Report on Measuring
Mechanical Properties

of Hardened Fiber-
Reinforced Concrete

Reported by ACI Committee 544

ACl 544 9R-1/

* W American Concrete Institute
qacCl “

» Always advancing
4

This is a preview. Click here to purchase the full publication.



https://www.civilenghub.com/ACI/127511694/ACI-544.9R?src=spdf

. . . First Printing
qCI W American Concrete Institute January 2017
Always advancing y

A ISBN: 978-1-945487-49-1

Report on Measuring Mechanical Properties of Hardened Fiber-Reinforced
Concrete

Copyright by the American Concrete Institute, Farmington Hills, MI. All rights reserved. This material
may not be reproduced or copied, in whole or part, in any printed, mechanical, electronic, film, or other
distribution and storage media, without the written consent of ACI.

The technical committees responsible for ACI committee reports and standards strive to avoid
ambiguities, omissions, and errors in these documents. In spite of these efforts, the users of ACI
documents occasionally find information or requirements that may be subject to more than one
interpretation or may be incomplete or incorrect. Users who have suggestions for the improvement of
ACI documents are requested to contact ACI via the errata website at http://concrete.org/Publications/
DocumentErrata.aspx. Proper use of this document includes periodically checking for errata for the most
up-to-date revisions.

ACI committee documents are 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. Individuals who use this publication in any way assume all
risk and accept total responsibility for the application and use of this information.

All information in this publication is provided “as is” without warranty of any kind, either express or
implied, including but not limited to, the implied warranties of merchantability, fitness for a particular
purpose or non-infringement.

ACI and its members disclaim liability for damages of any kind, including any special, indirect, incidental,
or consequential damages, including without limitation, lost revenues or lost profits, which may result
from the use of this publication.

It is the responsibility of the user of this document to establish health and safety practices appropriate
to the specific circumstances involved with its use. ACI does not make any representations with regard
to health and safety issues and the use of this document. The user must determine the applicability of

all regulatory limitations before applying the document and must comply with all applicable laws and
regulations, including but not limited to, United States Occupational Safety and Health Administration

(OSHA) health and safety standards.

Participation by governmental representatives in the work of the American Concrete Institute and in
the development of Institute standards does not constitute governmental endorsement of ACI or the
standards that it develops.

Order information: ACI documents are available in print, by download, on CD-ROM, through electronic
subscription, or reprint and may be obtained by contacting ACI.

Most ACI standards and committee reports are gathered together in the annually revised ACI Manual of
Concrete Practice (MCP).

American Concrete Institute
38800 Country Club Drive
Farmington Hills, MI 48331
Phone: +1.248.848.3700
Fax: +1.248.848.3701
www.concrete.org

This is a preview. Click here to purchase the full publication.



https://www.civilenghub.com/ACI/127511694/ACI-544.9R?src=spdf

ACI 544.9R-17

Report on Measuring Mechanical Properties of
Hardened Fiber-Reinforced Concrete

Reported by Committee 544

Barzin Mobasher”, Chair
Neven Krstulovic-Opara, Secretary

Corina-Maria Aldea
Emmanuel K. Attiogbe
Mehdi Bakhshi
Nemkumar Banthia
Joaquim Oliveira Barros”
Amir Bonakdar”
Amanda C. Bordelon
Jean-Philippe Charron
Xavier Destree”

Ashish Dubey

Mahmut Ekenel
Liberato Ferrara®
Gregor D. Fischer
Dean P. Forgeron®

Emilio Garcia Taengua
Rishi Gupta
Heidi Helmink
George C. Hoff

Clifford N. MacDonald", Membership Secretary

Klaus Alexander Rieder
Pierre Rossi
Steve Schaef

Surendra P. Shah

Flavio de Andrade Silva

Luca Sorelli
Thomas E. West
Kay Wille
Robert C. Zellers

Marco Invernizzi
John Jones
David A. Lange
Michael A. Mahoney
Bruno Massicotte
James Milligan
Nicholas C. Mitchell Jr.
Jeffrey L. Novak
Giovanni A. Plizzari

Consulting members

Arnon Bentur
Andrzej M. Brandt
James 1. Daniel

P. N. Balaguru
Hiram Price Ball Jr.
Gordon B. Batson

*Members of subcommittee who contributed to this report.
fChair of the subcommittee that developed this report.
Consulting members who contributed to this report.

