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Abstract

:

Clay sediments are the main component of seabed sediment. Interactions between the nano-sized, disk-shaped and charged clay particles are complicated, as they control the sediment’s rheology. In this study, we studied the rheological behavior of the clay sediment modeled by laponite and bentonite suspensions experimentally using a rotational rheometer. The yield stress decreased when water content increased. Meanwhile, the yield stress of the laponite suspension first increased and then decreased with increasing salinity. It is considered that the face-to-face repulsive electrostatic interaction between clay platelets dominated the yield behavior. A yield stress model was developed to describe the change of the yield stress with both the water content and the salinity. When the system started to flow, the viscosity decreased with increasing shear. A master curve of viscosity is was from the viscosity-stress curves at different water contents if the applied shear stress was normalized by the yield stress and the viscosity normalized by a characteristic viscosity. This study provides a preliminary understanding of the clay sediment rheology and its mechanism for the investigation on the flowing of the sediment systems with strong interparticle interaction.
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1. Introduction


The deep-sea sediment is composed of sand, silt and clay, and the content of clay is commonly found to be more than 50% in, for example, South China Sea [1]. Due to the strong interaction between clay particles, the rheological property of the sediment is determined by the clay sediment, which is a multiphase flow system composed of cohesive clay minerals (e.g., kaolinite, montmorillonite and illite) and water. Therefore, understanding the flowing behavior of the clay-water system (or clay suspension) is important in the study of sediment transportation, where the viscosity and the yield stress are important factors. Clay particles are disk-shaped particles. Their faces carry permanently negative charges, and their edges are positively charged in acidic condition, while negatively charged in alkaline condition. As a result, when suspended in water, clay platelets interact strongly with each other by a face-to-edge attractive electrostatic interaction or a face-to-face repulsive electrostatic interaction. Consequently, the clay sediment forms a gel with a card-house (face-to-edge) or a face-to-face microstructure, complicating the rheology behavior [2,3,4,5,6,7,8,9]. The system is solid at the static state (gel state) while becomes liquid (flowing state) that approaching a low viscosity when a shear stress larger than a yield stress is applied. At the gel state, Laxton et al. [10] and Teh et al. [11] studied the change of yield stress with pH for the clay system. Both groups observed a decreasing yield stress with increasing pH. The change of the yield stress was proportionate to the square of the zeta potential of the system. Leong et al. [12] found that the yield stress of the kaolinite suspension changed by adding of citric acid and monophosphate. Sakairi et al. [13] discovered that the yield stress of the montmorillonite suspension decreased with increasing concentration of sodium chloride. Lin et al. [2] found that yield stress of the kaolinite suspensions was strongly affected by the clay concentration and the microstructure changes with the concentration due to the packing effect. Moreover, the yield stress increased with increasing temperature [14]. At the flowing state, Michot et al. [15] found that the orientation of particles was affected by the electrostatic interactions between platelets, which was better for smaller particles and for lower ionic strength. For smectite and montmorillonite suspensions, Paineau et al. [3] found particle alignment at high shear rates, which reduced the hydrodynamic drag, making the plateau viscosity at high shear rates insensitive to the clay concentration. Philippe et al. [16] studied the shear-thinning behavior of montmorillonite and beidellite suspensions. Based on the knowledge of the average orientation of the particles from the small angle x-ray scattering (SAXS) measurement, they were able to calculate the evolution of viscosity as a function of shear rate. Based on a master viscosity curve from the normalization of the applied shear stress by the yield stress of the system, Lin et al. [17] developed a model for clay suspensions, indicating that electrostatic interaction, measured by the yield stress, also dominated at high shear rates.



In the current stage, the study on rheological behavior of clay suspensions is still insufficient. A rheological model for practical application, such as in the simulation of the sediment flow, still needs to be developed. In this paper, we focused on the rheological behavior of an artificial laponite-water system, as well as a bentonite-water system to model sea sediment. We studied the yield stress of the system as a function of the clay concentration, as well as the ionic strength (IS, or salinity), and the mechanism was proposed.




