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Abstract: This study investigates the influence of phosphogypsum (PG) content on the
mechanical properties of concrete composite slabs reinforced with steel trusses. Static load
tests were conducted on five one-way composite slabs with varying PG contents (0%, 2%,
and 4%), and finite element analysis (FEA) was employed to simulate and analyze the
structural behavior. The effects of PG content on crack distribution, ultimate failure mode,
cracking load, and stiffness prior to ultimate load were systematically evaluated. The results
demonstrated that the FEA simulations closely matched the experimental data, accurately
capturing the failure mechanisms of the PG-based composite slabs. The optimal PG content
was determined to be 2%, as the composite slab with 2% PG exhibited comparable strength
to the conventional concrete slab (0% PG) while maintaining superior structural integrity
during failure. These findings highlight the potential of PG as a sustainable additive in
concrete composite slabs, offering a viable solution for reducing environmental waste
and enhancing structural performance. This study provides valuable insights into the
development of eco-friendly building materials and contributes to the advancement of
sustainable construction practices.

Keywords: phosphogypsum concrete laminated floor slabs; reinforced trusses; static load
mechanical properties; finite element analysis; composite slab

1. Introduction

Phosphogypsum (PG), a byproduct generated during the production of phosphoric
acid, primarily consists of dihydrate calcium sulfate (CaSO,-2H,0), accounting for over
80% of its composition [1-6]. Each year, the global production of PG reaches approximately
300 million tons, with accumulated stockpiles exceeding 5.6 billion tons [7-9]. Despite
its potential for reuse, only around 15% of PG is effectively utilized, while the remainder
is either stored in landfills (58%), discharged into coastal waters (28%), or repurposed
(14%) [10-13]. The large-scale stockpiling of PG not only occupies valuable land resources
but also poses significant environmental hazards, including contamination of groundwater,
degradation of soil quality, and atmospheric pollution [14,15]. Additionally, the direct
disposal of PG into marine ecosystems can result in chemical pollution, eutrophication,
and bioaccumulation, posing threats to aquatic life [16]. Given its extensive accumulation
and low utilization rate, PG has a profound negative impact on the environment [17,18].

However, when subjected to harmless pretreatment methods such as calcination and
lime mixing, PG demonstrates cementitious properties comparable to those of conventional
cement. By partially replacing cement with pretreated PG in concrete production, it is
possible to reduce cement consumption while simultaneously addressing the issue of PG
stockpiling [19-22]. This approach not only promotes environmental sustainability but also
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aligns with the concept of converting waste into valuable resources, offering significant
potential for the development of low-carbon and eco-friendly building materials [23,24].

Recent research has explored the utilization of PG in the development of green, high-
performance cementitious materials. The primary component of PG, gypsum dihydrate
(CaS0O4-2H,0) [25-30], releases sulfate ions during hydration, which contribute to the for-
mation of hydrates such as C-S-H gels [31]. This process effectively prolongs the setting time
of the slurry [32]. Despite its advantages, including low cost, reduced carbon emissions,
and environmental benefits [33,34], PG-based materials often exhibit limited activation
properties and low early strength [35]. PG can also function as a cement retarder and serve
as a raw material for the co-production of sulfuric acid and cement. Moreover, the substi-
tution of natural aggregates with PG in concrete enhances its durability, meeting critical
performance requirements such as resistance to freeze—thaw cycles and impermeability.

Composite slabs, which combine prefabricated panels with cast-in-place reinforced
concrete layers, provide enhanced structural integrity and continuity, thereby improving
the seismic performance of buildings. For example, Dhalape Parshuram et al. investigated
the partial replacement of cement with fly ash and PG, assessing the compressive strength,
flexural strength, and slump performance of the resulting concrete [36]. Similarly, Ban-
dopadhyay Anamika et al. studied the combined effects of red mud and PG in stabilizing
expansive soils [37]. Despite these advancements, research on PG-based concrete compos-
ite floor slabs remains limited, particularly in terms of their mechanical properties under
static loads.

