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ACI Committee Reports and Guides are intended for 
guidance in planning, designing, executing, and inspecting 
construction. This document is intended for the use of indi-
viduals 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.

ACI PRC-506.1-21 supersedes ACI 506.1R-08 and was adopted and published  
August 2021.

Copyright © 2021, 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 me-
chanical device, printed, written, or oral, or recording for sound or visual reproduction 
or for use in any knowledge or retrieval system or device, unless permission in writing 
is obtained from the copyright proprietors.

This guide describes the technology and applications of fiber-
reinforced shotcrete (FRS) with a focus on synthetic and steel 
macrofibers. It serves as a bridge between information given in 
documents reported by ACI Committee 506 and ACI Committee 
544. Proportions of typical mixtures, batching, mixing, and 
application procedures are described, including modification 
of mixture proportions and equipment needed for FRS. General 
performance criteria of FRS, particularly postcracking flexural 
strength and toughness, are described along with other typical 
properties and benefits, such as increased resistance to shrinkage 
cracking and impact resistance. Corresponding test methods 
are also discussed. The document presents general FRS design 
considerations. Applications of FRS are described, including 
construction and repair of tunnel and mining linings, slope 
stabilization, retaining structures, fire-explosive-spalling-resistant 
linings, and architectural structures. The report also gives guidance 
on the specification and quality control of FRS.

Keywords: fiber-reinforced shotcrete; fibers; linings; mining; repair; 
shotcrete; steel fibers; synthetic fibers; tunneling.
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CHAPTER 1—INTRODUCTION AND SCOPE

1.1—Introduction
Fiber-reinforced shotcrete (FRS) is shotcrete containing 

discontinuous discrete fibers. Continuous meshes, woven 
fabrics, and long rods are not considered as discrete fiber-
type reinforcing elements covered in this guide. FRS is 
used in a wide range of applications and is popular for its 
versatility as a construction material and placement process. 
FRS is primarily used in applications where its geometrical 
flexibility and safe application provides advantages over 
conventional steel bar or mesh reinforcement or where only 
limited structural tensile forces are expected.

FRS with steel fibers was first placed in North America 
early in 1971 in experimental work directed by Lankard et 
al. (1971). Steel FRS (SFRS) was proposed for underground 
support by Parker (1974). Additional trials were made by 
Poad et al. (1975) in an investigation of new and improved 
methods of using shotcrete for underground support. Subse-
quently, the first practical application of SFRS was made in 
a tunnel adit at Ririe Dam, ID, in 1973 (Kaden 1977). Since 
that time, SFRS has been used throughout the world. Shot-
crete using micropolypropylene fibers was first placed in 
Europe in 1968 (Hannant 1978). Macrosynthetic fibers for 

use in shotcrete were developed in the mid-1990s and have 
since increasingly been used in mining, tunnel, and slope 
stabilization projects (Morgan and Heere 2000; Nitschke 
and Winterberg 2016).

1.2—Scope
This guide provides information and guidance on fiber-

reinforced shotcrete (FRS) with a focus on synthetic and steel 
macrofibers. Topics covered include materials used, mixture 
proportions, production of FRS, performance criteria, testing 
procedures, design considerations, specifications, and 
examples of several applications. Although portions of the 
conventional shotcrete and fiber-reinforced concrete (FRC) 
practice apply to FRS, this document discusses specific 
aspects that are essential for FRS applications.

CHAPTER 2—NOTATION AND DEFINITIONS

2.1—Notation
C	 =	 equivalent compressive force on a cross section, 

lbf (kN)
CMOD	 =	 crack mouth opening displacement, in. (mm)
d	 =	 height of the cross section, in. (mm)
fc	 =	 compressive strength of concrete, psi (MPa)
ft1,2,3	 =	 residual flexural strengths of FRC, psi (MPa)
LOP	 =	 limit of proportionality, psi (MPa)
M	 =	 resulting moment, lb-in. (N-mm)
m	 =	 dimensionless moment
N	 =	 resulting normal force, lbf (kN)
n	 =	 dimensionless normal force
T	 =	 equivalent tension force on a cross section, lbf 

