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Abstract: To solve the problem of poor seismic resistance due to the disadvantages of traditional
concrete composite beams, such as heavy self-weight in prefabricated buildings, prestressed specified-
density concrete composite beams are proposed herein. First, a mix ratio test of specified-density
concrete was performed. Second, five prestressed specified-density composite beams, a prestressed
ordinary concrete composite beam, and a prestressed semi lightweight concrete cast-in-situ beam
were tested. The influence of the precast concrete height, reinforcement ratio, and concrete materials
on the failure mechanism, flexural bearing capacity, and short-term stiffness of the composite beams
were analysed. From the results, the specified-density concrete composite beams and the ordinary
composite beam had similar ultimate bearing capacities, but the average distance between crack
spacings of the former was smaller. The precast concrete height affected the bending performance of
the prestressed specified density concrete composite beam insignificantly, but the maximum ultimate
bearing capacity of the composite beam could be increased by 35.6% by increasing the reinforcement
ratio. The composite beam and the cast-in-place beam exhibited similar load-carrying capabilities
and deformation properties. The average crack spacing, cracking load, and ultimate load value of
the specified density concrete composite beams calculated according to the China national standard
“Code for design of concrete structures” were consistent with the measured values.

Keywords: building industrialization; specified-density concrete; concrete composite beam; bending
performance

1. Introduction

Semi-light concrete refers to concrete with a dry apparent density of 1950~2300 kg/m3

mixed with an appropriate amount of ordinary aggregate in light aggregate, which is also
called specified-density concrete [1]. Scholars have conducted a lot of research on the
deformation and physical and mechanical properties of lightweight concrete and specified-
density concrete. The research of Refs. [2–5] shows that shrinkage of lightweight concrete
increases with the reduction of the density and moisture content of lightweight aggregate.
Refs. [6–10] investigated the effect of the lightweight aggregate, type, and amount of
cement on the mechanical properties of semi-lightweight concrete, and the test results
show that the compressive strength and modulus of elasticity decreases with increasing
lightweight aggregate content. Murat [11] and Sajedi [12] pointed out that within the
same compressive-strength range, lightweight concrete showed remarkable reduction in
modulus of elasticity and more brittle behaviour compared with normal-weight concrete.
Bing’s study [13] showed that the peak stress and elastic modulus of lightweight concrete
gradually decreased with the increasing volume fraction of lightweight aggregate. The
influence of different kinds of lightweight coarse aggregate on the mechanical properties
of semi-light concrete was studied [14,15], and the optimal coarse aggregate replacement
rate was given. Chen et al. [16] applied self-consolidating lightweight aggregate concrete
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to prestressed concrete members, and the test results showed that the use of lightweight
aggregates with a particle density larger than 1100 kg/m3 can avoid the serious segregation
of fresh concrete and reduce the prestress loss. Existing studies have shown that, compared
with normal concrete, semi lightweight concrete has the characteristics of light weight,
and its elastic modulus, splitting tensile strength, compressive strength, and shrinkage
deformation are better than lightweight concrete.

A concrete composite structure is a type of precast structure formed by pouring a
layer of concrete onto prefabricated concrete components. It has the advantages of good
integrity and high rigidity of cast-in-place concrete structures, as well as the advantage of
prefabricated structures, such as a flexible plane layout and construction that is convenient,
low cost, rapid, and requires little formwork. Therefore, concrete composite structures
are widely used in engineering. At the same time, this structure also has the common
problem of a high self-weight of precast concrete structure, which is unfavourable for
bearing the load of the structure [17]. If semi lightweight concrete and normal concrete
are applied to a composite beam, the advantages of semi lightweight concrete can be fully
obtained and the self-weight of composite beams can be effectively reduced. This will
promote the engineering application of semi lightweight concrete, which is an important
research direction.

Scholars have done a lot of research on concrete composite structures. Zhenhai [18]
carried out comparative experiments on two structural forms of concrete composite beams
and cast-in-place beams, analysed the factors affecting the mechanical performance of the
composite beams, and explored the mechanical characteristics of the composite concrete
beams under two stages. More recent studies [19–25] have focused on the application of
high-performance materials to composite beam members, and the research shows that it
has excellent mechanical properties. Xueyu [26] analysed the mechanical properties of
prestressed concrete composite beams with a bonded or unbonded post-tension technique
under first-loading, and the result shows that the first-loading had different influences on
the beams with two different post-tensions for the working mode of prestressed tendons.
Fangbo [27] proposed two prefabricated superimposed cross-section beams: U-shaped and
inverted T-shaped beams, and their studies show that they have similar force characteristics
to cast beams. Li [28] studied the flexural behaviour of precast, prestressed, light aggregate
concrete–conventional concrete composite beams, and completed a bending-performance
test of 10 beams, which showed that the use of lightweight aggregate concrete can reduce
the self-weight of the structure, but can cause a decrease in bearing capacity. These research
results have promoted the development of prefabricated composite beams.

