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Abstract: This paper presents an experimental investigation that focuses on the flexural behavior of an
innovative reinforced concrete–ultra-high performance concrete slab with an expanded polystyrene
lightweight concrete core. This type of slab is proposed to serve the semi-precast solution, in which
the bottom layer is ultra-high performance concrete working as a formwork during the construction
of semi-precast slab, the expanded polystyrene lightweight concrete layer is used for the reduction of
structure self-weight, and the top layer is normal concrete designed to withstand compressive stress
when the slab is loaded. Two similar large-scale specimens with dimensions of 6200 mm × 1000 mm
× 210 mm were fabricated and tested under four-point bending conditions to investigate the flexural
behavior of composite slab. Test results indicated that three different layers of materials can work
effectively together without separation. The bottom ultra-high performance concrete layer leads to
the high ductility of the slab and has a good effect in limiting the widening of the crack width by
forming other cracks. According to design code ACI 544.4R, a modified distribution stress diagram on
the composite section was proposed and proven to be suitable for the prediction of flexural strength
of the composite section with an error of 3.4% compared to the experimental result. The effect of
the ultra-high performance concrete layer on the flexural strength of the composite slab was clearly
demonstrated, and for the case in this study, the ultra-high performance concrete layer improves the
flexural strength of the slab by about 11.5%.

Keywords: flexural behavior; reinforced concrete–ultra-high performance concrete slab; expanded
polystyrene lightweight concrete; four-point bending test

1. Introduction

Reinforced concrete (RC) is the most commonly used material for construction world-
wide. Formwork made from wood or steel has the temporary function of shaping and
fixing fresh concrete to fabricate RC members and structures, which is removed when
concrete hardens. The processes of installing and removing the temporary formwork
create a considerable amount of solid waste at the construction site and spend significant
resources in terms of construction cost and time Therefore, precast RC has attracted much
attention from researchers investigating and developing methods of recuing construction
waste, shortening construction time, and decreasing construction cost effectively, with
the aim of sustainable construction [1]. Many studies have analyzed the cost and time
advantages of precast concrete construction systems compared to conventional construc-
tion and reported that up to 40% of cost and time can be saved by appropriate planning
and implementation in precast constructions [2,3]. As an inevitable consequence, the re-
search and development of precast concrete structures has increased rapidly in the past
few decades [1,4–6]. A semi-precast reinforced concrete slab, as an innovative precast
concrete member, comprises a bottom precast RC layer (precast plank) and a cast in situ
concrete topping. Problems with concrete topping and continuous reinforcement between
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the slab unit and the supporting component have been well described and considered
through numerical and experimental modeling in a recent study [7]. The contact surface
between the layers is usually roughened to enhance the bonding between different material
layers. In addition, in some cases, inclined steel truss bars have penetrated the interface
to stiffen the precast plank as well as improve the composite action of the entire slab [8].
With this type of slab structure, the bottom precast plank is used as the formwork during
the fabrication of such semi-precast structures. Therefore, the cost of formwork can be
minimized. Deng et al. [9] synthesized other investigations [8,10–13] and showed that the
precast RC composite slab with inclined steel truss bars acquires beneficial features of both
precast and RC slabs cast in situ, containing high construction efficiency and cost savings,
high integrity, high reliability, and comparable mechanical behavior to that of popular
slabs cast in situ. These studies also pointed out that the inclined steel truss bars have an
insignificant impact on the load-carrying capacity but can greatly improve the ductility
of the RC composite slab. The influences of different steel truss bars and innovative joint
configurations on the flexural bending tests of composite slabs have been examined [11,13].

The self-weight of the structural floor system accounts for a large proportion of the
total dead load in reinforced concrete buildings [14]. The self-weight of floor structural
slabs typically possesses approximately 40–60% of the entire structure mass, according to a
simple calculation for loads of a residential high-rise building, and a 10% reduction in slab
self-weight can lead to a 5% reduction in total building self-weight [15]. The lighter self-
weight of the structural slab reduces seismic response, resulting in lower bearing capacity
demands for main structural components such as shear walls, columns, and beams [16].
The lightweight slab could make lifting and installation easier during precast concrete slab
construction, resulting in significant cost savings and accident reduction [17–19]. Moreover,
the semi-precast concrete slab is prone to cracking during the lifting and installation process
because of the low tensile strength of normal concrete, leading to the low durability concern
of the structure during service. Thus, a solution for a lightweight semi-precast composite
slab with high cracking resistance and tensile bearing capacity is necessary.

