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A B S T R A C T   

The fresh superfine-tailings cemented paste backfill (SCPB) exhibits strong thixotropy, but quantification of the 
resulting transient flow (non-steady state) and time-dependent yield stress is lacking. In this study, a simple 
qualitative model was developed to describe the transient flow and time-dependent yield stress of SCPB. The 
effect of pre-shear time on the rheological behavior of SCPB was investigated. In addition, the adaptability of 
conventional non-Newtonian rheological models to SCPB was also evaluated. The results showed the Herschel- 
Bulkley model provides the most stable dynamic yield stress estimation of SCPB compared to the Bingham and 
modified Bingham models. A longer pre-shear time (within 500 s) led to smaller initial static yield stress and 
delayed recovery kinetics of static yield stress, but hardly affected the steady state of SCPB and the time required 
to reach it. The proposed model provides a good quantification of the transient flow at a given shear rate and 
time-dependent yield stress of SCPB.   

1. Introduction 

The cemented paste backfill (CPB) technology has now become the 
mainstream in the global mining industry due to its eco-friendly and 
production-enhancing features [1]. Its main benefits include efficient 
disposal of tailings waste [2], filling of mine stopes [3], providing 
ground support [4], improving the working environment [5] and 
enhancing mineral recovery [6]. CPB is a composite cement-based ma
terial that typically consists of dewatered tailings, hydraulic binder and 
mixing water [7]. The solids content of CPB is usually 70–85 % and the 
binder dosage typically ranges from 2 to 9 % [8]. 

The mining of low-grade ores has become a general trend due to the 
increasing shortage of high-quality ore deposits [9]. To improve mineral 
recovery, more sophisticated techniques such as super-fine grinding is 
employed, which inevitably leads to superfine-tailings (ST, >80 % 
below 20 µm) by-products [10]. The flowability of CPB made from ST, 

also known as superfine-tailings cemented paste backfill (SCPB), is very 
poor due to the tendency to form flocs that trap free water [11]. This is 
not conducive to pipeline transportation of SCPB and may even lead to 
pipeline clogging, thus bringing economic losses to mine production 
[12]. Therefore, it is of great significance to study the flowability of 
SCPB for mine production. The rheological properties (including thix
otropy) can be used to better illustrate the flowability, pumpability, 
pouring and casting processes of fresh CPB and are a prerequisite for an 
in-depth understanding of fresh properties of CPB [13]. 

Thixotropy describes the decreasing apparent viscosity with time 
when shearing is applied while the damaged structure can recover its 
initial state following a long enough resting [14]. Shear thinning and 
yield stress evolution can be considered as special cases of thixotropy, i. 
e., representing the structural breakdown and the evolution of the 
equilibrium structure, respectively [15]. SCPB exhibits stronger thixot
ropy than conventional CPB especially due to the high superfine particle 
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content [16]. Therefore, thixotropy has important implications for the 
workability of SCPB. Some properties of SCPB, especially the transient 
flow (non-steady rheological response under a given shear action) and 
time-dependent yield stress, are mainly controlled by the thixotropy 
[17,18]. On the one hand, a full understanding of transient flow 
behavior is required for the design and operation of mixing and pumping 
system since fresh paste is subjected to high shear rates during pro
duction and pumping [19]. Due to the delay in the material response 
caused by thixotropy, there is a transient regime between two successive 
steady states, which cannot be adequately described by conventional 
non-Newtonian rheological models [20]. Thus, understanding the 
transient flow is also crucial to obtain accurate rheological parameters of 
SCPB, especially the yield stress. A large number of experiments have 
been carried out to study the influence of certain factors (such as particle 
size [21], solids content [13], curing time [22] and temperature [19], 
etc.) on the transient flow of CPB or SCPB. Clearly, these studies provide 
insight on understanding the transient flow characteristics of CPB or 
SCPB. However, it should be noted that the quantitative model study on 
transient flow characteristics of SCPB is seldomly reported. As for the 
time-dependent rheological properties, especially the evolution of the 
static yield stress, this is directly related to the structural build-up of 
SCPB. A pronounced structural build-up can contribute to hinder the 
segregation of coarse particles and thus ensure the stability of the paste 
[17]. Moreover, the transportation time of the paste increased contin
uously with increasing mining depth [23]. Therefore, a good knowledge 
on the time-dependent yield stress of SCPB is crucial for slurry stability 
and transportation. Current research into the time-dependent yield 
stress of CPB or SCPB has focused on the effects of certain factors (e.g., 
superplasticizer dosage [24], silicate modulus [25], particle size [21] 
and flocculants content [23]). These studies have provided considerable 
insight into understanding the time-dependent rheological properties of 
SCPB. However, the quantification and prediction of the time-dependent 
yield stress of SCPB need to be further explored. In summary, given the 
high thixotropy of SCPB and the current lack of quantitative studies on 
its transient flow and time-dependent yield stress or microstructure 
build-up, it is necessary to construct a quantitative model that meets the 
requirements. 