In order to solve the problem of large self-weight and easy cracking of conventional
concrete composite beams, this study explores the possibility of the use of specified-density
concrete to replace ordinary concrete in the composite beams of prefabricated buildings.
The properties and amount of lightweight aggregates used in a concrete mixture can signifi-
cantly influence its mechanical properties and density. Nevertheless, such influence cannot
be accurately described and used in practical application without an extensive experimental
work. Based on this purpose, this paper has completed the relevant experimental research.
First, a specified density concrete mix ratio test was carried out. Second, the bending
performance of a specified-density-concrete prestressed composite beam was studied, and
the test results were compared with China national standard “Code for design of concrete
structures” [29] (hereafter referred to as the “Code”). The research results can provide
a theoretical basis for the application of semi-light concrete in composite structures and
provide a reference for its use in prefabricated buildings.

2. Materials and Methods
2.1. Materials

Materials used in the study included cement, fly ash, and fine and coarse aggregates.
The cement was grade P.O42.5 ordinary silicate produced by China Huaxin Cement Joint
Stock Company (Shanghai, China), with a specific gravity of 3.15. The fine aggregate was
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natural river sand with a fineness modulus of 2.8 mm, water content of 2.52%, and water
absorption of 7.45%. In this study, two types of coarse aggregates (one type of normal-
weight aggregate and one type of lightweight aggregate) were used. The normal-weight
coarse aggregate was continuous-grading crushed stone with a maximum particle size of
12.5 mm. The lightweight aggregate was China-made 500-grade clay ceramsite with a loose
bulk density of 495 kg/m3. Grade I fly ash with a fineness of 18.3 microns was utilized as a
high-quality admixture. In the test, steel slag with a fluidity ratio of 103% and 7 d activity
index of 80% was used as the active mixture.

2.2. Mix Design and Test Methods

The reference strength of specified-density concrete was C40. The mix-ratio test com-
prehensively considered the bulk density, workability, and cubic compressive strength of
the specified-density concrete. Because of the porosity and water absorption of lightweight
aggregate, the water absorption and water-return characteristics occurred during the prepa-
ration of the concrete, so the clay ceramsite had to be pre-wetted. After the specimens
were soaked in water for 24 h, rinsed, and dried, they were prepared in a HJS-60 double-
horizontal-axis concrete mixer. The mix ratios of C40 ordinary concrete and specified-
density concrete are listed in Table 1. When pouring the test beam, a number of test blocks
was reserved under the same conditions as the test beam. Before the start of the test, the
concrete cube compressive strength f cu, axial compressive strength f c, splitting tensile
strength f t, and elastic modulus Ec were measured. The specific test data are presented in
Table 2.

Table 1. Mix proportion of C40-grade concrete.

Species Water
kg/m3

Cement
kg/m3

Sand
kg/m3

Stone
kg/m3

Fly Ash
kg/m3

Steel Slag
kg/m3

Ceramsite
kg/m3

Bulk Density
kg/m3

Specified
density concrete 136 280 764 826 55 55 105 2221

Ordinary concrete 120 280 749 1121 59 59 0 2388

Table 2. Mechanical properties of concrete.

Species Location
f cu/MPa f c/MPa f t/MPa Ec/(N/mm2)

Value S.D. Value S.D. Value S.D. Value S.D.

Ordinary concrete Precast 49.2 1.95 43.3 1.47 4.06 0.21 36719 1215.5
Cast-in-place 46.7 1.72 40.6 1.73 3.8 0.17 36410 1311.2

Specified
density concrete

Precast 40.9 2.23 35.5 1.67 3.57 0.22 35321 1419.6
Cast-in-place 44.4 1.91 38.7 1.85 3.6 0.31 35741 1547.8

Note: S.D. indicates the standard deviation.