(kN)
ZC	 =	 distance from the neutral axis to the equivalent 

compressive force, lbf (kN)
ZT	 =	 distance from the neutral axis to the equivalent 

tension force, lbf (kN)
εc	 =	 compressive strain
εt	 =	 tensile strain
κ	 =	 cross section’s curvature, ft–1 (m–1)
κmax c	 =	 cross section’s maximum curvature related to 

compressive failure, ft–1 (m–1)
κmax t	 =	 cross section’s maximum curvature related to 

tensile failure, ft–1 (m–1)
σc	 =	 compressive stress, psi (MPa)
σt	 =	 tensile stress, psi (MPa)

2.2—Definitions
Please refer to the latest version of ACI Concrete 

Terminology for a comprehensive list of definitions. 
Definitions provided herein complement that resource.

denier—measure of fiber linear mass density, taken as the 
mass in grams of 29,528 ft (9000 m) of the fiber.

fiber balling—formation of large clumps of entangled 
fibers that may occur before or during the mixing process.
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CHAPTER 3—MATERIALS

3.1—General
Fiber-reinforced shotcrete (FRS) is shotcrete containing 

dispersed, randomly oriented fibers. Materials for use in FRS 
should conform to the requirements of ASTM C1436, which 
covers the typical materials used in shotcrete, including 
chemical admixtures, supplementary cementitious materials, 
fibers, and the combined grading of aggregates for fine and 
coarse aggregates. Useful information about the materials 
for use in shotcrete is presented in ACI 506R. Requirements 
for the use of shotcrete can be found in ACI 318.

3.2—Fibers
Fibers used in shotcrete are generally classified by the 

material they are made of and by their size. They are divided 
into two groups by their size: microfibers and macrofibers. 
In this guide, focus is kept on steel and synthetic macrofibers 
because they are the most frequently used for structural 
purposes in shotcrete. Additional information regarding 
the use of microfibers in concrete can be found in ACI 
544.1R, ACI 544.2R, ACI 544.3R, ACI 544.4R, ACI 
544.5R, and ACI 544.9R. Another parameter to characterize 
macrofibers is the fiber aspect ratio (ACI 544.4R). Typical 
fiber aspect ratios of macrofibers for shotcrete range from 
40 to 65 for common fiber lengths used for shotcrete. The 
length of fibers used in shotcrete applications is typically 
shorter than in cast-in-place applications and is primarily 
limited by the shotcrete hose diameter and shotcreting 
equipment used. Aspect ratio and length of fibers can 
affect their reinforcing performance in FRS (ACI 544.4R). 
Fibers for use in shotcrete should meet the requirements of 
ASTM C1116/C1116M. General information on the use of 
fibers in concrete can be found in ACI 544.1R, ACI 544.2R, 
ACI 544.3R, ACI 544.4R, ACI 544.5R, and ACI 544.9R. 
Figures 3.2a and 3.2b illustrate typical steel and synthetic 
macrofibers being used in shotcrete.

3.2.1 Microfibers—Microfibers are defined as fibers 
with an equivalent diameter less than 0.012 in. (0.3 mm) 

for use in shotcrete and are normally polyolefin-based. 
If the microfibers are used to mitigate explosive spalling 
in fires by melting and providing void space, then fibers 
should be polypropylene, with equivalent diameters less 
than 0.0013  in. (33 mm) and lengths equal to or less than 
0.5 in. (12 mm) (Tatnall 2002) (6.4.8). Synthetic microfibers 
lengths vary from 0.25 to 2 in. (6 to 50 mm). Microsynthetic 
fibers are also added to minimize plastic shrinkage cracks 
(Nitschke and Winterberg 2016).

The term denier is often used to indicate the fineness of 
microfibers. A typical synthetic shotcrete microfiber to 
minimize plastic shrinkage cracks has a denier of 6, which 
results in an equivalent diameter of 0.0012 in. (32 mm).

3.2.2 Macrofibers—Macrofibers are defined as fibers 
with an equivalent diameter greater than or equal to 0.012 
in. (0.3 mm) for use in shotcrete. The majority of macrofibers 
used in shotcrete are either steel or synthetic fibers.

