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Abstract: (1) Background: to study the differences in flexural performance and failure characteristics
of spontaneous combustion gangue coarse aggregate concrete (SCGAC) laminated slabs and ordinary
concrete laminated slabs, comparative flexural performance tests of one ordinary concrete laminated
slab and four spontaneous combustion gangue coarse aggregate concrete laminated slabs (SCGACLSs)
full-scale specimens were carried out. (2) Methods: The loading method was four-point unidirectional
static loading; the failure mode, load–deflection curve, load–reinforcement strain curve, and load–
concrete strain curve of each specimen were analyzed. In addition, the load–deflection curve of
the five slabs were predicted by ABAQUS. (3) Results: The five laminated slabs showed similar
behaviors in terms of failure mode, load–strain curve, load–deflection curve, and deformation and
all the properties satisfied the Chinese standard GB50010 (2010). Compared with ordinary concrete
laminated slabs, the cracking load of SCGACLS with a precast layer of SCGAC(C30) decreased by
15.2% and the span deflection increased by 28.3% in the ultimate condition; however, when the
strength grade of SCGAC of the precast layer was increased to SCGAC(C40), the cracking load
increased by 7.8% and the span deflection was similar to that of the ordinary concrete laminated
slabs. All specimens conformed to the planar section assumption. In addition, the finite element
model (FEM) prediction results showed that the maximum relative errors of load and deflection
were <5% and <10%, respectively, indicating that the established FEM had high prediction accuracy.
(4) Conclusions: The defects of reduced load-carrying capacity and uncoordinated deformation
caused by the different elastic modulus of precast and cast-in-place layer concrete can be compensated
by appropriately increasing the strength grade of precast layer concrete of SCGACLSs. The application
of SCGACLSs in structures is feasible.

Keywords: spontaneous combustion gangue coarse aggregate; laminated slab; static test; flexural
performance; finite element model

1. Introduction

Coal gangue is the solid waste discharged during coal mining and coal washing [1].
According to the survey, there are about 7 billion tons of coal gangue deposited in China,
which causes serious environmental pollution [2]. Spontaneous combustion of coal gangue
caused by accumulation also changes its chemical composition. However, relevant studies
have shown that the chemical composition of piled spontaneous combustion gangue is
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similar to natural aggregate (NA). Zhou et al. [3] indicated that spontaneous combustion
gangue can be used as aggregate for concrete production. On the other hand, with the
advancement of urbanization and the continuous improvement of buildings, roads, and
infrastructures, the amount of concrete used in construction has increased dramatically. The
demand for natural stone materials as one of the important components of concrete is also
increasing day by day. Therefore, searching for alternatives to NA is an urgent problem [4].
If the mountains of spontaneous combustion gangue are prepared into spontaneous com-
bustion gangue aggregate (SCGA) after crushing and screening processes to replace the
natural aggregate (NA), it can not only alleviate the local environmental pollution problems
but also create comprehensive benefits for society. In addition, the implementation of this
program will strongly accelerate the process of solid waste resource recovery.

There has been a great deal of related research conducted by researchers on SCGA and
spontaneous combustion gangue aggregate concrete (SCGAC) in recent years. For the study
on SCGA, Yang et al. [5] analyzed the chemical and physical properties of SCGA and found
that SCGA had significantly fewer harmful components and good volumetric stability
compared with uncombusted gangue, which can be prepared into concrete for structural
components. Yao et al. [6,7] focused on the classification of SCGA and the mechanical
properties of fresh concrete. Querol X et al. [8] found that SCGA had significantly lower bulk
and apparent densities and significantly higher water absorption and crushing index but
still met the basic requirements of the specification for aggregate properties. For SCGAC,
the use of SCGAC was particularly attractive compared with ordinary concrete because
of its lightweight properties and therefore a light-aggregate or sub-light-aggregate grade
concrete, in addition to other advantages (particularly thermal insulation when low density
was used [9], fire resistance [10], good acoustic properties [11], and workability [12]).
Wang et al. [13] found that, with the increase in coal gangue dosage, the shrinkage of
concrete gradually reduced; with the coal gangue dosage of 30%, 40%, and 50%, coal
gangue concrete shrinkage value at 120d compared with the control group of concrete
without coal gangue reduced by 6.4%, 9.3%, and 20.8%, respectively. Li et al. [14] studied
the early drying shrinkage rate and mass loss rate of coal gangue aggregate concrete and
natural aggregate concrete in the case of common water/cement ratio and found that the
drying shrinkage value of coal gangue aggregate concrete was greater than that of ordinary
aggregate concrete in the early period and tended to be stable in the long-term; however,
its shrinkage value conformed to the Standard for Test Methods of Long-term Performance
and Durability of Ordinary Concrete (Chinese standard GB/T50082-2019) [15], which
indicated that the application of coal gangue aggregate concrete in building structures
was feasible. Li et al. [16] took a reinforcement center pull-out test to study the bonding
performance of reinforcement and gangue concrete and found that the higher the cube
strength of gangue concrete the higher its bond strength (f cu = 27.4 MPa bond strength of
gangue concrete for the same level of ordinary concrete 89%).

