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1. Experimental 

1.1. Rheological Measurements 

The rheological properties of pure clay suspensions (no added flocculant) were analysed using 

a HAAKE MARS I rheometer (Thermo Scientific, Germany) with concentric cylinder (Couette) 

geometry. Before each experiment, a waiting time of 3–5 minutes was used, in order to eliminate the 

disturbances created by the Couette geometry. In order to analyse the wall slip phenomenon during 

measurement, which is quite common in these kinds of suspensions [1], Couette geometry with a 

grooved surface was also used. The results are similar for both smooth and grooved Couette 

geometries, which showed the absence of wall slip (data not shown). The rheological experiments 

were performed at different concentrations of clay ranging from 110 to 1000 g/L (i.e., from 10 to 50 

wt%), which were high enough to have interactions between the particles, in order to assess the 

rheological fingerprint of the suspensions. Each experiment was carried out in duplicate to check the 

repeatability of the measurements and that the measurement error was less than 2%. The following 

rheological tests were performed to analyse the pure clay samples: 

1.1.1. Stress Ramp-Up Test 

Stress ramp-up tests were performed using the stress-controlled mode of the rheometer. An 

increasing stress was applied from 0 to 100 Pa at a rate of 1 Pa/s. The corresponding torque was 

measured, and the shear rate and viscosity were then determined. 

1.1.2. Frequency Sweep Test 

Preliminary amplitude sweep tests were carried out at a constant frequency of 1 Hz to estimate 

the linear viscoelastic (LVE) regimes. Frequency sweep tests were then performed from 0.1 to 100 Hz 

within the linear viscoelastic regime. The storage modulus (𝐺′) and loss modulus (𝐺′′) were recorded 

as a function of frequency. 

1.1.3. Structural Recovery Test 

The structural recovery test was started with a waiting time of 100 s (i.e., oscillatory time sweep 

within LVE), after reaching the measurement position, to eliminate the disturbances created by the 

geometry and also to estimate the storage modulus before the structural breakup. The steady 

shearing step was then performed at a shear rate of 300 s-1 for the duration of 500 s. After that, 
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structural recovery was carried out by performing oscillatory time sweep experiments within the 

linear viscoelastic regime at the frequency of 1 Hz for 500 s. 

2. Results and Discussion 

2.1. Clay Suspensions Without Flocculant 

2.1.1. Rheological Analysis 

The rheological analysis of clay suspensions in the absence of flocculant was performed. The 

clay concentration was varied from 10 to 50 wt% (110 to 1000 g/L) in order to analyse the effect of 

concentration on the rheological impression. Stress ramp-up tests were performed to estimate the 

yield stresses of our clay suspensions due to their wide applicability for yield stress analysis. Figure 

S1a shows the results of stress ramp-up tests for different clay suspensions. It is visible from the figure 

that the suspensions at lower concentrations (i.e., 10–20 wt%) behave like a shear-thinning liquid with 

no yield stress, while at higher concentrations (i.e., 25 and 30 wt%), the suspensions display a 

viscosity plateau followed by a viscosity decline due to the presence of a yield stress (i.e., formation 

of clay clusters). At even higher concentrations (40 and 50 wt%), the results show two distinct 

viscosity declines (i.e., two-step yielding phenomenon). The two yield stresses are estimated from the 

sharp declines in viscosity by an extrapolation method [2]. The stress values corresponding to the 

first decline were defined in previous studies [3,4] as “static yield stress”, 𝜏𝑦
𝑠 , and linked with the 

breakage of the (isotropic) slurry structure into mobile clusters of particles. The positioning of these 

clusters with the flow leads to shear thinning, as there is less resistance to flow. The second decline 

was termed as “fluidic yield stress”, 𝜏𝑦
𝑓, and was attributed to the breakage of the clusters into smaller 

clusters or individual particles [3,4]. Note that this behaviour is in contrast with the behaviour 

reported by [5], where shear thickening is expected after a shear-thinning phase upon an increase in 

the shear rate. In the case of shear-thickening, the formation of so-called hydroclusters is observed 