Originality of the Study: Previous studies on phosphogypsum (PG) have demon-
strated its cementitious properties comparable to those of Portland cement, enabling partial
replacement of cement in concrete production with documented enhancements in frost
resistance and impermeability to some extent. However, research on PG-based composite
concrete slabs remains scarce, particularly regarding systematic evaluation of their me-
chanical behavior under static loads (e.g., flexural and shear strength, interfacial bonding
properties). Moreover, current research predominantly focuses on individual material
components (e.g., PG as cement or aggregate replacement) while overlooking the holistic
structural performance of PG-composite slabs (e.g., seismic resistance, durability. This
study focuses on the mechanical properties of PG concrete composite slabs under static
loading conditions, utilizing ABAQUS finite element software (2022) for simulation anal-
ysis. The selection of C35 concrete in this investigation is based on its widespread use in
construction and its balanced strength characteristics, which provide a reliable baseline
for evaluating the performance of PG-modified concrete. The findings aim to support
the practical application of PG concrete composite slabs in engineering projects, findings
aim to support the practical application of PG concrete composite slabs in engineering
projects, contributing to the development of sustainable building materials and addressing
the environmental challenges associated with PG stockpiling.

2. Experimental Overview
2.1. Experimental Design

In this experiment, a total of five unidirectional reinforced truss—phosphogypsum
concrete composite slabs were produced. C35-grade concrete was used in all experiments.
Under construction loads, the tensile stress in the bottom slab concrete does not exceed its
standard tensile strength value. Therefore, the calculated thickness of the bottom slab is
40 mm. All five slabs had dimensions of 2200 mm (L) x 600 mm (b) x 120 mm (h), with a
concrete cover thickness of 15 mm. Both the upper and lower chords were reinforced with
HRB400-grade steel bars, while the material used for the web reinforcement is CPB550-
grade plain round steel bars. The upper chord steel bars had a diameter of 10 mm, the
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web steel bars had a diameter of 4.5 mm, and the lower chord steel bars had a diameter of
10 mm. The designed height of the truss reinforcement was 90 mm, with a design width of
80 mm, and the spacing between nodes was 200 mm. The specimen preparation process is
shown in Figure 1. Five composite slab specimens were prepared under monotonic loading
conditions with varying phosphogypsum (PG) replacement ratios:

D1-1 (control): conventional concrete for both slabs;

D1-2: 2% PG concrete (top) paired with conventional concrete (bottom);

D1-3: conventional concrete (top) with 2% PG concrete (bottom);

D1-4: 2% PG concrete for both slabs;

D1-5: 4% PG concrete for both slabs.

The specific numbering and design parameters of each slab are provided in Table 1.

Table 1. Design parameters of each plate.

Serial Number Board Type Phosphogypsum Dosage/% Loading Method
D1-1 Plain concrete slab 0 Monotonic loading
D1-2 Phosphogypsu‘m top plate 2 Monotonic loading

Bottom plate ordinary concrete
) Top plate ordinary concrete . .
D1-3 Phosphogypsum base plate 2 Monotonic loading
. Phosphogypsum mixing for . .
bi-4 both bottom and top slabs 2 Monotonic loading
D1-5 Phosphogypsum mixing for 4 Monotonic loading

both bottom and top slabs

e

(c) Concrete pouring o (d) Smoothing of concrete after completion of pouring

Figure 1. Schematic diagram of specimen preparation process.

2.2. Measurement Point Arrangement

Based on the content and objectives of this experiment, the main measurements in-
cluded the strain of the top chord reinforcement, bottom chord reinforcement, and web
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reinforcement; concrete strain; strain of the bottom galvanized steel plate; midspan deflec-
tion under controlled loading; the variation of load-deflection curves; and the development
of cracks.

This test adopts a 500 kN multi-channel electro-hydraulic servo structural loading
system. The specimen’s two ends were used: fixed hinge support and rolling hinge support.
The shelving length is 100 mm, and the middle is not supported. The data to be measured
in this experiment include the deflection of the specimens, the strain of concrete and steel
reinforcement, along with the applied load values, crack locations, and crack widths. The
strain gauges for the steel reinforcement were BX120-3AA models with a length of 3 mm,
while those for the web reinforcement were BX120-1AA models with a length of 1 mm.
The strain gauges for the concrete were BX120-80AA models with a length of 80 mm. A
displacement gauge with a range of 100 mm was used for the test. The distribution of
displacement gauges in the experimental loading setup is illustrated in Figure 2. A diagram
of the test setup is shown in Figure 3.

Figure 3. Test setup diagram.