The compressive strength test-specimen specification was 150 × 150 × 150 mm; the
splitting tensile strength test-specimen specification was 100 × 100 × 100 mm. Both the axial
compressive strength test-specimen specification and the elastic modulus test-specimen
specification were 150 × 150 × 300 mm. All specimens had to be maintained for 28 days
in an environment at a temperature of 20 ± 2 ◦C and relative humidity of more than 95%
before the studies could be carried out. The design strength of concrete in this test was C40,
so according to the specification, the loading speed in the compressive test was 0.5 MPa/s.
In the flexural and splitting tests, the loading speed was 0.05 MPa/s.

2.3. Specimen Design

A total of seven test beams were designed in the test, including five prestressed
specified-density concrete composite beams, a prestressed ordinary concrete composite
beam, and a prestressed specified-density concrete cast-in-place beam. The test speci-
mens were all under one-off load. The cross-sectional dimensions of the test beams were
b × h = 150 mm × 300 mm, the span length was 2.6 m, and the clear span was 2.4 m. Two
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prestressed tendons were 4.8 mm-diameter spiral-rib steel wires arranged at a distance of
60 mm from the bottom of the test beam.

The pretension method was adopted to tense the prestressed reinforcement, and the
controlled-stretching stress was 0.6 f ptk. Two longitudinal reinforcements were 18 mm
(20 mm and 22 mm) HRB400E steel bars. The stirrups were 6 mm HRB400E steel bars
with a spacing of 80 mm. Two HRB400E steel bars with a diameter of 8 mm were used
as supplementary reinforcement. The concrete-strength grade was C40. Furthermore, the
thickness of the concrete cover of the upper and lower steel bars was 25 mm and 15 mm,
respectively, and that of the steel bars on both sides of the test beam was 20 mm. The
laminated surface was roughened by artificial chiselling, and the surface unevenness did
not exceed 6 mm.

The test beams are shown in Figures 1 and 2, and the measured mechanical parameters
of the steel bar yield strength fy, tensile strength fu, and elastic modulus Es are listed in
Table 3. The test beam parameters are listed in Table 4.
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Figure 1. Test beam.
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Table 3. Mechanical properties of the reinforcing bar.

Rebar
Diameter/mm Steel Grade

f y/MPa f u/MPa Es/(kN/mm2)

Value S.D. Value S.D. Value S.D.

18 HRB400E 420 12.4 595 24.5 200 0.9
20 HRB400E 445 11.2 620 20.6 200 0.7
22 HRB400E 440 11.4 620 26.3 200 0.8
4.8 Prestressed wire 1260.6 34.2 1483 46.8 205 0.8

Table 4. Test matrix of the concrete composite beams.

Specimen
Number Concrete Type

Precast
Concrete

Height/mm
Hooped

Reinforcement
Supplementary
Reinforcement Tensile Bar Prestressing

Wire
Reinforcement

Ratio

DHL-1 Specified-density
concrete 100 C6@80 2C8 2C18 2AH4.8 1.37%

DHL-2 Specified-density
concrete 150 C6@80 2C8 2C18 2AH4.8 1.37%

DHL-3 Specified-density
concrete 200 C6@80 2C8 2C18 2AH4.8 1.37%

DHL-4 Specified-density
concrete 150 C6@80 2C8 2C20 2AH4.8 1.62%

DHL-5 Specified-density
concrete 150 C6@80 2C8 2C22 2AH4.8 1.92%

DHL-6 Ordinary
concrete 150 C6@80 2C8 2C18 2AH4.8 1.37%

ZJL Specified-density
concrete 0 C6@80 2C8 2C18 2AH4.8 1.37%

2.4. Loading System and Testing Contents

The test-loading method adopted three-point loading, using a hydraulic jack to apply
the load. A pressure sensor was placed between the top of the hydraulic jack and the
reaction frame to control the magnitude of the applied load. The test-loading device is
shown in Figures 3 and 4. Prior to the test, the correct operation of the pressure sensor,
displacement transducer, and strain gauge was checked.
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After the pre-loading was completed, the formal loading started. Before the load
value reached 80% of the calculated cracking load, 20% of the calculated cracking load was
used for stepwise loading. After that, 10% of this value was taken for grading loading
until it reached 90% of the calculated cracking load. Next, 5% of this value was taken for
grading and slowly loaded. After cracking, loading in stages was continued according to
15% of the calculated ultimate load value. When the load reached 90% of the calculated
ultimate load, 5% of this value was taken for each load, and loading was performed using
the displacement-control method until the specimen was obviously damaged. Finally, the
load was aborted. The holding time after each level of loading was 15 min.

