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Dedication

The Sixth International RILEM Conference on High Performance Fiber Rein-
forced Cement Composites (HPFRCC6) and its proceedings are dedicated to three
outstanding members of our international community who have made significant
and lasting contributions to broaden the safe application of fiber reinforced cement
and concrete composites through fundamental understanding, testing, analysis,
modeling and design.

Andrzej M. Brandt

Professor Andrzej Marek Brandt was born on No-
vember 15, 1930 in Bydgoszcz, Poland. He graduated
from the Warsaw University of Technology, Faculty
of Civil Engineering, in 1955, then joined the Insti-
tute of Fundamental Technological Research (IFTR)
of the Polish Academy of Sciences in Warsaw, where
he has been employed ever since. In 1958-1959, he
completed advanced studies at the Centre de Hautes
Etudes de la Construction in Paris, France. Professor
Brandt holds two doctoral degrees, one in 1962, and
one, a DSc, in 1967, both from IFTR. He was promoted Associate Professor in
1967 and Full Professor in 1979. His positions included Chairman of the Commit-
tee for Civil Engineering of the Polish Academy of Sciences, and Head of the Sec-
tion on Strain Fields.

Professor Brandt’s main interests have been focused on structural mechanics
and bridge design, optimization of structures and materials, strain measurements
and analysis, fracture mechanics and mechanics of brittle matrix composites. He is
the author or co-author of more than 100 technical papers and 20 books among
them a classic titled “Cement Based Composites - Materials, Mechanical Proper-
ties and Performance” published in 2009. He has been the main instigator and co-
organizer of the continuous series of International Symposia on Brittle Matrix
Composites (BMC) in Poland since 1985, a topic that encompasses fiber rein-
forced cement and concrete composites.

Professor Brandt received an Honorary Doctorate from the University of Pais-
ley, Scotland, in 1997. He was a Visiting Professor at University of Poitiers in
France, Delft University of Technology in The Netherlands, Koriyama and
Tohoku Universities in Japan, and Drexel and North Carolina State Universities in
the USA.




VI Dedication

Professor Brandt has been active on numerous scientific committees and tech-
nical organizations in Poland and abroad, among them, the Polish Standardization
Committee, the Euro-International Concrete Committee (CEB), the International
Organization for Standardization (ISO), the American Concrete Institute (ACI)
and RILEM. He also served as member of the editorial board of a number of na-
tional and international journals.

Professor Brandt is being honored for his contributions to the in-depth under-
standing of the mechanics of brittle matrix composites and optimization of their
properties including high performance fiber reinforced cement composites.

Wei Sun

As a distinguished scholar, Professor Wei Sun has been en-
gaged in teaching and scientific research at Southeast Uni-
versity, China, since her graduation from Nanjing Institute
of Technology (previous name of Southeast University) in
1958. During her 53 years of teaching and research, she has
supervised more than 60 master students and over 40 doc-
toral students. Professor Sun is currently director of the in-
stitute of fiber reinforced concrete and also director of the
Jiangsu Key laboratory for Construction Materials. During
her career she also was Head of the Department of Materials
Science and Engineering, Southeast University, and deputy editor-in-chief of
“Journal of the Chinese Ceramic Society”. Due to her significant contributions to
the theory and application of cementitious composites (including preparation, me-
chanical behavior, microstructure and modeling of ultra high performance fiber re-
inforced cementitious composites; service life prediction under the coupled action
of load and environmental factors), she was selected to be a member of the Chi-
nese Academy of Engineering in 2005. Together with over 20 of her team mem-
bers, Professor Sun is still very active in research and teaching. With her team, she
has successfully carried out over 50 important national or international projects
and co-authored more than 400 technical publications.

Professor Sun is being honored for her long-term and numerous contributions to
the investigation of HPFRCC materials, specifically their physical, mechanical,
and impact properties, as well as their durability modeling.
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Pietro G. Gambarova

Pietro G. Gambarova was born in Milan, on September
Ist, 1941. He received his MS Degree in Aeronautical En-
gineering in March 1966 from the Politecnico di Milano.
After two periods spent as an officer in the Corps of Engi-
neers of the Italian Air Force (1966-67 and 1971), he
joined the Department of Structural Engineering at the
Politecnico di Milano, where he held the position of Assis-
tant Professor from 1968 to 1974, Associate Professor
from 1975 to 1980, and Full Professor since 1980. He
teaches courses on Structural Analysis and Design, Rein-
forced Concrete Plates and Shells, and Fire Safety of
Materials and Structures. He has been visiting professor (1976) at the National
Somali University in Mogadisho, visiting scholar (1978 and 1982) at Northwest-
ern University (Evanston, USA) and at EPFL-Ecole Polytechnique Fédérale de
Lausanne (2006).

Pietro Gambarova has conducted research on non-destructive analysis of struc-
tures and materials, shear and punching shear in R/C, bond mechanics in R/C,
high-performance and fiber-reinforced concrete, non-linear analysis of R/C struc-
tures, and lately high-temperature degradation of high-performance concrete and
R/C structures. He is the author or coauthor of two books on structural analysis
and R/C plates, and of more than 180 technical papers. In 2009, he coauthored the
translation into Italian of the book “Structural Design for Fire Safety” by Andy
Buchanan.

Pietro Gambarova is an active member of several Italian and international
technical committees. He chaired the subcommittee for the preparation of the in-
troductory chapter of fib Bulletin No.10 “Bond of Reinforcement in Concrete”
(August 2000). He co-organized the workshop “Fire Design of Concrete Struc-
tures: What now? What next?” (Milan, December 2004) and the International
Conference FraMCoS-6 (Catania, Italy, June 2007). He is one of the authors of
fib Bulletin No.46 “Fire Design of Concrete Structures: Structural Behavior and
Assessment” (2008).

Professor Gambarova is being honored for his outstanding contributions to the
identification of the physical mechanisms that govern the behavior of high per-
formance and fiber reinforced concrete subjected to high temperature, including

fire.



Preface

HPFRCC6 will be the sixth workshop in a series dealing with High Performance
Fiber Reinforced Cement Composites (HPFRCC). The five prior workshops have
led to a definition of HPFRCC that mostly suggests a technical challenge. That is,
composites that exhibit a strain hardening tensile stress-strain response accompanied
by multiple cracking (and relatively large energy absorption capacity). Researchers
have tried to reduce fiber content to a necessary minimum. By reducing fiber con-
tent, they are simplifying the production process, helping make standard mixing
procedures acceptable, and opening the way to large-scale practical applications.

The first international workshop on High Performance Fiber Reinforced Ce-
ment Composites took placein June 1991 in Mainz, Germany, under the auspices
of RILEM and ACI. It was funded in part by the US National Science Foundation
(NSF) and the Deutsche Forschungsgemeinschaft (the German NSF). Other co-
sponsors included the center for Advanced Cement Based Materials (ACBM), the
University of Michigan, and the University of Stuttgart. The second workshop
took place in Ann Arbor, Michigan, in June 1995, the third in Mainz Germany, in
June 1999, the fourth in Ann Arbor, Michigan, in June 2003, and the fifth in
Mainz, Germany, in July 2007, all supported bythe same sponsors. In each case
hard-cover proceedings were published as a special RILEM publication. While the
first workshop in 1991 included mostly US and German participants, subsequent
workshops were opened to top researchers in the field from other countries. The
last workshop in Mainz 2007 assembled researchers from 22 countries. The pro-
ceedings included 56 papers grouped in 6 different sections.

Since the first workshop in 1991, continuous developments have taken place in
new materials, processing, standardization, and improved products for building
and other structures. Also, enhanced theory and modeling techniques forHPFRCC
now allow a better description oftheir behavior and reinforcing mechanisms.
While in the first workshop HPFRCC implied relatively high fiber volume frac-
tions (over 4%), today HPFRCC can be designedwith as little as 1% fiber volume
content. While the root definition of HPFRCC is simplest (that is,fiber cement
composites withstrain hardening and multiple cracking behavior in tension) to
clearly differentiate them from other cement composites, this is not the only de-
scription of desirable performance. Durability, fire resistance, impact resistance,
diffusion resistance, imperviousness, and constructability at reasonable cost are
other important attributes that need to be further investigated.
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In each workshop, a broad range of technical issues, ranging from microstruc-
ture characterization to design recommendations, are typically covered; however,
some selected themes are emphasized. In this sixth workshop, the organizers iden-
tified the following themes for which research information is needed:

Composite properties in the fresh and hardened states

bond and pull-out mechanisms

durability

structural elements: design, detailing, shear, tension stiffening
impact, cyclic and seismic loading

ultra high performance fiber reinforced concrete

textile reinforced concrete and hybrid composites.

