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Abstract
Water drives the decay of road subgrades such as frost heave in cold areas and collapse in saline soil areas, which influences the safety and comfort of vehicle transportation. This paper proposes a novel geotechnical material, namely hydrophobized soil, as a subgrade fill material to mitigate water-induced degradation of subgrade. Hydrophobized soil has a low affinity to water and therefore can prevent the subgrade from water infiltration, enhancing the volume stability of subgrades. To demonstrate its feasibility, the hydrophobicity and its durability were investigated in this study. A one-year outdoor weathering test on hydrophobized soil columns was conducted, with the hydrophobicity measured. The results show that hydrophobized sand has different durability and exhibits different degradation depending on the chosen hydrophobizing agent and its concentration. Based on the testing results and capillary rise model, the design of hydrophobic hydraulic barrier in subgrade was discussed at the end.
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[bookmark: OLE_LINK10]1\ Introduction
[bookmark: _Hlk148360947][bookmark: _Hlk148361765]Subgrade fills as a typical unsaturated soil may witness collapses or great deformations when water infiltration and migration occur, which has attracted a great attention on its safety (i.e., the collapse or failure of subgrades) and serviceability (i.e., the unacceptable deformation or other failure of minor structures in subgrades). In some special soil areas, water movement is also recognized to drive the degradation of the subgrade, such as frost heave in cold areas and collapse in saline soil subgrades [1]. In this regard, subgrade fills (or so-called fill materials, subgrade soils and structural fillers) have a lower strength when being saturated by rainfall, water-ponding or capillary rise from underground water, and may undergo frost heave in winter and settlement when thawing in spring. Numerous efforts have been made to mitigate these water-induced impacts such as stabilization of subgrade fills and drainage design [2]. So far, most of stabilization methods for subgrade fills focus on their mechanical properties, i.e., aiming to improve the safety and serviceability of road by enhancing the strength, stiffness and volumetric stability of subgrade fills. Traditional stabilizers such as cement and limes, and novel alternatives such as lignin-based binders and rice husk ash are tested and investigated in subgrade fills [3-5]. However, in-situ investigation and large-scale tests both reported that traditional stabilizers may fail to maintain the serviceability of roads or railways [6,7]. At the same time, stabilizers such as lime and cement have a high carbon footprint, increasing the carbon emission of construction. Another mitigation method is by using water-prevention and drainage system to keep the subgrade soils in a relatively dry condition. This has been examined by numerous practices in China, especially in Qinghai-Tibet highway. However, the construction and maintenance of prevention-drainage systems increase the cost of these highway projects.
[bookmark: _Hlk148364341][bookmark: _Hlk148366223]In recent years, hydrophobized soils (or so-called artificial hydrophobic soils, synthetic water repellent soils), has been proposed to be used as impervious layers in geotechnical systems such as slopes and foundations. As shown in Figure 1, hydrophobized soils (which have a low affinity to water) can retard or prevent water infiltration from rainfall or capillary rise from the underground water. In addition, when such materials are wet, the drainage rate is faster compared with the hydrophilic ones [8]. Regarding to its environmental impact, [9] investigated their ecotoxicity and revealed their minor influence on the biological activities and soil water quality. Therefore, hydrophobized soils are treated as an ideal material to mitigate water-related degradation in geotechnical construction. In the field of geotechnical engineering, [10] conducted flume tests to study the feasibility of a novel cover system with hydrophobized soils for minimizing water percolation in engineered landfills. [11] used PVA-induced hydrophobized soils to protect historical earthen sites from degradation by freeze-thaw and dry-wet cycles. [12] applied thermo-hydro-mechanical-chemical (THMC) models to study water movement and frost heave of hydrophobized soils in geotechnical systems, which provides a valuable guidance for engineering practice. [13] investigated the infiltration behaviors of hydrophobic soil layer used for landfill covers by soil column tests, showing that the water movement can be retarded by the hydrophobic barrier. Besides, researchers with a hydrological background also studied the infiltrability of hydrophobic soils while focusing on naturally-induced hydrophobic soils and their infiltration rate. [14] tested the water infiltration in silty loam soils with different water repellent levels and showed that the infiltration rate depends on both water repellency and the initial soil water content. Some infiltration model has also been established empirically or semi-empirically (e.g., [15-17]).
[bookmark: _Hlk148448396]This paper proposes to address the water-induced problems in road subgrade by using hydrophobic subgrade fills as illustrated in Figure 1. Subgrade fills are commonly sandy to gravelly soils, while in some special areas where such material is unattainable, silty soils can also be used. Previous works have demonstrated the feasibility of hydrophobizing these coarse-grain soils as examplified in Figure 2 [18,19]. In general, hydrophobic subgrade fills can stay in a relatively dry condition and consequently avoid water-induced impacts. Besides, hydrophobizing agents (or so-called hydrophobic stabilizers) can be green, sustainable and cost-effective, compared to traditional stabilizers. For example, [20] reported that by adding Tung oil, a green and sustainable coating material, earthen materials can be enhanced in strength and hydrophobicity simultaneously. At the same time, some novel hydrophobizing methods, such as fungi-induced hydrophobicity and PVA solutions have also been developed in recent years, extending the potential use of hydrophobic granular materials [21,22]. Regarding the mechanical properties, [23] found a switch of shearing behavior from strain-softening to strain-hardening with an increase of hydrophobizing agent. 



