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This research investigates the flexural behavior of fiber reinforced cementitious composites (FRCC) with
four different types of fibers and two volume fraction contents (0.4% and 1.2%) within a nominally iden-
tical mortar matrix (56 MPa compressive strength). The four fibers are high strength steel twisted (T-),
high strength steel hooked (H-), high molecular weight polyethylene spectra (SP-), and PVA-fibers. The
tests were carried out according to ASTM standards. The T-fiber specimens showed best performance
in almost all aspects of behavior including load carrying capacity, energy absorption capacity and multi-
ple cracking behavior, while the PVA-fiber specimens exhibited comparatively the worst performance in
all aspects of response. The only category in which SP-fiber specimens outperformed T-fiber specimens
was deflection capacity, where SP-specimens exhibited the highest deflection at maximum load. By com-
paring the test results to data from an additional test program involving the use of a higher strength mor-
tar (84 MPa) with both H- and T-fibers, it is shown that, again, T-fibers perform significantly better than
H-fibers in a higher strength matrix. The test results from both experimental programs were used to cri-
tique the new ASTM standard [C 1609/C 1609M-05], and a few suggestions were made for improving the
applicability of the standard to deflection-hardening FRCCs.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The addition of a relatively small quantity of short random fi-
bers to a cementitious matrix is known to improve the mechanical
response of the resulting product, commonly known as a fiber rein-
forced cementitious composite (FRCC). FRCCs have the potential of
exhibiting higher strength and ductility in comparison to unrein-
forced mortar or concrete, which fail in tension immediately after
the formation of a single crack. The performance of FRCC can be
improved to the point where it exhibits a deflection-hardening re-
sponse in bending accompanied by multiple cracks after initial
cracking. In such a case, FRCC is known as deflection-hardening
FRCC, or DHFRCC. The relationship between DHFRCC and strain-
hardening FRCC in direct tension was discussed by Naaman [1].
He showed that, in order for the bending response to exhibit
deflection-hardening, the average post-cracking strength in ten-
sion needs to be only about a third of the cracking strength. Thus
a much smaller amount of fibers is required to obtain deflection-
hardening response than to obtain strain-hardening behavior.
Furthermore, Naaman [1] formulated an equation for the critical
volume fraction of fibers to achieve deflection-hardening behavior.
Recently, Soranakom and Mobasher [2] also discussed the correla-
tion of tensile and flexural responses of FRCC and provided closed
form equations to predict flexural behavior of FRCC based on its
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uniaxial tension and compression response. They also suggested
that the tensile behavior of FRCC can be back-calculated from con-
venient flexural tests.

The performance of FRCC depends on many factors, such as fiber
material properties (e.g., fiber strength, stiffness, and Poisson’s ra-
tio), fiber geometry (smooth, end hooked, crimped, twisted), fiber
volume content, matrix properties (e.g., matrix strength, stiffness,
Poisson’s ratio), and interface properties (adhesion, frictional, and
mechanical bond). Clearly, for a given matrix, the type and quan-
tity of fibers are key parameters influencing the performance of
FRCC and their cost. Everything else being equal, using a low fiber
volume fraction, while still attaining strain-hardening or deflec-
tion-hardening response, is attractive from the cost point of view.

Although many researchers have conducted bending tests and
reported the flexural response of FRCC, most used different sizes
of specimen, matrix composition, and fiber and volume content
in their experiments. Often, only one fiber type or material was
considered and no attempt was made to compare performance
with other fibers types or materials. Also, some researchers did
not follow standard test procedures, e.g. as specified by ASTM. In
addition, most of experimental studies that investigated the effect
of fiber types were performed approximately a decade ago. There-
fore, the types of fiber investigated in prior research are quite dif-
ferent from the high performance fibers used in this study. This
situation, and the need to isolate the effect of fiber type on the flex-
ural performance of FRCC, has motivated the experimental study
reported in this paper, which focuses on the flexural performance
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of FRCC involving four high performance fibers within a nominally
identical mortar matrix (56 MPa compressive strength).

The main objective of this research is to investigate the influ-
ence of fiber type and fiber volume content on the bending re-
sponse of four FRCCs. Testing and analysis of results were carried
out according to ASTM standard C 1609/C 1609M-05 [3]. The re-
search is geared towards mixtures showing deflection-hardening
behavior with low to moderate fiber contents, here, 0.4% and
1.2% by volume. To gain further insight into the effect of matrix
strength, the results of this research are compared to test results
from a related program involving the use of a higher strength ma-
trix (84 MPa compressive strength). The test results lead to some
suggestions to improve current standard ASTM C 1609.

2. Bending behavior of FRCC beams

Much research on the bending behavior of FRCC has been car-
ried out over the past four decades in US and elsewhere. Soroush-
ian and Bayasi [4] investigated the effect of fiber type on the
general performance of fiber reinforced concrete. They used differ-
ent types of steel fibers, including straight-round, crimped-round,
crimped-rectangular, hooked-single, and hooked-collated fibers
with 2% fiber volume content. They reported that the overall work-
ability was independent of fiber type except for crimped fiber. They
also noted that hooked fibers showed better performance than
straight and crimped fibers.

