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This research investigated the influence of sand grain size on the behavior of high-performance fiber-reinforced
cementitious composites (HPFRCC). Four types of sand with different grain sizes were investigated using the
same matrix composition containing 2.0% hooked and twisted fibers by volume. The compressive strength
was significantly greater for the finer sand grains, despite little difference in the packing density. The better
compressive strength was mainly due to the denser calcium silicate hydrate (CSH) resulting from an intensive
pozzolanic reaction with the finer silica sand, rather than to an improvement in packing density. The interfacial
bond strength of those fibers was notably improved, having favorable effects on the mechanical properties and
multiple crack formation of HPFRCCs. Although both fibers showed superior properties in mortars with a finer
sand grain, twisted fiber produced more sensitive behavior according to the sand grain size.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

High performance fiber-reinforced cementitious composites
(HPFRCC) are characterized by their unique tensile strain-hardening
behavior accompanied by multiple micro cracks, as illustrated in
Fig. 1 [3,7,21]. With their unique strain-hardening behavior, the use
of HPFRCC provides a means of improving the load-carrying capacity
and durability of civil infrastructure. However, because of their high
cost, the use of HPFRCC is still not as widespread as would be
expected based on their superior performance. Since even a 1% by
volume fiber content is more expensive than matrix, minimizing the
fiber content is an effective way of reducing the cost of HPFRCC. Silica
sand (SS), which is normally used in HPFRCCs in preference to normal
crushed sand (NS), is also more expensive than NS. Thus, from the cost
point of view, the use of NS instead of SS in HPFRCC would represent a
saving, provided that the tensile strain hardening behavior could be
preserved.

To achieve tensile strain-hardening behavior using small amounts of
fiber, the bond strength at the interface between fiber and matrix is
extremely important. The interfacial bond strength is greatly influenced
by the properties of the interfacial transition zone (ITZ) between fiber
and matrix; thus, the properties of the ITZ in fiber-reinforced cement
composites (FRCC) have a considerable effect on the mechanical prop-
erties of FRCC [1]. The interfacial bond strength is greatly influenced
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by the water-cement ratio as well as the sand content, while it is less
sensitive to processing [19]. Guerrero and Naaman [18] reported that
finer mortars, including fly ash and silica fume, had a significantly supe-
rior pullout resistance of steel fibers. The size of aggregate also has a
significant effect on the microstructure of the ITZ in concrete, when
viewed using scanning electron microscopy with backscattered elec-
tron imaging [2]. The influence of aggregate type and size on the
mechanical behavior of engineered cementitious composite (ECC),
one type of HPFRCC, was investigated by Sahmaran et al. [17]. The ECC
mixtures with normal crushed limestone sand and gravel sand had a
performance comparable to that of ECC that used micro silica sand.
The type and size of sand grain are among the main parameters that
influence the interfacial properties of the ITZ, especially in FRCC,
hence they also have a significant effect on the interfacial bond strength.
Thus, the overall tensile behavior of FRCC (or HPFRCC) with high-
strength deformed steel fibers might also be expected to be influenced
by the type and size of sand grain [6,11,14].

However, there are still insufficient data regarding the influence of
sand grain size on the packing density of the mortar matrix, the effect
of packing density on the interfacial bond strength, and the resulting
overall tensile and flexural behavior of HPFRCC with high-strength de-
formed steel fibers. The aim of this research was to investigate the effect
of sand grain size on the mechanical properties and crack formation of
such HPFRCC. Specific objectives were: 1) to investigate the relationship
between packing density and the compressive strength of mortar
matrices in HPFRCC; 2) to investigate their interfacial bond properties
and cracking behaviors under pullout, tensile and flexural tests; and
3) to discover any correlation between the fiber pullout mechanism
and the sensitivity according to the size of sand grain.
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Fig. 1. Typical tensile strain softening and hardening behavior of FRC and HPFRCC [3,7].
Table 1
Composition of matrix mixtures by weight ratio and compressive strength.
Notation Cement Fly Sand Silica Super- Water Packing fex
(type III) ash NS 540 560 <580 fume plasticizer density (MPa)
Matrix A 0.80 0.20 1.00 - - - 0.07 0.018 0.26 0.733 76
Matrix B 0.80 0.20 - 1.00 - - 0.07 0.015 0.26 0.737 89
Matrix C 0.80 0.20 - - 1.00 - 0.07 0.019 0.26 0.739 103
Matrix D 0.80 0.20 - - - 1.00 0.07 0.040 0.26 0.745 120

