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This paper presents an innovative hollow concrete ﬂoor system comprising hollow precast panels and self-thermal-insulation
inﬁlls. The precast panels are connected by welded reinforcement bars and cast-in-situ concrete joints. To study the vertical loadcarrying capacity and the working mechanism of this innovative ﬂoor system, a static loading test was carried out on a 1/2 scale
model. The specimen consists of six precast slab members, four precast reinforced concrete beams and columns, respectively.
Experimental and simulation results related to the crack development and vertical load-carrying capacity were analyzed. It is
found that the innovative ﬂoor system could meet the capacity requirements of the Chinese code. Furthermore, the crack
development of the innovative system shows similar characteristics with the solid ﬂoor. To explore the feasibility of the existed
analysis methods, the specimen was simulated and compared by nonlinear analysis in ABAQUS. The comparison illustrates that
the analogue cross beam method is more accurate and suitable for the simulation of the innovative hollow concrete ﬂoor system.

1. Introduction
As a reliable construction building material, concrete could
meet the requirements of demanding construction conditions, diﬀerent shaped structural components, and harsh
environment for its mature construction technologies and
superior properties [1–3]. With the increasing industrialization and commercialization of civil engineering, the requirements of buildings have converted to large-span
structures, which present new challenges to the concrete
ﬂoor system [4–6].
To eliminate the inherent limits of the traditional concrete ﬂoor system and extend its use in modern structures,
researchers all over the world have conceived diﬀerent kinds
of eﬀective solutions. The innovations mainly focused on
new patterns of ﬂoor systems [7].
In the 1960s, Mueller invented the B-Z reinforced
concrete cellular plate [8], which is a kind of cast-in-situ
concrete hollow slab. Experimental research on this new

type of ﬂoor was carried out by Franz [9] and the results
showed that the stiﬀness of the hollow ﬂoor was equivalent
to the solid ﬂat slab. Hendler [10] improved the ﬂoor system
by inserting a block of foamed plastic in the cavity of the
hollow slab. Inﬂuential factors, such as the height of the slab,
compressive strength of the concrete, and the patterns of the
joint, were all carefully investigated. The corresponding
calculation methods to estimate the load-carrying capacity
and initial stiﬀness were proposed [11].
In recent decades, the precast concrete structures have
become a preferable choice for their prominent advantages,
i.e., high eﬃciency, standardization, and environmental
friendliness [12]. In China, several innovative ﬂoor systems
were also developed to exploit the highest eﬃciency of
precast panels and to meet the requirements of large-span
structures [13]. Ma proposed a Vierendeel-sandwich-plate
ﬂoor system [14], which is comprised of two layers of ribbed
reinforced concrete slab connected by reinforced concrete
shear keys at the intersection. Through the design and
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construction of a real-life project, the feasibility of this new
ﬂoor system was veriﬁed. Other kinds of novel ﬂoor systems,
i.e., PK prestressed composite slab ﬂoor system [15], the
assembled monolithic hollow-ribbed ﬂoor [16], prefabricated PC ﬂoor system [17], and other new systems
[18–22], were all investigated, and the results were
satisfactory.
This paper presents a new type of ﬂoor system, which
consists of hollow precast panels, self-thermal-insulation
inﬁlls, joints with welded reinforcement, and cast-in-situ
concrete beams. The hollow panels were prefabricated in the
manufacturing factory with two diﬀerent patterns (Figure 1),
which can meet various requirements in actual construction.
The self-thermal-insulation inﬁll, i.e., the foam concrete, was
inserted in the cavity of the hollow concrete panels to enhance the thermal insulation properties and vertical stiﬀness
at the same time. The precast concrete panels were connected with the cast-in-place joint and welded reinforcements for larger span buildings, as shown in Figure 2. This
type of ﬂoor system is of the advantages in both mechanical
performance and manufacturing eﬃciency, such as (1) reduced self-weight: the light-weighted foam concrete accounts for 48% of the total volume of the ﬂoor, thus it is
44.7% lighter than the same sized solid ﬂoor; (2) enhanced
ﬂoor height: there will be spare room since the bottom plate
is ﬂat, and the pipeline can be arranged in the middle of the
plate as the equipment layer; (3) superior sound and thermal
insulation: the ﬁlled lightweight foamed concrete improves
the sound and thermal insulation of the ﬂoor; (4)
high construction eﬃciency: the prefabrication degree reaches 87.5%, which accelerates the construction speed
enormously.
To study the working mechanism of the innovative ﬂoor
system and verify its eﬀectiveness, a 1/2 scale single-span
simply supported ﬂoor was tested through a static load
experiment. The results related to the crack development,
initial stiﬀness, and vertical load-carrying capacity were
analyzed.