Antoine E. Naaman?
Venkataswamy Ramakrishnan

Sidney Freedman
Christian Meyer
Henry J. Molloy

The committee would like to thank H. Aoude and F. Vossoughi for their contributions to this report.

This report provides a synopsis of the existing testing method-
ologies for the determination of mechanical properties of hard-
ened fiber-reinforced concrete (FRC). This report applies to the
mechanical properties of conventionally mixed and placed FRC,
including fiber-reinforced self-consolidating concrete (FRSCC), or
fiber-reinforced shotcrete (FRS) using steel, glass, polymeric, and
natural fibers.

The objective is to enable manufacturers to characterize the
mechanical properties of hardened FRC and encourage researchers
and testing laboratories to adopt common and unified test methods
to build a meaningful database of mechanical properties of hard-

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.

ened FRC materials and products. Test results from the test proce-
dures used in this report are not intended for the design of FRC
structures, but to gain a better understanding of factors influencing
the determination of their mechanical properties and of FRCs and
FRC products.

Keywords: compressive strength; fiber pullout; fiber-reinforced concrete;
flexural fatigue resistance; flexural strength; impact resistance; multiaxial
behavior; shear and torsion; tensile strength; toughness.
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CHAPTER 1—INTRODUCTION AND SCOPE

1.1—Introduction

The use of fiber-reinforced concrete (FRC) has evolved
from small-scale applications to routine factory and field
applications that involve the global use of tens of millions
of cubic yards (meters) annually. This growth of application,
in conjunction with new fibers, admixtures, and mixture
designs, has created an urgent need to review existing test
methods and, where necessary, develop new methods for
determining the fresh and hardened properties of FRC.

1.2—Scope

This report documents the determination of mechanical
properties of hardened FRC. The objective is to charac-
terize these mechanical properties and encourage common
and unified test methods. This objective builds a meaningful
database of mechanical properties of hardened FRC mate-
rials and products. Further, the results should not be taken
out of the context presented for illustrating the tests and not
for comparing fibers out of context. The results from the
tests and procedures used in this document are not intended
to be used for the design of FRC structures. The purpose of
this document is to gain a better understanding of the many
factors influencing tests for the determination of mechanical
properties of FRCs and FRC products.

Although most of the test methods described in this report
were developed initially for steel FRC (SFRC), they are
applicable to concretes reinforced with glass, synthetic/poly-
meric, and natural fibers, except when noted. In Fig. 1.2, an
example of different types of fibers commonly employed in
FRC is provided.

This report applies to the mechanical properties of conven-
tionally mixed and placed FRC or fiber-reinforced shotcrete
(FRS) using steel, glass, synthetic/polymeric, and cellulose/
natural fibers.

Some newer test methods and evaluation procedures under
development are not included in this report. Examples of this
are tensile creep and flexural creep of concrete where the
section has cracked and the bridging fibers are carrying loads.

This report does not discuss test methods for thin glass
FRC or mortar products produced by the spray-up process.
The Prestressed Concrete Institute (PCI MNL 128) and the
International Glassfibre Reinforced Cement Association
(2016a,b) have prepared recommendations for test methods
for these spray-up materials.