A dial gauge was placed at the bottom of the test beam and at the support to measure
its deflection deformation (as shown in Figure 3). The strain was pasted on the surface of
the test beam mid-span side section, ordinary-tension steel bar, and prestressed-tension
steel-bar sheet. As shown in Figure 3, C1–C5 are concrete-strain gauges arranged along the
height of the section in the middle of the span, S1–S4 are ordinary tensile steel-bar strain
gauges in the pure bending section, and P1–P4 are strain gauges of prestressed steel wire in
the pure bending section.

3. Test Results
3.1. Test Phenomena and Failure Modes

During the test, the mid-span deflections of the specified-density concrete composite
beam and cast-in-place beam developed similarly, and the load–deflection curves showed
a three-fold line (Figure 5). The entire test process can be divided into three stages. First,
before the concrete cracks, the test beam is in the elastic stage, the mid-span deformation
of each test piece is small, and the load–deflection relationship is linear. When the load
reaches the cracking load, the first crack begins to appear in the middle, at which point
the test beam begins to enter the elastoplastic stage and the slope of the curve begins to
slow down. As the load continues to increase, the cracks begin to extend upwards, and
the crack width begins to expand. When the load reaches the ultimate load, the ordinary
tensile steel bar yields, the mid-span deflection of the specimen increases rapidly, and the
load–deflection curve is almost a horizontal straight line. In the final test, the compression
edge of the beam was crushed to announce the end of the test.

The damage in specimens DHL-1, DHL-2, and DHL-3 (different overlapping height
ratios) and DHL-4 and DHL-5 (different reinforcement ratios) developed similarly. When
loads of 28 kN and 30 kN were applied to DHL-1, DHL-2, and DHL-3, and DHL-4 and
DHL-5, respectively, the first cracks appeared in the pure bending section, and the cracks
extended upward as the load was increased. At the same time, the stress of ordinary steel
and prestressed steel increased rapidly. When the loads on DHL-1, DHL-2, DHL-3, and
DHL-4 increased to approximately 90 kN, 103 kN, 129 kN, and 121 kN, respectively, a
transverse crack appeared on the superimposed surface. The load on DHL-5 increased
to 126 kN when the superimposed surface suddenly appeared as two transverse cracks.
When the DHL-1, DHL-2, and DHL-3 loads reached approximately 144 kN, and the DHL-
4 and DHL-5 loads reached 173 kN and 205 kN, respectively, the non-prestressed steel
bar began to yield and the deflection deformation in the middle of the span increased
rapidly. When the crack developed upwards rapidly, the width of the crack continued to
increase. When the loads on the DHL-1, DHL-2, and DHL-3 specimens were increased
to approximately 150 kN and the loads on DHL-4 and DHL-5 were increased to 181 kN
and 205 kN, respectively, the ordinary tensile steel bars yielded and the concrete in the
compression zone was crushed. The specimen was then damaged.

From comparison of specimens DHL-2 and DHL-6 (Figure 5c), it can be seen that as the
load increased, the deflection of the specified-density concrete composite beam increased
faster than that of the ordinary concrete composite beam. This is because, before cracking of
the specified-density concrete and ordinary concrete of the same grade, the elastic modulus
of the former was lower than that of the latter. In addition, the presence of clay ceramsites
in the specified-density concrete after cracking reduced its ability to resist deformation.
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loads of 28 kN and 30 kN were applied to DHL-1, DHL-2, and DHL-3, and DHL-4 and 

Figure 5. Comparison of the mid-span deflection curves of each specimen; (a) Load–deflection
curves under different precast concrete heights for specimens DHL-1,DHL-2, and DHL-3; (b) load–
deflection curves under different reinforcement ratios for specimens DHL-2,DHL-4, and DHL-5;
(c) load–deflection curve of the composite beams of specified-density concrete and ordinary con-
crete; (d) load–deflection curve of the specified-density concrete composite beam and integral
cast-in-place beam.