2. Experimental program

An experimental program was designed to investigate the effect of
sand grain size on the behavior of HPFRCC. First, the influence of sand
grain size on the packing density and consequent compressive strength
of the mortar matrix was investigated. The wet packing method
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Fig. 2. Type of sand and cumulative passing ratio.

proposed by Wong and Kwan [15] was used in estimating the packing
density of mortar. Second, the influence of sand grain size on the inter-
facial bond strength of high-strength deformed steel fibers was investi-
gated using single fiber pullout tests. Backscattered electron images
were also obtained in order to visualize the interface between fiber
and matrix according to the size of sand grain. Finally, both tensile
and flexural test series were carried out to examine the mechanical
and cracking behavior of HPFRCC according to different sand grain
sizes in a matrix.

2.1. Materials and specimen preparation

Although all the matrices in this program had the same matrix com-
positions by weight ratio, as given in Table 1, they contained different

Table 2
Properties of fibers.
Name Diameter Length Density Tensile strength Elastic modulus
(notation) (mm) (mm) (g/cm® (MPa) (GPa)
Hooked (H-) 0.375 30 7.9 2311 200
Twisted (T-) 0.3? 30 7.9 2428 200

¢ Equivalent diameter.
b Tensile strength of the fiber after twisting.
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Fig. 3. Pullout test setup and parameters.

sizes of sand, as illustrated in Fig. 2. Matrix A contained normal crushed
sand with a diameter range from 0.1 to 2.4 mm and an average of
0.7 mm (NS); Matrix B contained normal silica sand with a diameter
range from 0.15 to 0.7 mm and an average of 0.42 mm (SS40); Matrix
C contained fine micro silica sand with a diameter range from 0.1 to
0.3 mm and an average of 0.22 mm (SS60); and, Matrix D contained
very fine micro silica sand with a diameter less than 0.2 mm (SS80).
The compressive strength of mortar matrices according to the different
types of sand is summarized in Table 1. High strength steel hooked (H-)
and twisted (T-) fibers were investigated, and the volume content of
fibers for both tension and flexural test specimens was 2.0%. The prop-
erties of those fibers are given in Table 2. The twisted fiber investigated
had a triangular section, with three ribs per fiber length to avoid any
fiber breakage during fiber pullout.

A mortar mixer was used to prepare the cement mixture. Cement,
fly-ash, silica fume, and sand were first dry mixed for 3 min. Water
was added and mixed for 3 min, and then super-plasticizer was
added gradually and mixed for another 5 to 10 min. The amount of
super-plasticizer for each matrix was predetermined to prevent
fiber gravitation and to maintain uniform fiber distribution during
mixing and casting, as provided in Table 1.

Cube type specimens measuring 50 x 50 x 50 mm? were prepared to
estimate the packing density of mortar matrices. The detailed procedure
was described by Wong and Kwan [15]. In preparing single fiber pullout
test specimens, a fiber was pre-installed in a holding device to control
its embedded length and inclination angle; then the mortar was gradu-
ally poured into molds. For tensile and flexural specimens, fibers were
dispersed by hand into the mortar mixture when the mortar started
to show adequate flow and viscosity. Then, the mortar mixture with
fibers was carefully placed in molds for tensile and flexural specimens
using a wide scoop. No vibration was required, since the mixture with
fibers was self-consolidating. All specimens were covered with plastic
sheets and stored at room temperature for 24 h prior to demolding.
After demolding, the specimens were placed in a water tank for an
additional 2 weeks. All specimens were tested in a dry condition at

the age of 17 days, which allowed 3 days for drying in the laboratory
environment.

2.2. Test setup and parameters describing the test results

The pullout test setup and parameters characterizing the interfacial
bond strength of H- and T-fibers are illustrated in Fig. 3. The section of
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Fig. 5. Bending specimen geometry and test setup.

pullout specimen was 25 x 25 mm? and the fiber was embedded in the
center of the specimen. The embedment length of fiber investigated
was 15 mm, which was half the fiber length.