Gopalaratnam et al. [5] pointed out the importance of accurate
deflection measurement in estimating toughness and other param-
eters describing flexural behavior of FRCC. They also noted that the
effect of fiber type, fiber volume fraction and specimen size could
be discerned from toughness measures. Balaguru et al. [6] investi-
gated the flexural toughness of FRCC with deformed steel fibers
using the procedure for deflection measurement suggested by
Gopalaratnam et al. [5]. They investigated three types of fibers:
hooked-end, corrugated, and end deformed steel fibers. In comput-
ing toughness, they used the I5 and 110 indices defined according
to the ASTM C 1018 [7] procedure. Their results indicated that
the toughness indices did not reflect the variations observed in
the load-deflection curves. They also noted that, of the three types
of fibers investigated, hooked-end fibers were the most effective in
improving toughness.

Banthia and Trottier [8] pointed out several difficulties in both
ASTM C 1018 and JSCE SF-4 methods for FRCC toughness character-
ization and suggested an alternative technique. For the former
method (ASTM C 1018), they discussed the difficulty of measuring
deflection correctly, and accurately identifying the first cracking
point. For the latter (JSCE SF-4), they showed that the flexural
toughness (FT) factor depends upon the geometry of the specimen
and noted that the end-point used in the computation, at span-
over-150, is arbitrary and actually much greater than the deflection
at serviceability.

Several points necessary to estimate the performance of deflec-
tion-hardening FRCC were discussed by Naaman [1]. In addition to
the toughness index for describing the toughness of FRCC, he rec-
ommended using the average post-cracking strength or surface en-
ergy as additional parameters. He also defined ductility as the ratio
of total energy consumed up to a certain point to the elastic energy
and mentioned that the scale effect and testing procedure could
influence multiple cracking in strain-hardening or deflection-hard-
ening FRCC.

Chandrangsu and Naaman [9] compared the performance of
three different fibers, twisted (Torex), spectra, and PVA-fiber, in
both tensile and bending response using two different specimen
sizes. The length of the fibers was 30 mm for Torex fibers, 38 mm
for spectra fibers, and 12 mm for PVA-fiber. The smaller bending

specimens had a 75 mm x 12.5 mm thin rectangular section with
225 mm span length, while the larger size bending specimens
had a 100 mm x 100 mm square section with 300 mm span length.
The twisted (Torex) fibers generated best performance in both ten-
sile and bending test among the three fibers considered. In addi-
tion, a strong size effect was noticed especially in the bending
test, in terms of strength and deflection. The smaller bending spec-
imens showed 80% higher modulus of rupture, and 500% higher
deflection (actual displacement not normalized) at maximum load
compared with the larger specimens.

3. Parameters describing flexural behavior of FRCC

The bending behavior of FRCC can generally be classified as
either deflection-softening or deflection-hardening, as shown by
curves (a) and (b), respectively, in Fig. 1 [10]. FRCC showing deflec-
tion-hardening behavior generates a higher load carrying capacity
after first cracking compared with normal concrete or deflection-
softening FRCC. In this research, the first cracking point is defined
as the point where nonlinearity in the load-deflection curve be-
comes evident. This point is termed limit of proportionality (LOP)
according to the previous ASTM standard C 1018-97 [7]. The new
ASTM standard C 1609/C 1609M-05 [3] uses the first peak point,
defined as a point where the slope is zero, which is inappropriate
for use with materials exhibiting deflection-hardening with multi-
ple micro cracks. In other words, it is hard to pinpoint the first peak
strength as required by ASTM standard C 1609/C 1609M-05 [3] if
the bending behavior of the material shows stable deflection-hard-
ening as shown in the upper curves of Fig. 1. Therefore, LOP is used
in this work instead of first peak strength. The load value at LOP is
termed P op and the corresponding deflection value is 6;op in Fig. 1.
The stress obtained when the first cracking load is inserted into Eq.
(1) is defined as the first-crack strength, fiop. The energy equivalent
to the area under the load-deflection curve up to LOP is defined as
first-crack toughness Tough;op. This definition is consistent with
the ASTM standard definition for toughness at various points of
the load-deflection curve, as explained farther below. From ASTM
C 1609/C 1609M-05 [3], the stress at LOP is obtained from
fior = Piop - — 1)
LOP Lop b2
where L is the span length, b is the width of specimen, and h is the
height of specimen.

