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Abstract 
Rheology is among the most important properties of paste backfill that determine its transportability for long 

distances underground. The rheological characterisation of paste backfill is a difficult and complex task, given the high 
number of variable factors. So far, no standard procedures and/or methods have been established for measuring the 
rheological properties of paste backfill, in particular the yield stress.  

The experimental work carried out here consisted of the development of an accurate laboratorial testing programme 
that would allow the evaluation, measurement and understanding of the rheological properties of this type of material. 
To this end, an extensive battery of laboratorial tests was conducted at the GeoLab, Instituto Superior Técnico, on 
different paste fill mixtures produced with cement, tap water and tailings from the Zinkgruvan and Neves-Corvo mines.  

To determine the viscosity and yield stress of these mixtures, the following test methods were carried out: slump, 
flow table (for cement mortar), fall cone and the vane technique (applied using a viscometer and a rheometer). From the 
results achieved, the test methods that achieved the best results and correlations with the dry content of the mixtures 
and with the values of yield stress measured by the viscometer and rheometer were identified. Some conclusions drawn 
about the impact of parameters of yield stress values, determined by both pieces of equipment, were mathematically 
proven in a statistical study based on the proposal and validation of multiple linear regression models.  

The fall cone test, adapted to this type of material, showed the best results/performance and thus plays a major role 
in this dissertation. Being a simple, inexpensive and expedited method for paste yield stress measurement, it is considered 
to be ideal for quality control and/or rapid on-site measurements of paste fill. 
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1. Introduction 

The mining industry is one of the largest producers of 
waste material in the world. As environmental pressure 
increases and intelligent water usage becomes crucial, paste 
backfill turn is the most important creation of the last 30 
years that significantly reduces surface tailings disposal by 
placing them safely in underground stopes (Yilmaz and Fall, 
2017). Aside from providing a safe way of storing tailings in 
underground mined-out voids, paste backfill also has 
important advantages for ground stabilisation, such as: 
providing a safer work environment for miners and allowing 
the exploitation of the adjacent stopes (increasing ore 
recovery) compared to common techniques such as 
hydraulic and rock backfill.  

Usually, paste backfill consists of a mixture of dewatered 
tailings (with a solid percentage of 78–85%), water which is 
either fresh or mine processed, and a hydraulic binder, 
which is usually 3–7 wt.% (Benzaazoua et al, 2004; Pokharel 
and Fall, 2013). Typically, once homogeneously mixed in a 
backfill plant that is often located at the mine surface, fresh 
paste fill is transported by gravity and/or pumping through 
long pipelines to underground mine excavations (stopes). 
The major challenges associated with this new technology 
relate to efficient pumping/delivery of freshly mixed paste 
with high densities.  

Rheology is among the most important properties of 
paste backfill material that determine its transportability 
(Ercikdi et al, 2007). This property is present throughout the 
entire process of production and delivery of paste backfill, 

being an essential scientific working tool for its 
implementation, allowing operators to solve problems and 
creating opportunities to make significant improvements. 

 
 1.1 Rheology 

Rheology is the science of the deformation and flow of 
matter (Oxford). Most of the materials classified as true 
solids or fluids can be studied by mechanics of materials or 
fluid mechanics. However, there are other special materials, 
like paste fill, with no specific classification for which 
rheology is a very important science in characterizing and 
understanding them. 

Viscosity,𝜂, is the measure of resistance to flow, related 
to the internal friction of a material. The fundamental unit of 
viscosity measurement is the “poise” (P) and may be defined 
by expression 1: 

𝜂 =
𝜏

𝛾
=

𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠 (𝑠−1)

𝑠ℎ𝑒𝑎𝑟 𝑟𝑎𝑡𝑒 (
𝑁

𝑚2)
 1 

The material that exhibits proportional relation between 
shear stress and shear rate (constant viscosity) are called 
Newtonian materials. However, the materials that reveal an 
inconstant 𝜏/𝛾 relationship, are named as non-Newtonian 
materials. There are several types of flow behaviour, 
characterised by the way a fluid’s viscosity changes in 
response to shear rate variations (Figure 1).  

Looking at the graph, there are some materials for which 
a certain amount of shear is needed to start flowing. This 
critical shear stress is denominated by yield stress. For 
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applied stresses below the yield stress, the fluid deforms 
elastically, with complete strain recovery upon removal of 
the stress. Once the yield stress is exceeded, the material 
exhibits viscous liquid behaviour (Boger, 2006). 

 
Figure 1: Shear stress versus shear rate curves for time-independent 

non-Newtonian slurries (He et al. 2004) 
 

1.2 Paste Backfill Rheology 

Paste backfill generally exhibits pseudoplastic behaviour, 
characterised by shear thinning, a yield stress, and in some 
instances, by thixotropic behaviour. At high concentrations, 
the rheology becomes more and more complex and a 
knowledge of the flow behaviour is vital in assessing the 
feasibility of the entire disposal system (Paterson, 2011). 

The rheological properties are determined mostly by the 
solids concentration, particle size distribution, and surface 
properties of the different minerals/particles. 