2. Experimental Investigation
2.1. Material Properties. The steel rods used in the precast
and cast-in-place components are HRB 400, according to GB
50010-2010 [23]. The diameter of the steel bars encompasses
four diﬀerent sizes, i.e., 16 mm, 10 mm, 8 mm, and 3.5 mm.
Mechanical properties of the steel bars were tested by the test
method of GB/T 228.1-2010 [24]. Results are collected in
Table 1.
The concrete is C30 in the columns and beams and C40
in the cast-in-situ joint and the slab, according to GB 500102010. Compressive and tensile tests were all performed on
the standard cubic specimens sized 150 mm. The material
properties are presented in Table 2.
2.2. The Similarity Ratio. Due to the limitation of the test
platform, the test specimen was designed in a 1/2 scale. The
component’s size, load, and additional mass are designed in
strict accordance with the similarity theory to ensure the
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model and the prototype share similar working conditions.
For scale models, the relationship between the elastic
modulus, density, geometry sizes, and gravitational acceleration is presented as follows:
SE
Sg Sp 

� Sl ,

(1)

where SE is the similarity constant of elastic modulus, Sg is
the similarity constant of gravity acceleration, Sρ is the
similarity constant of material density, and Sl is the similarity
ratio of geometric size.
The material used in the scaled model is identical to those
of the prototype; thus, the similarity constant related to
material properties is equal to 1. Based on the similarity
constant of geometry and material, Sρ can be calculated as 2.
It is impossible to adjust the density without changing its
volume for a speciﬁc material. To meet the material similarities of both density and mechanics, additional weights
were added to the model. Other similarity relationships are
all calculated and presented in Table 3.
2.3. Specimen Preparation. A one-storey frame was designed
to explore the vertical load-carrying capacity and working
mechanism of the innovative hollow concrete ﬂoor system.
The specimen is presented in Figure 3, comprised of three
diﬀerent components, i.e., the beams, columns, and the
innovated hollow slab. The cross section of the four columns
is 300 mm × 300 mm, which is designed according to the
axial compression ratio in the GB 50011-2010 [25]. The ratio
of reinforcement and selection of steel bars (Figure 3) was
identical to both the prototype and the requirements in GB
50011-2010. Four beams of 200 mm × 350 mm × 4800 mm
were employed to support the ﬂoor. Similar to the columns,
the reinforcement and size conform to meet a criterion up to
the standards.
The location of the cast-in-situ joints was designed
according to the original building. There were three post-cast
concrete joints in the ﬂoor system, including two transverse
joints and one longitudinal joint. The longitudinal joint was
located in the middle of the span, and the transverse joint
was located at 1/3 and 2/3 of the span. The width of the joint
was determined to be 200 mm according to the length of the
reinforcement connection. Every two adjacent precast
panels were connected through welded reinforcement and
cast-in-situ concrete joint, as presented in Figure 4. The
reinforcement bars were evenly distributed in the concrete
joint with a diameter of 8 mm and an average distance of
75 mm, respectively.
The ﬂoor system in Figure 5 needs to bear the required
area load with limited deﬂection and crack according to GB
50010-2010, on which static load experiment was conducted.
Before the test, white paint and grids were painted on the
bottom surface of the ﬂoor to determine the cracking position, and the grid spacing shall be 200 mm. The protective
scaﬀolds were located 100 mm below the bottom of the slab
for protection without restricting the free deformation of the
ﬂoor.
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Figure 1: Precast hollow concrete panels: (a) type I; (b) details of type-I panel; (c) type II; (d) details of type-II panel (unit: mm).
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Figure 2: Innovated hollow composite concrete ﬂoor system assembled with precast panels and self-thermal-insulation inﬁlls.
Table 1: Material properties of steel bars.
Tensile strength
Longitudinal bar in beams and columns
Stirrup in beams and columns
Longitudinal bar in ribbed beams
Stirrup in ribbed beams
Longitudinal bar in slab

