v | OO USSP 2-5
2.6—DESIGN CONSIDERATIONS FOR INSPECTION AND MAINTENANCE .....ccccccoviviininiiieicnenenenne 2-6
2.7—CLEARANCE AND GEOMETRIC REQUIREMENTS .......ccciiiiminiininiiieeeeresese et 2-7
2.7.1——VErtiCal CLEATANCES .....eveetieuiieiiieiii ettt ettt ettt e st e st e bt ettt st e ae e s bt et e et e anteeseesaeesbeesbeebeeneeeneesneene 2-8
2.7.2—HOTIZONEAL CLEATANCES ... eeuieiiieriietteie ettt ettt ettt sttt e sa et e e eat e et tesb e b e ebe e bt emeesmeesaeeneeeneeenee 2-8
2.7.3—Shoulders and WalKWays.........ccueriiiiiiiiee ettt ettt sttt sbe ettt ee e seee bt eneas 2-8
2.7.4—VertiCal ALIGNIMENL ......cccueevieeieeiieriieteeieeteeteste st et eseeaeseeesseasseenseesseessesssessaesseenseensesssesssesseanseenseensens 2-8
2.7.5—Horizontal ALINMENT ..........cccierieiiieieeieetieste et see ettt et e et e et e s st e teesseensesssesseesseesseenseenseensensnenseens 2-8
2.7.6—TUNNEL APPIOACKES ....oeviiieiieiieie ettt sttt et e e et e st e st et e enseenseesaessaesseenseenseensennns 2-9
2.8—SYSTEMS ..ttt ettt ettt a et e et ekt e bttt eh e e a e a s et et e b ekt eheeae e et en e et e ate bt eneebeeneeneenes 2-10
2.8.1—Codes and Standards.........coceeeueeieiiieriereree ettt st ettt 2-10
2.8.2—Supervisory Control and Data Acquisition (SCADA) SYSteM .......ccceevuieriiriierieiienierie e 2-11
2.8.3—Tunnel Ventilation SYStem (TVS) ....occuiiieiieieieeie ettt st s sae e ensesenenneens 2-12
2.8.3. 1—Tunnel Ventilation Operational MOAES................cc..cccueeveeiiiesieeiiiiasieesieesieesiieesaeesiaeesaeenieeans 2-13
2.8.3.2—TVS General Performance ReGQUITEIENLS .............c..cccveevueeeiueeiirienreesireesreesseesseesseesseesseenseens 2-14
2.8.3.3—TVS Design Analysis CAlCULATIONS..............ccoeveuiiiiuieeciieiiieeiie et ettt sae e esveesaeesbaeeanee s 2-15
2.8.3.3. 1—FEmissions Ventilation FIOW RALe................cccoocueiiiiiiiiiiiiiieet et 2-15
2.8.3.3.2— Emergency Ventilation CAPACILY ..........ccceeoueecuieiouieeiiieiieeeeieesieesieesvaesseesvaesseesseenenee s 2-16
2.8.3.3.3—Egress CalCULAIONS ..............cccocoviiioiiiiiiiiiiiieit et 2-16
2.8.3.3.4—Fan SOund ATENUALION .................cc.cooeieieieiiieeiee e e e ettt e e ae e evaeevee s 2-16
2.8.3.4—Engineering DeSign SOfIWATE .............c.cccuioiiciiiiiiiiiiiiiiiiteeeeee sttt 2-17
2.8.3.4.1—CFD Flow MORItOTING SOftWAFE..........ccocoviviiriiiiiiiiiieieieseet st 2-17
2.8.3.4.2—Egress Modeling SOftWare..............cccccceeiiiriiiiiiiiiiiiiieiesee sttt 2-17
2.8 4——DTAINAZE SYSLEIM ...ccuuiieiieeitieetieeitteeteeeeteeetteeteesteeeseessseessseesseessseesseessseesssesssseesseessseesssesssseesssesssees 2-17
2.8 5 LAGNEINE .ottt ettt ettt et et e e te e e te e b e e b e et b e e tbeeta e b e e beerbeeraeereeeaeebeenbeenseessareans 2-18
2.8.5. 1—TuNNEl LIGRIING SYSIEML.....c...oeceeesii ettt ettt et e ettt et e st e taeetae e taeesaeensaeeneeans 2-19
2.8.5. 1. 1—DeSiGN APPTOACH ..ottt ettt ettt e et ettt e tae e en 2-19
2.8.5.1.2—-DeSiGN PAFVAMELETS .......cc.vveeeeeiieeei ettt et et eie ettt et e e stte e taeetae e taeeteeensaeenneeens 2-20
2.8.5.1.3—Lighting CONtrol SYSEEM ............cceiiiiiiiiieeeeee ettt 2-20
2.8.5.1.4—Tunnel Lighting FiXture CIFCUIITY .........cccoeiieiiei ettt 2-21
2.8.5.1.5—Tunnel Lighting FiXTUFES ............cccoociiiiiieie ettt ettt ettt 2-21
2.8.5.2—Tunnel Cross Passages, Egress Stairwells, and Ancillary Spaces................cccccoeceevevciencinennnne 2-21
2.8.5.3—Tunnel Fixed Message Sign LigRting..............c.cccouiiiiiiiiaiiee ettt 2-22
2.8.0——FE1CCtIICAl SYSIEIMS. ... viiuiiieieitieriietietiett e et et e e et e saesttesteesteesseesseessesseesseesseessasssesssesseesseesseassenssenseasenns 2-23
2.8.0. 1——GONE AL ...ttt 2-23
2.8.6.2—PFimary DiSIFIDULION. .............ccoovcuieeeeeeiieeieeeie ettt ee e esite s aeesiteestaeetee e taeetseessaeessseessseeseeens 2-23

2-i

© 2017 by the American Association of State Highway and Transportation Officials.
All rights reserved. Duplication is a violation of applicable law.



LRFD ROAD TUNNEL DESIGN AND CONSTRUCTION GUIDE SPECIFICATIONS

2.8.6.3—PFimary SWILCHZEAY ..............ccccevuiiiiiiiiiit ettt 2-23
2.8.6.4—Secondary DiStribution SYSTEMLS...............ccccucieiiriiiiniie ittt 2-24
2.8.6.4.1—Low Voltage Switchgear/SWitchboard....................cccocccievoieiiiieiiieiiieeeeeie e e 2-24
2.8.0.4.2—PaANCIDOAFS. ...........cceieeeiee e 2-25
2.8.6.4.3—Motor Controllers and COntrol DEVICES.................cccuouirieeniianiiiiiieeieeieeeee e 2-25
2.8.6.4.4—Dry-Type Distribution Transformers (600 Volts and Below) ..............ccceveievcveniivenienennnnn. 2-25
2.8.6.4.5—Power and Convenience QULIELS...................cccuoviioiioiiiiinie et 2-25
2.8.6.4.6—Conductors and CADIES ...................ccoocuiiieiiiiieii et 2-25
2.8.6.4.7—Standby POWEF SYSIEINS ..........cccoeviriiiiiiiiiinieiti sttt sttt 2-26
2.8.6.4.7. 1—GENEIFAIOT URILS .......eoveeiiiieeieesiteet ettt ettt ettt ettt e 2-26
2.8.6.4.7.2—Generator SWItChBOATd....................ccocoiiiiiiiiiiieeeee et 2-26
2.8.6.4.8—Uninterruptible Power Supply (UPS) .........ccccccccimiiiiiiiiiiiiiiiiiiiniiie sttt 2-26
2.8.6.5—Grounding, Bonding, and Lighting PrOteCIiON ..............cccveeuieiiieeiieeeieeciieeeiieeiieesiaeeaeeaiae v ens 2-27
2.8.6.5. 1—S8YSteMS GFOUNING ...........oeeeeeiiieeiieeie ettt et e et e et e e tee s taeenbeeetaeenneeens 2-27

2.8.6.5. 2—Equipment GTOUNGING ..........c..ccccveeuieiiieiie ettt ete et ate e taeeaee s taeeaeeesaeenneeens 2-28
2.8.6.5.3—Grounding for PersOnal SAfCLY...............ccocoveiiieiiiieiieiieeeie ettt 2-28
2.8.6.5.4—Grounding MATEFIALS ................cooecueiiiiaiii ettt aee e beeeaeeebaeeneeens 2-29
2.8.0.5.5—LIGRHING PrOTECHION. ... ettt 2-29
2.8.7—Tunnel Architectural SYStEIMS . .......ouiiuieitieiieeee ettt ettt ettt e bt aeeeesaeesneeseeaneeens 2-29
2.8.7 d——GOREFAL ...ttt a ettt ettt enees 2-29
2.8.7.2——EGFESS DOSIGN ...cceiiieieet ettt ettt 2-30
2.8.7.3—Tunnel Occupant LOAd DESIN ...............c..ccoociiieiiiiieie ettt 2-30
2.8.8—FII€ PTOTECLION ....euieniiiiiitieteeteet ettt et b e bbbt et e et et s bttt ebeeneente e ennes 2-30
2.8.8.1—Fire Alarm and DetecCtion SYSTEMIS.............cccuercuieeiureriieereesiieeieeesiteesaeesiaeesaeesireestaeesiseesiseensseans 2-31
2.8.8.2—Tunnel Fire SUPPFESSION SYSTETNS ........cccuveiiueesiieeieesiieeeteeseeesteesieeestaeestaeestaeesaeessaeessseensseensseans 2-31
2.8.8.3—StrUCIUTA] Fi1@ PFPOIECIIOMN. ........c.eeiieeieee ettt 2-31
2.8.9—TUNNEL SECUITLY SYSTEIMS ...veiiurrieiieiiieeiieeieeeiteesteeeieesbeeereesbeeesseesseessseessseessseessseessseessseessseesssasnsses 2-32
2.8.10—Corrosion CONtrol SYSIEIMS .......euertirtiririerieeiietetete et ste ettt et sttt ettt et et se bbbt et eneenteneennes 2-33
2.8.10.1—Soil and Water CorroSion CORIFOL...................ccoucueeiieiieeiieeee ettt 2-33
2.8.10.2—Stray Current CorroSion CORIFOL................c.ccciecuicieiiininiiiitiietiteeese ettt 2-33
2.8.10.3—Atmospheric CorroSion CORIFOL................cccociviiiiieiiniiiiiiiiteteteeeeee ettt 2-33
2.8.11—Communication and Traffic Control Intelligent Transportation Systems (ITS) ........ccccocevceevecennnne. 2-33
2.8.11. I—COMMURNICALION SYSTEILS .......vveeeeiiieeeeieeeiieeteeeteeteeeteeeaeesteeeaeestaeesseessseesaseesnsaesnseesseesnseeans 2-34
2.8.11.2—Traffic Control and Monitoring ITS...........ccccccveivieiiuieiieeee ettt sve s 2-35
2.8.12——StrUCLUIAL SYSTEIMIS .....vviuiiiieiieiiictieeteeste ettt et st e steesteeaeeseeeseeete e seesseessasssesssesssesseesseessesseesseesseassenns 2-38
2.9—REFERENCES ... .ottt ettt s ettt et e e e e s et et e eaaeensesaeesseesseenseenseeneeeneenseenseensenn 2-39

© 2017 by the American Association of State Highway and Transportation Officials.
All rights reserved. Duplication is a violation of applicable law.