[bookmark: _Ref148448042]Figure 1. Water flow balance chart in road embankment with or without hydrophobized sand as impervious layers
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[bookmark: _Ref148449053]Figure 2. Hydrophobized sand (a) fresh DCDMS-treated sand, (b) aged DCDMS-treated sand after one-year outdoor weathering, (c) fresh Tung oil-treated sand and (d) aged Tung oil-treated sand after one-year outdoor weathering

[bookmark: _Hlk151474132][bookmark: _Hlk151473983]Despite of these recent advances, the feasibility of hydrophobized soils in road subgrade is still unclear, hindering their further application in transportation geotechnics. One of the most important criteria of the feasibility is the long-term waterproofing behavior of hydrophobized soils. It is hypothesized that under the synergistic influence of different environmental factors, such as sunlight, wetting-drying cycles and high temperature, hydrophobized soils could undergo a degradation and partially or totally lose their waterproofing ability as a subgrade fill material. However, so far there is little investigation on the degradation of hydrophobized soils under an outdoor weathering. Therefore, it is unclear whether the waterproofing ability of hydrophobized soils as a subgrade fill is durable and how such soils can degrade under the synergistic effect of all these environmental factors.
[bookmark: _Hlk151474218]This paper takes a first step on studying the feasibility of hydrophobic subgrade fills regarding to its soil hydrophobicity and durability in geotechnical transportation, aiming to investigate the degradation behavior of hydrophobized soils under a natural condition. A one-year outdoor weathering of hydrophobized sand columns was conducted, with the water infiltration and evaporation monitored, which simulates the impervious barrier in subgrades. Then the samples collected from the sand columns exposed to outdoor weathering were tested to investigate their hydrophobicity degradation. 
The specific objectives of this work are:
(1)	To investigate the water movement in hydrophobized sand under outdoor environmental conditions; 
(2)	To examine the degradation behavior of soil hydrophobicity and corresponding mechanisms under synergistic effects of sunlight, rainfall, biological activities and relative humidity;
(3)	To clarify the suitability of hydrophobized sand as a fill material in subgrades regarding to its hydrophobicity and durability.
2\ Background
2.1 Hydrophobicity of granular materials

When a liquid droplet is placed on a flat and smooth solid surface, an equilibrium of the surface tensions of liquid, air and solid is formed, which is well-known as the Young’s equation (Eq.1).

                                     Eq.1

Where the angle formed between the air-liquid and liquid-solid boundaries is Young’s contact angle  which can be used to describe the wettability of the solid surface. ,  and  are the surface tensions between solid-liquid, solid-air and liquid-air phases. The surface is defined as hydrophobic when contact angle is larger than 90° and hydrophilic when smaller than 90°.
[bookmark: OLE_LINK4]Two methods have been widely used to measure contact angles of soils, namely sessile drop method (SDM) and capillary rise method. The former is suitable for hydrophobic soils while the latter for hydrophilic soils. In soil sciences, water drop penetration time (WDPT) and water entry value (WEV) are also widely used to quantify soil hydrophobicity. The WDPT test, which is convenient and easy to set up, records the time it takes for a water droplet to penetrate fully into the soil. In a fully dry soil, when water starts to displace the air, the displacement capillary pressure (or suction) is called the water entry value. WEV is the threshold for water infiltration to occur in soils and therefore can quantify the severity of hydrophobicity in soils [24] (Figure 3) . WEV is of engineering importance since it mirrors a real scenario where water ponding occurs on a layer of hydrophobic soils, and is considered as one of the most representative indices for hydrophobicity [24-26]. Theoretically, as WEV is a breakthrough pressure of water starting to replace air in the soil, it follows the Young-Laplace pressure:

                        Eq.2

Where  is the the average radius of capillary tubes or the effective radius of hydrophobic soil pore being infiltrated.  is the breakthrough pressure. In hydrophobic soils, it is equal to water entry value. 
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[bookmark: _Ref148449283]Figure 3. Soil water retention curves of soils with different wettability. The hwe and hae denote water entry value and air entry value respectively.

