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Case 1: stripping U= 14w
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Case 3: transportation U=14(w+F)
Case 4: handling U= 14w
Case 5: thrust jack forces U=1.2]
Case 6: tail skin grouting U=1.25(w+0G)
Case 7: secondary grouting U=1.25(w+0G)
Case 8: earth pressure and U=125(w+WA,) +.13
groundwater load 5(EH + EV + 1.5ES
Case 9: longitudinal joint bursting | U = 1.25(w + WA,) + 1.35(EH +
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Case 10: additional distortion U = 1.4Mgistortion
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4.2.1 # % Lee Tunnel
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42.3 3 % B dn g % o

S 2 jR[26] 0 HAID R ARE 52 Kbl 51 2012 # 52 30
ek 5o FOFEILG AT AL 0 4 04 R 4 ST S e s o
# 5SFRC #1453 % 0
Steel Fiber
Di, ft( h,in. Di/ ReinForcing
Tunnel name Year Country Function Countent,
m) (m) h bars used
Ib/yd3(kg/md)
Brenner Base 2032 18.4 8 NA
Austria Railway 28.0 Yes
Tunnel Ex e (5.6) 0.2) (% %273 F4L)
Lee Tunnel 23.6 14 50.6-76
2016 England | Wastewater 20.6 No
Sewer (7.2) | (0.35) (30-45)
Blue Plains 23 14 60
2015 uU.S. Wastewater 19.7 Yes
Tunnel (7.0) | (0.35) (36)
San Francisco
17.8 11 45
Central 2014 u.s Subway 194 No
(5.4) | (0.28) 27)
Subway
Grosvenor 23 14
2014 | Australia Mining 19.7 60(36) No
Coal Mine (7.0) (0.35)
STEP Abu
20.7 11
Dhabi Lot T- 2014 UAE Wastewater 225 67(40) Yes
(6.3) | (0.28)
02
27.2 12
Wehrhahn 2014 | Germany Subway 21.7 67(40) No
(8.3) (0.3)
Water 19 14
El Alto 2013 Panama 16.6 67(40) No
Supply (5.8) | (0.35)
Water 9.8 10
Pando 2012 Panama 12.0 67(40) No
Supply (3.0) | (0.25)
Water 105 10
Monte Lirio 2012 Panama 12.8 67(40) No
Supply (3.2) | (0.25)
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3
%* 4 max
A R TR ek s #h+ max(kN) (KN-m) 3 4 max(kN)
5.-& & 1723.40 37.24 24.44
6.- 2 & 1841.00 40.21 27.18
i 3553 7.88.17 ¥ F3E 1228.00 26.24 24.32
9.-0.33% k% £ 1504.73 14.29 -
10-+ 2 & 1231.00 26.59 24.43
TRty 5.-& ¥ 1887.32 388.60 361.07

AT ES1IRE - RIREFATHBEREETRIPE
44 max .
AR S IR FEEL #h+ max(kN) (KN-m) 7 4 max(kN)
g3t S.-& 1887.32 388.60 361.07
1.83.- fr': # (hanging) - 7.75 -
2.-F.¥-3 % (stacking) - 35.71 87.70
4-F R 89 106 -
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P-M

600

—T7-D19
500
casel
case2
400
case3
300 cased
cased

[}

u

*

o

L

X caseb
¢ case’/

A case8

+ case9

X caselD
25 casell.l

-100 = casell.2

= casell3

-200 casell.4
Mn
79 %475 2% Rx3 M-N R

P& AT R 24k ¥ % [25]¢ $Hat e U B
doT A 80 Et MG AR 0z ko Bt P ik A& 100 2 it iy
B BRAASAEE LF 22 0w 40kg i by e R 80
o) 3o LATZEHRA M2 P ERSPEHIG -

8 el P E(F L)
M A% P
(t-m) ®) ©
0 7.27 0.00 | 179.18
10 6.66 -2.19[179.76
20 494 -3.94 [ 181.38
30 2.46 -4.911183.77
40 0.28 -4.91 | 186.52
50 2.76 -3.94 [189.19
60 4.51 -2.381191.29
70 535 -0.69 [ 192.64
80 533 0.69 | 193.30
90 471 1.441193.55
100 3.81 1.831193.60
110 2.69 2.20]193.42
120 1.41 2.441193.03
130 0.04 2.511192.50
140 1.31 2.35]191.94
150 2.49 1.91]191.52
160 3.39 1.32]191.26
170 3.94 0.67 [ 191.13
180 4.12 0.00 | 191.10
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-200 +
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-40
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(3.81,-193)6) |
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| Mni#9% 7 (tf-m)