SECTION 3 - LOADS AND LOAD COMBINATIONS

TABLE OF CONTENTS

BULmmSCOPE.... ettt bbbttt b h e bbbttt et b e bbbttt nae b 3-1
32— DEFINITIONS ...ttt ettt ettt etttk et et e st e e et et e e bt seeeb e emeems e s e s e besae et e emeeseeneansensesaeeseeneeneeneensenseeaenes 3-1
N e (1 1N N () OSSO 3-3
T e € 150 1<) 1 OO USSR URPRRUPRRPR 33
3.3.2—Loads and Load DeSiZnation ...........cccuieiiiiiiienieiieie ettt ettt ettt ettt st a ettt saeesaeenreens 3-3
3.3. 3 ADDIEVIALIONS ...ttt ettt h e bbbt b bbbt ettt b e bbbt et et et st 34
3.4—LOAD FACTORS AND COMBINATIONS ....cc.oiitiiiiiininenteteeeetetestese sttt st 34
3.5—PERMANENT LIOADS . ... oottt ettt sttt ettt et et b e bt bt ettt sa e bbbt e st et et enaenes 3-8
3.5.1—Dead LOAAS (DC, DI) ..ottt sttt ettt sttt et et b ettt et e 3-8
3.5.2—FEarth PreSSUIES (EV, EH) ...oooeeiieiiee ettt ettt sttt ettt e ste st e se et e ensesnsesnaesneenseenseensesnsenseensenns 3-8
3.5.2. 1—Cut-and-Cover and Immersed Tunnels in SOft GFOUNG ............c..cccoeveueeecienciieeiiieeieeeie e eeieesve e 39

3.5.2.2—Apparent Earth Pressure (AEP) Diagrams for Design of Braced Support of Excavation
(SOE) Walls Used as Part of the PEermanent SIFUCHUFE ..........ccueeeueeecureriueesireenreesieeessesssressseesnsesssseessessssessnnes 39
3.5.2.2.1—AEP Diagrams for CORESIONIESS SOIl ........c..cccoueecuiieieeiieiiieeiieeieeeiteesitesieesreeeaeesteesaeesaees 3-11
3.5.2.2.2—AEP Diagrams for CONRESIVE SOIl..........ccecvuiiiiieiiiiiiieeiieeiieeieeseieeesitesieesaeesreesseesteesseesnees 3-12
3.5.2.2. 2. 1—Stiff to Hard CORESIVE SOIl .......c..ccoecueiiiiriainiiiiiieiiiiniieest ettt 3-12
3.5.2.2.2.2—Medium Stiff to Stiff CORESIVE SOil ...........ccoveririioiiiiiininiinieieicceseee et 3-13
3.5.2.2.2.3—Soft to Medium Stiff CORESIVE SOIl ...........ccocerviriioeiiiiiininienieieeeecenee ettt 3-13
3.5.2.3—Cut-and-Cover and Immersed TUNNELS I ROCK ............c.cccoecueieeieeiiieeieee et 3-13
3.5.2.4—Mined Soft GroUNAd TURTELS ............ccoeceecuieuiniiniiiniiiieieteeetesetete sttt sttt neenes 3-14
3.5.2.5—Mined ROCK TUNREILS .........cccocoeiviiiiiiiiiiiiiitet ettt ettt sttt 3-14
3.5.3——SUrCharge LOAAS (FS) .....coveuieiieiieeiieieeteeteeteste st et esteebeettestteste e seesbeesseessesssesseesseesseessessseessesssesseessenns 3-18
3.5.4—PiIPING LOAAS (PI) ..oecvverieiieiieiieeiieeteeeteeteeteeteste st este e teesbesseesstesseesseessaessesssesssesssesseesseenseessesssesssenseensenns 3-18
BL0——LIVE LOADS ...ttt e et b bbbt e b e st e et ekt e bt eh e eb e e st en b e st e beebeebe e bt eneenbetennes 3-18
3.6.1—Gravity Loads (LL and PL).........cccooueeieiiieiieieeiestesteeste st etesetesteesseeseessesssessaesseesseessesssesssesssesssessesssenns 3-18
3.6. 1. 1—Vehicular Live LOAA (LL) ..........cc..ccccueeureeueeiieeeieeeeieeesieeeeteeesteesteessaeesseesseessressseesssesssseesssessssesnnses 3-18
3.6.1.2—PedeStrian LOAAS (PL)..........c..ccciouuieeiieeieeeieeeeeeeteeeeteeeteeeette et e e steesveessaassbaesseesssassnseesssessnseensses 3-19
3.6.1.3—Vehicular Dynamic Load AIIOWANCE (IM)............c.oocveeueeieiieiiieeieeee ettt seeae s 3-19
3.6.1.4—Attachment Dynamic Load AIOWANCE (IA) .........ccvecueeeeeieeieeiieeeeee ettt 3-19
3.6.1.5—Centrifugal Forces (CE) and Braking Forces (BR) ..........ccccouuuiiiieiiiiiiiininininineeeeieeceese e 3-19
3.6.1.6—Live LOAd SUFCRATZE (LS) «.occuveeeeeeeeieeeiieee ettt et ettt ettt ste et e e eaeetaeesaaeentae e anesnsseesneennes 3-20
3. 7—WATER LOADS (WA, WAf WA, WAT 1) eeeeeneeaeeeieeeeeeee ettt 3-20
3.8—AIR PRESSURE LOADS (AP) ..ottt ettt ettt ettt ettt sttt et e e aeeeesbesaeebeeneeneensensensenaea 3-20
3.9—EARTHQUAKE EFFECT (EQ) ..cuteuteetiteeeeet ettt ettt ettt ettt sttt et et etessesbe et eaeaseeneeneensensesaeas 3-21
3.10—FORCE EFFECTS DUE TO SUPERIMPOSED DEFORMATIONS (TU, TG, SH, CR, SE, PS) ................ 3-22
3.10.1—Uniform TemMPEIatUIe (TU) ........cccverueeeeieieeieetieetieste et etestesete st esaeeeeeseeeseesseeseenseensesnsesnsesseesseenseensennns 3-22
3.10.2—Temperature Gradient (TG) .........cccooeeiriririeieieiee sttt ettt ettt st sttt et ee b e 3-22
3.10.3—Differential SRIINKAZE (SH)......covevuiririiriiiiiiteeee ettt ettt ettt sttt 3-22
I (OB O 1< oI (3 TP 3-22
3L10.5—SettCMENT (SE) .....ectiriiiiiiirieeieetet ettt ettt sttt ettt et b e sh ettt ettt bbbt et et aenee 3-22
3.10.6—Secondary Forces from PoSt-TeNSiONING (PS) ......ccccueeruiemieeiiienieenitenieeniiesveesreesseesseesseessseesssesssnes 3-23
3.11—BLAST LOADING (BL) ettt ettt ettt he ettt ettt et e b et e st et et e s besbeebeeneenteneenean 3-23
BUA2—FIRE LOAD (FI) oottt ettt ettt e e e bt ettt e bt et eb e e st e st et et e e besbeebeeneenteneenean 3-24
3.13——SHIP SINKING (155 ..ttt et ettt b e s bt bt s e st et et e s bt seeebeeaees e et e teabesbeebeeneeneeneenean 3-24
3.14—ANCHOR DROP (AD) ..ttt ettt ettt et h ettt s bt et e be st e st et et e be st e ebeeneenteneenean 3-25
3.15—CONSTRUCTION LOADS ((CS) ..cvteuteiteieieiesieee et eiteitetestestes e st sstestessesaessessesseeseestessensansessessesseessassensanses 3-26
3.I6—REFERENCES ..ottt ettt ettt sttt st e st e se s e sees e et e eseassessansenseeseeseeseassensansensesseeseeseansensansan 3-26

3-i

© 2017 by the American Association of State Highway and Transportation Officials.
All rights reserved. Duplication is a violation of applicable law.