CHAPTER 2—NOTATION AND DEFINITIONS

2.1—Notation

a, b= dimensions, in. (mm)

b = width, in. (mm)

d = depth, in. (mm)

d; = fiber diameter, in. (mm)

fi = first cracking nominal stress (as from results of flex-
ural tests according to ASTM C1609/C1609M), psi
(MPa)
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Fig. 1.2—Examples of different types of fibers used in FRC:
(a) steel (with hooked ends, flattened ends, corrugated/undu-
lated); (b) through (c) synthetic/polymeric microfibers; (d)
glass; (e) carbon; and (f) natural; dimension scale where
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residual nominal bending strength corresponding to
P50, psi (MPa)

residual nominal bending strength corresponding to
Peoo, psi (MPa)

equivalent nominal flexural strength, calculated
with reference to predefined crack opening range,
from nominal flexural stress versus crack opening
curves obtained from flexural tests, psi (MPa)
peak nominal stress (as from results of flexural tests
according to ASTM C1609/C1609M); may coin-
cide with or be higher than f, psi (MPa)

residual nominal flexural strength, at a specified
value of the crack mouth opening displacement, as
from results of flexural tests on notched specimens
as per EN 14651, psi (MPa)

residual nominal flexural strength, at CMOD =
0.02 in. (0.5 mm), as from results of flexural tests
on notched specimens as per EN 14651, psi (MPa)
characteristic value of fz;

residual nominal flexural strength, at CMOD =
0.06 in. (1.5 mm), as from results of flexural tests
on notched specimens as per EN 14651, psi (MPa)
residual nominal flexural strength, at CMOD =
0.10 in. (2.5 mm), as from results of flexural tests
on notched specimens as per EN 14651, psi (MPa)
characteristic value of fz3

residual nominal flexural strength, at CMOD =
0.14 in. (3.5 mm), as from results of flexural tests
on notched specimens as per EN 14651, psi (MPa)
specimen height, in. (mm)

length, span, in.-ft. (mm); also gauge length, in. (mm)
fiber length, in. (mm)

load, Ibf (N)

first cracking load (as from results of flexural tests
according to ASTM C1609/C1609M), 1bf (N)
residual load measured in flexural tests as per
ASTM C1609/C1609M in correspondence of a
midspan net deflection equal to 1/150 of the spec-
imen length, Ibf (N)

residual load measured in flexural tests as per
ASTM C1609/C1609M in correspondence of a
midspan net deflection equal to 1/600 of the spec-
imen length, Ibf (N)

peak load (as from results of flexural tests according
to ASTM C1609/C1609M); may coincide with or
be higher than Py, kip (kN)

area under the load deflection curve obtained from
flexural tests as per ASTM C1609/C1609M up to
a value of the net deflection equal to 1/150 of the
specimen length, in.-1b (J)

fiber volume fraction (generally expressed in percent)
deflection, in. (mm)

angle, deg

2.2—Definitions
ACI provides a comprehensive list of definitions through
an online resource, “ACI Concrete Terminology”, http://

provided is in mm. (N
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www.concrete.orgstoreproductdetails.aspx?ItemID=CT16.
Definitions provided herein complement that resource.

aspect ratio—ratio of the length to the diameter of one
single fiber or fiber filament. The diameter may be the actual
or equivalent diameter, defined below.

crack—complete or incomplete separation of concrete in
to two or more parts produced by breaking or fracturing.

equivalent diameter—for fibers with noncircular cross
section, diameter of the equivalent circular cross section
having the same area as the fiber cross section.

equivalent flexural residual strength—average flexural
stress measured for an FRC beam based on the toughness, up
to a specified deflection (or crack width).

fiber—slender and elongated solid material, generally with a
length of at least 100 times its diameter; four primary types are
defined generally by ASTM C1116/C1116M as follows: steel:
ASTM A820/A820M; chopped polyolefin strand (synthetic or
polymeric): ASTM D7508/D7508M; glass: ASTM C1666/
C1666M; and cellulose/natural: ASTM D7357.

fiber volume fraction—total fiber volume in a unit
volume of concrete (generally expressed as a percentage).

ligament—fracture cross section in a specimen, generally
highlighted by the presence of one notch or two opposed
notches, in prismatic specimens, or a circumferential notch,
in cylinder specimens.