2.2 Failure and degradation of soil hydrophobicity

The failure of hydrophobized soils is defined as the loss of waterproof ability, which may occur due to water-ponding which exceeds the water entry value or degradation of the hydrophobic coating. When used as a road or railway subgrade as a fill material, hydrophobized sand is placed at or near the ground-atmosphere interface. In such environment, a wide range of temperatures (from freezing to 40°C), intense rainfall, capillary rise from underground water and sunlight (ultraviolet light) may degrade the hydrophobicity. So far, numerous works have examined the degradation of the waterproofing ability of hydrophobic soils as a bulky hydraulic barrier. For example, [27] studied the freezing-thawing durability of organosilane-coated soils by evaluating the heave rate, temperature profile and soil water content distribution under various temperatures. [11] investigated the durability of hydrophobic soils induced by PVA under freezing-thawing and wetting-drying cycles, showing a slight decrease of WDPT with these cycles. 
[bookmark: _Hlk151477373]As for the mechanism of hydrophobicity degradation, four degradation modes based on laboratory studies have been proposed [28,29] : (1) particle degradation: hydrophobic sand are crushed or disaggregated due to dynamic loading or extreme high pressures. The breakage of soil particles only occurs under extreme conditions such as high pressure (e.g., breakage of silica sand under a confining pressure >1.0 MPa) and intense dynamic abrasion. In terms of subgrades, the overburden pressure of fill materials is barely larger than 100 kPa, in which the particle breakage of silica sand could be negligible; (2) coating hydrophilization: hydrophobic polymer coatings are aged and then become hydrophilic due to environmental impacts such as oxidation and hydrolysis from sunlight, high temperature and water immersion. The magnitude of coating hydrophilization is mostly dependent on the type of hydrophobic coatings. For example, fatty-acid based coatings could have a shorter durability of hydrophobicity than organsilane-based ones. Besides, the concentration of hydrophobizing agent can also influence the lifespan. Regarding to the subgrade construction where subgrade fills may be exposed to the outdoor weathering, this mode is supposed to be the major contributing factor to the soil hydrophilization; (3) coating-particle detachment: polymer coatings detach from the particle, exposing the hydrophilic mineral surfaces and (4) powder adhesion: hydrophilic powders or fines may adhere on the polymer coatings and consequently hydrophilize the sand particles. The latter two modes are found by a microscopic investigation while their influence on the soil hydrophobicity has not yet been quantified. Besides, these findings were obtained from laboratory tests. This paper further investigates the degradation behavior of hydrophobized soils in a realistic condition.

2.3 Hydraulic barrier against capillary rise

To prevent the subgrade fills from water percolation or capillary rise, two types of hydraulic barriers, namely impervious barriers and capillary barriers are utilized respectively in subgrade engineering. Impervious barriers such as HDPE geomembrane and geosynthetic clay liners (GCL) have a low permeability and can retard both water and gas migration. Impervious barriers frequently witness strength-related problems, such as geomembrane gas bubbles (also called “whales” or “hippos”), needle-punching, rupturing and creeping due to degradation. Capillary barriers were developed to avoid or mitigate certain of these problems. The capillary barrier is a two-layer system of different hydraulic properties which can prevent water infiltration or capillary rise into the subgrade fills by utilizing unsaturated soil mechanics principles. In subgrade engineering, for example, a gravel or sand interface can be layered between subgrade fills, to prevent capillary rise of underground water and possibly subsequent salt migration. The thickness of capillary barrier depends on the capillary rise height of the gravels or sands which can be predicted by capillary rise equation (Eq.3).

                                Eq.3

Where  is the effective radius in the soil. [30] suggested  is 0.2 times the average particle size, which is validated by the laboratory tests in sandy or gravely soils but may yield a higher result in silty or clayey soils.  and  are the surface tension and density of groundwater respectively.  can be estimated as the surface tension of water (72 mN/m) and  is about 1.0×103 kg/m3.  is the acceleration of gravity. 
The above equations show that the thickness of a gravel or sand capillary interface falls in a range of 10 cm (for gravel) to 80 cm (for fine sand). However, this theoretical value is underestimated in the practice of subgrade construction, i.e., it is insufficient to prevent the capillary rise of groundwater [31,32]. This may be attributed to the determination of effective radius: the presence or migration of fines into coarse-grain soils can dramatically decrease the effective radius and consequently increase the capillary rise height. Therefore, [33] claimed that the effective radius should be 0.2~0.25 times . In practice, the minimum thickness of such a barrier is 0.2~0.3 m for clean gravels (with no clayey or silty soils) and 0.6~1.0 m for clean sand. For gravely and sandy soils which contain fines, the thickness can be larger than 1.0 m.
3\ Methodology
3.1 Hydrophobized sand

