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Abstract
Hydrophobized sands have been suggested as materials for hydraulic barriers in infrastructure. When placed at the interface ground-atmosphere, environmental factors such as temperature and rainfall are expected to impact their performance and impair their durability. This study uses accelerated weathering tests to investigate the degradation of industrial sands functionalized with Tung oil, heated Tung oil and dimethyldichlorosilane to render them hydrophobic. Laboratory samples were subjected to thermal ageing, water immersion, cyclic wetting-drying and cyclic freezing-thawing and analyzed for their hydrophobic degradation (magnitude and persistency) including controlling mechanisms via surface imaging and analysis. The results revealed that (1) elevated temperature and prolonged water immersion degraded hydrophobicity, albeit with differences between the coatings: dimethyldichlorosilane-treated sands were stable under thermal ageing; (2) a greater concentration of hydrophobizing compounds could minimize hydrophobic degradation during cyclic wetting-drying; (3) freezing-thawing had a negligible effect on hydrophobicity. In order to minimize their degradation, these results suggest that hydrophobized sands can be synthesized by adjusting the hydrophobizing compound and its concentration to suit a specific application.
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1. Introduction
Hydrophobic polymer-sand composites, herein called hydrophobized sands, have altered hydrological properties such as decreased water infiltration and sorptivity [1, 2], suggesting potential in ground interfaces as hydraulic barriers. Choi [3] explored the use of hydrophobic clay as a landfill cover material in evapotranspiration systems. Zheng [1] and Chen [4] extended the use of hydrophobized soils to slope stabilization. In pavements, DeBano [5] proposed to use hydrophobized soils as a waterproofing layer for protection of sublayers from water infiltration.
[bookmark: _Hlk67043500][bookmark: _Hlk67594863]Chemical compounds to hydrophobize soils include silanes and fatty acids ([6-8]) among others (e.g., fungus in [9]; biochar in [10]; wax in [11]; biopolymers in [12]; greywater in [13]). Silanes and fatty acids are most widely investigated to induce soil hydrophobicity. Silanes such as dimethyldichlorosilane (DMDCS) and Trichloro(octadecyl)silane (OTS) can induce stable and high soil hydrophobicity. Fatty acids, which share a similar chemical composition with natural hydrophobic substances are also widely used [14]. Tung oil in particular, is a relatively inexpensive resource of fatty acids which can not only induce soil hydrophobicity, but also enhance soil strength due to its hardening behaviour [7]. Mixing soils with DMDCS leads to the generation of polydimethylsiloxane (PDMS) films, coating the soil particle surfaces. PDMS can be fluid, semi-solid or rubbery, depending on its molecular weight, cross-linking density and polymeric end groups. TO is a vegetation oil abstracted from Tung trees, and contains 80% of alpha-eleostearic acids and 20% of linoleic, palmitic and oleic acids. Due to its high concentration of unsaturated fatty acids, TO is able to oxidize and polymerize to semi-solid hydrophobic films [15], thereby providing soil hydrophobicity. Hydrophobicity can be enhanced by subjecting soils impregnated with TO to high temperatures (150~250°C), with thermal polymerization of TO generating solid films [7, 16].
PDMS is stable at high temperature. Under vacuum conditions or in the presence of inert gas, PDMS starts to decompose at around 360°C, with major products being cyclic oligomers [17, 18] . In the presence of oxygen, Lewicki [19] claimed that PDMS can degrade at low temperature (110°C). Camino [20] proposed two competing chemical processes to explain its stability at high temperature: oxygen accelerates the decomposition of PDMS, while the presence of oxygen leads to its cross-linking, stabilizing it and increasing its thermal stability. In natural soils, PDMS was able to hydrolyze due to microbiological activities and produce liquid oligomers which were susceptible to migration and movement within the soil [21]. Lehmann [22] reported that in a soil, the principal product of PDMS degradation was dimethylsilanediol, an organosilicon compound that can be volatile from soils. In aqueous conditions, the hydrolysis of PDMS has been found to depend on pH and temperature, and its properties (e.g. crosslinking density and molecular weight)  [23]. As for the long-term persistency of hydrophobicity, rubbery PDMS has been reported as a durable material for hydrophobic protective coatings. Xu [24] reported that after 168-day outdoor weathering, PDMS coatings were still hydrophobic. The same finding has also been observed in other works but with a shorter monitoring time, 28 days in [22] to 9 days in [25]. 
As for TO, Shogren [26] reported that it is the most durable vegetation oil, comparing to others such as soybean and linseed. In soils, its degradation was mainly due to the hydrolysis by microorganisms which break the crosslinking chains of carbonyl-containing groups [27]. Shogren [26] also revealed that these polymerized oil films eventually convert to CO2 by further hydrolysis and mineralization. Regarding its long-term durability, Schönemann [28] reported that TO’s hydrophobicity persisted since 1922 in indoor wooden construction. By conducting an accelerated ageing test, Liu [29] estimated a 25-year lifetime of TO. However, these works were done under indoor conditions in which rainfall, sunlight and microbiological activities are absent.
As a novel geomaterial, hydrophobized soils are intended to be buried in the ground at shallow depths or placed at the ground-atmosphere interface. In these environments, sunlight (ultraviolet light), a wide range of temperatures (from freezing to +40°C), intense rainfall and water infiltration may degrade hydrophobicity. Table 1 lists the potential effects of environmental factors on the performance of hydrophobized soils and laboratory ageing tests that can simulate their degradation. For oxidation ageing induced by sunlight or temperature, thermal ageing is widely used. To simulate the interaction of materials with the atmosphere, accelerated cyclic ageing tests, namely wetting-drying (W-D) and freezing-thawing (F-T), expose the materials to two switching phases, liquid-solid or liquid-vapor. In traditional construction materials such as concrete and rammed earth, compression strength after cyclic freezing-thawing or wetting-drying is the key property for assessing their durability [30]. In hydrophobic soils, hydrophobicity measurements should be used to track the hydrophobic decay and the eventual switch to hydrophilic. These laboratory ageing tests have been adapted, modified, and developed for different materials, from concrete, to plastics and car coatings [31]. 