Papers addressing these themes are grouped in seven separate sections of the
proceedings.

The organizers hope that this new volume will help foster the continuous devel-
opment and increasing utilization of HPFRCC in both stand-alone and structural
applications.

G.J. Parra-Montesinos
H.W. Reinhardt
A.E. Naaman
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Part 1

Composite Properties in the Fresh
and Hardened States



Strength Dependent Tensile Behavior of Strain
Hardening Fiber Reinforced Concrete

D.J. Kim!, K. Wille?, A.E. Naaman®, and S. El-Tawil®

! Civil and Environmental Engineering, Sejong University, Korea
% Civil and Environmental Engineering, University of Connecticut, USA
3 Civil and Environmental Engineering, University of Michigan, USA

Abstract. The influence of matrix strength on the tensile behavior of Fiber Rein-
forced Cement Composites [FRCC] is investigated. The test parameters included
four cementitious matrices with compressive strength of 28 MPa (4 ksi) [M1], 56
MPa (8 ksi) [M2], 84 MPa (12 ksi) [M3] and 190 MPa (28 ksi) [M4], respectively,
two types of high strength deformed steel fibers, Hooked [H-] and Twisted [T-] fi-
bers, and two volume fractions of fibers, 1% and 2%. It is observed that while the
first cracking strength, post cracking strength and energy absorption capacity of
FRCC are strongly influenced by the compressive strength of the matrix their
strain capacity at peak stress and cracking behavior are not as much affected.
While both H- and T- fibers led to improved performance when the matrix
strength was increased, T- fibers take better advantage of higher strength matrices.
A post-cracking tensile strength exceeding 15 MPa at a peak strain of 0.5% was
achieved by using 2% T- fibers with an ultra-high strength matrix (M4).

1 Introduction

It is challenging to achieve strain-hardening behavior using relatively small
amounts of fibers (1% to 2% by volume). In this study an attempt is made to
address this issue through the use of deformed high strength steel fibers in cementi-
tious mortar matrices with four different compressive strengths ranging from
28 MPa (4 ksi) to 190 MPa (28 ksi). Details about the ultra high performance con-
crete (UHPC) matrix with 190 MPa (28 ksi) compressive strength and the devel-
opment of strain hardening ultra high performance fiber reinforced concrete (UHP-
FRC) with low fiber content can be found in Wille et al. [1, 2]. Details about the
three other mixtures and their use in developing high performance concretes are
given in Kim et al. [3, 4]. This paper links both sets of studies and examines trends
in the behavior of strain-hardening fiber reinforced cement composites over an
extremely wide range of matrix strengths (28 MPa to 190 MPa). The study focuses
in particular on the use of high strength deformed steel fibers used in quantities
ranging from 1% to 2% by volume. The use of metallic steel fibers in such small

G.J. Parra-Montesinos, H-W. Reinhardt, and A.E. Naaman (Eds.): HPFRCC 6, pp. 3-I0]
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quantities is deemed to be economically viable and hence suitable for practical
applications.

2 Research Background

There is a little experimental information about the influence of matrix characte-
ristics on the overall pullout behavior of a single deformed steel fiber (Shannag et
al. [5], Robins et al. [6] and Chan and Chu [7]); however, it is difficult to find its
relationship to the overall tensile behavior of the composite. Kim et al. [8] per-
formed a pullout test program designed to investigate the influence of matrix
strength on the pullout behavior of deformed steel fibers, H- and T- fibers. They
noted that the pull-out energy of T- fiber embedded in the highest strength matrix
was more than twice that for the lowest strength matrix, while the pullout energy
of H- fiber improved by only 44%. They attributed the superior pullout behavior
of T- fibers in higher strength matrices to the un-twisting pullout mechanism of
T-fiber, which leads to superior overall performance. The research, however, did
not clarify whether the significant advantage observed in single fiber pull-out be-
havior translates into a similar advantage in the tensile response of the composite.
An experimental program was therefore undertaken to investigate this issue.

3 Experiments

The test parameters included four cementitious matrices with compressive
strength of 28 MPa (4 ksi) [M1], 56 MPa (8 ksi) [M2], 84 MPa (12 ksi) [M3] and
190 MPa (28 ksi) [M4], respectively, two types of high strength deformed steel
fibers, Hooked [H-] and Twisted [T-] fibers, and two volume fractions of fibers,
1% and 2%. Table 1 provides the mortar mixture composition for the four matric-
es used and their average compressive strength. The key properties of the fibers
used in this study are provided in Table 2. A Hobart type laboratory mixer was
used to prepare the mix. For M1, M2, and M3, cement, fly-ash and sand were first
dry mixed for about 2 minutes. Water mixed with superplasticizer and Viscosity
Modifying Agent (VMA) was then added gradually and mixed for another 5 to 10
minutes. The detailed mixing procedure for M4 is described by Wille et al. [2].
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Table 1. Composition of matrix mixtures by weight ratio and compressive strength

Matrix M1 M2 M3 M4
Cement 0.70 (Type III) 1.00 (Type III) 0.80 (Type III) 1.00 (Type I)
Fly Ash® 0.30 0.15 0.20 -
Sand1 3.50 1.00 1.00 -
Sand2 - - - 0.28
Sand3 - - - 1.10
Silica Powder - - - 0.25
Silica Fume - - 0.07 0.25
Superplasticizer A 0.009 0.009 0.04 -
Superplasticizer B - - - 0.0054
VMA* 0.024 0.006 0.012 -
Water 0.65 0.35 0.26 0.22
fC' , ksi (MPa) 4(28) 8 (55) 12 (84) 28 (190)

* Viscosity Modifying Agent; ° TYPE C;

1 #16 flint silica sand; 2 max. grain size 0.2 mm; 3 max. grain size 0.8 mm;

A Rhobuild 1000; B Polycarboxylate Ether;

Table 2. Properties of high strength Hooked and Twisted fibers

. Diameter Length Density  Tensile strength  Elastic Modulus
Fiber Type . . . .
in (mm) in (mm) glcc ksi (MPa) ksi (GPa)
Hooked 0.015(0.38)  1.18 (30) 7.9 420 (2900) 29000 (200)
Twisted 0.012 (0.3)*  1.18 (30) 7.9 304 (2100)** 29000 (200)

* Equivalent diameter ** Tensile strength of the fiber after twisting

2032

1685.1

127.0

Fig. 1. Tensile test specimen and setup

The geometry of the specimen and test
set up are shown in Fig. 1. Elongation
of the tensile specimen under load was
obtained from the average measure-
ments of two LVDTs placed on each
side of the specimen as shown in
Fig. 1, and the load was obtained from
the load cell pre-built into an MTS810
hydraulic machine.

Fig. 2 shows average tensile stress
versus strain (up to peak stress) curves
for each series. All the results show
strain  hardening behavior, which
confirms that the use of slip hardening
H- and T- fibers can produce strain har-
dening behavior at the low fiber contents

considered. It is also observed that a higher tensile load resistance is generated as
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matrices with higher compressive strength are used regardless of the type of fiber
employed. Moreover, even though a tensile strength increase is noticed with higher
strength mortar, no reduction in strain capacity, i.e. strain value at maximum post

cracking strength is noticed.
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Fig. 2. Average tensile stress — strain curves

The tensile behavior of HPFRCC can be characterized by using several tensile pa-
rameters, e.g., first cracking strength, post cracking strength, strain capacity (strain
value at post cracking strength), number of cracks within gage length and average
crack width. To minimize the subjectivity of how first cracking is determined, the
first cracking strength in this study is determined from the intersection of two
lines, the first of which corresponds to the elastic region, while the second corres-
ponds to the hardening region.

The cracking behavior of specimens with 2% fiber content for the different ma-
trices is illustrated in Fig. 3. Average values of tensile parameters, each obtained
from three to four specimens, and the influence of matrix strength on tensile pa-
rameters are graphically illustrated in Fig. 4. Since the process of estimating the
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number of cracks could be highly subjective, the number of cracks is counted from
both front and back surface of specimens and the numbers are averaged.
Ml
M2

M3

M4

(a) Hooked Fiber 2% (b) Twisted Fiber 2%

Fig. 3. Tensile cracking behavior
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Fig. 4. Influence of matrix strength on tensile parameters: (a) first cracking strength; (b)
post cracking strength; (c) strain capacity; and, (d) number of cracks
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Fig. 4d shows the effect of matrix strength on the number of cracks within the
gage length. As with strain at peak stress, there no clear dependency on matrix
strength.