As previously mentioned, SCPB is highly thixotropic, which will 
inevitably lead to its rheological measurements being very sensitive to 
the shear history. Depending on the rheological measurement protocol 
used, the pre-shear step prior to the measurement will last for different 
periods of time. The difference in pre-shear directly affects the transient 
flow of SCPB under the same shear and the yield stress evolution at rest. 
This is relevant for the measurement of rheological parameters and even 
for the final mix proportion design of the SCPB. Thus, it is critical to 
know how pre-shear durations influence the rheological behavior of 
fresh paste systems especially the highly thixotropic SCPB. Some studies 
[26,27] have focused on the effect of mixing time on the rheological 
properties of CPB, which provides a reference for research related to pre- 
shear time. However, these studies are all specific to CPB, and further 
exploration is needed regarding the effect of pre-shear time on the 
rheological properties of SCPB, especially transient flow and time 
dependency. 

In this study, a simple thixotropy model is proposed to describe the 
transient flow and time-dependent yield stress of SCPB. Then, we 
determine the model parameters based on the results of different con
stant shear rate tests. Finally, we use the proposed model to evaluate the 
influence of pre-shear time on the transient flow and time-dependent 
static yield stress of SCPB. 

2. Materials and experimental methods 

2.1. Raw materials 

The raw materials for the preparation of SCPB mainly include ST 
(superfine-tailings), hydraulic binder and mixing water. The ST used 

was obtained by grinding iron tailings from an iron ore mine in north
eastern China. The particle size distribution of ST measured by laser 
diffraction (Mastersizer 2000, Malvern Panalytical, U.K.) can be seen in 
Fig. 1. The volume content of tailings with size less than 20 μm in ST 
(fines content) is 85.95 %, which can be considered as ST [16]. The 
uniformity coefficient (Cu) and coefficient of curvature (Cv) of ST are 
5.39 and 1.04, respectively, which indicated that ST has a relatively 
good particle size distribution as stated in [28]. The X-ray fluorescence 
(XRF) results showed that the main chemical composition of ST is SiO2 
(75.76 %), MgO (16.10 %) and Fe2O3 (11.54 %), etc. In addition, the X- 
ray diffraction (XRD) analysis indicated that the main crystalline phases 
in ST are quartz, amphibole, mica and endenite. The binder agent used 
in this study is a commercial ordinary Portland cement (OPC), type PO 
42.5R. The particle size distribution of OPC is also shown in Fig. 1, and 
its fines content is about 66.3 % lower than that of ST. The specific 
surface area, Cu and Cv of OPC are 5808 cm2/g, 3.29 and 1.25, 
respectively. Additional information about OPC, such as chemical 
composition, can be found in [28]. Finally, tap water with pH of 7.43 
was used as mixing water. The detailed chemical composition of the tap 
water can be found in [29]. 

2.2. Sample preparation 

To study the thixotropic properties of SCPB, a series of SCPB mix
tures with fixed solid content (62 %) and binder dosage (7 %) were 
produced. The mixing efficiency, i.e., the dispersion effect, is important 
to obtain a homogeneous slurry. Qiu et al. [30] developed a mixing 
method for CPB with high dispersion efficiency based on the wet 
packing method [31]. However, due to the extremely high ST content, 
the agglomeration phenomenon in SCPB is more significant compared to 
conventional CPB. Therefore, the Qiu method [30] was further refined 
in this study to be suitable for SCPB preparation. The specific process is 
as follows:  

(a) Mix the required dry ingredients (ST and OPC) for about 2 min;  
(b) Divide the dry mixture into two equal parts. Add one portion to 

the pre-weighed water and mix with a double spiral mixer at low 
speed (280 r/min) for 4 min;  

(c) Divide the remaining dry material into two equal parts again, and 
subsequently add to the slurry obtained in Step (b) in turn. Note 
that each addition is followed by 3 min of high-speed mixing. 

Fig. 1. Particle size distribution curves of ST and OPC.  

Z. Guo et al.                                                                                                                                                                                                                                     



Construction and Building Materials 367 (2023) 130363

3

2.3. Experiments and methods 

2.3.1. Rheological tests 
In this study, the rotational rheometer (RST-SST, AMETEK Brook

field, U.S.A.) was used for the rheological testing of SCPB. To inhibit the 
wall-slip effect, a four-blade vane geometry with the height and diam
eter of 40 and 20 mm, respectively, was chosen. In addition, in order to 
minimize boundary effects, a cylindrical container of 104 and 140 mm 
in diameter and height was used. 

2.3.1.1. Equilibrium shear test. The prepared fresh SCPB was transferred 
to the rheometer and then rested for 60 s for the purpose of avoiding 
residual stress interference caused by this operation [32]. Once the 
preset resting time was achieved, constant rate shearing was conducted 
directly until the equilibrium shear stress was obtained. The shear rates 
selected in this study include 0.1, 1, 10, 40, 70, and 100 s− 1. All ex
periments were performed three times independently to ensure repro
ducibility of the data. 

