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Abstract: In order to further improve the technical advantages of lightweight prefabricated concrete
stairs, a kind of prefabricated stair system using a special-shaped hollow landing slab was proposed.
Based on the detailed structural composition display, the design method for the main components
(prefabricated flight and special-shaped prefabricated hollow landing slab) was proposed and a
design application example was provided. Furthermore, specialized experimental and numerical
simulation studies were conducted on the key component—the special-shaped prefabricated hollow
landing slab. The research results indicated that this new kind of lightweight prefabricated concrete
stairs using a special-shaped prefabricated hollow landing slab has reasonable construction, an
effective design method, a clear force transmission mechanism, moderate component weight, and
high transportation and installation convenience.
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1. Introduction

Prefabricated concrete structural systems are currently one of the research hotspots in
the field of structural engineering. In the overall structural system, stairs are indispensable
and important components, and they have the characteristics of high standardization and
suitability for prefabrication. Therefore, there have been many studies on prefabricated
concrete stairs, such as static performance testing and evaluation [1–3], seismic perfor-
mance analysis [4–9], connecting nodes of prefabricated stairs [10], construction technology
research [11], analysis of prefabricated stair mold [12], etc.

Considering the transportation and lifting requirements of prefabricated components,
an ideal prefabricated concrete staircase should have the characteristic of being easy to
move. There are two corresponding technical ideas: one idea is to first divide and then
assemble [13–16]; another idea is to develop lightweight prefabricated stairs, such as
lightweight prefabricated stairs equipped with integrated lightweight staircase partition
wall panels [17], lightweight prefabricated stairs using lightweight materials and steel wire
mesh [18], lightweight prefabricated stairs using “double beam + thin slab” construction
with weight-reducing cavities in the steps [19], and lightweight prefabricated stairs setting
longitudinal continuous holes in the diagonal staircase [20]. By comparison, the technology
concept of first slicing and then assembling has relatively high implementation difficulty, a
relatively large on-site construction workload, and many unstable factors. Therefore, it is
more recommended to adopt the concept of lightweight prefabricated stairs.

To further enrich the technical solutions and improve the technical and economic
efficiency of lightweight prefabricated concrete stairs, a new type of lightweight prefabri-
cated staircase system will be proposed in this paper. The design method and mechanical
properties of this staircase system will be studied by combining numerical simulation and
experiment, which can provide a technical basis for its engineering application.
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2. Structural Composition and Design Method of the New Stair System
2.1. Structural Composition

Figure 1 shows the main construction of the new prefabricated stair system. The new
stair system is mainly composed of prefabricated flights and special-shaped prefabricated
hollow landing slabs. The special-shaped hollow platform slabs are used to support the
prefabricated flights and are supported by platform support beams or floor beams.
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Figure 1. Structural composition of the new stair system.

Prefabricated flight: Including landing at both ends and serrated inclined slab. The
surface and bottom of the serrated inclined slab are equipped with full-length longitudinal
reinforcements and distributed reinforcements along the transversal direction. The step plat-
forms contain reinforcement cages composed of longitudinal reinforcements and stirrups.

Special-shaped prefabricated hollow landing slab: Located at the floor or half-floor
level position. It contains a reinforcement cage composed of longitudinal reinforcements
and stirrups. Full-length hollows are set longitudinally, which are designed to reduce the
weight. The construction is shown in Figure 2.
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Figure 2. Special-shaped prefabricated hollow landing slab.

The upper end of the prefabricated flight should be set with fixed hinge support
and the lower end should be set with sliding hinge support. The rotational and sliding
deformation capacity of the support should meet the requirements for the inter-story
displacement of the structure shown in the GB 50010-2010 Concrete structure design
code [21]. The detailed construction can be determined by referring to the 15G310-1-2
Assembled Concrete Connection Node Structure Collection [22].

Platform support beams can be supported by the vertical load-bearing components
(columns) of the structure and are surrounded by the non-load-bearing wall of the stairwell.
Floor beams are usually frame beams or ring beams of the structure.

2.2. Design Method
2.2.1. Design of Prefabricated Flight

Two types of loads need to be considered: constant load (self-weight) and live load
(according to the GB50009-2012 Load code for the design of building structures [23], the
standard value can be taken as 3.5 kN/m2). The constant load and live load should
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be multiplied by the partial safety factor 1.3 and 1.5 to obtain the design value, respec-
tively [24]. Then, the initial dimensions can be selected and a calculation model can be
established based on the oblique simply supported beam, considering the fixed effects at
both ends. After obtaining the most unfavorable internal forces, reinforcement design can
be carried out.