The raw soils used in this study is a model sandy soil, Fujian sand (Xiamen ISO Standard Sand Co. Ltd, China) with the content of SiO2 >96%. Since particle size and soil moisture content can affect hydrophobicity, this study used air-dried uniformly graded sand (63 to 425μm, isolated by wet 
[bookmark: _Hlk148451580]sieving, and soil moisture content <0.2%). Hydrophobizing compounds used were Tung oil and dichlorodimethylsilane (DMDCS or DCDMS) from Jogel Co. (China) and Acros Organics (Morris Plains, USA), respectively. These two materials have been widely used as hydrophobizing agents given their cost-effectiveness, low carbon footprint and non-toxicity [9,34]. DCDMS reacts with soil water menisci or hygroscopic water to form polydimethylsiloxane (PDMS) on the surface of soil particles:

           Eq.4

Since the soils are heterogeneous, some organosilicon byproducts could also be generated during the mixing of DCDMS and Fujian sand such as Dodecamethylcyclohexasilane and dimethylsilane.
Tung oil contains 80% of alpha-eleostearic acids. As the fatty acids are waterproofing, it can directly coat the sand particles and generate soil hydrophobicity when mixed with soils.
[bookmark: _Hlk148453492][bookmark: _Hlk148967673][bookmark: _Hlk148970150]The properties of these two hydrophobizing agents are listed in Table 1. 1% by mass of hydrophobizing agent was mixed with air-dried Fujian sand, followed by a 7-day equilibrium in ambient temperature (20~25℃). These hydrophobizing methods and corresponding concentrations follows previous works [10,29]. The particle size and shape of hydrophobized sand were measured by QicPicTM particle analyzer (Sympatec GmbH, Germany). It is worth noticing the maximum dry density of hydrophobized sand was not obtained by traditional proctor compaction test, because the hydrophobized sand was supposed to be applied in the subgrade in a dry condition. Therefore, this value was obtained by compaction under an input energy of 594 kJ/m3 following previous studies [10]. The soil properties and particle information are listed in Table 2 and Figure 4 respectively. The shift of TO soils is attributed to the aggregation of sand particles.

[bookmark: _Ref104283703][bookmark: _Hlk114649322]Table 1. Properties of hydrophobizing agents, Tung oil and dichlorodimethylsilane (DCDMS)
	Agent
	Appearance
	Constituent and concentration 
	Density (g/cm3)
	Purity (%)

	Tung oil
	Transparent liquid with amber color
	Alpha-eleostearic acid (~80%)
Linoleic acid (~10%)
Palmitic acid (~6%)
Oleic acid (~4%)
	0.92 
	>95

	DCDMS
	Colorless clear liquid 
	Dichlorodimethylsilane 
	1.07 
	>98.5


[bookmark: _Ref104283728]
Table 2. Properties of hydrophobized soils
	Nomination
	Hydrophobizing agent 
	Maximum Dry Density (g/cm3)
	Specific gravity
	Contact angle (o)
	Water drop penetration time (s)
	Apparent permeability (m/s)

	Natural sand
	-
	1.67
	2.69
	-
	<5
	4.4×10-6

	DCDMS-sands
	DCDMS
	1.64
	2.69
	126.91/132.12
	>3600
	2.1×10-8

	TO-sands
	Tung oil 
	1.53
	2.59
	121.01/123.22
	3000~3600
	5.8~8.3×10-8


1Measured on air-dried samples
2Measured on oven-dried sample

[image: ]
[bookmark: _Ref148453984]Figure 4. Particle size distribution and shape parameters of natural and hydrophobized sand