After obtaining the equilibrium shear stresses corresponding to 
different shear rates (γ̇), the dynamic yield stresses were gained using 
the following conventional non-Newtonian rheological models, respec
tively. 

The Bingham model: 

τ = τb + μpγ̇ (1)  

where τ and τb refer to shear stress and Bingham yield stress, respec
tively; μp is the plastic viscosity, 

The Herschel-Bulkley (H-B) model: 

τ = τh− b +Kγ̇n (2)  

where τh− b is yield stress obtained from the H-B model; K represents 
consistency index and n is the H-B index. 

The modified Bingham model: 

τ = τm− b + μpγ̇+ cγ̇2 (3)  

where τm− b is yield stress obtained from the modified Bingham model; c 
is the coefficient. 

2.3.1.2. Shear rate ramp test. To compare with the results of the equi
librium shear test, linear shear rate ramp tests, including short cycle and 
long cycle tests, were carried out. Similarly, a resting step (60 s) was also 
conducted prior to the ramp tests. In the short cycle test, the shear rate 
increases linearly from zero to 100 s− 1 in 60 s and then decreases to zero 
over the same time period. As for the long cycle test, the duration of the 
ramp up or down was 300 s. The detailed measurement process can be 
seen in Fig. 2. 

2.3.1.3. Pre-shear test. Due to the strong thixotropy of SCPB, a pre-shear 
step is necessary before the start of the formal rheological 

measurements. After transferring the prepared SCPB into the cylindrical 
container of the rheometer, the pre-shear step is performed immediately 
at a constant shear rate of 100 s− 1 for 10, 200 and 500 s. The corre
sponding samples are recorded as P10, P200 and P500, respectively. 

2.3.1.4. Static yield stress test. The purpose of conducting this test is to 
obtain the static yield stress of SCPB. The specific procedure is to 
perform stress growth measurement using a constant shear rate of 0.1 
s− 1, and the peak stress is defined as the static yield stress. In addition, a 
shearing duration of 30 s is chosen to ensure that peak stresses can be 
obtained for all samples during the measurement while minimizing the 
disturbance of shear on the samples. 

2.3.2. Zeta potential test 
The zeta potential can provide information about interparticle in

teractions in suspension and can be used to assess the effect of pore fluid 
chemistry, which facilitates the analysis of the mechanisms behind 
rheological behavior of SCPB [24]. The Zetasizer Nano ZS90 (Malvern 
Panalytical, U.K.) from Malvern Panalytical was used to measure the 
zeta potential. All samples tested (including SCPB and cement paste, 
etc.) were diluted to 0.1 g/L. At least three independent tests were 
performed for each zeta potential measurement to ensure the repeat
ability of the data. 

3. Simple model building 

Ferron et al. [33] found that the microstructural response of the fresh 
cement paste under shear is the combined result of the aggregation and 
breakage kinetics of the flocs. Flatt and Bowen [34] developed a yield 
stress model based on the microstructural parameters of the solid 
percolating network formed by particulate suspensions. Wallevik [35] 
concluded that the reversible and permanent linkages between cement 
particles are the dominant reason for the thixotropic behavior of cement 
paste. Wang et al. [36] observed that the arrangement of particle/ 
agglomerate in CPB is the key to the evolution of rheological properties 
by the coupled Rheometer-FBRM. This is similar to the phenomenon 
observed in concrete or cement paste, i.e., the structural state is the 
result of the coupling of recovery and breakage of particle/agglomerate 
[37]. These studies suggest that the time- and shear rate-dependent 
rheological behavior of flocculated suspensions depends on the micro
structural evolution [38,39]. Therefore, establishing the relationship 
between rheological parameters of SCPB and microstructure is the key to 
modeling. 

In view of the above discussion, we first introduced here a dimen
sionless parameter λ ranging from 0 to 1 to quantify the microstructural 
level of SCPB. When λ = 1, it means that all structural components are 
bonded together, λ = 0 corresponds to a fully broken structure. The 
time-dependent λ can be described by the structural kinetics equation as 
shown in Eq. (4) when the irreversible structural breakage due to shear 
is reasonably neglected [40]. This equation shows that the break-down 
rate depends on the shear rate and the degree of structural development, 

Fig. 2. Flow charts of (a) short cycle test and (b) long cycle test.  
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while the aggregation or recovery rate is proportional to the distance 
from the maximum structural parameter (λ0) [41]. Some models in 
published literatures such as Roussel model [15,20], Coussot model [42] 
and Ma model [43] can be considered as a specific form of Eq. (4). 
Therefore, the evolution equation was also adopted in this study to 
describe the change rate of the microstructural parameter λ. 

dλ
dt

= − k1λγ̇ + k2(λ0 − λ) (4)  

where k1 and k2 are the empirical parameters related to break-down and 
recovery rate, respectively. On this basis, 1

k1 γ̇ and 1
k2 

represent de- 
flocculation characteristic and flocculation characteristic times, 
respectively. t is the shearing time, and λ0 is usually taken as one [41]. 