Although there have been a large number of experimental studies on the mechanical
properties of SCGAC, so far there have been few studies on the mechanical behavior of
reinforced truss spontaneous combustion gangue concrete laminated slab. Bai et al. [17]
conducted an experimental study on the flexural and shear properties of raw gangue
concrete beams. According to this report, the ultimate bearing capacity of reinforced
concrete beams using 100% raw gangue coarse aggregate was reduced by 4.7% and the
flexural stiffness was reduced by 20.4% compared with ordinary reinforced concrete beams.
Li et al. [18] conducted tests on the flexural properties of spontaneous combustion gangue
steel–concrete composite slab and found that, although the flexural properties of gangue
concrete slab were reduced, their ductility was improved. Ma H Y et al. [19] investigated
the flexural behavior of reinforced concrete beams with the SCGA. Their study showed that
the behavior of the beams was similar to that of ordinary concrete beams and the strain
variation in the positive section of the spontaneous combustion gangue aggregate concrete
beam during the stressing process was consistent with the assumption of a plane section.
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In recent years, green concrete has become one of the hot and frontier topics of in-
terest in the engineering community at the domestic and international levels [20–22]. As
a “green concrete”, to make SCGAC safely and reliably applied to concrete structures
and to vigorously promote the application of green solid waste materials in prefabricated
buildings [23–25], comprehensive testing and theoretical studies on its structural or com-
ponent properties are still needed. To study the differences in flexural performance and
failure characteristics of SCGACLSs and ordinary concrete laminated slabs, comparative
flexural performance tests of one ordinary concrete laminated slab and four SCGACLSs
full-scale specimens were carried out; all specimens had cross-sectional dimensions of
600 mm × 130 mm, a length of 2100 mm, and a clear span of 1800 mm. The failure process,
cracking load, ultimate load, deflection, and crack development were analyzed through
four-point unidirectional static loading and the bearing capacity of each specimen was
calculated based on the Code for Design of Concrete Structures (Chinese standard GB50010-
2010) [26]. Finally, the finite element model of the SCGACLSs was established by ABAQUS
software and the reliability of the model was verified by using the available test data. The
established finite element model can effectively predict the flexural performance of SCGA-
CLSs and provide a reference for the design and engineering applications of SCGACLSs.

2. Materials and Methods
2.1. Material
2.1.1. Material Properties

P.O 42.5 grade Ordinary Portland Cement (OPC) produced by Liaoning Daying Ce-
ment Group Company was used; the grade of fly ash was II, which met the requirements
of Common Portland Cement (Chinese standard GB175-2007) [27]. The main technical
parameters of cement and fly ash are shown in Table 1. The mixing water used in the
test was city tap water, the fine aggregate was river sand with an apparent density of
2570 kg/m3, and the fineness modulus of sand was 2.70, which met the requirements of
Sand for Construction (Chinese standard GB/T 14684-2011) [28]. The coal gangue was
taken from the coal gangue mountain of Fuxin Haizhou Mine by crushing, screening,
grading, and natural aggregate for ordinary crushed stone, with two kinds of aggregate
particle sizes ranging from 5 mm to 20 mm. The physical properties of the two coarse
aggregates are shown in Table 2; they met the requirements of Pebble and Crushed Stone for
Construction (Chinese standard GB/T14685-2011) [29]; the macroscopic images are shown
in Figure 1. The reinforcement bars used in the tests were HRB400 with yield strength of
473 MPa, ultimate strength of 634 MPa, and modulus of elasticity of 200 GPa.

Table 1. Main properties of OPC and fly ash.

Category Grade
Specific

Surface Area
(m2/kg)

Density
(kg/m3)

Setting
Time (min) Stability MgO

(%)
f-Cao

(%)
SO3
(%)

3 d
Strength

(MPa)

28 d
Strength

(MPa)

Initial Final f cu f cf f cu f cf

OPC 42.5 370 3020 245 308 qualified 2.8 0.83 2.9 27.9 6.23 51.8 9.6
Fly ash II 825 2347 - - - 1.56 6.07 1.04 - - - -

Notes: f cu—compressive strength, f cf—flexural strength.

Table 2. Basic physical properties of two types of coarse aggregates.

Category

Character Apparent
Density
(kg/m3)

Bulk Density (kg/m3)

Void Ratio (%)
Water

Absorption
Ratio (%)

Crushing
Ratio (%)

Loose Packing
Density

Compact
Stack Density

NA 2743 1520 1680 45.66 0.83 5.28
SCGA 2276 1075 1220 52.77 7.55 21.20

Notes: NA—natural aggregate; SCGA—spontaneous combustion gangue aggregate.
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Figure 1. (a) Preparation process of spontaneous combustion gangue aggregate (SCGA); (b) SCGA;
(c) natural aggregates (NA).

2.1.2. Mix Proportions

According to the previous research on SCGA [30–32], it was found that, compared
with natural aggregates, SCGA had many defects, such as high porosity, which made the
SCGAC mixes have a gradual loss in a slump and could not meet the requirements of the
concrete with the large liquidity. In response to this feature, Zhou et al. [33] found that
the above problem of excessive time loss could be solved by pre-watering the SCGA 1 h
in advance before mixing. The concrete mix ratio is shown in Table 3. It is necessary to
emphasize that, although the collapse of each group of concrete was small, its application
in precast concrete was sufficient [34].

Table 3. Mix design of concrete (kg/m3).

Category Cement Fly
Ash Water Water

Reducer
Coarse

Aggregate
Additional

Water
Fine

Aggregate

Compressive
Strength

(MPa)

Ec
(GPa)

Slump
(mm)

NAC(C30) 320 80 184 3.3 870 0 950 34.2 17.3 50
SCGAC(C30) 320 80 175 6.6 820 82 924 30.8 14.5 20
SCGAC(C35) 360 90 178 7.3 800 80 866 35.9 15.8 25
SCGAC(C40) 376 94 171 7.4 769 71 769 41.1 17.4 35

Note: NAC(C30)—natural aggregate concrete of C30; SCGAC(C30)—spontaneous combustion gangue aggregate
concrete of C30; Ec—elastic modulus.