The maximum pullout load is identified as Ppax, as shown in Fig. 3.
The bond strength at maximum pullout load was calculated using
Eq. (1).

P max

T['df’Lem_ (1)

T max =

where T.x is the bond strength at maximum pullout load, Py, is the
maximum pullout load, dris the equivalent diameter of fiber, and Lep,
is the embedded length of fiber.
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The pullout work during fiber pullout, as illustrated in Fig. 3, was
also used to estimate equivalent bond strength using Eq. (2) [12].

2-PW

T —_—
df 'Lgm.

@)

equiv. —

where Tequiv. is equivalent bond strength, PW is the pullout work until
the complete pullout of fiber, dris the diameter of fiber, and L, is the
embedded length of fiber.

The tensile test setup and parameters for the tensile behavior of
HPFRCC are shown in Fig. 4. A bell shaped tensile specimen was used.
The cross section of the specimen was 50 x 25 mm? and the gage length
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Fig. 6. Influence of sand grain size on: (a) compressive strength and (b) packing density.
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used in the measurement of elongation was 175 mm. The parameters
include first cracking strength, o post cracking strength, 0., and
strain capacity, & In addition to those parameters, the number of
cracks within the gage length, averaged crack spacing, and consequent
averaged crack width was investigated.

The flexural test specimen and setup were prepared according to
ASTM standard C1609/C 1609M - 05 [8], as shown in Fig. 5. Details of
the testing procedures can be found in ASTM standard C1609. A linear
variable differential transformer was installed in an aluminum cage
and used to measure the center deflection, as illustrated in Fig. 5.
Parameters for the flexural behavior of HPFRCC are also shown in
Fig. 5: the point where the nonlinear response begins is identified as
the limit of proportionality (LOP), while the point with maximum flex-
ural load is identified as modulus of rupture (MOR). The equivalent
bending stress was estimated using Eq. (3), according to the ASTM stan-
dard. The area under the load-deflection curve was also estimated as
flexural toughness (FT): e.g., the area under the curve until the deflec-
tion reaches yor is identified as FTyor.

f:% 3)

where fis equivalent bending strength, P is the applied load, L is the
span length of specimen, b is the width of the specimen, and h is
the height of the specimen.

The packing density, denoted by ¢ in Eq. (4), is defined as the volume
ratio of the solid components (V,) in Eq. (5) and the whole volume of
mortar matrix (V). The equations to estimate the wet packing density
of the mortar matrix were proposed by Wong and Kwan [15].

b=V/V (4)

M
© " Pwl + PcRe + PsRs + PseRse + PraRea

(5)

where M is the mass of the whole mortar matrix within a cube mold;
Pw is the density of water; pc, ps, psr, and pg4 are the solid densities of
cement, sand, silica fume, and fly ash, respectively; u,, is the volume
ratio of the water to the granular material; and Rc, Rs, Rsy and Rga
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Table 3
Average values of pullout parameters.
Fiber Sand Maximum Maximum Pullout Equivalent
type type pullout stress bond stress work bond stress
(MPa) (MPa) (N-mm) (MPa)
Hooked NS 1574.788 9.842 665.867 5.024
SS40 1636.877 10.231 701.693 5.294
SS60 1708.291 10.677 757.578 5.716
SS80 1859.269 11.930 802.288 6.053
Twisted NS 1252.726 6.264 767.754 7.241
SS40 1505.656 7.528 882.787 8.326
SS60 1827.570 9.138 1189.471 11.218
SS80 2151.539 10.758 1253.956 11.827

are the volumetric ratios of cement, sand, silica fume and fly ash,
respectively, to the total cementitious materials.