When SCPB is in steady state, that is, the rate of break-down equals 
the recovery rate, the equilibrium structure parameter (λe) can be ob
tained from Eq. (5) as follows: 

λe =
k2

k1γ̇ + k2
(5) 

By solving Eq. (5), the general evolution equation of λ for SCPB with 
time under shear is written as: 

λ =
k2

k1 γ̇ + k2
+

(

λini −
k2

k1 γ̇ + k2

)

exp[ − (k1γ̇ + k2)t ] (6)  

where λini refers to the microstructural level of SCPB before shearing. 
After determining the structural kinetic equation, an equation of 

state is needed to describe the corresponding macroscopic rheological 
parameters of SCPB at a certain microstructural level [41]. Since SCPB is 
highly thixotropic, here we divide the shear stress of SCPB into two 
parts: the steady-state term and the thixotropic term containing the 
microstructural parameter. The expression is as follows: 

τ = τe + τef (λ) (7)  

where τe is the shear stress of SCPB at steady state, its value is only 
related to the applied strain rate, and the corresponding microstructure 
level is λe; τef(λ) represents the thixotropic term and f(λ) is a function of 
the microstructural parameter associated with thixotropy. 

We hypothesize that the ratio of the shear stresses of SCPB in 
different structural states is equal to that of the corresponding micro
structural parameters, from which we can get: 

τ
τe

=
λ
λe

= 1+ f (λ) (8) 

Thus Eq. (7) can be further transformed into: 

τ = τe + τe

[
(λ − λe)

λe

]

(9) 

As for τe, it can be expressed using some traditional non-Newtonian 
rheological models, such as Bingham, H-B and modified Bingham 
models [15]. Although some studies [25,44] have suggested that the 
rheological behavior of fresh CPB conforms to the Bingham model, SCPB 
usually exhibits nonlinear characteristics under shearing [16]. By 
demonstration (see Section 4.1 for details), the H-B model is more 
appropriate for characterizing the steady-state rheological behavior of 
SCPB. Therefore, it is reasonable that the state equation of SCPB can be 
developed by coupling the H-B model and structural parameter as Eq. 
(10). 

τ = (τh− b +Kγ̇n)+ (τh− b +Kγ̇n)

[
(λ − λe)

λe

]

(10) 

If λ/λe is defined as the new structural parameter λ, Eq. (10) can be 
simplified as 

τ
τh− b + Kγ̇n = λ (11) 

It should be noted that Eq. (10) does not apply to conventional CPB, 
more precisely, the paste whose steady-state rheological behavior does 
not conform to the H-B model. However, we only need to replace the H-B 
term in Eq. (10) with the corresponding rheological model (e.g., Bing
ham model), so the equation of state proposed in this study has strong 
applicability. 

Substituting Eqs. (5) and (6) into Eq. (10), the transient shear stress 
of thixotropic SCPB can be written as: 

τ = (τh− b +Kγ̇n)

{

1+
(

λini

λe
− 1

)

exp[ − (k1γ̇ + k2)t ]
}

(12)  

When the SCPB is at rest, the shear rate is zero, and the recovery process 
is dominant. According to Eq. (12), the static yield stress (τsta) evolution 
of SCPB at rest can be further obtained: 

τsta = τh− b

[

1+
(

λini

λe
− 1

)

exp( − k2t)
]

(13) 

It is worth noting that Eq. (13) can only describe the initial non- 
linear evolution stage of the yield stress of SCPB at rest. Previous 
studies [23,24] have shown that the static yield stress of CPB increases 
linearly after the initial evolution stage. Similar results were also 
observed in cement paste [43] and ultra-high-performance concrete 
matrix [45]. Therefore, the static yield stress evolution equation of SCPB 
at rest can finally be written as: 

τsta = τh− b

[

1+
(

λini

λe
− 1

)

exp( − k2t)
]

+Athixt (14)  

where Athix refers to the linear evolution rate of static yield stress of 
SCPB. 

4. Determination of model parameters 

The parameters to be determined in the equations of state and ki
netics include the H-B model rheological parameters (τh− b, K and n), k1 
and k2. The rheological parameters of the H-B model can be obtained 
from the steady state stress response of the SCPB at different constant 
shear rates, while k1 and k2 can be determined from the transient stress 
response. 