3.2 Outdoor weathering

[bookmark: _Hlk148970654]A one-year outdoor weathering test of hydrophobized sand was conducted in Hong Kong from November 1st, 2019 to November 30th, 2020. The climate data of Hong Kong is shown in Figure 5. During this period, the average temperature was 27~32℃ and Relative humidity was generally higher than 75% as recorded in summer (from May to August). In winter, the temperature ranged from 10 to 20℃ and Relative humidity had a wide range (from 20% to 95%). Rainfall was concentrated in June to September, with the greatest daily rainfall reaching 106.7 mm in May and no rainfall recorded between November 2019 and the end of January 2020.
[bookmark: _Hlk148454695][bookmark: _Hlk148971039][bookmark: _Hlk148456083][bookmark: _Hlk148511049][bookmark: _Hlk148511263][bookmark: _Hlk148457517][bookmark: _Hlk148457486]DCDMS- and Tung oil-treated hydrophobized sand was firstly placed in cylindrical containers (diameter of 15 cm and to a height of 10 cm) with permeable bottoms for drainage. The tested hydrophobized sand was compacted in three layers (3~4 cm of thickness per each layer) to a desired density. The density of hydrophobized sand was 1.64 g/cm3 (DCDMS-treated sand) and 1.53 g/cm3 (Tung oil-treated sand). A moisture sensor (EC-5, METER Group, US) connected to a data logger (Emb50, Elettronica Plus, Italy) was buried in the soil column at the height of 5 cm (i.e., in the middle of the soil column) to detect water infiltration. The calibration of these probes in hydrophobized soils was conducted for soil moisture content [35]. These samples with moisture sensors were directly exposed to natural environment for the one-year outdoor weathering. The soil moisture was recorded every five minutes. In addition, to prevent the loss of surface soil caused by rainfall and wind during outdoor weathering, the container was covered with a 2 mm diameter wire mesh which allowed water to flow whilst preventing avoid erosion. Eight samples were created per hydrophobization type (16 in total) and two per type were collected for analysis (discussed below) every three months. For each sand column, sand samples were collected at different depth (2, 4, 6, 8 and 10 cm). To avoid the reconstitution of sand samples, for each depth, a plastic separator was used.

[image: ]
[bookmark: _Ref148455743]Figure 5. Climate data of Hong Kong from November 1st 2019 to November 1st 2020. The blue line denotes relative humidity. The red line with reddish shades denotes the average daily temperature with upper and lower limits. The cyan columns refer to daily rainfall.

[bookmark: OLE_LINK9]3.3 Hydrophobicity and hydraulic property assessment

3.3.1 Contact angle measurement

[bookmark: _Hlk148605362][bookmark: _Hlk148605263]Contact angle (CA) measurement was carried out by the sessile drop method proposed by Bachmann in a drop shape analyzer (KRÜSS GmbH, Hamburg, Germany) [36]. Hydrophobized sand collected from the weathering tests were firstly air-dried in an ambient temperature or oven-dried in a 105℃ oven. The drying temperature has been reported to influence soil hydrophobicity [37]. Air-dried contact angle refers to the real soil hydrophobicity while the oven-dried one to the potential hydrophobicity. The sample was sprayed onto a double-sided tape on a glass slide. A 10.0 (±0.01) μL drop of deionized water was dispensed on the soil surface. The shape of the water droplet was recorded by a camera and the CA was measured by a further analysis of ImageJ, an open-source image processing program [38]. For each hydrophobic sand sample, 12 measurements were taken. 

3.3.2 Water drop penetration time test

[bookmark: _Hlk148972732]For water drop penetration time tests, the hydrophobized sands were firstly air-dried or oven-dried, as stated in Section 3.3.1. The sample was then placed in a weighing dish in a layer of larger than 3 cm. A 50µL drop of deionized water was dropped on the soil surface through a pipette (Research plus, Eppendorf) with its penetration timed visually. The time recorded had an upper limit of 3600s (i.e., 1 hour); longer times may be invalid because water drops would evaporate rather than penetrate into the soils. The WDPT tests were carried out in a laboratory environment with 20~26°C and relative humidity = 75~80%, following other works [39,40]. The penetration time recorded was classified into 6 levels: extremely hydrophobic (>3600s), severely hydrophobic (600~3600s), strongly hydrophobic (360~600s), slightly hydrophobic (60~360s), barely hydrophobic (5~60s) and hydrophilic (<5s) [40].

3.3.3 Water entry pressure test

[bookmark: _Hlk148607711]To determine water entry pressure, falling head permeameters (TST-55, NanJing T-Bota Scietech Instruments & Equipment Co.) were modified and applied in this study. The volume of the permeameters is 120 cm3. Hydrophobized sand was compacted in the containers with a desired density of 1.64 g/cm3 (DCDMS-treated sand) or 1.53 g/cm3 (Tung oil-treated sand). Noticing that the sand samples were firstly collected from the outdoor weathering sand columns, and then compacted in the permeameters. This result in the reconstitution of hydrophobized sand. To avoid wall-sand preferential flow or leakage through the gaps within the instrument, Teflon was smeared inside the wall of the containers [26]. After the preparation of samples, water head was gradually added by an increment of 1 cm. For each increment, the valve was kept open for 30 seconds, allowing the water pressure acting on the surface of sand. If the water head was stable, the valve was closed to add another 1-cm water head and repeat the previous step. Water entry pressure was recorded when the water infiltration occurred (i.e., a drop of water head). The measurement of WEV follows an assumption that soil hydrophobicity was persistent during the whole test, i.e., the soil hydrophobicity was unchanged when contacted with water.