The modulus of rupture (MOR) is defined as the point where
softening starts to occur after point LOP as shown in Fig. 1. Besides
the LOP and MOR points, six other points are defined as follows:
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Fig. 1. Typical load-deflection response curves of FRCC.
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Table 1
Matrix of test program
Matrix Fiber volume T-fiber H-fiber SP-fiber P-fiber
contents (%)
Mortar 1.2 T12 H12 SP12 PVA12
0.4 TO4 HO04 SP04 PVA04
Table 2
Composition of matrix mixtures by weight ratio and compressive strength
Cement® Fly Sand® Super- VMA® Water L, ksi
ash¢ (Flint) plasticizer (MPa)
1.00 0.15 1.00 0.009 0.006 0.35 8.1 (55.9)
¢ ASTM Type 3 Portland Cement.
b ASTM 50-70.
¢ Viscosity modifying agent.
4 Type C.
Table 3
Properties of fibers
Fiber type Diameter Length Density Tensile Elastic
(mm) (mm) (g/cc)  strength, modulus,
ksi (MPa) ksi (GPa)
High strength ~ 0.012 (0.3)* 1.18(30) 7.9 320 (2206)° 29,000 (200)
steel Torex
High strength ~ 0.015 (0.38) 1.18(30) 7.9 304 (2100) 29,000 (200)
steel hooked
Spectra 0.0015 (0.038) 1.50(38) 0.97 374 (2585) 16,960 (117)
PVA #13 0.0078 (0.2) 0472 (12) 1.3 140 (1000) 4203 (29)

2 Equivalent diameter.
b Tensile strength of the fiber after twisting.

d5: point at a deflection of 3.0 times &;op,

d10: point at a deflection of 5.5 times J;op,

d20: point at a deflection of 10.5 times &;op,

L/600: a net deflection equal to 1/600 of the span,
L/150: a net deflection equal to 1/150 of the span, and
L/100: a net deflection equal to 1/100 of the span,

where the[/600, L/150, and L/100 deflections correspond to 0.5 mm
(0.02 in.), 2 mm (0.08 in.), and 3 mm (0.12 in.), respectively, for the
specimen clear span of 300 mm (12 in.).

The ASTM Standard C 1609 recommends use of the L/600 and L/
150 points. However, it was found in this investigation that these
points are insufficient to fully differentiate behavior between dif-
ferent fibers, and one additional point was added, namely L/100.
For all tested specimens, load, stress, and toughness (energy) quan-
tities were computed from the test results for the six points listed
above in addition to LOP and MOR. To facilitate referring to various
quantifies, the prefixes P, f, 5, Tough are used to designate load,
stress, displacement, and toughness associated with a specific
point (as was done for LOP).

4. Experimental program

The matrix used for all specimens had a nominal compressive
strength of 8.1 ksi (56 MPa). The fibers used were high strength
steel twisted (T-), high strength steel hooked (H-), high molecular
weight polyethylene spectra (SP-), and PVA-fibers and were ap-
plied in two fiber volume contents (0.4% and 1.2%) leading to eight
series of bending specimens designated as shown in Table 1. Two
specimens per series were prepared for T- and H-fiber series, while
three specimens per series were used in the SP- and PVA-fiber ser-
ies. Fewer specimens were used in the T- and H-fiber series be-
cause prior tests showed very consistent results. Table 2 provides

(c) Spectra fiber

(d) PVA fiber

Fig. 2. Pictures of fibers.
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the mortar mixture composition for the matrix used and its aver-
age compressive strength. Fiber properties are given in Table 3,
and Fig. 2 shows pictures of the T-, H-, SP-, and PVA-fibers used.
A servo-hydraulic testing machine (MTS 810) running in displace-
ment control was used to conduct the bending tests. To reduce
testing time, the rate of net displacement increase was taken as
0.25 mm/min (0.01 in./min), which is somewhat higher than the
rate of 0.10 mm/min (0.004 in./min) recommended in ASTM C
1609/C 1609M-05 [3].

4.1. Materials and specimen preparation

A Hobart type laboratory mixer was used to prepare the mix.
Cement, fly-ash, and sand were first dry-mixed for about 2 min.
Water, mixed with super-plasticizer and a viscosity modifying
agent (VMA), was then added gradually and mixed for another
5-10 min. The VMA was added into the matrix mixture to increase
viscosity, prevent fiber sinking, and improve fiber distribution, as
noted by Ozyurt et al. [11]. When the mortar started to show ade-
quate flowability and viscosity, both of which are necessary for
good workability and uniform fiber distribution, fibers were dis-
persed carefully by hand into the mortar mixture. The cementi-
tious mixture with fibers was then carefully placed in a mold by
using a wide scoop and vibrated using a high frequency vibrating
table. Sufficient time of vibration was provided to guarantee suit-
able consolidation and to prevent fiber protrusion from the fin-
ished surface. During mixing and placing of the fresh mixture, no
steel fiber gravitation was observed and uniform fiber distribution
was apparent. Specimen casts were covered with plastic sheets and
stored at room temperature for 24 h prior to demolding. The spec-
imens were then placed in a water tank for an additional 4 weeks.
All specimens were tested in a dry condition at the age of 32 days,
which allowed 4 days for drying in a laboratory environment. Two
to three layers of polyurethane were sprayed on the surface of the
specimens after drying to facilitate crack detection.