SECTION 4 - STRUCTURAL MATERIALS AND DESIGN CONSIDERATIONS

TABLE OF CONTENTS
T BT 0 ] 2 OO TSRS 4-1
4.1.1—Material PTOPEITIES .. .eevieiieiieiiietieeieetteteeteste st e st e et ete et e eseesseeseesseensesnsesseesseenseenseenseessesseeseenseensennsennnes 4-1
A.2—DEFINITIONS ...ttt ettt ettt st b et b e ettt s et b e s bt bt eat e st et e st e bt sbeebeebeeat et enaenbenee 4-1
A3 INOTATION. ... ettt ettt ettt ettt e heea e et et e e e eeeeb e eaeee e emtem s e s e es e ekt eaeeseemeems et easeaseeseebeeneensensasenseee 4-1
4.3 1—ADDIEVIALIONS ..ottt ettt sttt ettt eat e eh e s bt e bt e m e ea bt sb e e sh e e sb e e nbe et eateeb e e ebe e b e e beenteeanenaees 4-2
4.4—DESIGN REQUIREMENTS ..ottt ettt sttt ettt st ettt ettt bbbt ettt ena b e 4-2
O e € 1< 1 1< v | OO OSSOSO PR 4-2
A4 2—TAMIE STATES ..veveeiiierieete ettt ettt et sh et e et e et e ea e e eb e e b e e bt es bt emteebtesbtesb e e bt em bt eateeb e e ehe e bt et e enteeenesaees 4-2
4.4.3—L.0ad COMBINALIONS ....vetirtirterieeiietitete sttt ettt ettt eb e ebt bt et e st be bt eb e s bt bt e st et e besaeebesbeebeeae et entenaentes 4-3
4.5—CONCRETE STRUCTURES .....coiittitititititite ettt ettt sttt ettt st b et ebe et et ete e 4-3
L e 704 LA 2 (T SO OO PO SUS SRR 4-3
4.5. 1. 1—8€1VICE LTIt STALE.....cc.veeeeveeeeieeeiieeieeeie et eetteesete e sttt eseveestaeesaaeestaeesasaesaeesseesseessseenseeessasnsseenssennseen 4-3
4.5.1.2—FQHIGUE LTI STALE ..ottt et ettt et ettt et e bt e e bt e bt e bt e e bt e s abeebaeenbaeebee s 4-3
4.5.1.3—StrENGIR LIMIE STATE ......ooeeevveeeeeeie et eee ettt ete ettt e steestte s taeestteesabeesae e saeesaeesseenssesssaesseensseenseen 4-3
4.5.1.4—EXtreme EVENt LMt STATE .........cc.oeevueeeueeeiieeiiesieeeieesteestteesteestveessseessaeesssesssseessseensseesssesnsseesssesnsses 4-4
4.5.2—Reinforced and Prestressed CONCIELE ... ...co.iviiiriiiiieieriietereete ettt ettt sttt et ne e e 4-4
4.5. 2. 1—MGALETIAL PPOPEITICS .........eeeeeeeeiieeeieeeeeetestte st ettt et e e st e s st e st e st ensessaesssesseesseenseenseenseensenssansaanseans 4-4
4.5.2.2—DeSi@N CONSIACTALIONS .......oeeeveeeeeieseeeeieeeieeeiieesreesteesteessteesseessseassseessseessseessseassseensseasssesssseesssessseen 4-4
4.5.2.3—Details Of REINOFCEMENL ...........ocueeeeeeeeeieeie e steeitestt et eteste st e st esteesesssesssesssesseesseeseenseenseessasseenseans 4-6
4.5.3—Structural P1ain CONCIELE. ........cc.eetitiiiriirieitietteit ettt ettt ettt sttt st be et ettt et bt bt eaeeaeesaeneennes 4-6
4.5.3. ]—MaATETIAL PTOPETLIES ......veeeeveeeeeeeieeeieeeiieeeieeetteestteestteestveeteeessseesaeassbeessaesssaeenseeesseenseeessaenseeensseenseen 4-6
4.5.4—Fiber-Reinforced Concrete (FROC) .......iiiiiiiiieiieecieecieece ettt ettt st e e saeetee e staeeaaeesaeensaeenssaennees 4-7
4.5.4. 1—MALEFIAL PPOPEITIES ........oeeeeeieiieeeie e eeete st et eteeeesatesat e st e st enseensesssessaesseesseenseenseansesneenseanseenseans 4-7
4.5.4. 1. 1—StEEIL FIDEFS ...ccevveeeeeaieeeeeeecieeeeieeeeteeetee st eeteesbeessbeessbeessbeessbaeasseesssaessseesssaansseesssaensseessseenssennns 4-7
4.5.4.1.2—Fiber-ReinforCed CONCTELE ........ccccuueeeeeeeiieeiieeeciieeiieescieesiteestaesseessseessseessseessseesssessssessssessseens 4-8
4.5.4.2—RESISIANCE FACIOFS ..ottt ettt ettt ettt ettt ettt st s et s be e et e s bt e e bt e sbteenbeesbaesnbee s 4-8
4.5.4.3—Design for Flexural and AXial FOVce EffECtS.........ccuuvimimiiaiiaiieiesiesieseesiesie e seeesseeseeesssesnaessnens 4-9
4.5.4.3. 1 —Assumptions for Service LiMit STALE............ccoccveeeueeeeuieeireeiiiesteesteesteestreesaeessaeesssesnseeensnesnnes 4-9
4.5.4.3.2—Assumptions for Strength and Extreme Limit SIALES ..........ccccooceevieoiiiiiiiiiieneee e 4-9
4.5.4.3.3—FIEXUFQL MEMDEES ..........occeveeeeeeeiieeiieeieesieeie ettt sttt ettt s aaessae st e seesbeensesnsesseesneenseenseenes 4-10
G.5.4.3.3.1—GONE AL ..ot ste ettt ettt et e et e et e ettt e at e et e e abeentaeenaaeenae s 4-10
4.5.4.3.3.2—Factored FIexural RESISTANCE ............c..ccceeeuieeereeirieeieesteesiaeesveesseessseesseessseessseenssens 4-10
4.5.4.3.3.3—Factored Early Age Flexural ReSISIANCE ...............ccoecueeeeeeeiieieeieesieseeneeeeeiesaenenens 4-10
4.5.4.3.3.4—Factored AXial RESISIANCE ...........c..ccoeeueeeeeieiieiieieeiieetesteeste e saeseeesseenseenseensessaensaens 4-11
4.5.4.3.3.5—Factored Axial/Moment RESISIANCE ............ccoeeeueercuieecueesiieeeiieeeieesieesseesseesseesseennsees 4-11
B.5.4.3.4—BOATING .c..eeeee ettt ettt ettt bttt s bttt e bt e s it e st e e nateenabeenateas 4-11
4.5.4.3.4. 1—GREIAL ...ttt ettt ettt ettt et e b et ne e ne e teenteenseenaenraens 4-11
4.5.4.3.4.2—Factored Bearing RESISIANCE .............c.ccceeveeeiioeiiiiiieniteie ettt 4-11
4.5.4.3.4.3—Factored Splitting RESISIANCE ..........c.cccceeveeeiieiiieiieetee ettt 4-11
A5 4.3 57SROAY oot b ettt et nae 4-12
B.5.4.3.5. 17— GONE AL .......oooeeeeeee e ettt ste et ete st e e s e e st e e s aae et e e e nte e st e e nnbeeesbaeenaaennraas 4-12
4.5.4.3.5.2—Factored SHear RESISIANCE. ...........c..cccueeeueeicrieeireeiieeeiteesteesiseesseesseesseesseessseessseesssens 4-12
4.5.4.3.6—Details Of REINFOFCEMENL ...........occueeeeeiieiiieeieesieecee et eteettett et eaeeaestaesteesseesessesnnesneesseenseenes 4-12
4.5.4.3.6. 1 —Minimum DoSage ReGUITEIENLS ............ccceeceiiiieeiieiiiiieeiiie ettt svee e 4-12
e e 1101 () <1 SO OO SURPSRTRRURUPRURRN 4-12
4.5.5. 1—S5€IVICE LIMIL STALO.........cccuveeeeeeeieieeeieeeeieeeeieeeeieeeetteeetee st eeteesteeebeesbaeeaseessseessseessseesssaessseensseesssaensseas 4-13
4.6—STEEL STRUCTURES .......ootititiiitet ettt ettt et sttt a et et be st b et e s e be e eaes 4-14
4.6. 1—MateTial PIOPEITIES ....eeivieeiieiiieeitieeiee et te et eette et e e bt eeteeebeesteeesseeestaeesseesssaeesseesnsaeenseesnsseenseesnsaeenseennses 4-14

4-i

© 2017 by the American Association of State Highway and Transportation Officials.
All rights reserved. Duplication is a violation of applicable law.



4-ii LRFD ROAD TUNNEL DESIGN AND CONSTRUCTION GUIDE SPECIFICATIONS

4.7—WOOD STRUCTURES ...ttt ettt a et et e e tesee e bt s st es e et e s e asesbeebeeseeseeneansensenaeanes 4-14
4.8—LATTICE GIRDERS. ...ttt ettt ettt ettt st besb e bt et e s e benaeeaes 4-14
A8 TmGOMETAL ...ttt ettt b e a e bbbt et et b e bbbt bbbt et be e 4-14

G 8. 1. I——DEFINILIONS ......eceveeeeeeiieeeeeeeeteeeetteeette et e e teeetee s teeeseessbeeeaseesasaeasseesssaeasseessseeasseesssaeassaessseensseenssaenssens 4-15

G.8. 1.2 INOTALION ..o et et e ate et e et e et e et e s teeeaseessseeeaseessseeesseesssaeesseessseeasseesssaeassaessseensseenssaennsens 4-15
4.8.2—Material PTOPEITICS .. ..evieiieiieiieiteeiieeiiest et et ete s te s testt e st et esteesaesseessaeseenseessesnsesseesseesseenseenseensenssensanns 4-15
4.8.3LAMIE STATES «..veueeiieiiietiete ettt ettt ettt h e h e st e et ea bt e a et ea e e e bt e bt e bt e bt e st e set e eheeebe e bt en bt enbeeneeeneenteens 4-15
I B e €= 7 USSP 4-15
4.8.3.2—8E1VICE LIMIt SIALC ..ottt ettt ettt ettt ettt s be e et e sttt e bt e st e e e beesabaeeseeeabes 4-16
4.8.3.3—FQLIGUE LTI STALE ..ottt ettt ettt s b et et e s b e e bt e st e e bt e sabaeeaeeeabes 4-16
4.8.3.4—Srength LMt SHALE .........cccooveiiiieiiieiiitieeeeteee ettt ettt ettt ettt sttt e nae et eatesaeenaeens 4-16
4.8.3.5—EXtreme EVENt LMt STATE ..........c..cceueeeueieeieesieeecieeeieeesieestteestteestseesssessteeesseesssseasssessseesssessseenseesnses 4-16
4.8.4—DeSiGN CONSIACTATIONS ... .c.uietieierieiiestestesteeteeteesteettesseeseesseassesssesseesseesseenseenseasseessensaenseeseensesnsesssesnnes 4-16
4.8.5—Design for Flexural and Axial Load Effects.........cociiiiiiiiiiiiiicee e 4-16
] 1S | OO OSSR URPRUPRUR 4-17
4.9—REFERENCES ...ttt ettt ettt b e bt bt e bt bt et et et sa e bt eb e e bt est et enbenaenes 4-17

© 2017 by the American Association of State Highway and Transportation Officials.
All rights reserved. Duplication is a violation of applicable law.