The amount of fines present is very important in the 
transportation of slurry fills through pipes. The fines help to 
float the coarse grains in the slurry and provide a non-
settling slurry flow within the network of pipes (Ercikdi et al, 
2017). As a general rule of thumb, a minimum of 15 wt.% of 
particles having a diameter lower than 20 μm (fines fraction) 
is considered sufficient to generate the water retention 
properties required to transport the tailings paste through a 
borehole/pipeline system (Landriault, 1995). 

Yield stress is arguably the most important rheological 
parameter for the design and operation of a paste system, 
especially for pipeline and thickener designs. 

The yield stress profile (the yield stress as a function of 
solids concentration and cement content) is the single most 
important data set for the design and operation of paste 
systems (Sofra, 2017). The precise yield stress of a given 
material, as a true material constant, has turned out to be 
very difficult to measure, as different tests often give 
different results: “depending on the measurement geometry 
and the detailed experimental protocol, very different values 
of the yield stress may be found” (James et al, 1987; Nguyen 
& Boger, 1992; Barnes, 1997,1999; Barnes & Nguyen 2001).   

Consequently, there is no universal method for 
determining yield stress, but there are a large number of 
approaches, which find favour across different industries 
and establishments (Ata scientific, 2012). 

 
1.3 Measurement methodologies 

Accurate rheological measurements are critical to 
understanding the rheology of paste backfill. These 
techniques can be classified as direct and indirect methods 

according to the value if they are named as “apparent” 
(accurate techniques) or “extrapolated” (non-absolute 
techniques), respectively (Nguyen and Boger, 1992). 

 
1.3.1 Indirect methods 

Indirect methods consists in the measurement of yield 
stress with extrapolation of shear stress-shear rate data and 
direct methods are involved in the independent assessment 
of yield stress and viscosity. The empirical rheological models 
describing the shear stress (𝜏) –shear rate (�̇�) dependence of 
non-Newtonian mineral slurries are Bingham plastic, Casson, 
Herschel–Bulkley and Ostwald-de-Waele models. 

 
1.3.2 Direct methodologies 

Direct methods are involved in the independent 
assessment of yield stress, and the measured value can be 
referred to as “true” yield stress, describing the critical shear 
stress when the fluid begins to flow (Saebimoghaddam, 
2005).  

A growing number of techniques have been developed, 
during the past decades, to measure these properties for 
paste technology. The most common are the following: 
slump, flow table, inclined plane, cylindrical penetrometer, 
fall cone instrument, rheometry/viscometry and the vane-
shear instrument and technique. The vane technique is 
widely accepted by many authors as the best method to 
achieve the precise yield stress of a given material. 

 

2. Experimental work 
The experimental work conducted in this dissertation is 

focussed on the development of an accurate laboratorial 
testing program to evaluate, measure and understand the 
rheological behaviour and properties of fresh paste backfill. 
For that, a battery of experimental tests was conducted at 
the GeoLab at the Instituto Superior Técnico in Lisbon, using 
different paste fill mixtures produced with cement, tap 
water and tailings from Zinkgruvan and Neves-Corvo mines.  

Initially, a practice run was carried out using both mine 
tailings samples to define the mixtures designs, to 
choose/adapt the necessary equipment and to establish the 
techniques and procedures to be employed. . In addition to 
this, an attempt was made to develop/adapt an apparatus 
capable of accurately measuring the yield stress of fresh 
paste fill. After some research and various attempts, the fall 
cone instrument was chosen and adapted. 

 
2.1 Physical and Chemical Characterization of Tailings 

The physical and chemical characterization of mine 
tailings was undertaken by the Corporate Analytic Service of 
Sika Technology AG (R&D Department).  

The particle size distribution analysis was done using the 
laser diffraction technique, using equipment Sympatec 
HELOS equipment & dry dispersion in air stream (RODOS). 
Cumulative and density distributions of Neves-Corvo and 
Zinkgruvan barrels are shown in Figure 2. The size 
distribution characteristics of both tailings are presented in 
table 1.  
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To determine the chemical composition of both mine 
tailings, scanning electron microscopy (SEM) with energy 
dispersive x-ray analysis (EDS) was used. Due to the PSD 
differences between barrels, it was decided to analyse only 
one sample of Somincor tailings, S1, and two samples of 
Zinkgruvan tailings, Z1 and Z3.  
 

 

 
Figure 2: Cumulative and density distributions of the 4 barrels of 
Neves-Corvo and Zinkgruvan tailings (from top to bottom) 

Table 1: The size distribution characteristics of Somincor and 
Zinkgruvan tailings 

Bulk EDS spectra of the three samples analysed are 
compared in Figure 3 as an example. There is clearly a much 
higher pyrite content in sample S1 (black spectrum), as well 
as a higher alkali and earth alkali content in samples Z1 and 
Z3.  

 
Figure 3: EDS spectra comparison of the samples S1 (black), Z1 (red) 

and Z3 (green) 

The results of the semi-quantitative evaluation are 

summarised in Table3.8. 

