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This paper presents an experimental study on flexural performance of ultra lightweight cement compos-
ites (ULCC) with 0.5 vol% fibers. Low density of the ULCC is achieved by using cenospheres from coal-fired
power plants as micro aggregates. Effects of shrinkage reducing admixture (SRA) and fiber types on com-
pressive strength and flexural performance of the ULCC are investigated. ULCC with density of 1474 kg/
m3, compressive strengths of 68.2 MPa, flexural strength of 8 MPa, and deflection hardening behavior can
be produced. Such good performance could be attributed primarily to the SRA which reduced entrapped
air in paste matrix and densified fiber–matrix interface. The improvement on the flexural performance of
the ULCC depends on fibers used and bond between fibers and matrix. Improvement of the flexural per-
formance of the steel fiber (coated with brass) reinforced ULCC due to the densification effect by SRA was
more significant than that of the PE fiber reinforced ULCC.

Crown Copyright � 2013 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Lightweight concretes are produced by introducing air voids
into the concretes. There are generally three types of lightweight
concretes: (1) lightweight aggregate concrete (voids are mainly
in aggregates), (2) cellular concrete and foam concrete (voids are
in cement paste), and (3) no fines concrete (sand is eliminated
and voids are between coarse aggregate particles). Among them,
the first type of lightweight concrete is typically used for structural
applications with low permeability requirement. Structural light-
weight aggregate concretes (LWAC) typically have density be-
tween 1400 and 2000 kg/m3 compare to about 2300–2400 kg/m3

for normal weight concrete. (Unless otherwise stated, density gi-
ven in this paper is based on wet specimens while the strength is
based on 28 days.) In the conventional LWAC, lightweight aggre-
gates such as expanded clay, expanded shale, or sintered fly ash
aggregates [1–3] are commonly used.

Since late 20th century, high strength LWAC with low perme-
ability has been successfully developed with strength up to
102 MPa and density ranging from 1595 to 1880 kg/m3 [4]. For
these LWAC, specific strength (strength-to-density ratio) varies
from about 36 kPa/kg m�3 to about 54 kPa/kg m�3. For LWAC of
lower density between 1400 and 1700 kg/m3, strengths ranging
from 30 to 60 MPa were reported [5]. According to a state-of-
the-art review on developments of high strength lightweight con-
crete by Wee [6], the specific strength of lightweight concrete
typically decreases with the reduction of density, and it is a chal-
lenge to make LWAC with density below 1500 kg/m3 and strength
above 50 MPa.

Ultra lightweight cement composite (ULCC) [7] is a type of no-
vel composites characterized by combinations of low densities
<1500 kg/m3, high compressive strengths P60 MPa with specific
strength of up to 47 kPa/kg m�3. The ULCC was originally designed
for potential structural applications in steel–concrete composites
and sandwich structures [8,9]. In addition, due to their high spe-
cific strength (low density and high strength) and low permeabil-
ity, the ULCC may be used potentially in structures where weight
of the material is critical, e.g. floating structures.

Low density of the ULCC is achieved by using cenospheres ob-
tained from coal-fired thermal power plants [10–12] as micro-
lightweight aggregates. The cenospheres consist of hollow interior
covered by thin shell with typical thicknesses of 2.5–10.5% of its
diameter [13]. Their typical particle sizes are between 10 and
300 lm [14]. An optical microscope image of a typical cross-sec-
tion of the ULCC is shown in Fig. 1.

Literatures review revealed limited numbers of studies involv-
ing the use of cenospheres or similar to produce lightweight
cementitious composites [14–20]. By reference to the compressive
strength and specific strength of the lightweight mixtures from
these studies, none of them had combination of high strength
and low density of the ULCC achieved in this study. The earliest
patent on the use of microspheres was filed in 1999, in which
the described cement-based invention could achieve 28-day com-
pressive strength of 28 MPa after curing [16]. Several studies on
lightweight composites with microspheres (or cenospheres) were
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Fig. 1. Optical microscope image (approximately 1.1 mm by 0.8 mm) of ultra
lightweight cement composite with cenospheres.
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Fig. 2. Particle size distribution of cenospheres.
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published between 2000 and 2003 [17–19]. The maximum com-
pressive and flexural strengths reported from these studies were
about 35 and 6 MPa, respectively, with densities ranging from
1510 to 1840 kg/m3. These lightweight composites did not contain
fibers. Another patent filed in 2003 [20] presented properties of ten
fiber-reinforced lightweight composites using microspheres. The
composites developed had strength below 50 MPa with densities
ranging from 930 to 1780 kg/m3 and specific strength of 21.6–
28.8 kPa/kg m�3.