2.2. Specimen Preparation
2.2.1. Design of Specimens

Based on the National Building Standard Design Drawing “Truss Reinforced Concrete
Laminated Slab” (Chinese standard 15G366-1) [35], five laminated unidirectional slabs
were designed, namely NCLP1, GCLP1, GNLP1, GNLP2, and GNLP3. The dimensions of
all slabs were 2100 mm × 600 mm × 130 mm. For all specimens, the effective span was
1800 mm. The thickness of the precast layer was 70 mm, the thickness of the cast-in-place
layer was 60 mm, and the total thickness of the laminate was 130 mm, as shown in Figure 2b.
NCLP1: the concrete used for both the precast slab and cast-in-place layer was C30 grade
NAC(C30). GCLP1: the concrete used for both the precast slab and cast-in-place layer was
C30 grade SCGAC(C30). GNLP1: the concrete used for the precast slab was C30 grade
SCGAC(C30) and the concrete used for the cast-in-place layer was C30 grade NAC(C30).
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GNLP2: the concrete used for the precast slab was C35 grade SCGAC(C35) and the concrete
used for the cast-in-place layer was C30 grade NAC(C30). GNLP3: The concrete used for
the precast slab was C40 grade SCGAC(C40) and the concrete used for the cast-in-place
layer was C30 grade NAC(C30).
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Figure 2. Details of the laminated slab. (a) The layout of reinforcement in the laminated slab;
(b) Section X-X; (c) Section Y-Y.

Each specimen was equipped with 2-bay reinforcement trusses along the width of
the slab. The details of the reinforcement trusses used in the concrete slab are shown in
Figure 2c. The distribution reinforcement of each specimen was equipped with HRB400
grade reinforcement with a diameter of 8 mm and a spacing of 200 mm. The longitudinal
reinforcement for each specimen was provided with HRB400 grade reinforcement with a
diameter of 8 mm and a spacing of 225 mm. The specific parameters of each specimen are
shown in Table 4; the details of the laminated slab are shown in Figure 2.
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Table 4. Parameters of each laminated slab.

Specimen
Number

Material and
Grade of Precast
Layer Concrete

Material and Grade of
Cast-in-Place Layer
Concrete

Transverse
Distribution
Reinforcement

Longitudinal
Reinforcement

Number of
Steel Trusses

NCLP1 NAC(C30) NAC(C30) 8#200 8#225 2
GCLP1 SCGAC(C30) SCGAC(C30) 8#200 8#225 2
GNLP1 SCGAC(C30) NAC(C30) 8#200 8#225 2
GNLP2 SCGAC(C35) NAC(C30) 8#200 8#225 2
GNLP3 SCGAC(C40) NAC(C30) 8#200 8#225 2

2.2.2. Preparation of Specimens

It was found that the fluidity of SCGAC could not meet the requirements of pumping
cast-in-place large fluidity [36,37] and that its collapse degree was small, as mentioned
before. On the other hand, the cast-in-place layer as a pressurized layer required high
strength and stiffness of concrete. Therefore, SCGAC was used as the precast layer of
the laminated slab, while the cast-in-place layer was made of ordinary concrete. The
preparation of specimens included six steps: formwork support and reinforcement tying,
precast slab concrete casting, brushing at the laminated surface, maintenance of the precast
slab, top slab concrete casting, and maintenance completion and demolding. Among them,
the purpose of brushing at the laminated surface was to better combine the old and new
concrete as a whole and improve the integrity of the laminated slab. After the precast slab
was maintained for 28 d, the formwork support was immediately carried out for the casting
layer of concrete; after the casting was completed, the surface was plastered and then
moved to the maintenance room to continue maintenance for 28 d. When the maintenance
was completed, the formwork was removed and the specimen was lifted to the laboratory
for flexural testing. At this time, the age of concrete in the precast layer was 56 d and
the concrete in the cast-in-place layer was cured for 28 d. In order to prevent shrinkage
of the concrete in the precast layer and the concrete in the cast-in-place layer, due to the
pouring time difference between the precast layer and the cast-in-place layer, a plastic film
was wrapped around the outer surface of each specimen to prevent moisture loss from
the specimen. Furthermore, we had to ensure that the cement grade, the same aggregate
size, the variety of admixtures, the outside environment, and the vibrating time used for
the concrete cast in the cast-in-place layer were consistent with those of the precast layer
In order to avoid the interference of these factors to the final experimental results. The
specimen preparation process is shown in Figure 3.
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precast slab; (e) concrete pouring of the top slab; (f) maintenance completion and demolding.
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2.3. Test Setup and Procedures
2.3.1. Test Setup

A 5000 kN universal testing machine was used to perform bending tests on laminated
slab specimens. All stacked specimens were horizontally located and tested. The tests
were performed on a portal counterforce frame with loading devices from top to bottom:
hydraulic jacks, pressure transducers, distribution beams, and supports. The ATS380
test system was used to collect data [38]. The deflection, cracks, and strains of concrete,
longitudinal reinforcement, and reinforcement of the specimens were mainly tested in the
experiment. In the experiment, all the laminated specimens were supported by simple
support and the flexural load was applied in the form of monotonic continuous graded load
based on Code for Design of Concrete Structures (Chinese standard GB50010-2010) [26].
The loading devices are shown in Figure 4.
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2.3.2. Test Procedures

Test procedures were performed according to the Standard for Test Methods of Con-
crete Structures Specifications (Chinese standard GB/50152-2012) [39]. The displacement
meters were placed at positions along the span of the test specimen, reinforcement strain
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gauges were arranged on the longitudinal stressed reinforcement along with the mid-span
and 1/4 span positions of the laminated slab, and concrete strain gauges were glued at the
mid-span slab side and top and bottom positions of the slab to investigate the effect of strain
changes on the concrete [40]. To verify the hypothesis of planar sections, the concrete strain
gauges were glued equally spaced along the height direction in the middle of the slab side.
Preloading was required before the test; the loading rate was 2 kN/min, which could make
each part contact well. In this process, the inspection of each instrument and equipment
was also required. After the preloading was completed, the formal loading was performed.
Initially, the loading values were 2 kN/min for each stage before the specimen cracked and
3 kN/min for each stage until the member failed after the specimen cracked. The strains
in the steel and concrete were automatically recorded by the ATS380 test system at each
stage. Crack patterns were also observed and marked with a black marker on the specimen
surface during each loading stage [41]. When the upper concrete was crushed, the mid-span
deflection reached 1/50 of the net span, or the load-carrying capacity was significantly
reduced, the specimen could be considered damaged and loading was stopped. The layout
of the concrete strain gauges on the side of the slab and the layout of the reinforcement
strain gauges are shown in Figure 5.
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3. Results and Analysis
3.1. Failure Modes