	Exposure type
	Performance risks of hydrophobized soils
	Testing method

	Sunlight and high temperature
	Ageing of polymeric coatings due to oxidation 
	Accelerated thermal ageing test and UV test

	Direct rainfall and water ponding
	Ageing of polymeric coatings in aqueous conditions
	Water immersion test

	Wetting-drying
	Shrinkage of polymeric coatings due to drying;
Gradual hydrophilization with wetting
	Cyclic wetting-drying test

	Freezing-thawing
	Soil structure change due to ice expansion 
	Cyclic freezing-thawing test


 Table 1. Exposure types, potential risks for hydrophobized soils and corresponding testing methods
[bookmark: _Hlk66971278]Regarding natural hydrophobic soils, temperature and moisture content are key factors affecting hydrophobicity: Heating at 150~400°C has been reported to affect soil hydrophobicity by the production, redistribution or destruction of natural hydrophobic substances, depending on the temperature magnitude, duration and oxygen availability (e.g., [2, 5, 32, 33] ). Moisture content changes, including soil moisture content and relative humidity, can also influence soil hydrophobicity due to the rearrangement of amphiphilic molecules on soil particle surfaces [2]. Although these studies built solid and abundant knowledge on the change of natural soil hydrophobicity, it may fail to be referred to artificially-induced hydrophobic soils (i.e., hydrophobized soils) given the different chemical substances used. 
[bookmark: _Hlk66971427]So far, studies on the degradation of hydrophobized soils were restricted to the influence of freezing-thawing and wetting-drying cycles. Fink [34] investigated the structure change of wax-coated hydrophobized soils under freezing-thawing cycles, in which soil hydrophobicity degradation (i.e., the change of wax coatings) was not mentioned. Quyum [35] and Lourenço [36] reported that hydrophobicity can be decayed with wetting-drying cycles in oil-contaminated soils. Zhang [37] pointed out that polyvinyl alcohol-induced soil hydrophobicity decreased with the number of freeze–thaw and dry–wet cycles. These qualitative studies describe and track the degradation behavior of hydrophobized soils, while the mechanisms and lifetime of hydrophobized soils remain unclear. 
Based on the mentioned possible degradation factors, this paper assess the durability of hydrophobized sands by means of four laboratory tests, namely wetting-drying, freezing-thawing, thermal ageing and water immersion, and takes the first step to predict their lifetime. This paper aims to subject hydrophobized sands to accelerated weathering. Specific objectives are: (a) to investigate the hydrophobicity degradation of hydrophobized soils under accelerated conditions (i.e. wetting-drying, freezing-thawing, thermal ageing and water immersion) and (b) to identify the mechanisms responsible for their hydrophobic degradation.
2. Materials and methods
2.1. Hydrophobized sands

 Fujian sand (Xiamen ISO Standard Sand Co. Ltd, China), with SiO2 >96%, was used. Because particle size can affect hydrophobicity [38, 39], this study used uniformly graded sands (63 to 425μm) by wet sieving. Hydrophobizing compounds used to induce soil hydrophobicity were TO and DMDCS from Jogel Co. (China) and Acros Organics (Morris Plains, USA), respectively. Table 2 summarize the properties of Tung oil and DMDCS products.