3.2.2.1 Steel macrofibers—Steel macrofibers used in 
shotcrete are generally between 0.7 to 1.4 in. (18 to 36 mm) 
in length and 0.016 to 0.03 in. (0.4 to 0.8 mm) in equivalent 
diameter. Steel fibers should conform to ASTM A820/A820M.

Fig. 3.2a—Examples of steel fibers.

Fig. 3.2b—Examples of synthetic macrofibers.
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3.2.2.2 Synthetic macrofibers—Synthetic macrofibers 
used in shotcrete are generally between 1.5 to 2.5 in. (40 to 
65 mm) in length, with equivalent diameters similar to those 
of the steel fibers. Synthetic fibers should conform to ASTM 
D7508/D7508M.

3.2.3 Other fiber materials—Fibers for use in shotcrete 
can also be made of other materials such as glass or natural 
materials. These fibers can provide good performance of 
FRS. However, because their use has been relatively limited 
to this date, this guide doesn’t specifically cover them.

3.2.4 Combination of fibers—While it is not a frequent 
practice to combine different fiber types in shotcrete, it is 
possible to achieve different types of FRS behaviors by 
using fibers with complementary characteristics. More infor-
mation on that subject can be found in ACI 544.3R.

3.3—Supplementary cementitious materials and 
chemical admixtures

As for shotcrete in general, supplementary materials can be 
used to help with the placement process and the performance 
of FRS. This is particularly important because the addition 
of fibers in the mixture bears the potential to reduce the 
workability of shotcrete. Supplementary cementitious 
materials (SCM) such as silica fume, slag, and fly ash are 
often used in FRS. For applications that require vertical and 
overhead placement with macrofibers, the use of certain SCMs 
can also help build thicker layers without sloughing and reduce 
fiber rebound (ACI 506R). Chemical admixtures including 
water-reducing admixtures, air-entraining admixtures and 
accelerators may also be used in FRS. For mixtures with fiber 
content exceeding 0.3% by volume of shotcrete, the addition 
of water-reducing or air-entraining admixtures is common 
or required to maintain desired water-cementitious materials 
ratios (w/cm) and good workability. SCMs and chemical 
admixtures that meet the requirements of ASTM C1436 are 
typically acceptable for use in FRS.

CHAPTER 4—MIXTURE PROPORTIONS

4.1—General
Proportioning shotcrete mixtures that contain fibers 

should follow the recommended guidelines outlined in 
ACI 506R in combination with ACI 544.3R. Most of the 
nonfibrous shotcrete proportioning methods apply to fiber-
reinforced shotcrete (FRS) and should be used. However, 
the major difference is the need for good pumpability and 
workability for shotcrete applications compared to cast-in-
place applications. Fibers generally reduce the workability 
of shotcrete but can also increase its cohesion. This should 
be considered in the mixture proportioning. Fibers increase 
the surface area to be coated by the paste; cementitious 
materials, sand, and water content need to be chosen 
accordingly.

The number of randomly distributed fibers crossing 
an open crack is an important factor of the postcracking 
behavior, which depends, among other factors, on the total 
amount of discrete fibers in the mixture. Because steel fibers 
have a higher specific weight (approximately 500 lb  ft3 

[8300 kg/m3]) than synthetic fibers (approximately 55 lb/
ft3 [900 kg/m3]), a fiber content based on lb/yd3 (kg/m3) 
can be misleading. A performance specification is therefore 
preferred to a prescriptive specification when using FRS, 
especially if the specification allows for both steel and 
synthetic fibers. Because FRS is usually proportioned 
to attain a specified postcracking performance, different 
postcracking properties (postcracking residual strength or 
energy absorption – toughness) or a combination of these 
can guide the choice of fiber type and dosage rate. Fiber 
suppliers generally have data regarding the use of their fibers 
and can recommend the right type (material and shape) and 
quantity of fibers to achieve postcracking performance 
requirements based on past project experience. If previous 
data on the performance of a specific FRS mixture design is 
not available, preconstruction tests should be performed to 
verify the performance of the proposed mixture.