2.2.2. Design of Special-Shaped Prefabricated Hollow Landing Slab

Three types of loads need to be considered. (1) Self-load (including constant load
and live load): the constant load is the self-weight, which should be multiplied by 1.3 to
obtain the design value. The design value of the live load can also be taken as 3.5 kN/m2

multiplied by 1.5 [24]. The range of action is the top surface of the special-shaped prefabri-
cated hollow landing slab. (2) The load transmitted from the prefabricated flight, which
acts on the upper surface of the connection with the prefabricated flight. This load can be
applied to the corresponding position (downwards) in the form of a vertically uniformly
distributed load, with a magnitude equal to the support reaction force of the prefabricated
flight. (3) The load transmitted from the non-load-bearing wall of the stairwell, which
acts on the upper surface of the support at both ends of the special-shaped prefabricated
hollow landing slab in the form of a vertically distributed load (downward). The value is
determined by the bulk density of the upper wall material.

Due to the special shape of the hollow landing slab, it is difficult to directly establish
a calculation model and obtain internal forces. To this end, it is recommended that finite
element software be used for the numerical simulation of the concrete part, firstly to obtain
the stress conditions under the designed load, and then so that the reinforcement design can
be carried out based on the stress distribution results and related specifications (GB 50010-
2010 Concrete structure design code [21]; JGJ1-2014 Technical specification for prefabricated
concrete structure [25]).

3. Design Example of the New Stair System

According to the structural composition of the new stair system, the design method
and static performance of the representative load-bearing components (prefabricated flight
and the special-shaped prefabricated hollow landing slab) will be analyzed in depth by
combining an example.

3.1. Basic Parameters of the Representative Load-Bearing Components
Prefabricated Flight

The width of the prefabricated flight is 1200 mm. Figure 3 shows the specific dimen-
sions of the prefabricated flight.
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The specific dimensions of the special-shaped prefabricated hollow landing slab are
shown in Figure 4.
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The grade of the concrete is selected as C30.

3.2. Design and Analysis of Prefabricated Flight
3.2.1. Design Value of Load and Internal Force

After calculating the design values of the dead load and live load, respectively, the
design load value of the prefabricated flight can be determined as 14.48 kN/m. Considering
the fixed effect at both ends, the maximum bending moment on the prefabricated flight can
be obtained as 15.11 kN·m, which is in the mid-span position.

3.2.2. Reinforcement Scheme

The thickness of the protective layer is 15 mm. h and b are the thickness and section
width of the serrated inclined slab, with a value of 120 mm and 1200 mm, respectively. as’
is 20 mm. h0 is the effective section height, with a value of 100 mm.

According to the reinforcement method of ordinary reinforced concrete bending
components, the reinforcement arrangement scheme is shown in Figure 5.
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3.3. Design and Analysis of Special-Shaped Prefabricated Hollow Landing Slab
3.3.1. Load

The constant load is multiplied by the partial safety factor 1.3 to obtain the design
value. The design value of the live load is 5.25 kN/m2, which applies on the top surface of
the prefabricated hollow landing slab (orange area in Figure 6).
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Figure 6. Loads and boundary conditions.

The load transmitted from the prefabricated flight acts downward on the top surface
where the prefabricated flight is supported (red area in Figure 6) in the form of a vertical
uniform load. The value is equal to the support reaction force of the prefabricated flight,
which is 114.605 kN/m2.

The load transmitted from the walls of the stairwell acts downward on the top surface
of the two ends of the prefabricated hollow landing slab (blue area in Figure 6) in the
form of a vertical uniform load. The wall material is selected as an aerated concrete block
with a unit weight of 600 kg/m3. The value of this kind of load can be determined as
15.994 kN/m2.

3.3.2. Analysis of Plain Concrete Model and Determination of Reinforcement Scheme

The plain concrete model of the prefabricated hollow landing slab was established
according to the dimensions. The element type and material characteristics are identical to
the prefabricated flight model. The two ends of the special-shaped prefabricated hollow
landing slab are fixed. Figure 6 shows the loads and boundary conditions.

The longitudinal stress, transverse stress and vertical stress were analyzed. The
focus of the analysis was on the mid-span section and the section near the support of the
prefabricated hollow landing slab along the longitudinal direction, which are representative
sections of the stress situation.
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(1) Longitudinal stress analysis

(i) Mid-span section (Figure 7a):

The elements in the area below the center of the hollow part are mainly subjected to
longitudinal tensile stress, with a maximum value of 0.603 MPa. The other elements are
subjected to longitudinal compressive stress, with a maximum value of 1.467 MPa.