	Agent
	Appearance
	Consituent and concentration 
	Density
	Impurities

	Tung oil
	Transparent with amber colour
	Alpha-eleostearic acid (80%)
Linoleic acid (10%)
Palmitic acid (6%)
Oleic acid (4%)
	0.94×103 kg/m3
	<0.5%

	DMDCS
	Transparent
	Dichlorodimethylsilane (>98.5%)
	1.07×103 kg/m3
	<1.5%


Table 2. Properties of Tung oil and dichlorodimethylsilane (DMDCS)

[bookmark: _Hlk67596329][bookmark: _Hlk67596361]Soil hydrophobicity increases with the concentration of hydrophobizing compounds up to a threshold [39, 40]. Beyond this threshold, hydrophobicity remains stable. Therefore, the threshold is used as a criterion to define whether the hydrophobic compounds have fully coated the soil particle surfaces. The critical concentrations (i.e. the threshold) of TO and DMDCS in Fujian sand was 0.2%~0.4% and 0.002%, respectively. For TO-sands, high temperature can accelerate the polymerization and enhance hydrophobicity by melting the oil and forming even and solid coatings on particles [16]. Lin [7] reported that high temperature can provide a more stable hydrophobicity (i.e. longer WDPT’s) in TO-sands . The critical concentrations of TO-sand after heating (named as Heated TO-sands or HTO-sands) was 0.05%~0.2%. Higher concentrations could result in a thicker coating, which will further affect the durability. For example, Lin [39] revealed that a higher concentration of hydrophobizing compounds can reduce hydrophobic degradation of hydrophobized sands during abrasion. To ensure soil particle surfaces are fully coated with hydrophobic compounds, three concentrations beyond the critical were used: 0.5, 1.0 and 3.0%.
[bookmark: _Hlk66972067]For DMDCS-sands, a single channel pipette (Pipetman P100 from Gilson® , France) was used to add DMDCS in 100.0 g of Fujian sand under air dry condition, followed by a mixing in a fume hood to remove the HCl generated. Because Tung oil samples is unable to hold onto the pipette tips due to its higher density, Tung oil was added to 100.0 g of Fujian sand by percentage weight followed by mixing. HTO-sands were prepared by heating TO-sands at 250°C for 3 hours in an oven [7].  
2.2. Accelerated weathering tests
2.2.1. Thermal ageing
Thermal ageing is widely used to assess the effect of heat and oxygen on the durability of polymers. For example, after a 1160-hour thermal ageing test, Xiang [41] reported that PDMS rubber can degrade at a temperature lower than 90°C with the degradation rate dependent on temperature. For Tung oil, by conducting a 100°C-accelerated ageing test, Liu [29] found that both color and chemical structure changed after 216 hours, which was attributed to the oxidative degradation. Shogren [26] revealed that the biodegradation of vegetation oils including TO could be accelerated by increasing temperatures from 30 to 55°C. 
Thermal ageing was simulated by subjecting hydrophobized sands to elevated temperatures for two months. Air-dried hydrophobized sands (50g) were placed in aluminum weighing dishes and heated in an oven (Heratherm, USA) under four temperature levels: 60, 95, 130 and 160°C. Control samples were placed at ambient temperature (20~25°C). Samples were collected weekly for analysis. The testing duration of two months was referenced from other works: for TO from 216 hours in [29] to 57 days in [26], PDMS for 1160 hours in [41].

2.2.2. Water immersion 
When deployed in barriers as interface materials, hydrophobized soils will be in contact with free water. In an aqueous environment, the degradation of the hydrophobic polymeric coatings is expected to be driven by hydrolysis, especially under extreme pH conditions [27] and high temperature [42, 43].
[bookmark: _Hlk66972728]Water immersion consisted on flooding hydrophobized sands in water at elevated temperatures for two months. Hydrophobized sands (30.0g) were placed in glass jars with 60.0 ml of demineralized water. Because the sands were hydrophobic, the samples were stirred and vacuumized to remove air bubbles. To ensure no water evaporation occurred during the test, the samples in glass jars sealed with silicon sealant and screwcaps were weighted before and after the test. The water immersion tests were carried out at two temperature levels (60 and 95°C) for two months (similar to the thermal ageing tests), followed by collection of hydrophobized sands to oven dry at 45°C for further analysis every two weeks. Control samples were placed at ambient temperature and also collected after two months.