SECTION 5 — GEOTECHNICAL CONSIDERATIONS

TABLE OF CONTENTS

S.TmmSCOPE.... et e h et h b bbbt h et e b sh e bbbt et e it et e b 5-1
S.2—DEFINITIONS ...ttt ettt ettt ettt ettt et e et e et e e bt ea e es e e st eme e s e s e eaeee e et e emeeneemeensebeseeebeeneeneeneensenseseennes 5-2
S INOTATION. ...ttt ea et ettt bbbt et e st et et e bt sb e bt e bt eb e et et et se e e bt e bt ebe et et ebenaennes 5-3
5.3 T GONETAL ...t h et b e bt bt h e bttt b e bbbt bt et ettt 5-3
5.3.2ADDIEVIALIONS ....oueieiieniieieite ettt ettt ettt s h e sb et ea e st eh e e bt e bt e bt e st e eateshee bt e bt enteenteeneenbeens 5-4
5.4—GEOTECHNICAL INVESTIGATION ...ttt ettt ettt st ettt e e tesaesaeebeeseeseeneensenseseeanes 5-4
S TmGONETAL ...ttt h bbb bbbt h et be bbbt bt et e b et st 5-4
5420 F1C0 STUILS ..ottt ettt e ettt e a e et b e bt et e et e e et e s bt e sbe e bt et e st e eaeenheenteens 5-5
5.4.2. 1—ReVieW Of EXISTING REPOVLS ......ccccueeeeeeeeieeeieeeieesteesteesveestteessseessseesssaessseesssesssseessseenssessssasssseesssesnseees 5-5
5.4.2.2—Review Of HISLOTICAL MAPS ...........cceeeueeeeeeeieeieeeeeeitesteee e ete ettt et etessaesaessaesaeesseenseenseensesssesseenseans 5-6
5.4.2.3—1IMAZETY EVAIUALION ..ottt ettt e sttt et e aessaesnaessaessee st enseenseensenssanseensenns 5-6
5.4.3—Field Reconnaissance and Geologic MapPINg........ccceeeuiruiiiiiienieniieit ettt 5-10
5.4.4—GeoteChNICAl BOTINES ....cueeiiiieiieciieii ettt ettt ettt e e seesse e st et e enseensesnsesssesseesseenseensennns 5-11
5.4.5—In-Situ Tests and Sampling of Soil and ROCK..........ccveiiriiiiiiiiieieeeeee e 5-12

I B I Yo Y7777 17 < USRS 5-12
5.4.5.2mROCK COFIIG ..ottt e et e et et e et e et e et e e e ataeaabaesataeenseeessaesnseesaseesnsaesnseesnseennses 5-13
5.4.5.3—B0re HOIE SEAIING ........cc.ooeueeieeeeee ettt et ae st e sse e st nsesnaessee s eenseenseensesnaenseas 5-13
5.4.6——GEOPNYSICAL TESES. .. .eeuvieiieieiieiieitierte ettt ettt et et et e eteseaesseesseesseensesseeeseeeseenseenseensesnsesssenseenseensennsennns 5-17
R 715101 21 (o) o A (<] £ RPRUUPUUPRUPR 5-20
B B Yo T A A SRR UTUPRSI 5-20

4. 7. 2mROCK TOSLS.....ooceeeeeeeeeeeeeeeee ettt ettt et et e et et e st e st e e nteesaeestesseese e st entesnteeste st enseenseenreenaennean 5-20
5.4.8—Groundwater and Surface Water INVestiZation...........cecuieiiiiiiiiniiiiec e 5-20
5.5—SELECTION OF SOIL AND ROCK PARAMETERS FOR DESIGN ......cccccooiiiiiiiiieieiesieeeee e 5-21
5.5 T GONETAL ...ttt h bt bt a ettt h e bbbttt e e nen 5-21

5.5 2S00l STIENELN ...ttt ettt st h e bttt et e a e eh e bt e bt et et e eae 5-22
5.5.2.1—Undrained Shear Strength of CORESive SOILS ..........cccooiiiiiiiiiiiiiiiiieseetee et 5-22
5.5.2.2—Drained Strength Of CORESIVE SOILS.........cc.ccoueieeeiieieieeieeeeet et ete et sae st seesaeesaeeseensessnenseens 5-22
5.5.2.3—Drained Strength of GFranular SOILS .............ccccueeieeieeeiieieeeeee ettt e eae s senenneens 5-23
5.5.3——S0Il DETOTTNATION ...ttt ettt ettt ettt s bt et e et e at e e b e s bt e b e e bt embeeaeesaeeseeenaeeneeenes 5-23
5.5.4—ROCK SREAr STIENEZLN ... .ooiiiiiiieiieciet ettt sttt ettt e et eesaessa e teenbeensesnsesnnesseenseenseenes 5-23
5.5.5—Rock Deformation MOQUIUS .........coeeiiiiiiieiiienereetce ettt sttt 5-26
5.5.6—POISSON S RALIO .....eetieiiieiieete ettt ettt ettt b ettt et ee e bt bt e bt e eaee 5-29
5.6—ENVIRONMENTAL ISSUES ...ttt ettt ettt st e be et e st e e et e teseeeaeebeeneeneensanseneens 5-29
5.7—INSTRUMENTATION AND MONITORING .......ccceectiiiriniiniintintetetentete sttt 5-29
5.8—GEOTECHNICAL REPORTS ....c.oiiiiitiiiieitestt ettt ettt ettt et sttt nae 5-30
5.8.1—Geotechnical Data REPOTT........ccciieiuiieiiieeitieeciie ettt eieeete et e e rtee et e etaeesbeeetaeenseeassaeenseesnsaeensesanseesnseenn 5-30
5.8.2—Geotechnical Baseling REPOTt .......c.eccuiiiiiiiiiiiieiieiee ettt ssa e s e se e ens 5-30
5.9—GEOTECHNICAL DESIGN MEMORANDA ....c..ootitiiiienenteseeeet ettt 5-31
S5.10—REFERENCES ...ttt ettt ettt et e bttt e bt e et e st et et e beeeeebeeseeseeneenseseaseabesaeeseeneensannens 5-32

5-i

© 2017 by the American Association of State Highway and Transportation Officials.
All rights reserved. Duplication is a violation of applicable law.



SECTION 6 — CUT-AND-COVER TUNNEL STRUCTURES

TABLE OF CONTENTS

B.1SCOPE ...ttt ettt e e et e e te e eeteeeteeaeateeteeeeteeeateeeetaeeteeeateeeaeeenteeeteeans 6-1
6.2—DEFINITIONS ...ttt ettt et et e et e ete e e teeeteeeaeeeabeeebeeeabesesaeeasessasaesasesersaeearessaseesasessseenans 6-1
6.3 INOTATION......ccueieee ettt ettt ettt ete e eteeeteeeae et e eaeeeteeeteeteeabeetseesseeseeaseeseenseeaseeasesseeeseeseeareesseeaseeseens 6-2
6.3 1—GONETAL .....ooiieiiiieeeeeeee e e e e e e e et — e e e eeteeeeeteeeeetaeeeeiareeaereaeaans 6-2
6.3.2——ADDIEVIALIONS .....vveiviieitieietie et ettt ettt e et e e e eteeeteeeeteeetveeeaeeeateeeseeeareseeteeeasessseeenseseseesaseseeseeeseeeseeeresans 6-2
6.4—GROUND AND MATERIAL PROPERTIES........coiiotiitietieie ettt ettt ettt ettt eve et eve e eaneeraens 6-2
6.4.1—Determination of GIround PrOPEIties ........cccueiuiiiiiiiiiiie ettt sttt 6-2
O.A. L I——GONEEAL ...ttt et e et et e et e e eae e e te e e teeeate e e aeeeareeeteeereeeaeeereeeraeaans 6-2

0.4 1. 2——INVEFE CONILION ...ttt e et e et e et e e v e e ete e e abeeebeeeabeeeseesareseaseessreesaseesasessnseenans 6-2
0.4.1.3——ENVEIOPE GFOUN ...ttt ettt ettt et ae et e et et e e saeeneeeneennes 6-3

0.4. 1. 4——GFOUNAWALET ... et e e e et e e e et e e e et e e e e aae e e e eateeeeeaeaeeeaaeeeeetseseenanes 6-3
6.4.2—IMALETIALS .....ocutii ittt ettt ettt et e et e et e e ete e e te e e tae e bt e e baeebeeebaeeabteebaeeabeeebaeeabeeebeeebeeebaeanreearaeanns 6-4
O.4. 2. 1——CONCTCLC.........occceeeeeeeeeeeeee e et e e e e e e e e e et e e e et e e e eaee e e e e ateeeeeaeaeeeeaeeeeeeraeeeeennes 6-4