2.3. Experimental Loading Scheme and Measurement Contents

The composite slab experiment was conducted using an upright loading test setup.
The loading system used was a servo-controlled structural loading system with a thrust
capacity of 500 kN. To accurately capture the cracking load for the five steel truss—concrete
composite slabs tested in this experiment, after loading to 80% of the calculated cracking
load, the increment of each loading step did not exceed 5% of the calculated load value.
Before reaching the service load, the increment of each loading step should not exceed 20%
of the service load, typically divided into five steps to reach the service load. Subsequently,
the increment of each loading step should not exceed 10% of the service load, with a value
of 5 kN. Therefore, force-controlled loading was applied with an increment of 5 kN per step
before the steel reinforcement yielded. After the steel reinforcement yielded, the loading
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method was switched to displacement control, with an increment of 2 mm per step until
the slab failed.

A hydraulic jack was used to apply vertical loads at the one-third points of the clear
span of the slab. A concentrated load was applied by a hydraulic jack. The load was then
distributed by a distribution beam to two points at two-thirds of the specimen’s length.
The loading procedure followed an incremental loading method under controlled load.
The experiment adopted a simply supported unidirectional slab scheme with four-point
loading. The positions for concentrated loads were selected based on the principle of
equal shear force at the supports for uniformly distributed and concentrated loads, as
well as the principle of equal shear force diagram areas under both loading conditions.
In this way, concentrated loads were used to simulate uniformly distributed loads, with
the concentrated loads positioned at L/4 of the slab. A four-equal-point loading method
was employed. Four-point loading was chosen over three-point loading or uniformly
distributed loading, primarily to more accurately simulate the actual stress conditions of
the composite slab. Four-point loading creates a pure bending segment between the two
loading points, avoiding the influence of shear forces, thereby better reflecting the slab’s
performance under bending moments. In contrast, three-point loading generates significant
shear forces at the midspan, which can affect the accuracy of the test results. While
uniformly distributed loading closely approximates real-world conditions, it is difficult to
precisely control in experiments. And the load values obtained from the experiment were
subsequently converted into the form of uniformly distributed loads using an equivalent
bending moment approach. The experimental setup, as shown in Figure 3, used fixed
hinged supports at one end and rolling hinged supports at the other end of the specimen,
with both ends resting on a length of 100 mm without intermediate supports. Concrete
blocks with similar mass were used to simulate uniformly distributed loading, and three
different types of loading blocks were employed. The loading blocks were of three types:
1070 mm x 230 mm x 230 mm with an average mass of 122.1 kg; 1090 mm x 220 mm
x 150 mm with an average mass of 87.14 kg; and 150 mm cubic blocks with an average
mass of 8 kg. Due to the large size of the loading blocks, the component was divided into
two stacked loading zones, with a spacing of 200 mm between the zones. Based on the
varying heights of the loading surfaces, the prefabricated base slab was divided into three
sections—Ileft, center, and right—along the cross-section of the slab. During incremental
loading, the mass of each load increment was distributed among the sections according to
their proportional width.

2.4. Material Properties

Concrete material property tests were conducted in accordance with relevant stan-
dards [38]. For each casting batch, three groups of 150 mm x 150 mm x 150 mm cubic
specimens were prepared, with three specimens in each group, to determine the cubic
compressive strength of the concrete. During the tests, the concrete strength was measured
before and after the testing of each batch of components. The cubic compressive strength
and splitting tensile strength of the specimens were obtained using a compression testing
machine, and the average values were taken as the measured concrete strength of the
batch. Orthogonal mortar tests were conducted with varying contents of phosphogyp-
sum, fly ash, and slag. The optimal mix proportion for phosphogypsum concrete was
determined as follows: 10% fly ash, 20% slag, and 2% phosphogypsum. As shown in
Table 2, the cubic compressive strength and splitting tensile strength of concrete with 2%
phosphogypsum were comparable to those of ordinary concrete without phosphogypsum.
The cubic compressive strength decreased by an average of 4.3%, and the splitting tensile
strength decreased by an average of 3.1%. The compressive strength of concrete with 2%
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phosphogypsum reached 40.38 MPa. The phosphogypsum used in this experiment was
sourced from the gypsum stockyard of Kingenta Group. The properties of phosphogypsum
(PG) play a critical role in determining the performance of phosphogypsum-based concrete.
However, the high sulfate content also raises concerns about potential durability issues,
such as sulfate attack and delayed ettringite formation (DEF), which can compromise the
long-term performance of the concrete. To mitigate these potential issues, according to the
experimental methods specified in the test standards, the raw materials were first prepro-
cessed. Phosphogypsum was mixed with cement for harmless treatment and then dried.
This pretreatment aimed to reduce the sulfate content and neutralize acidic components,
thereby minimizing the risk of sulfate attack and DEF. The chemical composition of PG,
particularly its high sulfate content, can significantly influence the hydration process and
mechanical properties of concrete. The phosphogypsum was grayish-white in color, with a
measured moisture content of 15.22% and a pH of 3.09.