2.2.3. Cyclic wetting-drying
Rainfall and evaporation results in cyclic wetting-drying of construction materials and soils. Natural hydrophobic soils switch to hydrophilic above a critical water content and revert to hydrophobic as the water content decreases. This decay of hydrophobicity with water content is caused by the re-arrangement of amphiphilic molecules [44-46]. 
To study the effect of wetting-drying cycles on hydrophobized sands, samples were subjected to 100 cycles, above previous studies on natural hydrophobic soils and which is comparable to construction materials. For natural hydrophobic soils, treated sludge and cemented clay, five to twenty cycles have been used to observe the wettability change [36, 47-49]. Concrete and polymeric construction materials are assessed for a range of 60 to 150 cycles [50, 51]. Superhydrophobic coatings have been subjected to five wetting-drying cycles to assess their durability, where within this timeframe the coatings could be washed away, dissolved in water or shrink [52].
The cyclic wetting-drying procedure consisted on filling plastic dishes with 200.0g of air-dried hydrophobized sands, with distilled water added and stirred until saturation. Afterwards, the wet sands were air-dried for 3 days in a climate chamber (Kato, Kyoto, Japan) with the temperature set at 23.0°C and relative humidity at 75.0%. Every five cycles, approximately 5.0g of sands were collected for further analysis. 

2.2.4. Cyclic freezing-thawing
Soils undergo structural changes with freezing-thawing cycles. Xie [53] found particle breakage of natural soils after 15 cycles of freezing-thawing. For hydrophobized sands, particle breakage would expose fresh mineral surfaces with high wettability, which would then alter soil hydrophobicity. 
To investigate the effect of freezing-thawing cycles on hydrophobized sands, 100-cycles were applied (to keep parity with 100-cycles from wetting-drying). Hydrophobized sands (200.0 g) were air-dried and flooded with distilled water. The samples were then frozen at -22°C for 4 hours  [54], followed by a thawing at ambient temperature (20~22°C) for 1 day. Every five cycles, approximately 5.0g of sands were collected for further analysis.

2.3. Hydrophobicity measurement
To quantify the soil hydrophobicity change, two parameters were used, the contact angle (CA) and water drop penetration time (WDPT). CA is the angle between a water droplet and soil surface quantifying soil wettability, and WDPT measures the time for a droplet to fully penetrate into the sand. They represent the severity and persistence of sand hydrophobicity, respectively.
[bookmark: _Hlk66975821]The measurements of CAs were carried out by the sessile drop method proposed by [6] in a drop shape analyzer (KRÜSS GmbH, Hamburg, Germany). Sands were sprayed on a double-sided tape on a glass slide on which a 10μL drop of distilled water was dispensed. Water drops are unstable when placing on the surface of soils. To overcome this effect, the water drop shape was recorded by a CCD camera and the CA was measured within 50~200 ms of the water drop contact with the soil surface [55]. The shape of the water drop on the air-liquid interface was recorded, and a curve-fitting algorithm was used to determine the CAs [38]. For each sample 12 CAs were measured and recorded.
For WDPT tests, hydrophobized sands were placed in an aluminum weighing dish (soil thickness >1cm) with distilled water drops (50µL) dropped on their surface with a pipette, and their penetration timed. The time recorded had an upper limit of 3600s (1 hour) because water drops would evaporate for longer periods of time [2]. The measurements were performed in a laboratory environment with 22~25°C and relative humidity = 60~75%. 