 
Table 2: Semi-quantitative evaluation of the element content 

(expressed as oxide) in S1, Z1 and Z3 samples 

Element Oxide 
Element Oxide Content in Weight [%] 

S1 Z1 Z3 

Na2O n.d. 0,1 ± 0,1 0,3 ± 0,2 

MgO 1,5 ± 0,2 4,3 ± 0,2 4,0 ± 0,3 

Al2O3 6,6 ± 0,2 12,0 ± 0,1 12,9 ± 0,2 

SiO2 19,6 ± 1,0 49,6 ± 0,9 54,9 ± 0,6 

SO3 37,7 ± 1,1 3,0 ± 0,3 2,5 ± 0,4 

K2O 0,5 ± 0,1 5,2 ± 0,1 6,2 ± 0,1 

CaO 0,7 ± 0,1 7,4 ± 0,3 7,5 ± 0,2 

TiO2 n.d. 0,6 ± 0,2 0,7 ± 0,3 

MnO n.d. 1,0 ± 0,1 0,7 ± 0,2 

Fe2O3 31,3 ± 0,5 15,0 ± 0,2 8,8 ± 0,3 

CuO 1,0 ± 0,2 n.d. n.d. 

ZnO 1,2 ± 0,1 1,6 ± 0,3 1,7 ± 0,3 
 

2.2 Testing Design 

The tailings from each barrel were divided into eleven 
samples of approximately 4 kilograms and sealed in plastic 
bags (to prevent evaporation). Ten of these samples were 
used to produce paste to be tested at the GeoLab, while one 
was to be sent for physical and chemical analysis (Figure 4). 

To measure the water content of each sample/bag, the 
tailings were mixed (for homogenisation) by a Hobart mixer 
and then a small specimen 𝑊𝑠, was taken to be weighed and 
dried in the oven for 24 hours at 800C. The weight of the 
tailings (sample/bag) were accurately measured and then 
preserved inside a plastic box to avoid evaporation. The very 
next day, the specimen was weighed again, 𝐷𝑠, and the 
water content calculated. 

Knowing this value and the total weight of the sample 
(inside of the Tupperware box), it was possible to calculate 
the quantity of cement and water to be added to the mixture 
desired. 

 
Figure 4: Samples of Zinkgruvan barrel 3 ready to mix, after water 

content measurement 

The mixtures were prepared by adding tap water and 
portland cement type II A/L 42.5R (Cimpor Loulé) to the mine 
tailings. To reduce the number of variables, the percentage 
of cement was set at 4% and, for each mine barrel, three mix 
designs were established. Figure 5 outlines the testing work. 

The mixing procedure combined different rotational 
speeds, agitators and mixing times. First, the tailings were 
placed inside the mixer bowl and mixed for 1 minute using 
the flat beater at speed 1. The flat beater was then 

Sample 
D10 

[μm] 
D30 

[μm] 
D50 

[μm] 
D60 

[μm] 
D90 

[μm] 

< 20 
μm 
[%] 

Cc Cu 

S1 4.0 20.4 43.5 58.5 157.9 29.8 1.78 14.63 

S2 3.8 19.7 42.8 57.7 151.9 30.4 1.77 15.18 

S3 3.7 19.3 42.5 56.7 150.1 30.9 1.78 15.32 

S4 3.7 19.9 44.2 59.3 160.8 30.2 1.80 16.03 

Z1 7.6 43 75.7 95 207.2 17.1 2.56 12.5 

Z2 8.0 43.5 75.8 95 204.4 16.7 2.49 11.88 

Z3 10.1 50 89.7 118 254.1 14.8 2.10 11.68 

Z4 9.4 48 84.8 109 236.5 15.4 2.25 11.60 
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substituted by the whip attachment and the water was 
slowly added at speed 1. After 1 minute of mixing, the 
cement was slowly added. At last, the final mixture was 
mixed at speed 2 for 3 minutes to ensure that the materials 
were well blended by the Hobart mixer.  

 
Figure 5: Schematic diagram of barrels/mixtures distribution 

Between the laboratorial tests, the mixture was placed 
inside the mixer bowl and remixed using the whip 
attachment at speed 2 for 1 minute to adjust and replace the 
sample for testing (and guarantee the paste homogeneity). 

 
2.3 Test methods and procedures 

After mixing the trials were done in the following order: 
dry content, bulk density, viscometer, rheometer, fall cone 
(300 and 600), flow table and slump. The rheometer 
measurements were done with an Anton Paar RheolabQC 
instrument, generously provided by the Geomechanical 
Laboratory at Neves-Corvo Mine.   

The bulk density was measured in all mixtures using a 
plastic container with a volume, v, of 125 ml and a weight,𝑐, 
of 20g. The procedure adopted is similar to the standards 
ASTM C138/C 138M-01a and BS EN 12350-6 2009. 

The dry content of all mixtures was measured 
immediately after initial mixing. The standard followed was 
the SCAN-P 39:80. 

The slump test was carried out with a mini cone with a 
bottom diameter of 100 mm, a top diameter of 50 mm and 
a height of 150 mm (Figure 6). The procedure adopted was 
similar to standards EN 12350-2 and ASTM C143/C 143M-
05a for concrete. 

To measure the slump-flow, using a flow table for cement 
mortar, a cone with a bottom diameter of 100mm, a top 
diameter of 70mm and height of 50mm was used (Figure 6). 
The procedure adopted was similar to standard ASTM C230 
for cement mortar.  The diameter of the paste was measured 
twice: at the beginning (after the cone lifting) and at the end 
(after the 15 strokes made with the up and down movement 
of the table). 