4.2—Wet-mix shotcrete
Because rebound of macrofibers is typically lower in 

wet-mix shotcrete, initial dosage rates of fibers are sometimes 
lower than for dry-mix shotcrete for the same postcracking 
performance. Dosage rates of steel fibers are in the range of 
0.15 to 0.6% by volume of shotcrete (20 to 80 lb/yd3 [12 to 
47 kg/m3]). Dosage rates of synthetic macrofibers are usually 
in the range of 0.3 to 0.8% by volume of shotcrete (5 to 12 lb/
yd3 [3 to 7 kg/m3]) and those of synthetic microfibers are 
usually in the range of 0.07 to 0.13% by volume of shotcrete 
(1 to 2 lb/yd3 [0.6 to 1.2 kg/m3]).

4.3—Dry-mix shotcrete
Because rebound of macrofibers in dry-mix shotcrete is 

typically greater than in wet-mix shotcrete, dosage rates of 
fibers may be higher than those indicated in 4.2 (Dufour et 
al. 2006). For example, dosage rates of steel fibers may be 
up to 1% by volume (approximately 131 lb/yd3 [78 kg/m3]).

When the mixing action before exiting the nozzle is 
insufficient, some synthetic macrofibers and small steel 
fibers do not lend themselves to successful shooting using 
the dry-mix process because they are insufficiently coated 
with the cementitious paste, are too light, and tend to be 
blown away from the shotcrete stream. Users should check 
with the fiber suppliers and other project experience before 
using synthetic macrofibers or small steel fibers when using 
the dry process. Synthetic microfibers are regularly used 
successfully in dry-mix shotcrete.

4.4—Shift of mixture proportions
As for all shotcretes, rebound can change the mixture 

proportions of FRS in place. For most mixtures, this action 
does not have a significant effect on the intended perfor-
mance of the shotcrete. In the case of FRS, however, rebound 
can have a significant influence on the final fiber content and 
thus the structural performance of the in-place material. The 
effect appears to be more significant for FRS because, gener-
ally, a greater percentage of fibers than aggregates rebounds 
from the substrate or ends up embedded in the shotcrete. 
This effect creates a shift in mixture proportions between 

American Concrete Institute – Copyrighted © Material – www.concrete.org

4	 FIBER-REINFORCED SHOTCRETE—GUIDE (ACI PRC-506.1-21)

Full document details: ACI PRC-506.1-21

http://www.avadocuments.com/doc/aci-prc-506-1-21
http://www.avadocuments.com/doc/aci-prc-506-1-21


the original mixture versus the installed material. This is 
particularly important as FRS postcracking performance 
relies on the effect of fibers after cracking. Thus, the shift of 
mixture proportions due to fiber loss should be considered 
when designing a shotcrete mixture to meet specific perfor-
mance criteria.

Ryan (1975) reported fiber retention (proportion between 
the in-place and initial fiber content) of 40% overhead and 
65% for dry-mix shotcrete on vertical surfaces. Parker et al. 
(1975) reported fiber retention of 44 to 88% (average 62%) for 
dry-mix coarse aggregate mixtures shot onto vertical panels. 
Tests have also indicated that steel fiber rebound is highly 
dependent on fiber geometry (Armelin and Banthia 1998).

It appears that the loss of fibers due to rebound is higher 
when using the dry-mix process compared to the wet-mix 
process. Banthia et al. (1992, 1994) presented data on the 
effect of five steel fiber geometries on rebound and other 
shotcrete characteristics; they show ranges of fiber rebound 
for predampened dry-mix of 35 to 78%, and wet-mix of 12 
to 18%. Jolin et al. (2015) studied the effect of consistency 
of dry-mix shotcrete on fiber rebound using a hydromix 
nozzle and found a range of fiber rebound of 36 to 66%. In 
most commonly used mixtures, fiber rebound will typically 
be between 30 and 60% in dry-mix shotcrete and 10 to 20% 
in wet-mix shotcrete.