We found that five laminated unidirectional slabs presented similar behavior in terms
of failure mode, load–strain curve, load–deflection curve, and deformation in the experi-
ment. The failure process had gone through an elastic stage, plastic stage, reinforcement
yield, and limit state until failure. The development of cracks on the side of the slab after
the damage of each specimen is shown in Figure 6. For the control slab specimen NCLP1,
the first crack appeared in the middle third (in the normal bending zone) under a load of
24.3 kN; the cracking load was about 30% of the ultimate load. As the load continued to
increase, most of the cracks developed in the constant bending zone and at the contact
between the rigid transfer girder and the top of the slab. In addition, bending cracks also
developed symmetrically at the span and extended towards the full width of the slab, as
shown in Figure 6. As the load continued to increase, the reinforcement yielded [42] and
the crack extension became more pronounced. The ultimate displacement of the NCLP1
was 20.46 mm.

For the specimens GCLP1, GNLP1, GNLP2, and GNLP3, the first cracks were observed
in the constant bending zone, respectively, at the load of 17.6 kN, 20.6 kN, 23.0 kN, and
26.2 kN. As the load increased, the reinforcement gradually yielded, followed by interfacial
cracks appearing in the constant shear zone on both sides of the slab when the load reached
66 kN. In terms of the overall bending response of the slab, there were three different
cracking patterns [43]. The first one corresponded to bending cracks (the continuous
bending cracks developed in the normal bending zone and gradually extended deeper into
the slab). The second one corresponded to bending cracks (the bending cracks in the upper
and lower half-slab penetrations, cracks developed first in the upper half-slab at the loading
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position, then expanded with the interface and developed further in the lower half-slab).
The third one corresponded to cracks (the cracks through the entire bottom slab). The
specimens GNLP1 and GNLP2 reached the ultimate bearing state when the maximum crack
width at the reinforced bar in the pure bending section reached 1.5 mm. Specimens GCLP1
and NCLP1 reached the ultimate state when the longitudinal reinforcement strain reached
0.01. When specimen GNLP3 reached the ultimate load-bearing condition, the strain of mid-
span reinforced bars and crack width reached the failure mark almost simultaneously [44].

It was also found in the test that, due to the continuity of the truss steel chord and
the abdominal bar, it connected the precast slab and post-cast concrete as a whole, thus
improving the overall stiffness and flexural capacity of the laminated slab. Before each
specimen reached the ultimate state, GNLP1, GNLP2, and GNLP3 slabs (based on different
concrete combinations) did not crack or slip on the laminated surface. After unloading, the
maximum crack width of each specimen decreased to 3–6 mm, indicating that the specimen
still had a certain deformation recovery ability; the deformation recovery was above 40%.
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3.2. The Test Results

The test results of each specimen are shown in Table 5, from which it can be seen that
the cracking loads of the five laminated slabs were GCLP1 < GNLP1 < GNLP2 < NCLP1 <
GNLP3 in the order from small to large. Compared with specimen NCLP1, the cracking
loads of specimens GCLP1, GNLP1, and GNLP2 decreased by 27. 6%, 15.2%, and 5.3%,
respectively; however, specimen GNLP3 showed an increase in cracking load by 7.8%. For
each specimen deflection, with the increase in concrete strength grade of the bottom slab
to C40, the deflections of specimens GNLP3 and NCLP1 were close to 20.50 mm under
the ultimate load condition. However, the deflection decreased by 21.9% compared with
specimen GNLP1, which was consistent with the result of the cracking load. Compared
with NCLP1, the ultimate bearing capacity of GCLP1, GNLP1, and GNLP2 decreased
by 5.9%, 4.9%, and 1.4%, respectively, while the ultimate bearing capacity of GNLP3
increased by 3.7%, indicating that the material difference between NAC and SCGAC could
be compensated by increasing the strength grade of SCGAC.

It was also found in the experiment that, after increasing the strength grade of precast
slab concrete to C40, the unloading of GNLP3 resulted in a significant rebound in the
deflection of each slab with a rebound of more than 40%, indicating that the SCGACLSs
with reinforced trusses had a good recovery capacity. The ratio of cracking load to ultimate
load for each specimen ranged from 0.2 to 0.3; the maximum crack width was 6.1 mm.
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Table 5. Test results of each specimen.

Specimen
Number

Precast Slab
Material

Cast-in-Place
Layer Material Lc (kN) Lu (kN) Du (mm) Dut (mm) W (mm)

NCLP1 NAC(C30) NAC(C30) 24.3 81.1 20.46 10.1 4.0
GCLP1 SCGAC(C30) SCGAC(C30) 17.6 76.3 25.09 12.4 6.1
GNLP1 SCGAC(C30) NAC(C30) 20.6 77.4 26.24 13.5 6.0
GNLP2 SCGAC(C35) NAC(C30) 23.0 80.2 26.32 12.8 5.7
GNLP3 SCGAC(C40) NAC(C30) 26.2 84.1 20.50 11.5 3.8

Note: Lc—the cracking load (including self-weight of the rigid transfer girder, etc.); Lu—the ultimate load; Du—the
failing deflection; Dut—the residual deflection after unloading; W—the maximum crack width.