Concerning the idea of combining lightweightness and high tensile performance of
precast plank, an innovative reinforced concrete-ultra high-performance concrete (RC–
UHPC) slab with expanded polystyrene (EPS) lightweight concrete core (so-called RC–
UHPC composite slab) is proposed to serve the semi-precast solution. For this type of
composite slab, the bottom layer of ultra-high-performance concrete (UHPC) with an
inclined steel truss bars system works as a formwork during the construction of a semi-
precast slab, the EPS lightweight concrete layer is used for the reduction of structure
self-weight, and the top layer is normal concrete designed to withstand compressive stress
when the slab is loaded. UHPC has high compressive (up to 150 MPa) and especially
tensile strengths (up to 15 MPa), which are much higher than normal concrete. The
high density and compactness of the UHPC matrix lead to great physical performance
as low permeability can restrain the access of negative substances, leading to enhanced
durability [20,21]. UHPC also exhibits other outstanding characteristics including high
energy dissipation, fracture energy (up to 40 kJ/m2), and ductility [22]. An additional
interesting characteristic is the strain-hardening performance of UHPC in tension owing
to the presence of steel fibers [23]. Considering the excellent physical and mechanical
performance of UHPC, this material is used for the proposed RC–UHPC composite slab,
as several previous studies have successfully implemented [24,25]. For the lightweight
infill material of the slab, expanded polystyrene (EPS) lightweight concrete that has been
utilized for several decades to reduce the structural weight is adopted. Besides reducing
the structure’s self-weight, EPS concrete also revealed good functional uses such as sound
and thermal insulation [26].

For the application of the proposed RC–UHPC composite slab in practice, several
related issues need to be investigated, in which two important issues are as follows: (i) the
ability to work effectively together as a composite slab (composite action) considering the
different fabrication time of different material layers; and (ii) the load carrying capacity
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of the entire composite slab and how to design this type of slab. The former will be
solved by the design of inclined truss bars in a future work, while the latter is investigated
in this study. For this purpose, two large-scale specimens with the same dimensions
of 6200 × 1000 × 210 mm were fabricated and tested according to a four-point bending
scheme to investigate the flexural behavior of the proposed RC–UHPC composite slab.
According to design code ACI 544.4R, a modified distribution stress diagram on RC–UHPC
composite section was also proposed and proven to be suitable for the prediction of the
flexural strength of the RC–UHPC composite section.

2. Experimental Program
2.1. Specimen Dimensions

Two specimens—namely, M1 and M2—were designed to investigate the flexural
behavior of the proposed RC–UHPC composite slabs with EPS lightweight concrete cores
(so-called RC–UHPC composite slabs). The specimens have the same rectangular cross-
section with the dimension of 6200 × 1000 × 210 mm. This is the actual size of the slab
plate that will be used in the semi-precast slab structure. The cross-sectional thickness of
RC–UHPC slabs consist of 3 different layers of materials. The bottom layer is UHPC with a
thickness of 30 mm, the middle layer is expanded polystyrene (EPS) lightweight concrete
with a thickness of 120 mm, and the top layer is normal concrete (NC) with a thickness of
60 mm. These thicknesses of material layers were designed with minimum UHPC layer
thickness and maximum EPS lightweight concrete layer thickness to minimize the cost and
self-weight of the slab structure.

For the purposes of using the bottom layer of UHPC as formwork during the construc-
tion of the semi-precast slab, the lightweight concrete layer for the reduction of structure
self-weight, and the top layer of normal concrete for the subjection of compressive stress
when the slabs are bearing, the reinforcement of RC–UHPC composite slab includes three
main components: the bottom mesh, the inclined transverse reinforcements, and the top
mesh. The bottom mesh consists of the main longitudinal rebars of 10 mm diameter, with a
spacing of 180 mm and distribution rebars of 6 mm diameter. This mesh is embedded in
the UHPC layer with a cover layer of 10 mm. The inclined transverse reinforcements with
a diameter of 6 mm are used not only to connect the UHPC and NC layers but also to serve
the lifting process of the UHPC bottom plate during the construction of the semi-precast
slab. The top mesh consists of three main longitudinal rebars with a diameter of 10 mm,
which directly connect to the inclined reinforcements and the additional distribution rebars
of 6 mm diameter in both directions to form a reinforcing mesh that meets constructive
requirements. This mesh is embedded in the NC layer with a cover layer of 20 mm. The
dimensions and reinforcement details of the test specimens are illustrated in Figure 1.
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Figure 1. Dimensions (in mm) and reinforcement details of the test specimens: (a) dimensions of the
test specimens; (b) cross section of specimens and reinforcement details; (c) longitudinal section of
specimens and reinforcement details; (d) installation of reinforcements.