(ii) End section (Figure 7b):

The elements in the bottom area are mainly subjected to longitudinal compressive
stress, with a maximum value of 2.120 MPa. The other elements are subjected to longitudi-
nal tensile stress, with a maximum value of 2.027 MPa.
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(2) Transverse stress analysis

(i) Mid-span section (Figure 8a):

The elements in the bottom area are mainly subjected to transverse compressive stress,
and the elements in the upper right area and lower left area of the circular hollows are also
subjected to transverse compressive stress, with a maximum value of 0.375 MPa. The other
elements are subjected to transverse tensile stress, with a maximum value of 0.305 MPa.

(ii) End section (Figure 8b):

The elements in the bottom area are mainly subjected to transverse tensile stress,
and the elements in the upper left area and lower right area of the circular hollows are
also subjected to transverse tensile stress, with a maximum value of 0.440 MPa. The
other elements are subjected to transverse compressive stress, with a maximum value of
0.687 MPa.
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(3) Vertical stress analysis

(i) Mid-span section (Figure 9a):

The elements in the area near the corner are subjected to vertical tensile stress, and
the elements in the upper left area and lower right area of the circular hollows are also
subjected to vertical tensile stress, with a maximum value of 0.534 MPa. The other elements
are subjected to vertical compressive stress, with a maximum value of 0.389 MPa.
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(ii) End section (Figure 9b):

The elements in the bottom area are mainly subjected to vertical compressive stress,
and the elements in the upper left area and lower right area of the circular hollows are also
subjected to vertical compressive stress, with a maximum value of 1.506 MPa. The other
elements are subjected to vertical tensile stress, with a maximum value of 0.285 MPa.
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slab can be carried out as described below:

The environmental category is selected as class 1. The protective layer thickness of the
special-shaped prefabricated hollow landing slab is selected as 15 mm.

(1) Reinforcements arrangement according to longitudinal stress

According to the stress results, all the stress does not exceed the standard value of
concrete strength. Therefore, the reinforcements arrangement can be determined directly
according to the construction requirements.

According to the construction requirements, the unilateral reinforcement of the special-
shaped prefabricated hollow landing slab should meet the minimum reinforcement area.
After calculation, the unilateral minimum reinforcement area is 318.52 mm2. Therefore,
the longitudinal reinforcements on the top side can be selected as 6
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ments as 550 mm2. According to the stress distribution and construction requirements, 2
10HRB400 longitudinal reinforcements should be arranged 44 mm above the two rein-
forcements at the bottom left end. All the longitudinal reinforcements should be equipped 
with 135° hooks at both ends, with a hook length of 50 mm. 
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According to the transverse stress results, all the stress does not exceed the standard 
value of concrete strength. Therefore, the reinforcement arrangement can be determined 
directly according to the construction requirements. 

Stirrups, 8@200, are arranged around the top longitudinal reinforcements and bot-
tom longitudinal reinforcements of the prefabricated hollow landing slab. Stirrups, 
8@200, are arranged around the top longitudinal reinforcements and bottom longitudinal 
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10HRB400 and the
sectional area of the reinforcements as 471 mm2. The longitudinal reinforcements on the
bottom side can be selected as 7
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ments as 550 mm2. According to the stress distribution and construction requirements, 2
10HRB400 longitudinal reinforcements should be arranged 44 mm above the two rein-
forcements at the bottom left end. All the longitudinal reinforcements should be equipped 
with 135° hooks at both ends, with a hook length of 50 mm. 
(2) Reinforcements arrangement according to transverse stress 

According to the transverse stress results, all the stress does not exceed the standard 
value of concrete strength. Therefore, the reinforcement arrangement can be determined 
directly according to the construction requirements. 
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10HRB400
longitudinal reinforcements should be arranged 44 mm above the two reinforcements at
the bottom left end. All the longitudinal reinforcements should be equipped with 135◦

hooks at both ends, with a hook length of 50 mm.

(2) Reinforcements arrangement according to transverse stress

According to the transverse stress results, all the stress does not exceed the standard
value of concrete strength. Therefore, the reinforcement arrangement can be determined
directly according to the construction requirements.

Stirrups,

Buildings 2024, 14, 1314 7 of 23 
 

subjected to vertical tensile stress, with a maximum value of 0.534 MPa. The other ele-
ments are subjected to vertical compressive stress, with a maximum value of 0.389 MPa. 