3.2.1. Load–Deflection Relationship

The load and mid-span deflection curves for each specimen are shown in Figure 7.
All the laminated slabs had similar deflection variation patterns, with three distinct
phases [45–49]: elastic working phase, cracked working phase, and damaged phase. In the
elastic working phase, the load and deflection values were small and the curves showed
approximately straight lines. While in the working phase with cracks, the truss reinforce-
ment carried part of the load and the deflection curve did not show an inflection point. In
the damage stage, all the specimens had obvious characteristics before the damage, which
was typical of ductile damage (ductile damage meant that the material was subjected to
excessive stress that exceeded its yield limit or strength limit, thus producing a large plastic
deformation and finally leading to fracture, corresponding to brittle damage) [50]. For
different concrete combinations, the span deflection under the same load in the middle
and late stages of loading was GNLP1 > GCLP1 > NCLP1; the span deflection of GNLP1
was increased by 28.3% compared with NCLP1. The authors suggest that this was due to
the different modulus of elasticity of the two, resulting in a laminate that was worse than
the same combination of materials [51]. From the early stage of loading to the ultimate
damage, the deflection value of specimen GNLP1 was always larger than that of specimen
NCLP1 compared with specimen NCLP1 and the cracking load and ultimate load were
also smaller than that of specimen NCLP1. It indicated that the performance of specimens
in the form of different concrete combinations was inferior to that of ordinary concrete
specimens in the control group; the reason for this was that there was a difference in the
value of the elastic modulus of different concrete, which led to the precast slab and the
cast-in-place layer not being coordinated. It can be seen that the slope of the GNLP3 curve
of the specimen in the pre-loading period was larger than that of other specimens and the
curve tended to be close in the later period. This indicated that increasing the concrete
strength grade of the precast slab could indeed significantly improve the cracking load
of the specimens, which also had a certain improvement on the stiffness and integrity of
the specimens. In addition, the related literature shows that the shrinkage of concrete also
affects the spanwise deflection and bearing capacity of the laminated slab; the lower the
modulus of elasticity, the greater the shrinkage value of concrete [52]. Because different
types of concrete can cause shrinkage of two different kinds of concrete due to the difference
of aggregates (high water absorption, high crushing value, etc.), taking specimen GNLP1 as
an example, the precast and cast-in-place layers were two kinds of concrete with different
modulus of elasticity and, although relevant studies have shown that the shrinkage value
of SCGAC is in accordance with the specification, we could not ignore that the shrinkage
of concrete due to the precast and cast-in-place layers may have caused the cracking load
and load carrying capacity of the specimen to decrease. On the other hand, SCGAC, as a
new material, would also have a different bond strength to the reinforcement than ordinary
concrete, so it could also affect the final results [53].

To sum up: concrete strength grade has more influence on flexural performance and
the cracking load of the laminated slab than concrete combination form and the difference
in elastic modulus of precast-post-cast layer concrete is the key to ensuring whether the
two can work in coordination. At the same time, we cannot ignore the effect of shrinkage
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of concrete in precast and cast-in-place layers on the bearing capacity of the specimen; the
effect of specific elastic modulus and the concrete shrinkage difference on the cracking load
of the laminated slab needs further study by scholars.
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3.2.2. Load–Reinforcement Strain

The stress–strain curve developed in the longitudinal reinforcement is shown in
Figure 8. The trend of each curve was roughly the same, similar to the material propriety
relationship curve of HRB reinforcement. The strain values for the elastic stage were below
2365 × 10−6; for the yielding stage they were over 2365 × 10−6. The strain in the midspan
of the reinforcement increased linearly with the load in the pre-loading period and, with
the cracking of the concrete in the bottom slab, the reinforcement entered the yielding stage.
The truss lower chord reinforcement and longitudinal reinforcement in the laminated
slab continued to bear the external load and, after the reinforcement reached yielding,
until the specimen reached the damage mark. Compared with NCLP1, the longitudinal
reinforcement strains of specimens GNLP2 and GNLP3 grew more slowly under the same
conditions, which indicated that the strength level of the SCGAC precast slab could be
properly increased to delay the yielding of reinforcement under the premise of satisfying
the damage criteria. It also indicated that the SCGACLS could be used instead of the
ordinary concrete laminated slab, as long as the laminated slab is reasonably designed.
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3.2.3. Load–Concrete Compressive Strain

Figure 9 shows the compressive strain curves of the concrete across the top and
bottom of the middle slab of each specimen. The curve can be subdivided into the elastic
stage and the plastic stage [54]. At the beginning of loading, the load and tensile and
compressive strains of concrete increased linearly, indicating that the sectional stiffness
remained unchanged and the concrete was in the elastic working stage. After cracking,
the bottom concrete strain failed; therefore, the strain slope of the top concrete decreased
clearly and the specimen entered the elastic-plastic stage [49]. It also can be seen from
Figure 9 that the strain of the GCLP1 specimen increased the most under the same load
and there was an obvious unloading section (a straight line approximately) in the load and
concrete strain curve of the laminated slab.
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In addition, since the laminated slab in this study was a composite material, the theory
of deformation between different materials of the laminated slab was also more complex.
In addition to experimental or ABAQUS analysis, more novel and powerful numerical
methods have been recently proposed to establish the load–strain curves of composite
materials, among which the “Galerkin” [55,56] and the “Bezier” [57] methods have been
have been proven to have higher accuracy and stability than other numerical methods;
therefore, using this method could also replace the previous load–strain curves.

