Grain surface analysis of a hydrophobized sand: thickness estimation of the soft coating layer 
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Abstract: Soil grains when treated with dimethyldichlorosilane (DMDCS) create a thin soft coating layer. The presence of such a layer changes the grain surface wettability giving desirable hydraulic properties which has great potential in engineering practice. The thickness of such a layer has been identified to be an influencing parameter for the mechanical properties. But its estimation is not straightforward as the soil grain contains a relatively rough surface which is non-negligible compared to the thin soft coating. In this paper, we proposed a method that is based on the surface topography to estimate the soft coating thickness. A high-resolution microscope equipped with a white light interferometer was employed to examine the soil grain surface. It was found that the coating thickness is largely dependent on the surface topography of soil grains. The present method, applicable for particles with a very thin coating layer that is comparable to the surface roughness, such as for natural sands, could be used to further study the effect of coatings, of synthetic or natural origin, on the hydro-mechanical behavior of coated soil samples.
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Introduction 
Surface modification of soil grains is a relatively new technique in geotechnical engineering, which involves artificial manipulations of the surface energy by treating soil grains with particular polymers, such as dimethyldichlorosilane (DMDCS) [1]. Such treatments could lead to soft coating layer on soil grains, which changes the soil wettability from hydrophilicity to hydrophobicity (when the contact angle is higher than 90 degree). A so-called synthetic water repellency of soils is thus induced, which has potential applications in pavement bases [2], landfill covers [3], horseracing tracks [4] and slope hydrology [5] among others. 
The soft coating on soil grains induced by silanization of DMDCS was a simple and effective way to make synthetic water repellent soils [6]. Chan and Lourenço [7] found that the water repellency reached a very high value for soils treated with as low as 0.00175% DMDCS, for higher values the water repellency varies only slightly. While the desired hydraulic properties are still sustained at a larger mass ratio of the compound, a thicker layer of the coating will be formed and affect the mechanical properties. Bardet et al. [4] found that the soil sample (treated with wax) becomes more compressible as the coating thickness increases. Recently, Liu et al. [8] observed a significant reduction in shear strength and noticeable differences in critical state parameters for soils with a thicker coating layer compared to untreated soils. The thickness of the coating becomes thus a key parameter controlling the behavior of coated soil samples. 
Different experimental apparatuses have been employed to directly measure the coating thickness, these include light-section microscope (Twitchell et al., [9] for transparent film coat), confocal laser scanning microscopy e.g. [10], X-ray micro CT (Sondej et al., [11-12] for particles coated with a different solid) and high-magnification photographs (Bardet et al., [4] for wax treated soils). The measurement of the thickness is constrained, to some extent, by the resolution of the apparatus, and the above experimental methods have been successful to measure the thickness ranging from several µm to a dozens of µm. On the other hand, indirect methods have been proposed, such as Ball crater method [13]. The method involves rolling a ball of a known radius on a coated material so that a depression and thus two concentric circles are formed on the coated material. From the geometry of the formed two concentric circles, the thickness of the coating could be estimated. But as the coating becomes thinner, it becomes increasingly difficult to measure and differentiate the relative sizes of the two concentric circles [13]. For coated particles treated with compounds, such as DMDCS, which is the focus of this study, the coating thickness could be much smaller than could be examined directly. Deepika et al. [14] estimated the coating thickness of different compounds by assuming a cubic core-shell structure and found the thickness to be at nanometer scale. Lin et al. [15] used Welch frequency to estimate the ceramic coating thickness (being larger than 100 um) by estimating the frequency interval between two adjacent maxima on the frequency spectrum. However, these methods are most suitable for smooth particles whereas soil grain, such as the one tested here, is usually rough. 
The small surface morphological features on soil grains, such as surface roughness, could make the thickness unevenly distributed [9], which further complicates the estimation. For example, for a natural untreated sand with a relatively smooth surface, the root-mean-square value of the surface heights to a mean plane is typically around 0.3 ~ 0.7 µm [16-17]. This makes the surface roughness of the soil particle non-negligible in estimating the coating thickness. When considering the very thin coating and the complex surface morphology of soil particles, the estimation of the coating thickness is not straightforward and could render the direct experimental methods inapplicable. 
In this paper, we propose a method to estimate the thickness of the soft polymeric coating on soil grains whose surface roughness is taken into account. The surface topography of the coated surface is obtained from a high-resolution microscope equipped with a white light interferometry. As the surface topography often follows a random process [18], its characterization by using Power Spectral Density (PSD) method has been proved to be successful e.g. [19-22, 25, 32]. The PSD method is thus adopted here to characterize the surface of coated and uncoated surface of soil grains. A simple and new method is then proposed to estimate the thickness of the coating. 