4.1. Rheological parameters of H-B model 

Looking across the rheological protocols applied in CPB field, pre
vious studies [9,11,21,23,25] mostly used a typical linear shear rate 
ramp mode. As mentioned before, SCPB is more thixotropic than con
ventional CPB, which means that the rheological properties of SCPB 
require a longer shearing time to reach steady flow [35]. Therefore, it is 
theoretically unreasonable to use the linear shear rate ramp mode for 
rheological measurements in fresh SCPB. Since the recovery takes 
significantly more time than breakdown, the rheological measurements 
in cement-based materials are generally performed by pre-shear to 
destroy the internal microstructure of the slurry, followed by a stepwise 
decrease of shear rate, thus reducing the measurement error due to 
thixotropy [20]. But for SCPB, on the one hand, the microstructural 
response of SCPB is unclear under different pre-shear conditions, and 
one of the most direct consequences of this is that the determination of 
the pre-shear time is arbitrary. The effect of pre-shear is discussed in 
more detail in Section 5.1. On the other hand, the time for SCPB to reach 
steady state at the same shear rate is significantly greater than that of 
cement paste or concrete [19], and the exact duration of each step 
needed to be further determined. Moreover, the effect of stepwise shear 
on the steady state of SCPB is also not clear. Therefore, from the 
perspective of data accuracy, the equilibrium shear test is directly con
ducted here for obtaining the fitted data of the rheological model, and 
the linear shear rate ramp test is also conducted for comparison. The 
results of these two rheological protocols are shown in Fig. 3. For the 
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short cycle test (120 s), all the measured flow curves are above the 
equilibrium flow curve. This can be attributed to the fact that the shorter 
shear time fails to bring the sample to a steady state, the flocculation 
degree in SCPB is higher than that of the equilibrium state at this point 
[15]. Thus the dynamic yield stress obtained by this protocol is larger 
than the actual. However, for long measurement cycle (600 s), the ramp 
down curve shows a rough overlap with the equilibrium flow curve. 
Although a more realistic dynamic yield stress can be obtained by the 
equilibrium shear test, this protocol tends to time-, material- and labor- 
consuming. The above results of linear shear rate ramp tests are inter
esting, indicating that it is possible to use this rheological protocol to 
obtain dynamic yield stress in SCPB, and the key lies in the duration of 
the cycle. However, the specific details need further refinement, for 
example, in the low shear rate region (less than1 s− 1), the long char
acteristic time for SCPB to reach steady state leads to a significant dif
ference between the corresponding shear stress and the equilibrium 
stress. Furthermore, as shearing time increases there is a decrease in the 
hysteresis loop area which corresponds to a decrease in thixotropy de
gree. This is because the longer the shearing time, the more completely 
the flocculation structure of the slurry is disrupted. Although Banfill and 
Saunders [46] suggested that the hydration of the binder may lead to 
anti-thixotropic behavior in long cycle test. Experimentally, no down- 

curve was found above the up-curve in SCPB rheological curve. The 
low binder dosage in SCPB is responsible for this phenomenon. 

Fig. 4(a) shows the equilibrium flow curve of SCPB and the fitting 
results of different rheological models. As can be seen, there exists two 
parts of the curve. The first one (Region I) shows the SCPB exhibits shear 
thinning behavior under low shear rate. Beyond the critical shear rate 
(10 s− 1), the shear thinning behavior gradually turns to Bingham 
behavior, i.e., a constant apparent viscosity with shear rate (Region II). 
A similar phenomenon was also observed for cement paste [47]. The 
mechanisms of transition from shear thinning to Bingham behavior can 
be attributed to the coupling effect of van der Waals attraction and 
hydrodynamic forces [48]. At the low shear rate range, van der Waals 
force dominates the hydrodynamic force, a relatively ordered state de
velops and thus causing a shear thinning macroscopic behavior [49]. It 
is worth noting that shear thickening, as seen in cementitious paste [50], 
was not observed in the SCPB within applied shear rate. This may be 
because the adopted shear rate is not sufficient to reduce the thickness of 
the diffused layers of the electric double layer on particle surface and 
thus the structural break-up is still dominant under shearing [51]. This is 
consistent with the results previously published by Wang et al. [52], 
they found that the critical shear rate at which CPB begin to exhibit 
shear thickening is 480 s− 1. Some typical non-Newtonian rheological 
models, including Bingham, H-B and modified Bingham, are used to 
estimate rheological parameters, and the accuracy of the parameters 
acquisition depends on the choice of the model [53]. In case of shear- 
thinning fluids as reported here, the application of the Bingham model 
leads to the highest yield stress while the lowest yield stress when using 
the H–B model (Fig. 4(b)). In addition, it is clear that the dynamic yield 
stresses of SCPB obtained from different rheological models differ 
significantly, with the largest percentage of difference reaching even 56 
%. Therefore, it is necessary to select the rheological model scientifi
cally, so as to ensure the reliability of the obtained rheological param
eters of SCPB. 

For SCPB, the ideal rheological model can not only fit the shear 
stress-shear rate data well, but the sensitivity to the nonlinearity of 
rheological behavior should be as low as possible [54]. The correlation 
coefficient R2 was used to evaluate the fitting accuracy of different 
rheological models. The R2 obtained from the three different models 
(Bingham, H-B and modified Bingham models) are 0.9397, 0.9757 and 
0.9591 respectively. Hence, from the accuracy of data fitting point of 
view, the H-B model could provide the most accurate estimation of the 
rheological parameters of the fresh SCPB. According to the study by Feys 
et al. [54], the estimated yield stress can be regarded as the most sen
sitive parameter when various rheological models are considered. 
Therefore, to estimate the dependence of the rheological models on this 

Fig. 3. SCPB flow curves under different rheological protocols.  