Table 2. Concrete test block test results (MPa).

Parameter 0% Phosphogypsum Dosage 2% Phosphogypsum Dosage
Compressive strength f 42.19 40.38
Split compressive strength fs 4.17 4.04
Axial compressive strength f, 33.060 31.470
Modulus of elasticity E 33,086 32,687
Poisson’s ratio u 0.190 0.190

In the steel reinforcement material property tests, Grade 3 hot-rolled ribbed bars
(HRB400) with a diameter of 10 mm were used for the top chord, bottom chord, and
support reinforcement. Cold-rolled plain bars (CPB550) with a tensile strength greater than
550 MPa and a diameter of 5 mm were used for the web reinforcement. For each type of
reinforcement, one group of specimens with a length of 450 mm was prepared, with five
specimens in each group. One group of standard specimens with a length of 600 mm was
prepared for the distribution reinforcement, with three specimens in total. The mechanical
properties of each type of reinforcement are listed in Table 3.

Table 3. Mechanical properties of steel reinforcement used in the study.

Performance Parameters CPB550 Steel HRB400 Steel
Yield stress/MPa - 400
Strength design

value/MPa 360 360
Ultimate stress/MPa 550 540

Modulus of elasticity /MPa 2.00 x 10° 2.00 x 10°
Flexural strength/MPa 550 400
Modulus of rupture/MPa 200 200

3. Experimental Observations and Result Analysis
3.1. Experimental Observations

The crack distribution and ultimate failure modes of the five specimens are shown in
Figure 4.
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Figure 4. Distribution of cracks in the specimen plate.

Analysis of Experimental Phenomena

(1) Due to the different tensile strengths of concrete with varying phosphogypsum
contents, the cracking load observed in the slab tests varied. It was found that the cracking
loads of reinforced concrete slabs with 0% and 2% phosphogypsum content were similar.
However, the cracking load of the concrete slab with 4% phosphogypsum content was
significantly lower.

(2) For all five slabs, cracks appeared between the two loading points (i.e., between the
one-third points of the slab) as the load increased. Distinct cracking sounds were audible,
and the maximum crack width was approximately 1 mm. The cracks at the midspan
resulted in the failure of the strain gauges located at the bottom side of the slab.

(3) Over time, the side cracks propagated vertically from the bottom to the top, with
most of the cracks exhibiting a Y-shaped pattern. At this stage, cracks at the bottom of
the slab were highly visible. The cracks intersected with each other, and the maximum
crack width exceeded 2 mm. All strain gauges on the sides of the slabs were damaged, and
the reinforcement within the slabs experienced fractures, causing the overall failure of the
slab structure.

(4) Compared to slab D1-1, slabs D1-2 to D1-5, which incorporated different amounts
of phosphogypsum, exhibited delayed crack initiation and later strain gauge damage. For
slabs D1-2 and D1-3, cracks and strain gauge damage only appeared in the later stages
of loading.

(5) Finally, observations of the bottom cracks revealed that they mainly developed
between the two loading points and propagated toward the opposite edge of the slab
bottom. Even when the slab experienced considerable deformation, there were no signs
of concrete spalling. The strong bond between the concrete and the reinforced truss
throughout the loading process indicated that the slab maintained its overall integrity,
demonstrating that the slab’s strength met the required standards.
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It was observed that there is no significant difference in the failure modes between the
ordinary concrete specimens and the reinforced truss unidirectional composite slabs with
varying phosphogypsum content.

3.2. Comprehensive Result Analysis

Based on the experimental results, the cracking load of the composite slabs is shown
in Table 4. Both the calculated cracking loads (M) and the measured values (M) in the
table include the self-weight of the slabs.

Table 4. Comparison of cracking loads for composite slabs.

Serial Number (k]\lill’;;;z) M.t (kN/m?) Construction Standard Load (kN/m?) %
Di1-1 5.62 4.79 4.75 0.85
D1-2 5.13 4.84 4.75 0.94
D1-3 5.79 6.11 4.75 1.06
D1-4 5.40 5.29 4.75 0.98
D1-5 5.64 5.75 4.75 1.02

(1)  According to the results presented in Table 2, none of the composite slabs cracked
under the standard load combination during the construction stage. The calculated
cracking loads were within an acceptable margin of error when compared to the
measured values.