The first cracking strength is mainly influenced by the tensile strength of the
matrix, which correlates strongly to its compressive strength as shown in Fig. 4a.
Post cracking strength appears to be even more sensitive to the strength of the ma-
trix than the first cracking strength as illustrated in Figs. 4a, 4b and Table 3. Also
evident from the test data is that, in general, a higher post cracking strength is ob-
tained by when T-fibers are used. The lower post cracking strength of M4 with 1%
T-fibers (1.16 ksi, 8.0 MPa) in comparison to M4 with 1% H-fibers (1.36 ksi, 9.4
MPa) is attributed to fiber failure of some of the T-fibers during the test (which
was audible); suggesting that higher strength fiber would have provided better per-
formance. The strain capacities of the test specimens as a function of matrix
strength are shown in Fig. 4c, from which it is clear that strain capacity at maxi-
mum stress that ranges from 0.35% to 0.6% with no clear dependency on matrix
strength.
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4 Evaluation of Experimental Results

Figs. 2, 4 and 5 clearly show the influence of matrix strength on the tensile beha-
vior of HPFRCC. While an increase in matrix strength leads to increases in both
first and maximum post cracking strength there is no clear influence on the strain
capacity and cracking behavior. To quantify the effect of matrix strength, both
first and post cracking strength are normalized by the square root of compressive
strength ( |/, ) and their values are plotted versus the compressive strength in Fig.

5a and 5b, respectively. In addition, the ratio between the post cracking strength
and the first cracking strength is illustrated in Fig. 5c.
As shown in Fig. 5a, the ratio o,/ 7, slightly increases as the compressive

strength of the matrix increases, e.g., composites with M1 generate a ratio
e ! Jfo ranging from 0.36 to 0.67, while composites with M4 produce higher ra-

tios of o,/ [f4 ranging from 0.52 to 0.78. The influence of matrix strength on the
ratio o,./ |/t is graphically shown in Fig. 5b. There is no noticeable effect on the
ratio o,/ \/E , whereas the ratio o,./ o, is dependent upon the type of fiber and

volume contents of fiber as shown in Fig. 5c.

5 Conclusions

This study investigated the influence of matrix strength on the tensile behavior of
HPFRCC using two deformed high strength steel fibers, namely Hooked (H-) fi-
bers and Twisted (T-) fibers. The strengths of the four matrices employed are 28
MPa (4 ksi), 56 MPa (8 ksi), 84 MPa (12 ksi), and 190 MPa (28 ksi), respectively.
One of the key results of the experimental program is that composites using high
strength deformed steel fibers are sensitive to the strength of the matrix and that T-
fibers take better advantage of higher strength matrices than H- fibers due to their
unique un-twisting pullout mechanism. For example, a post-cracking tensile
strength exceeding 15 MPa at a peak strain of 0.61% was achieved by using 2% T-
fibers with the ultra-high strength matrix (M4), whereas only 14 MPa tensile ca-
pacity at 0.45% strain could be achieved with H-fibers. The results also showed
that, as the compressive strength of the matrix increases, the first and post crack-
ing strength of the composite correspondingly increase. However, the increase in
matrix compressive strength does not lead to clear trends in either the maximum
strain capacity or cracking behavior. In fact, the maximum strain capacity remains
almost independent of matrix strength while energy absorption at peak load in-
creases.
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Abstract. Some Fiber-Reinforced Concrete (FRC), commonly called Strain-
Hardening Cement-based Composite (SHCC), can show a very ductile behavior
under tensile actions. Specifically, in the post cracking stage, several cracks de-
velop before complete failure, which occurs when tensile strains localize in one of
the formed cracks. To better understand the high mechanical performances of
SHCC, an analytical model was previously proposed. The model is here used to
analyze the strain-hardening behavior of a more cost-effective FRC, made with
steel cords and plastic fibers. By combining direct uniaxial tensile tests, performed
on dumbbell-shaped specimens, and the theoretical results of the model, the criti-
cal value of the fiber volume fraction can be evaluated. It should be considered as
the minimum amount of steel cords which can lead to the formation of multiple
cracking and strain hardening under tensile actions. The aim of the present paper
is to reduce such volume as much as possible, in order to improve the workability
and reduce the final cost of SHCC.

1 Introduction

According to Banthia and Sappakittipakorn [1], in hybrid Fiber Reinforced Con-
crete (FRC) <<...there is positive interaction between the fibers and the resulting
hybrid performance exceeds the sum of individual fiber performances. This phe-
nomenon is often termed “Synergy”.>>

Combining fibers of different geometry is a possible manner to create this syn-
ergy. Indeed, short fibers, generally called microfibers, enhance the fracture
toughness of cementitious matrix in tension. Thus, after the first elastic behavior,
the mechanical response of FRC can show a delayed microcracking stage, because
of the bridging action performed by the short thin fibers [2]. Conversely, the bene-
ficial effects of long fibers are particularly evident in the third stage, and consist of
arresting and delaying the growth of macrocracks.

G.J. Parra-Montesinos, HW. Reinhardt, and A.E. Naaman (Eds.): HPFRCC 6, pp. 11-E8]
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If the amount of long and short fibers is appropriately evaluated, it is possible
to obtain a strain hardening cementitious composite (SHCC), capable of develop-
ing more than one crack prior to the localization of tensile strains [3]. To achieve
such ductile behavior, hybrid fiber reinforced composites should be tailored on the
basis of experimental analyses [1], and/or through theoretical approaches, which
often enable investigations on the parameters not covered by tests [4].

In what follows, a particular class of hybrid SHCC, made of short plastic fibers
and long steel cords, is taken into consideration. In such tailor-made concretes,
crack pattern is experimentally investigated by means of uniaxial tensile tests on
“dumbbell type” specimens. The observed crack spacing is also predicted by a co-
hesive interface model, already introduced to calculate the critical fiber volume
fraction [5]. It should be considered as the minimum amount of fibers (in a mono-
fiber composite) which can lead to the formation of multiple cracking and strain
hardening under tensile actions. The aim of the present paper is to extend the ap-
plication of this model to hybrid SHCC, in order to reduce the volume of long fi-
bers (i.e. steel cords) and improve the workability.

2 Modeling the Strain Hardening and Multiple Cracking of
SHCC

Fiber can be considered as the reinforcing bar (A¢ = area of the fiber) of an element
in tension (Fig. 1a) having a single crack in the concrete area A, = A¢/V; (in this
way the fiber volume fraction V; is equal to the geometrical reinforcement percen-
tage p = A¢/A.).

By increasing the crack width w, the mechanical response of this structure, in
terms of N-w (Fig. 1c), depends on slips between fiber and matrix, whose distribu-
tion s(z) is qualitatively drawn in Fig. 1b. In the case of fibers symmetrically si-
tuated with respect to the crack, the maximum slip is located in the cracked cross-
section (where s = w/2), from which it progressively vanishes with the increase of
the distance z from the crack. In particular, s(z)=0 if z>1, (where
I, = transmission length). As z increases, the tensile stresses of fiber, 64(z), conti-
nuously transfer to the cementitious matrix, because of bond stresses T(z) acting
on the interface between materials. As a consequence, within the domain
0 <z <1, tensile stresses in the matrix, 6.(z), are higher far from the crack surfac-
es (Fig. 1b). Beyond the transmission length, neither slips nor bond stresses exist,
and, therefore, the condition of perfect bond is verified when z > [; (i.e., G, = const
and 6= const). In this zone, the stress o, reaches the maximum value G,y -

At onset of cracking, when w—0, G, max 1s generally lower than the strength f;,
and the N-w diagram shows a softening branch. If these conditions persist for
higher crack width, the failure of the structural element depicted in Fig. 1a occurs
in the presence of a single tensile crack.
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Fig. 1. The model for fiber-matrix interaction [5]: a) an element with a single crack; b) slip
s(z), bond stress 1T(z), concrete stress ©.(z), and fiber stress G,(z) distributions around the
crack; ¢) mechanical response in terms of normal force vs. crack spacing vs. crack width

Conversely, when G . =f., which corresponds to the point B of Fig. Ic, new
cracks appear and, with the increase of w, strain hardening characterizes the N-w
diagram. According to Fantilli et al. [5], during this stage, the average crack spac-
ing ranges between /; and 2 [;; (Fig. 1¢).

Under the condition of symmetry depicted in Figs. 1a-b, the multiple cracking
regime is possible if the semi-length of the fiber is higher than the maximum crack
spacing (i.e., 2 I, < L¢/2 ). Thus the definition of [ at cracking load (i.e., at point B
of in Fig. 1c) is of primary importance in evaluating the presence of multiple
cracking and strain hardening response in FRC composites.