Fig. 4. (a) Steady state flow curve of fresh SCPB. (b) Dynamic yield stresses obtained from different rheological models.  
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nonlinearity, the ratio of yield stress obtained with different rheological 
models relative to the calculated yield stress converted by the slump and 
spread is expressed as a function of the intensity of shear thinning (H-B 
index, n). In this part, Roussel model [55] and Li model [56] were 
adopted to obtain the yield stress from the slump and spread flow 
measurements, respectively. The average of the yield stresses obtained 
from these two models is taken as the final yield stress to minimize the 
potential errors associated with the conversion of slump as described in 
[54]. Fig. 5 displays that only the H-B model shows a constant yield 
stress ratio (fluctuating slightly around 1) as a function of the n value, 
indicating that the H-B model appears to be independent of the intensity 
of shear-thinning. However, it was previously suggested that the 
modified Bingham model has higher prediction accuracy compared to 
the H-B model [57]. These differences in results can be attributed to 
variation in raw materials and mix proportions employed. Collectively, 
the H-B model is more preferentially recommended to fit rheological 
data of SCPB considering the accuracy of data fitting and the sensitivity 
of the intensity of shear thinning. The corresponding dynamic yield 
stress, consistency index and H-B index are 39.91 Pa, 16.01 and 0.52, 
respectively. Notably, this conclusion is limited to shear-thinning pastes, 
and when the paste exhibits shear-thickening as shown in [58], the H-B 
model may no longer be applicable. The case in [54] provides the classic 
example. In addition, due to the measurement error of the rheometer 
and the experimental error of conducting the slump and flow spread 
tests [54], none of these three models can yield the desired relationship 
(yield stress ratio = 1). 

4.2. k1 and k2 

The transient shear stress response of the fresh SCPB at constant 
shear rates of 40 s− 1 and 70 s− 1 is depicted in Fig. 6(a). Due to the short 
shearing duration (100 s), the effect of cement hydration is ignored here. 
It can be clearly observed that the Eq. (12) fits well with experimental 
data, which indicates that the proposed model is able to describe the 
transient flow behavior of SCPB well. Based on the fitting results, k1 and 
k2 can be further obtained by fitting (k1 γ̇ + k2) and γ̇, with results of 
10− 4 and 7.5*10− 3 s− 1 (Fig. 6(b)), respectively. It is worth noting that 
Roussel [20] simplified the structural kinetic equations by discarding 
the build-up term (k2(λ0 − λ)) based on the assumption that the charac
teristic time of de-flocculation is much smaller than the flocculation 
characteristic time. Obviously, this treatment is not desirable in SCPB. 
From the experimental results, when the shear rate is 70 s− 1, the de- 

flocculation characteristic time ( 1
k1 γ̇) and flocculation characteristic 

time ( 1
k2

) even reach the same level, which are 142.9 and 133.3 s, 
respectively. 

5. Results and discussion 

5.1. Transient flow 

According to Eq. (12), in addition to obtaining the rheological pa
rameters of H-B model and kinetic equation coefficients, the key to 
describing the transient flow of SCPB is the value of the initial structure 
parameter λini, which is usually assumed to be 1 in some literature 
[43,59]. Based on the results in Section 4, by fitting the shear stress 
response data of SCPB under pre-shear (100 s− 1), λini was obtained as 
0.926 (Fig. 7(a)), and its fitting accuracy reached 0.923. This shows that 
the assumption of λini as 1 in SCPB is not rigorous. The mixing process 
during the preparation of SCPB resulted in a more homogeneous slurry, 
but at the same time caused a certain degree of destruction to the in
ternal structure. Moreover, the process of transferring the sample also 
caused disturbances to the structure. Ultimately, λini is less than 1. 
Therefore, a pre-shear step is necessary to eliminate the effect of the 
initial disturbance on the rheological measurements. Under pre-shear, 
the microstructural parameter of SCPB decreases from λini to the equi
librium value (λe) following Eq. (6). It should be realized that λe is not 
equal to zero. For example, when the constant shear rate is 100 s− 1, the 
corresponding λe at structural equilibrium is 0.429. It is entirely 
reasonable, when the structure is in equilibrium, it only means floccu
lation and deflocculation balance, and does not mean that the slurry is in 
a fully dispersed state. The fact that the slurry can still able to support a 
high shear stress at equilibrium is a good proof of the above point. For 
ease of comparison, λ is normalized (λ′