[6]. The single decline in clay suspensions at intermediate concentrations (i.e., 25 and 30 wt%) was 

also termed fluidic yield stress as the clay particles, even at low shears, are expected to be able to flow 

in clusters (in contrast to higher clay concentrations, there is no shear threshold for the formation of 

these clusters). A similar dependence of two-step yielding on the solids concentration was also 

reported in the literature for hard sphere suspensions [7,8]. It was observed that the two-step yielding 

process converged into a single-step yielding below the solids volume fraction of 0.2. 
In order to determine the linear viscoelastic regime, preliminary oscillatory amplitude sweep 

tests at a constant frequency were performed. The frequency sweep tests were then carried out within 

the linear viscoelastic regime to examine the mechanical properties of the suspensions without 

affecting their structure. The outcome of frequency sweep tests is shown in Figure S1b,c in terms of 

the complex modulus and phase angle as a function of frequency, for different clay suspensions. It 

was observed that the complex modulus of the suspensions with lower concentrations, particularly 

10 wt%, displayed a strong frequency dependency along with a cross-over (δ = 45°) in the phase angle 

behaviour, which confirmed their liquid-like character. However, the suspensions at higher 

concentrations (i.e., above 20 wt%) behave as a solid-like material with a weak dependency of the 

complex modulus on frequency and small phase angle values with no cross-over. At higher 

frequencies, an increase in the complex modulus and a decrease in phase angle values was evident, 

which was due to the rheometer head inertial effects. These experimental data, at higher frequencies, 

were removed from the figures to eliminate the misconception. A similar solid-like behaviour of 

natural sediments as a function of frequency, within the linear viscoelastic regime, was previously 

reported in the literature [9–11]. Figure S1d shows the fluidic yield stress values and complex 

modulus values at 1 Hz as a function of weight fraction of clay. Both parameters displayed an 

exponential increase with the increase in clay content (i.e., linear increase in semi-log scale); however, 

the complex modulus displayed a stronger dependency on clay content as compared to the fluidic 

yield stress. The similar exponential increase in yield stresses and moduli as a function of 
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density/solids volume fraction was also reported in the literature for different mud sediments [12–

14]. 

Structural recovery experiments were also performed for the unflocculated clay suspensions, in 

order to analyse the structural re-growth in the clay suspensions after the shearing action. A simple 

model adapted from [15] was used to interpret the data of storage modulus as a function of time after 

pre-shearing, given as follows: 

𝐺′

𝐺0
′ =

𝐺𝑖
′

𝐺0
′ + ((

𝐺∞
′ − 𝐺𝑖

′

𝐺0
′ ) (1 − exp [− (

𝑡

𝑡𝑟
)

𝑑

] )) (1) 

where 𝐺′ is the time dependent storage modulus of clay suspensions after pre-shearing, 𝐺0
′  is the 

storage modulus before shearing, 𝐺𝑖
′ is the storage modulus right after shearing action (i.e., 𝐺′ at 

t→0) and 𝐺∞
′  is the time invariant storage modulus as time approaches infinity; 𝑡𝑟  is the 

characteristic time of the material and represents the rate of structural build-up; and 𝑑  is the 

stretching exponent which mirrors the sensitivity of storage modulus on time and its value usually 

lies within the range of 0-1. The fitting parameters in Equation (1) are the following: 𝐺∞
′ , 𝑡𝑟 and 𝑑. 

The results of structural recovery tests in terms of normalized storage modulus (with respect to 

the initial storage modulus value) as a function of time, after the pre-shearing step, are shown in 

Figure S2 for different clay suspensions. The structural re-growth was not studied for the suspensions 

with clay concentrations less than 30 wt% due to the settling behavior at such lower concentrations. 