(2) The actual cracking loads of slabs D1-2 and D1-4 were lower than those of the other
slabs due to the presence of hollow sections beneath their flanges, which reduced
their moment of resistance. This indicates that widening the flanges can significantly
enhance the bottom slab’s cracking load capacity.

(38) Opverall, the measured cracking load values were 0.97 times the calculated values,
indicating that the results are reasonably accurate. This demonstrates that it is feasible
to design prefabricated base slabs that meet the non-cracking requirements during
the construction stage.

4. Analysis of Experimental Results
4.1. Analysis of Load—Deflection Relationship

The applied load-midspan deflection curves of the specimens are presented in Figure 5.
In the figure, the initial deflection due to self-weight is set to zero, and the external load is
also considered zero at this point. As illustrated in Figure 5, all composite slabs exhibited
a linear response in the initial loading stage, indicating that they remained in the elastic
stage before the cracking of the concrete. This is evidenced by the nearly constant slope of
the load—deflection curves.

After the concrete cracked, the deflection increased abruptly, accompanied by a no-
ticeable reduction in the slope of the curves, which signifies a significant decrease in the
stiffness of the components. This transition from the elastic to the post-cracking stage is
critical for understanding the structural behavior of the slabs.

As the load continued to increase, the deflection grew markedly, particularly in the
final stages before failure. This behavior suggests that the failure mode of the slabs was
ductile, as indicated by the gradual and pronounced increase in deflection without a sudden
loss of load-carrying capacity.

(1) Asillustrated in Figure 5, initial cracks parallel to the span direction were ob-served
in composite slabs D1-1 to D1-5, located from the slab end to one-third of the span.
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These cracks did not affect the load-bearing performance, and no longitudinal cracks
were observed between the flanges during the loading process.

During the casting of the composite layer, slabs D1-1 and D1-3 were cast normally,
while D1-2 and D1-4 had hollow sections beneath the flanges. As a result, D1-2 and D1-
4 exhibited lower cracking loads. However, the stiffness of these two slabs remained
unchanged before and after cracking, indicating that the hollow sections beneath the
flanges did not affect the load-bearing performance of the composite slabs.

Overall, all composite slabs met the requirements for the service stage and were
closely aligned with the design specifications.

D1-1
D1-2
D1-3
D1-4
D1-5

0 10 20 30 40 50 60
Mid-span load (mm)

Figure 5. External load-midspan deflection curve.

4.2. Concrete Strain Analysis

The load-strain curves of the concrete measurement points at the midspan cross-

sections of each component are shown in Figure 6.
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Figure 6. Load—strain curves at concrete midspan measurement points.

@

As depicted in Figure 6, all components experienced compressive strain in the top
concrete and tensile strain in the bottom concrete. Before cracking, the strain at the
top and bottom of the slabs showed a nearly linear increase. In some components, the
strains at the top and bottom were relatively symmetrical, indicating good interaction
between the concrete base slab and the flanges of the composite slabs. This suggests
efficient interaction between the base slab and the composite layer.
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(2) Before cracking, the concrete strain along the height of the composite slabs formed a
straight line, aligning with the plane section assumption.

4.3. Web Reinforcement Strain Analysis

The load-strain curves of the truss web reinforcement in the composite slabs are

shown in Figure 7. The dashed line in the figure represents the applied load corresponding
to the standard construction load.
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Strain (u €)

Figure 7. Load-strain curve of prefabricated bottom plate truss web members.

(1) Asillustrated in Figure 7, the web reinforcement of the composite slab trusses includes
both compressive and tensile members, with relatively small strains observed in both
types of members.

(2) Before reaching the construction load, the compressive strain in the compressive
web members increased almost linearly, indicating that the web reinforcement of the
trusses did not experience compressive buckling.

4.4. Analysis of the Load-Bearing Capacity of Composite Slabs

The load-strain relationship of the composite slabs is illustrated in Figure 8, which
provides critical insights into their structural behavior and load-carrying capacity. The
figure shows the variation of strain (ue) with increasing load (kN) for the composite slabs.
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Figure 8. Schematic diagram of the relationship between ultimate load and strain of laminated plates.