2.4. Chemical analysis
To provide an insight into the mechanisms controlling the hydrophobic decay, chemical analysis of the hydrophobized sand prior and after testing was conducted and based on thermogravimetric analysis (TGA), Fourier-transform infrared spectroscopy (FTIR) and loss-on-ignition (LOI). TGA measures the mass change of a sample over time as the temperature increases. Since different chemical compounds have different decomposition, vaporization and oxidation temperatures, TGA can assess their thermal stability and evolution with temperature. González-Rivera [56] reported the existence of oligomers in PDMS by TGA, and Scholz [57] used TGA to detect the composition of a Tung oil-based resin. FTIR has been used to study the oxidative polymerization of Tung oil [28]. LOI test has been originally used to quantify the soil organic matter in natural soils. In this project, LOI test quantified the concentration change of hydrophobic compounds, but only for TO-sands. For DMDCS-sands, the mass loss after the test was small (0.004%~0.010%) and within its measurement error (0.002%). 
[bookmark: _Hlk67899443][bookmark: _Hlk67906748]TGA was performed on a thermal analyzer Q5000 SA (TA Instruments, UK) with an increasing rate of 10.0°C/min until 600°C in inert gas (N2). The FTIR analysis was performed using a FTIR spectrometer (Vertex 70 Hyperion 1000, Bruker) by the KBr pellet method. LOI test was followed by BS 1377-3 to obtain the residual concentration of hydrophobic agent. These analyses were carried out selectively for the different accelerated ageing tests. For example, TGA was performed on water immersion samples and FTIR on thermal ageing samples, because TGA could yield biased results for samples which had undergone heating at high temperature, and as for the water immersion tests, the existence of water might influence the FTIR spectrum.

2.5. Imaging
Scanning electron microscopy (SEM) has been used to observe the surface changes of hydrophobized sand particles. Collected samples were covered by a gold/palladium coating to provide conductive surfaces (BAL-TEC SCD 005 Cool Sputter Coat, USA) with scanning performed with an SEM instrument (Hitachi S4800 FEG, Japan).

3. Results and discussion
3.1. Thermal ageing
In the thermal ageing tests, hydrophobicity decreased with time, with the degradation behavior dependent on temperature, and hydrophobizing compound and concentration. Fig. 1(a) illustrates the CA change with time in two months at elevated temperatures from 60 to 160°C. Fig. 1(b) shows the corresponding WDPT changes with time. DMDCS-sands showed a high resistance to thermal ageing with the CA unaffected and WDPT >3600s. For TO-sands, CAs were stable at 60 and 95°C, but reduced at higher temperatures (130 and 160°C). The corresponding WDPT’s increased from 60~180s to 60~420s at 60°C to 300~600s at 130°C, and decreased to <5s at 160°C. HTO-sands were stable at 60~95°C with CAs and WDPT’s showing no change. At higher temperatures (130 and 160°C), CAs declined and WDPT’s also reduced to 300~600s and <5s respectively. At greater concentrations the degradation of hydrophobicity was suppressed for all treated sands. For example, CA of TO-sands were 73.2°, 79.9°, and 83.1° at 0.5, 1.0 at 3.0% concentration after ageing at 160°C.
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(a)                                (b)                     
Figure 1. Hydrophobic degradation of hydrophobized sands in thermal ageing tests with time, (a) contact angle change, (b) water drop penetration time change. Temperature ranges from 60°C to 160°C. Concentration of DMDCS, TO, HTO-sands is 0.5%, 1.0% and 3.0%.

FTIR shows the chemical composition changes with thermal ageing (Fig. 2). In the DMDCS-sands, three peaks were found at 2958, 2920 and 2850 cm-1. After the thermal ageing at 95~160°C, the peak corresponding to 2958 cm-1 vanished and the other two peaks remained, suggesting that PDMS persisted while other volatile compounds (e.g. cyclic oligomers generated during the mixing of DMDCS with sands) evaporated or decomposed during the test [41, 58]. As for TO-sands, peaks at 2929 and 2856 cm-1 shifted to 2925 and 2854 cm-1 with a decreased intensity after the thermal ageing test. The shift of peaks may be attributed to the oxidative polymerization of TO [28, 59], with the decreased intensity reflecting the reduced concentration. In HTO-sands, the peaks were originally at 2925 and 2854 cm-1, showing that the heating treatment had accelerated the oxidative polymerization of TO [7]. During the test these two peaks showed no shift but had a lower intensity, which also reflected a concentration reduction.

[image: ]
Figure 2. FTIR spectrum of hydrophobized sands in thermal ageing tests. Temperature ranges from 60°C to 160°C. Concentration of DMDCS, TO, HTO-sands are 0.5%, 1.0% and 3.0%.

