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Abstract. Although phosphogypsum concrete shows great potential in practical 

applications, there is currently an urgent need for more in-depth research on its 

mechanical properties and meso-scale failure mechanisms. This study systemat-

ically investigates the bending failure mechanisms and mechanical response 

characteristics of phosphogypsum concrete through a combined approach of dis-

crete element numerical simulations and flexural strength tests. Experimental re-

sults demonstrate that phosphogypsum concrete achieves a flexural strength of 

25 kN but exhibits significant brittleness. Mesoscale mechanical analysis reveals 

the intrinsic failure mechanism: weak aggregate-matrix interfacial zones induce 

localized crack propagation, while the force chain network highlights a lagged 

redistribution of compressive force chains after fracture surface formation. The 

evolution of displacement vector fields confirms stress release instability at the 

critical displacement, aligning closely with the experimentally observed single 

dominant crack penetration pattern. The cross-scale analysis methodology estab-

lished in this research provides both theoretical foundations and technical path-

ways for the design of industrial solid waste-based concrete materials, offering 

critical insights for optimizing performance and mitigating brittle failure in sus-

tainable construction applications. 
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1 Introduction 

Phosphogypsum is a solid waste generated during phosphoric acid production. Its pri-

mary component is dihydrate calcium sulfate (CaSO₄·2H₂O), with minor amounts of 

mineral impurities [1-2]. For every ton of phosphoric acid produced, 4.5–5.0 tons of 

phosphogypsum are generated. Currently, the cumulative stockpile of phosphogypsum 

in China exceeds 800 million tons, yet its comprehensive utilization rate remains only 

around 45%. Unutilized phosphogypsum not only occupies vast land resources but also 

causes pollution and damage to soil, vegetation, and water sources near stockpiling sites  
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[3-5]. Therefore, the rational utilization and disposal of phosphogypsum are urgent pri-
orities. At present, domestic and international applications of phosphogypsum primar-
ily focus on its use in the cement industry (e.g., as a cement retarder [6-7]), chemical 
raw materials, gypsum-based building materials, and agricultural applications. Using 
phosphogypsum in concrete production can greatly reduce land occupation for storage 
and environmental pollution. Currently, phosphogypsum concrete has already been 
widely used in engineering projects, but its mechanical properties such as flexural 
strength still require further research. 

Flexural strength reflects the ultimate bearing capacity of concrete beams under 
bending stress and serves as a critical parameter for evaluating the safety of flexural 
members such as beams, slabs, and columns [8]. It is not only a core parameter for 
assessing the mechanical performance of concrete but also a key indicator for ensuring 
engineering safety, optimizing design, and controlling costs. Its significance spans the 
entire lifecycle of materials, from research and development to structural design, con-
struction control, and operational maintenance [9]. In practical applications, flexural 
strength must be evaluated alongside compressive strength, durability, and other met-
rics, with balanced performance and cost achieved through scientific material selection 
and process optimization [10]. 

Currently, the macroscopic mechanical properties of concrete are primarily charac-
terized through mechanical testing. However, experimental results are often influenced 
by human factors, environmental conditions, and equipment limitations. The establish-
ment of mesoscale concrete models based on mesomechanical theory and the integra-
tion of numerical simulations into this field provide an effective tool for studying the 
influence of concrete components on mechanical performance and failure modes. For 
instance, Zheng et al. [11] developed a two-dimensional mesoscale concrete model to 
systematically investigate the effects of coarse aggregate volume fraction and the elas-
tic moduli of aggregates and mortar on concrete’s elastic modulus. Similarly, Zhou et 
al. [12-13] constructed a two-dimensional mesoscale model with randomly distributed 
circular aggregates to analyze the effects of aggregate distribution, particle size, and 
interfacial transition zone (ITZ) properties on concrete’s mechanical behavior.  