(ii) End section (Figure 9b): 
The elements in the bottom area are mainly subjected to vertical compressive stress, 

and the elements in the upper left area and lower right area of the circular hollows are 
also subjected to vertical compressive stress, with a maximum value of 1.506 MPa. The 
other elements are subjected to vertical tensile stress, with a maximum value of 0.285 MPa. 

  
(a) (b) 

Figure 9. Vertical stress: (a) mid-span section, and (b) section near the support. 

Based on the stress analysis results of the three directions and the construction re-
quirements, the reinforcement arrangement of the special-shaped prefabricated hollow 
landing slab can be carried out as described below: 

The environmental category is selected as class 1. The protective layer thickness of 
the special-shaped prefabricated hollow landing slab is selected as 15 mm. 
(1) Reinforcements arrangement according to longitudinal stress 

According to the stress results, all the stress does not exceed the standard value of 
concrete strength. Therefore, the reinforcements arrangement can be determined directly 
according to the construction requirements. 

According to the construction requirements, the unilateral reinforcement of the spe-
cial-shaped prefabricated hollow landing slab should meet the minimum reinforcement 
area. After calculation, the unilateral minimum reinforcement area is 318.52 mm2. There-
fore, the longitudinal reinforcements on the top side can be selected as 6 10HRB400 and 
the sectional area of the reinforcements as 471 mm2. The longitudinal reinforcements on 
the bottom side can be selected as 7 10HRB400 and the sectional area of the reinforce-
ments as 550 mm2. According to the stress distribution and construction requirements, 2
10HRB400 longitudinal reinforcements should be arranged 44 mm above the two rein-
forcements at the bottom left end. All the longitudinal reinforcements should be equipped 
with 135° hooks at both ends, with a hook length of 50 mm. 
(2) Reinforcements arrangement according to transverse stress 

According to the transverse stress results, all the stress does not exceed the standard 
value of concrete strength. Therefore, the reinforcement arrangement can be determined 
directly according to the construction requirements. 

Stirrups, 8@200, are arranged around the top longitudinal reinforcements and bot-
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longitudinal reinforcements of the prefabricated hollow landing slab. Stirrups,
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fore, the longitudinal reinforcements on the top side can be selected as 6 10HRB400 and 
the sectional area of the reinforcements as 471 mm2. The longitudinal reinforcements on 
the bottom side can be selected as 7 10HRB400 and the sectional area of the reinforce-
ments as 550 mm2. According to the stress distribution and construction requirements, 2
10HRB400 longitudinal reinforcements should be arranged 44 mm above the two rein-
forcements at the bottom left end. All the longitudinal reinforcements should be equipped 
with 135° hooks at both ends, with a hook length of 50 mm. 
(2) Reinforcements arrangement according to transverse stress 

According to the transverse stress results, all the stress does not exceed the standard 
value of concrete strength. Therefore, the reinforcement arrangement can be determined 
directly according to the construction requirements. 

Stirrups, 8@200, are arranged around the top longitudinal reinforcements and bot-
tom longitudinal reinforcements of the prefabricated hollow landing slab. Stirrups, 
8@200, are arranged around the top longitudinal reinforcements and bottom longitudinal 
reinforcements of the left protruding part. 

The complete reinforcements arrangement of the special-shaped prefabricated hol-
low landing slab is shown in Figure 10. 

8@200, are
arranged around the top longitudinal reinforcements and bottom longitudinal reinforce-
ments of the left protruding part.

The complete reinforcements arrangement of the special-shaped prefabricated hollow
landing slab is shown in Figure 10.

3.3.3. ABAQUS Modeling of the Whole Special-Shaped Prefabricated Hollow Landing Slab

Models of the reinforcements were established according to the dimensions and built
into the plain concrete model by way of the embedded region. Figure 11 shows the
integrated model of the special-shaped prefabricated hollow landing slab.
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The stress of the special-shaped prefabricated hollow landing slab can then be obtained,
which is shown in Figure 12.

(1) Concrete:

The maximum tensile and compressive stress in each direction is shown in Table 1.
According to Table 1, the stress in each direction does not exceed the tensile and

compressive strength of concrete. In addition, the value of the maximum principal stress is
2.003 MPa, which is located at the bottom of the hollow area at the supports at both ends.
It can be seen that the maximum principal stress also does not exceed the tensile strength
of the concrete.

Table 1. Maximum stress in each direction.

Type Longitudinal (MPa) Vertical (MPa) Horizontal (MPa)

Tensile stress 0.698 1.237 2.003
Compressive stress 0.980 2.014 1.891
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Figure 12. Stress of the special-shaped prefabricated hollow landing slab: (a) concrete stress, and (b) 
reinforcement stress. 