—— 40kg/m3
Bl 80 & = 2 ¢ 40kg % % 3 ¢ B4

B2z 3 E PRS2 P S N E e

BAE o Mn 5 d B 80 %M

P4 EEP 2 5% E 5 132324 & > 4T B o
AR R ke
Ro 255 m
EB /) Aw= 0.9 m |
o= 33.75 ° n TR T
6= 10.164249 ° ; X WY
X= 1.417 m - ﬂzr )
y= 0.430 m N
Mc=Va*x-P*w/2= 0.483 *P (tf-m) 0
EP-MME * Mn= 7 tf-m

(a)& AR R KFHE
P=Mn/0.483=

LA K3 Ay SRR

29.79 tf

(D)EABR FEAREURZIABRRR TR ML AZFRAR KRB EX%5
AR FEW= 1.714 tf
L=2*x 2.833 m
¥ Hhw= 0.605 tf/m
Mg=wL"2/8= 0.607 tf-m
P=(Mn-Mg)/0.483= 13.23 tf

Bl 8l fi*ipsk g £4 £3+5 - 0
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C. 448 aREY fot L

REI PR KB EERY kR AEEY £ Bk R
W3 TP B R[26] 0 112wk it andh 4 (N)E $4B(M) % gt
Lo SFRCAe g4 4 9 B kiR S JUpwRBKIL 38

kAo ARp gk Feemlie v Sika B BT R ona Rk o

4. 9SFRC -kik A 4F & Hoklfe

e | kiR | A k| REH | B | i
A e KA
kg/m® | kg/m® | kg/m® | kg/m® | kg/m® | kg/m®| kg/m®

w3 A60MPa | 4909 | 370 | 30 | 140 5 890 40 0.35
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CHAPTER 1 - GENERAL

1.1 -- Scope

This guide covers specifving, proportioning, mixing,
placing, and fimshimg of steel fiber remforced concrete
(SFRC).

1.2 -- Steel fiber reinforced concrete -- General

Steel fiber reinforced concrete 1s a composite material
made of hydraulic cements, fine and coarse aggregate,
and a dispersion of discontmuous, small steel fibers. It
may also contain pozzolans and admixtures commonly
used with conventional concrete.

In general, fiber length varies from 0.5 in. (12.7 mm)
to 2.5 m. (63.5 mm). The most common fiber diameters
are m the range of 0.017 . (0.45 mm) to 0.04 . (1.0
mm). Modem steel fibers have shapes which clude
round, oval, rectangular, and crescent cross sections,
depending on the manufacturing process and raw mater-
1al used.

The usual amount of steel fibers ran es from 0.25 per-
cent by volume, i.e., 33 Ib/yd® (20 kg/m?), to 2 percent by
volume, 1e., 265 Ib/yd® (157 kg/m?®). The low end of the
range applies to lightly loaded slabs on grade, some
precast applications, and composite steel deck toppings.
The upper end of the range 1s common for secunity appl-
cations (safes, vaults, etc).

The addition of steel fibers significantly umproves
many of the engineermg properties of mortar and con-
crete, notably impact strength and toughness. Flexural
strength, fatigue strength, and the ability to resist
crackmg and spalling are also enhanced. The extent of
mprovement n the concrete properties will vary based
on the type and quantity of fibers used and the quality of
the concrete matrix.

More detailed mmformation on properties may be
found in references listed in Chapter 8.

ACl COMMITTEE REPORT

1.3 -- Typical uses of steel fiber reinforced concrete

Generally, when used in structural applications, steel
fiber remforced concrete should only be used 1 a supple-
mentary role to inhibit cracking, to improve resistance to
mnpact or dynamic loading. and to resist material disinte-
gration. In structural members where flexural tensile or
axial tensile stresses will occur, such as in beams,
columms, suspended slabs (1.e., not slabs on grade), the
reinforeing steel must be capable of resisting the tensile
stresses.

A number of research documents have been published
on the subject of using steel fibers for reinforcing
structural members i combination with conventional
reinforcing (Craig 1984: 1987; Craig et al. 1984; Jindal
1984; Batson, Terry, and Change 1984; Balaguru and
Ezeldm 1987). This research shows that increased flexural
strength, increased shear resistance, and fatigue endur-
ance limits are attainable.