2.2. Materials

The raw materials of UHPC consist of quartz sand with an average diameter of 300 µm,
cement Type I, silica fume (SF) with an average diameter of 0.15 µm, steel fiber with a
volume fraction of 1%, and polycarboxylate-based superplasticizer (SP) additive. The
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composition of raw materials for 1 m3 of UHPC mixture is listed in Table 1, and the
physical and mechanical properties of steel fiber are shown in Table 2.

Table 1. Mix proportion of UHPC.

Amount of Raw Materials for 1 m3 of UHPC

Fiber
(kg)

Water
(kg)

Cement
(kg)

Silica Fume
(kg)

Quartz Sand
(kg)

Superplasticizer
(%)

79 163 895 224 1120 39.8

Table 2. Properties of steel fiber.

df (mm) Lf (mm) ρ (g/cm3) ft (MPa) Ef (GPa)

0.15 15 7.9 2500 200
Notes: df; Lf; ρ; ft; Ef are the diameter, length, density, tensile strength, and elastic modulus of the steel fiber,
respectively.

The mix proportion of normal concrete was designed to obtain concrete with a com-
pressive strength of around 35 MPa, as shown in Table 3.

Table 3. Mix proportion of normal concrete (1 m3).

Cement (kg)
(m3)

Stone (kg)
(m3)

River Sand (kg)
(m3)

Water (kg)
(m3)

455 1197 575 200
−0.406 −0.818 −0.392 −0.2

The EPS concrete used expanded polystyrene beads with the size of 3–4 mm and
Sikament R4 plasticizer as an additive. The mix proportion of EPS concrete was designed
to obtain concrete with a density of about 1200 kg/m3, as shown in Table 4.

Table 4. Mix proportion of EPS concrete (1 m3).

Cement (kg) Sand (kg) Additive (kg) Water (kg) EPS Beads (kg)

350 245 4.4 120 4

The mechanical properties of concrete materials were determined from the test re-
sults of specimens according to ASTM standards after 28-day curing age. For com-
pressive strength of each concrete type, three cylindrical specimens with the size of
100 mm × 200 mm were prepared and tested according to ASTM C39M [27], while three
cylindrical specimens with the same size were prepared and tested according to ASTM
C469M [28] for the elastic modulus. The compressive strength and elastic modulus of each
concrete type were taken as the average value of three values from the corresponding tests.
As a result, the UHPC has a compressive strength of fck,UHPC = 123.7 MPa and an elastic
modulus of EUHPC = 42.5 GPa; the NC has a compressive strength of fck = 34.66 MPa and
an elastic modulus of ENC = 33.20 GPa; and the EPS concrete has a compressive strength
of fck,EPS = 3.68 MPa and an elastic modulus of EEPS = 3.35 GPa. The density of UHPC,
normal concrete, and EPS concrete were also measured to be 2645 kg/m3, 2340 kg/m3,
and 1180 kg/m3, respectively. Longitudinal, inclined, and transverse reinforcements of
the PC-UHPC slab specimens consist of two types of rebars with diameters of 10 mm and
6 mm that have yielding strengths of 420.7 MPa and 315.5 MPa. The UHPC tensile strength
test was not conducted for the batch that was used to fabricate the RC–UHPC specimen
due to the limited testing conditions at that time. However, the tensile strength test of the
same UHPC mix proportion with another batch had been conducted before. Figure 2 shows
the stress–strain curves obtained from the axial tensile test of 3 dog bone-shaped UHPC
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specimens with the same cross-section of 25 × 50 mm and a gauge length of 175 mm. The
average tensile strength of the UHPC from the three tests is 8.37 MPa.
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Figure 2. Stress–strain behavior of UHPC.