As a key means to characterize the mechanical properties of materials, the precise 
analysis of the mesoscopic failure mechanisms in flexural tests is crucial for the design 
and optimization of brittle materials such as concrete and rock. Traditional continuum 
mechanics methods (e.g., finite element method) struggle to capture the dynamic pro-
cesses of microcrack initiation, propagation, and coalescence within materials. In con-
trast, the Discrete Element Method (DEM), based on the concept of particle discretiza-
tion, exhibits unique advantages in mesoscopic-scale simulation of flexural tests by 
modeling the contact mechanics behavior between discrete units. 

2 Preparation of Flexural Strength Test and 
Establishment of Discrete Element Model 

This experiment investigates the flexural strength of phosphogypsum concrete using 
non-standard prismatic specimens (400× 100× 100 mm). After 28 days of curing, the 
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specimens were removed from the curing chamber, cleaned, and measured to ensure 
dimensional tolerances of all edges remained within 1 mm. The experimental procedure 
is as follows: 

(1) Upon reaching the predetermined curing age, specimens were removed from the 
curing environment for dimensional and geometric inspection. Surfaces were cleaned, 
and loading positions were marked on the specimen sides. (2) The flexural test was 
conducted using an MTS universal testing machine in the electromechanical laboratory. 
During installation, the positions of supports and loading heads were adjusted to ensure 
alignment deviations did not exceed 1 mm. The loading surface was oriented as the 
specimen side, with smooth and uniform contact surfaces ensured between the speci-
men and supports. Shimming was applied when necessary [14]. (3) A stable and uni-
form loading method was adopted, with a loading rate set to 0.05 MPa/s. The load was 
continuously increased until specimen failure. Detailed records of the failure load and 
fracture locations were documented [15]. 

In the Particle Flow Code (PFC) software, the commonly used contact models in-
clude the contact stiffness model, bond model, and sliding model. The parallel bond 
model allows the transmission of both forces and moments, where bond breakage af-
fects both contact forces and stiffness. Studies by numerous scholars [16] have demon-
strated that DEM based on the parallel bond model more accurately reflect the physical 
and mechanical characteristics of concrete materials. Therefore, this study adopts the 
parallel bond model to simulate the mesoscale mechanical behavior of phosphogypsum 
concrete. The parallel bond model enables the transmission of forces and moments be-
tween entities, making it highly suitable for precisely simulating the complex mechan-
ical responses of materials like concrete. 

This study conducted flexural strength tests on phosphogypsum concrete specimens 
with dimensions of 100 × 100 × 400 mm. Considering the significant impact of particle 
quantity on computational efficiency in discrete element modeling, and based on in-
sights from relevant studies [17], the numerical model was constructed with particle 
sizes ranging from 2 to 2.5 mm, totaling approximately 66,000 particles. Key mesoscale 
parameters are summarized in Table 1. The loading head was simulated using a rigid 
wall with a diameter of 20 mm. During the simulation, loads were applied by precisely 
controlling the displacement of the rigid wall to ensure the accuracy and reliability of 
results. A schematic of the phosphogypsum concrete flexural strength test and the dis-
crete element model is shown in Figure 1. 

Particle contact model linearpbond

Effective modulus (Pa) 5×109 

Normal-to-shear stiffness ratio 1 

Bond effective modulus (Pa) 5×109 

Bond normal-to-shear stiffness ratio 1 

Tensile strength (N) 6.5×106 

Table 1. Mesoscale Parameters for Phosphogypsum concrete 
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Cohesion (N) 6.5×106 

Friction angle (°) 0 

Friction coefficient 0.2 

Particle density (kg/m3) 2000

 

 
(a) Laboratory tests                         (b) Discrete Element Model 

Figure 1. Flexural Strength Test and Discrete Element Model of Phosphogypsum Concrete 