[bookmark: _Hlk67041369][bookmark: _Hlk67038910]Fig. 3 compares the relation between Cc and CAs of hydrophobized sands during the 2-month accelerated thermal ageing. The initial Cc of HTO-sand was lower than that of TO-sand due to the heating treatment during sample preparation [7]. The result reveals that the reduction of CAs is driven by the decrease of TO or HTO concentration. For example, Cc of TO-sands (0.5%) decreased from 0.501% to 0.428% at 60°C, and to 0.084% at 160°C, with the corresponding CAs declining from 121.6° to 118.2° at 60°C, and to 73.2° at 160°C. The difference of CAs between TO- and HTO-sand with similar concentration level may be attributed to the rearrangement of amphiphilic molecules due the heating treatment during sample preparation [7, 16].
[image: ]
Figure 3. Relation between the concentration of hydrophobizing compounds and contact angle. Temperature ranges from 60°C to 160°C. Original concentration of TO, HTO-sands are 0.5%, 1.0% and 3.0%.

The thermal ageing test at the four elevated temperatures allows the lifetime prediction of hydrophobized soils based on the Arrhenius equation (widely accepted for the lifetime prediction of polymeric materials) [60]. The Arrhenius equation is shown as follows:

                                                            (Eq. 2)

Where k is the reaction rate, Ea is activation energy, R is the gas constant, T is the absolute temperature and A is the pre-exponential factor. Eq. (2) shows that the rate of material property change is a linear function of 1/T. The slope (Ea/R) can be obtained by plotting temperature and the time to reach a certain material property (e.g., 80% of initial contact angle). 
The exposure time at higher temperatures can be transformed to the exposure time at a reference temperature (i.e., the lowest temperature in the thermal ageing test) by using an acceleration factor. The acceleration factor α can be obtained by the slope (Ea/R) as follows:

                                   (Eq. 3)

Where t0 is the exposure time at elevated temperature, t1 is the exposure time at reference temperature, T0 is the elevated temperature in K and T1 is the reference temperature in K.
Several degradation models (i.e., the relation between material property and exposure time) have been proposed to assess the strength of polymeric materials. However, no degradation model has been raised for soil hydrophobicity (i.e., contact angle). This study adopted Phani-Bose model [61], which was originally used for the tensile strength of polymeric materials  (Eq. 4):

[bookmark: _Hlk46998815]                                                          (Eq.4)

Where ε is the normalized residual material’s property, ε∞ is the normalized residual property after infinite exposure, t is the exposure time which can be obtained from Eq. 3. It should be noted that ε in Eq. 4 falls in a range of 0~1. Hence, in this study the CA is normalized by the following equation:

                                                         (Eq. 5)

Where CAi is the contact angle after thermal ageing and CA0 is the initial contact angle. Given that hydrophobized sands were initially hydrophobic, CA0 is greater than 90° and consequently ε is greater than 0 when sands are hydrophobic. When sands became hydrophilic (CA <90°), ε is 0.
Fig. 4 plots the relation between normalized contact angle and exposure time of TO- and HTO-sands with the reaction rate k obtained from the regression. The reaction rates k have high R2 (>0.8), indicating that the accelerated tests are valid, and the procedure could be used to predict long-term behavior [41]. The predicted lifetime of TO-sands is 2~70 years, increasing with concentration. HTO-sands have a shorter lifetime (2~20 years). DMDCS-sands showed no hydrophobicity reduction with thermal ageing. No datum of DMDCS-sands was available for lifetime prediction. However, it is assumed to have a longer lifetime.

[image: ][image: ]
(a)                                                                           (b)
Figure 4. The master curves of (a) TO- and (b) HTO-sands during thermal ageing tests with 60°C as the reference temperature. Regressed reaction rate k and corresponding R2 are attached. Temperature ranges from 60°C to 160°C. Original concentration of TO, HTO-sands are 0.5%, 1.0% and 3.0%.

3.2. Water immersion
During the water immersion tests, DMDCS- and HTO-sands degraded depending on compound concentration and temperature, while TO-treated samples showed a limited change in hydrophobicity (Fig. 5). At 60°C, CAs of DMDCS-sands showed a decrease but remained >90°, indicating that the sands were still hydrophobic, but WDPT’s at 0.5 and 1.0% became <5s after 1-month water immersion. At a higher temperature (95°C), CAs at low concentrations (0.5 and 1.0%) decreased to <90° and WDPT’s also changed to <5s. TO-sands were found to be stable in the water immersion at 60°C and 95°C albeit with a shorter WDPT for 95°C. The degradation of HTO-sands occurred during the test and was accelerated at a higher temperature (i.e. 95°C). The relation between hydrophobicity degradation and concentration was similar to the thermal ageing tests remaining more stable at higher concentrations.
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(a)                                                       (b)        
Figure 5. Hydrophobic degradation of hydrophobized sands in water immersion tests with time, (a) contact angle change, (b) water drop penetration time change. Temperature ranges from 60°C to 95°C. Concentration of DMDCS, TO, HTO-sands is 0.5%, 1.0% and 3.0%.