Surface measurements by interferometry and its characterization by using Power spectral density function (PSD)
2.1 Surface measurements
The surface of soil particles with and without treatment by DMDCS was examined by the Fogal Nanotech optical microscope (model M3D 3000). The surface topography is described by an interferogram that is a function of the sample height at discrete points. The measuring area can be up to 141.3 µm × 106.6 µm with the best in-plane (perpendicular to surface height) resolution being 0.184 µm and 3 nm resolution in the surface height direction [20]. 
Tested particles (of size from 1.18 mm to 2 mm) are a standard testing sand named Fujian sand which is a relatively spherical quarzitic sand. Sand treatment with DMDCS follow the procedure described in [32-33] which consists on the following steps: Soil samples of approximately 100g were treated with 0, 1% or 10% by mass ratio of DMDCS, an organo silicon compound in liquid form (molecular weight of 129.1 g mol−1 and density 1.06 g cm−3) obtained from Acros Organics (Morris Plains, NJ, USA). DMDCS was added with a micropipette and mixed with soil samples in a fume cupboard to avoid the hydrogen chloride (HCl) gas. The mixed soils were then left for around 24 hours for the reaction between the granular solids and DMDCS to take place which produces a soft coating layer. The mass ratio or concentration was selected to highlight the difference in the measured surface topography. More than 50 particles for each concentration were then randomly selected for surface measurements. 
[bookmark: _Hlk44535066]To get a representative value of surface roughness, it has been recommended to repeat the measurements for at least three times at different points on a single particle of size 1.18 mm to 2 mm [34]. The procedure has been followed for untreated sands [31] and it was shown that although surfaces measured at three different points on a single particle are not the same, the roughness quantified by root-mean-square value for three measurements is in the same magnitude. Therefore, deviation in the surface measurements is within the particle to particle variability. 
Figure 1 shows typical surface topography of sand treated with 0, 1% and 10% of DMDCS. The following features could be observed: a). the surface topography is abundant of small depressions (or valleys) and protuberance (or summits/heaves) or collectively named as asperities whose distributions are quite random; b). with the increase in mass ratio of DMDCS, small depressions on the surface are filled out, which makes the surface smoother and c). even at the highest mass ratio of 10%, the summits of asperities are still present, which means that the roughness effect is not eliminated at such a high concentration. 

2.2 Power spectral density (PSD) for characterization of the surface topography
The PSD method is adopted to characterize the surface topography considering the following merits: a). the surface data is unaltered without artificial separations between local curvature and roughness profiles, so that the result is less biased [20-21]. b). obtained parameters can directly feed the contact model of Persson [23] in which a scaling theory for contact was assumed and statistical parameters describing the roughness of the surface, e.g. root mean square value of the surface heights to a mean plane, Sq, can also be derived [24-25] and c). in terms of wet surfaces by water (water deposit on the surfaces), Persson [26] calculated the PSD when all the depressions in rough surfaces are filled with water. He found that the new PSD was a nearly constant shift downwards compared to the original. The situation resembles that of the hydrophobic polymers coating the particles, which makes the PSD method a potential candidate to characterize the surface of coated particles. 
The PSD is calculated by [24,26]: 


			Eq. 1

where A(x, y) is the auto-correlation function of surface heights h(x, y) and  is the spatial frequency or wavevector (in μm-1). A routine angular averaging can then be performed where the surface is assumed to be isotropic so that the PSD(qx, qy) reduces to PSD(q) and is independent of x or y direction [24]. 
Figure 2 shows the results in the plane of PSD versus wavevector. The PSD for each concentration is averaged over each surface measurement. From the figure, it is clear that there is a reduction in the magnitude of PSD from untreated to treated sand. The reduction in the PSD indicates that the Sq value is decreased (Power and Tullis, [27]) and the surface thus becomes smoother. The difference in the results between 1% and 10% can still be observed, though is not as large as that between 0 and 1%. 

A new method to estimate the thickness of a thin coating in soil grains
3.1 Assumptions 
Due to the effect of rough surface of the soil grain, the thickness of the coating is most unlikely to be evenly distributed, which is mainly due to randomly distributed asperities on a rough surface. Some simplifications must be involved in the estimation of thickness. Here, the following assumptions are made with an illustration shown in Figure 3. 
1. Following the classical asperity-based contact model of Greenwood and Williamson [28], the asperity is assumed to be of semi-sphere shaped.
2. It is assumed that the compounds accumulate preferably at depressions (valleys) of the surfaces and reducing gradually along the side of asperities to the top (summits). Similar assumption has been adopted by Paradiś et al. [29] for water depositing on rough surfaces. 
3. As polymers or materials deposit on a surface, the larger the radius of the resulting asperities, it is thus assumed that the thickness can be directly be related to the change of the representative value of the radius of the asperities. 