The following value of the transmission length is obtained by adapting the ten-
sion-stiffening equations of RC structures to the fiber-matrix tie illustrated in
Fig. 1a (see Fantilli et al. [5]):

o | (py ka V, =24, ke ) /(p) ko V, +24, ko) | 0
i Vo
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where,

A, \E, E,

a=pfk3(l+vfj 2
In both the equations p¢= perimeter of fiber cross-section; E. , Er= Young’s mod-
uli of cement-based matrix and fiber, respectively; kc = cohesive parameter; and
kg = bond parameter.

Since Eq. (1) is obtained in the situation in which the first crack is growing
(i.e., w—0) and other cracks are going to develop (point B in Fig. 1c), k¢ is used to
approximate the fictitious crack model of the cementitious matrix. As depicted in
Fig. 2a, this coefficient can be associated to the so-called Fracture Energy Gy,
which differs from the work of fracture Gg [6]. Similarly, the tension stiffening
equations are here applied when s—0, thus bond stresses can be assumed to be in
direct proportion (through the coefficient kg - Fig. 2b) with slips [5].

The condition of multiple cracking and strain hardening do not occur in FRC if:

where Vi, = fiber volume fraction that produces the condition /,, —o (see Eq. (1)).

In order to obtain a length from Eq. (1) and a number from Eq. (3), the parame-
ter o should be the square of a length. This is possible when the bond parameter kg
(and k¢ as well) is assumed to be a stress over a length (see Fig. 2).

f’k &) T kg b)

Fig. 2. The cohesive and bond parameters: a) fictitious crack model .-w of cementitious
matrix; b) bond-slip T-s relationship of fibers in cementitious matrix
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3 Experimental Study

In order to verify the applicability of the Eqgs.(1)-(3) to hybrid SHCC, an experi-
mental campaign has been performed on two series of composites. The PE series
includes specimens reinforced with short Polyethylene (PE) fibers (0.75% in
volume) and different amounts of long steel cords (SC). In the same way, the spe-
cimens of the second series contain 0.75% of short Poly Vinyl Alcohol (PVA) fi-
bers, and different percentage of long SC. The main geometrical and mechanical
properties of all the fibers are summarized in Table 1.

In each specimen, the fiber volume fraction V; is only referred to the amount of
SC, whereas plastic fibers are assumed to be a part of the cement-based matrix,
whose constituents are reported in Table 2. Young’s modulus E., cohesive para-
meter kc, and tensile strength f, define the uncracked and cracked stages of the
matrixes, both of PE series (E.= 16.4 GPa, kc=5.72 MPa/mm, f.,= 2.82 MPa),
and PVA series (E. = 18.6 GPa, kc = 22.7 MPa/mm, f,,= 2.73 MPa).

Table 1. Geometrical and mechanical properties of the fibers

Fiber type Symbol Diameter Length  Density Tensile strength  Eg;

(mm) (mm) (g/ em’ ) (MPa) (GPa)
Steel cord SC 0.4 32 7.84 2850 200
Polyethylene PE 0.12 6 0.97 2580 73
Poly Vinyl Alcohol PVA 0.04 6 1.3 1600 40

Table 2. Composition of the cementitious matrixes

Material Symbol ](?;2;?)/ Tensile strength
Cement C 3.14 Early strength Portland Cement
Silica fume SF 22 -

Sand S 2.61 mean diameter 180 pm
Super plasticizer Sp 1.05 Polycarboxylic acid system

The geometrical dimensions of the “dumbbell type” specimens tested in the
present work, and depicted in Fig. 3a, are in accordance with the Recommenda-
tions of the Japan Society of Civil Engineers for HPFRCC composites [7].

Loads were vertically applied with a 30 kN capacity Instron testing machine,
using “fix-fix” support conditions (Fig. 3b). Each test was controlled by vertical
displacement at a velocity of 0.5 mm/min. Average extension was measured over
the central gauge length (80 mm) by means of two LVDTs, placed on the opposite
side of the member and attached to mounting frames, firmly clamped on to the
specimens. In this zone, before strain localization, average crack spacing was also
measured and compared with the theoretical prediction of the cohesive interface
model [5].
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Fig. 3. Uniaxial tests on hybrid SHCC: a) geometrical properties of dumbbell specimens
[7];b) the Instron testing machine

Table 3. Average crack spacing measured in the central part of dumbbell specimens

Name Vi steel cord Crack distance

(%) (mm)
PE_075_1 0.75 4.5
PE_100_1 4.6
PE_100_2 4.1
PE_100_3 1.00 5.0
PE series PE_100_4 4.8
PE_100_5 5.9
PE_125_1 5.6
PE_125_2 1.25 6.2
PE_125_3 6.3
PVA_100_1 11.0
PVA_100_2 9.6
PVA_100_3 1.00 8.6
PVA_100_4 ’ 139
PVA_100_5 119
PVA_100_6 9.1
. PVA_150_1 8.9
PVA series PVA_150 2 1.50 107
PVA_175_1 10.0
PVA_175_2 8.6
PVA_175_3 175 8.3
PVA_175_4 ’ 5.7
PVA_175_5 7.6

PVA_175_6 8.6
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4 Experimental Results and Theoretical Prediction

For the sake of brevity, only the average distances between the cracks are reported
in Table 3. For the specimens of each series, the higher the amount of steel cords,
the higher the number of cracks which affect the central part (80 mm in length) of
the dumbbell specimen depicted in Fig. 3a.

As shown in Fig. 4, the measured crack spacing is compared with the values of
transmission length (Eq. (1)). However, to make this comparison possible for all
the mixtures, the parameter kg (related to bond and snubbing phenomena of steel
cords) has to be defined from the best-fitting of the experimental results.

— — d
= LA =

]

crack spacing (mm)

£ b \llll'
Vr (%) Vi (%)

Fig. 4. Comparison between the average crack spacing predicted with the cohesive inter-
face model [5] and those experimentally measured: a) specimens of the PE series; b) spe-
cimens of the PVA series

4.1 PE Series

If kg =62 MPa/mm is assumed for the 9 specimens of the PE series (Fig. 4a), all
the measured crack spacings fall within the range bordered by the curves /,-V; and
2 I-V; (Eq. (1)). Moreover, Eq. (3) gives Vi, = 0.1% for the specimens of this se-
ries. Nevertheless, when Vi= Vi, only steel cords longer than 32 mm can gener-
ate multiple cracking and an average crack spacing ranged by the minimum and
the maximum theoretical distance (/; and 2 /., respectively).

Conversely, Fig. 4a seems to suggest Vy=0.5% as the minimum volume frac-
tion of steel cords having a length of 32 mm. As in the present experimental cam-
paign the lowest volume is 0.75% (specimen PE_075_1 in Table 3), the minimum
amount of SC can be further reduced of about 30%.
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4.2 PVA Series

If kg = 110 MPa/mm is assumed for the 14 specimens of the PVA series (Fig. 4b),
most of the crack spacings experimentally measured are inside the range bordered
by the curves /,-V; and 2 [~V (Eq. (1)). Moreover, for the composites of this se-
ries, Eq. (3) gives Vi, = 0.3%, even if, at V;= Vi, only steel cords longer than 32
mm can generate an average crack spacing ranged by /; and 2 [;; .

Conversely, Fig. 4b seems to suggest Vy= 1% as the minimum volume fraction
of the adopted steel cords (Table 1). This value coincides with the lowest volume
of SC added to the specimens reinforced with short PVA fibers (Table 3). Thus,
for PV A series, the volume of steel cords cannot be reduced.

5 Conclusions

Egs.(1)-(3), obtained from a cohesive interface model, can be effectively used to
analyze different types of very ductile composites. In the case of the hybrid
SHCC:s investigated in the present paper, the minimum amount of long steel cords
can be effectively defined by these equations. Specifically, strain hardening and
multiple cracking occurs in cement-based composites reinforced with Polyethy-
lene short fibers (0.75% in volume) and with no less than 0.5% of long steel cords.
A similar behavior can also be observed in SHCC made with Poly Vinyl Alcohol
short fibers (0.75% in volume) and with more than 1% of long steel cords.
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Abstract. The main objective of this research was to develop a model for
predicting stress-strain relationship of hooked steel fibers reinforced concrete (HF-
FRC) under tension. The research was divided into 2 parts. The first part was
extensive tensile tests of HS-FRC. The hooked steel fibers having two plastic
hinges at both ends were used. The size of tensile specimens was 5 x 5 cm in cross
section and 50 cm in length. Parameters used in the study were: (a) L/D and Ly of
the fibers (65/60, 65/35 and 80/60); (b) volume fractions of the fibers (0, 0.25, 0.5,
1.0 and 1.5%); and (c) compressive strength of concrete (30, 40 and 50 MPa). The
main results obtained in test were stress-strain relationship of HS-FRC, first-peak
strength, and post-cracking strength. The second part focused on statistical
prediction. The basic model of stress-strain relationship was proposed in this
research, i.e. linear relationship up to first-peak strength and assumed constant
post-cracking strength. In statistical prediction, the dependent variables were first-
peak strength and post-cracking strength of HF-FRC, while the independent
variable were L/D, L; volume fraction of fibers, and compressive strength of
concrete. A good prediction was obtained from the model, and the equations for
using in the design were recommended. It was seen in the model that an increase
in L/D ratio, L, volume fraction of the fibers, and compressive strength of
concrete significantly enhanced the tensile performance of hooked steel fiber
reinforced concrete, and could lead to high performance fiber reinforced concrete.