To achieve high strength, a water/binder ratio of 0.35 and silica
fume dosage of 8% by mass of total binder were used. Fibers were
incorporated in the ULCC to improve its flexural toughness and en-
ergy absorption capacity. Addition of fibers can improve mechani-
cal properties of mortars and concretes, especially flexural
performance after matrix cracking [21,22], including flexural
toughness and residual strength. Higher flexural performance of
the fiber-reinforced mortars or concretes can be achieved by
increasing pull-out resistance of the fibers from mortar or concrete
matrices, provided the fibers do pull out instead of rupture. Con-
ventional methods to improve the pull-out resistance include
changing the geometry of fibers [23] and using silica fume in the
concrete matrix [24]. Recently, plasma treatment [25], ozone treat-
ment [26,27] were used to reduce the contact angle between poly-
mer fibers and water to improve the bonding with cement paste
matrices.

Due to high amount of fine particles of cenospheres, cement, sil-
ica fume plus fibers, the ULCC may contain high volumes of en-
trapped air. This leads to poor contact between the fibers and
cement paste or mortar matrix and weak bond between them,
which influences the flexural performance of the composites after
matrix cracking. Recent research [28] shows that the use of shrink-
age reducing admixture (SRA) can reduce surface tension of pore
solution, air content of mortar matrix, and enhance the wettability
of fiber in the fresh cement mortar, thus significantly improve the
flexural toughness of fiber reinforced mortars due to the densifica-
tion of transition zone between the fiber and matrix. This suggests
that the SRA may be useful in improving flexural performance of
fiber reinforced ULCC. If the addition of SRA can improve the flex-
ural performance of fiber reinforced ULCC, lower fiber content may
be used to satisfy structural design requirements, which means re-
duced cost and more workable mixtures.

This paper presents an experimental study on the development
of fiber-reinforced ultra lightweight cement composites (ULCC) at
a low fiber volume fraction of 0.5% with a focus on flexural perfor-
mance of the ULCC. Effects of SRA and types of fibers (straight steel
fibers with brass coating and polyethylene (PE) fibers) and synergy
of the steel and PE fibers on compressive strength and flexural
performance of the ULCC were investigated. In addition, a compar-
ison is made on flexural performance between fiber-reinforced
ULCC and fiber reinforced high strength cement mortar.
2. Experimental details

2.1. Materials

The shrinkage reducing admixture used in this study was a
commercially available product in colorless liquid form without
water.

Cenospheres used in the ULCC had an average particle density
of approximately 870 kg/m3. Particle size distribution of the ceno-
spheres is given in Fig. 2, and most of the particles had sizes from
10 to 300 lm. The cenospheres had low CaO content of less than
1% but high combined SiO2 and Al2O3 content of approximately
90%. X-ray diffraction analysis of the cenosphere material indicated
that it contained a large amount of amorphous material and small
amounts of quartz and mullite crystals. ASTM C227 and C1260 test
results indicate that the cenospheres used in the ULCC are not
potentially deleterious due to alkali–silica reaction [29].

Properties of steel fibers (ST) coated with brass and polyethyl-
ene (PE) fibers used in this study are given in Table 1. The PE fiber
had slightly higher tensile strength but lower elastic modulus than
the steel fiber. According to the information from the manufac-
turer, the PE fibers were not surface treated, and the fibers were
used in the ULCC as-received. ASTM Type I Portland cement (also
EN ‘CEM I 52.5N’) and silica fume were used in all mixtures, and
their compositions are given in Table 2. A polycarboxylate based
superplasticizer (SP) was used to obtain comparable flow at
200 ± 10 mm for all mixtures according to BS EN 1015-3 [30].
2.2. Mix proportions and specimen preparations

Thirteen ULCC mixtures were included in this study with two
plain ULCC and eleven fiber-reinforced ULCC. Mix proportions of
the mixtures are given in Table 3, in which ‘‘ST’’ denotes steel fi-
bers, ‘‘PE’’ denotes polyethylene fibers, and ‘‘HY’’ denotes a combi-
nation of ST and PE fibers. Ten of the fiber-reinforced ULCC
mixtures contained 0.5% of steel fibers, PE fibers, or a combination
of these by volume of the ULCC. Half of these mixtures contained
2.5% SRA by mass of binder (cement + silica fume), whereas the
other half of the mixtures were control without the SRA. According
to manufacturer’s data sheet, the SRA used in this research does
not contain water, and it is recommended that equal amount of
water be replaced when the SRA is incorporated in mortar or con-
crete mixtures. The SRA dosage of 2.5% was selected based on pre-
liminary tests that air content in the ULCC would not be reduced
significantly beyond this dosage.