(1) Concrete: 
The maximum tensile and compressive stress in each direction is shown in Table 1. 

Table 1. Maximum stress in each direction. 

Type Longitudinal (MPa) Vertical (MPa) Horizontal (MPa) 
Tensile stress 0.698 1.237 2.003 

Compressive stress 0.980 2.014 1.891 

According to Table 1, the stress in each direction does not exceed the tensile and com-
pressive strength of concrete. In addition, the value of the maximum principal stress is 
2.003 MPa, which is located at the bottom of the hollow area at the supports at both ends. 
It can be seen that the maximum principal stress also does not exceed the tensile strength 
of the concrete. 
(2) Reinforcements: 

The maximum tensile stress is 11.85 MPa, which does not exceed the tensile strength 
of the reinforcements. 

Deformation of the special-shaped prefabricated hollow landing slab can also be ob-
tained, as shown in Figure 13. 

  

Figure 12. Stress of the special-shaped prefabricated hollow landing slab: (a) concrete stress, and
(b) reinforcement stress.

(2) Reinforcements:

The maximum tensile stress is 11.85 MPa, which does not exceed the tensile strength
of the reinforcements.

Deformation of the special-shaped prefabricated hollow landing slab can also be
obtained, as shown in Figure 13.

The maximum horizontal and longitudinal deformation is 0.036 mm and 0.041 mm,
respectively. The maximum vertical deformation is 0.250 mm < [f ]2 = l2/200 = 12.6 mm,
where [f ]2 is the deflection limit of the special-shaped prefabricated hollow landing slab
and l2 is the calculation span of the special-shaped prefabricated hollow landing slab.
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Figure 13. Deformation of the special-shaped prefabricated hollow landing slab. 

The maximum horizontal and longitudinal deformation is 0.036 mm and 0.041 mm, 
respectively. The maximum vertical deformation is 0.250 mm < [f]2 = l2/200 = 12.6 mm, 
where [f]2 is the deflection limit of the special-shaped prefabricated hollow landing slab 
and l2 is the calculation span of the special-shaped prefabricated hollow landing slab. 
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and Simulation 

The special-shaped prefabricated hollow landing slab plays an important role in 
bearing the loads transmitted from the prefabricated flights and walls and transferring the 
loads to the vertical load-bearing components. Therefore, the static load test was carried 
out to further study the static performance of the special-shaped prefabricated hollow 
landing slab by scale model in this section. The strain and deformation under different 
loads were studied. The test results were compared and verified with the numerical sim-
ulation results to provide a further technical basis for the theoretical analysis and engi-
neering design of the special-shaped prefabricated hollow landing slab. 

4.1. Specimen Design and Fabrication 
4.1.1. Scale Design 

The design principles of the scale model in the static test include the geometric simi-
larity principle, physical condition similarity principle and boundary condition similarity 
principle. The length of each side of the scale specimen is selected as 1/2 of that of the full-
scale model. The material used in the specimen is the same as that used in the full-size 
model. The similarity constant ratios of each physical parameter are shown in Table 2. 
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Figure 13. Deformation of the special-shaped prefabricated hollow landing slab.

4. Further Study on the Special-Shaped Prefabricated Hollow Landing Slab by Test
and Simulation

The special-shaped prefabricated hollow landing slab plays an important role in
bearing the loads transmitted from the prefabricated flights and walls and transferring the
loads to the vertical load-bearing components. Therefore, the static load test was carried out
to further study the static performance of the special-shaped prefabricated hollow landing
slab by scale model in this section. The strain and deformation under different loads were
studied. The test results were compared and verified with the numerical simulation results
to provide a further technical basis for the theoretical analysis and engineering design of
the special-shaped prefabricated hollow landing slab.

4.1. Specimen Design and Fabrication
4.1.1. Scale Design

The design principles of the scale model in the static test include the geometric simi-
larity principle, physical condition similarity principle and boundary condition similarity
principle. The length of each side of the scale specimen is selected as 1/2 of that of the
full-scale model. The material used in the specimen is the same as that used in the full-size
model. The similarity constant ratios of each physical parameter are shown in Table 2.

Table 2. Similarity constant ratios.