In applications where the presence of continuous remn-
forcements 1s not essential to the safety and mtegnity of
the structure, e.g., pavements, overlays, and shotcrete
linings, the improvements in flexural strength associated
with the fibers can be used to reduce section thickness or
unprove performance, or both. The following are some
examples of structural and nonstructural uses of SFRC:
o Hydraulic structures -- Dams, spillways, stilling basins,
and sluiceways as new or replacement slabs or overlays
to resist cavitation damage (Schrader 1989).

o Airport and highway paving and overlays -- Particularly
where a thinner-than-normal slab is desired (Johnston
1984).

o Industrial floors -- For impact resistance and resistance
to thermal shock (Vandenberghe and Nemegeer 1985).

e Refractory concrete -- Using high-alumina cement in
both castable and shoterete applications (Lankard 1978;
Hackman 1980).

e Bridge decks -- As an overlay or topping where the
primary structural support 1s provided by an underlying
reinforced concrete deck (Melamed 19853).

e In shortcrete linings -- For underground support m
tunnels and mines, usually with rock bolts (Morgan and
McAskill 1988).

o In shofcrete coverings -- To stabilize aboveground rock
or soil slopes, e.g., highway and railway cuts, and
embankments (Henager 1981; Morgan 1988).

o Thin shell structures -- Shotcreted “foam domes™ (Haber
1986).

o Explosion-resistant structures -- Usually in combination
with remforcing bars (Henager 1983).

e A possible future use in seismic-resistant structures
(Henager 1977: Craig 1984).

1.4 -- Specifying steel fiber reinforced concrete

1.4.1 General -- Steel fiber remforced concrete is
usually specified by strength and fiber content. In certain
applications, toughness parameters may be specified.
These are defined m ASTM C 1018, and are further dis-
cussed in ACI 544 2R and in a subsequent paragraph.
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The report prepared by ACI Committee 544 on Fiber Reinforced Concrete
(FRC) is a comprehensive review of all types of FRC. It includes fundamental
principles of FRC, a glossary of terms, a description of fiber tvpes, manufac-
turing methods, mix proportioning and mixing methods, installation prac-
tices, physical properties, durability, design considerations, applications,
and research needs. The report is broken into five chapters: Introduction,
Steel FRC, Glass FRC, Synthetic FRC, and Natural FRC.

Fiber reinforced concrete (FRC) is concrete made primarily of hydraulic
cements, aggregates, and discrete reinforcing fibers. Fibers suitable for rein-
Jforcing concrete have been prodiced from steel, glass, and organic polymers

ACI Committee Reports, Guides, and Commentaries are
intended for guidance in planning, designing, executing, and
inspecting construction. This document is intended for the use
of individuals who are competent to evaluate the significance
and limitations of its content and recommendations and who
will accept responsibility for the application of the material it
contains. The American Concrete Institute disclaims any and
all responsibility for the stated principles. The Institute shall
not be liable for any loss or damage arising therefrom.

Reference to this document shall not be made in contract
documents. If items found in this document are desired by the
Architect/Engineer to be a part of the contract documents, they
shall be restated in mandatory language for incorporation by
the Architect/Engineer.

(svnthetic fibers). Naturally occurring asbestos fibers and vegetable fibers,
such as sisal and jute, are also used for reinforcement. The concrete matrices
may be mortars, normally proportioned mixes, or mixes specifically formu-
lated for a particular application. Generally, the length and diameter of the
fibers used for FRC do not exceed 3 in. (76 mm) and 0.04 in. (1 mm), respec-
tively. The report is written so that the reader may gain an overview of the
property enhancements of FRC and the applications for each general cate-
gory of fiber type (steel, glass, synthetic, and natural fibers).

Brittle materials are considered to have no significant post-cracking
ductility. Fibrous composites have been and are being developed to provide
improved mechanical properties to otherwise brittle materials. When
subjected to tension, these unreinforced brittle matrices initially deform elas-
tically. The elastic response is followed by microcracking, localized macroc-
racking, and finally fracture. Introduction of fibers into the concrete results in
post-elastic property changes that range from subtle to substantial,
depending upon a number of factors, including matrix strength, fiber type,
fiber modulus, fiber aspect ratio, fiber strength, fiber surface bonding char-

ACI 544.1R-96 became effective November 18, 1996. This report supersedes ACI
544.1R-82(86).

Copyright © 1997, 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.
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acteristics, fiber content, fiber orientation, and aggregate size effects. For
many practical applications, the matrix first-crack strength is not increased.
In these cases, the most significant enhancement from the fibers is the post-
cracking composite response. This is most commonly evaluated and
controlled through toughness testing (such as measurement of the area under
the load-deformation curve).