Table 1
Properties of fibers.

Fiber types Tensile strength (MPa) Elastic modulus (GPa) Length (mm) Diameter (lm) Aspect ratio Density (kg/m3)

Polyethylene (PE)a 2610 79 12 39 308 0.97
Steel (ST)b 2500 200 13 160 81 7.85

a Spectra� fiber 900.
b Dramix� OL13/.16, straight with brass coating.

Table 2
Chemical and mineral compositions of cement and silica fume (% by mass).

Composition CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3 LOI C3S C2S C3A C4AF

Cement 63.6 21.6 4.2 3.0 2.4 0.19 0.5 2.7 2.2 54.1 24.8 7.5 7.5
Silica fume 0.2 96.0 0.3 0.3 0.4 0.05 0.6 0.2 1.5 N/A N/A N/A N/A

Table 3
Mixture proportions of ULCC.

Mix ID Fiber (vol%) Mixture proportion of matrix by mass of total binder

Steel PE Water/binder Binder Cenosphere/binder SRA/binder

Cement SFa

Plain 0 0 0.35 0.92 0.08 0.42 0
ST-50 0.500 0 0.35 0.92 0.08 0.42 0
HY-1 0.375 0.125 0.35 0.92 0.08 0.42 0
HY-2 0.250 0.250 0.35 0.92 0.08 0.42 0
HY-3 0.125 0.375 0.35 0.92 0.08 0.42 0
PE-50 0 0.500 0.35 0.92 0.08 0.42 0

Plain_SRA 0 0 0.325 0.92 0.08 0.42 0.025
ST-50_SRA 0.500 0 0.325 0.92 0.08 0.42 0.025
HY-1 _SRA 0.375 0.125 0.325 0.92 0.08 0.42 0.025
HY-2_SRA 0.250 0.250 0.325 0.92 0.08 0.42 0.025
HY-3_SRA 0.125 0.375 0.325 0.92 0.08 0.42 0.025
PE-50_SRA 0 0.5 0.325 0.92 0.08 0.42 0.025
ST-37.5_SRA 0.375 0 0.325 0.92 0.08 0.42 0.025

a Silica fume.

Fig. 3. Schematic diagram of the ASTM C1609 test setup.
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An additional fiber reinforced ULCC mixture with 0.375% of
steel fiber (ST-37.5_SRA) by volume was prepared to compare with
ULCC mixture ST-50_SRA, and to support the assumption that the
flexural toughness is increased linearly with the fiber dosage up
to 0.5% discussed in Section 3.2.3.

For comparison, a high strength mortar (HSM) with sand/binder
ratio of 2.5 was made. The HSM had the same water/binder ratio,
SRA dosage, silica fume %, and fiber type and dosage as ULCC mix-
ture ST-50_SRA given in Table 3. Natural sand with a fineness mod-
ulus of 2.96 and maximum size of 4.75 mm was used in the HSM.

For each mixture, four 100 � 100 � 400-mm prisms and six
100-mm cubes were cast for flexural performance and compressive
strength test, respectively. The fresh ULCC was filled to various
molds in two layers and compacted on a vibration table with a to-
tal vibration time of 30 s. The specimens were covered by plastic
sheets and demolded within 48 h after casting. They were then
stored in a fog room at temperatures of 28–30 �C (simulating trop-
ical environment) until testing at 7 and 28 days.