Next, the specified-density concrete composite beam specimen was compared with
the specified-density concrete cast-in-place beam specimen (Figure 5d). The failure modes
of both show that the ordinary tensile steel bar yielded and the concrete in the compression
zone was crushed. This was caused by the ductile failure of a suitable reinforcement beam.
From the failure morphology and crack distribution of each specimen (Figure 6), it can be
seen that the transverse crack development at the superimposed surface was very short and
there was no damage to the superimposed surface of each superimposed specimen. Fur-
thermore, it can be seen that the artificially processed superposed surface and the restraint
effect of the stirrups provided sufficient shear resistance for the superposed surface.
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Figure 6. Destruction pattern and crack chart of each specimen; (a) specimen DHL−1; (b) specimen
DHL−2; (c) specimen DHL−3; (d) specimen DHL−4; (e) specimen DHL−5; (f) specimen DHL−6;
(g) specimen ZJL.
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3.2. Strain of the Mid-Span Section

At the initial stage of loading, the strain changes at each measuring point were small,
and the strain along the section height conformed to the assumption of a flat section. The
strain increased with the load. As shown in Figure 7, the strain distribution along the
height of the beam section of each specimen under each load level was roughly triangular.
This reflects that the specified-density concrete composite beam and the cast-in-place beam
had similar force characteristics, which is in line with the assumption of a flat section.
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3.3. Flexural Capacity

It can be seen from Table 5 that when the concrete-strength grade and reinforcement
ratio were the same, the precast superimposed height ratio had little effect on cracking,
yielding, and ultimate load of the specified-density concrete prestressed superimposed
beam (the difference was within 3.5%). The flexural performance of the specified-density
concrete prestressed composite beams was similar to that of the cast-in-place beams. Com-
pared with specimen DHL-2, with an increase in the reinforcement ratio, the cracking loads
of specimens DHL-4 and DHL-5 increased by 8.15% and 5.12% the yielding loads increased
by 22.14% and 44.20%, and the ultimate loads increased by 19.76% and 44.54%, respectively.
These results indicate that the change in the reinforcement ratio plays a key role in the
influence of the mechanical performance of a concrete composite beam. From comparison
of the ordinary concrete prestressed composite beam (DHL-2) and the ordinary concrete
prestressed composite beam (DHL-6), the yield load and the ultimate load were slightly
lower (the difference was within 4%), but the cracking load was reduced. This was due
to the presence of ceramsite in the specified-density concrete, which reduced its tensile
strength, thereby reducing its cracking load.

Table 5. Cracking, yielding, and ultimate load values for each specimen.

Specimen Number Cracking Load/kN Yielding Load/kN Ultimate Load/kN

DHL-1 27.9 144.1 153.2
DHL-2 28.2 142.3 151.3
DHL-3 28.6 143.3 149.7
DHL-4 30.5 173.8 181.2
DHL-5 29.7 205.2 205.2
DHL-6 33.4 146.5 156.7

ZJL 28.3 142.8 153.7

4. General Discussion
4.1. Ductility Analysis

Under normal usage load, the maximum deflection of the concrete flexural members should
not exceed the deflection limit required by the “Code”: f lim = L0/200 = 2400/200 = 12 mm. The
maximum measured deflection of the seven test beams in Table 6 under normal service
load was f max = 7.92 mm < f lim = 12 mm, which meets the deformation requirements under
the limit state of normal use. Table 6 lists the yield deflection f y, ultimate deflection f u,
deflection deformation f k under normal service load, and section ductility coefficient µ
(ultimate deflection f u to yield deflection f y ratios) of each test beam.

Table 6. Sectional ductility coefficient of the test beams.

Specimen Number f y/mm f u/mm f k/mm µ

DHL-1 9.22 20.46 6.06 2.22
DHL-2 9.33 20.64 6.40 2.21
DHL-3 9.18 20.16 7.02 2.20
DHL-4 10.15 21.58 7.80 2.13
DHL-5 11.07 22.68 7.92 2.05
DHL-6 10.36 24.25 6.30 2.34

ZJL 8.83 20.15 5.91 2.28

From the ductility coefficient of each beam section listed in Table 6, it can be seen that
when the reinforcement ratio and the concrete-strength grade were the same, the change in
the precast superimposed height ratio had little effect on the ductility of the superimposed
beam. For the prestressed composite beams of the same strength level, specified-density
concrete materials and ordinary concrete materials had little effect on the ductility of the
composite beams. This is because in compression and bending members, as the concrete
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strength is increased, its ultimate curvature and yield curvatures are all small. Furthermore,
when the concrete strength was decreased, its ultimate curvature and yield curvature were
both large. Thus, the ductility coefficient changes insignificantly. When the reinforcement
ratio was the same as the concrete strength, the section ductility coefficient of the semi-
lightweight concrete cast-in-place beam was increased by less than 4%, as compared with
that of the composite beam. This result indicates that the composite surface had no ductility
to the composite beam after the artificial roughening treatment. When the concrete grade
was the same, the reduction in the beam-reinforcement ratio significantly improved the
ductility of the beam and the ability to dissipate energy. Therefore, an increase in the
reinforcement ratio reduces the ductility of the composite beam.

