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Solid-to-water proportion decides the effectiveness of 
paste backfill in terms of transportation characteris-
tics during mine backfilling. This article highlights 
various laboratory tests conducted to determine the 
optimum solid-to-water ratio. Also, numerical simula-
tion was carried out using computational fluid dynam-
ics technique (ANSYS FLUENT) to understand the 
slump lifting process and variation in volume of the 
paste with time. The optimum slump and spread for 
lead–zinc mill tailings paste were in the range 190–
200 mm and 330–340 mm respectively. The optimum 
water content in the paste fill for this study was found 
to be 23 wt%. Results show that the solid percentage 
is inversely related with slump and spread. Also, an 
optimum slump lifting speed needs to be maintained 
for accurate values of slump and spread. 
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IN India the average metal content in majority of the 
lead–zinc ores approximately accounts for less than 5% 
(ref. 1). Beneficiation of ore includes a continuous system 
of crushing, grinding and chemical treatment which sepa-
rates valuable economic mineral from the ore. In this 
process, the leftover fraction of material is waste and un-
economical. This leftover material is known as tailings. 
Surface diposal of such waste material is not the best  
method due to scarcity of land and adverse environmental 
effects2. Mill tailings are being utilized as back-fill  
material for filling stopes throughout the world3–8. 
 Conventional cemented tailings disposed in under-
ground stopes are of lower concentration compared to 
modern cemented tailings of higher concentration, which 
is termed as paste. Gao9 highlighted that the low-concen-
tration cemented slurry behaves like a Newtonian fluid. 
In this type of material segregation occurs sometimes, 
which results in the separation of larger particles from the 
smaller ones. Low-concentration back filling requires 

higher amount of water; thus a new way of back filling is 
required to eliminate higher percentage of water utiliza-
tion10. Paste-fill technology requires less water compared 
to conventional hydralic filling. Typically paste fill is 
produced by dewatering the tailings, adding suitable per-
centage of cement and water. Flowability of paste fill is 
dependent on the yield stress and viscosity of the paste 
material, and yield stress of the material is related to 
slump of the paste. Slump is dependent on water con-
tent/solid percentage, density and slumping speed, etc. of 
the paste9. The slump test is extensively used by civil  
engineers to estimate the ‘workability or consistency’ of 
fresh concrete11,12. The term arises from the need to know 
whether fresh concrete will flow to its final position: if 
too stiff, the mixture will not flow into tight corners of 
the structures to be constructed; conversely, if the con-
crete is too runny, water content is in excess and the 
ability of concrete to flow is increased, but the strength of 
the final hardened concrete is reduced. Therefore, it is 
necessary to maintain a balance between flow proper-
ties13. Similarly, during paste backfilling, trasportaion of 
the paste is one of the key elements; it is related to  
flowability of paste backfill. An optimum solid propor-
tion within the paste mix facilitates bulk disposal of 
waste material with optimum energy consumption. Mill 
tailings paste with high water content or low consistency 
is easily flowable, but may not give the required 
strength14,15. Thus it is necessary to determine the opti-
mum water percentage to be maintained in the paste mix. 
Slump test provides a quick and onsite tool for maintain-
ing optimum solid proportion where sophisticated  
instruments are not available. 

Physical properties of mill tailings 

In the present study for preparing paste fill, mill tailings 
were used as the basic raw material. Lead–zinc mill tail-
ings samples were collected from a lead–zinc-producing 
mine in Rajasthan, India (Figure 1). The bulk density (ρ) 
of the samples was calculated and specific gravity (G) 
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was determined using a water pycnometer according to 
IS: 2386 (Part III). The particle size distribution of lead–
zinc mill tailings and fly ash were determined with a par-
ticle size analyser (Malvern Mastersizer-3000) which works 
on wet dispersion method using laser diffraction technique. 
 Physical properties reveal the specific gravity of mill 
tailings to be 2.91 (Table 1), and particle size of lead–
zinc mill tailings varies in the range 0.1–420 (Figure 2). 
 In the case of mill tailings since coefficient of unifor-
mity, Cu > 6 and coefficient of curvature, Cc < 1, it is 
concluded that they are poorly graded according to the 
standard for classification and gradation of soils, viz. 
ASTM D-2487. 

Slump test experiments 

Paste preparation 

Ordinary Portland Cement (OPC) was used as a binder 
for preparing the paste fill mix using a laboratory mixer.  
Various mixes were designed to determine the optimum 
water content of the paste fill. Based on the mix design 
specific percentage of water was added to the tailing 
samples and paste fill was prepared. Initially, mill tailings 
were dry mixed with OPC (OPC grade 43) conforming to 
 
 

 
 

Figure 1. Mill tailings storage pond and sample. 
 
