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h i g h l i g h t s

� ULCCs with different densities of 1250–1550 kg/m3 were developed.
� Mechanical properties of ULCCs with different densities were reported.
� Constitutive laws of different ULCCs were developed for structural design and analysis.
� Ultimate strength behavior of steel fiber reinforced ULCC slab was tested.
� Analytical and FE models were developed for ultimate resistance of slabs with ULCCs.
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a b s t r a c t

Ultra-lightweight cement composite (ULCC) has attracted extensive research interests in both civil and
offshore engineering constructions due to its high specific strengths. In order to satisfy different engi-
neering construction demands, four types novel steel fiber reinforced ultra-lightweight cement compos-
ite (ULCC) with different densities ranging from 1250 kg/m3 to 1550 kg/m3 were proposed. Extensive
standard compressive and tensile tests were performed to obtain the mechanical properties of these
ULCCs with different densities, which will offer useful information for the developments of design on
engineering constructions with such types of ULCC. Based on these test results, constitutive laws were
established to describe the compressive and tensile stress–strain behaviors of ULCC with varying densi-
ties. Regarding the applications of the ULCC in engineering constructions, a ULCC flat slab with density of
1550 kg/m3 under concentrated loading was tested. The failure mechanisms and ultimate strength
behaviors of this ULCC flat slab were reported. 3D FE model was also developed to simulate the structural
behaviors of the novel ULCC flat slab, and its accuracy was confirmed by the reported test results. With
the validated FE model and reported mechanical properties of ULCC with different densities, structural
behaviors of ULCC flat slabs with these ULCCs were investigated. Analytical model based on the method
of bending resistance in MCS-EPFL was proposed to predict the ultimate resistance of ULCC flat slab.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Ultra lightweight cement composite (ULCC) is a type of novel
composites characterized by combinations of low densities typi-
cally less than 1500 kg/m3, high compressive strengths more than
60 MPa with specific strength of up to 47 kPa/(kg/m3) [1–3]. The
low unit weight and high strength of the ULCC is achieved by incor-
porating cenospheres with a density ranging from 600 kg/m3 to

900 kg/m3 as micro-lightweight aggregates in a dense cement
paste matrix, as shown in Fig. 1 The cenospheres are hollow sphere
partials with diameter ranging from 10 to 300 mm and typical thin
wall thicknesses of about 2.5–10.5% of its diameter [4]. The normal
diameter is range from 10 to 300 mm. With the advantage of high
specific strengths and durability, the ULCC was originally
developed for steel–concrete-steel sandwich composite structures
[5–10]. Besides, ULCC can also be applied to those civil and offshore
structures which are sensitive to their self-weight. For example,
floors of high rise buildings, bridge deck, offshore platform and
prefabricated submerged tunnels, the application of ULCC could
significantly reduce the self-weight by around 36% to 52%
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compared with the normal weight concrete of the same strength.
Thus, it could dramatically reduce the transportation fees and costs
of foundations as well as improving seismic responses.

In order to satisfy different needs for those structures sensitive
to their self-weight, for example, flat slabs and bridges decks, novel
steel fiber reinforced ultra-lightweight cement composites (ULCC)
with densities ranging from 1250 kg/m3 to 1550 kg/m3 and com-
pressive strength more than 48 MPa were developed in this paper.
The novel ULCC used in the floors may significantly reduce the self-
weight compared with the normal weight concrete with the same
strength. In order to promote the engineering applications of novel
ULCC flat slabs, the studies on the mechanical properties of the
novel ULCC and the structural performances of novel ULCC flat
slabs are needed.