If properly engineered, one of the greatest benefits to be gained by using fiber
reinforcement is improved long-term serviceability of the structure or
product. Serviceability is the ability of the specific structure or part to main-
tain its strength and integrity and to provide its designed function over its
intended service life.

One aspect of serviceability that can be enhanced by the use of fibers is
control of cracking. Fibers can prevent the occurrence of large crack widths
that are either unsightly or permit water and contaminants to enter, causing
corrosion of reinforcing steel or potential deterioration of concrete [1.1]. In
addition to crack control and serviceability benefits, use of fibers at high
volume percentages (5 to 10 percent or higher with special production tech-
niques) can substantially increase the matrix tensile strength [1.1].

CONTENTS
Chapter 1—Introduction, pp. 544.1R-2

|.1—Historical aspects
1.2—Fiber reinforced versus conventionally-reinforced

concrete
1.3—Discussion of fiber types
1.4—Production aspects
1.5—Developing technologies
1.6—Applications
1.7—Glossary
1.8—Recommended references
1.9—Cited references

Chapter 2—Steel fiber reinforced concrete (SFRC),
pp. 544.1R-7
2.1—Introduction

2.2—Physical properties
2.3—Preparation technologies
2.4—Theoretical modeling
2.5—Design considerations
2.6—Applications
2.7—Research needs
2.8—Cited references

Chapter 3—Glass fiber reinforced concrete
(GFRC), pp. 544.1R-23
3.1—Introduction

3.2—Fabrication of GFRC material
3.3—Properties of GFRC
3.4—Long-term performance of GFRC
3.5—Freeze-thaw durability
3.6—Design procedures
3.7—Applications of GFRC
3.8—GFRC panel manufacture
3.9—Surface bonding

3.10—Research recommendations
3.11—Cited references

Chapter 4—Synthetic fiber reinforced concrete
(SNFRC), pp. 544.1R-38
4.1—Introduction

ACI COMMITTEE REPORT

4.2—Physical and chemical properties of commercially
available synthetic fibers

4.3—Properties of SNFRC

4.4—Composite production technologies

4.5—Fiber parameters

4.6—Applications of SNFRC

4.7—Research needs

4.8—Cited references

Chapter 5—Natural fiber reinforced concrete
(NFRC), pp- 544.1R-56
5.1—Introduction

5.2—Natural fibers

5.3—Unprocessed natural fiber reinforced concrete
5.4—Processed natural fiber reinforced concrete
5.5—Practical applications

5.6—Summary

5.7—Research needs

5.8—Cited references

CHAPTER 1—INTRODUCTION
1.1—Historical aspects
Since ancient times, fibers have been used to reinforce

brittle materials. Straw was used to reinforce sun-baked
bricks, and horsehair was used to reinforce masonry mortar
and plaster. A pueblo house built around 1540, believed to be
the oldest house in the U.S., is constructed of sun-baked
adobe reinforced with straw. In more recent times. large
scale commercial use of asbestos fibers in a cement paste
matrix began with the invention of the Hatschek process in
1808. Asbestos cement construction products are widely
used throughout the world today. However, primarily due to
health hazards associated with asbestos fibers, alternate fiber
types were introduced throughout the 1960s and 1970s.

In modern times, a wide range of engineering materials
(including ceramics, plastics, cement, and gypsum products)
incorporate fibers to enhance composite properties. The
enhanced properties include tensile strength, compressive
strength, elastic modulus, crack resistance, crack control, dura-
bility. fatigue life, resistance to impact and abrasion, shrinkage,
expansion, thermal characteristics, and fire resistance.

Experimental trials and patents involving the use of
discontinuous steel reinforcing elements—such as nails,
wire segments, and metal chips—to improve the properties
of concrete date from 1910 [1.2]. During the early 1960s in
the United States, the first major investigation was made to
evaluate the potential of steel fibers as a reinforcement for
concrete [1.3]. Since then, a substantial amount of research,
development, experimentation, and industrial application of
steel fiber reinforced concrete has occurred.

Use of glass fibers in concrete was first attempted in the
USSR in the late 1950s [1.4]. It was quickly established that
ordinary glass fibers, such as borosilicate E-glass fibers. are
attacked and eventually destroyed by the alkali in the cement
paste. Considerable development work was directed towards
producing a form of alkali-resistant glass fibers containing
zirconia [ 1.5]. This led to a considerable number of commer-
cialized products. The largest use of glass fiber reinforced
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