 

Table 1. Physical characterization of mill tailings and fly ash 

Parameters Mill tailings 
 

Colour Grey 
Specific gravity (G) 2.91 
Bulk density (ρ; g/cm3) 1.49 
 
Particle size distribution 
 D (4, 3) (μm) 39.538 
 D (3, 2) (μm) 9.972 
 D90 (μm) 89.13 
 D50 (μm) 29.92 
 D10 (μm) 4.75 
 D30 (μm) 14.48 
 D60 (μm) 50.73 
Coefficient of uniformity (Cu)* 10.68 
Coefficient of curvature (Cc)* 0.87 
Specific surface area (m2/kg) 481.4 

*(Cu) = D60/D10; (Cc) = (D30 × D30)/(D60 × D10). 

Indian standard 8112 (1989) (ref. 16) in a mixer for about 
3 min. After complete dry mixing water was added and 
again mixed properly for about 15 min. Several composi-
tions of paste material were prepared in the laboratory. 

Slump test 

Usually for slump test a frustum of cone is used, which is 
called slump cone17,18. Slump is the difference in height 
between the slump cone and the slumped material  
(Figure 3)11,17. 
 This is the most common method applied to determine 
the consistency or flow ability of concrete or paste  
material. According to ASTM C 143, standard conical 
frustum of 30 cm height with top and bottom diameters of 
10 and 20 cm respectively, and metal thickness of 
1.60 mm was used as the apparatus. Prepared mill tailings 
paste was poured into the slump cone. The top surface 
was flattened with a spatula. The slump cone was lifted 
smoothly till the slump material subsided. The surface of 
the slumped material is not uniform; so slump was meas-
ured at five different locations and mean of these values 
was considered as the final slump value (Figure 4). The 
diameter of the slumped material was measured in two 
orthogonal directions; this is known as spread. The mean 
of the two measured values was considered as the final 
spread of the material. Density (kg/m3) of the paste ma-
terial was also determined in the laboratory simultaneous-
ly, so as to eliminate errors due to time-lag. 

Results and discussion of slump test 

Table 2 presents the results of various slump tests. The 
slump values were observed to decrease with increase in 
solid percentage (75%–80% by weight). Moreover, similar 
kind of trend was observed with spread. It is noteworthy 
to mention here that pulp or paste density decreased with  
increase in water content. Reduction in density is a natu-
ral phenomenon, as addition of more water makes the 
paste backfill thin. The drastic reduction in paste density 
may be due to drastic variation of specific gravity of mill 
tailings (2.93) compared to water (1). 
 Clayton et al.17 suggested paste with a slump of 190–
200 mm to be workable. Figure 5 a and b shows the effect 
of solid percentage on slump and spread for 8 wt% OPC 
compositions. 

Numerical simulation of slump test 

Brief background 

Haiqiang et al.19 reported that the paste can be considered 
as a Bingham fluid. For the present study computational 
fluid dynamics (CFD; ANSYS FLUENT Release 14.5) 
has been used. It provides comprehensive modelling
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Table 2. Slump test results 

Mix Tailings by Ordinary Portland cement Solid-to-water ratio Slump Spread Density 
sample weight (%) by cement weight (%) (by weight) (mm) (mm) (kg/m3) 
 

C8a 92 8 80 : 20 151 311 2340 
C8b 92 8 79 : 21 166 320 2280 
C8c 92 8 78 : 22 184 332 2200 
C8d 92 8 77 : 23 195 340 2130 
C8e 92 8 76 : 24 210 346 2020 
C8f 92 8 75 : 25 250 355 1890 

 
 

 
 

Figure 2. Particle size distribution curve for mill tailings. 
 
 

 
 

Figure 3. Slump cone test11. 
 
 
capabilities for a wide range of incompressible and com-
pressible, laminar and turbulent fluid-flow problems. 
Steady-state or transient analyses can also be performed. 

Model geometry and input parameters 

For slump cone simulation, a 2D geometry can be used. 
The domain includes three regions: paste region, mould 
region and air region. Figure 6 shows the dimensions of 
each region and boundary conditions. 

 To obtain better accuracy in the results, comparatively 
finer mesh is generated near the boundaries of slump 
cone and air interface. Figure 7 shows the generated 
mesh. 
 The slump cone simulation was conducted with six 
paste samples. Table 3 summarizes the properties used 
for simulation. The simulation includes the following steps: 
(i) Developing geometry of the slump cone and specify-
ing boundary conditions, (ii) Conversion of geometry into 
a surface, (iii) Mesh generation and refinement, (iv) in 
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the set-up menu of ANSYS FLUENT boundary condi-
tions, material properties, ambient conditions, etc. are 
specified. 
 To simulate the slump cone lifting process, three dif-
ferent lifting velocities were considered in the numerical 
simulation (0.005, 0.01 and 0.05 m/s). The iteration was 
stopped when the slumping and spreading speeds reached 
below 0.1 mm/s. 
 
 

 
 

Figure 4. Photographs of various slump tests. 
 
 

 
 

Figure 5. Variation of (a) slump and (b) spread with solid  
percentage. 