0.4.2. 2—SHUCHUTAL SOOI ..ot e e e e et e e e et e e e et e e e e e tte e e eeaeeeeeteeaeeetseseenanes 6-4
0.4.2.3——REINFOFCING STEEL........ocvveeeeeeeeieeeieeieeeie ettt ste ettt testaeste e be e seesbeessesaseeseesseenseensensseessenseenseenses 6-4
0.4.2.4——PreStreSSiNG STEEL...........ccuccuirimiiiiiiiiiiieeeest ettt sttt 6-4
6.4.2.5—SROICTELE ..ottt et e et e et et e et e e ete e et e e etaeete s eeaaeeteseetaeeteseereeereas 6-5
6.5—CONSTRUCTION OF CUT-AND-COVER TUNNEL STRUCTURES ........ccooeiiiiieiecreeeieeceeeeeeree 6-5
L T B € 1<) 1 1<) -1 KT 6-5
6.5.2—Reinforced Concrete Diaphragm Walls (RCDW) ....cc.ooiiiiiiiiiiiiiiieeeeeee et 6-6
6.5.3—Soldier Pile and Tremie Concrete (SPTC) WallS .....cc.ooieiiiiiiiieieeiieieeieeie et 6-7
6.5.4—Secant Pile and Tangent Pile WallS........c.occoriiiiiiiiiieiee ettt s 6-8
6.5.5—Precast, Prestressed Panel WALLS ........c..ooiiuiiiiiiiiieeeie ettt ettt e e e e e e s eaaeeeans 6-9
6.5.6—Cast-in-Place Concrete BOX STIUCTUIES .......covviiiiieiiiiicrie et ceteeeiteeeeteeeteeeeteeeveeeeteeeveeeeteeereseseeeveseseeenns 6-9
6.5.7—StrUCtUral StEEI FTAIMES........ciiviiiiieiiie ettt ettt e e et et e e et e eteeeeteeeteeeetaeeseeeeseeeteeeeteeeresans 6-9
6.6—LIMIT STATES AND RESISTANCE FACTORS .....ooooiiiieeeeeeee ettt s 6-10
6.0, 1——GONETAL ......eeiiiiiiieeiie ettt ettt et e et e et e e et e e stbeeeebeeeabeeaabeesabeeaabaesabeaeasaeeabeeanbeeetbeeasbeetbeeaabeetaeesaeereean 6-10
6.6.2——SEIVICE LIMIt STALE .....cceiveiiiitiieeeeiie e e e e e et e e e et e e e e eaae e e eeaeeeeeeaaeeeeenseeeeeaaeeeenneeeean 6-10
6.6.3—Strength LMt SEALE.......ccciiiieiieiieiieieeieste ettt ettt e st e st e teesteesseesseesaesseeseensesssesssesseensennsensns 6-10
6.6.4—Extreme Event LImit STATE .........cc.ooooiiiiiiiiiie e e e e e e e e etee e e enaeeeenneeean 6-10
6.6.5—Load Factors and Load COmDbINatiONS............cccuiiiieuieeieiiee et eeeeee et e e ettt e e e e e et e e e etee e e eeateeeeaeeeeas 6-11
6.6.6—RESISTANCE FACLOTS ....eiviiiiii ittt ettt ett et e et e e et e e e tveeeteeeaseeeaaeeeaveeeaseeeaseeesseeeaseeesseentseenseeenseean 6-12
6.7—GENERAL DESIGN FEATURES ..ottt ettt e e s ve e s ae e s tb e e e abeesaveesaseesabeesaseensee s 6-12
6.7.1—Ground MOVEIMENL ............oiiiiiiiiiiieeeeee e eetee ettt e e et e e e ettt eeeeetaeeeeeaeeeeeaeaeeeeaaeeeeeasseseesseseeeseeseeasssesanseeeean 6-12
0.7 2 BUOYANCY ...ceutieiiiieeiieetteettestte et e st e ste ettt estte e sttt esabe e sttt essbeeasseessbeesseensseensseesaseeasseensseensteensbeeseeeseeenbeen 6-12

6.7.2. 1—Partially COMPIEted SIUCIHUTE ...........ccoeceeeeieeeeieeiesie et eeste sttt e steesaesaestesseesseesesnsesseenseanseens 6-13
0.7.2.2——COMPIELE SIPUCIHUTE ...ttt ettt ettt ettt et e bt et e bt e et et sateeseesaeenteenteentesneeeneans 6-13

0.7 .3 LL0AAING. ...ttt ettt ettt h e h e bt a et et he bt bt a e en e et et e b et e beeaeeb e eneen e et e teteeaeaes 6-13
0.7.3. 1—SymmetriCAl LOAAING ...........c.cccuveeieeiieeieeieieieeteetiesteesteeteesteseaestaesseesseassesssesstesseesseesseensesssenssenseens 6-14
0.7.3.2—ASymmetrical LOAAING ...........cccoiiiiiiiiiiiei ettt ettt ettt et ettt e naeaeeens 6-14
0.7.3.3—CoNStrUCLION CONILION............c..veeeeereeeeeeee e eeeeeeeeeee e et e e et e e e et e e e saaeeeetreeeeetseeseeaseaeeesreeeennns 6-14
0.7.3.4—DISFIDULION OF LOGUS ....oc.veeeeeeieeiieeiiecieeie ettt eteeteseaesaesaeessaessesssesstesseesseeseensenssenssenseens 6-15
0.7.3.5—SUPErIMPOSEA LOAUS .........cc.couevuiriiriiiiiiiiiiniieiisiteiteteteteeee ettt sttt st 6-15

0.8 —JOINTS ...ttt ettt e e et e et e e et e e etaeeeaeeeeaeeeeaeeeeaeeeeaeeeeseeeeseeeetaeeeseeeeteeeeseeeeteeesesenteeereeentes 6-15
6.8 1GONETAL ......eeviiiieieeeeee ettt et e e et e et e et e et e e teeeta e e teeeeae e e teeeetaeebeeebeeeabeeereeatteeerreenarean 6-15
6.8.2——CONSITUCHION JOINES .....oouiiiiiiiiiee et e e et e e e e e et e e e e eaa e e e eeaeeeeeeneeeeeesaeeeeenseeeeenneeean 6-15
6.8.3——CONtrACLION JOINES .....ooiiitiiiiiiiie et eeetie et eett e ettt e e et e e et e e e eetaeeeeeaeeeeeetaeeeeeaaeeeeeasseeeenseeseesseeeeseeeean 6-16
6.8.4——EXPANSION JOINES....ecuviiiiiieieiiiertieittete et eettesteeteeteestesttesseesseeseesseessessseassasseessaessesssesssesssessesssesssesseesseensennes 6-16

6-i

© 2017 by the American Association of State Highway and Transportation Officials.
All rights reserved. Duplication is a violation of applicable law.



6-ii LRFD ROAD TUNNEL DESIGN AND CONSTRUCTION GUIDE SPECIFICATIONS

6.9—STRUCTURAL ANALYSES ...ttt sttt sttt sttt ettt et b ettt eb et eneenens 6-16
6.9.1—Load Distribution and SRATING .........cceieirieieieee ettt ettt et be st e bt et eeesteanesaeeeas 6-16
6.9.2—Ground—Structure INEEIACTION .......eouiitiriiitietieiieiiet ettt ettt et ettt sbe st e et b e nes 6-16
6.9.3—EmPIrical METROAS .......ooiuieiieieieeee ettt sttt et ettt e et e et e s st e bt eteentesneesneeneeene 6-17
6.9.4—FTaME ANALYSES .....eetitietiee ettt ettt h ettt et a e bt ettt e et eb e e e bt e bt et e eeteebeenbeeeaee e 6-17

6.10—WATERPROOFING .....ccoooiiiiiieiitciitinteetettt ettt ettt sttt ettt sttt enennennes 6-17
6.10.1—Treatment Of PENEtrations. .......cccevireriiiririceiiestert sttt ettt ettt ettt e st nae e aes 6-18
LT It T SO S 6-18
6.10.3—Permissible LeaKage . .......ccueeii ittt ettt e h ettt et ae e 6-18

6.11—PRESSURE RELIEF SYSTEMS ...ttt ettt ettt st st s be et nbenae 6-18

6.12—REFERENCES ..ottt ettt ettt st b ettt ettt et et et et et et nae st e sbesbeenaentenbenaean 6-19

© 2017 by the American Association of State Highway and Transportation Officials.
All rights reserved. Duplication is a violation of applicable law.



SECTION 7 — MINED AND BORED TUNNEL STRUCTURES

TABLE OF CONTENTS

2 N O 0] &3 N 7-1
T.2—DEFINITIONS ...ttt e e et e e e e e e e et e eeeeataeeseaaeessasaeeeeanseeesaasaessasteeesasseesssnseeesaeeeeean 7-1
A e (@1 17N N (@) FR SRR 7-2
I T e € 1<) 1<) -1 SRS S 7-2

R TN o) o) (3 VA T 15 () 1 PR 7-2
7.4—GROUND AND MATERIAL PROPERTIES .......oooiioiiiiiieee e 7-3
7.4.1—Determination 0f Ground Properties ..........ccirierierieiieiieieeieseese e ete e seesee e eseeeneeenreseaessaesseensens 7-3

B B e € =3 v 1 PSP 7-3
7.4.1.2—Ground CLASSIfICATION .............coeviuieeiieeiieeieeste e te e e vt ette et e e tteestbeesaseestbeessseessbeessseessseensseees 7-3

Tod d . 3Gl OUNAWALEE ...ttt e e 7-4

7.4 1 4—IN-Sitth GFOURNA STFCSSES ..ottt ettt 7-4
A Y .11 1 (SRRSO 7-5
B B o) el =1 O SPRRRRR 7-5

Tod. 2. 2—SHUCTUTAL STCEL ... ettt 7-5
7.4.2.3—S1E€1 REINFOTCING. .......ccuiietiiieieiiieeee ettt ettt bttt 7-5

7.4, 2. 4——PrFeStreSSING SIEEL.........cccoccuiiiiiiiieiit ettt 7-6

Tl 2. 5—STHOLCT@LE ... et 7-6
7.5—CONSTRUCTION OF MINED AND BORED TUNNEL STRUCTURES .......ccooiiiiiieeeeeeeeeeeeeeeeeene 7-6
T e € 1= 1<) v SRR 7-6
7.5.2—Construction of Mined TUunnel StrUCLUIES .......coouvvviiiiiiieeeeeeeee et e e e e e e eaaareee s 7-7
7.5.3—Construction of Bored TunNel StrUCTUIES........coouvviiiiii ittt e e e e e e eraaneee s 7-8
7.6—LIMIT STATE AND RESISTANCE FACTORS ...ooii oottt et e e e s 7-8
A e € 1< 1 1< ¢ (SRRSO 7-8
T.6.2——SEIVICE LIMIE STALE ....ovviiiiiiiiiiieiiie ettt ettt e e e e e ettt e e e e e e e e esaaaaeeeeeeeeesaaasseeeeeesenraaneeeeas 7-9
7.6.3—Strength LImit STALE ......ooiiiiiiiiiieie ettt ettt sb ettt et eae e b e b eaean 7-9
7.6 4—EXIreme LIMIt STALE ......cc.eeeiiiiiiiieieeeeeeee et ettt e e et e et e e e et e e e e e e e e eaneeeeeaneeeeetseeeennseeseenseeeans 7-9
7.6.5—Load Factors and Load COMDINATIONS. ........c...ccoeireeeiiiueeeeeeeeeeeeeeeeeeeeeeeeeee e e e e eeaeeeeeeareeeeenneeeeenneens 7-10
7.6.6—RESISTANCE FACLOTS .......coiuviiiiiiiii ettt e e e e e e et e e e e e e e eaeeeeeeareeeeenneeeeenneens 7-10