3.2.4. Verification of the Plane Section Hypothesis

The strain variation curves of concrete strains on the slab side in the span of the
laminated slab specimen are shown in Figure 10a, where the horizontal coordinate was the
concrete longitudinal strain and the vertical coordinate was the height of the specimen from
the bottom of the laminated slab; the strain gauges were pasted at 0 mm, 25 mm, 50 mm,
75 mm, 100 mm, and 125 mm from the bottom of the slab in the span. From Figure 10a, it
can be seen that the concrete strains on the slab side in the elastic phase were distributed
linearly with the height of the section, indicating that the laminated slab forces were in
accordance with the assumption of the horizontal section. In Figure 10b, it can be found
that, at 0.4 kN, the concrete strains in the span of each specimen on the slab side were a
lot less due to the small load, among which the curves of specimens NCLP1, GNLP2, and
GNLP3 were very close; the maximum tensile strains did not exceed 20 × 10−6, while the
strains of specimens GNLP1 and GCLP1 varied between 30 × 10−6 and 50 × 10−6. As the
load increased to 8.0 kN, as shown in Figure 10b, the maximum tensile strain of specimen
GNLP1 was separated from the other specimens and the maximum tensile strain was close
to 2000 × 10−6, which was because the precast and cast-in-place layers of specimen GNLP1
were two different materials of concrete; the cracking load of specimen GNLP1 was also the
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smallest due to the difference of elastic modulus of the two, which led to the non-synergistic
concrete deformation, which was consistent with the cracking load results in the previous
paper. However, this phenomenon can be avoided by increasing the strength level of the
precast slab concrete, which could be verified in specimen GNLP3.
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Figure 10. (a) Concrete strain development curve on the slab side of the laminated slab for each
specimen. (b) Comparison between specimens at specific loads.

4. Bearing Capacity Calculation
4.1. Cracking Load

At present, there is no unified calculation formula for the bending capacity of the
SCGACLS. Therefore, according to the Code for Design of Concrete Structures (Chinese
standard GB50010-2010) [26] (hereinafter referred to as the Code), the calculation formula
for cracking bending moment of concrete is:

Mcr = γ ftkW0 (1)

γ =

(
0.7 +

120
h

)
γm (2)

where Mcr is the cracking bending moment; γ is the coefficient of influence of the plastic
resistance of the section of the concrete element; γm is the basic value of the plastic influence
coefficient of concrete member section resistance moment; h is the section height. When
h < 400 mm, take h = 400; when h > 1600 mm, take h = 1600 mm; W0 is the elastic resistance
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moment at the tensile edge of the transformed section of the member; ftk is the standard
value of axial tensile strength of concrete and concrete is used in the test for measured
tensile strength.

The tensile longitudinal bar in the slab is converted into concrete with an equivalent
area according to the elastic modulus ratio n = Es/Ec between the steel bar and the corre-
sponding concrete, which is taken as a homogeneous elastic material. The position of the
neutralizing axis x0 is calculated. The converted section area A0 = Ac + (n − 1)·As and the
section resistance moment W0 of the tensile edge are given in the following equation.

W0 =
I0

h − X0
(3)

I0 =
b
3

[
x3

0 + (h − x0)
3
]
+ (n − 1) As(h0 − x0)

2 (4)

x0 =

[
1
2

bh2 + (n − 1)ASh0

]
/A0 (5)

By substituting (3)~(5) into Equation (1), the calculated value of the concrete cracking
moment can be obtained. The cracking moment Mcr,c and measured cracking moment Mcr,t
of the open section of each specimen calculated from the test (1) are shown in Table 6.

Table 6. Calculated value and the measured value of the laminated slab cracking load.

Specimen Number Mcr,t (kN·m) Mcr,c (kN·m) Relative Error (%)

NCLP1 7.29 7.84 7.54
GCLP1 5.28 5.45 3.22
GNLP1 6.18 5.95 3.72
GNLP2 6.90 6.82 1.16
GNLP3 7.86 8.08 2.80

As can be seen from Table 6, for GNLP1, GNLP2, and GNLP3 with different concrete
combinations, increasing the concrete strength grade of the precast slab had a certain
influence on the cracking load of the laminated slab. The theoretically calculated values
of each specimen were close to the measured values, which met the basic requirements
of relative error. Therefore, it is suggested that the cracking load of the SCGACLS can be
approximately calculated according to the calculation method of the cracking load of the
ordinary concrete laminated slab.

4.2. Ultimate Load

The calculation formula of the flexural bearing capacity of a normal section of concrete
in the Code was selected. It was assumed that the compressive stress distribution of
the SCGAC was similar to that of whole cast concrete; the characteristic coefficients of
stress graphs K1, K2, and K3 were introduced without considering the stress of concrete
in the tensile zone. SCGACLSs under the action of the limit of normal section stress
distribution are shown in Figure 11; K1 indicates laminated slab and the ratio of the
maximum compressive stress of concrete average, K2 indicates force point pressure zone
height and the ratio of compressive zone height, K3 indicates maximum stress and cast-in-
place concrete is the ratio of compressive strength of concrete.

When the laminated slab is in the bending limit state, the static equilibrium equation
can be obtained from Figure 11:

K1K3 fcbx = fy AS (6)

MU = K1K3 fcbx(h0 − k2x) (7)
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where fy is the yield strength of tensile reinforcement; x is the height of the compression
zone of the section; h0 is the effective height of the section; As is the section area of
tensile longitudinal reinforcement; b is the cross-section width of the laminated slab. The
characteristic coefficients K1, K2, and K3 are determined by referring to modern concrete
superposition structure, namely K1 × K3 = 0.75, K2 = 0.45.

The calculation value of normal section bearing capacity Mu,c and the measured value
Mu,t of each specimen are compared in Table 7.
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Table 7. Calculated value and the measured value of the ultimate load of the test slab.

Specimen Number MU,c/(kN·m) MU,t/(kN·m) Relative Error/%

NCLP1 21.89 24.33 10.03
GCLP1 20.32 22.89 11.23
GNLP1 20.69 23.32 11.28
GNLP2 21.94 24.06 8.81
GNLP3 23.07 25.23 8.56

Table 7 shows that, among the five test slabs, the maximum difference between the
measured value and the calculated value of ultimate bearing capacity appeared in GNLP1,
which was 11.28%, and the difference between the other specimens was between 8.56%
and 11.23%. The reason for this was that cracks gradually extended upward with the
gradual increase in load. The development of cracks was restricted by the abdominal bars
of the truss and the abdominal bars made a certain contribution to the bending capacity
of the specimens. Therefore, when the calculation model did not consider the action of
the truss belly bar, the specimen in the theoretical calculation reached the yield load; the
contribution of the truss belly bar to the ultimate bearing capacity remains to be further
studied by scholars.