1 Introduction

It is generally known that the addition of discontinuous fibers to matrices (mortar
or concrete), resulting in fiber reinforced concrete (FRC), enhances the ductility
and the tensile strength (post-cracking strength) of the composites due to the fibers
bridging the cracks through bond between fibers and matrix. The ductility and the
post-cracking strength of these composites is dependent on volume fraction of
fiber, fiber orientation, length of fiber, tensile strength of fiber, compressive
strength of matrix, fiber-matrix bond [1-4]. However, fiber-matrix bond is
recognized as a key element affecting the post-cracking strength of FRC

G.J. Parra-Montesinos, HW. Reinhardt, and A.E. Naaman (Eds.): HPFRCC 6, pp. 1 9.126]
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composites, whereby different types of fibers present different bond mechanism
between fiber and matrix. Hooked steel fiber is a type of discontinuous fibers
which is widely used in reinforced concrete structures, such as industrial floor,
slab, beam, and column. The bond mechanism of hooked steel fibers consists of
the contribution of two plastic hinges and the friction along the length of fibers
[5]. However, the contribution of bond from the friction is very small comparing
to the plastic hinges. There are different length and size of hooked steel fibers
available in market. Table 1 is the code of hooked steel fibers used by a supplier,
and those fibers were used in this research. Several researchers [6, 7] had study the
mechanical properties in bending and tension of cement composites reinforced
with hooked steel fibers. However, no research tried to predict stress-strain
relationship of hooked steel fibers reinforced concrete under tension.

2 Objective and Research Significance

The main objective of this research is to develop a model for predicting stress-
strain relationship of hooked steel fibers reinforced concrete (HS-FRC) under
tension. Parameters included in the research are volume fraction of the fibers,
aspect ratio of the fiber, length of fibers, and compressive strength of concrete.
The research significance is to apply stress-strain model of HS-FRC recommended
in this research in the design of reinforced concrete structures when hooked steel
fibers (Vy = 0% to 1.5%) are added in concrete (f. = 30 to 50 MPa). This model
would help structural engineers to predict the nominal resistance as well as their
behavior for flexural RC members when the compatibility procedure is used.

Table 1. Properties of hooked steel fibers used in this research

) Length, Diameter, D Tensile Strength
Fiber ID L, [mm] L/D [mm] (MPa)
HF-65/60 60 65 0.92
HF-65/35 35 65 0.58 1100
HF-80/60 60 80 0.75

Table 2. Mix Proportion by weight and compressive strength of concrete

1D Portland Fine Coarse Water Target fc Actual f',
Cement Type I  Aggregate  Aggregate
[kg/m’] [kg/m’] [kg/m’] [kg/m’] [MPa] [MPa]
C300 409 953 751 166 30 33
C400 523 851 751 171 40 41

C500 593 790 751 174 50 51
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3 Experimental Program and Test Setup

The experimental program in tensile tests of steel fiber reinforced concrete
consisted of 39 series of tests. Three specimens were tested in each series of tests.
Parameters used in this research were: (a) Ly/D and L, of the fibers (HF-65/60, HF-
65/35 and HF-80/60 as shown in table 1); (b) volume fractions of the fibers
(V;=0%, 0.25%, 0.5%, 1.0% and 1.5%); and (c) compressive strength of concrete
(f. = 30, 40 and 50 MPa as explained in table 2).

The size of tensile specimens was 5x5 cm in cross section and 50 cm in length.
Fig. 1 shows tensile test setup. The top and bottom ends of the specimens are held
by specially designed grips attached to the testing machine. Load versus
elongation relationship were obtained from the tests. The elongation of the tensile
specimens was measured using the average recording of 2 symmetrically placed
LVDTs over a gauge length of 20 cm. The tensile stress o; and tensile strain &
were calculated from the following equations:

T
o=" (1)
g =— )
L

where T is the tensile load obtained from the load cell, A is the cross sectional area
of the specimens, AL, is elongation of the tensile specimen, and L, is the gauge
length of the tensile specimens.

Fig. 1. Tensile test setup
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4 Experimental Results and Proposed Model of Stress-Strain
Relationship

Fig. 2 shows an example of tensile stress and strain relationship of hooked steel
fiber reinforced concrete. It is seen that the addition of hooked steel fibers to
concrete significantly enhances the ductility and the tensile strength (i.e. first-peak
strength and post-cracking strength) of the composites. Fig. 3 shows the proposed
typical tensile stress and strain model of HF-FRC, which comprises of linear
relationship with elastic modulus of composites (E,,,) up to first-peak strength
and assumed constant post cracking strength. The first-peak strength, post-
cracking strength, and elastic modulus of composites are defined as follows

o, =k \/Z (3)
o, =k\f “4)

E,, =E.(1-V)+E,V, (5)

com

where oy, op, and E,,, are first-peak strength, post-cracking strength, and elastic
modulus of composites, respectively; k;, and k, are first-peak coefficient and post-
cracking coefficient, respectively; E. is elastic modulus of concrete; Efis elastic
modulus of steel fibers; and V;is volume fraction of hooked steel fibers. It is noted
that in case of oy < Op, thus the value of k; = k.

5
= f’c =40 MPa
g 4 (L; /D) = 65/35
2
g 3 Vi=1.5%
7 Vi=1.0%
2
= 2
£ Vi=0.5%
|

1 Vi =0.25%

(VIS

0 0,002 0,004 0,006 0,008

Tensile Strain

Fig. 2. An example of tensile stress and strain relationship of HF-FRC

Table 3 is a summary of first-peak strength and post-cracking strength from
tensile tests of HF-FRC. It is seen that an increase in volume fraction of fibers and
compressive strength increases first-peak strength and post-cracking strength. It is
also observed that when the strength of concrete and volume fraction of fibers
increases, post-cracking strength of composites would be higher than first-peak
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strength of composites, thus it leads to high performance fiber reinforced concrete.
Moreover, it is seen that different fiber aspect ratio, L/D, and fiber length, L also
affect post-cracking strength of composites. An increase in L/D and Ly tends to
increase post-cracking strength of composites, which is similar to the results
reported by Sujivorakul and Naaman [8].

First-Peak Strength

e

Tensile Stress

Post-Cracking Strength

Ecom

Tensile Strain

Fig. 3. Proposed model of tensile stress and strain relationship of HF-FRC

Table 3. First-peak strength and post-cracking strength from tensile tests of HF-FRC

HF-65/60 HF-65/35 HF-80/60
f. v First-Peak lel(éi:i_ng First-Peak Post-Cracking First-Peak Post-Cracking
Strength Strength Strength Strength Strength Strength
[MPa] (%] [MPa] [MPal [MPa] [MPa] [MPa] [MPa]
0 1.77 0 1.77 0 1.77 0
0.25 2.29 0.87 2.16 0.52 232 1.20
30 0.50 2.36 1.51 2.30 1.21 2.81 2.17
1.00 275 221 2.64 1.97 3.03 2.56
1.50 295 2.96 2.85 2.66 3.15 3.52
0 1.88 0 1.88 0 1.88 0
0.25 2.55 1.05 2.35 0.90 2.76 1.59
40 0.50 2.63 1.74 2.50 1.62 3.04 2.64
1.00 2.96 2.81 2.87 247 3.33 3.61
1.50 3.27 3.20 3.16 3.49 3.51 4.02
0 2.33 0 2.33 0 2.33 0
0.25 275 1.44 245 1.28 297 1.82
50 0.50 3.01 2.45 2.89 2.03 3.38 2.90
1.00 3.37 3.71 321 275 3.58 3.95

1.50 3.74 4.33 3.61 3.89 3.92 4.73
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5 Analytical Prediction for First-Peak Load and Post-Cracking
Strength

As explained in the previous section, first-cracking strength and post-cracking
strength of HF-FRC are dependent on volume fractions of the fibers, compressive
strength of concrete, fiber aspect ratio (L/D) and fiber length (L;). These
relationships can be shown in the following expressions:

o, =kf (V,)ﬂl @)
o, =k [f = (L, /D)Z(L)3 (5)

where ), 41, 4, and /13 are parameters indicating to affecting level to the first-
peak strength and post-cracking strength of composites. The equations (4) and (5)
can be rewritten in term of k;, and k, as follows:

ky =2~ —f((V)ﬂ‘j 6
1\/}7 s (6)

k, =

2 Yl 2

= =f[(V,)‘,(L,/D)2,(L,)3J (7)
N

It is observed in equations (6) and (7) that k, is the function of V}, while k; is the
function of V, Ly/D, and Ly. In order to obtain the predicted values of k; and k», the
relationship between k;, k, versus V;, L/D, and Ly, are plotted in Figs. 4 and 35,
respectively. The following equations express the statistical results of predicted k;
and k, which are separated into 2 parts: mean values obtained from regression
analysis; and lower-bound value recommended by author to use in the design of
structural members.