3.2 Representative radius of semi-spherical shaped asperities
Originating from assumption 1, a representative radius of the asperities can be estimated. A reasonable representation of the average radius of such spherical asperities is the reciprocal of the average summit curvature [30]. This is readily given by Nayak’s model: 

								Eq. 2

where m4 is the fourth moment of PSD and is given as: 

						Eq. 3

where qr is the wavevector at the resolution of the instrument and qc is the cut-off wavevector. 
Note that in the estimation of Rasperity, the high-wavevector information (qr) is decisive, comparing to which qc plays a less important role [22,26]. Also, a closer examination of the equation shows that a higher-wavevector (such as resulting from a better resolution) leads to a smaller Rasperity. This is foreseen as the smaller the resolution of the testing apparatus (or the larger qr is), the greater number of asperities will be identified and thus the smaller the radius of the assumed semi-spherical cap. Therefore, the value of Rasperity is actually dependent on qr. 
Figure 4 shows an example of the estimated radius of the representative asperity for uncoated and coated soil grains at qr =3.4 µm-1. The value has been suggested as the onset scale for surface roughness by [20]. For each concentration, there are more than 60 surface measurements on different particles. In general, the radius increases with the increase in concentration with the average value for the radius being approximately 0.23, 0.32, and 0.47 µm. 

3.3 Thickness of the coating layer 
The thickness of the coating layer is then taken as the difference in the radius between uncoated and coated soil grains. Figure 5 shows the estimated thickness of the coating layer versus qr. The larger the value of qr is, the smaller the estimated coating layer thickness. The thickness at the concentration of 10% is around 2.5 times larger than that at 1% when qr is larger than around 0.7 µm-1. For a specific value of the thickness, i.e. qr = 3.4 µm-1, the thickness is 0.082 µm and 0.237 µm for concentration of 1% and 10%, respectively. 

Discussion
[bookmark: _Hlk46407998][bookmark: _Hlk46267276]A direct measurement of the thickness of the soft coating is hindered by its very thin nature. Attempts have been made to quantify it directly by experimental means. Firstly, by using a dynamic image analyser (QICPI, Sympatec GmbH, Glausthal-Zellerfeld, Germany) particle shape parameters, including aspect ratio, convexity and sphericity, before and after DMDCS treatment were obtained on particles mixed at a mass ratio of 3%. The results indicate the coating thickness is negligible in comparison to the particle size (1.18 mm to 2 mm) (see [8]). Another experimental effort was made with an X-ray μCT scanner (Toscaner-3000, Toshiba, Japan) on a single coated particle, where a voxel size of approximately 8 µm was achieved. It was expected that if the thickness is at the magnitude of several voxel sizes, a coating layer would be visible on the CT images. However, a clear coating layer on particle mixed at the highest mass ratio of 10% could not be observed which might indicate the thickness is less than or comparable to the achieved precision. Also, our experimental observations are consistent with previously reported thickness of polydimethylsiloxane coatings (the by-product of DMDCS treatment) in surfaces which spans a wide range, from 0.01 to 40 µm depending on spinning speed, spinning time, mass ratio [36-37].
The difficulties in obtaining a direct measurement of the coating thickness hinders an accurate assessment of the proposed method. An indirect measurement of the coating thickness might be realized using scratch tests in which the indenter tip constantly scratches the coating surface as it travels against the substrate of the coated sand. The constantly recorded lateral force would show an increase at two instants, i.e. at contact with the coating and with substrate. Therefore, the thickness could be estimated by the travel distance between these two instants. Here we performed two preliminary scratch tests on two sand particles treated with 10% DMDCS (one testing point per particle) using a Triboindenter system (Hysitron TI900, Bruker, the resolutions of force and displacement are 1 nN and 0.0004nm, respectively). The obtained thickness values - 1168.56 nm and 1209.55 nm are in excellent agreement with our method which yields a thickness in the range of 0.02 µm to around 3 µm for qr ranging from 20 to 0.6 µm-1 (see figure 5), though further comprehensive test results are needed. 
The proposed method is also compared with other methods used in idealized granular materials, such as the method of Bardet et al. [4] in which a particle is assumed to be perfectly spherical and the surface is smooth. For a given mass ratio, W, with the known unit mass of DMDCS, PDMDCS, and unit mass of a particle, Ps, the coating thickness, ti is estimated for Ni number of particles with a radius, Ri, through: 