  
Figure 6: Slump (left) and flow table (right) tests 

The absolute values of yield stress and viscosity were 
determined in a controlled shear rate mode (stress growth 
technique), CSR, by a viscometer and a rheometer with vane 
spindles. 

The measurement of yield stress and viscosity was done 
by the DV1 Brookfield rotational viscometer, model RV, with 
four-blade vanes (V73 and V75) and the Wingather SQ 
software, V4.0.7 (Figure 7).  For the measurements, the 
viscometer was programmed for a constant speed of 0.3 rpm 
and a running time of 2 minutes and 15 seconds. 

 
Figure 7: DV1 Brookfield rotational viscometer 

In order to convert the torque values (%) measured by 
the viscometer into shear stress (Pa) values, the following 
formulation, Equation 2, is given by Brookfield Engineering 
Labs:   

𝜏 =
𝑀

2𝜋𝑅𝑏
2𝐿

 2 

where 𝑅𝑏 is the radius of spindle (V73=0.6335cm and 
V75=0.4015cm), 𝐿 is the length of spindle (V73=2.535cm and 
V75=1.61 cm) and 𝑀 is the torque input by instrument 
(dyne-cm). In this case, as the viscometer is a RV series, it has 
a spring torque of 7187 dyne-cm. The torque (dyne-cm) is 
equal to the multiplication of the torque value recorded (%) 
by 7187. 

The measurement of the yield stress with the rheometer 
was done with an Anton Paar RheolabQC instrument with the 
vane spindle ST22-6V-16 (Figure 8) and the Rheoplus 
software V3.62 In this case, the rheometer was programmed 
for a constant speed of 0.1 rpm for a running time of 3 
minutes and 20 seconds. 

 
Figure 8: Anton Paar RheolabQC instrument, paste sample inside the 

container and vane spindle (from left to right) 
During the practice run, some experiments were carried 

out with the available fall cone equipment (Controls S.R.L. 
instrument) at the university laboratory, using a standard 
metal cone of 30 degrees. Due to the height of the cone (too 



5 
 

heavy), the cone became completely immersed in the 
samples at every attempt. 

Thus, it was decided to recreate the exact geometry of 
the metal cone (and the bar attached) with a lighter material. 
After some unsuccessful reproductions, two final prototypes 
were printed in a Formlabs 3D printer, at the maximum 
possible definition (0.025mm) with a special resin for top 
quality output, durability and toughness. The cones were 
printed with 30 and 60 degrees, weighing 12g and 18 g 
respectively (Figure 9). A container was filled with paste and 
the top surface levelled with a spatula. The cone was 
positioned at the top of the container, with the point of the 
cone slightly touching the surface of the paste. The cone was 
dropped and, after penetration, the measurement was 
made as quickly as possible. The containers used had a 53 
mm of diameter and a height of 68mm for the 30-degree 
cone, and a 85mm of diameter and a height of 75mm for the 
60-degree cone.  

 
Figure 9: Cones printed with 600 and 300 degrees and fall cone 

instrument (from left to right) 

 

3. Results and Data Analysis 
A total of 72 mixtures were produced, 36 using each mine 

tailings. The number of values recorded is over 500. The 
average of all results are presented in table 3.  

When observing the dry content values in table 3, it is 
worth noting that these don’t correspond to the solid 
content of mix designs. In Zinkgruvan mixtures, these 
differences are more evident (about 4%) compared to 
Neves-Corvo mixtures (about 2%). The reasons for this 
variance may be associated with errors in determining the 
tailings water content and the mixtures’ dry content. 
Furthermore, as the mineralogy of both tailings is 
significantly different, the water present inside the particles 
may be different, as may the time and temperature 
necessary to evaporate this water. However, the dry content 
values are consistent for each mix design and from now on 
these will be taken into account for the presentation or 
discussion of results. 

Another aspect that is noticeable in table 3 is the 
difference between the densities of both paste mixtures, 
which can be explained by the increase of solids 
concentration of the mixtures but, essentially, because of 
the mineralogy of the tailings. Neves-Corvo tailings contain 
denser elements (Fe2O3, SO3, etc.) than Zinkgruvan tailings 
(SiO2, Al2O3, etc.). 

The mix designs set for each mine tailings, during the 
initial run practice, were different in terms of workability 
range. The interval of solid content was set consonant with 
the interval where the mixtures behave as a paste and not as 
a soil or a suspension. This range was smaller for Zinkgruvan 
mixtures (78–80% and 79–81%) than for Neves-Corvo 
mixtures (78%–82%), mainly due to the physical properties 
of both tailings. By overlaying the PSD of each mine tailings 
with the Canadian hard rock mine tailings PSD curves 
envelope, it is clear that Zinkgruvan tailings are coarser than 
Neves-Corvo tailings and present a steeper curve, creating a 
sharper transition between particle sizes (Figure 10). 