4.2. Comparison of the Measured Load and Theoretical Calculation Values of the Beam

Table 7 shows that the value obtained using the relevant formula in the “Code” to
calculate the cracking load of the specified-density concrete composite beam was slightly
higher than the test value, but the error between the two was within 15%. During the test,
the failure form of the specified-density concrete composite beam was similar to that of the
cast-in-place beam, and there was no shear failure at the laminated surface. Therefore, the
calculation formula of the cast-in-place beam could be used to calculate the ultimate load
of the specified-density concrete composite beam. Table 7 demonstrates that the ultimate
load of the specified-density concrete composite beam was calculated using the formula
for calculating the cast-in-place beam in the “Code”. The theoretical calculation value
was close to the experimental value, and the maximum difference between the two was
6.6%. Therefore, the cracking load and ultimate load of the semi-light concrete prestressed
composite beam could be calculated by using the relevant formulas of the current “Code”.

Table 7. Comparison of theoretical and measured cracking load and ultimate load.

Specimen Number
Cracking Load/kN Ultimate Load/kN

Measured Value Theoretical Value Measured Value Theoretical Value

DHL-1 27.9 28.5 153.2 156.2
DHL-2 28.2 28.5 151.3 156.2
DHL-3 28.6 28.5 149.7 156.2
DHL-4 30.5 27.1 181.2 191.3
DHL-5 29.7 25.8 205.2 218.7
DHL-6 33.4 33.2 156.7 157.1

ZJL 28.3 28.5 153.7 155.4

Comparing the test results of Ref. [28], we found that the bending process of light
aggregate concrete composite beams and specified-density concrete composite beams was
similar, but the strain change of the latter concrete along the height of the section was
more in line with the plane-section assumption. According to the calculation results, the
bearing capacity of the next light concrete composite beam under the same condition was
closer to the result of the traditional concrete beam under the same conditions, and the
specified-density concrete composite beam was closer to the result of the conventional
concrete beam.

4.3. Short-Term Stiffness

The measured value of the short-term stiffness Bs of the test beam was determined
using Equation (1). The measured stiffness of each specimen before and after cracking and
the stiffness calculated according to the specifications are listed in Table 7.

BS =
MK
Φ

=
MKh0

εsm + εcm
(1)

Here, MK is the bending-moment value calculated according to the load standard
combination, h0 is the effective height of the section, and εsm and εcm are the average tensile
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strain at the centre of gravity of the longitudinally tensioned steel bar and the average
compressive strain of the concrete at the edge of the compression zone, respectively.

As shown in Table 8, when the concrete-strength grade and reinforcement ratio were
the same, the short-term stiffness of the cast-in-place beams was slightly greater than
that of the concrete composite beams. The short-term stiffness of the specified-density
concrete composite beams was approximately 11% lower than that of the ordinary concrete
composite beams. This was due to the presence of ceramsite in the specified-density
concrete, which reduced the elastic modulus of the specified-density concrete, thereby
reducing the bending stiffness of the beam. In the appropriate range of reinforcement, as
the reinforcement ratio increased, the short-term stiffness of the composite beam increased.
The measured stiffness of the composite beam before and after cracking was smaller than
the theoretically calculated stiffness ratio. On the basis of the test results, when calculating
the short-term stiffness of the specified-density concrete composite beams using the “Code,”
it is recommended to multiply it by a reduction factor of 0.9.

Table 8. Comparison of the measured stiffness and theoretical stiffness before and after cracking of
each specimen.

Specimen Number
Stiffness before Cracking/(N·mm2) Post-Cracking Stiffness/(N·mm2)

Measured Stiffness Theoretical Stiffness Measured Stiffness Theoretical Stiffness