						Eq. 4

The results were obtained by Liu et al. [8] who used the same type of soil grains: from approximately 0.163 to 0.277 μm for a concentration of 0.05% and from 9.64 to 16.33 μm for 3 %. These values are remarkably larger than obtained in this study in which the surface roughness is considered. Recall that the coating thickness for the mass ratio of 10% shall be larger than determined for 3% but could not be observed in results from μCT and dynamic image analyser. The assumption that the surface of the particle is assumed to be rough leads to a much higher surface area than for smooth surfaces therefore a thinner coating layer at a constant amount of coating materials. Furthermore, as long been recognized, the degree of how rough a surface is depends however on the examining scale (or accuracy of measuring instrument) as represented by qr in the model, i.e. the larger the value the smaller the thickness (Figure 5), which should also play a role in the observed difference in the estimated thickness between Liu et al. and this study. In general, we postulate that the value determined by the proposed method and by the analytical method of Bardet et al. [4] might serve as a lower and upper bound, respectively, to the actual thickness. 
[bookmark: _Hlk46269294]The applicability of the method is more related to the surface conditions than particle type (mineralogy and size). The method is intended for estimating a coating thickness that is comparable to surface roughness for natural sands. The comparability could easily be indicated in surface measurements (as in Figure 1c with apparent summits of asperities) which might be interpreted as a rough surface with a thin coating to distinguish from a rough surface with a thick coating for which existing analytical methods might be applicable. Alternatively, the surface roughness has frequently been quantified using root-mean-square value of the surface height to a mean plane, Sq, despite its dependence on the cut-off wavevector qc. The Sq has been reported for different types of natural soil grains: 0.2 µm for Ottawa sand, a silica sand similar to Fujian sand in this study, 1.3 µm for completely decomposed sand and 1.8 µm for decomposed volcanic tuff [35]. In terms of particle sizes, it has been reported that the Sq increases from 0.3 to 0.7 µm with decreasing particle sizes for Leighton Buzzard sand [20]. All these reported values, irrespective of particle mineralogy and sizes, are comparable to the coating thickness, typically in the range bounded by the proposed method and that determined by Bardet et al. [4]’s method. Therefore, we postulate that although the method is only applied to the quarzitic sand in this study, the method should be applicable to other natural occurring particle types (mineralogy and size) of similar surface features. 
The proposed method will find application on fundamental studies of soils and other granular materials where the existence of coatings of a synthetic origin, resulting from contamination or of a natural origin from mineral weathering and deposition of organic matter is important. A specific target is the mechanical and hydraulic behaviour of coated sands. For instance, in an assembly of coated sand particles with rough surfaces, a higher mass ratio would likely lead to less summits in contact with each particle and more depressions filled with coating materials, which might be quantified by different coating thickness. Also, controlling the coating thickness by varying the mass ratio of DMDCS has been shown to succeed in manipulating the hydraulic properties at very low mass ratios and the mechanical behaviour at high mass ratios [1,5,8,32-33,36]. Therefore, the proposed method on the estimation of the coating thickness taking into account the real rough surface of particles will provide insights on the contact behaviour of coated particles and its relation to the macroscale behaviour. 

Conclusions 
A simple and new method is proposed to estimate the thickness of a thin soft coating layer that is induced by treating soil grains with DMDCS. The results show that the coating thickness is dependent on the surface topography and can be described by the power spectral density. For the tested soil grains, the thickness at a concentration of 10% is around 2.5 times larger than that at 1%. A validation against direct experimental measurements is however hindered by the very thin coating layer. Nevertheless, the estimated thickness agrees well with the preliminary results of nano-indentation tests, though a comprehensive data is needed. Furthermore, the comparison between the estimated thickness obtained from the proposed method and that by simplified methods for smooth particles lead to the postulation that the proposed method may provide a lower bound of the real thickness. The present method, applicable for particles with a very thin coating layer that is comparable to the surface roughness, such as for natural sands, could be used to further study the effect of coatings, of synthetic or natural origin, on the hydro-mechanical behavior of coated soil samples.
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[bookmark: _Ref530135865]Figure 1. Surface measurements for sand particles treated with (a) 0, (b) 1%  and (c) 10% of DMDCS

[bookmark: _Ref530137041]Figure 2. Power spectral density of sand coated with different concentrations of DMDCS. 

[bookmark: _Ref522634239]Figure 3. A schematic graph showing (a) rough surface without coating, (b) with coating and (c) the thickness estimation on representative asperities. 

[bookmark: _Ref530392366]Figure 4. Radius of the representative asperity, Rasperity, at a particular wavevector (=3.4 µm-1) for all surface measurements. 
[bookmark: _GoBack]
[bookmark: _Ref530392976]Figure 5. Variation of the estimated thickness (averaged value of measurements) with different qr (wavevector at the resolution of the instrument). The value obtained from [20] for separation between local curvature and roughness is also indicated. 
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