Diameter (mm)
16
10
8
8
3.5

Yield strength (MPa)
386.7
394.1
390.1
390.1
306.2

Young’s modulus (GPa)
211.19
209.53
209.31
210.03
210.57

Passion ratio
0.28
0.28
0.28
0.28
0.28

Table 2: Material properties of concrete.
Position of the concrete
Concrete in beams and columns
Concrete in ribbed beams
Concrete in slab
Foam concrete

Compressive strength, fcu (MPa)
28.5
40.9
40.9
0.5

Elastic modulus, Ec (MPa)
30500
32200
32200
2550

4
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Table 3: Similarity constant of the specimen.
Parameter
Strain, σ
Stress, ε
Elastic modulus, E
Passion’s ratio, υ
Length, l
Displacement, χ
Angular displacement, θ
Area, A
Moment of inertia, I
Concentrated load, P
Line load, ω
Area load, q
Moment, M

Geometry

Load

2300
Column

4800
200

Similarity relationship
SE � Sσ � 1
1
SE � 1
1
Sl � 1/2
Sχ � Sl � 1/2
1
SA � S2l � 1/4
SI � S4l � 1/16
Sp � SE S2l � 1/4
Sω � SE Sl � 1/2
Sq � SE � 1
SM � SE S3l � 1/8
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Figure 3: Detailed sizes of the innovated ﬂoor specimen: (a) schematic picture of the ﬂoor system; (b) beam; (c) column.

2.4. Load Protocol. Table 3 shows that the similarity ratio of
stress and strain is equal to 1, indicating that the stain and
stress got from the 1/2 scale are identical to those of the
prototype. The area load could be directly calculated since
Sq � 1.

Mass bags were used to exert a uniformly distributed
area load on the ﬂoor (see Figure 6). The transverse and
longitudinal gap between each stack of sandbags was 10 cm,
larger than the requirements of GB/T50152-2012 [26] to
avoid the arch eﬀect after the deformation of the specimen.
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Figure 4: The joint between two adjacent precast panels. (a) Welded steel bars. (b) Cast-in-situ concrete beam.
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Figure 5: Tested specimen.

Figure 6: Area load exerted of the slab.

Three loading steps are included in the experiment, i.e.,
preloading, static loading, and unloading. Before the start of
the static loading, preloading was conducted to check the
stability of the structural support and eliminate the malfunctions of instruments and equipment. The static loading
is designed according to the test methods of GB/T501522012 with ten main steps. After each stage of loading, the
load was maintained for 15–20 minutes. The data collection
and crack description were carried out after the structural
deformation became stable. After the test, the mass bags on
the ﬂoor were removed in batch, and the cracking of the
concrete on the bottom surface of the ﬂoor could be observed after complete unloading.

The loading protocol is presented in Table 4.

2.5. Sensor Distribution. Three types of sensors, i.e., the
displacement transducer, the strain gauges, and the crack
width observation instruments, were used during the test.
The deformation of the slab was monitored with displacement transducers arranged as Figure 7. Due to the symmetry
of the structure, the displacement meters were distributed on
the 1/4 side of the ﬂoor area.
The strain of steel bars was recorded with 2 mm × 1 mm
strain gauges. The layout of strain gauges mainly focused on
the comparison of strain along the ribbed beam at diﬀerent

6
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Table 4: Load protocol of the experiment.

D3
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D12

D14

D15

D9

Figure 7: Arrangement of displacement transducers on the bottom
surface.

positions and their diﬀerences with the others, as presented
in Figure 8. The gauges were ﬁxed on the steel bar before the
cast of concrete. Glue and bandage were applied to the gauge
and the outer layer of the conductor to avoid damage during
concrete pouring.
To explore the stress development of the ﬂoor under
diﬀerent loads for later theoretical and numerical analysis,
concrete strain gauges (8 mm × 2 mm) were arranged on the
top and bottom surface of the ﬂoor. Figure 9 illustrates the
layout of strain gauges on the concrete slab.