2. Experiment


A commercial laponite clay (BYK Additives and Instruments, UK) and bentonite clay (Hongruitai Bentonite Technology Co., Ltd., China) were used in the experiments. The composition of laponite clay is shown in Table 1, and the composition of bentonite clay is listed in Table 2 [18]. The SEM (scanning electron microscope) image of the two clay particles are shown in Figure 1. The clay suspensions were made by mixing the clay powder with deionized water. Samples were homogenized by an overhead stirrer for 60 min at the rotation rate of 600 rpm. After mixing, samples were sealed and set for 24 h. The ionic strength (IS), or salinity, changed by the adding of NaCl powder. A DHR-1 rotational rheometer (TA Instrument, US) was used in the rheological measurement, with a 40 mm diameter cone-plate geometry. Both control-stress and control-shear-rate modes were adopted in the test. The temperature was kept at 25 ℃. A pre-shearing period of 30 s with the shear rate of 1000 s−1 was applied, after which the sample rested for another 30 s before the former test was carried out. During the test of the clay system, an obvious transition behavior was observed [17], the duration of which was about 10 s. Therefore, in the ramp up (or step-up) test, as shown in Figure 2, the shearing time in each step was set to 10 s in order to obtain the data at the equilibrium state. The total time spent for one test to complete was about 12 min, during which the influence caused by water evaporation was negligible. Suspensions prepared at each ionic strength and clay concentration were tested five times (each time loading with new samples), and the mean yield stress was calculated over the yield stress determined.




3. Result and Discussion


The shear rate curves as a function of the shear stress using the stress-control mode are shown in Figure 3 for laponite suspensions, from which the yield stress, τy, were determined at the first point in the steady shear-rate curve after the shear rate increased significantly (e.g., several orders of magnitude), and the system started to flow, as shown in Figure 3a. The yield stress at different IS and clay concentrations are listed in Table 3 and shown in Figure 4. Obviously, at all salinities (IS), τy increased with clay concentration, which was due to the decreasing of separation between clay platelets, resulting in a higher electrostatic inter-particle force. As shown in Figure 4, the influence of the IS was also investigated. It is well accepted that τy should decreases when IS increased due to the weakening of the electrostatic interaction due to the screening effect by the electrolyte in the system [10,13,19]. However, we observed in Figure 4b that, at a determined clay concentration, when IS increased, τy first increased and then decreased above a critical IS, which was found to increase with increasing clay concentration. We considered the increment of τy with IS at the early stage should be due to the local structure refinement of the gel formed by clay platelets. Since both face-to-face repulsive and face-to-edge attractive inter-particle interactions played roles in the gelation of the system [2], the increment of IS at the early stage may induce a local rearrangement of the structure for the ease of a single form of interaction. With further increases of IS, τy decreased due to the overall descending of the electrostatic potential.



The yield stress of the gel system may be estimated as [20]


   τ y  ∝ −    ϕ 2     a 2     W ′   ( D )  ,  



(1)




and according to the DLVO theory,


  W  ( D )  =  W  vdw    ( D )  +  W e   ( D )  ,  



(2)




where, a is the particle effective radius, D is the particle distance and  ϕ  is the volume fraction of clay;    W  vdw   = − a  A H  / 12 D   is the van de Waals potential with AH the Hamaker constant;    W e  = 2 π  ε r   ε 0  a  ψ s 2  ln   [ 1 − exp ( − κ D ) ]   − 1     is the electrostatic potential. ε0 = 8.85 × 10−12 C2/(J·m) and εr = 78.54 are the permittivity of space and the dielectric constant of the medium, respectively. ψs is the surface electrostatic potential of clay particles and κ−1 is the Debye screen length, which decreases with increasing ionic strength. Consequently, the yield stress may be estimated as


   τ y  ∝ −    ϕ 2   a   (     A H    12  D 0 2    −   2 π  ε r   ε 0   ψ s 2  κ    e  κ  D 0    − 1    )  ,  



(3)




The above equation estimates the yield stress of the system considering the influence of both clay concentration and ionic strength.