4.2. Test setup and procedure

The geometry of the test specimen and the test setup are shown
in Fig. 3. The size of beam used is 100 x 100 x 350 mm (4 x 4 x
14 in.) in accordance with ASTM standard C 1609/C 1609M-05.
The clear span is 300 mm (12 in.). Before testing, specimens are ro-

tated 90° from their casting position to reduce the effects of casting
direction on the test results. A special test frame was used to mea-
sure the center deflection as shown in Fig. 3. This frame made it
possible to eliminate extraneous deformations such as deforma-
tion from seating or twisting of the specimen. The frame was lo-
cated at mid-depth of the specimen using four screws at points A
and B as shown in Fig. 3. Only two of the screws provided a fixed
restraint against displacement, while the two other allowed hori-
zontal displacement. Deflection was measured from an LVDT at-
tached to the frame and the load signal was measured from a
load cell directly attached to the bottom of the cross head. A
5 Hz data acquisition frequency was used to record static load
and deflection signals.

4.3. Test results and general discussion

The flexural response of all test series is illustrated by the load-
deflection curves in Fig. 4. Each load-deflection curve in the figure
is averaged from two or three specimens as previously discussed.
Detailed information about the test results are also documented
in Tables 4 and 5, which give averaged values of the parameters
characterizing the flexural behavior of FRCC at the eight points pre-
viously defined.

Two different scales are used for the load axes of the graphs in
Fig. 4a and b, since a significant difference in load carrying capacity
was noted for the different fiber volume contents studied. As illus-
trated in Fig. 4a, even though the test series demonstrated a wide
range of performance, all test series with 1.2% fiber volume content
exhibited deflection-hardening behavior. Of the series with 0.4% fi-
ber volume content (Fig. 4b), three series (T04, HO4, and SP04) gen-
erated deflection-hardening behavior while only PVA04 resulted in
deflection-softening response. The deflection-hardening series
(T04, HO4, and SP04) exhibited similar load-deflection responses,
unlike the test series with 1.2% fiber volume content, which exhib-
ited different load-deflection characteristics.

In comparing the flexural performance according to the type of
fiber, the load-deflection curves in Fig. 4a and b illustrate that T-fi-
ber reinforced specimens produced the highest load carrying
capacity and MOR compared with other series. However, SP-fiber
specimens showed the best deflection capacity at MOR. The MOR
for T-fiber specimens was almost three times higher than that ob-
served for specimens with PVA-fiber at both fiber volume contents.

UNIT : mm ‘ P

LOAD CELL

Frame for LVDT
P/2 P/2

| |
5 &

‘,l A spscﬂwsn 100x100x350 B I
[ 0 ! 0 | §
| 100 10p 100 I
Roller IJI_IL' Roller
Sitting Sitting
LVDT

TEST MACHINE FIXED SUPPORT

Fig. 3. Test specimen and setup.
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Fig. 4. Bending test results with medium strength matrix.

Table 4 Table 5
Average response quantities for flexural behavior of FRCC (V¢=1.2%) Average response quantities for flexural behavior of FRCC (V¢ = 0.4%)
Unit T12 H12 SP12 PVA12 Unit TO4 HO4 SP04 PVAO4
LOP Prop N 9005 8927 9487 10,756 LoP Piop N 7823 8788 7714 9408
frop MPa 2.62 2.60 2.76 3.13 frop MPa 2.28 2.56 2.24 2.74
Srop mm 24E-2 2.3E-2 2.4E-2 2.6E-2 SLop mm 3.2E-2 2.6E-2 1.9E-2 2.5E-2
Tough; op Nm 0.116 0.112 0.078 0.147 Tough; op Nm 0.129 0.128 0.077 0.123
d5 Pys N 17,886 16,054 11,410 10,814 d5 Pgs N 12576 12982 9944 7141
fas MPa 5.20 4.67 3.32 3.15 fas MPa 3.66 3.78 2.89 2.08
Sds mm 7.2E-2 7.0E-2 7.3E-2 7.9E-2 3ds mm 9.6E-2 7.7E-2 5.7E-2 7.4E-2
Toughys N m 0.789 0.726 0.613 0.747 Toughys Nm 0.779 0.708 0.442 0.531
d10 Pg10 N 23,084 20,420 14,489 11,433 d10 Pa10 N 16130 14530 11080 4962
faro MPa 6.71 5.94 421 3.33 faro MPa 4.69 423 3.22 1.44
Sd1o0 mm 1.3E-1 1.3E-1 1.3E-1 1.5E-1 Sd10 mm 1.8E-1 1.4E-1 1.0E-1 1.4E-1
Toughg1o N m 2.051 1.804 1.405 1.481 Toughg1o Nm 1.922 1.615 0.930 0.898
d20 Pyzo N 29,566 25,070 18,325 13,185 d20 Pazo N 18799 17502 13337 5539
fazo MPa 8.60 7.29 5.33 3.83 fazo MPa 5.47 5.09 3.88 1.61
Sd20 mm 2.5E-1 24E-1 2.6E-1 2.8E-1 Sd20 mm 3.4E-1 2.7E-1 2.0E-1 2.6E-1
Toughg,o N m 5.226 4.466 3.415 3.114 Toughyso Nm 4,673 3.689 2.107 1.552
L/600 Pyjs00 N 38,014 33,157 23,553 15,880 L/600 Pyj600 N 21628 19612 19843 4748
fi/600 MPa 11.06 9.64 6.85 4.62 fuso0 MPa 6.29 5.70 5.77 1.38
d1/600 mm 0.5 0.5 0.5 0.5 d1/600 mm 0.5 0.5 0.5 0.5
Toughys00 N m 13.823 12.171 8.838 6.479 Toughyeoo Nm 8.247 8.063 7.243 2.927
MOR Pnior N 44,982 39,843 34,483 16,212 MOR Pnior N 26151 23970 27130 5935
Jfnvor MPa 13.08 11.59 10.03 4.72 frvior MPa 7.61 6.97 7.89 1.73
SMOR mm 1.2 0.9 3.05 0.6 SMOR mm 1.0 1.2 1.6 0.3
Toughpior Nm 44117 28.453 90.679 7.384 Toughyor Nm 21.399 22.922 35.239 2.086
L/150 Py1s0 N 40,214 31,522 31,736 4379 L/150 Pijis0 N 19017 18705 24113 0
finso MPa 11.70 9.17 9.23 1.27 finso MPa 5.53 5.44 7.01 0.00
SL/150 mm 2.0 2.0 2.0 2.0 dL/150 mm 2.0 2.0 2.0 2.0
Toughy 150 Nm 78.889 69.328 54.402 21.316 Toughy;1s0 Nm 43.433 41.057 43.798 4.360
L/100 P00 N 33,517 20,771 34,053 0 L/100 Prj100 N 14227 12195 16271 0
fii00 MPa 9.75 6.04 9.90 0 fij100 MPa 4.14 3.55 4,73 0.00
S1/100 mm 3.0 3.0 3.0 3.0 d1/100 mm 3.0 3.0 3.0 2.0
Toughy;100 Nm 116.608 94.015 88.424 22.755 Toughy;100 Nm 60.179 56.365 63.920 4.360