 
Figure 10: PSD curves of Zinkgruvan (orange) and Neves-Corvo tailings 
(yellow) on the Canadian hard rock mine tailings PSD curves envelope 

In general, if all else is equal, finer slurries generally 
display a more gradual increase in yield stress with increasing 
solids concentration, whereas coarse materials show a 
relatively sharp transition from liquid-like to solid-like 
behaviour (Sofra, 2017), which may justify the smaller 
interval of workability for Zinkgruvan paste fill when 
compared with a finer material such Neves-Corvo tailings, 
using the same cement percentage and water. 

The viscosity and yield stress values were measured with 
the viscometer and rheometer. The results obtained were 
analysed and correlated with the other test methods to 
evaluate their adjustment to the data. Furthermore, the 
results of all test methods were correlated with the dry 
content of the mixtures produced. The graphs and 
correspondence analysis are presented on the dissertation 
associated to this extended abstract.  

The shear stress-time curves for Zinkgruvan and Neves-
Corvo mixtures recorded by the viscometer and rheometer 
are shown in Figures 11 and 12. Through all figures, it is 
possible to identify the domains of each mix design, 
specially, in Neves-Corvo charts. These domains are mainly 
due to the differences of solids concentration between 
mixtures, being the dry content interval higher in Neves-
Corvo than in Zinkgruvan mixtures. The residual shear 
stresses shows also very perceptible domains unless in 
Zinkgruvan curves achieved by the rheometer. It is possible 
to observe that the curves, after yielding, recover some of 
the stress and, therefore, the residuals are not distributed by 
domains/intervals as shown in Somincor curves. This 
suggests that Zinkgruvan paste fill could be time-dependent 
for shearing at low shear rates (most probably thixotropic 
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behaviour). However, more tests should be done to prove 
and understand this rheological behaviour. 

Looking to the graphs of correlation between the yield 
stresses and the dry content of mixtures (Figure 11 and 12), 
it is possible to conclude that, for equal/similar values of dry 
contents, the yield stress values measured by the viscometer 
are approximated, suggesting that the variable dry content 
prevails under other possible variables.  

However, this does not happen with the rheometer data. 
In this case, the dry content is not the only variable 
responsible for the variance of yield stresses. For similar dry 
contents, the yield stress results are much different between 
the two mine mixtures. Yield stress is a the critical shear 
stress that must be exceeded before irreversible 
deformation and flow can occur, being associated to the 
alignment of particles and/or flocs in the mixture matrix. 
Associated to the lower rotational speed of the rheometer, 
the stress needed to move the particles is higher when 
compared to higher speed (viscometer). It is possible to 
observe that for equal/similar dry contents (Table 3 and 
Figure 12) the yield stress of Zinkgruvan mixtures is higher 
than Neves-Corvo ones. This is the result of the dimensions 
and geometry of Zinkgruvan tailings particles. Zinkgruvan 
tailings are coarser than Neves-Corvo and so, the specific 
surface is smaller, providing less space for particles 
movement and less water retention, capable to reduce the 
friction between particles. To confirm, mathematically, 

these assumptions, two detailed statistical studies were 
developed. These are based on the proposal and validation 
of multiple linear regression models to predict yield stresses 
measured by both pieces of equipment (dependent variable) 
of all mixtures, as a function of quantitative predictors, 
obtained by the experimental work.  

The quantitative predictors are dry content and particle 
size distribution characteristics of both tailings (obtained 

from table 1), namely, the percentage of material passing 
under 20 𝜇𝑚, the uniformity coefficient (𝐶𝑢) and the 
coefficient of gradation (𝐶𝑐). The remaining characteristic 
diameters were not taken into account because they are 
applied in the calculation of coefficients 𝐶𝑢 and 𝐶𝑐.  

Considering laboratorial data and the applied statistical 
analysis, the best multiple linear regression models can be 
written as follows (Equations 3 and 4): 

log(𝑌𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑠𝑠𝑣𝑖𝑠𝑐)
= 4.6571 + 0.7482 log(𝐷𝑟𝑦𝐶)
+ 0.1724 log(𝐶𝑐) − 0.2201 log(𝐶𝑢)

+  0.2374log (< 20𝜇𝑚) 

3 

 
log(𝑌𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑠𝑠𝑟ℎ𝑒𝑜)

= 5.8085 + 1.0157 log(𝐷𝑟𝑦𝐶)
+ 0.1816 log(𝐶𝑐) + 0.3180 log(𝐶𝑢)

−  0.5957 log (< 20𝜇𝑚) 

4 

The laboratorial results achieved with the rheometer 
suggested the influence of particle size of tailings in yield 
stress.