= (λ − λe)/(λini − λe)), and its 
value is in the range from 0 to 1. Similarly, the higher the value, the 
more fully developed the structure is. Residual structural parameter (λ′ ) 
at the end of different pre-shear times (P10, P200 and P500) are shown 
in Fig. 7(b). Obviously, smaller pre-shear duration leaves a more intact 
structure. When the pre-shear time is 500 s, the microstructure of SCPB 
is basically destroyed at this time, i.e., the slurry reached the so-called 
the same reproducible reference state. This provides a reference for 
the selection of pre-shear parameters for rheological measurements of 
SCPB. But at the same time, there is no doubt that 500 s pre-shear time is 
a surprisingly high value for the rheological measurement of conven
tional CPB. For example, Jiang et al. [44] used a pre-shear time of only 
120 s when studying the effect of mineral admixtures on the rheological 
properties of CPB. This again demonstrates the difference in thixotropy 
between SCPB and traditional CPB. After reaching the preset pre-shear 
time, a strain rate equal to 0.1 s− 1 was then applied to the SCPB, and 
the results are shown in Fig. 7(a). The shear stress instantaneously drops 
to a lower value (static initial stress) due to the inelastic thixotropy [40]. 
Furthermore, as expected, higher λ′ leads to higher static initial stress, 
which is consistent with the microstructural level of SCPB. 

The transient flow response of SCPB under 0.1 s− 1 shear is presented 
in Fig. 8(a). The obtained curve can be divided into two phases. The first 
phase is a decrease in stress from a peak. It is followed by an equilibrium 
stress which corresponds to a steady state regime. Since the relatively 
high pre-shear rate, those early hydrates bridges (at pseudo-contact 
points) as well as the colloidal network formed by the non-contact 
colloidal interaction are broken down [60], and more specifically, the 
static yield stress of SCPB has been overcome in the pre-shear stage. 
Therefore, at the beginning of the static yield stress test, the shear stress 
of SCPB does not show a linear growth phase, but directly decreases to 
its new steady state. The proposed model is able to predict this phe
nomenon. All the samples tend towards the same steady state no matter 
what the pre-shear duration is. The shear stress corresponding to this 
stable state is about 44.7 Pa, which indicates that pre-shear time does 
not affect the stable state of SCPB under the specific shear rate. This is in 

Fig. 5. Evolution of the yield stress ratio as a function of the curvature of the 
flow curve. 
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accordance with the model as the structure parameter λ eventually 
reaches a value of 1 under constant shear rates. In addition, the aging 
effect caused by cement hydration was negligible for at least 1200 s. This 
is in sharp contrast to what was observed in fresh cement paste, where 
cement hydration has an irreversible effect on the rheological properties 
of the slurry within a few tens of minutes [15]. The low percentage of 
cement in SCPB is the main reason for this phenomenon. Fig. 8(b) shows 
the evolution of λ obtained using the model of this study (Eq. (12)). As 
expected, λ decreases with shear time. However, from the figure, the pre- 
shear time does not seem to affect the time required for the SCPB to 
reach the equilibrium state, with all samples reaching steady state at 
around 600 s. The model results are also consistent with the 

experimental data, with P10, P200 and P500 reaching equilibrium at 
approximately 600 s, 800 s and 1100 s as shown in Fig. 8(a), respec
tively. Roussel [15] suggested that for samples with the same steady 
state structural parameters, a larger initial structural parameter leads to 
an increase in the time required for the cement paste to reach the steady 
state. This is another difference between SCPB and cement paste. Ac
cording to Eq. (6), although larger initial structural parameter will in
crease the decay rate of λ, the effect is limited, so there is little difference 
in the time required for each sample to reach equilibrium. However, 
after careful comparison, it can be seen from Fig. 8(b) that P500 reaches 
equilibrium slightly earlier than P10 and P200. If the initial λ is chosen 
to be 1.5, it can be seen that the time for the SCPB (Pd) to reach 

Fig. 6. (a) Shear stress-time transient behavior for SCPB and the fitting result by Eq. (12). (b) Determination of k1 and k2.  

Fig. 7. (a) Shear stress evolution in SCPB under pre-shear. (b) Residual structural parameters of SCPB after different pre-shear durations.  

Fig. 8. (a) Shear stress and (b) λ evolution of SCPB for different pre-shear durations under 0.1 s− 1.  
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equilibrium is obviously shortened to 400 s. It can therefore be inferred 
that the time to equilibrium of SCPB can be significantly shortened if the 
initial λ is significantly reduced by the pre-shear process. Regrettably, 
however, this method has limited effectiveness, as seen in the experi
mental results. For example, for P10 and P500, there was no significant 
difference in the time for the samples to reach equilibrium, despite the 
4900 % increase in shear time. This is primarily because the low 
dispersion efficiency of shearing on the structure in the later stage, 
which is also illustrated by the residual structural parameter of samples 
after different pre-shear times. The stepwise shear mode may be a more 
efficient approach because the high dispersion effects of different con
stant shear effects can be continuously superimposed. This is also the 
reason why the long cycle test can yield similar results to the equilibrium 
shear test in Section 4.1. 