3. Experimental Results
3.1. Experimental Observation. The deﬂection and crack
development were monitored and logged while loading,
which can be concluded as follows.
At the initial loading stages, the deﬂection in the middle
of the slab increased with the load. No cracks were found at
other parts of the slab bottom except for some shrink
fractures. When the load reached 6.26 kN/m2 (the 4th load), a
small number of tiny cracks parallel to the direction of the
joint appeared on the interface between the new and old
concrete. The cracks mainly appeared in the middle of the
joint.
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Figure 8: Layout of the strain gauges on steel bars.

With the accumulated load increasing from 6.26 kN/m2
to 8.14 kN/m2, the cracks parallel to the longitudinal interface of the joint furtherly developed and extended to the
transverse direction. The interfaces between the new and old
concrete of the longitudinal joint cracked, and the maximum
width was about 0.2 mm.
When the 7th area load reached 9.08 kN/m2, almost all
the surfaces of the joints cracked and slight cracks appeared
at the bottom of the grid plate near the middle of the span.
There were no cracks on the ﬂoor at the non-joint position.
And the area load is slightly greater than the normal use
load, which is 8.5 kN/m2 according to GB 50009-2012. Thus,
the maximum crack met the requirements of normal use.
After the area load of the slab reached 10.02 kN/m2 (8th
load), the cracks on the precast slab occurred. Most of the
cracks were located near the diagonal line and no cracks were
found at the bottom of the rib beam. When the load increased
to 10.96 kN/m2 (9th load), several diagonal cracks developed in
the middle of the ﬂoor and passed through the bottom of the
rib beam. When the load reached 11.9–12.84 kN/m2, a large
number of cracks appeared in the middle of the span. The
width of one crack increased to approximately 1.5 mm, which
forced the loading process to stop due to security reasons.
The load in the experiment was greater than the requirements of both normal use and ultimate loading capacity according to GB 50009-2012, which veriﬁed the
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Figure 9: Layout of the strain gauges on concrete slab: (a) top surface; (b) bottom surface.

3.2. Load-Deﬂection Relationship. The load-deﬂection curve
of the innovative ﬂoor system is presented in Figure 11(a),
where the deﬂection is obtained from the D1 displacement
transducer, and the area load is from the accumulated mass
bags. Other displacement transducers present a similar
increase trend. Figure 11(b) shows the deﬂection of displacement transducers along the ribbed beam, which
contains the logged data along the cast-in-situ concrete
joint.
It can be found that the innovative ﬂoor system basically
meets the requirements of engineering application. Under
the area load of 12.84 kN/m2, the maximum deﬂection of the
ﬂoor is 15.75 mm, which meets the deﬂection limit L/300
according to GB 50010-2010.
3.3. Stress Distribution. The stress distribution of the bottom
surface of the concrete slab is illustrated in Figure 12(a). It is
found that the compressive strains on the top surface of the
concrete slab are all less than 800 με, within elastic range.
Part of the tensile strains exceeded the elastic limit of 300 με,
resulting in the crack in the bottom surface of the concrete
slab. The strain increased with the area load. The strain
gauges were mainly arranged in the steel rods of the bottom
layer, of which the maximum strain is shown in Figure 12(b).
The steel rods in the middle position approximately reached
the softening stage, which veriﬁes the rational reinforcement
ratio of the design.
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8

6

8
10
8
10

7

11

10

6

6

7

11
8

10
10

11

6
8

6
11

1
9

9 3
9
8
8
88
8 9 9 1010
8
9

11

9

11
3 6

6 9 8
3
11

3 11
6
9

1

11

11

11 11
8

8
11
6 6
11

11

10
11 11

11
11
11
6
8
7
8
10
10
5
5
3
8 1
11
1
10
10
5
4
10
7
9
9
8
10 5 11
11 10
10
10
9
5
10
10
8
11
9
10 10
7
11
10
5
9
10
8
5
10
10
11
7
10
10
6 7 11 11
5

8

11

10

6

11
10

8

11 11

1

6

8

8

2

6

8

8

2
1
6

10

11
6
11
4

Longitudinal joint 1#

Transverse joint

Longitudinal joint 2#

eﬀectiveness and practicability of this innovative ﬂoor
system. It can be observed that the main crack of the
concrete is X-shaped (Figure 10), which is similar to that
of the solid ﬂoor [27, 28]. The initial cracks occurred
mainly in the joints, indicating the interfaces of cast-insitu joint and precast panels are still the weaker section.
Besides that, it is suggested to improve the bond performance of concrete at the joint and increase the
roughness of concrete at the joint.