2.3. RC–UHPC Specimen Preparation and Test Setup

All materials were prepared and the RC–UHPC specimens were fabricated in the
laboratory. High-quality wood formworks were utilized and the reinforcement diagram,
which was separately tied, was installed into the formworks first. Each concrete type was
thoroughly mixed in compliance with specifications and then poured into the formwork
with design thicknesses in the order of UHPC, EPS, and normal concrete from the bottom
up. After fabrication, two specimens were cured at room temperature and humidity for
28 days until testing. The processes for the fabrication of RC–UHPC composite specimens
are shown in Figure 3.
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Figure 3. Fabrication of RC–UHPC composite specimen: (a) installation of reinforcement diaphragm
into formworks; (b) after pouring EPS concrete layer; (c) after pouring NC layer.

The bending behavior of the specimens was investigated by a four-point bending
test under monotonic loading. The 6200 mm length specimen was placed on two simple
supports with a clear span of 6000 mm; one end is hinged support and the other end
is roller support with a distance of 100 mm from the edges of the test specimen. Two
symmetrical concentrated loads at a distance of 2250 mm from the nearest support were
applied to the test specimens through two steel spreader beams placed above to distribute
the load to the test specimens, leading to the length of a maximum bending moment
of 1500 mm. The loads were generated by a servo-hydraulic actuator with the maximal
measuring range of 1000 kN. During the experiment, the applied load was measured by
a load cell. The mid-span vertical displacement at each applied load level was measured
by installing three linear variable displacement transducers (LVDTs). Two displacement
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transducers (LVDT1 and LVDT3) were attached to the supports, while the LVDT2 was
installed at the mid-span of the specimen. The mid-span vertical displacement value is
determined by δ = δ2 − 0.5 (δ1 + δ3), where δ1, δ2, and δ3 are the values measured from
LVDT1, LVDT2, and LVDT3, respectively. Three electronic strain gauges ST-1, ST-2, and ST-
3 were also arranged at the middle of UHPC, EPS, and normal concrete layer, respectively,
with the location at the mid-span of the specimen. The measurement data was automatically
recorded via a computer and a data logger which are connected to all LVDTs and electronic
strain gauges. The testing arrangement and measuring equipment installation are shown
in Figure 4.
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The testing procedure is as follows. The specimen is first loaded to 40% of the estimated
cracking load to inspect the loading and measuring systems, as well as to eliminate inelastic
deformation. The preloading process, including loading and unloading, will not stop until
displacement and strain are kept approximately stable. The load is then applied to the
specimen slowly and continuously until the ultimate load is reached. During the test, the
formation and development of cracks on the specimen surface are measured and drawn.

3. Experimental Results and Discussions

Two specimens of RC–UHPC composite slabs were tested to failure. Both specimens
displayed a typical flexural failure mode, as demonstrated by the distinct ductile plateau
before failure. No typical shear cracks were observed in the shear regions of the specimens.
The first flexural cracks appeared at the bottom near the middle of the span where the
largest tensile stress was greatest. The widths of the diagonal cracks were somewhat bigger
than those of the bending cracks in the early loading process. As the load increased, more
cracks appeared with quite equal spacing in the middle of the slab span, and these cracks
developed deep into the section in an upward direction. At the failure of the test specimens,
there were about 22 visible large cracks distributed relatively evenly within 2.5 m in the
middle of the slab. These cracks developed continuously, few of them were interrupted,
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and some of the largest cracks had grown into the normal concrete layer. No separation
of different concrete layers was observed during the test. These results indicate that the
UHPC layer has a good effect in limiting the widening of the crack width by forming
other cracks, unlike normal concrete, as shown in the literature [1,29]. In addition, the
bonding between the concrete layers is very good, allowing different layers of materials to
work simultaneously. However, this issue needs to be further studied when the layers of
material are poured at different times. In summary, ductile flexural failure occurred in both
specimens without concrete crushing in the compression zone. The typical failure mode
and crack distribution of the RC–UHPC composite slab specimen are shown in Figure 5.
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Figure 6 shows the applied load versus mid-span deflection relationships for both
specimens, M1 and M2. In this figure, the flexural cracking, yielding, and ultimate points
are also plotted, while the corresponding load values at these stages are listed in Table 5.
As can be seen in Figure 6, the load–deflection curves of the two specimens display the
same pattern. A linear relationship is observed before the crack occurs and the curves
almost keep linear after that, with only a slight decrease in stiffness. When the longitudinal
reinforcement yields, the stiffness of both specimens drops with a long ductile plateau
stage before failure. The high ductility of specimens exhibited over the long ductile plateau
stage in the case of a rather low longitudinal reinforcement ratio of 0.24% is attributed to
the UHPC layer as indicated in literature [30].
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The relationships between the applied load and strain at the middle of each concrete
layer at the mid-span section of specimens M1 and M2 are shown in Figure 7, in which
the positive value denotes the tensile strain, while the negative value characterizes the
compressive strain. As seen in this figure, the measured results have some abnormality; it is
possible that the strain gauges are only installed on one side of the test specimens, resulting
in uncertain measurement results. However, the similar results of the tensile strain at the
middle of the UHPC layer from two specimens indicate that the measured strain from ST-3
may be reliable. Based on these measured results, the large tensile strain in the middle of
the UHPC layer of about 4000 µε demonstrates, once again, the effect of this layer on the
ductility of the RC–UHPC composite slabs.
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4. Flexural Strength of RC–UHPC Composite Section