For mean values:

k=25 =0.3481+0.1320V, )
N
ky =22 =(=0.0014V,% + 0.0046V,)x (L, / D) x(L,)"? ©)

For lower-bound values (recommended by author):

(o}
k=95 =025+0.16V, 10
I (10)
ky =22 =(=0.001V,2 +0.0038V,)x (L, / D) x(L,)*> an

It is observed that a good prediction is obtained, because the values of R* in
equations (8) and (9) are 0.8389 and 0.963, respectively, which approach to 1.0.
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However, there is some error in the prediction of equation (8), because the effect
of L/D ratio does not include into this equation.

0,700
Average Curve
0,600 1 y = 0.1329x + 0.3481
R%=0.8389
0,500

A
0,400

key

n
> 0,300
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0.200 - y=016X+025
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Fig. 4. Relationship between volume fraction of fibers versus k; coefficient
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Fig. 5. Relationship between volume fraction of fibers versus

6 Conclusions

A model for predicting stress-strain relationship of hooked steel fibers reinforced
concrete under tension was developed in this research with the inclusion of
affected parameters, i.e. volume fraction of fibers, aspect ratio of fibers, length of
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fibers, and compressive strength of concrete. This model was assumed linear
relationship up to first-peak strength and constant post-cracking strength.
Equations for predicting stress-strain relationship were purposed here, and they
would be a useful tool to help structural engineers in the design of reinforced
concrete structures when hooked steel fibers with V;between 0% to 1.5% are
added into the normal to medium strength concrete (. between 30 to 50 MPa).
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Abstract. Mechanical properties of fiber reinforced concrete (FRC) determined by
material test methods can be used to ensure that the FRC mixture is batched prop-
erly and to give indications of performance if used in structural members. An ideal
material test method for FRC should give low variability in the measurement of
properties such as peak and residual strengths. ACI 318-08 uses results from the
third-point bending test [1] as the performance criteria for FRC. Experimental evi-
dence, however, has indicated that this bending type test method has potential
problems in the reliability of determining the peak and residual strengths. The
coefficient of variation of residual strength is typically very high and generally
greater than 20%. The considerable scatter results make it difficult for quality con-
trol, particularly when such properties are intended to be used to estimate the
strength of structural members. In addition, the complex test setup and the re-
quirement of using a closed-loop servo-controlled machine often prevent its use in
small laboratories. Other test methods such as the direct tensile test experience
similar problems. As a consequence, these test methods are generally time con-
suming and expensive as they require more specimens to obtain reliable test data.
The double punch test (DPT) was originally developed, based on the plasticity
theory of concrete, to determine the tensile strength of plain concrete but has
rarely been used since the 1980s. This test method can be carried out by using
conventional compression test machines with small capacity and simple test setup.
This study investigates the feasibility of using DPT for the evaluation of mechani-
cal properties and quality control of FRC. Experimental results showed that DPT
generally gives much lower variability compared to other test methods. DPT also
has the ability to identify important FRC characteristics such as strain-softening,
strain-hardening, stiffness, tensile strength, residual strength, and toughness.

1 Introduction

Mechanical properties of FRC, such as peak and residual tensile/flexural strengths,
are essential if they are to be used for evaluating the use of FRC in structures. An
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ideal material test should be able to exhibit low variability in the measured proper-
ties [2]. ACI 318-08 [3] requires the third-point bending test [2] as performance
criteria for FRC. Experimental evidence, however, shown by Bernard [4] has indi-
cated that the residual strength of a third-point loaded beam is the least attractive
parameter because it displays very poor reliability, in that the coefficient of varia-
tion is generally greater than 20%. This large scatter in the residual strength can be
a major problem if characteristic values have to be determined. An alternative test
method for FRC is a direct tensile test with a dog-bone shaped specimen. Howev-
er, the direct tensile test method also normally shows high variability in the meas-
ured peak and residual strengths, which can make it difficult for quality control,
especially when it is intended to be used in structural members. In addition, those
test methods require complex test setup with a closed-loop servo-controlled ma-
chine which is often not available in most small laboratories.

A potential material test method for FRC, the double punch test (DPT), was
originally developed as an indirect tensile test method for plain concrete, which
was introduced by Chen [5, 6]. It stood on the base of the theory of plasticity.
Chen and Yuan [7] conducted extensive research, such that they obtained idea-
lized dimensions of specimens and steel punches as well as test procedures to op-
timize reliable results. Based on Chen and Yuan [7], a cylinder specimen with di-
mensions of 152.4x152.4 mm (6x6 in.) was chosen, which is created by cutting
half of a 152.4x304.8 mm (6x12 in.) cylinder. Compression is applied through
two steel punches, having 25.4 mm (1 in.) height and 38.1 mm (1.5 in.) diameter,
placed at the top and bottom surfaces of the cylinder along its central axis (Fig. 1).

Steel Punch

Tensile Cracks

I

Tensile Cracks.

Steel Punch (c) PLAN

(a) TEST ARRANGEMENT (b) VERTICAL SECTION

Fig. 1. Schematic view of DPT

Deformation of the specimen can be measured by LVDTs (linear variable diffe-
rential transformers) placed next to the specimen. By applying compressive load
through the punches, uniform tensile stresses are generated over diametric planes,
and tensile cracks occur along these diametric planes. The equivalent tensile
stress, derived from the assumptions of plastic material and multiple tension
cracking failure mechanisms, is calculated by Chen and Yuan [6]:

_ Q
" xz(120bh-a?) M
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where f; is equivalent tensile stress, Q is applied load, b is radius of cylinder, /4 is
height of cylinder, and a is radius of punches.

Chen and Yuan [7] applied the DPT to steel as well as polymer fiber reinforced
concrete, and compared those with the split-cylinder test. They concluded that the
DPT was a better test method since a DPT specimen failed at the weakest sections
while a split-cylinder test specimen would fail at a predetermined failure plane.
Molins et al. [8] compared experimental results between the DPT and beam test
with various types and content of fibers, and concluded that the DPT provided
more consistent results because the coefficient of variation (C.0.V.) for the peak
and residual strengths were smaller than those from the beam test. In this study,
three different material evaluation methods (ASTM C1609 bending test, direct
tensile test, and DPT) were compared by using three different FRC mixtures. The
main focus is on the consistency of the test results.

2 Experimental Program and Results

2.1 Materials

Properties of the steel hooked and twisted fibers used in this study are listed in Ta-
ble 1. Three FRC mixtures were used in this study. The first two mixtures (ML-075
and ML-150) had steel hooked fibers of 0.75% and 1.5% by volume, respectively.
The third mixture (Hybrid) is a hybrid mixture which included 0.75% steel twisted
fibers and 0.75% steel hooked fibers, with a total volume fraction of 1.5%. Detailed
information regarding the specimens is given in Table 2. The compressive strengths
for the three mixtures were 64 MPa, 43 MPa, and 67MPa, respectively.