During the past few years, researchers have been investigating
the effects of mixture proportions, fiber types, and temperatures
on the mechanical and thermal properties of ULCC. Based on exper-
imental research, Wang et al. [11] developed a new method to
determine the mixture proportions of workable ULCC for a desired
target unit weight. The proposed methodology minimizes the lab-
oratory trials needed for achieving the desired unit weight and
strength, which is a very important step towards the development
of ULCC [12]. Wu et al. conducted a series of ULCC experiments
with various densities ranging from 1154 kg/m3 to 1457 kg/m3

and found that the compressive strength, flexural tensile strength,
and elastic modulus of the ULCCs were reduced with the decrease
in density. They produced ULCC having compressive strength of

69.4 MPa with density of 1471 kg/m3 and compared the thermal
conductivity with concrete having similar compressive strength,
it was found that the thermal conductivity of the ULCC was 80%
lower than concrete. Hanif et al. [13] experimentally investigated
the effect of the amount of fly ash cenosphere (FAC) and aerogel
on the ULCC mechanical and thermal and found that both the
FAC and aerogel could be used to produced mechanically strong
as well as thermally insulated composites. Wang et al. experimen-
tally studied compressive strength and flexural performance for
ULCC containing polyethylene (PE) and steel (SF) fibers with differ-
ent volume fractions of shrinkage reducing admixture (SRA) and it
was concluded that SRA reduced entrapped air in paste matrix and
densified fiber–matrix interface, which could strengthen the bond
between fibers and matrix. Moreover, it was shown that SF fibers
are superior, as compared to PE fibers, in improving the flexural
performance of ULCC. Some efforts have also been conducted in
the recent years on the mechanical and thermal properties under
high or low temperatures. Liu et al. [14] studied mechanical prop-
erties of ULCC at different low temperatures and curing condition
and the comparison with normal weight concrete and a light-
weight concrete with similar 28-day compressive strength showed
that elastic modulus of the ULCC did not change much with the
reduction of temperature. Moreover, the duration of the moist cur-
ing could influenced flexural strength of ULCC significantly. Huang
et al. [15] investigated the mechanical behavior of ULCC with den-
sity less than 1400 kg/m3 and strength up to 60 MPa after exposing
to elevated temperature up to 1000 �C and proposed empirical
equations to calculate the residual compressive strength and elas-
tic modulus based on the test data. Literatures review revealed that
several researchers have studied the mechanical behaviors of
ULCC, however, constitutive laws of ULCC have never been pro-
posed, which could limit the analysis of ULCC structures.

Some efforts also have been made to study the structural per-
formance of ULCC in reinforced structures in the few past years.
Liew et al. [16] reviewed the recent innovations of SCS sandwich
structures infilled with ULCC subject to blast, impact, fatigue, and
static loads. And the conclusions showed that ULCC and high
strength steel could produce slim form of SCS sandwich structure
and achieved higher strength to weight ratio compared to stiffened
plate construction. Yan et al. [17] applied the ULCC in the flat slabs
of commercial buildings and double-skin-composite (DSC) ice-
resistant walls in the Arctic offshore structures and investigated
the effects of flexural reinforcing ratio (or steel content), volume
fraction of the fibers in ULCC, and depth of cross section on the ulti-
mate strength behaviors of ULCC flat slabs, double skin composite
(DSC) slabs, and DSC shells under the concentrated loads according
to quasi-static tests. It was found that the increase of the volume

Fig. 1. Two main components of ULCC: cenospheres and dense cement paste matrix
[1].

Nomenclature

L Effective span of the ULCC s
Ls Width of the ULCC slab
a Width of the square loading area
PYL Flexural resistance predicted by the yield line theory
P Applied load
Pu Ultimate load carrying capacity of the ULCC slab
du Deflection corresponding to ultimate load carrying

capacity of the ULCC slab
Put Ultimate load carrying capacity of the ULCC slab accord-

ing to test
Puf Ultimate load carrying capacity of the ULCC slab accord-

ing to FE model
fuc Compressive strength of the ULCC

fuc1 Characteristic strength of ULCC compressive constitu-
tive model

fut Tensile strength of the ULCC
h Depth of the ULCC slab section
x Height of compressive zone
c Factor defining the height of tension zone
mrd Bending resistance of the ULCC flat slab in unit width
b Width of the bending member
euc Peak compressive strain of ULCC concrete
euc1 Characteristic strain of ULCC compressive constitutive

model
eut Peak tension strain of ULCC concrete
eut1 Characteristic strain of ULCC tension constitutive model
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