3 Analysis of the Results of Discrete Element Simulation 

Figure 2 illustrates the load-crack synergistic evolution of phosphogypsum concrete 
through its flexural test curve. During the initial loading stage (0–1.6 mm), the material 
exhibits a two-phase mechanical response: in the elastic phase (0–1.0 mm), the load 
increases linearly to 18 kN, followed by a plastic phase (1.0–1.6 mm) characterized by 
decelerated load growth and microcrack initiation. At the critical displacement of 1.6 
mm, the load peaks at 25 kN, accompanied by a dramatic surge in crack count from 
fewer than 200 (latent stage) to 2,400, revealing brittle fracture behavior. The failure 
process demonstrates abruptness, progressing through latent, unstable propagation, and 
saturation stages, with 95% of cracks concentrated within a 0.4 mm post-peak 
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displacement range. After reaching ultimate strength, the material rapidly loses load-
bearing capacity, retaining only 5 kN residual strength. Experimental data highlight the 
material’s high flexural strength (25 kN) but insufficient toughness, evidenced by low 
fracture energy (1.25 displacement ductility coefficient) and the overlap of crack initi-
ation with peak displacement, lacking a damage warning interval. This "strong yet brit-
tle" behavior stems from its microscale localized defect propagation mode, triggering 
catastrophic failure beyond the critical displacement threshold. 

0.0 0.5 1.0 1.5 2.0
0

5

10

15

20

25

30

0.0

5.0×102

1.0×103

1.5×103

2.0×103

2.5×103

Cr
ac

k 
nu

m
be

r

Fo
rc

e 
/ k

N

Displacement / mm

 Force
 Crack number

 
Figure 2. Load and Crack-Displacement Curve of Phosphogypsum Concrete Flexural Test 

Figure 3 illustrates the evolution of particle displacement contours in phosphogyp-
sum concrete specimens, capturing their transition from elastic deformation to brittle 
fracture. During the initial loading phase (S = 1.0–1.6 mm), the gradient displacement 
field (dominated by blue hues) reveals maximum displacement (5×10⁻³ m) localized at 
the loading head contact zone, with a compression band forming in the lower region 
while the overall structure remains intact, consistent with the elastic phase observed in 
the load-displacement curve. At the critical displacement (S = 1.9 mm), the contour 
abruptly transitions: a penetrating high-displacement zone (red) emerges at the mid-
span, aligning precisely with the experimentally observed brittle fracture location, 
while lateral regions retain low displacement (blue), confirming ineffective fracture en-
ergy dissipation and localized failure. This displacement field evolution correlates spa-
tiotemporally with mechanical behavior: the gradient distribution before S = 1.6 mm 
corresponds to the crack incubation stage, where energy is absorbed via microstructural 
adjustments, while the abrupt high-displacement zone at S = 1.9 mm coincides with the 
load-drop phase, reflecting rapid stress release post-fracture surface formation. 

S = 1 mm S = 1.3 mm 
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S = 1.6 mm S = 1.9 mm 

Unit：m 

Figure 3. Displacement Contour Diagram of the Loading Process in the Flexural Test of Phos-
phogypsum Concrete 

Figure 4 illustrates the failure pattern of phosphogypsum concrete specimens during 
flexural testing. The image clearly shows that the specimen developed a single domi-
nant crack during the test, with no other significant cracks observed on its surface. As 
the applied force increased and the specimen reached its ultimate load-bearing capacity, 
it underwent abrupt brittle fracture. The fracture surface resembles that of conventional 
concrete, exhibiting similar failure characteristics. This indicates that phosphogypsum 
concrete shares comparable failure mechanisms with ordinary concrete under bending 
loads. 

 
Figure 4. Failure of the Specimen in the Flexural Test of Phosphogypsum Concrete 

Figure 5 reveals the mesoscale kinematic behavior of phosphogypsum concrete 
specimens under loading through its displacement vector field. During the elastic phase 
(S = 1.0–1.6 mm), downward-radiating vector clusters form beneath the loading head, 
with gradient-decreasing vector density and length, indicating effective stress transfer 
through aggregate-matrix interfaces. Symmetrical lateral vector clusters near the sup-
ports confirm the transverse constraint effect of reaction forces. Notably, the vector 
field remains continuously distributed at S = 1.6 mm without abrupt directional 
changes, suggesting no macroscopic damage initiation. At the critical failure point (S 
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= 1.9 mm), the loading zone vectors abruptly transition to densely vertical downward 
orientations, with lengths increasing by 87% compared to the elastic phase, while sup-
port zone vectors exhibit chaotic directions. This reflects unstable stress redistribution 
caused by the penetration of the dominant crack. 