DHL-1 9.87 × 1012 1.11 × 1013 4.44 × 1012 4.48 × 1012

DHL-2 9.89 × 1012 1.11 × 1013 4.32 × 1012 4.48 × 1012

DHL-3 9.83 × 1012 1.11 × 1013 4.26 × 1012 4.48 × 1012

DHL-4 1.03 × 1013 1.13 × 1013 4.93 × 1012 5.08 × 1012

DHL-5 1.08 × 1013 1.15 × 1013 5.01 × 1012 5.88 × 1012

DHL-6 1.07 × 1013 1.14 × 1013 4.96 × 1012 4.82 × 1012

ZJL 1.04 × 1013 1.11 × 1013 4.55 × 1012 4.48 × 1012

4.4. Crack Distribution

The crack distribution for each test beam is shown in Figure 6. It can be seen from
the figure that there was no obvious difference in the crack distributions between the
specified-density concrete composite beam and the cast-in-place beam. This is because
the height of the crack development of the composite beam specimen increased with an
increase in the load to the superimposed surface and continued to develop upward. As
can be observed, the laminated surface did not affect the development of its cracks. From
comparison of the calculated and measured values of the crack spacing (Table 9), it can
be seen that the crack spacing calculated according to the “Code” was in good agreement
with the measured value in the test. In the case of the same reinforcement ratio, the
average distance between the cracks of the specified-density concrete composite beam
was smaller than that of the ordinary concrete composite beam. This is because ceramsite
in the specified-density concrete was porous and the cement mortar was tightly bonded.
Consequently, the bonding performance between the concrete and steel bars improved.
Second, the strength of the ceramsite aggregate was lower than that of the cement mortar.
Therefore, cracks first occurred in the aggregate during failure, and there were relatively
few secondary cracks. Hence, the average crack distance decreased.

Table 9. Comparison between the calculated and measured values of the crack spacing.

Specimen Number Measured Value of the
Average Distance (cm)

Calculated Value of the
Average Distance (cm)

Measured Value/
Calculated Value

DHL-1 9.89 9.29 1.06
DHL-2 9.88 9.29 1.06
DHL-3 9.96 9.29 1.07
DHL-4 9.44 8.71 1.08
DHL-5 9.16 8.47 1.08
DHL-6 10.11 9.29 1.09

ZJL 9.77 9.29 1.05
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5. Conclusions

In this study, we proposed prestressed specified-density concrete composite beams and
completed flexural-performance tests of seven beams. We analysed influential factors on
the failure mechanism, flexural-bearing capacity, and short-term stiffness of the composite
beams under study. On the basis of the obtained results, the following conclusions can
be drawn.

(1) Similar to the cast-in-place beam, the bending process of specified-density concrete
composite beams also goes through an elastic stage, a working stage with cracks,
and a plastic stage. The change in concrete strain along the section height basically
conforms to the plane-section assumption. The bearing capacity can be designed
according to the plane-section assumption.

(2) The reinforcement ratio is a key factor affecting the bending performance of specified-
density concrete prestressed composite beams; the cracking and ultimate load can be
calculated according to the relevant formulas in the “Code”.

(3) Under the same conditions, the short-term stiffness of the specified-density concrete
prestressed composite beam was slightly lower than that of the ordinary concrete
prestressed composite beam. Thus, when the short-term stiffness of the specified
density concrete composite beam is calculated using the formula in the “Code”, a
multiplication coefficient of 0.9 is recommended.

(4) The working performance of the combined interface was good and there was no
slip-failure phenomenon. The combined interface after the artificial rough treatment
had no obvious influence on the crack development of the beam. The average crack
spacing can be calculated according to the relevant formula of the current “Code”.

The presented results can provide a reference for the development of specified-density
concrete in concrete composite structure systems and for its application in prefabricated
buildings. In addition, this paper only analyses the influence of precast concrete height,
reinforcement ratio, and concrete material on the flexural behaviour of specified-density
concrete composite beams. The flexural performance of beams under different pre-stress
levels and the shear performance of beams with different shear span-depth ratios will be
studied later.
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17. Korkmaz, H.H.; Dere, Y.; Özkılıç, Y.O.; Bozkurt, M.B.; Ecemiş, A.S.; Özdoner, N. Excessive snow induced steel roof failures in
Turkey. Eng. Fail. Anal. 2022, 141, 106661. [CrossRef]

18. Guo, Z. Mechanical Properties of Concrete Materials and Components at Room Temperature and High Temperature; Tsinghua University
Press: Beijing, China, 2006; pp. 63–89. (In Chinese)

19. Wang, Y.; Ou, J. Fundamental mechanical behavior of innovatively designed hybrid FRP concrete beams. Xi’an Univ. Arch. Tech.
2006, 38, 455–462. (In Chinese). Available online: https://kns.cnki.net/kcms/detail/detail.aspx?FileName=XAJZ200604002
&DbName=CJFQ2006 (accessed on 1 June 2022).