It can be seen from the results that suspensions with higher clay content display lower recovery of 

structure. However, the suspensions with low clay content, in particular 30 wt%, display a 

comparatively high structural recovery, which may be linked to the disapearance of individual clay 

clusters after breakup (restructuring of the clay matrix). This higher recovery in structure may also 

be linked to the settling of particles at such low concentration. An opposite behavior, i.e., increase in 

structural recovery with the increase in solids volume fraction, was observed for the iron oxide 

suspensions in mineral oil [16], which may be due to the absence of two-step yielding in those 

suspensions. The values of the rheological parameters for the investigated suspensions are listed in 

Table S1. 
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Figure S1. (a) Apparent viscosity as a function of stress; (b) complex modulus and (c) phase angle as a function 

of frequency, bars represent the standard deviation; (d) fluidic yield stress and complex modulus values at 1 Hz 

as a function of weight fraction of clay, solid lines represent the empirical fitting. 

 

Figure S2. Normalized storage modulus as a function of time, after the pre-shearing step, for different 

clay suspensions, solid lines represent the empirical model fitting. 

Table S1. The values of the rheological parameters for the investigated clay suspensions. 

Weight 

% 

Static 

Yield 

Stress 

(Pa) 

Fluidic Yield 

Stress 

(Pa) 

G* at 1 Hz 

(Pa) 

δ at 1 Hz 

(o) 

𝒕𝒓 

(sec) 

𝑮∞
′  

(Pa) 
𝑮∞

′ 𝑮𝟎
′⁄  𝒅 (-) 

25 - 0.55 1.54 17 - - - - 

30 - 2.6 15.81 9 209 21.65 1.64 0.92 

40 6.3 8 58.36 8 244 55.52 0.96 0.84 

50 22 33.5 1190.63 9 198 409.52 0.39 0.70 

2.1.2. Settling Rate 

Two preliminary settling studies were also performed on pure clay suspensions (with no added 

flocculant). The clay concentration was 50 and 70 g/L. It was possible to fit the data corresponding to 

the free settling of clay particles, i.e., the water/suspended particles interface ℎ as function of time 

𝑡, using Richardson and Zaki’s formulation [17]: 

ℎ(𝑡) = ℎ0 − 𝑣𝑆𝑡𝑜𝑘𝑒𝑠 ∙ (1 − 𝜙𝑠 𝜙𝑔𝑒𝑙)⁄ 𝑚
∙ 𝑡 (2) 

where 𝑚 is an empirical fit coefficient which usually varies between 3 and 6 [18], ℎ0 = ℎ(𝑡 = 0) is 

the initial height, 𝑣𝑆𝑡𝑜𝑘𝑒𝑠  is Stokes settling velocity, 𝜙𝑠 is the solid volume fraction and 𝜙𝑔𝑒𝑙  is the 

volume fraction at gelling (i.e., when particles are forming an interconnected network). We used 

𝜙𝑔𝑒𝑙 = 0.74  (volume fraction for random packing of hard spheres) as an estimate. This gelling 

volume fraction corresponds to a fluid density of 𝜙𝑔𝑒𝑙 × 2600 + (1 − 𝜙𝑔𝑒𝑙) × 1000 = 2184 𝑔/𝐿 , 

where we took the absolute density of clay to be 2600 g/L and the absolute density of water to be 1000 

g/L. From Figure S3, it can be seen that Stokes formulation (𝑚 = 0) already predicts quite well the 

settling phase until 800 s after the start of the experiment. After 800 s, the measured data start to 

deviate from Stokes formulation and a coefficient 𝑚 = 5 was found to best fit the data. Above 6000 

s, the last clay particles are deposited on the clay bed, and from that time on, the water–clay bed 

interface can be followed in time. This occurs at the so-called gel time. This part of the data will not 

be discussed in the present paper which concentrates on clay suspensions, and we refer to [19] for 

further discussion on the consolidation of clay beds. 
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Figure S3. Water–suspended clay interface as a function of time. (a) The settling behaviour of clay at 

two different clay concentrations, (b) and (c) examples of fitting the data for the 50 g/l sample using 

either the Stokes formulation (𝑚 = 0) or the Richardson-Zaki formulation with 𝑚 = 5, see Equation 

(2). The height has been normalized (ℎ/ℎ0 has been plotted) in (b) and (c). 
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