Results and discussion of numerical simulation 

Figure 8 a–f shows the simulation results. It explains the 
change in volume of paste material and spread with time. 
Slump lifting speed affects the slump and spread. Thus, it 
is necessary to have a uniform slump lifting speed. 
 Figure 9 summarizes spread versus slumping time for 
different solid percentages (wt%) of the paste. It shows 
that with increase in solid content the spread decreases, 
and it takes comparatively less time to finally reach a 
constant value. 
 Figure 10 explains the effect of slump cone lifting  
velocity on the spread based on numerical simulation  
results. It is observed that a faster cone lifting process  
results in a higher value of the spread, which is a natural 
fact. In contrast, a slower lifting process results in a lower 
spread value. Thus, a optimum lifting velocity needs to 
be maintained during the slump test. 

Comparison between laboratory and numerical  
simulation results 

Table 4 represents the basic statistical analysis for both 
laboratory and numerical simulation methods. 
 The analysis shows that coefficient of variation (CV) is 
slightly higher for the experimental method compared to 
the numerical simulation; but it can be concluded that for 
 

 
 

Figure 6. Geometry and boundary conditions of slump cone test. 
 
 

 
 

Figure 7. Generated mesh of slump cone simulation. 
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Figure 8. Contours of volume fraction at different slumping times. Time (a) 0 s, (b) 2.1 s, (c) 2.3 s, (d) 2.6 s, (e) 3.6 s and ( f ) 11 s 
 
 

Table 3. Input parameters used in numerical simulation 

 Yield Density Plastic  
Sample stress (Pa) (kg/m3) viscosity (Pa S) 
 

C8a 285 2340 3.2 
C8b 278 2280 2.9 
C8c 273 2200 2.6 
C8d 260 2130 2.5 
C8e 255 2020 2.2 
C8f 246 1890 1.9 

 
 

Table 4. Covariance measurement 

Method Mean SD CV (%) 
 

A (laboratory) 334 16.431 4.92 
B (simulation) 332.33 15.92 4.79 

a given scenario numerical modelling gives more accu-
rate results than the laboratory experiment. The latter 
may involve some human error, so that it shows higher 
coefficient of variation. The correlation coefficient be-
tween both methods was found to be 0.992, while the 
value of R2 and adjusted R2 was 0.9832 and 0.979 respec-
tively, which shows good fitting of linear model between 
laboratory and numerical simulation results (Figure 11). 
 
ANOVA test for slump (laboratory): Table 5 shows the 
ANOVA results for the slump values obtained through 
laboratory experiment. The ANOVA tested the adequacy 
of fit for the mixture models. The model selected for the 
response variable was the linear mixture model, as a  
P-value is 0.001 which is less than the significance level 
0.05 was obtained. The value of R2 and adjusted R2 was 
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Table 5. ANOVA test for slump (laboratory) 

Model Sum of squares df Mean square F Signature 
 

Regression 1337.657 1 1337.657 433.500 0.00 
Residual 22.639 4 5.660   
Total 1350.000 5    
R2 = 0.991, Adj R2 = 0.989 

 
Table 6. ANOVA test for slump (numerical simulation) 

Model Sum of squares df Mean square F Signature 
 

Regression 1218.057 1 1218.057 98.876 0.001 
Residual 49.276 4 12.319   
Total 1267.333 5    
R2 = 0.961, Adj R2 = 0.951 

 

 
 

Figure 9. Change in spread with time simulation results for different 
concentrations (by weight) of paste. 

 
 

 
 

Figure 10. Change in spread with slumping speed simulation results. 
 
found to be 0.991 and 0.989 respectively, which shows 
good fitting of linear trend equation. 
 
ANOVA test for slump (numerical analysis): Table 6 
shows the ANOVA results for the slump values obtained 

through numerical simulation. The ANOVA tested the 
adequacy of fit for the mixture models. The model se-
lected for the response variable was the linear mixture 
model, as a P-value is 0.001 which is less than the signi-
ficance level 0.05 was obtained. The value of R2 and ad-
justed R2 for slump test was 0.961 and 0.951 respectively; 
these were slightly less than the regression values ob-
tained for slump test for laboratory experiment. Hence, it 
can be concluded that slump values obtained through  
laboratory experiment can be better predicted through  
linear trend equation compared to numerical analysis. 

Conclusion 

The results of slump test show the optimum slump value 
for mill tailings (lead–zinc) paste to be in the range 190–
200 mm. The spread needs to be in the order of 330–
340 mm for this particular case study considering 8 wt% 
OPC in the paste mix. Based on the slump results,  
optimum water content in the paste fill was found to be 
23% by weight. Due to its simplicity and ease of opera-
tion, the slump test can be used in the field to determine 
consistency of paste fill. 

 
Figure 11. Laboratory versus numerical simulation results. 
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 The various factors affecting slump are solid percen-
tage, and slump cone lifting speed. Results show that 
with an increase in solid percentage the slump decreases, 
a decrease in the slump shows a thick paste fill which 
may have higher yield stress and viscosity. The numerical 
simulation results help us clearly understand the slump-
ing process. They also explain the change in spread with 
time. It is found that the slumping time for the present 
paste fills is 11–12 s. Also, numerical simulation with  
varying slump lifting speeds shows that the spread is  
directly related to the cone lifting speed. Thus an opti-
mum slump cone lifting speed is necessary to have an  
accurate slump. 
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