20. Ji, W.; Li, W.; Wang, J. Experiment alanalysis on flexural ductility of prestressed RPC-NC composite beam. J. Harbin Inst. Technol.
2017, 49, 21–27. (In Chinese). Available online: https://kns.cnki.net/kcms/detail/23.1235.T.20170508.1446.008.html (accessed on
1 July 2022).

21. Hussein, L.; Amleh, L. Structural behavior of ultra-high performance fiber reinforced concrete-normal strength concrete or high
strength concrete composite members. Constr. Build. Mater. 2015, 93, 1105–1116. [CrossRef]

22. Zhang, Y.; Li, X.; Zhu, Y.; Shao, X. Experimental study on flexural behavior of damaged reinforced concrete (RC) beam
strengthened by toughness-improved ultra-high performance concrete (UHPC) layer. Compos. Part B Eng. 2020, 186, 107834.
[CrossRef]

23. Turker, K.; Torun, I.B. Flexural performance of highly reinforced composite beams with ultra-high performance fiber reinforced
concrete layer. Eng. Struct. 2020, 219, 11072. [CrossRef]

24. Kim, Y.Y.; Lee, B.Y.; Bang, J.W. Flexural performance of reinforced concrete beams strengthened with strain-hardening cementitious
composite and high strength reinforcing steel bar. Compos. Part B Eng. 2014, 56, 512–519. [CrossRef]

25. Zhang, Y. Simplified method for evaluating the behavior of strain hardening cementitious composite flexural strengthening
reinforced concrete members. Eng. Fract. Mech. 2014, 121, 11–27. [CrossRef]

26. Xiong, X.; Xiao, Q. Research on the first-loading sensibility of composite beams with hybrid prestressed tendons. Build. Struct.
2018, 48, 46–51. (In Chinese)

27. Wu, F.; Huang, H.; Zhou, X. Experimental study on flexural behavior of prestressed precast component composite beams. J. Build.
Struct. 2011, 32, 107–115. (In Chinese)

28. Li, S.P.; Chen, W.J.; Zhang, Y.B. Flexural behavior of precast, prestressed, lightweight aggregate concrete-conventional concrete
composite beams. Constr. Build. Mater. 2021, 274, 121926. [CrossRef]

29. GB 50010-2010; Code for Design of Concrete Structures. Architecture & Building Press: Beijing, China, 2015. Available online:
https://www.doc88.com/p-697103196671.html?r=1 (accessed on 12 July 2022).

http://doi.org/10.1016/S0958-9465(03)00082-9
http://doi.org/10.1016/j.jobe.2017.11.025
http://doi.org/10.1680/macr.2011.63.11.837
http://doi.org/10.1016/j.conbuildmat.2013.11.019
http://doi.org/10.1016/j.conbuildmat.2014.10.028
http://doi.org/10.1007/s13369-013-0702-2
http://doi.org/10.3390/su14010331
http://doi.org/10.1016/j.conbuildmat.2015.10.080
http://doi.org/10.1007/s13369-012-0285-3
http://doi.org/10.1016/j.conbuildmat.2017.04.101
http://doi.org/10.3390/su14159606
http://doi.org/10.1016/j.jobe.2017.07.002
http://doi.org/10.3390/su10010142
http://doi.org/10.1016/j.engfailanal.2022.106661
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=XAJZ200604002&DbName=CJFQ2006
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=XAJZ200604002&DbName=CJFQ2006
https://kns.cnki.net/kcms/detail/23.1235.T.20170508.1446.008.html
http://doi.org/10.1016/j.conbuildmat.2015.05.030
http://doi.org/10.1016/j.compositesb.2020.107834
http://doi.org/10.1016/j.engstruct.2020.110722
http://doi.org/10.1016/j.compositesb.2013.08.069
http://doi.org/10.1016/j.engfracmech.2014.03.012
http://doi.org/10.1016/j.conbuildmat.2020.121926
https://www.doc88.com/p-697103196671.html?r=1

	Introduction 
	Materials and Methods 
	Materials 
	Mix Design and Test Methods 
	Specimen Design 
	Loading System and Testing Contents 

	Test Results 
	Test Phenomena and Failure Modes 
	Strain of the Mid-Span Section 
	Flexural Capacity 

	General Discussion 
	Ductility Analysis 
	Comparison of the Measured Load and Theoretical Calculation Values of the Beam 
	Short-Term Stiffness 
	Crack Distribution 

	Conclusions 
	References