3.4. Fourier-transform infrared spectroscopy (FTIR) and Thermogravimetric analysis (TGA) 

To provide an insight into the chemical change controlling the hydrophobic degradation, thermogravimetric analysis (TGA) and Fourier-transform infrared spectroscopy (FTIR) were conducted on the hydrophobized sand prior and after outdoor weathering testing. The Fourier-transform infrared spectroscopy (FTIR) analysis was performed using a FTIR spectrometer (Nicolet6700-Contiuμm, Thermo Scientific, US). Sample preparation was by the KBr pellet method. 
Thermogravimetric analysis (TGA) measures the mass change of a sample with temperature increasing under either oxygen or oxygen-free conditions. Since different chemical compounds have different molecular structures and subsequent decomposition and vaporization under oxygen-free condition or oxidation temperatures with the existence of oxygen, TGA can assess their thermal stability or antioxidation with temperature. TGA was conducted on a thermogravimetry-Fourier transform infrared spectrometry (STA-IR, TA Instruments, UK) with an increasing rate of 10.0 K/min until 710°C in inert gas (i.e., nitrogen). Approximately 200 mg of hydrophobized sand were tested in each measurement.

3.5 Scanning electron microscope (SEM)

As a widely used method to observe soil structure, scanning electron microscopy (SEM) was carried out in this study. Samples were firstly coated with a gold/palladium material to provide conductive surfaces (BAL-TEC SCD 005 Cool Sputter Coat, USA) with the scanning performed by an SEM instrument (Hitachi S4800 FEG, Japan).
4\ Results
4.1 Water infiltration and evaporation during one-year outdoor weathering

[bookmark: _Hlk148603380]Within the one-year outdoor weathering, no water infiltration was detected in DCDMS-sand, while in Tung oil-sand a change of water content with rainfall was observed. At the same time, a minor water ponding was observed in this duration. Figure 6 showed the result of water content change of DCDMS-sand and Tung oil-sand, respectively. For Tung oil-sand, no water infiltration was detected at the first three months, although a number of daily rainfall events were larger than 20 mm which is considered as moderate or slightly heavy rain. While after three months, under 26.7 mm/day rainfall, a sudden increase of water content was observed in six Tung oil-sand columns. Other two Tung oil-sand columns had water infiltration after five months. As recorded, the increase soil water content was higher than 20% within five minutes, suggesting a quick and unstable water infiltration (e.g., finger flow or preferential flow) which is widely seen in hydrophobic soils [41,42]. After the initial water infiltration, the soil water content in Tung oil-sand showed a consistency with rainfall. This may indicate that the hydrophobized sand lost its wetting-inhibition nature.
For DCDMS-sand, no water infiltration was observed during the one-year outdoor weathering, confirming their wetting-inhibition nature. The highest rainfall events during the outdoor weathering were recorded in the summer of 2020 (May 30th and August 18th), being 106.7 and 104.2 mm/day, respectively. Under both events, soil water content of DCDMS-sand remained below 2.0%.
[bookmark: _Hlk148972181]The different water infiltration behavior of Tung oil-sand and DCDMS-sand may be attributed to their soil hydrophobicity and bulky density. Tung oil-sand had a lower severity of soil hydrophobicity (lower contact angle) and less persistent hydrophobicity (shorter WDPT) than the DCDMS-sand (Table 2). At the same time, Tung oil-sand had a smaller maximum dry density (1.53 g/cm3) due to the thicker hydrophobic coatings. Previous works demonstrated that with a higher soil density both water and air entry values increase [43,44]. Therefore, the wetting-inhibition nature of hydrophobized sand can be improved by increase the soil bulk density.

[image: ]
(a)
[image: ]
(b)
[bookmark: _Ref148603982]Figure 6.Water infiltration in (a) Tung oil-sand and (b) DCDMS-sand from November 1st 2019 to November 1st 2020. The cyan columns refer to daily rainfall.

4.2 Hydrophobicity degradation

4.2.1 Profile of contact angle change 

Both DCDMS-sand and Tung oil-sand showed a reduction in the contact angles during the one-year exposure, however both remained hydrophobic (contact angle >90°). Figure 7 shows the contact angle change of air-dried and oven-dried DCDMS- and Tung oil-sands in different depths of soil columns during the one-year outdoor weathering campaign. For Tung oil-sand, the decrease of contact angle was independent of the depth, i.e., the whole sand column underwent degradation. For example, after 3 months of weathering, the contact angle of air-dried samples reduced from 121.0° to 107.8~109.2°, and then to 97.2~102.3° at the end of the test. Oven-dried samples had a slightly higher contact angle at the beginning (123.2°), while after outdoor weathering, the value became comparable to the air-dried ones.
DCDMS-sand had a depth-dependent contact angle degradation. Before the test, the contact angle of air-dried samples was 126.9°. After 3 months, this value decreased to 113.7° at the surface of soil columns (a depth of 0~2 cm) but was stable at 123.9~126.0° at deeper parts. The contact angles continued to decline until the end where the surface of sand had a value of 91.1°. Oven-dried samples showed a higher contact angle than the air-dried sand.