9

Figure 10: The cracks on the bottom surface of the slab.

4. Comparison of the Load-Deflection
Relationship with Existing Methods
Two diﬀerent calculation methods according to JGJ/T 2682012 [29], i.e., analogue cross beam method and analogue
slab method, were used for both cast-in-situ slab and assembled slab. By simplifying the hollow slab into beams or
thinner slab through speciﬁc principles, the maximum deﬂection under the design load could be calculated. The
innovative ﬂoor system has no related research. Even though
the corresponding limit conditions should be met when
using these formulas to calculate the bearing capacity, there
are still many reasonable hypotheses and empirical relationships regarding the load-carrying capacity that is worth
consulting. In this section, the feasibility of the existing

8
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Figure 12: Strains of concrete and steel rods recorder in the test: (a) strain on the concrete of the top surface; (b) strain of the steel rods in the
bottom layer.

designed methods was compared based on the experimental
results.
4.1. Introduction of Existing Design Methods. Equations (2)
and (3) present the calculation method for the analogue cross
beam method (Figure 13) and analogue slab method (Figure 14), respectively. For the analogue cross beam method, the
continuous slab is simulated by some scattered beams (the
number should be larger than 5) with the same span. The sizes

of the analogue cross beam are calculated with the principles
that (1) the transformed beams share the same bending stiﬀness
with the hollow slab and (2) the heights of the slab and beam
remain identical; thus, the width can be calculated as follows:
I
bb � b0 ,
(2)
I0
where bb is the width of the analogue cross beam, the hollow
slab is divided into serval average slab strips, b0 represents
the width of the hollow slab strips, I is the moment inertia of
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Figure 13: Schematic picture of analogue beam method.
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Figure 14: Schematic picture of analogue slab method.

the analogue cross beam, and I0 stands for the moment
inertia of the hollow slab.
For the analogue slab method, the hollow concrete slab is
simulated with a solid slab of the same thickness and
rectiﬁed modulus of concrete. When using the analogue
slab method, the requirements are that (1) the distance
between ribbed beams should be larger than 2 b0, and (2) if
the diﬀerence of the two-way stiﬀness of concrete hollow
ﬂoor can be ignored, it should be calculated as isotropic
slab; otherwise, it needs to be calculated as an anisotropic
slab. The modulus of the concrete and inﬁlls when calculated as the isotropic slab is calculated through the
formulas below:
E�

I
E,
I0 c

(3)

where E is the modiﬁed modulus of the analogue slab and E0
is the modulus of the concrete and inﬁlls.
4.2. Discussion of Feasibility of Existing Design Methods.
To simulate the nonlinear behavior of the innovated ﬂoor
system, analogue beam and slab methods are all calculated in

ABAQUS, where the mechanical parameters of concrete and
steel rods in Tables 1 and 2 are used. And the sizes of the
calculated models are strictly identical to the calculation
results presented in Table 5.
Detailed sizes of the innovative ﬂoor system in ABAQUS
are the same as those in Figure 3. As aforementioned, the
foam concrete works as inﬁlls to improve the heat insulation of the ﬂoor. Thus, only the elastic modulus of the
foam concrete in Table 2 is adopted to deﬁne their orthogonal characteristics in the linear elastic stage. While
the behavior of concrete and steel bars in other parts turns
out to be in the range of elastic-plastic, the whole life stage,
i.e. elastic stage, softening stage, and strengthening stage,
should be included in the strain-stress relation.
Figures 15–17 illustrate the stress and strain relations of
foam concrete, steel bars, and C30 concrete, respectively.
The ﬁnite element model and its corresponding mesh are
shown in Figure 18.
The element type of C3D8R (three-dimensional eightnode linear brick elements with reduced integration) in
ABAQUS was chosen to simulate the large deformation of
slab. The four corners are all hinged to simulate the
boundary of the experiment.

10
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Table 5: Detailed information and simulation results of the analogue slab and beam methods.