Even though the use of synthetic macrofibers in dry-mix 
shotcrete is not popular, it is possible to achieve equivalent 
rebound with steel or synthetic macrofibers (Dufour et al. 
2006). It was shown that the rebound of both steel and 
synthetic fibers at dosages of 75 and 11.6 lb/yd3 (45 and 
6.9 kg/m3), respectively, was comparable with a mixture 
that contained silica fume (8% by weight of cement) when 
shot at the wettest stable plastic consistency. Parker et al. 
(1975) showed that air flow had a significant influence on 
fiber rebound in dry-mix shotcrete. When lower air flow was 
used, the amount of fibers blown away was less and the value 
for the rebound of fiber was correspondingly less. However, 
it should be noted that spraying with lower air flow generally 
lead to improper compaction of FRS. Therefore, there should 
be a balance in the air flow to reduce the loss of fibers while 
ensuring good in-place compaction of the shotcrete. Trial 
testing is recommended.

The factors that affect total rebound encompass a wide 
range of items and conditions. The aspects that apply to 
nonfibrous shotcrete mixtures also generally apply to FRS. 
In general, fiber content doesn’t have a major effect on the 
total rebound. Parker et al. (1975) concluded that the mere 
presence of fibers in a dry-mix shotcrete mixture does 
not affect rebound appreciably. Other parameters such as 
consistency, cement content, or air flow are known to have a 
stronger influence on rebound. Refer to ACI 506R for more 
details on how to reduce rebound of shotcrete.

CHAPTER 5—PRODUCTION

5.1—General
Production of fiber-reinforced shotcrete (FRS) should, 

in general, closely follow the production procedures for 

producing shotcrete (ACI 506R) and fiber-reinforced 
concrete (FRC) (ACI 544.3R). Tolerances for batching 
materials should also follow established provisions for 
shotcrete and FRC, respectively.

5.2—Batching and mixing
5.2.1 Wet-mix—Wet-mix FRS should be batched and 

mixed following the same general guidelines for shotcrete 
listed in ACI 506R. If applicable, it should also follow the 
requirements of ASTM C1116/C1116M, which covers plant 
batching and mixing, transit truck mixing, and volumetric 
plant batching and mixing. Guidance for production of FRC 
is available in ACI 544.3R and is generally applicable to FRS.

5.2.2 Dry-mix—Dry-mix shotcrete should be batched and 
mixed following the same general guidelines for shotcrete 
listed in ACI 506R. It may be more challenging to ensure a 
uniform distribution of the fibers in a dry mixture than in a 
wet mixture. Therefore, attention should be paid to mixing 
to ensure good fiber distribution (5.2.4).

5.2.3 Pre-bagged mixture—In many cases, packaged, 
preblended, dry, combined FRS mixtures are used instead of 
bulk materials. They can be used directly for dry-mix FRS or 
introduced in a mixer with water added to produce wet-mix 
FRS. When used for FRS, these materials should meet 
the requirements of ASTM C1480/C1480M for Grade FR 
shotcrete (intended to minimize plastic shrinkage cracking 
[Class 1] or to provide a minimum level of post-crack 
flexural load capacity for hardened shotcrete [Class 2]).

5.2.4 Fiber dispersion and distribution—As in FRC, it is 
critical for FRS to achieve a uniform distribution of the fibers 
for a material that is pumped or conveyed through equipment 
and hoses. It is essential to achieve a uniform dispersion of 
the fibers in the in-place shotcrete and, therefore, a uniform 
performance of the material. If insufficient care is taken 
during the mixing process, fibers can clump, kink, or form 
fiber balls. This is particularly important when using high-
aspect-ratio fibers, high contents of fibers, or both. The 
best way to avoid fiber clumping or balling is to make sure 
fibers are evenly dispersed when introduced to the mixture. 
Introducing the fibers continuously or use of a fiber dispenser, 
reducing the batch size, and increasing the mixing time can 
also help reduce the risk of fiber balling (ACI 544.1R).