2.3. Test methods and procedures

2.3.1. Density, air content, and compressive strength of ULCC
Density of all the ULCC specimens was determined after

demolding using water displacement method. Air content of the
specimens was calculated by gravimetric method according to
ASTM C138 [31]. Density of the cement and cenospheres used for
the calculation of the air content was measured by AccuPyc 1330
Pycnometer based on gas displacement principle. Compressive
strength was determined at 28 days using 100-mm cubes accord-
ing to BS EN 12390-3:2002 [32].
2.3.2. Flexural performance
Flexural performance of 100 � 100 � 400-mm prisms was

determined at 28 days with third-point loading (4-point bending,
span length 300 mm) using an Instron closed-loop, servo-con-
trolled testing system as per ASTM C1609 [33]. A schematic dia-
gram of the ASTM C1609 test setup is shown in Fig. 3. During the
test, both applied load and mid-span deflection of the specimens
in the direction of the applied load were recorded. The deflections
were measured by two linear variable displacement transducers
(LVDTs) placed on both sides of the specimen. The output from this
test was a load–deflection curve from which flexural performance
parameters were derived using absolute values of load or strength
at specific deflections. Four specimens were tested for each mix-
ture, and the flexural load–deflection curves were averaged by
using Average Multiple Curves (AMC) function from Origin 8.5
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Table 4
Average density, compressive strength, specific strength and air content of ULCC.

Mix ID Density
(kg/m3)

Compressive
strength (MPa)

Specific strength
(kPa/kg m�3)

Air
contenta

(%)

Plain 1295 46.9 36.2 15.3
ST-50 1195 29.5 24.7 23.5
HY-1 1232 36.3 29.4 20.2
HY-2 1139 27.1 23.8 25.7
HY-3 1125 28.5 25.3 26.2
PE-50 1186 29.1 24.5 21.8

Plain_SRA 1424 67.0 47.0 6.8
ST-50_SRA 1474 68.2 46.3 5.1
HY-1 _SRA 1468 68.0 46.3 5.0
HY-2_SRA 1474 67.7 45.9 4.0
HY-3_SRA 1441 63.1 43.8 5.6
PE-50_SRA 1421 63.3 44.5 6.4
ST-37.5_SRA 1469 67.8 46.2 5.2

a Air content is the volume of voids in the composite, but does not include the
enclosed voids inside cenospheres.
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software. An example of load–deflection curves from four test
specimens of HY-2_SRA and their average curve is shown in
Fig. 4. The repeatability of the test results appears reasonable.

2.3.3. Measurement of surface tension of synthetic pore solution and
contact angle between fibers and the pore solution

Solutions that simulate pore solutions of the cement pastes in
the ULCC with and without SRA were prepared for measurements
of their surface tensions. The solutions contained 0.35 M KOH and
0.05 M NaOH in de-ionized water, and the dosage of SRA was
equivalent to 2.5% by mass of (cement + silica fume) or 7.14% by
mass of water in the ULCC mixtures. Surface tension of the solu-
tions was measured using Wilhelmy Plate Method with a K14
Krüss Tensiometer.

Contact angles between the fibers and the above solutions were
measured by the same equipment. For these measurements, the
tension metric method (Micro-Wilhelmy technique) was used
[34]. Details of the method can be found in reference [28]. At least
six samples under each condition were tested for each type of
fibers.
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3. Results and discussion

3.1. Density and compressive strength of ULCC

Table 4 presents the average density, compressive strength,
specific strength, and air content of the ULCC. The specific strength
is defined as strength-to-density ratio. For the ULCC without SRA,
the addition of the fibers resulted in decreases in the density from
1295 kg/m3 to 1125–1230 kg/m3 and increases in the air content
from 15% to 20–26%. Compressive strength of the ULCC was also
decreased from 47 MPa to 27–36 MPa due to the incorporation of
the fibers. This was probably due to the effect of fibers on air void
content in the ULCC which led to reductions in their densities,
compressive strengths, and specific strengths due to increased en-
trapped air in the mixtures.

The incorporation of the SRA in the ULCC reduced entrapped air,
increased density, compressive strength, and specific strength of
the ULCC substantially (Table 4). The effect of SRA on the density
and compressive strength of the ULCC is clearly illustrated in Figs. 5
and 6, respectively. It was observed that the density, compressive
strength, and specific strength of the ULCC with SRA were reason-
ably consistent, and were less affected by the type and content of
the steel and PE fibers incorporated. The air content, density, and
compressive strength of the ULCC with SRA ranged from 4.0 to
6.8%, 1421–1474 kg/m3, and 63.1–68.2 MPa, respectively.