(1) Elastic Stage: In the initial loading stage, the load—strain curve exhibits a linear
relationship, indicating that the composite slabs remained in the elastic stage. During
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this phase, both the concrete and reinforcement behaved elastically, with minimal
strain accumulation. The slope of the curve in this region reflects the initial stiffness
of the slabs.

(2) Cracking and Post-Cracking Stage: As the load increased, the concrete began to crack,
leading to a noticeable change in the slope of the load—strain curve. This transition
marks the onset of the post-cracking stage, where the stiffness of the slabs decreases
due to the formation of cracks. The strain increased more rapidly with load, indicating
a redistribution of stress from the concrete to the reinforcement.

(3) Yield and Hardening Stage: At higher load levels, the reinforcement entered the
yield stage, followed by the hardening stage. During this phase, the strain increased
significantly with a relatively small increase in load, reflecting the ductile behavior of
the slabs. The load-strain curve in this region demonstrates the ability of the slabs
to undergo large deformations before failure, which is a key characteristic of ductile
failure modes.

(4) Ultimate Load and Failure: The ultimate load-carrying capacity of the slabs can be
determined from the peak load in the load—strain curve. Beyond this point, the slabs
experienced a rapid increase in strain with a corresponding drop in load, indicating
structural failure. The failure mode was primarily governed by the yielding of the
reinforcement and the crushing of the concrete.

5. Finite Element Simulation of Phosphogypsum Concrete
Composite Slabs

5.1. Establishment of the Finite Element Model

Limit element analysis software is advanced and has a variety of analytical functions.
It is widely used in engineering and scientific research fields, and it plays an important
role in simulation and analysis calculations in practical engineering. In structural analysis,
linear and nonlinear simulation analysis and solution of the structure can be carried out.
The finite element analysis method can effectively solve the problems of stress, strain, and
displacement of complex components and can accurately provide the calculation results,
which are reliable. In this experiment, there are two reasons:

(1) To complement the experimental study, the finite element model can systematically
explore more critical parameters (e.g., forces under static loading, tensile damage
cloud, bending moment—deflection relationship, and bearing strength of concrete
laminated slabs embedded with different admixtures of phosphogypsum) due to
material limitations and possible errors in the test;

(2) For different working conditions in the actual project, the results obtained in the
process of modeling and simulation and the results from the experiment can be
compared and referenced to complement each other, which can more accurately
provide theoretical references for the actual construction. The finite element analysis
results and experimental data show good consistency, which confirms the reliability
of the model.

A finite element model was established using the finite element software ABAQUS
(2022). In the finite element modeling process, the choice of element type significantly
affects the final calculation results; therefore, appropriate element types must be selected.
For the multi-reinforced truss composite slab, the concrete material was modeled using
C3D8R eight-node linear solid elements. The density of the concrete used in the experiments
was measured as 2296 kg/m?3. The elastic modulus of concrete with 0% phosphogypsum
content was 33,000 MPa, while that with 2% phosphogypsum content was 32,600 MPa, and
that with 4% phosphogypsum content was 30,700 MPa. The Poisson’s ratio for all cases was
0.19, which provides accurate displacement solutions with relatively low computational
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time. The distribution reinforcement and steel trusses, which are primarily subjected to
tension and compression, were simulated using T3D2 truss elements, and the density of
steel reinforcement was set to 7850 kg/m?3. The elastic modulus was taken as 200 GPa,
and the Poisson’s ratio was taken as 0.33. The cross-sectional diameter of HRB400 steel
reinforcement was 10 mm, and that of CPB550 steel reinforcement was 5 mm. Different
mesh sizes were adopted for different components: 20 mm for the reinforcement and
50 mm for the concrete. The mechanical behavior, tensile damage cloud diagrams, moment-
deflection relationships, and load-bearing capacity of phosphogypsum concrete composite
slabs with different phosphogypsum contents under monotonic loading were analyzed.

After assembling the components, the interactions between them were defined. The
contact between the four supports and the concrete surface was set as hard contact and
rough contact. Additionally, reference points were created and coupled for each of the
four supports. For the tendons and distribution reinforcement in the bottom slab, the
“Embedded region” command was used to embed them into the flat part of the bottom
slab. For the steel truss, the “Embedded region” command was also applied. However,
it was first divided into three parts along the height direction: top, middle, and bottom.
The top part was embedded into the concrete flange, and the bottom part was embedded
into the flat part of the concrete bottom slab. The steel truss model and the finite element
assembly model are illustrated in Figure 9.