4.2.2 Profile of water drop penetration time change 

Tung oil-sand showed a reduction in water drop penetration time while in DCDMS-sand, only the surface exhibits a decrease. Figure 8 shows the percentages of water drop penetration times measured from 12 subsamples at different depths. The WDPT of fresh Tung oil-sand was in a range of 3000~3600s (Table 2). After one-year weathering, WDPTs reduced: almost all the surface Tung oil-sand decreased to <5s, indicating that they became hydrophilic. In the middle of the sand column, the reduction of WDPTs was minor. For instance, at a depth of 4 cm, around 35% of air-dried subsamples had a WDPT larger than 5s, and at 6 cm all subsamples’ WDPTs were larger than 60s. At the bottom of the column (10 cm), half of subsamples had WDPTs in a range of 5~60s. Oven-dried samples generally had longer WDPTs.
For DCDMS-sand, the decrease of WDPT only occurred on the surface (0~2 cm). The initial WDPT of DCDMS-sand was >3600s (extremely hydrophobic). After weathering, around 10~20% of surface subsamples were hydrophilic (WDPTs < 5s) and 30~35% of subsamples remained extremely hydrophobic. For depths > 2cm, all samples had a WDPT > 3600s.

4.2.3 Water entry value and hydraulic property change	

The water entry values mirror the contact angle change, i.e., DCDMS-sand had a greater hydrophobicity than Tung oil-sand and both exhibited the degradation. Figure 9 compares the water entry value of Tung oil- and DCDMS-sand before and after outdoor exposure. For Tung oil-sand, the initial water entry value was 0.4 kPa, corresponding to 4 cm of water head. While for DCDMS-sand, a higher value was measured (1.3kPa or 13 cm of water head). Before weathering, no difference of WEV was observed between air-dried and oven-dried samples. After 6-month outdoor weathering, DCDMS-sand had a slight decrease in WEV from 1.3 kPa to 0.9~1.1 kPa and Tung oil-sand from 0.4 kPa to 0.1 kPa. After 12 months, WEVs of DCDMS-sand were stable but air-dried Tung oil-sand lost their wetting-inhibition nature (WEV=0 kPa).

[image: ]
[bookmark: _Ref148605004][bookmark: _Hlk114650425]Figure 7.Contact angle change during one-year outdoor weathering of (a) air-dried Tung oil-sands, (b) oven-dried Tung oil- sands, (c) air-dried DCDMS-sands and (d) oven-dried DCDMS-sands
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[bookmark: _Ref148606899]Figure 8. Water drop penetration time change of (a) air-dried Tung oil-sands, (b) oven-dried Tung oil-sands, (c) air-dried DCDMS-sands and (d) oven-dried DCDMS-sands after one-year outdoor weathering
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[bookmark: _Ref148607232]Figure 9. Water entry value of air-dried and oven-dried hydrophobized sands during one-year outdoor weathering


4.3 Chemical analysis and SEM result

[bookmark: _Hlk148973376]4.3.1 Thermal gravimetrical analysis 

The result of thermogravimetric analysis on untreated and hydrophobized sand is illustrated in Figure 10. Fujian sand is a pure silica sand (SiO2 >96%). During the elevated temperatures, the weight of untreated sand was stable given the chemical stability of silica. Both fresh and aged DCDMS-sand lost ~0.3% of weight from ambient temperature to 105℃, which was attributed to the loss of soil water content. Compared to the fresh one, the aged DCDMS-sand had a higher residual weight (99.858% for aged one to 99.569% for fresh sample). This difference was also observed in Tung oil-sand in which the fresh sample had a residual weight of 98.822% and the aged was 98.936%. At the same time, Tung oil-sand had a peak onset of 350℃ related to the thermal decomposition of alpha-eleostearic acid in Tung oil [20].
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[bookmark: _Ref148607800]Figure 10. Thermogravimetric analysis results of natural (untreated) sands and hydrophobized sands before and after the one-year outdoor weathering

[bookmark: _Hlk148973410]4.3.2 Fourier-transform infrared spectroscopy (FTIR) 