The cracking behavior (crack width, spacing, number, shape) of
FRCC specimens is investigated because it is one of the main
parameters characterizing the performance of each fiber type. It
is clear from Fig. 5 that there is a large variation in the cracking re-
sponse based on fiber type and volume content. Indeed, all test ser-
ies showed multiple cracks except series PVA04, which responded
in a deflection-softening manner as previously indicated. Gener-
ally, specimens with higher fiber volume content exhibited more
cracks than specimens with lower fiber volume content. In addi-
tion, specimens with T- and SP-fibers exhibit the highest number
of cracks. Specimens with PVA-fibers produced only 2-3 cracks

in specimens with 1.2% fiber volume content and only one major
crack (with immediate localization) in specimens with 0.4% fiber
volume content. Details of the multiple cracking responses of the
T12 and SP12 series are shown in Fig. 5i and j.

4.4. Load carrying capacity (equivalent bending stress)

The effect of fiber type on the equivalent bending stress is
illustrated in Fig. 6. Eight equivalent bending stress values were
calculated from the bending loads at different deflection points
using Eq. (1). The deflection points were selected from the
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(2) PVAI2

(h) PVAO4

Fig. 5. Cracking behavior of FRCC under bending.

load-deflection curves of the test series as previously explained.
Fig. 6a and c describes the development of flexural load resistance
in the ascending range of the load-deflection curves, while Fig. 6b
and d illustrates the effect of fiber type on the different softening
tendencies of load resistance in the descending range of the
load-deflection curves.

Fig. 6a shows the equivalent bending stress in the test series
with 1.2% fiber volume content up to and including the L/600
deflection point, while Fig. 6b shows the equivalent bending stress
at MOR, L/150 and L/100. This same arrangement is used for series
with 0.4% fiber volume content in Fig. 6¢ and d.

In Fig. 6a, the effect of the types of fiber on the equivalent bond
strength at LOP is not apparent for all series with 1.2% fiber volume
content. For example, fiop, is 2.62 MPa for T12, 2.60 MPa for H12,
2.76 MPa for SP12, and 3.13 MPa for PVA12. A more noticeable ef-
fect of fiber type is observed as the deflection increases following
LOP. This result shows that the effect of fiber reinforcement is acti-
vated primarily after LOP through fiber bridging and that the bridg-
ing forces are highly dependent upon the type of fiber. The
equivalent elastic bending strength values at other deflection
points of interest, d5, d10, d20, and L/600 are documented in Table
4 and plotted in Fig. 6a; for example, fi/s00 is 11.06 MPa for T12,
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Fig. 6. Effect of fiber type on equivalent bending stress.

9.64 MPa for H12, 6.85 MPa for SP12, and 4.62 MPa for PVA12. The
same trend is also evident at MOR as shown in Fig. 6b. Clearly, in
terms of strength at MOR, T-fibers perform the best while PVA-fi-
bers perform the worst. The ratio of their MOR is approximately
three at 1.2% fiber content, and four at 0.4% fiber content.