TGA on the hydrophobized sands before and after the 95°C water immersion revealed chemical changes due to the depolymerization or hydrolysis of TO. Note that the FTIR test was not conducted because the saturated sands should be oven-dried prior to FTIR analysis, resulting in their unintended thermal ageing. Fig. 6 plots the derivative-TGA result (i.e. temperature against derived weight over temperature), and the peak degradation rate temperatures (Tpeak) are included in the embedded table. In TO- and HTO-sands, the degradation rate peak shifted towards lower temperatures. Tpeak of TO-sands reduced from 416°C to 393°C, and for HTO-treated it decreased from 412°C to 393°C. This result agreed with other works in which Tpeak of Tung oil ranged from 400 to 430°C [57]. At this temperature range, both HTO and TO undergoes fragmentation (de-polymerization) and consequently degrades and loses weight [62]. A reduced Tpeak could be attributed to the weaker polymeric network due to the hydrolysis. However, for DMDCS-sands, this tendency was not observed. A possible reason could be the limited concentration of PDMS generated during the sample preparation (small Cc ranging from 0.004 to 0.010%, Section 2.4). With negligible amount of PDMS, TGA may fail to detect the concentration and composition changes. In the curve of the control DMDCS-sands, no Tpeak was observed.

[image: ]
Figure 6. Thermo-gravimetric profile of hydrophobized sands in water immersion tests. Temperature is 95°C. Concentration of DMDCS, TO, HTO-sands is 3.0%.

Cc of HTO-sands is generally lower than that of TO-sands during the water immersion test (Fig. 7). Cc stabilized with time remaining smaller at a higher temperature (95C). The TGA result supported the hypothesis that the degradation was driven by hydrolysis by showing a reduced Tpeak. A lower Cc in HTO-sands does not necessarily show that it had a greater hydrolysis than TO-sands during water immersion. After the water immersion of TO-sands, dispersed TO can re-attach on the sand particle surfaces after oven drying. This is also reflected by an increase in the CA and WDPT. The possible reason that HTO has a lower hydrophobic stability is the conversion of COOH to COO- in alpha-eleostearic acids and the orientation change of molecules on the particle surface [7]. At high temperature, water may infiltratate into the interface between HTO coating and sand particles surfaces, with the amphiphile molecules on the particle surface changing their orientation and becoming less hydrophobic or switching to hydrophilic.

[image: ]
Figure 7. Hydrophobizing compound concentration change of hydrophobized sands in water immersion tests. Temperature ranges from 60°C to 95°C. Original concentration of TO and HTO-sands is 0.5%, 1.0% and 3.0%.

3.3. Cyclic wetting-drying 
Sand hydrophobicity decreased with wetting-drying cycles, depending on the hydrophobizing compounds and their concentration (Fig. 8). At 0.5%, there was a marked reduction in hydrophobicity. A similar result has also been illustrated in Fig. 1 where hydrophobicity is more stable at higher concentrations. Hydrophobicity reduced in both HTO- and TO-sands for all concentrations. 


[image: ][image: ]
(a)                        (b)         
Figure 8. Hydrophobic degradation of hydrophobized sands in cyclic wetting-drying tests. (a) contact angle change, (b) water drop penetration time change.

Cc of HTO- and TO-sands tends to decrease with wetting-drying cycles (Fig. 9). HTO-sands which had undergone the heating treatment had a lower initial concentration than TO-sands because of the evaporation and combustion of Tung oil [7]. During the cyclic test, Cc of TO-sands was higher than HTO-sands. For example, at a high concentration (3.0%), Cc of TO-sands decreased from 2.997% to 2.939%, while HTO-sands reduced from 2.952% to 2.849%. As explained in Section 2.4, LOI test was not conducted in DMDCS-sands. 

[image: ]
Figure 9. Hydrophobizing compound concentration change of hydrophobized sands in cyclic wetting-drying tests.

With wetting-drying cycles, the hydrophobic coatings exhibited shrinkage with the formation of cracks (in the PDMS coatings) or their detachment from the particle mineral surface (Fig. 10) exposing the underlying sand mineral surface which is hydrophilic. 