The addition of SRA significantly reduced the air content from
20.2–26.2% to 4.0–6.4% in the fiber-reinforced ULCC. The difference
on the air content of the ULCC with and without SRA is clearly
shown in optical microscope pictures in Fig. 7. More large air voids
were observed in the ULCC without SRA (Mix ST-50) than in the
ULCC with SRA (Mix ST-50_SRA).

The reduced air content and increased density of the ULCC with
SRA might be related to two functions of the SRA: (1) reduce the
surface tension of the solution in the fresh ULCC mixtures and
(2) enhance the wettability of the fibers by reducing the contact
angle with the solution.

As shown in Table 5, the incorporation of SRA reduced the sur-
face tension of a solution that simulates concrete pore solution
from 63.8 to 27.5 dynes/cm. The reduction of the surface tension
can destabilize air voids which resulted in reduced air content
and increased density of the ULCC. Increased density of foam light-
weight concrete by SRA was also mentioned by Chindaprasirt and
Rattanasak [35].



Fig. 7. Optical microscope images of the ULCC (a) without SRA (ST-50) and (b) with
SRA (ST-50_SRA), showing lower large air void content of the ULCC with SRA.

Table 5
Effect of SRA on surface tension of the solutions and contact angle between the fibers
and the solutions with and without SRA.

Solutions that simulate
pore solutions

Surface tension
(dynes/cm)

Advancing contact angle
(�)

Steel
fiber

PE
fiber

PP fiber
[28]

Without SRA 63.8 85.6 75.0 85.1
With SRAa 27.5 33.1 23.4 39.9

a Dosage of SRA is 7.14% by mass of water.
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The contact angle is directly proportional to the surface tension
according to Young’s equation [36]. As shown in Table 5, the SRA
reduced the contact angles between the fibers and the solution
that simulates concrete pore solution substantially. The reductions
in the contact angles indicate better wettability of the fibers in the
fresh mixtures, which would result in better contact between the
fibers and hardened matrices. This may contribute to the increased
density of the interfacial transition zone between the fibers and
surrounding matrices.

3.2. Flexural performance

Load–deflection curves of the ULCC with 0.5% fibers without
and with SRA are shown in Figs. 8 and 9, respectively. All the
curves are plotted with dual-Y axis (load and flexural strength).
Flexural parameters derived from these curves according to ASTM
C1609 are summarized in Table 6. Flexural performance of the fi-
ber-reinforced ULCC was characterized by first-peak strength (f1)
prior to the formation of matrix crack (i.e. pre-crack behavior)
and peak strength (fp) in the post-crack stage if deflection-harden-
ing was observed. Deflection hardening was defined for mixtures
with fp greater than f1, and was a phenomenon where the load re-
quired to overcome pull-out resistance of the fibers was greater
than the flexural capacity of the matrix. Flexural toughness T100

150

was obtained from the area under the load–deflection curve up
to 2 mm in deflection to characterize the fiber-reinforced ULCC.
Residual strengths at deflections of 0.5 mm and 2 mm are also gi-
ven in Table 6.

3.2.1. Effect of shrinkage reducing admixture
For the ULCC without SRA, the plain mixture without fiber had

the highest first-peak strength f1 of 5.5 MPa compared with those
with fibers. This was probably also related to the increase in the
entrapped air in the fiber-reinforced ULCC discussed in Section
3.1. The plain ULCC failed after the f1 was reached, whereas the fi-
ber-reinforced ULCC exhibited load-carrying capacities after the
matrix crack due to crack-bridging by the fibers. However, the
post-crack behavior among the five mixtures with different types
and combinations of the fibers was not significantly different
(Fig. 8).

For the ULCC with SRA, however, all the mixtures had similar
first peak strength f1 of 6.25 ± 0.30 MPa (Table 6) regardless of
the fiber types and combinations. The performance of the fiber-
reinforced mixtures after the first crack seems to be affected by
the types and combinations of the fibers substantially (Fig. 9),
and two mixtures with high steel fiber contents (ST-50_SRA and
HY-1_SRA) showed deflection-hardening behavior. The effect of
the fibers will be discussed in more details in Section 3.2.2.

The effect of SRA on the flexural performance of the ULCC is
more clearly illustrated in Fig. 10. From each figure, it is apparent
that the mixtures with SRA had higher first peak strength and bet-
ter post crack performance than that without SRA. The



Table 6
Flexural parameters (according to ASTM C1609).