3. Results and discussion
3.1. Packing density and compressive strength

The influence of sand grain size on the packing density and compres-
sive strength of mortar matrices is illustrated in Fig. 6 and summarized
in Table 1. The size of sand grain only slightly affected the packing
density; however, the consequent effect on compressive strength was
significant, as demonstrated in Fig. 6. As the size of sand grain decreased
from NS to SS80 in the composition of the mortar matrix, the packing
density of the mortar matrix increased from 0.733 to 0.745 (2% in-
crease) while the compressive strength increased from 76 MPa to
120 MPa (58% increase). Thus, the improved compressive strength of
mortar with a finer sand grain cannot be fully explained by the packing
density alone. The sand grain, or aggregate, generally provides a surface
for nucleation of crystalline solid material [10]; thus, the reactivity of
silicious aggregate increases as the sand grain becomes finer. Cordon
and Gillespie [20] also reported that the compressive strength of con-
crete with a low water-cement ratio could be increased considerably
by decreasing the size of aggregate. The significant enhancement in
compressive strength associated with finer sand particles can be
explained partly by the enhanced packing density and mainly by the
more intensive pozzolanic reaction that increases the density of the
CSH. Jo et al. [9] investigated the microstructure of mortar containing
nano-SiO, and observed that this mortar produced a much denser
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Fig. 7. Pullout stress versus slip curves according to the type of sand.
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formation of hydration products. The microstructure of mortar mixture
according to the size of sand grain will be further studied in a future

project.

3.2. Interfacial bond properties from single fiber pullout

The averaged pullout load (or stress) versus slip curves according to
the size of sand grain is provided in Fig. 7a and b, for H- and T-fibers,
respectively. The curve for each series was averaged from at least

a) Normal crushed sand

three pullout test results. It is clear from Fig. 7 that the pullout resistance
of both fibers was noticeably improved by a decrease in the size of sand
grain. In addition, the improvement in both pullout stress and pullout
energy differed according to the type of fiber. Hence, the effect of the
size of sand grain depends on the type of fiber, i.e. the different pullout
mechanisms of fibers. H- and T-fibers have totally different pullout
mechanisms: H-fibers use the plastic energy generated from two plastic
hinges at the hooked end during fiber pullout, while T-fibers utilize the
untwisting torsion moment resistance of the fiber. Thus, H-fiber uses

X50  500pm

Fig. 9. Backscattered electron (BSE) images according to different types of sand.
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only a relatively small portion of the fiber's embedded length, whereas
T-fiber uses the entire embedded length of the fiber for generating
mechanical bond strength [4,5,13,16].

The averaged numerical values of fiber pullout parameters for the
interfacial bond properties are summarized in Table 3. The parame-
ters include maximum fiber pullout stress, Ofmax, Maximum bond
strength, Tmax pullout work, PW, and equivalent bond strength, Tequiv..
The numerical values are also averaged from at least three specimens.
The definitions are provided in Fig. 3.

As the size of sand grain decreased from NS to SS80, the Of, max of
H-fiber increased from 1575 MPa to 1859 MPa (18% increase) while
that of T-fiber showed a much greater enhancement, from 1253 MPa
to 2152 MPa (72% increase). In particular, the 0y max (2152 MPa) of T-
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fiber in the SS80 matrix was close to the ultimate tensile strength of
the T-fiber investigated, while the Oy max of T-fiber in the NS matrix
was only 1253 MPa. The PW of H-fiber increased from 665.87 N-mm
to 802.29 N-mm (20% increase) as the size of sand grain decreased,
while the PW of T-fiber showed a 63% increase, from 767.75 N-mm to
1253.96 N-mm.

The influence of sand fineness on bond strength Tmax and Teguiv. is
shown in Fig. 8a and b, respectively. The improvement in both 7p.x
and Tequiv. as the sand grain became finer from NS to SS80 was
much higher for T-fiber than for H-fiber. In addition, the Tegus. of T-
fiber was higher than that of H-fiber, while the 7.y of T-fiber was
lower than that of H-fiber. The T.qu. of T-fiber increased from
7.241 MPa to 11.827 MPa (63% increase) as the sand grain became
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Fig. 10. Tensile stress versus strain curves according to the type of sand.
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Fiber Sand First cracking Post cracking Number of cracks within Average crack spacing Average crack width
type type Strain (%) Stress (MPa) Strain (%) Stress (MPa) gg:)mm gage length (mm) (um)
Hooked NS 0.020 7.814 0.451 10.738 18 9.913 44.7
SS40 0.025 8.744 0.403 12.906 32 5.472 22.0
SS60 0.041 9.445 0.422 11.382 34 5.240 219
SS80 0.051 8.653 0.546 13.255 42 4173 22.7
Twisted NS 0.105 7.506 0411 11.334 23 7.681 31.3
SS40 0.037 7.550 0414 12.096 25 6.924 28.6
SS60 0.031 8.074 0.503 13.849 37 4,782 240
SS80 0.035 8.447 0.532 14.906 43 4.120 219