It is assumed that the face-to-face repulsive inter-particle interaction dominates, which results in a face-to-face structure, as shown in Figure 5. Therefore, the volume fraction can be related to the distance between clay platelets,   ϕ ≈ δ / ( α D + δ )  , where δ is the thickness of clay platelets, and α is a correction factor. The term from van de Waals interaction can be neglected [2]. Moreover,   ϕ =   [ ρ (  c  − 1   − 1 ) + 1 ]   − 1    . Therefore, Equation (3) can be rewritten as


   τ y  = A  τ 0       [  ρ  c  - 1   + ( 1 - ρ )  ]    - 2     exp  [  B ρ (  c  - 1   - 1 )  ]  - 1   ,  



(4)




where   B = δ / α  κ  − 1     and    τ 0  = 2 π  ε 0  ε  ψ s 2  / a  κ  − 1     is a stress constant; A is a constant; c is the concentration of clay in the system, and ρ ≈ 2.6 g/cm3 is the density of clay particles. Since a, ψs, κ−1, α and δ are unknown,   A  τ 0    and B are parameters to be determined through the fitting of the experimental data. As shown by the curve fitting using Equation (4) in Figure 4a, this theory well describes the change of yield stress as functions of clay concentration at different ionic strength for laponite suspensions. The value of   A  τ 0    and B are listed in Table 4, both of which increased when IS increased. This is reasonable, since the two parameters were both linear with κ, increasing when IS increased (κ−1 decreased when IS increased, as mentioned previously).



As shown in Figure 6a, a significant shear thinning of viscosity was observed after the yielding of the system, which was due to the deformation and disaggregation of the gel structure formed by clay platelets. The resistant force against the flow was induced by the interparticle interaction between clay platelets, e.g., face-to-face repulsive forces, which previously caused the gelation of the system at the static state. Therefore, it was proposed that   τ ∝  τ y   . We took the viscosity-stress curves at the natural salinity in Figure 6a for an example, where the stress was normalized by τy,, and the viscosity was also normalized by a characteristic viscosity, ηy, which approached the corresponding viscosity at   τ =  τ y   , determined from the viscosity curves. As shown in Figure 6b, a master curve of the normalized viscosity was achieved. Therefore, the viscosity of the system was   η ∝  η y   . τy and ηy were adopted for the rescaling and are listed in Table 5. In a previous study, Lin et al. [17] successfully re-scaled the viscosity curve of bentonite clay suspensions and laponite suspensions at different clay concentrations into a master curve by solely the τy. Small divergence of the viscosity data from the master curve were observed, which showed that a normalization of the viscosity with ηy was necessary. ηy generally decreased when clay concentration increased for laponite suspensions, as shown in Figure 6c. It can be deduced that the plateau viscosity, η∞ at a high shear stress rate (not shown in Figure 6a due to the up limitation of the shear rate of the rheometer) was proportionate to ηy. Therefore, η∞ also decreased when clay concentration decreased. Lin et al. [2] observed the transition of the structure formed by clay platelets with increasing clay concentration, from partially face-to-edge structure to a face-to-face dominated structure; therefore, we considered that increasing clay concentration resulted in a more oriented structure at a high shear rates due to the face-to-face repulsive interaction, thereby reducing the plateau viscosity.