7. 7T—GENERAL DESIGN FEATURES ...ttt et eaae e e e enneeeeeaneeeenns 7-10
A e € 1= 1<) -1 RSSO 7-10

7. 7.1 1—INitial GrOUNGA SUPDOFL..........ccceeeeiieeieeiiie ettt et tae ettt e et e e taeetteestaeesseessaeesee s 7-10

7.7 A 2—FINAI LITERG ..ottt ettt ettt ettt 7-11
7.7.1.3—Cross Passages, Sumps, and ANCillary SPaces ..............ccccccoooiioiioiiciiniieiiieeeeeeeeee e 7-11
7.7.2——GIOUNA MOVEIMIENES.....eeeiiiiiiiiiiiieieeeeeeeitieeeeeeeeeeeaaeeeeeeeeeeaaaeeeeeeeseesataeeeeesesasastaeseeeseesasraaseeeeessennrnnes 7-12

T 7.2 0——GOIEEAL ... 7-12
7.7.2.2—EMPIrical METNOG .............c..cocoeeeciiieieeciie ettt ettt et et e et e etseentaeeaae s 7-13
T.T.3BUOYANCY ...eeiutiiiiiiiiieeite ettt ettt ettt e et te s b e e e bt e sttt e bt e s beeeabeesabeeenbeesabeeenbeesabeeeabeesabeeenseesabaeenbeenane 7-16
B 0 14 1< SRS 7-16
7.7 4 1—Symmetrical LOAAING ..............cccccccooiiiiiiiiiiiiiiiiit ettt 7-17
7.7.4.2—ASsymmetrical LOAAING ...............ccccoouiiiiiiiiiiiiiiiiit ettt 7-17
7.7.4.3—COoNSTTUCHION CORAILION. ...ttt 7-17

7.7 4. 4—DIStFIDULION Of LOAUS ...........c.oeeiiiiiiiiiiiiiee ettt 7-18
7.7.4.5—SUPerimpOSEAd LOAAS ..............cccoevviaeiieiiieeiieeie ettt ettt et e tae et e e staeenseentaeeere s 7-18
7.7.5—AnNalySsis and DESIZIN......eeiuiiiiiiiiiiiiie ettt ettt sttt et et h ettt eee s 7-18

T 7.5 0—GOIEOFAL ... 7-18

77 5. 2mmD@SEGHL ..ttt ettt ettt nnees 7-18
7.7.5.3—MOMENT OF INEITIA.......oiiiiiiiiiiee et e et e e e e e e aae e e e e e e eeeaaaeeeeeessennanees 7-19
7.7.5.4—Ground/Structure INTETACIION ...............cccccuuiiiieiieeiie ettt 7-19
R [0 ) 1\ A TSRO URRURRRN 7-20
TR T e € 1= 1<) -1 SRR 7-20
7.8.2——CONSITUCTION JOINES .......covviiieiiiieeitie e eeteee et eeee e e et e e e et e e e eeaeeeeereeeeeareeeeesneeeeenaneeeensreesennneeeeenneens 7-20

AR TR B OFe) 115 ¢ To1a o) s N 03111 1< J R 7-20
7.8.4—EXPANSION JOINES. .. .eeutieiiiitieiiestieiteetestesttestteteeteeeaessaesseeseeseessesnsesseesseenseanseensesssesseeseensennsennsesnsesses 7-20

7-i

© 2017 by the American Association of State Highway and Transportation Officials.
All rights reserved. Duplication is a violation of applicable law.



7-ii LRFD ROAD TUNNEL DESIGN AND CONSTRUCTION GUIDE SPECIFICATIONS

7.8.5——SEEMENE JOINLS ...eeuvieutieiieiieiiesiiesie et et e et e et et et esbeestessaeseeesseesseenseenseessesssanseensaenseensesnsesnsesseenseenseenes 7-21
T.9—WATERPROOFING .....oooooiiiiiiiiieicte ettt e et e e s tv e e e aae e s abeeetaeesabeeeabeesabeesaseesaseesaseesaseeenseesares 7-21
7.9.1—Treatment Of PENELIAtiONS ...........cooiiiiiiiie ettt e et e e e e e et e e e et e e e eeate e e eeaaeeeeeneeas 7-21
7.9, 2 GASKELS ...t e e e e e e e e ettt e e e ae e e e e—eaeeeaaeeaetteeeeateeeeannes 7-22
7.9.3—PermiSsible LeaKaZE. .. ...ccuiiuiiieieiieie ettt ettt ettt ettt ettt ae e e 7-22
TJO—REFERENCES ......ooooiiiiteeee ettt e et e ettt e e te e e teeete e eaeeeteeeaeeenteeeteeenseesseeensesenraeenneean 7-22

© 2017 by the American Association of State Highway and Transportation Officials.
All rights reserved. Duplication is a violation of applicable law.



SECTION 8 - IMMERSED TUNNEL STRUCTURES

TABLE OF CONTENTS
o e 0 ) RO PRROPTRN 8-1
B.2—DEFINITIONS . ...ttt e e e e e e e e eetaeesseraeeeeesaeeesenseeesanseeesanseeesaaseesaseeesarareeeanes 8-1
B. 3 INOTATION ... et e e e e e e et e e eaae e e s taeeseeaaeeesenaeessenseeeeeseeeeeennneesaseeeseaeeesanes 8-2
8.3.1—Loads and Load DeSigNnations .............ceceeruiriierieniierieeieeiesteeteesesssesseessessesssesseeseesesssesseesseensessesnes 8-2
LI TN o) o) (o Ta T L5 (o) 1 RSSO PRR 8-2
8.4—DESIGN CONSIDERATIONS ...ttt eeae e e e e e et eeeenaaeseeaneeeeenreeeeenneeeeeneeeans 8-2
8.4.1—Determination of Ground PrOPeIties ..........ccoeiieiiriiiieieeeiee et 8-2
e L I——GOIEIAL..........cooeeeiiieeeeeeeeee ettt ettt e e e et e e e e et e e e e e et e e e e e e e aarreeeeeennras 8-2
oA L. 2 OUNAALION ...ttt e e e ettt e e e e s e et e e e e e s senaaateeeesessnnaaaeeeesessnnnes 8-3
L R 1 Y (71 =) 17 1 RTINS 8-4
8.4 1 4——SIAESIOPES ... ettt et a ettt e a e bbbt eaeens 8-5
IR Y - 115 o F:1 [T RRRTR 8-5
B4 3 SUPPOTE LLOSS .eeneieeniieiiieeiieetee ettt ettt et e et e st e s bt e s et e e s aae e beeesseesabeesaseessseesaseensbeessesasaeenseesnteesnseennseas 8-6
B.5——CONSTRUCTION.......oeiiiiiiieeeeee ettt e e ettt e e et e e s et e e s erteessenaeeeseseeesasseeeensaeesenseeessrseeeeanns 8-6
8.5.1—Shipping Channel TIaffiC..........ccciviirieiiieiieieseeie ettt b e e e eteesseesseesseesaessaensens 8-6
8.5.2—TrenCh EXCAVALION .......ccuveiieiiieicieiee e e e et e e e e e eeteeeeeeareeeeenneeeeeaneeeennreeeennneens 8-6
8.5.3—EIement Lengthi.......ccoooiiiieiieieeieee ettt ettt et e st e e nae st e reeneeneas 8-7
8.5.4—Fabrication FACIIILY ......c.cccveriieiiieiesiieieeie sttt ettt ettt ettt et et e st e ese et e esseenseesaessaenseensesnnenneenns 8-7
T T et B2 11 0T 23 )4 USSP 8-7
TR @ 113 13310 T USRS 8-8
oI 134111 1<) ¢ (o) ¢ WSRO RPN 8-9
8.5.8—Joining and BacKfillINg ..........ccciiiiiiiiieieeee ettt ettt 8-9
8.6—Limit States and RESISTANCE FACIOTS........c.vviiiieieiiieieeeeeee ettt e et e e e e s eeaaeesenaeeeesneeeessnaeeeeas 8-10
LT € ) T - RPN 8-10
8.60.2——SerVICE LIMIt STALES ...uvviiiiiiiiiieieee et e et e e e e eaae e e e et e e e eeateeeseateeeseaaeeeeenneeeeenneeas 8-10
8.6.3—Strength LMt STALES.......ccccieiiieiiiieriett ettt ettt et e et e e ebeebestaesaeebeessessaesseesseessesssesseesseessenssees 8-10
8.60.4—EXIIeme LIMIt STALES........eeieeiriiieeieeeeetie et eeeee e e ettt e eete e e ee e e e et e e eeaeeeeeaeeeeenteeeeenneseeteeeseseeeennns 8-10
8.6.5—Load Factors and Load COmMDINATIONS..............ccoveeirrieeeeieeeeeeeeeeieeeeeeee e eeaeeeeeereeeeeaeeeeeneeeeeneeeeenns 8-11
8.6.6——RESISTANCE FACLOTS ......cciviiiieeiiieeiee et e e et e e e e e eeae e e e eateeeeenaeseenteeeeenreeeennnns 8-11
8. 7—GENERAL FEATURES OF DESIGN ......oiiiiitiiiiiiie ettt et e et e et e e eeaeeeseneeeseaaeeesenaeas 8-11
I et 10 T4 13T PURPRRRP 8-11
8.7 1. I—PeFMANEIE LOQUS..........cocceeeeiieeieeeieeeeeeeeeeeeee et e et e e e st e e s s e e aaaeeeeseeesaaaeeeeessennes 8-11
8.7 1. 1. I—S8EItIEMENT (SE) «..evveeereeeeeeeeeeeeie et ectteetee et e seteesate et e e teeseteesbeessbeessaessaeessessseesnseeasseesnsasnneas 8-12
8.7 1. 2—TFANSIEIE LOAUS ..ottt e et e e e e s s e e aaee e e e s e sesataaeeeeseennns 8-12
8.7.1.2. 1—Transient Water LoAds (WAp) .......cocueeuecuecuiniiniiiinieiiteteeeeeteteseese sttt e 8-12
8.7.1.3—CoNStIUCHON LOAAS .....eeiieeiiiiieiee ettt eae e e et e s e teeeseraneeseaaeesenteeeeennns 8-13
8.7 1.3 1—LAUNCRING (LA) ....oooeeeeeeiieeeeeeeeeete ettt ettt ettt e ste e be e b e ssaesaaesseessesssesseesseenseensens 8-13
8.7.1.3.2—Transportation (TR) ..........cuuecuiemouieiiiiiieeiiesitesteesiteesitesteesaeesteesteesiaeesaaesbeesseesnseesnsesnnss 8-13
8.7.1.3.3—1IMMEFSION (IN) ....ooeeeeieeeeeeeeeet ettt ettt e s ae e s e e besatesaaesseensesnsesseenseansennsenns 8-13
8.7.1.3.4—JOMNING (JO) oottt ettt ettt ettt et et ssaessa e s e e b e sntesae e seenseente st enneenseennens 8-14
BT .2 JOINES .ot e e e e e —— e ee e e e e e ——teeeeeaan———teeeesaa——aateeeeeeaaaaees 8-14
I Y1010 1 gl S qe 11115 (o) 1 WU ORI 8-15
8.8 STRUCTURAL ANALY SIS ... ittt et e e et e e e et e e s et e e s et e e s eaeeeseareesaaeeeseaeneseneeas 8-15
89— WATERPROOFING ..ottt ettt ettt e et eseaae e e s eaaaeessateeesemaaeesenaaeessntaeessnseesanaeeeans 8-16
8.9. I —WaterproOfing SYSTEIMS .....c.eeuiiiiiiiertieie ettt ettt ettt ettt sb e be et s eeesbee bt etesatesbeenbeeneeeneeeae 8-16
8.9, 2 Waatel INTIIIATION . .....eiiieeiii ittt et e et e e et e s eae e e e s emteeeeeneaeesanaaeessntaeessnnreesennees 8-16
8. 10—REFERENC ES ...ttt ettt e et e et e e et e e e et esenae e e e eaaeessaaeeseaneeesnneeeesanaeeean 8-16