Mix ID P1 (kN) Pp (kN) d1 (mm) dp (mm) f1 (MPa) fp (MPa) P100
600 (kN) f 100

600 (MPa) P100
150 (kN) f 100

150 (MPa) T100
150 (J)

Plain 18.26 – 0.08 – 5.48 – – – – – 0.75
ST-50 13.10 – 0.07 – 3.93 – 11.26 3.38 8.78 2.63 18.81
HY-1 14.58 – 0.07 – 4.37 – 10.87 3.26 8.85 2.66 17.50
HY-2 14.17 – 0.08 – 4.25 – 9.35 2.80 7.18 2.15 16.18
HY-3 12.67 – 0.06 – 3.80 – 8.56 2.57 6.67 2.00 16.01
PE-50 15.10 – 0.08 – 4.53 – 11.64 3.49 8.94 2.68 20.95

Plain_SRA 20.38 – 0.07 – 6.11 – – – – – 0.85
ST-50_SRA 20.72 26.62 0.07 0.99 6.22 8.00 25.51 7.65 23.75 7.12 48.78
HY-1 _SRA 19.87 22.60 0.06 0.70 5.96 6.80 21.72 6.52 20.07 6.02 41.71
HY-2_SRA 21.82 – 0.07 – 6.55 – 20.06 6.02 16.96 5.09 37.42
HY-3_SRA 19.81 – 0.07 – 5.94 – 17.94 5.38 14.98 4.49 32.68
PE-50_SRA 20.04 – 0.07 – 6.01 – 15.85 4.75 11.62 3.49 28.11
ST-37.5_SRA 19.90 – 0.07 – 5.97 – 18.74 5.39 17.00 4.89 36.51

P1 – first-peak load; Pp – peak load; d1 – net deflection at first-peak load; dp – net deflection at peak load; f1 – first-peak flexural strength; fp – peak flexural strength; P100
600, P100

150
– residual loads at net deflections of L/600 (0.5 mm in this study) or L/150 (2 mm in this study), respectively; L – Span length (300 mm in this study); f 100

600 , f 100
150 – residual

strength at net deflections of L/600 or L/150, respectively; T100
150 – flexural toughness (area under load–deflection curve up to a deflection at 2 mm).
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Fig. 10. Comparisons of load–deflection curves of the ULCC with and without SRA.
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incorporation of the SRA improved the flexural toughness of the fi-
ber-reinforced ULCC substantially compared with that of the con-
trol mixtures without SRA. The higher first peak strength of the
ULCC with SRA might be attributed mainly to the increased density
of the matrix due to the reduced surface tension of the solution and
reduced air content. However, their better post crack performance
might be attributed to the reduced contact angle between the fi-
bers and solution which led to denser transition zone at the



Table 7
Flexural toughness calculation.

Mix ID Fiber (vol%) Experimentally
determined flexural
toughness (J)

Calculated
flexural
toughness (J)

Steel PE

ST-50_SRA 0.5 0 48.78 –
PE-50_SRA 0 0.5 28.11 –
HY-1 _SRA 0.375 0.125 41.71 43.61
HY-2_SRA 0.25 0.25 37.42 38.45
HY-3_SRA 0.125 0.375 32.68 33.28
ST-37.5_SRA 0.375 0 36.51 36.59
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fiber–matrix interface and increased pull-out resistance of the fi-
bers. The incorporation of the SRA also increased residual strength
of the ULCC which indicates better load-carrying capacity of the
composites after cracking. However, the extent of increase in the
residual strength at a given deflection was affected by the type
and combination of the fibers used. The reason will be discussed
in the next section.

3.2.2. Effect of fiber types and combinations
In the ULCC without SRA, there was no clear trend on the effect

of types and combinations of the fibers on their flexural perfor-
mance. This was due to the fact that the performance of the light-
weight composites is affected by air void content of the
composites. The ULCC with SRA, however, had comparable density,
compressive strength, and first-peak flexural strength (f1) regard-
less of the type and combination of the fibers used. This indicates
that the fiber type and combination did not have significant effect
on the matrix of the ULCC with SRA. However, the flexural behavior
of the ULCC with SRA after the first peak seems to be affected by
the fibers significantly (Fig. 9). The results indicate that the steel fi-
bers were more efficient in enhancing the flexural performance of
the ULCC than the PE fibers. As shown in Fig. 9, the load-carrying
capacity of the ULCC after the first peak seems to be increased with
the increase in the steel fiber content. The flexural toughness T100

150

of the ULCC was also increased with the increase in steel fiber con-
tent (Table 6).