Deflection points L/150 and L/100 were primarily intended to
sample response in the softening range. While softening at these
deformation levels is achieved in most series, Series SP12 is an
exception and is still in the hardening range at L/150 and L/100.
Displacement at maximum load, dyor, for SP12 is 3.05 mm (Table
4), which is higher than 6100 (=3 mm), reflecting the extreme duc-
tility of this series. On the contrary, Series PVA12 did not show any
residual strength at L/100 in Fig. 6b since PVA12 loses most of its
load carrying capacity at L/150. Breakage of PVA-fibers was clearly
observed at the major crack opening in PVA-series, while, in con-
trast, series with other fiber types exhibited fiber pullout.

The variation of the equivalent bending stress in the test series
with 0.4% fiber volume contents is illustrated in Fig. 6¢c and d. As for
the case of lower fiber content, little variation of fiop with fiber
type was observed, although fiop stresses were somewhat lower
than those with higher fiber volume content. As previously indi-
cated, and as shown in Figs. 4b and 6c¢, only PVAO4 underwent
deflection-softening behavior, while all other series exhibited
deflection-hardening response in spite of the low fiber volume con-
tent. The equivalent bending stress values at other pertinent
deflection points in the ascending range of the load-deflection
curve are also shown in Fig. 6¢ and Table 5.

Unlike series with a higher fiber volume content, Series T04,
HO4, and SP04 had similar values of fyor. For example, as shown
in Fig. 6d, fyor is 7.61 MPa, 6.97 MPa, 7.89 MPa, respectively. Figs.
4b and 6d show that the softening branches for series T04, HO4,
and S04 are also quite similar. In contrast, fyior (=1.73 MPa) is
much lower in PVA04, which softens much more quickly than its
three other counterparts, as previously indicated.

4.5. Energy absorption capacity (toughness)

There is need for high energy absorbing materials that will mit-
igate the hazards for structures subjected to dynamic loads, such as
seismic, impact, and blast. Thus comparing energy absorption
capacity provides useful information for such applications. The ef-
fect of fiber type on energy absorption capacity is illustrated in
Fig. 7 using toughness values, defined as the area up to a certain
deflection under the load-deflection curve. Fig. 7a shows the effect
of fiber type on the toughness of the test series with 1.2% fiber vol-
ume content up to and including the L/600 point (essentially along
the ascending branch of the curve), while Fig. 7b illustrates the
toughness as a function of fiber type at MOR, L/150, and L/100
deflection points on the descending branch of the curve except
for Series SP12. The same arrangement is used for the series with
0.4% fiber volume content in Fig. 7c and d.

As shown in Fig. 7a, toughness values of different fiber rein-
forced specimens at LOP are almost same in all series with 1.2% fi-
bers. The same observation is true for deflection points d5 and d10.
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However, noticeable differences between specimens with different
types of fiber start to occur at d20 and beyond because the load
resistance increases. For example, at point L/600 in ascending
range of load-deflection curve, toughness values are 13.823 N m
for T12, 12.171 Nm for H12, 8.838 N m for SP12, and 6.479 N m
for PVA12, respectively. Thus, for toughness values up to L/600,
specimens with T-fibers provide the toughest response, while
PVA-fiber provides the lowest toughness, with H-fiber and SP-fiber
specimens in between. As shown in Fig. 7b and Table 4, the same
general trend can be observed at L/150 and L/100. However, the sit-
uation is different at MOR, where specimens with SP-fibers outper-
form T-fiber specimens and absorb significantly more energy. This
is, of course, attributed to the extreme ductility of Series SP12 in
the hardening range.

The variation of toughness in specimens T04, SP04, and H04 is
lower than for their counterparts with 1.2% fibers. In addition, dif-
ferent trends were observed. For example, H-fiber specimens
slightly outperform specimens with T-fibers at MOR. In addition,
specimens with SP-fibers continue to outperform T-fiber specimens
at L/150 and L/100, which did not occur at 1.2% volume fraction.

4.6. Deflection characteristics

Structural ductility is a function of deflection capacity, which is
the motivation for the study in this section. Deflection, é;op, at LOP
is clearly not dependent on the type of fiber or fiber volume con-
tent as shown in Fig. 8 and Tables 4 and 5. In contrast, the deflec-
tion at maximum load, Syor, is highly dependent upon the type of
fiber and volume content. For example, as shown in Fig. 8a, dyor is
1.2 mm for T12, 0.9 mm for H12, 3.05 mm for SP12, and 0.6 mm for

PVA12. Here, SP12 outperforms all other series, again because of its
extended deflection-hardening range. The best performance for the
low fiber content also occurs in specimens with SP-fibers, where
Smor is 1.0 mm for TO4, 1.2 mm for HO4, 1.6 mm for SP04, and
0.3 mm for PVAO4, as shown in Fig. 8b. In general, it is obvious that
the deflection capacity is strongly influenced by fiber content only
in the specimens with SP-fibers. In other words, the deflection of
specimens at maximum resistance with T-, H-, and PVA-fibers
exhibited lower dependence on fiber content than specimens with
SP-fibers.