At the same time, the above method to calculate the spontaneous combustion gangue
concrete slab bending bearing capacity was based on the results of the short-term load-
bearing capacity test, but, in the actual engineering design, the concrete of laminated slab
should be considered long-term performance and local characteristics and mechanical
properties of the SCGA and reduced elastic modulus test result of the differences. The
specific correlation difference coefficient needs to be further studied.

4.3. Crack Calculation

The maximum crack width is calculated according to the formula in the Code, which
can be expressed as:

ωmax = τlτsωm (8)

ωm = αcrψ
σs

Es
β

(
1.9c + 0.08

deq

ρte

)
(9)
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ψ = 1.1 − 0.65
ftk

ρteσs
(10)

σs =
M

0.87ASh0
(11)

where τl is the expansion coefficient of long-term effects, which is 1.0; τs is the expansion
coefficient of short-term crack width, which is 1.66; ftk is the standard value of axial tensile
strength of concrete, which is the same as the cracking moment calculated in this paper.
The value of M is the same as the bending moment used for deflection. The meanings of
other symbols are as described in the Code.

According to Equation (9), the calculated value ωmax,c of the maximum crack width of
each specimen was compared with the measured value ωmax,t, as shown in Table 8.

Table 8. The calculated value and the measured value of the maximum crack width of the test slab.

Specimen
Number

M
(kN·m)

ωmax,c
(mm)

ωmax,t
(mm)

Relative Error
(%)

NCLP1 14.59 0.46 0.43 6.98
GCLP1 14.59 0.67 0.69 2.90
GNLP1 14.59 0.66 0.61 8.20
GNLP2 14.59 0.55 0.50 10.00
GNLP3 14.59 0.41 0.37 10.81

5. ABAQUS Simulation Analysis
5.1. Finite Element Modeling

ABAQUS software was used to establish a finite element model of the flexural per-
formance of the precast concrete laminated slab. The model mainly included the top slab,
bottom slab, support, spacers, truss reinforcement, and other parts. The steel reinforcement
was modeled by a T3D2 truss unit and the concrete was modeled by a linear hexahedral
unit (C3D8R) in an eight-node reduced integral format [58]. All the reinforcement was em-
bedded in the concrete solid model and the effect of sliding between the reinforcement and
concrete was not considered. The upper surface of the precast slab and the lower surface
of the top slab were connected by (surface-to-surface) and, for the boundary conditions,
the translational degrees of freedom in the X, Y, and Z directions of all nodes at the left
edge of the bottom slab were constrained to simulate fixed hinge bearings; meanwhile, the
translational degrees of freedom in the Y and Z directions of all nodes at the right edge of
the bottom surface were constrained to simulate movable hinge bearings [59] and vertical
displacements were applied to the top shim of the model by displacement loading until the
model failed. The finite element model is shown in Figure 12.
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5.2. Relationship between Stress and Strain of Concrete and Reinforcement in FEM
5.2.1. Concrete

This present study on the compressive principal structure relationship curve of SC-
GAC is rarely reported; the authors conducted an experimental study on the compressive
properties of SCGAC with coarse aggregate based on the existing research [60]; the prin-
cipal structure model of SCGAC with coarse aggregates of different strength grades was
proposed. The modulus of elasticity of SCGAC and NAC were taken from Table 3, based
on the previously measured data.

According to [61], the stress–strain curves of all varieties of concrete can be expressed
by Equation (12). Based on the experimental data, the curve fitting was carried out based
on Marquardt (McQuart method) [62] and the general global optimization method using
the software IstOpt; the equations of stress–strain curves of SCGAC of different strength
grades were derived, as detailed in Table 9 and Figure 13.

y =

{
ax + (3 − 2a)x2 + (a − 2)x3, 0 ≤ x ≤ 1

x
b(x−1)2+x , x > 1 (12)

where x is the ratio of the strain to the peak strain; y is the ratio of the stress to the
peak stress.

Table 9. Fitting equation between compressive stress and strain of SCGAC.

Strength Grade Fitting Equation Accuracy

SCGAC(C30)
y =1.4508x + (3 − 2.9016)x2 + (1.4508 − 2)x3, 0 ≤ x ≤ 1
x

0.5113(x − 1)3 + x
, x > 1

R2 = 0.997152
R2 = 0.958898

SCGAC(C35)
y =0.9773x + (3 − 1.9546)x2 + (0.9773 − 2)x3, 0 ≤ x ≤ 1
x

1.1297(x − 1)3 + x
, x > 1

R2 = 0.999039
R2 = 0.987701

SCGAC(C40)
y =1.1313x + (3 − 2.2626)x2 + (1.1313 − 2)x3, 0 ≤ x ≤ 1

x
0.5842(x − 1)3 + x

, x > 1

R2 = 0.999039
R2 = 0.987701
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Figure 13. Fitting relationship between compressive stress and strain of SCGAC.

To verify the accuracy of the fitting formula, three representative groups of SC-
GAC(C30), SCGAC(C35), and SCGAC(C40) were selected and six specimens of each group
were formed and tested for stress–strain curves after 28 d of standard maintenance. Test
results: SCGAC(C30) error 5.83%, SCGAC(C35) error 4.92%, and SCGAC(C40) error 7.17%.
The calculated values were in good agreement with the measured values, indicating that
the stress–strain curves of concrete with different solid waste coarse aggregates established



Buildings 2023, 13, 1718 18 of 23

in this paper were of high accuracy and could be used as a database of finite element parts
to provide a reference in the actual engineering prediction of the SCGA.