finer from NS to SS80, while that of H-fiber increased only from

5.024 MPa to 6.053 MPa (20% increase).

Based on the analysis of the fiber pullout test results, it is clear that
interfacial bond properties are very much influenced by the size of
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sand grain and can be significantly improved by using finer sand grains
in the matrix surrounding the fibers. As the sand grains become finer,
the vacant space surrounding the fibers decreases, while the packing
density of the matrix surrounding the fibers increases. Thus, the volume
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Fig. 11. Influence of sand grain size on tensile parameters of HPFRCC.
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Fig. 11 (continued).

occupied by sand grains in the part of the matrix close around the fiber
increases for finer grains. This increase in the proportion of sand grains
at the interface between the fiber and matrix can be expected to
increase the local stiffness of the matrix and to decrease porosity, as
illustrated in the backscattered electron images shown in Fig. 9, which
were recorded before fiber pullout. The higher stiffness and low poros-
ity of the interface are thought to be the main reason for the enhanced
pullout resistance (bond strength) of the fibers in a matrix with finer
sand grains. This also explains why the pullout behavior of T-fiber
shows a more sensitive response to sand fineness, because of its more
intensive mechanical interaction at the interface between fiber and
matrix.
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3.3. Tensile behavior of HFPRCC

Fig. 10 shows tensile stress-strain curves and photographs illus-
trating the multiple micro cracking behavior for each tensile test
series. The averaged curve per series was obtained from at least three
specimens. As shown in Fig. 10, the use of finer sand in the matrix
improves the overall tensile and multiple cracking behavior of
HPFRCC with high-strength deformed steel fibers. The averaged numer-
ical values of the tensile parameters are summarized in Table 4. These
numerical values are also averaged from at least three specimens.

Tensile parameters, including first cracking strength, post cracking
strength, and strain capacity of HPFRCC were defined in Fig. 4, and the
influence of sand fineness on the tensile parameters is shown in
Fig. 11. The improvement in first cracking strength was not as high
as in post cracking strength, although there was a slight enhancement
of first cracking strength as the size of sand grain decreased, as shown
in Fig. 11a and b. The post cracking strength of HPFRCC with T-fibers
when SS80 was used in the matrix was 31% higher than for NS,
while that of HPFRCC with H-fibers was 23% higher. Thus, the post
cracking strength showed a higher sensitivity to the size of sand
grain in the T-fiber series than in the H-fiber series. T-fiber also showed
a greater improvement in strain capacity than did H-fiber when SS80
was used instead of NS; 27% for T-fiber and 21% for H-fiber, as shown
in Fig. 11c. Fig. 11d and e shows the influence of sand grain size on
the number of micro cracks as well as averaged crack spacing.

In general, the series with T-fiber and SS80 showed the best tensile
behavior, with better post cracking strength and strain capacity, and a
greater number of micro cracks. The improved bond properties from
using finer sand grain, due to the higher local stiffness and denser
microstructure at the interface, were clearly translated into tensile
behavior.

3.4. Flexural behavior of HFPRCC

Fig. 12 shows the equivalent bending stress versus deflection curves
for each test series, while Fig. 13 shows the influence of sand fineness on
flexural parameters. The averaged curve was obtained from at least
three specimens. The averaged numerical values of several parameters
related to the flexural response of HPFRCC, e.g., equivalent bending
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Fig. 12. Equivalent bending stress versus deflection curves according to the type of sand.
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Fig. 13. Influence of sand grain size on flexural behavior of HPFRCC.

stress, deflection and toughness at LOP and MOR, are summarized in
Table 5. These numerical values are also averaged from at least three
specimens.

