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ABSTRACT 

 
Various additives such as fly ash, lime, fibers, and slag have been explored to 

enhance soil stabilization characteristics and fulfill specific performance criteria. The 
utilization of Calcium Sulfoaluminate (CSA) cement has garnered considerable attention 
due to its environmental friendliness compared to ordinary Portland cement (OPC) and 
its notable durability and early strength development. This study investigates the impact 
of replacing CSA with phosphogypsum (PG) on enhancing the compressive strength of 
sand while exploring the potential for recycling waste from phosphorus production. 
Chemical composition analysis of PG was conducted through X-ray fluorescence (XRF) 
and X-ray diffraction (XRD), revealing the predominant presence of calcium sulfate 
hemihydrate along with impurities like fluorine, phosphorus, silicon, and sulfur 
compounds. The mixture compositions were initially standardized to include 7% CSA 
and 10% water content for all samples. Subsequently, five types of mixtures were 
prepared, with CSA replaced by PG in proportions of 10%, 20%, 30%, 40%, and 50%. 
Uniaxial compressive strength (UCS) and ultrasonic pulse velocity (UPV) tests were 
conducted at intervals of 3, 7, 14, and 28 days to assess the influence of PG on soil 
stabilization characteristics. The findings indicate that the optimal replacement level of 
CSA with PG would be 30%, resulting in the highest strength development after 28 days 
of curing.  
 
 

1. INTRODUCTION 
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The construction industry is becoming increasingly active, and ensuring the stability 

and reliability of soil foundations is paramount. Various chemical additives, such as fly 

ash, lime, slag, and fibers, strengthen soil (Degirmenci et al., 2007). Soil stabilization, the 

process of mixing soil with appropriate inorganic binding materials, followed by 

compaction to improve the soil’s engineering characteristics, is a crucial aspect of civil 

and environmental engineering.  

Soil stabilization using eco-friendly binders such as calcium sulfate aluminate 

(CSA) and BOF slag is a process aimed at improving the physical and mechanical 

properties of soil for construction purposes (Jumassultan et al., 2021, Mustafayeva et al., 

2023a, Mustafayeva et al., 2023b, Ocheme et al., 2023, Ocheme et al., 2024, Park et al., 

2021, Rauf et al., 2023, Sagidullina et al., 2022a, Sagidullina et al., 2023, Sagidullina et 

al., 2022b, Subramanian et al., 2023). These methods are an alternative to traditional 

approaches such as the use of Portland cement and lime, which have a negative impact 

on the environment. While the use of eco-friendly binders is prominent, identifying the 

optimum content is crucial. Subramanian (2019) investigated the effect of gypsum 

content on the strength of CSA-treated sand using unconfined compressive strength 

(UCS) tests. The study determined that the optimum gypsum content for achieving the 

greatest strength and stability of the soil with minimal deformation was 30%.  

Phosphogypsum (PG), as a by-product of the phosphoric acid production sector, 
can also be effective for soil stabilization purposes. Yang (2009) stated that 150 million 
tons of PG are produced annually and is expected to double in the next two decades. 
This waste material is rich in calcium sulfate (CaSO4), making PG a promising soil 
stabilizer (Meskini, 2023). This study aims to utilize PG to identify the optimum content 
for enhancing the strength characteristics of stabilized sand. 
 
2. MATERIALS AND METHOD 

2.1 Materials 
In this experimental work, quartz sand, CSA cement, and phosphogypsum (PG) 

supplied by the Taraz KazPhosphat company in Kazakhstan were utilized. An X-ray 
diffraction (XRD) analysis was conducted to investigate the chemical composition of the 
phosphogypsum. The main component identified was calcium sulfate hemihydrate, as 
indicated in red in Figure 1. The composition also includes trace amounts of impurities 
such as fluorine, phosphorus, silicon, and sulfur. 
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Fig. 1 XRD characterization of PG. 
 

2.2 Sample Preparation 
The materials were mixed in different proportions to prepare the samples. Each 

sample measured 50 mm in diameter and 100 mm in height. To ensure accurate results, 
sixteen samples (four for each curing day) were prepared for each proportion. The water 
and CSA cement content were fixed at 10% and 7%, respectively. The PG replacement 
of CSA ranged from 10% to 50%. The water content was calculated as 10% of the total 
solids, the CSA content was based on the sand mass, and the PG content was derived 
from the CSA mass. The following figure illustrates the replacement process. 
Throughout the experimental work, the PG content was increased, and the CSA content 
was decreased by 10% increments each time. 