Table 1. Properties of steel fibers

: : : : 2]
Fiber type  Length (L, mm) " (Equivalent) Diameter ~ Aspectratio  Tensile strength'”,

(D, mm) ™M (L/D) MPa
Twisted 254 0.40 63.5 2000
Hooked 47.5 0.76 62.5 1100

Note: [1] measured; [2] provided by manufacturer

Table 2. Specimen information

Specimen Steel fiber type Volume fraction of fiber ~Number of specimens
ML-075 0.75%

Hooked
ML-150 1.50% 6

Hybrid Hooked + Twisted 0.75% + 0.75%
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2.2 Specimen Details and Test Setup

The detailed dimensions of specimens and test setups for the direct tensile and
ASTM C1609 bending test can be found elsewhere [9]. For the double punch test,
a 267-kN (60-kip) Baldwin hydraulic testing machine was used without the need
of a closed-loop servo-controlled machine. A pair of LVDTs was used to measure
the vertical deformation of the specimens. The loading rate was 445 N (100
Ib)/min prior to the first crack, and increased to 1335 N (300 1b)/min in the post-
cracking stage. The test setup for each of the tests is shown in Fig. 2.

|
[

“ N o
(a) Uniaxial direct tensile test

Fig. 2. Test setup for each test method

2.3 Experimental Results

The load-versus-deformation curves for direct tensile test, ASTM C1609 bending
test, and DPT are presented in Figs. 3, 4, and 5 ((a), (b), and (c) only), respective-
ly. The equivalent tensile stresses for DPT specimens as shown in Fig. 5 were es-
timated according to Eq. (1). It should be mentioned that only the results from the
bottom halves of the cylinders for DPT are shown (will be discussed later). Also,
not all test data for the direct tensile test were valid due to the formation of prima-
ry cracks outside the gauge length in some of the specimens, even though both
ends of the specimens were reinforced with steel meshes. It is clearly seen that va-
riability of the residual strength is relatively higher for both direct tensile test and
ASTM C1609 bending test, as compared to that of DPT. Tables 4 and 5 show the
comparison of C.0.V between the three test methods at peak strength as well as
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residual strength at a specified deformation. It is also interesting to note that the
load-versus-deformation responses of all DPT specimens are quite consistent
throughout the entire curves. One the other hand, the C.O.V of the strengths varies
considerably for the responses of both the direct tensile test and ASTM C1609
bending test, especially at the post-cracking stage. As a consequence, individual
curves can significantly deviate from the average one and the use of averaged
parameter values could lead to conclusions that significantly differ from true
behavior.

Fig. 5 is also used to illustrate the ability of DPT in distinguishing between spe-
cimens with different ductility, residual strength, toughness, as well as strain-
hardening or softening behavior. A fourth FRC mixture, T-350, with 3.5% twisted
fiber by volume and compressive strength of 55 MPa was used for this investiga-
tion, and Fig. 5(d) shows the load (stress)-versus-deformation curve as well as
photo of one of the specimens. All tests were stopped when the residual strength
was approximately 20-25% of the peak strength. While ML-075, ML-150, and
Hybrid mixtures exhibited strain-softening behavior, T-350 showed strain-
hardening behavior with multiple cracking. ML-075 had the least ductility (or de-
formation capacity) compared to the other three mixtures. The performance of the
four mixtures can also be distinguished by a residual strength at specified defor-
mation value. For example, the residual strength-to-peak strength ratios of ML-
075, ML-150, Hybrid, and T-350 mixtures at 3 mm deformation are 27%, 51%,
73%, and 99%, respectively. Finally, the toughness which represents the energy
absorption capability can be evaluated by calculating the area of the load-
deformation curves up to specified deformation values. It should be mentioned
that, while the other test methods can also distinguish between those properties,
DPT has the simplest test procedure and setup. Specimens for DPT are the same
as those for routine compression tests thus only standard cylinder molds are
needed.

Table 3. Summary of peak loads and C.O.V for each test method

Mix Direct Tensile Test ASTM C1609 Bending Test DPT
Load (kN) C.0.V Load (kN) C.0.V Load (kN) C.O.V
ML-075 38.8 14% 49.0 23% 178.3 7%
ML-150 343 28% 69.9 12% 184.6 5%
Hybrid 42.3 22% 76.0 10% 209.2 12%

Table 4. Summary of residual loads and C.O.V for each test method

Mix Direct Tensile Test! ASTM C1609 Bending Test ! DPT"!
Load (kN) C.0.V Load (kN) C.0.V Load (kN) C.0.V
ML-075 16.8 40% 15.8 36% 56.1 17%
ML-150 22.4 18% 16.7 24% 106.3 3%
Hybrid 23.4 39% 13.3 48% 153.1 4%

Note: [3] measured load at deformation of 1.0 mm (0.04 in.); [4] measured load at deformation
of 3.0 mm (0.12 in.); B measured load at deformation of 2.5 mm (0.1in.)
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Fig. 3. Load versus deformation curves for direct tensile test
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Fig. 5. Load versus deformation curves for DPT (bottom halves of the cylinders)

As stated earlier, only the bottom halves of the DPT specimens were used for
evaluation purposes. This is due to the fact that it is consistently observed that the
bottom halves of the DPT specimens gave less variability and slightly higher peak
strength than that of the top halves of the cylinders. For example, Fig. 6 shows the
DPT results for specimens with the ML-150 mixture. The C.0.V for the residual
strengths at deformation of 2.5 mm (0.1 in.) was 21% and 5% for top and bottom
halves, respectively. It is believed that the higher C.O.V for the top halves of the
cylinders resulted from the water bleeding near the top of the cylinder surface dur-
ing the compactness and vibration of making the cylinders. The quality of the con-
crete near the top surface can affect the performance because the loading is ap-
plied through the surface (Fig. 1). As a consequence, it is suggested the bottom
halves of the DPT cylinders be used for material evaluation.
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Fig. 6. Comparison of top and bottom halves of the specimens
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3 Summary and conclusions

Mechanical properties of FRC determined by material test methods can be used to
ensure that the FRC mixture is batched properly and to give indications of perfor-
mance if used in structural members. The most commonly used test method is the
beam-type bending test. However, this type of test method has potential problems
in the reliability of determining the peak and residual strengths. The coefficient of
variation of residual strength is typically greater than 20%. The considerable scat-
ter results make it difficult for quality control, particularly when such properties
are intended to be used to estimate the strength of structural members.

This study compares the ASTM C1609 bending test, direct tensile test, and
double punch test (DPT), and it is observed that the DPT consistently exhibits low
variability along the entire load-versus-deformation curves. Preliminary investiga-
tion carried out in this study indicated that DPT could serve as a potential material
test method. The results show that DPT can distinguish between specimens with
different FRC mixtures, in terms of strain-hardening or softening, ductility, resi-
dual strength, and toughness. Other major advantages of using DPT are that only a
few ASTM standard cylinders are needed and only a small-capacity compression
testing machine (no need for a closed-loop servo-controlled machine) that is
commonly available in laboratories is required.

References

[1] ASTM C1609/C1609M-10, Standard Test method for Flexural Performance of Fiber-
Reinforced Concrete (Using Beam with Third-Point Loading). ASTM International,
West Conshohocken, PA, p. 9 (2010)

[2] Mindess, S., Young, J.F., Darwin, D.: Concrete, 2nd edn. Prentice Hall, Upper Saddle
River (2003)

[3] ACI Committee 318, Building Code Requirements for Reinforced Concrete and Com-
mentary (ACI318-08/ACI318R-08). American Concrete Institute, Detroit (2008)

[4] Bernard, E.S.: Correlations in the Behaviour of Fibre Reinforced Shotcrete Beam and
Panel Specimens. Materials and Structures 35, 156-164 (2002)

[5] Chen, W.F.: Double Punch Test for Tensile Strength of Concrete. ACI Journal,
993-995 (December 1970)

[6] Chen, W.F.: Limit Analysis and Soil Plasticity, ch. 11, pp. 501-541. Elsevier Scientific
Publishing Company, Amsterdam (1975)

[7] Chen, W.F., Yuan, R.L.: Tensile strength of concrete: Double-Punch Test. Journal of
Structural Division, Proceeding of American Society of Engineers 106(ST8) (August
1980)

[8] Molins, C., Aguado, A., Saludes, S.: Double Punch Test to Control the Energy Dissi-
pation in Tension of FRC (Barcelona Test). Material and Structures 42, 415-425
(2009)

[9] Chao, S.-H., Cho, J.-S., Karki, N. B., Yazdani, N.: FRC Performance Comparison: Di-
rect Tensile Test, Beam-Type Bending Test, and Round Panel Test. ACI Special Pub-
lication (2011, to be published)



Determining Specimen Size Influences on FRC
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Abstract. The global response of FRC members is known to be influenced by the
force transfer mechanisms occurring at cracks, including the contributions from
bridging fibers. These transfer mechanisms depend in part on the width of the
cracks, which can vary with overall specimen size. This paper reports the response
in flexure for notched specimens fabricated using normal weight concrete contain-
ing 1% volume fraction of hooked end steel fibers. Nominal specimen dimensions
that varied by a factor of up to 2 were used to allow for the quantification of size
dependent influences on the response. Instrumentation based on the digital image
correlation technique allowed for a detailed study of the variation of crack width
over the member depth, and its relation to the specimen size and loading. Com-
panion tests were conducted on cylinders in compression using a size factor of 1.5.
The results showed that the flexural strength decreased in relation to the overall
specimen depth. From the crack width analysis, it was possible to develop rela-
tionships between the crack width and mid-span deflection.