 
S = 1 mm S = 1.3 mm 

 
S = 1.6 mm S = 1.9 mm 

Unit：m 

Figure 5. Displacement Vector Diagram of the Loading Process in the Flexural Test of Phos-
phogypsum Concrete 

Figure 6 unveils the mesoscale mechanical essence of phosphogypsum concrete 
flexural failure through the evolution of force chain distributions. In the initial stage, a 
continuous compressive force chain network (red, 82% dominance) forms in the upper 
specimen, corresponding to the macroscopic elastic bending state with upper compres-
sion. Sparse blue tensile force chains in the lower region indicate intact interfacial bond-
ing, forming a Y-shaped tension band symmetrically distributed along the midline. At 
the final failure stage (S = 1.9 mm), intersecting "red-blue" hybrid force chains emerge 
at the fracture surface, revealing residual bearing capacity generated by particle friction 
and interlocking. This spatiotemporal force chain evolution confirms the dual charac-
teristics of brittle failure: (1) the dominant mechanism is tensile chain-driven interface 
debonding; (2) residual strength originates from frictional compression among particles 
on the failure surface. Comparative analysis with displacement contours shows a 0.2 
mm lag in compressive chain redistribution relative to displacement field abruptness, 
demonstrating hysteretic effects in mesoscale stress transfer. 

S = 1 mm S = 1.3 mm 
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S = 1.6 mm S = 1.9 mm 

 

Figure 6. Force Chain Distribution during the Loading Process of the Flexural Test of Phos-
phogypsum Concrete 

4 Conclusion 

Based on the Discrete Element Method, this study systematically analyzes the macro-
meso mechanical mechanisms of compressive strength in phosphogypsum concrete 
through a combination of indoor uniaxial compression tests and numerical simulations 
using the PFC: A discrete element model of a 100 mm³ cubic specimen was constructed, 
and a parallel-bond model was used to accurately characterize the inter-particle bonding 
properties. Through mesoscopic parameter calibration, the simulated stress-strain 
curves showed high consistency with experimental results, with compressive strength 
stabilized at 5.4 MPa, verifying the reliability of the model for simulating the compres-
sive failure of phosphogypsum concrete. During loading, a shear band formed in the 
middle of the specimen at a strain of 0.8%, where particle displacement vectors indi-
cated reverse displacements on both sides of the shear band, leading to local stress con-
centration and structural instability; contact force chains diffused from both ends to the 
middle of the specimen, with peak contact forces reaching 0.1 N within the shear band, 
reflecting the localized characteristics of load transfer; cracks initiated near the loading 
plates and propagated toward the middle to form through-going fractures. Porosity de-
creased due to particle densification in the elastic stage but increased rapidly with shear 
failure after the strain exceeded 0.72%, revealing the disintegration of the particle con-
tact network.  

This study clarifies the dynamic correlation among shear band formation, crack 
propagation, and porosity evolution during the compressive failure of phosphogypsum 
concrete at the mesoscopic level. It not only provides a theoretical basis for the large-
scale resource utilization of phosphogypsum but also offers direct guidance for concrete 
design-by revealing mesoscopic failure mechanisms, it enables targeted optimization 
of mix proportions (e.g., adjusting phosphogypsum content and aggregate gradation), 
improvement of crack resistance (controlling shear band development paths), and re-
finement of structural design (quantifying load transfer and deformation characteris-
tics), thus promoting engineering applications in the field of green building materials. 



tious system. Constr. Build. Mater., 430: 136492.  

cement retarder. J. Mater. Cycles Waste Manag., 14: 228-233. 

erties of sleeve connector. Constr. Build. Mater., 418: 135341. 