Two mixtures with higher steel fiber contents (ST-50_SRA and
HY-1_SRA) exhibited deflection-hardening behavior, although the
total fiber content was only 0.5% by volume of the ULCC. Further-
more, specimens of the mixture ST-50_SRA displayed multiple
cracks in the flexural test, which indicates higher energy absorp-
tion capacity than those with a single crack. These might be related
to the bond between the fibers and matrix as the matrix of the var-
ious ULCC mixtures with SRA was similar.

Table 5 shows that the SRA reduced contact angle between the
steel fibers and solution from 85.6� to 33.1�, and that between the
PE fibers and solution from 75.0� to 23.4�. For polypropylene (PP)
fiber investigated in a previous study [28], the same type and dos-
age of SRA reduced the contact angle from 85.1� to 39.9�. With SRA,
the contact angle between the fibers and pore solution is in an or-
der of (PE fiber) < (steel fiber) < (PP fiber). The lower contact angle
would increase wettability of the fibers and increase the density of
the transition zone between the fiber and matrix. From this point
of view, the interface transition zone between the PE fibers and
matrix would be better than that between the steel fibers and ma-
trix due to the addition of SRA. However, it was observed from
Fig. 10 that the difference between the flexural performance of
the ULCC with and without SRA after the first peak was increased
with the increase in the steel fiber content. For example, T100

150 of ST-
50_SRA was almost 2.6 times that of ST-50, whereas T100

150 of PE-
50_SRA was only 1.3 times that of PE-50. This might be related
to brass coating on the steel fibers which affected the bond
strength between the fibers and cement paste matrix.

Chan and Li [37] conducted single fiber pull-out tests, and found
out that the bond strength between brass fibers and cement paste
is roughly 7 times of that between PE fibers and the same cement
paste. The PE fibers they used were the same as those used in this
study. They attributed the significant different bond strengths to
different bond failure modes, and suggested ‘‘cohesive’’ bond fail-
ure for brass-cement paste system (torturous failure path through
transition zone) and ‘‘adhesive’’ bond failure for PE-cement paste
system (smooth failure path through fiber–matrix interface).
According to Khalaf and Page [38], the bond of brass with cement
paste is mainly due to the chemicophysical properties of brass that
allows chemical reactions to occur while in contact with cement
material. Chan and Li [37] further suggest that the densification
of the transition zone may not be effective in improving bond
strength if the bond failure is governed by adhesive failure at the
interface, whereas bond strength improvement can be achieved
by densification of the transition zone if the bond failure is gov-
erned by cohesive failure in the transition zone. The results shown
in Fig. 10 indicate that the effect of brass coating on the steel fibers
in combination with the reduced contact angle due to the use of
SRA contributed to the deflection hardening behavior of the ULCC
with only 0.5% fibers (ST-50_SRA).

From Fig. 10, it seems that the SRA was not as effective in
enhancing the flexural performance of the ULCC with PE fibers
after the matrix crack compared to that with the steel fibers. This
might be due to the different failure modes between fibers and ma-
trix as described by Chan and Li [37]. Lower effect of the SRA on the
flexural performance after the matrix crack was also reported for
normal weight mortar with polypropylene (PP) fibers in compari-
son to that with the steel fibers [28]. In that research, the addition
of SRA improved the toughness of steel fiber reinforced mortar by
51%, whereas the improvement for the PP fiber reinforced mortar
was only 16%.

3.2.3. Synergy between steel and PE fibers on flexural toughness of
ULCC

To investigate the synergy between the steel and PE fibers in the
fiber-reinforced ULCC, flexural toughness was calculated for the
mixtures HY-1_SRA, HY-2_SRA and HY-3_SRA, and compared with
that determined from the experiments (Table 7). The flexural
toughness was calculated according to the relative contributions
of the steel and PE fibers in each mixture based on T100