8-i

© 2017 by the American Association of State Highway and Transportation Officials.
All rights reserved. Duplication is a violation of applicable law.



SECTION 9 — INITIAL GROUND SUPPORT ELEMENTS AND GROUND IMPROVEMENT

TABLE OF CONTENTS
L T 0 ) = OSSPSR 9-1
9. 2—DEFINITIONS ...ttt ettt ettt et ettt est et e sebe et e et e eaeaseessensenseeseaseeseasteneansensasseasesseeseensansensansensesaeas 9-1
9.3 INOTATION. ..ttt ettt et et et et e et e et e eaees e ea e e e e ee e s e ek e ebeeaeeaeemsen s e eeeaeeeseeseeneeneensenseaseabesneeneanean 9-2
0.3 1GONETAL. ...t h ettt et h e ae e e h e sh e e bt e bt et she e bt e bt e st eateeaeenbeenbeennean 9-2
0.3, 2 ADDIEVIALIONS ...ttt ettt ettt sttt ettt et e e st et et e bt eheebe e et en e et et e be ekt bt eneentent e s et e ete bt eheeneeneentennens 9-2
O 4——GENERAL ...ttt ettt st b et eh et e e bt st e bt bt eb e e st et et e et e e bbbt e ae et et e te et nae 9-3
9.4.1—=Ceriteria for Initial Ground SUpPOrt DESIZN .....cc.eecvirieriieiiieiieieete ettt sree e beesseessessaesseesees 9-3
9.4.1.1—Soft Ground and Mixed FAce CONAILIONS ................ccoccveeieiieiiieiieieeieesieeie e eeesse e ese s esaesseans 9-3
9.4.1.2—ROCKk CONITIONS............ccuoi oottt ettt et eat e e ete e e eeae e reeeaeeans 9-3
9.4.2—Initial Support Types Appropriate for Different Ground Conditions............cccoevvevveeeeerierieneerieeieseeeeen 9-6
9.4.2.1—Soft Ground and Mixed Face CONILIONS ..............ccccuriiiriiiiiiiiiiiiiieeeeeee st 9-6
9.4.2.2—ROCK CONAILIONS. ..ot ettt ettt ettt e e e e ene et e nae e e 9-6
9.5—INITIAL GROUND SUPPORT ELEMENTS ......ooiiiioiiieiieieieieet ettt ettt ettt e e ssessesneeneas 9-6
9.5.1—Soil and Rock Reinforcement EICMENTS .........cceooiirieriiiiieiieieeieeiie ettt 9-7
9.5.1. 1—Steel REiNfOrCEMENt EICTENES. ...........cc.oceiiiiii ittt ettt ettt see e 9-7
9.5.1.2—Glass Reinforced Plastic (GRP) EICTNENLS.............c.cccoiciioeioiiiiieieieeee sttt 9-7
9.5.1.3—F7iction ROCK STADIIIZETS ............ccceioiiiiiiie ettt 9-7
0.5.2—LatEICE GITAETS ...uteueetiteitieteeie ettt ettt et et b e s bt eb e h e es et e e s b e sbe e bt ebeestest e s s et et e nbesbeebeeneenseneens 9-8
0. 5.3 SROLCIELE ...ttt bttt bbbt h e a et b ekt b e h e bt e st e s et e bbbt e bt et ententens 9-8
9.5.4—Steel Ribs and Lag@INg .........ccccovieiiiiieiieiieie e eteeee st esteete et e seaestaesteesseesseessesseesssesseenseesseasseessesssenseeses 9-8
9.6—LIMIT STATES AND RESISTANCE FACTORS ..ottt 9-9
0.0, 1GONETAL. ...ttt ettt ettt h e b bt h it bt et ea et et be bt bttt etens 9-9
0.6.2——SerVICE LIMIt STALE.......eiiieeieitieitieie ettt ettt ettt e et e et e bt e bt e te e et emeesaeessee et eneeeneeeneesseenneennean 9-9
9.6.3—Strength LImit SEALE ......cooiiiiieieie ettt ettt ettt e te st e et e bt et e et e et e ereenneenean 9-9
9.6.4—EXreme LMt SEALE ......c.eiiiiieitieie ettt ettt ettt et e e et et e st e s st e et et e et e eneeeneenneenean 9-9
0.6.5——RESIStANCE FACTOTS. ...cutiitieiieiiiieee ettt b et ettt st e s bt e bt e bt eateeaeesbeenbeennean 9-9
9.7—INITIAL SUPPORT DESIGN.......ciitiitiitiitiitietieitetee ettt ettt ettt st eb et se et e e e tesaeebeeaeeneeneensenseaseneees 9-10
9.7.1—ROCK REINTOTCEMENT ......iiiiiiiiiiiieitiece ettt sttt et e bt et et et e eaesbeenees 9-10
9.7.1. 1—Pattern ROCk REiNfOFCEMENL .................c.cccvecvieiieeieiiieiieie ettt ettt be e 9-10
9.7.1.1.1—Selection of Element Length and SPACING...............c..cccocvveviieiiieeiiieieeieeieeeeeieeieeie e aeas 9-10
Q.7 1. 1.2——PaLLETI D@STGI ..ottt ettt ettt ettt ettt et e sttt e s aae et e e saeesaeennaeenee s 9-11
9.7.1.2—Sp0t ROCKk REINfOFCEMENL ...........cceeueiiiiiiiii ittt 9-13
9.7.1.3—Deformation and Excavation Sequence ANGQLYSIS.............c.cc.cooioioiriniiniiiiiiiiieieeee e 9-14
0.7 .2 SROLCIELE ...ttt ettt et et b e s bt bt ettt et b e bt bt e aeeh ettt be bbb eaeeaee 9-14
9.7.2. 1—SROICIete MEMBIANES ............ooceeeieiieeeeeeieeee ettt ettt ettt ettt e ettt 9-14
9.7. 2. 2—StUCHUFAL SHOICFIE ..ottt ettt ettt ettt enae e eeees 9-14
9.7.3—Steel Ribs and Lag@INg .........ccooiiiiiiiieie ettt ettt ettt ettt e s ettt te e eneeees 9-14
0.7.4—Precast CONCTEE SEZIMEITS .....ccueiiiriiiiieiieiie ettt ettt ettt te st et e e et e satesbee st e e bt et e esteebeenbeenbeenbeeseesbeeees 9-14
0.7 5 SPILES ..ottt e ettt b e et b tb et a e te e he e beerteeaaeeateehe e beerbeetteeta e beenbeesbeeraesaeents 9-15
9.8—GROUND IMPROVEMENT ...ttt ettt ettt e aeea st e et et e bttt eseeneene e senseseeeaeeneee 9-15
9.9—PORTALS, CROSS PASSAGES, AND ANCILLARY STRUCTURES ......c.ccceotiiiieiiiiineneneeeeeenen 9-15
9. 10—REFERENCES ...ttt ettt b e s bt b e eh e st et e e sb e e bt e bt bt ebten e et et et e nbenaeenes 9-16
APPENDIX 9-A—Recommendations for Software Use for Design and Performance Evaluation of Rock
Reinforcement, Shotcrete, and Direct Rock Support for Underground Openings in RocK .........cccocvvevervenerennnnne. 9-17
A T—INTOAUCLION. ...ttt ettt ettt s h e bt b e et et et e bt st e bt sbe e bt e bt eat e st et et e naestenbe e 9-17
A9.2—General Description of SOftware Packages.........cceoieiiriiiieiieieeeeceeeee e 9-17
A9.2.1—Rigid BIOCK SOTIWALE ......cueieiiieiieetecee ettt ettt sae et e e et eeae e s eseeneeas 9-17
A9.2.2—Two-Dimensional Distinct Element Method (DEM) SOftWare...........ccceecvveeviieeciieeieeeiie e 9-17
A9.2.3—Three-Dimensional Distinct Element Method (3-D DEM) Software..........ccccoveeieeieiieieeneeie e 9-18
A9.3——RECOMMENAATIONS. ... eneieetiett ettt ettt et te et e st e bt e bt e bt s et e saeesbe et e e s bt esteeseeebeesbe e beenbesaeeseeesbeenbeeneesneene 9-18
A9.3.1—Use of Rigid BIOCK SOFEWATE .......cceiiiiiiiieiiiietee ettt 9-18
A9.3.2—Use of Two-Dimensional Distinct Element Method (DEM) Software ............ccoccveviveiiicienieenieeieeienne 9-19
A9.3.3—Use of Three-Dimensional Distinct Element Method (3-D DEM) Software..........cccccveevevvenvenieenenne 9-20
9-i

© 2017 by the American Association of State Highway and Transportation Officials.
All rights reserved. Duplication is a violation of applicable law.