Mode I fracture—fracture mode where crack propaga-
tion occurs because of a uniaxial tensile stress state orthog-
onal to the crack plane.

residual flexural strength—flexural strength retained in a
cracked fiber-reinforced concrete beam, typically measured
at a certain deflection or crack width.

toughness—ability of fiber-reinforced concrete to sustain
loads after cracking of the concrete, as described by its
energy absorption capacity; in connection with fiber-rein-
forced concrete, the term “toughness” typically refers to
flexural toughness or toughness in a bending test.

CHAPTER 3—SAMPLING AND SPECIMEN
PREPARATION

3.1—General

In general, procedures outlined in ASTM C31/C31M,
C42/C42M, C192/C192M, and C1609/C1609M as well
as EN 12350-1, EN 12390-1, EN 12390-2, and EN 14651
should be followed for specimen preparation. Additional
guidance for preparing fiber-reinforced shotcrete specimens
is available in ACI 506.2. Test specimens should be prepared
using external vibration whenever possible. Internal vibra-
tion is not desirable and rodding is not acceptable, as these
methods of consolidation may produce preferential fiber
alignment and nonuniform fiber distribution that may cause
variance in the results. Although external vibration may
produce some alignment of fibers, its influence is generally
negligible because of the short duration of vibration required
for consolidation of test specimens. The method, frequency,
amplitude, and time of vibration should be recorded.

Consistent test specimen preparation and testing can
reduce variance as consistently biased, Consistencv helps to

identify any influence by knowing what was done differently
to produce bias in the results. Some test methods provide
procedures for specimen preparation.

3.2—Test specimens

Test specimens should be cast in a single layer to avoid the
reorientation of the fibers or fiber-free planes. Whenever a
single dump method is not used to fill formwork, care should
be used to avoid placing concrete in a manner that produces
a lack of fiber continuity between successive placements.
The preferred placement method is use of a wide shovel
or scoop to place each concrete layer uniformly along the
mold length. Any preferential fiber alignment by the mold
surfaces can influence test results, particularly for small
cross sections with long fibers. Generally, the smallest spec-
imen dimension should be at least three times larger than the
fiber length. Recommendations for selecting specimen size
and preparing test specimens for flexural toughness tests are
given in ASTM C1399/C1399M, ASTM C1609/C1609M,
EN 14651, and EN 14889-2.

3.3—Sample size

Because statistical variation in the measured mechanical
properties can be particularly high among samples with
different fiber dispersion, fiber orientation, or both, more
samples may be needed than for plain concrete for the same
mechanical property and test to obtain a statistically repre-
sentative set of results or lower variation on properties.

CHAPTER 4—COMPRESSIVE STRENGTH,
MODULUS OF ELASTICITY, AND POISSON’S
RATIO

4.1—General

Standard compressive strength testing procedures (ASTM
C39/C39M; EN 12390-3) used for conventional concrete
can be used for FRC as well. ASTM C469/C469M and EN
12390-13 tests for modulus of elasticity and Poisson’s ratio
are also applicable to FRC. The cylinders should be 6 x 12
in. (150 x 300 mm) or 4 x 8 in. (100 x 200 mm) (diameter
x height) in size and made using external vibration. Smaller
specimens are not recommended, specifically with macrofi-
bers that are longer, stiffer, or both, because of likely induced
preferred orientation.

The presence of fibers can alter the mode of failure of cylin-
ders, and be helpful in avoiding spurious shear type failure
in plain concrete, thus obtaining a failure mode character-
ized by finer cracks parallel to the applied stress (Fig. 4.1a).
The higher the fiber factor V//dj; the more pronounced the
change in a failure mode (Ou et al. 2012) that actually causes
the concrete response to be less brittle. Significant post-peak
strength can be retained with increasing deformation beyond
the maximum load, as a function of fiber type, dosage, and
aspect ratio (Fig. 4.1b). Because smaller cylinders give higher
strengths for conventional concrete and promote preferential
fiber alignment in FRC, small cylinders with long fibers could
result in unrealistically high compressive strengths.
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