4.7. Strength ratio and toughness ratio

To provide a general idea about the comparative performance of
fibers, the strength and toughness of all test series were normal-
ized by the values of PVA-fiber reinforced series, since the strength
and toughness of PVA-fiber reinforced specimens were the lowest.
This was not done for the lower volume fraction because PVA04
produced deflection-softening behavior. Strength ratio and tough-
ness ratio are illustrated in Fig. 9.

The three equivalent bending stresses for the 1.2% series, fi/e00,
fvor, and f150, were divided by the equivalent bending stress of
PVA-fiber reinforced specimen. As shown in Fig. 9a, T12 generates
an equivalent bending stress at ;600 and Jdmor Of 2.39 and
2.77 times that of PVA12, respectively. When the deflection
reaches d;150, T12 showed a strength capacity that is 9.18 times
that of PVA12.

The toughness ratio of various series compared to that with
PVA-fibers at 1.2% fiber content is illustrated in Fig. 9b. Toughness
ratios at dyep0 and dyj1s0 deflections are in following order; T-fi-
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bers > H-fibers > SP-fibers > PVA-fibers. T12 produced the highest
toughness ratio, i.e. 3.70 and 2.13, at deflections d;/600 and d;;150,
respectively. In comparing toughness, Toughyor at maximum
resistance, SP12 showed the highest toughness ratio due to its high
deflection capacity dyor.

4.8. Comparative performance of twisted (T-) and hooked (H-) fiber in
high strength matrix

As an additional experimental investigation [12], the perfor-
mance of FRCC in bending with the same high strength steel
T- and H-fibers in a high strength mortar matrix was evaluated.
The compressive strength of the matrix was 84 MPa. Two fiber
volume contents (1.0% and 2.0%) were used and three specimens
were tested in each series. The test series are identified as T10-H,
T20-H, H10-H, H20-H for the two types of fiber and the two fiber
contents, respectively, where the appended ‘-H’ at the end of each
designation refers to the high strength matrix. Investigating the ef-
fect of matrix strength on the same key composite strength and
toughness values described above (Figs. 6 and 7) with a lower
strength matrix provides further insight into the behavior of FRCCs.

Average load-deflection curves and photos of typical cracking
behavior for the high strength matrix series are shown in
Fig. 10a. As observed in the other tests discussed above, T-fiber
specimens showed both higher load carrying capacity and energy

absorption capacity than H-fiber specimens, and generated signif-
icantly better cracking response.

Load carrying capacity and energy absorption capacity for the
high strength matrix series are compared in Fig. 10b and c. As
shown in Fig. 10b, fyor is 29.42 MPa for T20-H, 22.21 MPa for
H20-H, 16.78 MPa for T10-H, and 6.58 MPa for H10-H. It is ob-
served from Fig. 10b that T-fibers are more effective than H-fibers
in the presence of a higher strength matrix. It also appears, when
comparing Fig. 10b and c with Figs. 6 and 7, that generally speaking
a higher strength matrix leads to improved FRCC performance. For
example, fyor is 13.08 MPa for T12 with the lower strength matrix
(56 MPa) and 16.78 MPa for T10-H with the higher strength matrix
(84 MPa). Similarly, the toughness at L/100 for the T10-H (high
strength matrix) is higher than the corresponding toughness of
T12 for the lower strength matrix, yet it has a smaller volume frac-
tion of fibers.

Overall, it is observed that increasing the matrix compressive
strength increases the performance of T-fibers significantly more
than that of H-fibers. That is, T-fibers take better advantage of
the higher strength matrix.

4.9. Comments on current ASTM standard C 1609/C 1609M-05

The ASTM Standard C 1609/C 1609M-05 [3] replaces its prede-
cessor ASTM Standard C 1018-97 [6]. While the new standard is



926

D.j. Kim et al./Cement & Concrete Composites 30 (2008) 917-928

Deflection (mm)
2 3
12604 +— 500 L LI
| | 7204 |
10E+04 { | | (0=
1 1 E
=
08E+04 | | ' a
2 | . 20 5
B 06E+04 4 | 2
a L 15 ©
04E+04 - ' 2
10 =
' 3
02E+04 )" | ] |5 w
00E+00 +——1 : | 0
L/600 L1150 L/100
0 0.05 0.1 0.15
Deflection (inch)
(a) Average load — deflection curves and cracking behavior
35 35 300
= fimor _ Toughy 0 1 2500
;30 I fLiso 1,8 2507
~po | 2 1 2000 _
g Firoo E Eaot g
] 4 0w Z by
@20 - T 1 1500 £
- T 8 150 2
21 1238 % £
= f = 3 1 1000 5
£ i L1600 5§ 2100 E
g 10 E 2
0 L L L 0 0 0

T20-H H20-H T10-H H10-H

(b) Load carrying capacity

T20-H H20-H  T10-H H10-H

(c) Energy absorption capacity

Fig. 10. Bending test results with high strength matrix.

certainly an improvement over the older one in some respects,
there are a number of difficulties that arise when the new standard
is applied to deflection-hardening composites.

