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ACI encourages the development and appropriate use of new and emerging
technologies through the publication of the Emerging Technology Series.
This series presents information and recommendations based on avail-
able test data, technical reports, limited experience with field applications,
and the opinions of committee members. The presented information and
recommendations, and their basis, may be less fully developed and tested
than those for more mature technologies. This report identifies areas in
which information is believed to be less fully developed, and describes
research needs. The professional using this document should understand
the limitations of this document and exercise judgment as to the appro-
priate application of this emerging technology.

Fiber reinforcement has emerged as an alternative to traditional
reinforcing bars and welded wire mesh reinforcement for precast
concrete tunnel segments. Due to significantly improved post-
cracking behavior and crack control characteristics, fiber-rein-
forced concrete (FRC) segments offer advantages over tradition-
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ally reinforced concrete segments such as saving cost and reducing
production time while developing a more robust product with
improved handling and long-term durability. Specific guidance on
the design of fiber-reinforced precast concrete tunnel segments is
needed for this emerging technology. This document offers general
information on the history of FRC precast segments from tunneling
projects throughout the world; a procedure for structural analysis
and design based on governing load cases; and a description of
the material parameters, tests, and analyses required to complete
the design. The proposed guidelines are based on the knowledge
gained from experimental research, analytical work, and the expe-
rience gained on numerous FRC precast tunnel projects.

Keywords: crack widths; earth pressure; fibers; fiber-reinforced concrete;
grout pressure; hydrostatic pressure; lining; precast segment; stripping;
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CONTENTS

CHAPTER 1—INTRODUCTION AND SCOPE, p. 2
1.1—Introduction, p. 2
1.2—Scope and limitations, p. 3
1.3—Applications and uses in existing tunnels, p. 3

ACI 544.7R-16 was adopted and published January 2016.

Copyright © 2016, American Concrete Institute.

All rights reserved including rights of reproduction and use in any form or by any
means, including the making of copies by any photo process, or by electronic or
mechanical device, printed, written, or oral, or recording for sound or visual reproduc-
tion or for use in any knowledge or retrieval system or device, unless permission in

writing is obtained from the copyright proprietors.
Y
(acli



2 DESIGN AND CONSTRUCTION OF FIBER-REINFORCED PRECAST CONCRETE TUNNEL SEGMENTS (ACI 544.7R-15)

CHAPTER 2—NOTATION AND DEFINITIONS, p. 3
2.1—Notation, p. 3
2.2—Definitions, p. 6

CHAPTER 3—DESIGN PHILOSOPHY, p. 6
3.1—Fiber-reinforced concrete design codes, standards,
and recommendations, p. 6
3.2—Governing load cases and load factors, p. 7
3.3—Design approach, p. 7

CHAPTER 4—DESIGN FOR PRODUCTION AND
TRANSIENT STAGES, p. 8
4.1—Load Case 1: Segment stripping, p. 8
4.2—1Load Case 2: Segment storage, p. 9
4.3—Load Case 3: Segment transportation, p. 10
4.4—TLoad Case 4: Segment handling, p. 10

CHAPTER 5—DESIGN FOR CONSTRUCTION
STAGES, p. 11

5.1—Load Case 5: Tunnel-boring machine thrust jack
forces, p. 11

5.2—Load Case 6: Tail skin back-grouting pressure, p. 14

5.3—Load Case 7: Localized back grouting (secondary
grouting) pressure, p. 17

CHAPTER 6—DESIGN FOR SERVICE STAGES, p. 18
6.1—Load Case 8: Earth pressure, groundwater, and
surcharge loads, p. 18
6.2—Load Case 9: Longitudinal joint bursting load, p. 21
6.3—Load Case 10: Loads induced due to additional
distortion, p. 22
6.4—Load Case 11: Other loads, p. 23

CHAPTER 7—MATERIAL PARAMETERS FOR
DESIGN, p. 23

CHAPTER 8—TESTS AND PERFORMANCE
EVALUATION, p. 23
8.1—Material parameters, tests, and analyses, p. 23
8.2—Full-scale tests, p. 24

CHAPTER 9—HYBRID REINFORCEMENT FOR
TUNNEL LININGS, p. 25

CHAPTER 10—DESIGN EXAMPLES, p. 27
10.1—Monte Lirio tunnel in Panama, p. 27
Design summary, p. 27
10.2—Barcelona Metro Line 9, p. 29

CHAPTER 11—REFERENCES, p. 30
Authored documents, p. 30

APPENDIX A—CALCULATION OF AXIAL FORCE-
BENDING MOMENT INTERACTION DIAGRAM, p. 33

(aci?

CHAPTER 1—INTRODUCTION AND SCOPE

1.1—Introduction

Precast concrete segments are installed to support the
tunnel bore behind the tunnel-boring machine (TBM) in
soft ground and weak rock applications. The TBM advances
by reacting against the completed rings of precast concrete
segments that typically provide both the initial and final
ground support as part of a one-pass liner system. These
segments are typically designed to resist the permanent loads
from the ground and groundwater, as well as the temporary
loads from production, transportation, and construction.
Tunnel segments are generally reinforced to resist the tensile
stresses at both the serviceability limit state (SLS) and the
ultimate limit states (ULS). With traditional reinforcing bar,
a significant amount of labor is needed to assemble the cages
and place the reinforcing bar.

Fiber-reinforced concrete (FRC) can be used to enhance
handling and placement of precast concrete segments with
the added benefit of reducing job-site labor requirements.
FRC considerably improves the post-cracking behavior,
defined as toughness (di Prisco et al. 2009), and it has better
crack control characteristics than conventional steel-bar-
reinforced concrete (Minelli et al. 2011; Tiberti et al. 2014).
The use of FRC generally results in smaller crack widths and
improved durability over the life of the structure. Because
of the uniform dispersion of fibers throughout the segment,
including the area around the segment face, fiber reinforce-
ment effectively resists the bursting and spalling stresses that
develop during the TBM jacking process. de Waal (1999)
and Schniitgen (2003) highlight the beneficial effect of FRC
in the presence of concentrated loads and bursting. Further-
more, the presence of fiber in the concrete matrix increases
the fatigue and impact resistance of the segments that help
mitigate against unintentional impact loads during segment
handling and tunnel construction operations (di Prisco and
Felicetti 2004).

Reinforcing bar is efficient for resisting localized stresses
in the concrete segment such as stresses due to concen-
trated loads during production. The distributed stresses such
as stresses due to earth pressure and groundwater loads at
final service stage, however, are better dealt with by fiber
reinforcement. Because both localized and distributed
stresses are generally present in tunnel linings, segments
can be manufactured using a combination of conventional
reinforcing bar and fiber reinforcement—that is, a hybrid
system. For larger-diameter tunnels with high internal
forces, a combined solution of fibers and reinforcing bar
may present an ideal solution (Plizzari and Tiberti 2006,
2007; de la Fuente et al. 2012). Using current technology
with high-strength concrete segments, tunnel rings of more
than 23 ft (7 m) in diameter have been used successfully
(Abbas et al. 2014). Examples include Grosvenor Coal
Mine, Channel Tunnel Rail Link Tunnel, and Blue Plains
Tunnel with internal diameters of 23, 23.5, and 23 ft (7, 7.15,
and 7 m), respectively.

The slenderness of the tunnel segment (1), defined as the
ratio between the breadth or curved length of segment along
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