 

Table 3: Experimental results (average) 

ZINKGRUVAN MIXTURES 

Solid 
content [%] 

Dry 
Content 

[%] 

Density 
[Kg/m3] 

Viscosity 
[Pa.s] 

Slump 
[cm] 

Initial 
D. [cm] 

Final D. 
[cm] 

300 Cone 
[mm] 

600 
Cone 
[mm] 

YS 
(viscometer

) [Pa] 

YS 
(rheometer

) [Pa] 

78% 73.47 2046.9 718.10 11.4 13.17 24.08 32.97 25.82 45.27 92.50 

78% 73.61 2060.97 771.60 10.93 12.17 24.08 31.2 22.7 48.65 134.67 

79% 74.88 2020.03 875.00 9.5 10.58 23.42 25.77 19.83 55.17 167.67 

79% 74.66 2030.27 861.37 9.5 10.58 22.5 23.73 18.67 54.31 217.33 

79% 75.07 2052.17 1031.73 8.4 10.63 22.13 22.8 19.47 65.06 256.67 

79% 74.7 2020.17 996.23 7.33 10.5 22.58 24 19.83 62.81 225.67 

80% 75.59 1983.09 997.07 6.67 9.67 21.67 20.27 16 62.85 353.33 

80% 75.71 2034.88 1278.67 6.77 9.58 20.08 16.8 14.27 80.62 245.67 

80% 76.77 2080.5 1480.00 5.43 9.75 18 11.67 10.8 93.32 377 

80% 75.64 2033.6 1357.67 6.67 9.58 19.33 15.23 14.23 85.60 281.33 

81% 76.61 2027.41 1374.67 5.9 9.5 18.33 14.5 12.27 86.69 349 

81% 76.95 1997.49 1569.33 5.93 9.5 17.83 13.03 11.03 98.94 373.33 

NEVES-CORVO MIXTURES 

78% 77.29 2374.51 1838.67 12.17 14.33 23.25 31.7 22.13 114.15 184.33 

78% 76.86 2396.11 1259.33 12 17.83 24.92 35.43 25.07 78.16 177 

78% 76.91 2369.63 1353.67 11.83 16 23.83 33.67 22.37 84.03 187.33 

78% 76.79 2378.35 1105.33 12.5 17.75 25.17 34.87 24.27 68.61 190.33 

80% 79.05 2598.43 2856.67 9.5 10.25 20.75 23.2 16.33 177.32 381.67 

80% 78.84 2416.48 2740.67 8.83 10 21.17 25.23 18.87 170.12 491.33 

80% 79 2422.93 2698.33 8.33 9.92 20.58 23.73 16.4 167.48 449.33 

80% 78.77 2433.95 2591.67 10.33 10.75 21.67 26.6 16.6 160.87 480.33 

82% 81.21 2515.84 10254.50 4.75 9.125 16.125 10.4 9.15 245.93 1023.5 

82% 80.95 2458.19 5476.33 5 9.17 17.75 12.3 9.3 339.95 1360 

82% 80.73 2483.49 5871.67 4.33 9.25 17.08 10.87 8.13 364.48 1553.33 

82% 80.84 2515.63 5488.33 4.5 9.25 18.67 13.6 9.8 340.68 1680 
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Figure 11: Shear stress-time curves for Zinkgruvan/Neves-Corvo mixtures as recorded by the viscometer and correlation graph of yield stress versus dry 

content of mixtures (from left to right) 

 
Figure 12: Shear stress-time curves for Zinkgruvan/Neves-Corvo mixtures as recorded by the rheometer and correlation graph of yield stress versus dry 

content of mixtures (from left to right) 

 
 In fact, it was concluded that the dry content of mixtures 

as well as the particle size of tailings are the most influence 
variables in yield stress values determined with the 
viscometer and rheometer. The best fit models obtained 
have shown, apart from the dry content variable, the <
20𝜇𝑚, 𝐶𝑢 and 𝐶𝑐  variables are also significant predictors of 
yield stress values recorded with the rheometer. This means 
the percentage of fine particles, here expressed by the 
standard reference of granulometry (the material passing 
under 20 𝜇𝑚) and the uniformity of the particle size 
distribution of the tailings are very meaningful variables to 
the rheology of paste fill.  

Therefore, the conclusions made based on experimental 
data were statistically corroborated and the influence of 
tailings granulometry on the rheology of paste fill mixtures 
proved. 

The consistency of the rheometer results was not so 
good in comparison with the values measured by the 
viscometer. This can be explained by the higher precision of 
the equipment, making it particularly susceptible to slight 
deviations of the vane spindle from the centre of the 
container, to existent air bubbles, small agglomerations of 
particles, wall slip and other factors. Another aspect is 
related to the dimensions of the container utilised for these 
measurements: the distance from the vane spindle to the 
edge of the container was too small. Previous projects that 
involved using a vane in a cup to minimise slip (Barnes and 
Carnalli, 1990) and infinite medium analysis (Kreiger and 
Maron, 1954) have proven the major advantages of using 
the vane in an infinite medium for this type of measurement, 
such as (Sofra, 2017): insertion of a vane causes less sample 
disturbance, minimising thixotropic breakdown; the vane in 
cup is less susceptible to errors arising from large particle 
sizes; yielding occurs between layers of fluid; minimising the 
effects of wall slip, and others. Since Zinkgruvan tailings are 
coarser than Neves-Corvo material, the presence of large 
particles and more air voids causes more disturbance during 
the rotation of the vane spindle. That is the reason that the 

results from Zinkgruvan are not as consistent as those from 
Neves-Corvo.  

 Due to the higher rotational speed of the viscometer, 
the values of yield stress are smaller. The dimensions of the 
container were high enough compared to the diameter of 
the vane spindle, creating an infinite medium for measuring 
paste rheology. The problems associated with this issue 
were thus eliminated. Both mine mixtures presented 
consistent results and behaviours.  