According to the test results, the flexural strength of the RC–UHPC composite section
can be determined using the following equation:

M = Pl1 +
sw
8

L2 (1)

where l1 is the distance from the load position P to the nearest support in Figure 4
(l1 = 2.25 m); L is the span of the test specimen (L = 6.0 m); and sw is the self-weight
uniformly distributed over the length of the specimen. From the measured density of
each material layer in the RC–UHPC composite slab and the obtained ultimate load, the
flexural strength of the RC–UHPC composite section was calculated to be 44.01 kN·m and
43.66 kN·m for M1 and M2 specimens, respectively.

The current design codes do not mention the bearing capacity of flexural members
with the composite cross-section as in this study; they only refer to the calculation of the
reinforced concrete or reinforced UHPC cross-section; for example, the ACI codes system.
In this study, the ACI codes are used to predict the flexural strength of the RC–UHPC
composite section to check whether these standards are suitable for determining the flexural
capacity of composite cross-sections. Current design code ACI 318 [31] uses the strain
diagram and simplified stress distribution as presented in Figure 8a and implies that the
flexural strength of reinforced concrete section can be computed by the following:

Mn = As fy

(
d− a

2

)
(2)
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In Equation (2), a is the depth of the rectangular stress block that can be determined
as a = β1c, where β1 is the stress block parameter and c is the neutral axis depth. For
compressive strength of concrete between 17 and 28 MPa, β1 = 0.85, β1 shall be reduced
linearly with a rate of 0.05 for every 7 MPa of compressive strength of concrete above
28 MPa, and the smallest value of β1 is 0.65. As can be seen in this equation and Figure 8,
the ACI 318 design code [31] neglects the capacity of concrete in the tensile zone. However,
for a steel fiber reinforced concrete section or composite section with a layer of steel fiber
concrete in the tensile zone, the effect of steel fiber should be considered. For flexural
strength of the steel fiber-reinforced concrete section, the ACI 544.4R code [32] adopts the
strain diagram and simplified stress distribution as presented in Figure 8b and provides
the flexural strength equations as follows:

Mn = As fy

(
d− a

2

)
+ σtb(h− e)

(
h
2
+

e
2
− a

2

)
(3)

where,

Mn is the nominal flexural strength of the section;
fy is the yield strength of steel rebar;
d is the effective depth of the section;
a is the depth of stress block;
b is the width of the section;
h is the height of the section;
e = [εs(fibers) + 0.003] c/0.003 where εs(fiber) = σf /Es;
c is the neutral axis depth;
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and σt is the tensile stress in fibrous concrete, which can be calculated as follows:

σt = 0.00772
l f

d f
ρtFbe (4)

where lf is the length of steel fiber; df is the diameter of steel fiber; ρf is the percent by
volume of steel fiber; and Fbe is the bond efficiency factor which varies from 1.0 to 1.2
depending upon fiber characteristics. Thus, the effect of steel fiber in the tensile zone is
considered through the tensile force of fibrous concrete, which is as follows:

Tf c = σtb(h− e) (5)

With the RC–UHPC composite slab proposed in this study, the thickness of normal
concrete is always designed to adequately carry the compressive force when the cross-
section is in the limit state. The effect of EPS concrete on the flexural strength of the section
can be neglected due to its very low strength in both compression and tension. Therefore,
if the tensile strength of the UHPC layer is not taken into account, the flexural strength of
the composite section can be calculated as the normal reinforced concrete section according
to ACI 318 [31] by using Equation (2). In case the effect of steel fiber in the tensile zone
is considered, meaning that the tensile strength of the UHPC layer is taken into account,
the stress distribution on the RC–UHPC composite section can be simplified as shown in
Figure 9. In this model, the tensile stress is uniformly distributed in the whole thickness
of the UHPC layer (tUHPC) with the value of σt as in Equation (4) if tUHPC ≤ e, where e is
determined according to ACI 544.4R [32], considering the entire tension zone of the section
as UHPC. In the opposite case, tUHPC > e, the stress distribution in Figure 8b is adopted.
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The flexural strengths of the RC–UHPC composite section according to the aforemen-
tioned cases were calculated and are presented in Table 6, together with their relative error
from the experimental results where the experimental value is the mean of the two speci-
mens. The used material parameters for calculation are f′c = 34.66 MPa, As = 471.2 mm2

(6φ10), fy = 420.7 MPa, df = 0.15 mm, lf = 15 MPa, ρf = 1%, Fbe = 1.0, and β1 = 0.803, while
the section parameters are b = 1000 mm, h = 210 mm, d = 195 mm, and tUHPC = 30 mm. The
depth of the stress block was calculated to be 6.73 mm when the tensile strength of the
UHPC layer is not taken into account (ACI 318 [31]), and to be 7.52 mm when the tensile
strength of the UHPC layer is considered (ACI 544.4R [32]).



Buildings 2023, 13, 1372 12 of 14

Table 6. Flexural strength of RC–UHPC composite according to experiment and ACI design codes.

Experiment
M (kN·m)

ACI 318 [31] ACI 544.4R [32]

Mn (kN·m) Error (%) Mn (kN·m) Error (%)

43.83 37.99 13.3 42.34 3.4

As can be seen in Table 6, the flexural strength of the RC–UHPC composite section
predicted using ACI 318 [31] is somewhat lower than the experimental result with a
relative error of 13.3%, while ACI 544.4R using the proposed distribution stress diagram
shows much better-predicted strength, with a small relative error of 3.4%. Thus, the effect
of the UHPC layer on the flexural strength of the RC–UHPC composite slab is clearly
demonstrated; for the case of the designed composite section in this study, the UHPC layer
improves the flexural strength of the slab by about 11.5%. The obtained result also indicates
that ACI 544.4R [32], with the modified distribution stress diagram as presented in Figure 8,
is suitable for the prediction of flexural strength of the RC–UHPC composite section.

5. Conclusions

In this study, the flexural behavior of innovative RC–UHPC composite slabs under
a four-point bending scheme was studied. The effects of the bottom UHPC layer of the
composite section were investigated. The test results support the following conclusions:

1. Three different layers of materials can work effectively together without separation
when the inclined transverse steel reinforcement is introduced and the layers of
material are poured continuously. This issue needs to be further studied when the
layers of material are poured at different times;

2. The bottom UHPC layer can lead to the high ductility of the slab and has a good effect
in limiting the widening of the crack width by forming other cracks;

3. According to design code ACI 544.4R, a modified distribution stress diagram on the
RC–UHPC composite section was proposed and has been proven to be suitable for
the prediction of flexural strength of the RC–UHPC composite section, with an error
of 3.4% compared to the experimental result;

4. The effect of the UHPC layer on the flexural strength of the composite slab was clearly
demonstrated, and for the case in this study, the UHPC layer improves the flexural
strength of the slab by about 11.5%.

It is noted that the aforementioned conclusions are based on a very limited number of
experiments and are indicative.

For the application of the proposed RC–UHPC composite slab in practice, a very
important issue, which is the ability to work effectively together as a composite slab
(composite action), considering the different fabrication time of different material layers,
needs to be comprehensively investigated. This issue will be dealt with in future work.
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