17(18): 4600. 

the preparation of self-leveling mortar. J. Clean. Prod., 127: 204-213. 

revelations from a field study. Cem. Concr. Compos., 145: 105324. 

rials. J. Mater. Res. Technol., 25: 960-987. 

based geopolymer cement. Constr. Build. Mater., 369: 130577. 

tests and computed tomography scanning. Constr. Build. Mater., 192: 110-122. 

Constr. Build. Mater., 247: 118530. 

concrete with aggregate shape effect. J. Mater. Civ. Eng., 23(12): 1609-1615. 

strain rates. Comput. Struct., 86(21-22): 2013-2026. 

filled wire arc additively manufactured steel tubes. Structures. Elsevier, 70: 107495. 

plane stress formulation. Int. J. Numer. Methods Eng., 50(2): 487-506. 

144             X. Zhang et al.

Acknowledgments 

This work had been supported by Key Laboratory of High Performance Resto-
ration Materials for Higher Education Construction Projects in Guizhou Province, 
China (Grant No. [2023]030); Science and Technology Plan Project of Guiyang City, 
China (Grant No. [2024]-1-7); Fundamental Research Funds for Central Public Welfare 
Research Institutes (Grant number CKSF20241006/YT). 

References 

1. Long Z, Long G, Tang Z, et al. 2024 Hydration, strength, and microstructure evolution of 
Portland cement-calcium sulphoaluminate cement-CSH seeds ultra-early strength cementi-

2. Shen W, Gan G, Dong R, et al. 2012 Utilization of solidified phosphogypsum as Portland 

3. Pan H, Wu X, Song K, et al. 2024 Preparation of calcium sulphoaluminate cement-Portland 
cement-gypsum based sleeve grouting material: Performance optimization and tensile prop-

4. Wang L, Zhou H, Lian S, et al. 2024 Drying–Wetting Correlation Analysis of Chloride 
Transport Behavior and Mechanism in Calcium Sulphoaluminate Cement Concrete. Mater., 

5. Yang L, Zhang Y, Yan Y 2016 Utilization of original phosphogypsum as raw material for 

6. Damion T, Chaunsali P 2024 Biogenic acid resistance of calcium sulfoaluminate cement: 

7. Murali G, Azab M 2023 Recent research in utilization of phosphogypsum as building mate-

8. Wang Y, Huo H, Chen B, et al. 2023 Development and optimization of phosphogypsum-

9. González D C, Mínguez J, Vicente M A, et al. 2018 Study of the effect of the fibers’ orien-
tation on the post-cracking behavior of steel fiber reinforced concrete from wedge-splitting 

10. Pal S, Shariq M, Abbas H, et al. 2020 Strength characteristics and microstructure of hooked-
end steel fiber reinforced concrete containing fly ash, bottom ash and their combination. 

11. Zheng J, Zhou X, Wu Z, et al. 2011 Numerical method for predicting Young’s modulus of 

12. Zhou X Q, Hao H 2008 Mesoscale modelling of concrete tensile failure mechanism at high 

13. Chen J, Song S S, Ye J, et al. 2024 Axial compressive behaviour and design of concrete-

14. Lee J, Fenves G L 2001 A return‐mapping algorithm for plastic‐damage models: 3‐D and 

15. Caner F C, Bažant Z P 2013 Microplane model M7 for plain concrete. I: Formulation. J. 
Eng. Mech., 139(12): 1714-1723. 



16. Xu Z, Wang Z, Wang W, et al. 2022 An integrated parameter calibration method and sensi-
tivity analysis of microparameters on mechanical behavior of transversely isotropic rocks. 
Comput. Geotech., 142: 104573. 

17. Jin Z, Chang W, Li Y, et al. 2023 Microparameters calibration for discrete element method 
based on gaussian processes response surface methodology. Process., 11(10): 2944. 

Discrete Element Simulation Study on Flexural Strength Test of …             145

Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.
        The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.

http://creativecommons.org/licenses/by-nc/4.0/

	Discrete Element Simulation Study on Flexural Strength Test of Phosphogypsum Concrete