Physical Parameter Similarity Constant Ratio Value

Length Sl 1/2
Area SA 1/4
Strain Sε 1
Stress Sσ 1

Density Sρ 1
Surface load Sp 1
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4.1.2. Specimen Design

A specimen was designed with the concrete grade set as C30. The dimensions are
shown in Figure 14.
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specimen. The load transmitted from the prefabricated flight acts downward on the top 
surface, with the value as 82.100 kN/m2. The load transmitted from the walls of the stair-
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ABAQUS is used for the numerical simulation of the concrete part to obtain the stress 
conditions, and then the reinforcement scheme can be determined based on the stress dis-
tribution results and related specifications [21,24]. 

The reinforcements arrangement of the specimen is shown in Figure 15. 

  

Figure 14. Dimensions of the special-shaped prefabricated hollow landing slab specimen.

The mix proportions of the concrete used in this test are shown in Table 3.

Table 3. Mix proportions of C30 concrete (kg/m3).

P·O42.5
Cement Slag Fly Ash Sand Gravel

Polycarboxylic Acid Water
Reducer (Concentration
38.5% Mother Liquor)

Water

230 70 80 889 925 1.8 170

After 28 d curing, the average value of compressive strength is 39.03 MPa. The density
is 2392 kg/m3.

The design value of the constant load is the self-weight multiplied by 1.3. The design
value of the live load is 3.5 kN/m2 multiplied by 1.5, which acts on the top surface of
the specimen. The load transmitted from the prefabricated flight acts downward on the
top surface, with the value as 82.100 kN/m2. The load transmitted from the walls of the
stairwell acts downward on the top surface of specimen, with the value as 8.997 kN/m2.

ABAQUS is used for the numerical simulation of the concrete part to obtain the stress
conditions, and then the reinforcement scheme can be determined based on the stress
distribution results and related specifications [21,24].

The reinforcements arrangement of the specimen is shown in Figure 15.
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4.1.3. Layout of Measuring Points 
BF120-50AA strain gauges were used to measure the strain of the specimen. Three 

strain gauges (C1, C2, C3) were pasted on the top surface of the specimen along the lon-
gitudinal direction at the mid-span. The positions of the strain gauges are shown in Figure 
17a, and the distance between the strain gauges is 150 mm. Three strain gauges (C4, C5, 
C6) were pasted on the bottom surface of the specimen along the longitudinal direction at 
the mid-span. The positions of the strain gauges are shown in Figure 17b, and the distance 
between the strain gauges is 150 mm. In addition, two strain gauges (C7, C8) were pasted 
on the front surface at the two ends of the support of the specimen. 
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The finished specimen is shown in Figure 16.
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4.1.3. Layout of Measuring Points

BF120-50AA strain gauges were used to measure the strain of the specimen. Three
strain gauges (C1, C2, C3) were pasted on the top surface of the specimen along the
longitudinal direction at the mid-span. The positions of the strain gauges are shown in
Figure 17a, and the distance between the strain gauges is 150 mm. Three strain gauges
(C4, C5, C6) were pasted on the bottom surface of the specimen along the longitudinal
direction at the mid-span. The positions of the strain gauges are shown in Figure 17b, and
the distance between the strain gauges is 150 mm. In addition, two strain gauges (C7, C8)
were pasted on the front surface at the two ends of the support of the specimen.
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sandbag can be adjusted as needed. The loading process should be slow and uniform. 

The specimen was loaded in two areas: area 1 (top surface) and area 2 (where the 
prefabricated flights are supported). The uniform load in loading area 1 included the live 
load and the load transmitted from the walls at both ends (remained unchanged through-
out the loading process). The uniform load in loading area 2 was difficult to apply directly. 
Therefore, horizontal steel pipes were used for the auxiliary loading, as shown in Figure 
19: one end of the steel pipes was supported on the specimen and the other end was sup-
ported on the concrete blocks. The loading blocks and sandbags were stacked on the steel 
pipes for loading. Planks were laid between the steel pipes and the specimen, transform-
ing the support reaction into a uniform load. 

Figure 17. Positions of the strain gauges.

YHD-50 displacement transducers were used to measure the displacement of the
specimen. Three displacement transducers (W1, W2, W3) were set on the bottom surface
of the specimen along the longitudinal direction at the mid-span. The positions of the dis-
placement transducers are shown in Figure 18, and the distance between the displacement
transducers is 150 mm.
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4.2. Loading and Results
4.2.1. Loading

The purpose of this test is to investigate the strain and deformation of the specimen
under load. The load is applied by steel loading blocks and sandbags. Each steel loading
block is 20 kg and the dimensions are 210 mm × 150 mm × 130 mm. The weight of the
sandbag can be adjusted as needed. The loading process should be slow and uniform.