Obviously, the master curve in Figure 6b was independent of the clay concentration, and was easily fitted by an empirical constitutive model, proposed as


  η /  η y  =  η 0    ( τ /  τ y  )    - 1    + K   ( τ /  τ y  )  m  +  η ∞  ,  



(5)




where η0, K and m are constants determined experimentally, as listed in Table 6. It should be noted in Figure 6b that at   τ /  τ y  < 1  , the system is at the yielding point, and shear inhomogeneity, as well as slippage at the boundary, are likely to occur [7,17,18]. Therefore, theoretical curves diverge from the experimental data. The master curve of viscosity allowed us to capture the non-Newtonian behavior of laponite suspensions at different concentrations, once the yield stress and characteristic viscosity was known. As mentioned previously, τy can be estimated by Equation (4). And as shown in Figure 6c, the evolution of ηy with the clay concentration for laponite clay studied here may be approached by    η y  = 0.00014  c  − 2.41    .



The theory was also applied to bentonite clay suspensions with different clay concentration, as shown in Figure 7. As indicated in Figure 7b, viscosity curves were successfully rescaled into a master curve using τy and ηy, listed in Table 7, and the master curve was also described by Equation (5) using parameters listed in Table 6. It is noted that ηy increased with increasing clay concentration, as shown in Figure 7c, which is different from laponite suspensions. Since the clay concentration for bentonite suspensions investigated was higher, the face-to-face structure dominated due to the packing effect [2], and the transition of the face-to-face structure to the face-to-edge structure, which caused decreasing of ηy with increasing concentration for laponite suspensions, was not obvious, resulting the different trend of ηy. The evolution of ηy with clay concentration for bentonite suspensions was approached by    η y  = 0.14  c  0.87    , as shown in Figure 7c.



The model proposed in this study is useful to predict the viscosity of the sediment-water flow. For example, this occurred in a simulation of particle-driven gravity flow considering the particle-concentration gradient [21,22]. It should be noted that the change of τy and ηy with the clay concentration varies, depending on the clay samples used, as well as the level of ionic strength. Equation (4) for τy has been successfully applied to kaolinite and bentonite clays using different sets of   A  τ 0    and B [2,14,17]. While changing ηy is more complicated and the mechanism is yet to be understood, more clay-water systems and natural sea-sediment should be tested in future to understand the behavior of ηy for complement of the model proposed.




4. Conclusions


The rheological behavior of laponite and bentonite suspensions was investigated at different clay concentrations and salinity levels. We found that the yield stress increased when clay concentration increased due to the decrease of the distance between clay platelets, which induced a larger electrostatic inter-particle force. Meanwhile, the yield stress first increased and then decreased when salinity for laponite suspensions increased, which was proposed to be due to the local refinement of the structure followed by the overall decrement of the electrostatic potential. A master curve of viscosity was obtained by normalizing the stress and viscosity by the yield stress, as well as the corresponding viscosity at the yielding point. Based on the master viscosity curve, the viscosity curves at different clay concentrations and salinity levels was estimated once the yield stress and the characteristic viscosity was known.
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Figure 1. The SEM (scanning electron microscope) image of (a) laponite and (b) bentonite clay used in the experiment. 
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Figure 2. The ramp-up (step-up) shear test applied in the rheological experiment. 
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Figure 3. Shear rate versus shear stress curves at different clay concentrations at the ionic strength of (a) 0 M, (b) 0.011 M, (c) 0.022M, (d) 0.033M, (e) 0.044M and (f) 0.055M, respectively, for laponite suspensions. 
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Figure 4. (a) Change of the yield stress as a function of clay concentration at different ionic strength for laponite suspensions, with solid curves representing the fitting of the data using Equation (4); (b) change of the yield stress as a function of ionic strength at different clay concentrations. 
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Figure 5. Diagram of the face-to-face structure by the face-to-face repulsive electrostatic interaction. 
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Figure 6. (a) Viscosity as a function of shear stress for laponite suspensions, (b) normalized viscosity as a function of normalized stress and (c) change of the characteristic viscosity with mass frication of clay at the natural salinity with the solid line showing an empirical power-law curve fitting. 
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Figure 7. (a) Viscosity as a function of shear stress using a control-shear-rate mode for bentonite suspensions, (b) normalized viscosity as a function of normalized stress and (c) change of the characteristic viscosity with mass frication of clay at the natural salinity with the solid line showing an empirical power-law curve fitting. 