SECTION 10 - SEISMIC CONSIDERATIONS

TABLE OF CONTENTS
LO. TS COPE. . e 10-1
LO.2—DEFINITIONS . L i 10-1
LOBNOT ATION . .o e e e e e e e e 10-2
LU I BN o] 03 (4 1 T ) T PP 10-2
10.4—SEISMIC PERFORMANCE AND SCREENING REQUIREMENTS..........cooiiiiiiiiiiiiiiiae 10-3
10.4.1—Seismic Performance Criteria and Design Earthquake Levels...................ooooiiiiiiiin 10-3
10.4.2—Structural Design Check. ... .. ..o 10-3
10.4.3—SCreeNiNg CriteIIa. ...\ ut ittt ettt et ettt et ettt et et et et et et e e et et et e e e e e n e e et erae e e areneenns 10-4
10.5—DESIGN GROUND MOTION PARAMETERS. ... .o 10-4
10.5.1—Design Earthquakes. .. ... 10-4
10.5.2—Ground Motion Hazard AnalySis. .........coeiuiuiniiitini e 10-5
10.5.2. 1—Earthquake Magnitude and DiSIANCe. ...............cccuuueieii it 10-5
10.5.2.2—Peak Ground Motion Parameters. ................uuuuue ettt 10-5
10.5.2.3—Attenuation of Peak Ground Motion Parameters.................c.ccociviiiiiiiiiiiiiiiiiniiii... 10-6
10.5.2.4—DeSign ReSPONSE SPECIFA. ... e et 10-6
10.5.2.5—Ground Motion Time HiSIOTIES . ............c.oui ittt 10-6
10.5.2.6—Spatially Varying Ground Motion Effects.............c.c.oiiiiiiiiiiiiiiiiiiiiiiii e, 10-7
10.6—SEISMIC LOADS AND LIMIT STATES. . ...ttt 10-7
10.6.1—Load Combinations and Load Factors..............coiiiiiiiiiii e 10-7
10.6.2—ReSIStANCE FACLOTS. ..ottt e 10-8
10.7—SEISMIC SITE CHARACTERIZATION AND DYNAMIC SOIL/ROCK PROPERTIES.................10-8
LO. 7. 1—GeNeIAL. . ..ottt 10-8
10.7.2——S@ISIMIC STLE CLaSSES. . ...t uett ettt ettt e e e ettt ie e 10-8
10.7.3—Dynamic SOI/ROCK Properties. ... ......oouiiuiii i 10-8
10.8—SEISMIC DESIGN ... ...ttt e e e e e 10-9
LO.8. I—GeNCIAL. . ..ot e 10-9
10.8.2—Seismic Loading Effects. ... ....c.oiiiiiiiii e 10-9
10.8.3—Method of Analysis and Assessment—Ground Shaking Effects.......................ooi 10-11
10.8.3. 1—Transverse Ovaling/Racking Deformation Effects..............ccccoviviiiiiiiiiiiiiniiiinnnn 10-11
10.8.3.1. 1—Simplified Method for Ovaling Response of Circular Tunnels...........................10-12
10.8.3.1.2—Simplified Method for Racking Response of Rectangular Tunnels....................... 10-12
10.8.3.1.3—Numerical Modeling APproach.................c.oiuuiiiiiiiiiiie i eeenaans 10-13
10.8.3.2—Longitudinal Axial and Curvature Deformation Effects...............cccooiiiiiiiiiiinninnn. 10-16
10.8.4—Method of Analysis and Assessment—Ground Failure Effects.....................ooo, 10-18
10.8.4. 1—Liquefaction and Liquefaction-Induced Ground Deformations..........................c...u... 10-18
10.8.4.1. 1—Evaluation of Liquefaction Potential.....................ccooiiiiiiiiiiiiiiiinniiinnanan, 10-18
10.8.4.1.2—Post-Liquefaction Settlements. ...............coouiiii ittt 10-19
10.8.4.1.3—Liquefaction-Induced Lateral Spreading.....................c.coouiiiiiiiiiiniiiiinnan.n, 10-19
10.8.4.2—Seismic Slope Instability and Landslides....................c.couiiiiiiiiiiiiiiiiiiiiiiiennin, 10-19
10.8.4.3—Active Fault Crossing Displacement Effects................c.cocoiiiiiiiiiiiiiiiiiiiiiiiiiii 10-20
10.9—SEISMIC DESIGN OF TEMPORARY STRUCTURES........oiiiiiiii e, 10-20
10.10—RETAINING STRUCTURES AND PORTALS. ...ttt 10-20
10.11—INTERFACES WITH CROSS-PASSAGES AND OTHER STRUCTURES...........cocviiiiiinnn. 10-21
L0 12——SEISMIC JOIN T S, ...ttt ettt e et e e ettt e ettt e e e e nenenes 10-21
10.13—NON-STRUCTURAL COMPONENTS AND EQUIPMENT.......ciiiiiiiiiiiiieeieeee 10-21
10 14— REFERENCES . ... e 10-21
10-i

© 2017 by the American Association of State Highway and Transportation Officials.
All rights reserved. Duplication is a violation of applicable law.



APPENDIX A

PLANNING AND ROUTE CONSIDERATIONS

TABLE OF CONTENTS

ALTSCOPE ...ttt et b e bbbt e a et bbbt bt bt e h et et b e bbbt bttt et et nten A-1
A2—ABBREVIATIONS ...ttt et st sttt et ettt b e sb e ebe e st e st et e e e beneenes A-1
A3—ENVIRONMENTAL....ccototititeee ettt ettt sttt sttt ettt be bbbt st et e e e benaenes A-1
ALB TGONETAL ..ttt ettt et a bbbttt et e ea e e bt e bt e be e teshe e sheeebe e beeateehbaeebe e beetesaeesaeas A-1
A.3.2—Environmental PEITILS ......cooueiiiiiiiieieeie ettt st sttt et st sat e sbe et e et e eae e s bt e nbe e beeabesaaens A-2
A.3.3—Avoidance/Minimization of Environmental RESOUICES.......cccueriuiriiiiiieiiiiie ittt e A-2
A3 4—FIOOAPIAINS ...ttt ettt b e et h e bt e h ettt e et en e e re e A-3
A3 5 WeEtlands/WateIWaYS ....cc.eeueeueiieieiertest sttt ettt sttt b e st b e st eb e eat et et e e et e b e ste b e sbeebesbeeneeaneneenne A-4
AL3.6—NaVIZADIE WALETWAYS...cueeueiuteieiitertentinteste ettt ettt e s bbb et st e e b e sae bt eaeeaeeas et enbenbenteabesbeebesbeeneeaneneenee A-5
AL 3T GIOUNAWALET ...ttt ettt et sb e sb e s bbbt aeea e et et e e s b e et e besb e eb e e bt ebeeae e st en s e s et et ensensenbenee A-5
AL3.8——CUltUIA]l RESOUICES. ... evietiriieieeiieieitetest ettt sttt ettt st ettt se e b s bt sbe e bt e st ese et e e et e nb et e nbesbenbeesbenee A-6
A 3.9—EnvIironmental JUSTICE .......cevuerruerierieiieii ettt ettt et st stesaeesbe e bt et saeesbe et e eateeseesbeenbeenbesanensnens A-6
AL3.10—SeCtiON 4(F) RESOUITES . .eiiuviiriiiiiiiiit ittt eitee sttt ettt e sbeesbee e saaessbeesbeesabeesabeessteesasessesesssesnsens A-7
A.3.11—Environmental COMPLANCE .........cceveriiiiiiiiiieteeeteee ettt s er st A-7
A.3.12—Public and Agency INVOIVEMENL........c.ceeiriiiiieiiiiieree sttt st A-8

A L3 T3 COMOIMCS «..teuteeutetteteete et e ettt et e e e e te s heesbe e beeabe e eheesb e e bt et e eabesheesbeebeeabeeabesaeesaeenbeeateeatesaeenabeebesatesaeas A-9

F N T B N 1 114 (o1 OSSPSR A-9
A.4—GEOLOGIC FEATURES AND SUBSURFACE CONDITIONS ......cooiiiiiiiieeieieree et A-10
A4 1—SubSUrface INVESHZATION. ........eoueriirieriirtire ettt sttt ettt et s e e b saeenesaeeseeaeenean A-10

A 42— Ground CONAILIONS ....ccueevieiereiestieieeiesttesteesteetestesteesteestessutesteesbeestesseesseesseesesneesaeesseensesssesseenseensesnses A-10
A.5—EXISTING INFRASTRUCTURE ..ottt ettt ettt st be et e e st e neeane e A-11
A.6—CONSTRUCTABILITY CONSIDERATIONS ..ottt sttt A-12
A.6.1—Construction MethOdOIOZY ......c.coeririrririiieiieete ettt s st e A-13
AL0.2—INOISC ANA VIDIATION ..cutieiiieiirtietieieeie ettt et sttt e st e rte st esbe e be e tesaeesaeesseesesaeesaeesaeenseensesaeenseensennsens A-14
A.60.2.1——NOTSE CORIIOLS ..ottt ettt st sttt r e st et ae e b e r e e senesmeenre e A-14
A.6.2.2—ViBFALION CORIOLS ...ttt st re s nre e ne e A-15
A.6.3—Muck Removal and DiSPOSal........ccceerieiiiriiniiniieiinesieeei et ettt s s nees A-16

A LD A——STAZING ATCAS ...vveeveetieteeieritestte st eteste st e sbe e bt et e suee sttt e beeabesaeesbee bt e bt eaeeshee bt enbeeaeeebeenbeenbeeasesbeen sreeseenes A-17
A.6.5—Traffic and PUbIIC TranSpOItation.........cecvieueeeerteeriieieniesieesteetesite st et ee e sitesbeesbeesbestesbeesbeesbeennesmeesaes A-18
AL6.6—Safety and SECUIILY .....eoirrieriiieiieieeceeee et et st ae e sa e sr et e A-19

A-i

© 2017 by the American Association of State Highway and Transportation Officials.
All rights reserved. Duplication is a violation of applicable law.