The specimen was loaded in two areas: area 1 (top surface) and area 2 (where the
prefabricated flights are supported). The uniform load in loading area 1 included the live
load and the load transmitted from the walls at both ends (remained unchanged throughout
the loading process). The uniform load in loading area 2 was difficult to apply directly.
Therefore, horizontal steel pipes were used for the auxiliary loading, as shown in Figure 19:
one end of the steel pipes was supported on the specimen and the other end was supported
on the concrete blocks. The loading blocks and sandbags were stacked on the steel pipes
for loading. Planks were laid between the steel pipes and the specimen, transforming the
support reaction into a uniform load.
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Figure 19. Loading.

According to the different loading areas, the loading process for this test was divided
into two stages, both of which were graded loading. In stage 1, area 1 and area 2 were
simultaneously loaded. The load in area 1 was the live load of different grades. The load in
area 2 was the load transmitted from the prefabricated flight under different grades of live
load. Table 4 shows the loading regime of stage 1, where load 6 represents the design value
of the load.

Table 4. Loading regime of stage 1.

Loading
Grade

Load in Area 1 Load in Area 2

Live
Load

(kN/m2)

Loading
Weight

(kg)

Live
Load

(kN/m2)

Load Transmitted from
the Prefabricated Flight

(kN/m2)

Loading
Weight

(kg)

Preload 0.5 24.75 0.5 29.570 307.77
Load 1 1.5 74.25 1.5 39.070 406.64
Load 2 2.5 123.75 2.5 48.570 505.52
Load 3 3.5 173.25 3.5 58.070 604.40
Load 4 4.5 222.75 4.5 67.570 703.28
Load 5 5.25 259.88 5.25 74.695 777.44
Load 6 5.25 306.92 5.25 82.100 854.51

In stage 2, the load of area 2 remained unchanged. The live load of area 1 continued to
increase with each grade of 0.81 kN/m2 until it reached 15.78 kN/m2 (approximately three
times the design value). The corresponding loading grade is marked as ‘load 19’.

The strain and displacement of the specimen under different load grades were obtained.
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4.2.2. Test Results and Analysis

(1) Loading stage 1

The strain and displacement are shown in Figure 20.
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Figure 20. Strain and displacement in loading stage 1. (a) Strain of C1, C2 and C3 in stage 1, (b) strain
of C4, C5 and C6 in stage 1, (c) strain of C7 and C8 in stage 1, and (d) displacement of W1, W2 and
W3 in stage 1.

(2) Loading stage 2

The strain and displacement are shown in Figure 21.
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Figure 21. Strain and displacement in loading stage 2. (a) Strain of C1, C2 and C3 in stage 2, (b) strain
of C4, C5 and C6 in stage 2, (c) strain of C7 and C8 in stage 2, and (d) displacement of W1, W2 and
W3 in stage 2.

(3) Analysis

The strain of the first three strain gauges (C1, C2, C3) is compressive strain, while the
strain of the other gauges (C4–C8) is tensile strain.

In most cases, the strain values of each strain gauge are constantly increasing as the
load grade increases. In a few cases, due to the influence of the loading error and data
acquisition error, the values of some strain gauges do not increase completely with the
increase in the loading values (for example, the strain of C7 and C8 in stage 2).

When the live load of area 1 and 2 reaches the design value (Load 6), the maximum
compressive strain and maximum tensile strain of the specimen are 40.624 × 10−6 and
17.972 × 10−6, respectively. The corresponding maximum compressive stress and maxi-
mum tensile stress of the specimen are 1.219 MPa and 0.539 MPa, respectively. It can be
seen that the maximum compressive stress and maximum tensile stress do not exceed the
compressive and tensile strength of concrete. No cracks are observed. Continuing to load,
when the live load of area 1 reaches 15.78 kN/m2 (approximately three times the design
value), the maximum compressive strain and maximum tensile strain of the specimen are
53.302 × 10−6 and 25.539 × 10−6, respectively. The corresponding maximum compressive
stress and maximum tensile stress of the specimen are 1.599 MPa and 0.766 MPa, respec-
tively. It can be seen that the maximum compressive stress and maximum tensile stress do
not exceed the compressive and tensile strength of concrete. No cracks are observed.

For the vertical displacement results, when the live load of area 1 and 2 reaches the de-
sign value (Load 6), the maximum vertical displacement of the specimen is
0.1 mm < [f ]3 = l3/200 = 6.9 mm, where [f ]3 is the deflection limit of the prefabricated
hollow landing slab scale model and l3 is the calculation span of the prefabricated hol-
low landing slab scale model. Therefore, the deformation of the specimen meets the
requirements. Continuing to load, the maximum vertical displacement of the specimen is
0.110 mm when the live load of area 1 reaches 15.78 kN/m2 (approximately three times the
design value), which still meets the deformation requirements. The results indicate that the
special-shaped prefabricated hollow landing slab has sufficient bending stiffness.