5.2. Time-dependent static yield stress 

The measured and predicted static yield stress are plotted in Fig. 9(a) 
as a function of the resting time. Good fitting with the proposed non- 
linear model (Eq. (14)) supports that there are two kinetics of struc
tural build-up for SCPB at rest: structure evolves slowly at first and then 
increases linearly. This is consistent with the result reported by Xu et al. 
[61]. However, the initial evolution stage of static yield stress is in 
disagreement with studies by Rousse [15] and Ma et al. [43]. They 
observed the structure evolves rapidly at first. The static yield stress 
evolution of cement-based materials at early age (1800 s in this study) is 
related to the degree of flocculation [45]. Although the fine particles in 
SCPB will flocculate immediately after the shear step due to the parti
cle–particle interactions, thus increasing the yield stress macroscopi
cally. It is worth noting that the surface activity of the tailings is mainly 
derived from two sources: a) residual mineral processing agents such as 
flocculants on the particle surface, and b) the adhesion of cement hy
dration products such as CSH and ettringite. However, tailings can still 
be regarded as inert particles compared with cement, and the floccula
tion characteristic time of tailings is much longer than that of cement 
[16], and its flocculation strength is also far weaker than that of cement 
flocculation. These differences can be mainly attributed to the difference 
in the particle surface charges. This is supported by the in-situ zeta 
potential measurements evidences carried out on OPC, iron tailings and 
SCPB with results of − 6.6, − 26.5 and − 20.8 mV, respectively. The 
SCPB samples exhibit a higher negative zeta potential than OPC, thus 
resulting in weaker flocculation compared to cement paste [28]. Similar 
observation was also observed by Xue et al. [13]. Another point which 
should be noted is that the SCPB with a longer shearing time has a lower 
static yield stress within the resting time studied. This seems to 
contradict the conclusion reached by Liu and Fall [27], who found that 
longer mixing time led to higher yield stress of CPB. The reason for this 
phenomenon is mainly the initial static yield stress (τsta,0) jump and Athix 

decrease. Fig. 9(b) shows τsta,0 and Athix as a function of λ′ . Apparently, 
lower λ′ , corresponding to longer shearing duration, leads to lower τsta,0 

and Athix. On the one hand, the longer the shearing duration, the more 
incomplete the slurry structure is. Roussel et al. [18] believed that the 
early static yield stress of cement paste is the shear stress corresponding 
to the maximum critical strain related to colloid interaction. Although, 
as described in some studies [27,62], longer shear time means higher 
hydration product volume, flocculation formed by colloidal interaction 
at this time is still the dominant factor of SCPB static yield stress. Thus 
τsta,0 decreases with the shearing duration. On the other hand, longer 
shear time may increase the particle separation and thus slow down the 
hydration nucleation rate [43], i.e., the reduction of Athix. All combined, 
this eventually leads to a decrease in the static yield stress of SCPB with 
shear time. 

To further understand the effect of shear time on the particle surface 
charges, the zeta potential of the samples (P10, P200 and P500) are 
presented in Fig. 9(c). It can be clearly seen that the absolute value of the 
zeta potential increases with shear time. The higher the surface charge 
means a stronger interparticle repulsion and therefore a weaker floc
culation [63]. This agrees with the τsta,0 results, indicating a weaker 
slurry structure with shear time. The larger interparticle repulsion also 
indicates a larger bridging distance, which reduces the number of 
pseudo-contact points, and thus leads to a decrease in the hydration 
nucleation rate [17]. This further validates the above speculation about 
the reason for the decrease of Athix. 

6. Conclusions 

In this study, a simple thixotropy model was proposed to describe the 
transient flow and time-dependent yield stress of SCPB. In addition, the 
effect of pre-shear time on the rheological behavior of SCPB was also 
evaluated. The following are the main conclusions obtained: 

1. The dynamic yield stresses of SCPB obtained from different rheo
logical models vary widely and the H-B model can provide the most 
stable dynamic yield stress estimation. In addition, there is potential 
to use the linear shear rate ramp protocol to obtain dynamic yield 
stress of SCPB, where the key lies in the duration of the cycle.  

2. The pre-shear time did not affect the steady state of SCPB at a specific 
shear rate. A longer pre-shear duration (within 500 s), associated 
with a more incomplete microstructure, resulted in a smaller initial 
static yield stress (τsta,0) and delayed static yield stress recovery ki
netics (Athix). But at the same time there is little difference in the time 
required for SCPB samples to reach steady state due to the influence 
of later dispersion efficiency.  

3. The proposed model exhibited good fitting with the transient 
behavior and static yield stress evolution of SCPB. The static yield 
stress of SCPB presented a slow growth followed by a rapid linear 
increase with resting time under the combined effect of colloidal 
interaction and hydration nucleation rate. 

It should be noted that we related the microstructure of SCPB by 
introducing the dimensionless parameter λ, but it is undeniable that λ is 

Fig. 9. (a) Measured and predicted static yield stress as function of the resting time. (b) τsta,0 and Athix as a function of λ′ . (c) Zeta potential of samples after different 
pre-shear times. 
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abstract. Furthermore, there are some assumptions based on experi
mental results in the derivation of the model. Therefore, in future work, 
it is necessary to relate quantitative indicators with practical physical 
meaningful to the model parameters and to carry out more mathemat
ical derivations to make the model more scientifically rigorous. 
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