 
Fig. 2 Proportions of materials for different PG replacement percentages. 
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2.3 Test Methodology 
The test methodology focused on gradually replacing CSA content with PG. The 

figure below shows the step-by-step sample preparation and testing process, which 
includes drying raw materials (sand and PG), sieving phosphogypsum, mixing materials, 
curing samples, and UCS testing. 

Sand and phosphogypsum were dried in an oven at 100°C for 24 hours. Raw PG 
forms clogs, which were removed by passing through a 300 μm sieve. The mixing 
process begins with weighing the dry components (sand, phosphogypsum, and CSA) 
and blending them properly. After thorough mixing, water was added, and the mixture 
was then mixed with a mortar mixer for 10 minutes. Molds were prepared with retainers, 
and an oil coating was applied to facilitate easier extraction of the samples. The molds 
were removed after 24 hours. The samples were left to cure for 3, 7, 14, and 28 days at 
22°C. 

After the curing period, the samples were subjected to a vertical load until failure 
occurred. The UCS testing included weighing the samples and measuring the peak 
deviator stress. 

 

 
 

Fig. 3 Test methodology: (a) Drying of sand and PG for 24 hours; (b) Sieving of PG; (c) 
Mixing of materials; (d) Curing for 3, 7, 14, and 28 days; (e) UCS testing. 

  
3. RESULTS AND DISCUSSION 
 

The study investigated the effect of phosphogypsum on sand treated with 7% 
CSA cement. Laboratory tests were conducted with different concentrations of 
phosphogypsum to determine the optimal content that would best improve soil 
properties. After curing the samples for 28 days, tests were performed to assess 
strength development. A strong relationship was observed between the application of 
phosphogypsum and the improvement of cemented sand. The main trends are 
illustrated in Figure 4, which indicates that a 30% replacement with phosphogypsum 
may be optimal, as it shows a steady increase in the strength of the samples, with a 
significant rise on the 14th and 28th curing days. 

The early strength development was almost similar for all sample ratios, ranging 
between 1250 and 1500 kPa, except for the 40% and 50% CSA replacements. A sharp 
decrease in strength was noted with the 50% proportion. The most prominent strength 
gain was observed after 28 days of curing. For instance, the peak deviator stress for a 
20% replacement was 2350 kPa, and for a 30% replacement, it was 2500 kPa. However, 
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significant drops were observed at 1650 kPa and 1250 kPa for the 40% and 50% 
replacements, respectively. This indicates that the compressive strength development 
decreases with increased phosphogypsum content. 

The highest strength development for each proportion was observed after 28 
days of curing. It can be assumed that ettringite formation is a critical factor, as it is 
identified as the primary hydration product responsible for both initial and subsequent 
strength development. 

 

 
Fig. 4 Strength development over 28 days of curing for various percentages of 

phosphogypsum (PG) replacement. 
 
4. CONCLUSION 

This study investigated the relationship between the application of 
phosphogypsum (PG) and the mechanical behavior of CSA-treated sand. The key 
findings from the experimental work are as follows: 

1. The optimal replacement ratio of phosphogypsum for CSA-treated sand is 
identified as 30%. This ratio resulted in the most significant strength gain across 
all curing days. 

2. The peak deviator stress increases with the rise in PG content up to the optimal 
ratio. However, a significant drop in strength is observed for higher PG content 
beyond this optimal point. 

 

0

500

1000

1500

2000

2500

3000

10% 20% 30% 40% 50%

U
C

S
, 

k
P

a

PG Replacement, %

3 7 14 28



The 2024 World Congress on
Advances in Civil, Environmental, & Materials Research (ACEM24)
19-22, August, 2024, The K hotel, Seoul, Korea

ACKNOWLEDGEMENTS 

This research was funded by the Nazarbayev University, Collaborative Research 
Project (CRP) Grant No. 11022021CRP1508 and Faculty Development Competitive 
Research Grant Program (FDCRGP) Grant No. 20122022FD4115. Any opinions, 
findings, conclusions, or recommendations expressed in this material are those of the 
author(s) and do not necessarily reflect the views of Nazarbayev University. 
 