In general, it is worth noting that Neves-Corvo mixtures 
present higher yield stress values in comparison with 
Zinkgruvan mixtures for the same solids concentration. This 
can also be explained by the physical and chemical 
differences of both tailings. Using the same principle, if all 
else is equal, a finer grind material will have a higher yield 
stress and viscosity at a given solids concentration due to the 
finer slurry having a greater particle-specific surface area and 
therefore a greater area available for interparticle 
interactions (Sofra, 2017). In terms of the influence of 
tailings mineralogy on rheological properties of paste fill, 
only general information is available in academic works. 
Therefore, is difficult to say conclusively what parameters, in 
this case, most affect the rheology of paste backfill in terms 
of chemical composition. In general, as Neves-Corvo 
mixtures are denser than those from Zinkgruvan, due to their 
mineralogy, the shear necessary to start flowing is naturally, 
higher.  

The test methods applied in this experimental work are 
well known in the mining industry for evaluating the 
rheology of concrete/paste backfill, particularly the slump 
test. There are formulations that allow us to determine the 
yield stress and viscosity of the samples from the results of 
these tests. However, the objective of this work was to 
evaluate the fitting capacity of these methodologies to 
different paste fill mixtures, with different tailings and mix 
designs, and to determine the veracity and quality of the 
results and the correlations with the yield stress values 
measured by a rheometer and a viscometer. The relationship 
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between data is very important to really understand the 
uniqueness of each case of study.  

Overall, the measurement that presented the worst 
performance was the initial diameter of flow table. This 
measure is not able to characterise mixtures with higher dry 
contents, keeping the same diameter as the cone mould. 
Apart from this, all of the methods were able to evaluate 
difference mix designs and obtain good correlations with the 
yield stress values. Table 4 shows the coefficients of 
determination (R2) of all correlations previously determined. 

 
Table 4: Coefficient of determination values of test methods versus 

the dry content of mixtures and the yield stress values measured by 
viscometer and rheometer equipment (orange – Zinkgruvan mixtures; 

green – Neves-Corvo mixtures) 

 Slump 
FT final 

diameter 
300 Cone 600 Cone 

Dry Content 
0.8144 0.8847 0.9032 0.8497 

0.9305 0.9473 0.9658 0.9289 

YS (viscometer) 
0.7648 0.9124 0.8593 0.808 

0.9324 0.9206 0.9537 0.9104 

YS (rheometer) 
0.7843 0.666 0.7551 0.7166 

0.8555 0.7167 0.805 0.7878 

 
The final diameter proved to be a very good 

measurement of paste fill rheology. The data was consistent 
and the correlations with the yield stress values were even 
better in comparison to the slump test (Figure 14).  

 

  
Figure 13: Photographic record of flow table tests 

 

 
Figure 14: Photographic record of slump tests 

Finally, the adapted fall cone test turned out to be the 
methodology that performed best, with very good 
correlation with dry content of the mixtures (Figures 16 and 
17) and with the yield stress values achieved by the 
viscometer and rheometer. The weight and geometry of the 
cones combined with the time released proved to be a 

successful procedure (Figure 15) for measuring paste fill 
rheology, and is one of this work’s major contributions. This 
equipment can become a simple, inexpensive, convenient 
and fast method of determining the yield stress, ideal for 
quality control or rapid on-site measurements. 

 

  
Figure 15: Photographic record of 300 and 600 fall cone tests 

 
Figure 16: Correlation graph of dry content of mixtures versus 

penetration depth of 300 fall cone 

 
Figure 17: Correlation graph for dry content of mixtures versus 

penetration depth of 600 fall cone 

 

4. Conclusions and Recommendations 
It was concluded that rheological characterisation of 

fresh paste fill mixture is a complex and challenging task, due 
to a large number of variables. The sampling of tailings, the 
specimen’s preparation and paste mixing procedures were 
based on a combination of knowledge and practical 
information. This is a complex exercise due to numerous 
physical and chemical/mineralogical factors. The effect of 
industrial water, from both sites, on the rheology of each 
mixture was outside of the scope of this work. Therefore, tap 
water was used and the quantity of cement was fixed at 4% 
for all mixtures. 

The results obtained with the viscometer and the 
rheometer, using the vane technique, showed that the yield 
stress range for Zinkgruvan and Somincor mixtures was 
different. Various explanations were put forward for this, 
starting with the different rotational speeds of both pieces 
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of equipment. Furthermore, it was found that different 
variables/parameters influenced both yield stresses. In the 
case of the viscometer measurements, at 0.3rpm, the dry 
content of mixtures was the main variable that affected this 
rheological property. On the other hand, for the rheometer 
set at 0.1rpm, the physical characteristics of tailings were 
important as well as the dry content. To confirm, 
mathematically, these assumptions, two statistical studies 
based on multiple linear regression models were done in 
order to predict both yield stresses measured by the 
viscometer and rheometer (dependent variable) of all 
mixtures as a function of quantitative predictors (the 
percentage of material passing under 20 𝜇𝑚, the uniformity 
coefficient (𝐶𝑢), the coefficient of gradation (𝐶𝑐) and the 
characteristic diameter𝐷90), obtained in the experimental 
work. The best models proved these assumptions, showing 
a perfect agreement of the experimental data obtained. 