[image: ]
Figure 10. Microphotographs of hydrophobized sands after accelerated wetting-drying cycles
As for the mechanisms controlling the hydrophobicity reduction, for PDMS, Graiver [21] claimed that in the wetting phase PDMS was able to hydrolyze to low-molecular-weight oligomers which were volatile in the drying phase. The detachment of TO and HTO coatings detected by SEM exposed hydrophilic mineral surfaces, which caused the decrease of soil hydrophobicity. Compared to TO-sands, HTO-sands have a lower hydrophobicity. This has been explained in Section 3.2. At higher concentrations, both TO- and HTO-sands showed higher resistance to wetting-drying. This could result from the more persistent hydrophobicity (i.e. longer WDPT’s) with trapped air bubbles during the wetting phase, reducing particle surface wetting. 
3.4. Cyclic freezing-thawing
Freezing-thawing had a negligible influence on the hydrophobicity except for HTO-sands (Fig. 11). CAs and WDPT’s of DMDCS-sands showed no change during freezing-thawing cycles. For TO-sands the CA changed to 115° while WDPT’s showed no change during the test. WDPT’s of HTO-sands remained >3600s and corresponding CAs reduced to 112.9°, 114.8° and 117.6° at 0.5, 1.0, 3.0%, respectively.
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(a)                                 (b)                
Figure 11. Hydrophobic degradation of hydrophobized sands in cyclic freezing-thawing tests. (a) contact angle change, (b) water drop penetration time change.

[bookmark: _Hlk67907388]No physical or chemical change to the hydrophobic coatings was found by SEM and Cc, indicating that hydrophobized sands are stable under freezing-thawing conditions. Freezing-thawing could degrade hydrophobicity by soil particle breakage or hydrophobic coating rupture. Particle size analysis was conducted and no size change was observed during the test. SEM images showed that both PDMS and TO coatings remained intact after freezing-thawing cycles, which agreed with other works. For example, Kronlund [63] reported that PDMS coatings persisted on a granitic surface after 30 freezing-thawing cycles. Only HTO-sands showed a slight CA decrease, which could be linked to changes in the orientation of molecules during the wetting phase (Section 3.2).



3.5. Engineering interpretations
[bookmark: _Hlk67041700]By conducting a series of accelerated ageing tests, the results of this paper showed that both temperature and moisture content can trigger the degradation of hydrophobized sands. Correspondingly, the environmental factors such as period wetting-drying conditions by sunlight and rainfall, high temperature due to geothermal energy and water immersion caused by underground water are all possible to influence the hydrophobicity of such soils. As for the lifetime, the results of thermal ageing tests indicated that hydrophobized sands can predictably last for more than 70 years when deployed in a relatively dry condition. At the same time, the result also showed that the degradation can be amended by optimizing the hydrophobic agent and its concentration. For example, PDMS coatings can undergo sever hydrolysis in water immersion but are stable against high temperature. Given the degradation depending on both agent type and application environment, the durability of hydrophobized soils should be assessed targeting specific scenario in the engineering applications.

4. Conclusions
Hydrophobized sands have been subjected to accelerated weathering tests in order to simulate its interaction with the atmosphere and provide an insight into their durability and the mechanisms responsible for their degradation. Samples treated with dichlorodimethylsilane (DMDCS)-sands, Tung oil (TO)-sands and heated Tung oil (HTO)-sands were subjected to thermal ageing, water immersion, cyclic wetting-drying and cyclic freezing-thawing. The major outcomes are as follows. (1) Elevated temperature resulted in hydrophobicity degradation of TO- and HTO-sands possibly driven by oxidation of Tung oil coatings, while PDMS had a stable hydrophobicity under prolonged thermal ageing. (2) Reduced hydrophobicity was found in DMDCS- and HTO-sands during the two-month water immersion driven by hydrolysis. In TO-sands, the degradation was negligible because of the re-attachment of Tung oil. (3) Cyclic wetting-drying resulted in decreased hydrophobicity depending on the hydrophobizing compound concentration: greater hydrophobic degradation for low concentrations (i.e. thinner coatings) and the opposite for greater concentrations (i.e. for thicker coatings). (4) For cyclic freezing-thawing, hydrophobicity was stable for all sands. Future research may consider: (1) the synergistic effects of the environmental factors on hydrophobic degradation, (2) the role of microbiology on hydrophobic degradation, and (3) a dedicated study at a greater scale that could take into account the spatial evolution of hydrophobic decay, the current study is of a fundamental nature, at the coating-particle surface scale. 
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