Although minimal intervention is generally sufficient, 
special techniques and equipment may be required to 
ensure that fibers are properly distributed in the mixture 
before spraying. Various fiber dispensers are available on 
the market to measure and add fibers to the mixture. Fiber 
feeders can help reduce fiber balling by controlling the flow 
of fibers added to the shotcrete mixture. When fibers are 
added to a transit mixer, they should be added at a rate of 
approximately 100 lb/min (45 kg/min) for steel fibers, and 
approximately 10 lb/min (4.5 kg/min) for synthetic fibers 
while the mixer is turning at 12 to 15 rotations/minute 
with not less than 60 total revolutions. Turning too fast can 
reduce the efficiency of mixing and folding of the mixture 
to create good shear. When using a volumetric batcher, a 
dispenser is essential to obtaining the proper quantity of 
fibers in the mixture. For dry-mix shotcrete, the installation 
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of a vibrator to the gun hopper can help prevent the buildup 
of fiber clusters. Preconstruction trials may be required to 
verify the distribution of the fibers in the sprayed FRS. More 
detailed information about methods on how to add fibers 
to a concrete mixture can be found in ACI 544.3R and are 
generally applicable to FRS.

5.3—Installation
5.3.1 Equipment for FRS—Generally, the same equipment 

used for nonfibrous shotcrete application are used in the 
application of FRS. Refer to ACI 506R for more details on 
shotcrete equipment.

The size of the pumping and spraying equipment should 
be selected to allow the flow of fibers of a specific length 
and vice versa. The internal diameter of the pumping and 
spraying equipment should be at least one and one-and-a-
half times the length of fibers for synthetic and steel fibers, 
respectively. It may be required to go up to two to three times 
the length of fibers in some cases. Grates used over pump 
hoppers should be used with FRS, and some manufacturers 
offer grates designed to accommodate pumping FRS. 
Additional information on pumping FRC can be found in 
ACI 544.3R.

A larger or special dry-mix gun may be required to ensure 
dry FRS does not clump in the hopper. This is sometimes 
reported even with the presence of a mixing device in 
the hopper. As for some nonfibrous shotcrete mixtures, 
predampening may be required when using the dry-mix 
process. Predampening can help reduce the loss of fibers 
through the placement process. Refer to ACI 506R for more 
details regarding predampening.

5.3.2 Spraying—All proper techniques of applying 
shotcrete, including safety requirements, as outlined in ACI 
506R should be used to apply FRS. Specific guidelines and 
techniques on spraying shotcrete overhead in underground 
applications and on synthetic sheet waterproofing membranes 
are also available (American Shotcrete Association 2019a,b).

Fibers, particularly steel fibers, can become a safety hazard 
when in the shotcrete, fresh or hardened. Specific measures 
should be taken to avoid contact with the FRS, thereby 
preventing injuries. While fibers tend to orientate themselves 
in a plane perpendicular to the spraying axis, some fibers may 
protrude the surface. If this is objectionable, a thin coat of 
nonfibrous shotcrete may be applied to encapsulate the fibers.

In tunneling and mining applications with high 
groundwater inflow, floating macrosynthetic fibers from 
the rebound have a tendency to accumulate around pumps 
and may require additional effort to keep pumps and water-
treatment systems running.

5.3.3 Waterproofing—In some tunneling applications, an 
impermeable sheet waterproofing membrane is installed on top 
of an FRS surface. Typically, a nonfibrous shotcrete smoothing 
layer is installed on top of the FRS surface to meet specified 
surface tolerance criteria, but also to protect the membrane 
from potential penetrations from fibers. Figure 5.3.3 shows a 
waterproofing membrane being installed onto a synthetic 
macrofiber (12 lb/yd3 [7 kg/m3]) FRS layer in the Caldecott 
4th Bore Project, a road tunnel in Oakland, CA. If FRS is 
installed on top of a sheet waterproofing membrane, for 
example, as a final lining, oftentimes the question about 
damaging the sheet membrane by fibers arises. In general, 
spraying steel fiber-reinforced shotcrete (SFRS) on a sheet 
waterproofing membrane does not damage or puncture the 

Fig. 5.3.3—Waterproofing membrane being installed onto FRS in the Caldecott 4th Bore Project, Oakland, CA.
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