 
REFERENCES 
 
Degirmenci, N., Okucu, A., & Turabi, A. (2007). Application of phosphogypsum in soil 

stabilization. Building and Environment, 42(9), 3393-3398. 
https://doi.org/10.1016/j.buildenv.2006.08.010  

Jumassultan, A., & Sagidullina, N., Kim, J., Ku, T., Moon, S. W. (2021). Performance of 
cement-stabilized sand subjected to freeze-thaw cycles. Geomechanics and 
Engineering, 25, 41-48. https://doi.org/10.12989/gae.2021.25.1.041  

Meskini, S., Mechnou, I., Benmansour, M., Remmal, T., & Samdi, A. (2023). 
Environmental investigation on the use of a phosphogypsum-based road 
material: Radiological and leaching assessment. Journal of Environmental 
Management, 345, 118597. https://doi.org/10.1016/j.jenvman.2023.118597  

Mustafayeva, A., Bimykova, A., Kim, J., & Moon, S. W. (2023a). Soil stabilization with 
Basic Oxygen Furnace (BOF) slag. In (pp. 567-571). CRC Press. 
https://doi.org/10.1201/9781003299127-71  

Mustafayeva, A., Bimykova, A., Olagunju, S. O., Kim, J., Satyanaga, A., & Moon, S.-W. 
(2023b). Mechanical Properties and Microscopic Mechanism of Basic Oxygen 
Furnace (BOF) Slag-Treated Clay Subgrades. Buildings, 13(12), 2962. 
https://doi.org/10.3390/buildings13122962  

Ocheme, J. I., Kim, J., & Moon, S.-W. (2024). Enhancing geomechanical characteristics 
of calcium sulfoaluminate (CSA) cement-treated soil under low confining 
pressures. Scientific Reports, 14(1). https://doi.org/10.1038/s41598-024-61548-8  

Ocheme, J. I., Olagunjub, S. O., Khamitov, R., Satyanaga, A., Kim, J., & Moon, S. W. 
(2023). Triaxial shear behavior of calcium sulfoaluminate (CSA)-treated sand 
under high confining pressures. Geomechanics and Engineering, 33, 41-51. 
https://doi.org/10.12989/gae.2023.33.1.041  

Park, S., Jeong, Y., Moon, J., & Lee, N. (2021). Hydration characteristics of calcium 
sulfoaluminate (CSA) cement/portland cement blended pastes. Journal of 
Building Engineering, 34, 101880. https://doi.org/10.1016/j.jobe.2020.101880  

Rauf, A., Tussupbekova, A., Kim, J., Moon, S.W., (2023) “Effect of Drying-Wetting 
Cycles on the Mechanical Behavior of Cement-Treated Soil”, Korea Society of 
Civil Engineers (KSCE) Convention, Oct 18-20, 2023, Yeosu, Korea. 

Sagidullina, N., Abdialim, S., Kim, J., Satyanaga, A., Moon, S.W. (2022a). Influence of 
Freeze–Thaw Cycles on Physical and Mechanical Properties of Cement-Treated 
Silty Sand. Sustainability, 14(12), 7000. https://doi.org/10.3390/su14127000  

https://doi.org/10.1016/j.buildenv.2006.08.010
https://doi.org/10.12989/gae.2021.25.1.041
https://doi.org/10.1016/j.jenvman.2023.118597
https://doi.org/10.1201/9781003299127-71
https://doi.org/10.3390/buildings13122962
https://doi.org/10.1038/s41598-024-61548-8
https://doi.org/10.12989/gae.2023.33.1.041
https://doi.org/10.1016/j.jobe.2020.101880
https://doi.org/10.3390/su14127000


The 2024 World Congress on
Advances in Civil, Environmental, & Materials Research (ACEM24)
19-22, August, 2024, The K hotel, Seoul, Korea

Sagidullina, N., Muratova, A., Kim, J., Satyanaga, A., & Moon, S.W. (2023). 
Stabilization of organic soil with CSA cement. In (pp. 578-582). CRC Press. 
https://doi.org/10.1201/9781003299127-73  

Sagidullina, N. A., Shynggys, & Kim, J. S., Alfrendo, Moon, S.W. (2022b). Stabilization 
of silty sand with CSA cement under freeze-thaw cycles 10th International 
Conference on Physical Modelling in Geotechnics (ICPMG) 2022,   

Subramanian, S., Khan, Q., Moon, S.W., & Ku, T. (2024). A review of mix design 
terminologies for cement admixed sandy clay. E3S Web of Conferences, 544, 
11005. https://doi.org/10.1051/e3sconf/202454411005  

Subramanian, S., Moon, S.W., & Ku, T. (2019). Effect of Gypsum on the strength of 
CSA treated sand 16th Asian Regional Conference on Soil Mechanics and 
Geotechnical Engineering,   

Yang, J., Liu, W., Zhang, L., & Xiao, B. (2009). Preparation of load-bearing building 
materials from autoclaved phosphogypsum. Construction and Building Materials, 
23(2), 687-693. https://doi.org/10.1016/j.conbuildmat.2008.02.011  

 

 

https://doi.org/10.1201/9781003299127-73
https://doi.org/10.1051/e3sconf/202454411005
https://doi.org/10.1016/j.conbuildmat.2008.02.011