1 Introduction

The size effect phenomenon in shear has been well documented in the quasi-brittle
behavior of reinforced concrete members [1]. At this scale, as the member depth
increases, the crack sizes increase, aggregate interlock action decreases and subse-
quently, the shear stress at failure decreases [2, 3]. Adding steel fibers in a random
three dimensional (3D) orientation to a concrete mix has been shown to improve
the crack distribution and the post peak tensile strength [4, 5] at the material scale.
The fibers provide an alternate force transfer path across the cracks, thereby re-
ducing crack widths and improving the aggregate interlock. However, size effects
on shear strength are interestingly still prominent in beams constructed using fiber
reinforced concrete (FRC) [1] and demonstrate the need to quantify this effect at
the material scale.

Data acquisition methods during typical beam testing involve cumbersome in-
strumentation and physical measurements. Recently, the digital image correlation
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(DIC) technique has been examined as a method to accurately measure 3D surface
strains during testing without the need for additional instrumentation [6, 7].

The objective of this study was to examine the size effect on the flexural re-
sponse of FRC prisms under ASTM C1609-10 through the use of the DIC tech-
nique. Notched specimens of three different sizes were tested according to the
ASTM flexural test method. Deflection and crack growth were measured through
the DIC system, and were evaluated against each member size.

2 Experimental Investigation

2.1 Mix Details

Laboratory trial batches were used to develop a FRC mix that could be easily rep-
licated with consistent results in a ready mix plant. The trials aimed for a nominal
compressive strength close to 40 MPa, and a slump near 100 mm with 1% volume
fraction of steel fibers. InterCem™, a pre-blended mix of Portland cement and
Class F fly ash, was chosen in order to develop a product suitable for applications
where sulphate resistance is a priority. Hooked end steel fibers with a length of 30
mm, aspect ratio of 55 and yield strength of 1100 MPa were added to the mix at
the batching plant. The laboratory produced mix contained no admixtures, while
the ready mix product used a water reducing agent and a super plasticizer. The
mix proportions are shown in Table 1.

The concrete for the specimens reported in this paper was supplied by a local
ready mix concrete supplier within a 5.5 m’ batch as part of a larger study. Super-
plasticizer was added at the batching plant and also on site to aid in mixing and to
reduce fiber balling. Immediately prior to casting, the slump was 130 mm and the
air content was 1.7% according to the ASTM C231 pressure method.

Six cylinders were cast for the ASTM C39-09a compressive strength tests;
three 100 mm diameter x 200 mm long and three 150 mm diameter x 300 mm
long. Nine prisms were cast for the ASTM C1609-10 flexural tests; three 100 x
100 x 300 mm span, three 150 x 150 x 450 mm span, and three 200 x 200 x 600
mm span. All cylinders and prisms were compacted in two layers with a vibrating
table, save for the largest prisms which were compacted with a vibrating needle.

All cylinders and prisms were de-moulded after 48 hours and cured under wet
burlap and a plastic covering for 28 days before testing. The 150 mm diameter
cylinders were tested at 28 days, while the smaller ones were tested at 29 days.
The prisms were tested between 31 and 37 days.
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Table 1. Concrete mix proportions

Ingredients Quantity
InterCem™ Cement (kg/m3) 391
Fine Aggregate (kg/m®) 796
14 mm Coarse Aggregate (kg/m’) 990
Water (L/m°) 157
Steel Fibers (kg/m®) 78.6
Water Reducer (L/m’) 0.25
Superplasticizer (L/m’) 1.8

2.2 Test Set-Up

2.2.1 Compression

A 2600 kN capacity MTS Universal Loading Frame was used to perform the
compression tests according to ASTM C39-09a. The cylinders were sulphur
capped prior to testing and outfitted with a yoke containing three LVDTs at 120°
separation to measure the vertical deformation at mid-height. The LVDTs were
connected to a data acquisition system along with the MTS output. The test setup
is shown in Fig. 1. A displacement controlled rate of 0.2 mm/min was used for
both cylinder sizes, allowing capture of the full load-displacement relationship in-
cluding the post-peak response.

2.2.2 Flexure

A 1000 kN capacity MTS Universal Loading Frame was used to perform the flex-
ural tests according to ASTM C1609-10. A notch equal to 25% of the prism height
was saw cut into the tension face of each prism at mid-span. The purpose of the
notch was to pre-determine the crack location and prevent multiple small cracks
from forming. A displacement controlled rate of 0.075 mm/min was used for the
prisms with heights of 100 mm and 150 mm, while a rate of 0.1 mm/min was used
on the 200 mm high prisms.

A DIC measurement system was used to track the crack growth and specimen
deformation throughout the load history. One face of each prism was painted with
flat white interior latex paint, and subsequently speckled with black acrylic paint
to create a random pattern of dots of varying size up to approximately 3 mm. Two
5.0 megapixel digital cameras with 35 mm focal length lenses were set up at a dis-
tance of approximately 2.8 m from the prisms and at an angle of approximately
4.5° in order to view the entire prism face. Vic-Snap 2007 software [8] recorded
pairs of images every 1 second during the test on the 100 mm and 150 mm prism
sizes. To keep the amount of recorded data manageable with the 200 mm prisms,
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images were recorded every 3 seconds for the initial linear portion of the load-
stroke diagram, then every 2 seconds at an average of 75% of the peak load, and
finally back to 3 seconds post peak. The resulting 3D images obtained from Vic-
3D 2007 [8] provided information on the specimen strains, deformations and rota-
tions throughout the test by comparing the grey value pattern in each image with
the initial reference image. Rigid body motion occurring from support settlement
was analytically removed by the software before the calculations were performed.

A single LVDT was placed below each prism to one side of the notch by an ep-
oxied aluminum plate on the underside of the prism and a magnetic base attached
to the underside of the support plate. Due to the setup restrictions, only a single
LVDT with = 5 mm of travel could be used. Fig. 1 illustrates the test setup and
LVDT location.

Fig. 1. (a) Compression test setup and (b) Flexural test setup

The MTS load and stroke data and the LVDT output were captured by the DIC
control computer to allow time synchronization. The tests were stopped after the
MTS stroke reached a deflection limit of L/100 where L equalled the prism span,
in order to ensure the recorded DIC and LVDT deflections exceeded the L/150
limit in ASTM C1609-10.

3 Results and Discussion

3.1 Compression

The resulting best fit cylinder stress-strain curves are shown in Fig. 2. The com-
pressive strengths showed a decrease with increase in specimen size. The 100 mm
diameter cylinders exhibited an average compressive strength of 36.6 MPa, while
the 150 mm diameter cylinders exhibited a 12% lower average compressive
strength of 32.3 MPa. Results from one of the 150 mm cylinders (C150-4) were
excluded due to a faulty sulphur cap. As shown in the figure, the strain at peak
stress for the 100 mm diameter cylinders was between 0.0015 and 0.0018, and be-
tween 0.0025 and 0.0032 for the larger cylinders.
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Fig. 2. Compressive stress-strain curves

3.2 Flexure

The DIC system was used to evaluate the relative movement of the prisms at the
six locations shown in Fig. 3. These six locations correspond to a point immedi-
ately above the LVDT location, on each side at the base and top of the notch, and
at mid-height of mid-span.

Fig. 3. DIC data points

The mid-span vertical deflection was calculated at the top and bottom of the notch
by using the average from the data points located on both sides of the notch. These
two values were then compared with the mid-height vertical deflection. In all three
specimen sizes the deflections at all three locations were comparable, varying by
less than 10%. The LVDT consistently measured a greater deflection than the DIC
system in all specimens, owing to the fact that the DIC data had been corrected for
rigid body motion while the LVDT had not. All subsequent references to the
member mid-span deflection refer to the DIC deflection calculated at the bottom
of the notch.

A comparison between the crack mouth opening displacement (defined as the
crack width at the base of the notch and subsequently referred to as the CMOD)
and vertical deflection in each size range showed a higher rate of increase in the
crack opening than in the deflection. The change in CMOD is plotted against the
change in deflection in Fig. 4. The result from all three specimen sizes based on
the DIC data produced a ratio of approximately 2.5 and confirmed that the rela-
tionship is size-independent. Comparing the change in CMOD to the change in
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deflection based on the LVDT showed a ratio closer to 1.28, but produced scatter
in the 200 mm prisms. Excluding the 200 mm prisms from the results increases
the ratio to approximately 1.5. Experimental results analysed by Armelin and Ban-
thia [5] on six 75 x 75 x 250 mm steel FRC prisms produced a ratio of approxi-
mately 1.5, which they deemed to be reasonably close to their anal