The bending strength at LOP (fiop) was between 8.343 MPa and
10.467 MPa for H-fiber, and 12.411 MPa and 12.784 MPa for T-fiber.
frop showed little sensitivity to sand fineness, while fy;0r Was more sen-
sitive in all series, as shown in Fig. 13a. As the size of sand grain became
finer from NS to SS80, the fyor of series with H-fiber increased from
24.64 MPa to 31.78 MPa (29% increase), while the fyor of series with
T-fiber showed only a 19% increase, from 34.14 MPa to 40.71 MPa.
Deflection at MOR (6p0r) Was also sensitive to the size of sand grain,
as shown in Fig. 13b. The 60r for H-fiber increased from 1.312 mm to
1.539 mm (17% increase) as the sand particle size decreased from NS
to SS80, whereas the 60 for the series with T-fiber showed a greater
improvement, from 1.166 mm to 1.550 mm (32% increase). Toughness
at MOR (FTy0r) Was also extremely sensitive to the size of sand grain, as
shown in Fig. 13c. The series with H-fiber showed a 47% increase in
FTp0r, from 84.609 N-m to 124.728 N-m, while the series with T-fiber
demonstrated a 57% increase, from 101.139 N-m to 158.867 N-m. In

comparison with H-fiber, the flexural behavior of T-fiber HPFRCC thus
showed greater sensitivity to the size of sand grain.

In general, the test series with T-fibers produced better flexural
performance and higher sensitivity to the size of sand grain than
those with H-fibers.

4. Conclusions

This study investigated the effect of sand grain size on the mechan-
ical properties and multiple crack formation of HPFRCC with high-
strength deformed steel fibers, such as hooked (H-) and twisted (T-)
fibers. Four types of sand with different sand grain sizes were investi-
gated: normal crushed sand (NS), micro silica sand (SS40), fine micro
silica sand (SS60), and very fine micro silica sand (SS80). Although
both H- and T-fibers showed sensitive behavior according to the size
of sand grain, T-fiber showed a higher sensitivity than H-fiber as regards
fiber pullout, and the tensile and flexural behavior of HPFRCC with
those fibers. The difference could be attributed to the greater mechani-
cal interaction between fiber and matrix based on the T-fiber's unique
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Table 5
Average values of flexural parameters.

Fiber type Sand type Limit of proportionality Modulus of rupture
[LOP] [MOR]
) f Toughness ) f Toughness
(mm) (MPa) (N-m) (mm) (MPa) (N-m)
Hooked NS 0.048 8.343 0.757 1.312 24.637 84.609
SS40 0.038 8.420 0.655 1.257 26.840 90.344
SS60 0.065 7.586 0.937 1424 28.428 104.176
SS80 0.041 10.467 0.956 1.539 31.776 124.728
Twisted NS 0.066 12.784 1.655 1.166 34.142 101.139
SS40 0.063 12.761 1.671 1.205 36.402 110.010
SS60 0.050 12.411 1.276 1.289 38.750 124.461
SS80 0.052 12.546 1.404 1.550 40.711 158.867

untwisting pullout mechanism. The following observations and conclu-
sions can be drawn from the experimental study:

1. As the size of sand grain in a mortar matrix decreased, its packing
density increased slightly, from 0.733 to 0.745 (2%). However, the
compressive strength of a mortar matrix with this slightly increased
packing density was significantly enhanced, from 76 MPa to
120 MPa (58%). The improvement in compressive strength from
using finer sand grain is mainly the result of the increased density
of CSH due to the larger surface area of silicious aggregate, and
cannot be explained by the higher packing density alone.

2. The use of finer grain sand produces favorable effects on both
the tensile and flexural behavior of HPFRCC with high-strength de-
formed steel fibers, since the finer sand grain enhances the interfacial
bond strength as a result of the higher local stiffness and low porosity
at the interfacial transition zone.

3. High strength steel twisted (T-) fibers showed a higher sensitivity
to the size of sand grain than did high-strength steel hooked (H-)
fibers, although both T- and H-fibers demonstrated enhanced per-
formance in fiber pullout, tensile and flexural tests as the size of
sand grain decreased. The observed difference in sensitivity can
be attributed to the different fiber pullout mechanisms.

4. The use of normal crushed sand (NS) in HPFRCC with high-strength
deformed steel fibers also successfully produces tensile strain hard-
ening behavior accompanied by multiple micro cracks. The tensile
performance of HPFRCC with NS is quite comparable to that of
HPFRCC with silica sands: 76-81% for post cracking strength,
77-83% for strain capacity, and 43-53% for multiple cracks.

There is a clear correlation between the local stiffness and porosity
of ITZ resulting from the different size of sand grain and fiber pullout
behavior (interfacial bond strength). That correlation will be the sub-
ject of a future publication by the authors.
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