The C 1609 Standard recommends estimating toughness as the
“energy equivalent to the area under load-deflection curve up to a
net deflection of 1/150 of the span”. For deflection-hardening re-
sponse, especially in situations involving large deformation in
the deflection-hardening range (in excess of L/150), such as ob-
served here in the SP series, the situation becomes more compli-
cated because the computed toughness may not then truly
represent the energy absorption capacity of the material. It is
therefore suggested that the computations of toughness be ex-
tended to L/100 and even L/50 if the case justifies it. More research
is needed to determine the end deflection point, such as L/150, L/
100, and L/50.

Another difficulty with the C 1609 Standard pertains to the
definition of LOP, which is defined as the first point on the load-
deflection curve where the slope is zero. Clearly, deflection-soften-
ing FRCC will exhibit such response. On the other hand, deflection-
hardening FRCC may not show such a load drop and may not
possess a point on their load-deflection curve where a zero slope
is meaningful in the sense suggested by the C 1609 Standard. For
example, Fig. 11, where the load-deflection curves are not aver-

ages but typical examples from each test series. In Fig. 11a,
PVA12 clearly shows an LOP point in accordance with C 1609,
however, such a point with zero slope cannot be meaningfully de-
tected on the load-deflection curves of T12, H12, and SP12. Even
at low fiber volume content of 0.4%, T04 and HO4 show no clear
load drop, whereas SP04 and PVA04 both show a load drop with
definable LOP. Together, these observations imply that a first peak
point cannot always be found in the initial portion of a load-
deflection curve if the specimen shows stable deflection-harden-
ing response, i.e. without a sudden load drop after LOP. With this
in mind, LOP is more generally applicable than the first peak point
in describing the flexural behavior of deflection-hardening FRCC.
Fig. 11c illustrates that although there is no point where the slope
is zero in the initial part of the load-deflection curve of T12, by
magnifying the scale of the deflection axis, a possible LOP point
(that is, deviation from linearity but without zero slope) can be
found.

5. Conclusions

This research investigated the flexural behavior of FRCC
employing four different types of fibers with two volume fraction
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contents (0.4% and 1.2%) in an identical matrix. The four fiber types
were high strength steel twisted (T-), high strength steel hooked
(H-), high molecular weight polyethylene spectra (SP-), and PVA-fi-
bers. All test series showed deflection-hardening behavior except
specimens with 0.4% PVA-fibers, and very different performance
levels were noted in terms of load carrying capacity (equivalent
bending strength), energy absorption capacity (toughness), and
cracking behavior (number of cracks), as a function of fiber type
and volume content. The following observations and conclusions
can be made based on the limited experimental study conducted.

e Deflection-hardening FRCC behavior can be obtained for low
volume fractions (0.4%) of T-, SP-, and H-fibers.

e T-fiber specimens showed the highest load carrying capacity or
MOR at 1.2% fiber volume contents, that is, 13.08 MPa. The order
of performance in terms of equivalent bending strength, fyor, is
observed to be as follows: T-fibers > H-fibers > SP-fibers > PVA-
fibers.

o At large deflections of d/150 and dy100, T-fiber specimens exhib-
ited the highest energy absorption capacity. The order of perfor-
mance at this deflection level is as follows: T-fibers>
H-fibers > SP-fibers > PVA-fibers.

e Spectra (SP-) fibers generated the highest deflection capacity at

maximum resistance, dyor.

o Although all fibers (T-, H-, SP-, and PVA-fiber) showed multiple

cracking during deflection-hardening response when used at
1.2% fiber volume fraction, significantly different cracking
behavior was observed. T- and SP-fiber specimens generated
many cracks while PVA specimens generated only 2-3 cracks,
and H-fiber specimens showed an intermediate number of
cracks. The order of performance in terms of cracking behavior
is as follows: T-fibers > SP-fibers > H-fiber > PVA-fibers.

e Comparison between the test program with a lower strength

matrix and another test program with a higher strength matrix
shows that increasing the matrix compressive strength
increases the performance of T-fiber specimens significantly
more than that of H-fiber specimens. In other words, T-fibers
are able to take better advantage of a higher strength matrix
than H-fibers.

The test results were used to critique the new ASTM Standard C

1609/C 1609M-05 [3]. In particular, it was noted that there are dif-
ficulties in applying the new standard to deflection-hardening
materials. Two suggestions were made:
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e Computations of toughness should be extended to L/100 and
even L/50 if the case justifies it.

o Afirst peak point cannot always be found in the initial portion of
a load-deflection curve, especially if the specimen shows stable
deflection-hardening response. Therefore, the LOP as defined in
the previous standard (ASTM Standard C 1018-97 [7]) is more
generally applicable and should be used instead.
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