Steel truss model Finite element assembly model

Figure 9. Schematic diagrams of the steel truss model and the finite element assembly model.

In this paper, the plastic damage model of concrete is used. The plastic damage model
of concrete assumes that the damage forms of concrete are cracking and crushing, and
the plastic stiffness of the model after cracking is discounted through the introduction of
the plastic damage parameter, which is suitable for simulating the force of concrete under
arbitrary loads and has good convergence [39]. The constitutive relationship of concrete is
shown in Figure 10.
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Figure 10. Uniaxial stress—strain curve for concrete.
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The stress—strain curve for uniaxial compression of concrete can be determined by the
following equation:

1- P x<1 f Ece £
G:(l—dc)ECEdC: 1 n—Fl)j-x X>1pC:EC,r n:E cc,rf N
ae(x—17%4x © = c€er c€er —Ier Ecr

a—Parameters for the descending branch of the uniaxial tensile stress—strain curve
of concrete;

f.r—Uniaxial tensile strength of concrete;

ecr—Corresponding peak tensile strain of f.; concrete;

d-—Damage evolution parameter for the uniaxial tensile behavior of concrete.

Steel reinforcement is regarded as an ideal isotropic material. During the elastic
phase under low strain conditions, its stress—strain relationship demonstrates a clear linear
behavior. However, once yielding occurs at higher strains, the material undergoes plastic
deformation, leading to a nonlinear stress—strain relationship. In this study, the constitutive
behavior of steel reinforcement and steel plates in the finite element simulation is modeled
using a bilinear hardening elastoplastic approach. The von Mises yield criterion is applied
to describe the yielding behavior. The linear hardening model of steel reinforcement is
illustrated in Figure 11. The stress—strain relationship for the bilinear hardening elastoplastic
model is expressed as follows:

o, = { Eses, (ss < sy)

fy +k(es —ey), (es > ey)

Es—Elastic modulus of steel reinforcement;

0s—Stress of steel reinforcement;

gs—Strain of steel reinforcement;

fy—Yield strength of steel reinforcement;

ey—Yield strain of steel reinforcement corresponding to the yield strength;
k—Slope of the hardening stage of steel reinforcement.
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|
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Figure 11. Linear reinforcement model of reinforcement.

5.2. Analysis of Simulation Results

Finite element modeling and calculations were conducted for composite slabs D1-1 to
D1-5. All precast bottom slabs and composite slabs were hinged at both ends. A uniform
load was simulated by applying pressure on the surface of the concrete flange and bottom
slab. The load application sequence was as follows: first, a gravity load was applied;
finally, a uniform external load was applied. A comparison with experimental results
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was performed to verify the accuracy of the modeling method, followed by a parametric
analysis. The material properties of the steel reinforcement and concrete obtained from the
experimental measurements were used as input parameters. In the finite element model’s
loading process, the loading surface was divided into three sections: the upper surface
of the concrete flange and the upper surfaces of the left and right side base slabs. This
arrangement was consistent with the experimental loading surfaces, thereby reflecting
the actual test conditions more accurately. The load—displacement curves at the midspan
of the components, the tensile and compressive stress—strain curves of the longitudinal
reinforcement, and the compressive stress—strain curves of the concrete were extracted. A
comparison was conducted between the simulation results and the experimental results.
Figure 12 shows the load—displacement curves of the composite slab model:
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Figure 12. Model load—displacement diagram.
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As illustrated in Figure 12, the finite element (FE) simulation results demonstrated
good agreement with the experimental results. The stiffness of the base slab remained
consistent both before and after cracking, and the cracking loads obtained from the simula-
tion were nearly identical to those observed in the experiments. However, the simulated
deflection values were slightly higher than the experimental values. This discrepancy can
be attributed to the higher effective value applied in the FE model compared to the actual
in the experiments, leading to an overestimation of deflection in the simulation.

The load—deflection behavior can be divided into three distinct stages based on the
response of the reinforcement and concrete:

Elastic Stage (Load < 20 kN): In this stage, the reinforcement was minimally engaged,
and the concrete served as the primary load-bearing component. Both the reinforcement
and concrete remained in the elastic stage, exhibiting a linear response;

Yield Stage (20 kN < Load < 65 kN): As the load increased, the reinforcement entered
the yield stage and began to share the load with the concrete. During this phase, most of
the stress was transferred from the concrete to the reinforcement, resulting in a noticeable
reduction in the stiffness of the composite slab;

Hardening Stage (Load > 65 kN): When the load exceeded 65 kN, the reinforcement
entered the hardening stage, where it continued to carry increasing stress until structural
failure occurred. It is noteworthy that the concrete failed before the reinforcement reached
its ultimate strength, highlighting the ductile nature of the failure mode.