Figure 7. (a) Viscosity as a function of shear stress using a control-shear-rate mode for bentonite suspensions, (b) normalized viscosity as a function of normalized stress and (c) change of the characteristic viscosity with mass frication of clay at the natural salinity with the solid line showing an empirical power-law curve fitting.



[image: Jmse 09 00081 g007]







[image: Table] 





Table 1. Composition of the laponite clay used in the experiment.
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	Component
	SiO2

(%)
	MgO

(%)
	Li2

O(%)
	Na2O

(%)
	Loss on

Ignition (%)
	Free

Moisture
	Sieve

Analysis





	Value
	59.5
	27.5
	0.8
	2.8
	8.2
	10% Max
	2% Max > 250 μm
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Table 2. Composition of the bentonite clay used in the experiment.
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	Component
	SiO2

(%)
	Al2O3

(%)
	Fe2O3

(%)
	CaO

(%)
	MgO

(%)
	K2O

(%)
	Na2O

(%)
	Loss on

Ignition (%)





	Value
	60.77
	17.11
	2.26
	0.15
	0.78
	3.85
	0.33
	5.85
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Table 3. The average yield stress (Pa) determined at different ionic strength and clay concentration for laponite suspensions.
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Clay Concentration

	
2.5 wt%

	
4.0 wt%

	
4.5 wt%

	
5.0 wt%

	
5.5 wt%

	
6.0 wt%




	
Ionic Strength

	






	
0 M

	
-

	
39.74

	
63.72

	
97.16

	
125.87

	
168.04




	
0.011 M

	
62.55

	
163.63

	
174.53

	
199.92

	
197.52

	
241.31




	
0.022 M

	
41.40

	
150.26

	
180.56

	
244.24

	
268.70

	
274.21




	
0.033 M

	
8.95

	
143.84

	
162.52

	
241.15

	
273.44

	
281.24




	
0.044 M

	
1.29

	
62.90

	
142.05

	
204.00

	
211.78

	
339.22




	
0.055 M

	
0.24

	
3.40

	
21.29

	
46.03

	
156.35

	
223.84
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Table 4. Parameters adopt for the fitting of experimental data in Figure 4a using Equation (4) for laponite suspensions.
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	NaCl Concentration
	0.011 M
	0.022 M
	0.033 M
	0.044 M
	0.055 M





	B
	7.03
	26.96
	55.46
	88.04
	173.25



	Aτ0
	87.83
	741.71
	3617.37
	16,338.03
	302,752.7
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Table 5. The yield stress and characteristic viscosity adopt for re-scaling of the viscosity curves for laponite suspensions.
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	Clay Concentration
	4.0 wt%
	4.5 wt%
	5.0 wt%
	5.5 wt%
	6.0 wt%





	τy (Pa)
	39.74
	63.72
	97.16
	125.87
	168.04



	ηy (Pa·s)
	0.3395
	0.2265
	0.1965
	0.2054
	0.1324
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Table 6. Parameters adopt for the fitting of master curves using Equation (5) for laponite and bentonite suspensions.
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	Parameter
	η0
	K
	m
	η∞





	Laponite
	0.01
	0.95
	−6
	0.04



	Bentonite
	0.284
	1
	−5
	0.3
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Table 7. The yield stress and characteristic viscosity adopt for re-scaling of the viscosity curves for bentonite suspensions.
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	Clay Concentration
	7.5 wt%
	10 wt%
	15 wt%
	20 wt%





	τy (Pa)
	2.198
	5.81
	25.72
	84.38



	ηy (Pa·s)
	0.0145
	0.0192
	0.0266
	0.0345
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