Of all the test methods, the measurement that showed 
the worst results was the initial diameter of the flow table. 
This measure was not able to characterise mixtures with high 
dry contents, keeping a diameter that remained similar to 
the cone mould. Apart from this, all the methods were able 
to evaluate the difference between mix designs and obtain 
good correlations with yield stress. Nevertheless, observing 
Table 4, the yield stress values recorded by the viscometer 
present very high coefficients of determination (>0.91) with 
all methodologies. The flow table (final diameter) and the 
300 fall cone presented the best performances. In the 
comparison between both mine mixtures, the best results 
were achieved with the Neves-Corvo tailings.  

The experimental testing programme has proven to be 
able both to test the rheology of paste fill, particularly the 
measurement of yield stress, and provide valid and 
meaningful data about the influence of solids concentration 
and particle size on the behaviour of paste fill. It can be 
concluded that the methodology utilised in this work can be 
used to other case studies. 

The fall cone test adopted for this experimental work 
turned out to be the methodology that performed best, with 
very good correlation with the dry content of the mixtures 
and the yield stress values achieved by the viscometer and 
rheometer. The weight and geometry of the cones combined 
with the release time have proven to be a successful 
procedure for measuring paste fill rheology, and thus 
represent one of this work’s major contributions. This 
equipment can become a simple, inexpensive, convenient 
and fast method of determining the yield stress, ideal for 
quality control and/or rapid on-site measurements.  

At a time where environmental pressures are increasing 
and there is a constant drive to turn mining in a more 
sustainable industry, in all aspects, rheology can play an 
essential role in better understanding and dealing with 
thickened tailings. However, it is necessary to bring together 
scientific and practical knowledge, which is currently 
scattered across consulting companies, the scientific 
community and the mining industry and to enable on-site 
measurements in order to achieve new and significant 

improvements in mining backfill. The necessity of standard 
methods to test paste fill rheology is a reflex of this lack of 
synergies. 

After carrying out this work, it was easier to see the 
changeability of the results obtained with different 
techniques and thus the necessity of creating a standard 
experimental testing programme to study paste fill 
worldwide. 

In conclusion, the objectives established for this 
dissertation were completely achieved, as the final learning 
outcomes represent a significant contribution to the 
rheological study of paste backfill. I am certain that the 
experimental testing programme and the new technical 
approaches developed in this study can be applied in 
practice and further improved in future research projects. 

  
4.1 Recommendations  

From the outcomes of this experimental work and the 
knowledge acquired by observation and experimentation on 
mine sites, some topics/ideas have emerged for future 
research work. 

Firstly, there is experimentation with different mix 
designs using the same mine tailings. It is necessary to know 
the influence of cement proportions on the workability of 
paste fill, namely the yield stress property, by drawing yield 
stress versus cement concentration profiles. For example, in 
a cement reduction study with the objective of reducing the 
cost of paste fill production, mixtures could be tested with 
the addition of other binders, such as fly ash, at different 
proportions. Furthermore, it would be of interest to evaluate 
the effect of industrial water (used in both paste plants) on 
these new mixtures. The influence of water chemistry has 
already been demonstrated in previous works, but due to 
the uniqueness of each case study, this effect should be 
retained for these two paste fills.  

Due to the changeability of tailings properties, which can 
vary significantly in both location and depth within a 
particular ore body, a campaign of tailings sampling should 
be done at different times to produce and test similar mix 
designs. This should enable a balance/estimation study of 
paste rheology, in particular yield stress property, on a larger 
scale. 

Moreover, this work was mainly focused on determining 
the yield stress of mixtures that have just been produced. A 
dynamic analysis of rheological behaviour of these mixtures 
would definitely be worthwhile in order to understand how 
these materials behave at different rotational velocities. 
Using the vane technique (with a viscometer or a rheometer) 
it is possible to set a crescent rotational speed ramp to 
observe the peaks in viscosity and shear stress and verify the 
time dependency of each mixture. Additionally, it could be 
interesting to analyse the yield stress of these materials at 
several stages of curing, thus measuring the yield stress at 
different times and conditions. This could provide 
information about the shear stress needed to start the paste 
flowing through a pipe, after some stoppage.  
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Another necessary and challenging task is measuring the 
scaling factor between laboratorial testing results and on-
site measurements. One possibility for how to study these 
differences is to sample tailings filter cake and test the fresh 
paste fill that is being produced at the plant at the same 
time. It would be possible to reproduce and test similar paste 
mixture in the lab, using the tailings collected, the industrial 
water and the mix design of the paste that is being produced 
at the plant. By comparing the results it should be possible 
to determine the scale effect.  

Finally, because of the remarkable results obtained with 
the fall cone test and taking into account the performance of 
this equipment with this type of material, there is the 
possibility of using this methodology to study not only fresh 
paste fill mixtures but also the rheology of tailings in 
different phases of paste production. For example, it could 
provide a useful testing tool for determining the water 
content of tailings filter cake and thus inspecting/assessing 
the efficiency/productivity of filters. 
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