Figure 13 shows the tensile damage contour plot of the composite slab.
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Figure 13. Stress contour of model.

(1) Stress Concentration and Failure Initiation:
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The areas with the highest Mises stress values (e.g., 4.200 x 10? in Figure 1 and
4.137 x 10? in Figure 2) indicate regions of stress concentration. These regions are typically
where failure initiates as the material reaches its yield strength.

In the composite slabs, stress concentrations were observed near the loading points
and support regions, suggesting that these areas are critical for structural integrity.

(2) Crack Propagation and Failure Progression:

The gradual Mises stress values from the high-stress regions to the lower-stress regions
(e.g., from 4.200 x 107 to 0.000 x 10° in Figure 1) illustrate the path of crack propagation.
The stress redistribution indicates how cracks propagate from the high-stress areas to the
surrounding regions.

The stress contours reveal that cracks were likely initiated in the concrete near the
loading points and propagated toward the midspan, consistent with the typical failure
pattern of bending-dominated structures.

(3) Material Yielding and Ductile Failure:

The presence of high Mises stress values in the reinforcement (e.g., 4.137 x 102 in
Figure 3) indicates that the steel reinforcement underwent significant yielding before failure.
This behavior is characteristic of ductile failure, where the reinforcement deforms plastically
before the structure loses its load-carrying capacity.

The stress contours also show that the concrete experienced high stresses near the
failure zones, leading to crushing and spalling, which is typical in reinforced concrete
structures under bending.

(4) Implications for Design:

The stress contours highlight the importance of reinforcing critical regions, such as
the loading points and midspan, to prevent premature failure. Additionally, the ductile
behavior of the reinforcement suggests that the composite slabs can undergo significant
deformation before failure, which is desirable for structural safety.

As depicted in Figure 11, the simulation results of the composite slab aligned well
with the experimental results, exhibiting similar trends in the curves.

6. Conclusions

This study systematically investigated the mechanical properties of one-way com-
posite slabs with steel trusses and phosphogypsum (PG) concrete under static loading
conditions, with PG contents of 0%, 2%, and 4%. Through experimental testing and finite
element analysis (FEA) using ABAQUS software, the effects of varying PG content on crack
distribution, ultimate failure mode, cracking load, and stiffness before the ultimate load
were comprehensively analyzed. The following conclusions were drawn:

1.  Effect of PG Content on Mechanical Properties:

The inclusion of 2% and 4% PG content had a negligible impact on the flexural
capacity of the composite slabs. However, higher PG content significantly reduced crack
resistance and stiffness before the ultimate load. Specifically, the cracking load decreased by
approximately 12% and 18% for slabs with 2% and 4% PG content, respectively, compared
to the control slab (0% PG).

2. Optimal PG Content:

The composite slab with 2% PG content demonstrated mechanical properties compa-
rable to those of ordinary concrete slabs (0% PG), achieving an ultimate load capacity of
85 kIN, which was only 3% lower than the control slab. Moreover, the 2% PG slab exhibited
superior structural integrity during failure, with fewer and narrower cracks compared to
the 4% PG slab.
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3.  Finite Element Simulation:

The FEA results using ABAQUS software showed excellent agreement with the exper-
imental data, with a maximum deviation of less than 5% in predicting the ultimate load
and failure modes. This validates the reliability of the numerical model for simulating the
mechanical behavior of PG concrete composite slabs.

4. Practical Applications and Environmental Benefits:

Both experimental and FEA results confirmed that the mechanical properties of PG
concrete composite slabs meet the requirements for practical engineering applications. The
use of 2% PG in concrete not only enhances sustainability by utilizing industrial byproducts
but also reduces the environmental impact of PG stockpiling by approximately 15%. This
study provides a viable solution for developing eco-friendly building materials while
addressing the challenges associated with PG waste management.

Future Research Directions

To further advance the application of PG in construction materials, future studies
should focus on the following:

Optimizing the PG content to improve early-age strength and durability;

Investigating the long-term performance of PG concrete under environmental condi-
tions such as freeze-thaw cycles and carbonation;

Exploring the application of PG concrete in other structural systems, such as beams,
columns, and pavements.
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