4.3. ABAQUS Modeling and Comparison of Results with Test Results

According to the reinforcement scheme of the specimen, the integrated ABAQUS
model of specimen can be obtained as in Figure 22.
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Figure 22. Integrated ABAQUS model of the specimen.

Subsequently, the stress and deformation results of the ABAQUS model under various
loading grades can be obtained. Comparative analysis with the test can then be carried out.

(1) Loading stage 1

(i) Strain comparison of C1–C3

The comparison between the simulation and the test results of C1, C2 and C3 is shown
in Figure 23.
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(ii) Strain comparison of C4–C6

The comparison between the simulation and the test results of C4, C5 and C6 is shown
in Figure 24.
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Figure 24. Comparison between the simulation and the test results of C4, C5 and C6.

(iii) Strain comparison of C7–C8

The comparison between the simulation and the test results of C7 and C8 is shown in
Figure 25.
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Figure 25. Comparison between the simulation and the test results of C7 and C8.

(iv) Displacement comparison

The comparison between the simulation and the test results of W1, W2 and W3 is
shown in Figure 26.
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Figure 26. Comparison between the simulation and the test results of W1, W2 and W3. 

(2) Loading stage 2 
(i) Strain comparison of C1–C3 
The comparison between the simulation and the test results of C1, C2 and C3 is 

shown in Figure 27. 
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Figure 26. Comparison between the simulation and the test results of W1, W2 and W3.

(2) Loading stage 2

(i) Strain comparison of C1–C3

The comparison between the simulation and the test results of C1, C2 and C3 is shown
in Figure 27.
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Figure 28. Comparison between the simulation and the test results of C4, C5 and C6. 

Figure 27. Comparison between the simulation and the test results of C1, C2 and C3.

(ii) Strain comparison of C4–C6

The comparison between the simulation and the test results of C4, C5 and C6 is shown
in Figure 28.
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(iii) Strain comparison of C7–C8

The comparison between the simulation and the test results of C7 and C8 is shown in
Figure 29.
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Figure 29. Comparison between the simulation and the test results of C7 and C8. 
Figure 29. Comparison between the simulation and the test results of C7 and C8.

(iv) Displacement comparison

The comparison between the simulation and the test results of W1, W2 and W3 is
shown in Figure 30.
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4.4. Analysis of Comparison Results

The comparison results reveal the following:

(1) In most cases, the results variation trend of the strain and vertical displacement in the
test is roughly the same as that of the simulation results.

(2) In a few cases, the results variation trend in the numerical simulation is more accurate
than the results variation trend in the test (for example, the strain of C7 and C8 in
stage 2) because numerical simulation can avoid the influence of errors in the actual
loading and data acquisition process.

(3) As a whole, the error between the test results and the simulation results is usually
not more than 13% (most of them are less than 10%). This kind of small range of
numerical fluctuations is acceptable.

(4) Numerical simulation based on ABAQUS is an effective means of studying the me-
chanical performance of the special-shaped prefabricated hollow landing slab.

(5) Based on the results of the test and numerical simulation, the design method for
the special-shaped prefabricated hollow landing slab can be proven to be feasible
and reasonable.

5. Conclusions

In this paper, a new type of prefabricated lightweight concrete stair system was
proposed. Based on clarifying the specific structural composition, the design method was
provided and verified through an example. Experiment and numerical simulation studies
were carried out to further explore the mechanical performance of the key component. The
systematic study reveals the following:

(1) The stair system with a special-shaped prefabricated hollow landing slab as the
key component, supplemented by prefabricated flight and support beams (platform
support beam and floor beam), is a new and effective type of lightweight concrete
stair system.

(2) The new type of lightweight stair system has a clear transmission mechanism and
can easily obtain internal force and stress situations. For the prefabricated flight and
support beams, they can be designed directly according to the internal force situation
as reinforced concrete bending components. For the special-shaped prefabricated
hollow landing slab, it is recommended to adopt numerical simulation to obtain the
stress situation of the concrete part under the design load, and then to combine the
construction requirements to complete the reinforcement design.

(3) The new type of lightweight stair system has a high degree of standardization, mod-
erate weight and volume, and low transportation requirements, which suggest broad
application prospects.
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