5.2.2. Reinforcement

For the principal structure relationship of the reinforcement, the elastic–plastic model
recommended in the literature [63] was used; its stress–strain curve is shown in Figure 14,
where the OA section was the elastic phase and the steel reached the yield strength f y at
point A. The slope of the OA section was the elastic modulus Es; the BC section was the
strengthening phase; the reinforcement phase began at point B. The corresponding strain at
point B was εp and the initial elastic modulus Ep was reinforced; the ultimate strength f u
was reached at point C and the corresponding strain was εu.
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5.3. Simulation Results
5.3.1. Stress Distribution of Concrete and Truss Reinforcement

Taking specimen GNLP2 as an example, according to the concrete stress cloud diagram
of each specimen, it can be seen that, as shown in Figure 15a,b, the concrete compressed zone
was located at the top layer of concrete between the two supporting and the compressive
stress at the center of the top surface was the maximum and decreased continuously
with the radiation to the surrounding of the slab. The maximum compressive stress of
each specimen model was around 23 MPa, which was less than the ultimate compressive
stress of each specimen cast-in-place concrete; thus, there was no concrete breaking in
the concrete compressed zone at this time. In addition, compared with the actual process
of each specimen, there was no concrete crushing in each cast-in-place specimen when
the displacement was loaded to 30 mm, which indicated that the simulation results were
consistent with the test phenomenon. As shown in Figure 15c, it can be seen that the
bottom longitudinal tensile reinforcement had the maximum stress in the mid-span region
and gradually decreased to the sides. The maximum compressive stress was generated
on the top compressive reinforcement of the joist reinforcement as well as on the web
reinforcement, which indicated that the presence of the joist reinforcement not only bore
the longitudinal tensile stress and helped the concrete in the top compressive zone to bear
part of the compressive stress but the web also acted as a stress transmitter to make the joist
reinforcement work better together as a whole [64]. The maximum stress of the longitudinal
tensile reinforcement in each specimen reached about 490 MPa, which exceeded the yield
strength of the reinforcement, indicating that the reinforcement had started to yield at
this time, showing the same phenomenon as the yielding and sharp increase in deflection
of the reinforcement during the actual test. Figure 15d shows the overall deformation of
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the laminated slab specimen model; as can be seen from the cloud, the overall deflection
change was relatively uniform, the deflection in the middle of the span was the largest
and decreasing to both ends of the support through the support after the deflection value
became the specimen number, indicating that both sides of the specimen buckled, indicating
that the simulated deflection cloud and the actual loading deflection distribution law was
consistent, further verifying that the established model could be better used for SCGACLS.
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5.3.2. Load–Deflection Curve

According to the finite element analysis (FEA) results, the curve of comparing the test
and the simulated values of load–deflection for each specimen are shown in Figure 16. The
comparison between the finite element calculation results and test results of the ultimate
bearing capacity and deflection of each specimen are shown in Table 10. From Figure 16
and Table 10, it can be seen that the ultimate bearing capacity and deflection obtained by
FEA were close to the test results; the error of bearing capacity was within 5% and the error
of deflection was within 10%. The bearing capacity and deflection obtained from the FEA
were larger than the test results, which was mainly because there were some differences
between the principal structure model used in the FEA and the actual material principal
structure model; the FEA model did not consider the processing and geometric defects
of the specimen and the loading and boundary conditions in the FEA model were more
idealized than the test.

Table 10. Comparison of simulated and tested values of the ultimate loads of laminated slab.

Specimen
Number P1 (kN) P2 (kN) Relative

Error (%) D1 (mm) D2 (mm) Relative
Error (%)

NCLP1 82.3 81.1 1.47 21.73 20.46 6.21
GCLP1 78.5 76.3 2.88 27.54 25.09 9.76
GNLP1 78.8 77.4 1.81 27.87 26.24 6.21
GNLP2 83.3 80.2 3.87 27.09 26.32 2.93
GNLP3 84.9 84.1 0.95 21.12 20.50 3.02

P1—simulated values of the ultimate loads; P2—tested values of the ultimate loads; D1—simulated values of
deflection; D2—tested values of deflection.

In summary, the FEA results in terms of load–deflection curve, bearing capacity, and
deflection were consistent with the test results and the established FEA model had high
accuracy and low error and was used as the basis for the analysis of flexural bearing
capacity parameters of the laminated slab.
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Figure 16. Comparison of test and simulated values of load–deflection curves for each specimen.

6. Conclusions

This paper presented an experimental study of the flexural performance of truss-
reinforced concrete laminated slab prepared using the SCGA; specifically, five full-size
laminated slabs based on four-point bending tests were analyzed in terms of experimental,
theoretical, and finite element models. The specific summary is as follows.

1. SCGACLSs went through three phases from the beginning of stress to failure, the
elastic working phase, the cracked working phase, and the damaged phase. The
failure process, load–strain curve, and load–deflection curve were similar to the
ordinary concrete laminated slab. All performances met the requirements of the
Chinese standard GB50010 (2010). SCGACLSs can be used as substitutes for the
ordinary concrete laminated slab in engineering.

2. The slab with a precast layer of SCGAC(C30) and a cast-in-place layer of C30 ordinary
concrete showed a 15.2% decrease in cracking load and a 28.3% increase in mid-span
deflection in the ultimate condition compared with an ordinary concrete laminated
slab. Therefore, the difference between the modulus of elasticity of the precast layer
and that of the cast-in-place layer can be reduced by appropriately increasing the
strength grade of the precast layer, which can improve the resistance to cracking and
make the deformation more cooperative. At the same time, the effect of concrete
shrinkage and the bond strength with reinforcement on the bearing capacity of the
laminated slab cannot be ignored; this aspect needs to be studied in depth.

3. The flexural bearing capacity of SCGACLSs can be calculated approximately by the
method in Chinese standard GB50010 (2010); the result had a certain safety reserve,
for the calculated deflection value was recommended to be corrected by multiplying
the correlation coefficient.

4. The finite element simulation results were in good agreement with the test results, the
bearing capacity errors were within 5%, the deflection errors were within 10%, and
the finite element model established by ABAQUS software could effectively predict
the flexural performance of SCGACLSs.
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