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Abstract. Phosphogypsum (PG) is one of the major solid wastes disposed on land. The safety 
evaluation of PG stacks is highly dependent on the correct characterization of its properties. 
Laboratory tests were performed to determine the physical and mechanical properties of PG, 
including its gradation, hydraulic conductivity, and consolidation characteristics. The shear strength 
of sedimented PG was determined through consolidated-undrained triaxial tests. Results show that 
PG is a dilatant granular material with a high internal friction angle. The odometer consolidation 
tests revealed that the consolidation of PG can last a long time after the initial sedimentation and the 
magnitude of consolidation caused by creep was significantly higher than that caused by 
compression. The measured vertical hydraulic conductivity of PG ranged from 10-5 cm/s to 2×10-4 
cm/s, which is similar to that of silt. The CU triaxial tests showed that PG exhibits a dilalant 
behavior under all confining pressures and its shear strength is higher than that of most soil and 
mine tailings, with an effective peak friction angle of approximately 46.5°. 

Introduction 
Phosphogypsum (PG) is the most significant fertilizer industry by-product from phosphoric acid 

production using phosphate rock. Approximately 4.5 tons to 5.5 tons of PG are generated for every 
ton of phosphoric acid produced (as P2O5). Although PG is used as a construction material [1], 
cement additive[2], soil amendment[3] and chemical raw material[4], the existing and newly generated 
gypsum greatly exceeds consumption. In the near future, most PG still needs to be piled on ground. 

PG is usually hydraulically transported and deposited in PG stacks[5]. Similar to most mine 
tailings, PG stacks are usually operated using the upstream method; that is, the newly constructed 
containment dikes are founded on previously hydraulically deposited PG. Despite of the advantages 
of lowering operational costs, stacks raised using the upstream method are inherently more risky 
than other types of stacking methods[6]. A lack of understanding of the mechanical behavior of the 
disposed material may lead to improper design and slope failure accidents[7,8]. Therefore, the 
physical and mechanical behavior of PG must be understood and incorporated into the seepage and 
stability analyses of PG disposal facilities.  

Index Properties of PG 
The PG samples were retrieved from a PG stack in central China. Tests were performed to 

determine their specific gravity, Atterberg limits, grain size distribution, and soil classification. The 
basic physical properties of the PG samples are summarized in Table 1. The Unified Soil 
Classification System classifies PG as dilatant granular material with a high internal friction angle.  

Table 1 Index Properties of PG 
Specific 
gravity 

Liquid 
limit (%) 

Plasticity 
index (%) 

Clay size fraction 
 (<2 um; %) 

Fines 
fraction (<74 

um; %) 

Cu* pH in 
process 
water 

2.34 - - 9 91 3 1.8 
* Coefficient of uniformity Cu=D60/D10 
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Consolidation Property 
Four odometer consolidation tests were performed on the remolded PG specimens, which were 

pre-consolidated from slurry at a pressure of 30 kPa in a batch consolidometer. The incremental 
vertical pressures of 50, 100, 200, 400, 800, and 1600 kPa were applied. The specimens were 
allowed to settle for 24 h under each pressure. The measured consolidation curves are presented in 
Fig. 1.  
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Figure 1 Consolidation curves of PG under four different vertical loads 

Hydraulic Conductivity 
The odometer consolidation apparatus was modified to measure the vertical hydraulic 

conductivity of each specimen at the end of the consolidation test. The hydraulic conductivity 
measurements were performed in accordance with the ASTM Standard D5856. A constant hydraulic 
pressure head of 10 cm was applied on the specimen and the flow rate through the specimen was 
measured. The vertical hydraulic conductivity of the specimen was then calculated. The measured 
hydraulic conductivities are plotted in Fig. 2 as a function of the void ratio. The figure shows that 
the vertical hydraulic conductivity of PG ranges from 10-5 cm/s to 2×10-4 cm/s, which is similar to 
that of silt [9]. The relationship between hydraulic conductivity and void ratio was derived and is 
presented in Eq. [1]. This relationship was used to determine the hydraulic conductivity of 
sedimented PG in the subsequent seepage analyses of the PG stacks.  

( ) 056.6082.2log −⋅= ekv                      (1) 
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Figure 2 Vertical hydraulic conductivity versus void ratio relationship derived from laboratory tests 

974



 

Shear Strength 
Five consolidated-undrained (CU) triaxial tests were performed on the remolded PG specimens. 

All the specimens were consolidated under a backpressure of 200 kPa to achieve saturation prior to 
shear. The triaxial tests were then conducted at cell pressures of 200, 400, 600, and 1000 kPa under 
undrained conditions. The samples were sheared at a rate of 0.02 cm/min to allow for pore pressure 
equilibration during shear. The axial load, vertical strain, cell pressure, and pore pressure were 
continuously recorded throughout  
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Figure 3 Shear stress versus shear strain of PG as derived from the CU triaxial tests 
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Figure 4 Excess pore pressure versus shear strain of PG as derived from the CU triaxial tests 
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Figure 5 Total and effective shear strength of PG derived from the Mohr envelopes 

the tests. Figs. 3 and 4 present the graphs of the shear stress and pore pressure versus axial strain for 
each test. The figures show that the samples generally display strain-hardening behavior (i.e., 
increasing shear resistance with increasing strain). The peak strengths occurred at axial strains of 
about 12% to 16%. The excess pore pressures were positive at axial strains of approximately 2% to 
4%, but were became negative at higher axial strains, which indicates a dilatant behavior. The 
effective and total stress–strength envelopes (Mohr envelopes) were drawn on a  -  plot in Fig. 5. 
The figure shows that the sedimented PG exhibited an effective peak friction angle of 
approximately 46.5° with zero effective cohesion, which is much higher than that of most soil and 
mine tailings [10,11]. A total friction angle of 29.3° and a total cohesion of 5.7 kPa were measured. 

Conclusion 
A comprehensive laboratory study was conducted on the engineering properties of PG. The 

results showed that PG can be classified as nonplastic silt with evenly distributed particle sizes. The 
odometer consolidation tests revealed that the consolidation of PG can last a long time after the 
initial sedimentation and the magnitude of consolidation caused by creep was significantly higher 
than that caused by compression. The measured vertical hydraulic conductivity of PG ranged from 
10-5 cm/s to 2×10-4 cm/s, which is similar to that of silt. The CU triaxial tests showed that PG 
exhibits a dilalant behavior under all confining pressures and its shear strength is higher than that of 
most soil and mine tailings, with an effective peak friction angle of approximately 46.5°. 
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