Calculation methods
Analogue cross beam method
Analogue slab method

Modiﬁed width (mm)
700
—

Modiﬁed modulus (MPa)
—
20700

Number of beams
5
—

σ
σy

–εy

εy

ε

σy

Figure 15: Strain-stress relationship of foam concrete.

σu

σ

σy

–εu –εp –εy

εy εp εu

ε

σy
σu
Nominal
Real

Figure 16: The strain-stress relationship of steel bars.

ft

εcu

εc

ft
0.5fc
fc

Figure 17: Strain-stress relationship of concrete.

The simulation results are collected in Figure 18; it is
observed that the analogue cross beam method and analogue
slab method present similar deformation patterns, where the
maximum deﬂection is of little diﬀerence. The initial stiﬀnesses of the two analogue methods are all greater than the
experimental results, which reveals that the calculation
methods in JT/G 268-201 are conservative enough.

The load-deﬂection curves of the experimental results were
compared with those of analogue cross beam and slab
method, which is presented in Figure 19.
Compared with the analogue slab method, the maximum
deﬂection in the analogue cross beam method is 11.03 mm,
which is +3.6% greater than the experimental results. The
initial stiﬀness of the innovative ﬂoor system is recognized as

Advances in Civil Engineering

11

Y
Z

Y
X

Z

(a)

X

(b)

U, U2
+3.876e – 01
–1.212e + 00
–2.812e + 00
–4.411e + 00
–6.011e + 00
–7.611e + 00
–9.211e + 00
–1.081e + 01
–1.241e + 01
–1.401e + 01
–1.561e + 01
–1.721e + 01
–1.881e + 01

U, U2
+8.138e – 01
–6.292e – 01
–2.072e + 00
–3.515e + 00
–4.958e + 00
–6.401e + 00
–7.844e + 00
–9.287e + 00
–1.073e + 01
–1.217e + 01
–1.362e + 01
–1.506e + 01
–1.650e + 01
(c)

(d)

Figure 18: Finite element models and simulation results: (a) ﬁnite element model of analogue cross beam method; (b) ﬁnite element model
of analogue slab method; (c) simulation results of the analogue cross beam method; (d) simulation results of the analogue slab method.
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5. Conclusions

9

To test the load-carrying capacity and working mechanism
of an innovative ﬂoor system, a vertical static loading test
and ﬁnite element analysis of a 1/2 scale ﬂoor model were
conducted. Based on experimental and analytical results, the
following conclusions can be drawn:

6

3

0

the analysis above, the conclusion is that the analogue cross
beam method according to the JT/G 268-201 is more suitable
for the prediction of deﬂection and initial stiﬀness in both
elastic and elastoplastic stages.

0
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2

Area load (kN/m )
Analogue slab method
Analogue cross beam method
Experimental results

Figure 19: Comparison of the load-deﬂection relationship between
the experiment and analogue methods.

the tangent of the load-deﬂection curve. And the absolute
error of the initial stiﬀness between the experiment and the
analogue cross section method is less than 12%, which is
more accurate than that of the analogue slab method. From

(1) The innovative ﬂoor system meets the requirements
of the engineering application. Under the area load
of 12.67 kN/m2, the maximum deﬂection of the ﬂoor
is 15.75 mm, which meets the deﬂection limit L/300
under the normal service limit. Besides that, the
maximum strains of steel rods and compressive
concrete are both within elastic range. The experimental results all indicate that the innovative ﬂoor is
safety enough in both load-carrying capacity and
deﬂection.
(2) The development of cracks ﬁrstly occurred in the
bottom of the joints, while the ﬁnal distribution of
cracks in the bottom of the test ﬂoor is identical to
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that of the solid ﬂoor. Thus, the following can be
concluded:
(a) The stress distribution of the new ﬂoor system is
similar to that of the solid two-way slab ﬂoor
(b) The joint is still the weaker section, where the
bond performance and roughness of the interface between the cast-in-situ concrete and precast panels should be improved
(3) Two diﬀerent kinds of simulation methods, i.e., the
analogue cross beam method and the analogue slab
method, were conducted to explore their eﬃciency in
evaluating nonlinear behaviors. The analogue cross
beam method is more accurate and more suitable,
where the absolute error of maximum deﬂection is
less than 5%.
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