150 of the mix-
tures with 0.5% steel fibers (ST-50_SRA) and 0.5% PE fibers (PE-
50_SRA). The calculation was based on the assumptions that these
fibers contribute independently to the toughness which is in-
creased linearly with the fiber dosage up to 0.5% by volume. For
example, for the HY-1_SRA mixture with 0.375% steel fibers and
0.125% PE fibers, the flexural toughness was calculated as
48.78*(3/4) + 28.11*(1/4) = 43.61 J. The values of 48.78 and 28.11 J
are the flexural toughness (T100

150) of ST-50_SRA and PE-50_SRA,
respectively, from Table 6. The assumption that the flexural tough-
ness is increased linearly with the fibers is partially verified by the
mixture containing 0.375% steel fibers (ST-37.5_SRA). As shown in
Table 7, the experimentally determined and calculated flexural
toughness of the mixture ST-37.5_SRA are almost the same.

The calculated flexural toughness of the HY-1_SRA, HY-2_SRA
and HY-3_SRA are slightly higher than the experimentally deter-
mined flexural toughness (T100

150). This indicates that there is no syn-
ergy between steel fiber and PE fiber on the flexural toughness in
the ULCC with 0.5% fiber.

3.2.4. Ultra lightweight cement composites
The results of this experimental study indicate that ultra light-

weight cement composites with good flexural performance can be
produced with only 0.5% fibers in combination with SRA. Specifi-
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cally, with 0.5% steel fibers by ULCC volume and 2.5% SRA by mass
of cementitious materials, an ULCC (ST-50_SRA) was obtained with
low density of 1474 kg/m3, high compressive strength of 68.2 MPa,
and good toughness T100

150 of 48.78 J. This ULCC also showed deflec-
tion hardening behavior with peak flexural strength of 8 MPa and
multiple cracking when tested in flexure.

Fig. 11 compares load–deflection curves of the ULCC (ST-
50_SRA) with the HSM with natural sand. The HSM had 28-day
compressive strength of 88 MPa and flexural strength of 9.4 MPa,
which were higher than those of the ULCC. In the post-peak region,
however, the ULCC had higher load-carrying capacity and showed
deflection hardening behavior. The residual strength at 2-mm
deflection of the ULCC was 7.12 MPa, whereas that of the HSM
was only 4.10 MPa. These may be attributed to the distribution
of fibers which is affected by the maximum aggregate size used.
In fiber-reinforced composites, larger maximum aggregate size re-
sults in greater interaction among the fibers [39,40]. The HSM had
maximum aggregate size of 4.75 mm, much larger than 0.30 mm of
the cenospheres used in the ULCC. Thus, the fibers can be distrib-
uted more homogeneously in the ULCC, which probably contrib-
uted to the better post-peak behavior in the flexural test. The
higher 28-day compressive strength and flexural strength of the
HSM may be attributed to the higher strength of the natural sand
than cenospheres used in the ULCC. According to manufacturer’s
datasheet, the crush strength of the cenospheres was only about
40 MPa.

For structural applications, drying shrinkage strain and creep
behavior of the ULCC are being investigated and will be presented
in a future paper.

4. Conclusions

Based on the experimental results, the following conclusions
are drawn:

(1) Ultra lightweight cement composite (ULCC) with low den-
sity of 1474 kg/m3, high compressive strength of 68.2 MPa,
high flexural strength of 8 MPa, and deflection hardening
behavior was developed by using only 0.5% steel fibers in
combination with shrinkage reducing admixture (SRA).

(2) Such good performance of the ULCC could be attributed pri-
marily to the use of SRA which reduced entrapped air con-
tent in the matrix, densified fiber–matrix transition zone,
and increased pull-out resistance of the fibers in the ULCC.

(3) Although the SRA improved the fiber–matrix interface, the
consequent improvement on the flexural performance of
the ULCC depends on the type of the fibers used and bond
between the fibers and matrix. Improvement of the flexural
performance of the steel fiber (coated with brass) reinforced
ULCC due to the densification effect by SRA was more signif-
icant than that of the PE fiber reinforced ULCC.

(4) For different combinations of fibers, the PE fibers and steel
fibers seem to contribute independently to the flexural
toughness which is increased linearly with the fiber dosage
up to 0.5% by volume. At a fiber dosage of 0.5%, no further
improvement of the flexural performance was observed
when combinations of the PE and steel fibers were used in
the ULCC.

(5) The ULCC had lower first peak strength but better post-peak
behavior compared with natural sand mortar of comparable
water/binder ratio, SRA and silica fume dosage, and fiber
type and content.
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