FTIR spectra show the chemical composition changes of hydrophobized sand after the outdoor weathering (Figure 11). As a river sand dominated by SiO2, Fujian sand had a typical spectrum of silica. For example, there are peaks at 794 and 779 cm-1 which relate to Si-O symmetrical stretching vibrations and a band of 1166 cm-1 indicating Si-O asymmetrical stretching vibration. Water was also observed in natural and hydrophobized Fujian sand (the band at 3444 cm-1 of absorbed water). For the fresh Tung oil-sand, two bands at 2931 cm-1 and 2858 cm-1 were detected as the evidence of the existence of C-H in fatty acids which contributes to the soil hydrophobicity [45-47]. After weathering, the band at 2931 switched to 2933 cm-1 indicating the aging of Tung oil [48]. The FTIR spectrum of fresh DCDMS-sand had a peak at 2964 cm-1 representing the existence of C-H in polydimethylsiloxane (PDMS). As DCDMS mixed with soils, it can react with soil water and subsequently generated PDMS on the surface of soil particles [49]. The peak at 2964cm-1 provides evidence for this reaction. After weathering, this peak had diminished. 

[image: ]
[bookmark: _Ref104284315]Figure 11. FTIR spectra of natural and hydrophobized sands in outdoor weathering tests

[bookmark: _Hlk148973429]4.3.3 Scanning electron microscopic images 

The SEM images reveal the rupture and detachment of hydrophobic coatings and the growth of micro-organisms on sand particle surfaces during the outdoor weathering (Figure 12). Figure 12 (a) and (b) showed the coating rupture of DCDMS-sand. As mention above, DCDMS reacts with water in the sand and then produces PDMS. Based on previous works [50], the thickness of these PDMS coatings varied from 0.1 to a few micrometers, which agrees with the SEM result in this study. Figure 12 (c) and (d) show the Tung oil-sand after outdoor weathering and (e) and (f) are the images of micro-organisms observed on the surface of Tung oil-sand particle. From Figure 12 (c) and (d), a coating detachment from the surface was observed, which was also reported by [28,29]. This detachment of coating results in the exposure of mineral surfaces of Fujian sand which are supposed to be hydrophilic. 
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[bookmark: _Ref104284334]Figure 12. SEM of (a) and (b) weathered Tung oil-sands, (c) and (d) weathered DCDMS-sands, micro-organisms observed on the surface of (e) Tung oil- sand particles and (f) DCDMS-sand particles during outdoor weathering
5\ Discussion
5.1 Hydrophobicity degradation mechanisms

In this study, the term soil hydrophobicity refers to three parts: the severity of hydrophobicity (i.e., contact angle), the stability or persistence of hydrophobicity (i.e., WDPT) and the waterproofing which is represented by water entry value. For clarity, the mechanisms of hydrophobicity degradation which includes the change of these three indices will be discussed separately. 
Hydrophobized sand can undergo hydrophobic degradation due to the oxidation or hydrolysis of polymer coatings, especially when exposed to wetting-drying cycles and water immersion [28]. The chemical change of the polymer coatings may result in the detachment of coatings from the sand particle surfaces (Figure 12) or a hydrophilization of coatings. During the one-year outdoor weathering, water infiltration occurred in Tung oil-sand resulting in a number of wetting-drying cycles. Sunlight (UV light) may also result in the degradation of Tung oil coating which has been investigated by [48]. These could explain the degradation of Tung oil-sand and its independence of the depth. For DCDMS-sand, since no water infiltration occurred and the water content of the soil columns remained below 2%, the degradation of DCDMS-sand below the soil surface is unlikely to develop. However, for its surface, as the sand underwent sunlight exposure and rainfall, the soil hydrophobicity exhibited the degradation. At the same time, the microorganisms found on the surfaces of hydrophobized soils in Figure 12 may also accelerate the hydrolysis of Tung oil or PDMS coatings as both materials have been reported to be biodegradable in soils [51,52]. Oven-dried samples and air-dried ones had different contact angles. Contact angles of oven-dried soils refer to the potential soil hydrophobicity and the air-dried ones to actual soil hydrophobicity. The former one is defined as the possible soil hydrophobicity which can be induced under severe conditions such as high temperature and low relative humidity. The actual contact angles are the soil hydrophobicity which is assessed under ambient conditions (ambient temperature from 20~25℃ and a relative humidity from 30~90%). For the DCDMS-sand, the oven-dried contact angles were about 5~10% higher than the air-dried ones, as lowering the soil water content can enhance apparent contact angle measured by the sissle drop method, the oven drying may further increase it [37]. However, the increase of apparent contact angle in DCDMS-sand may not reflect the change of intrinsic contact angle on the soil particle surface: Because PDMS is stable when temperature is lower than 250 ℃, oven drying at 105 ℃ will not affect the chemistry of polymeric coatings on the DCDMS-sand and the intrinsic contact angle of these coatings is supposed to be stable.
WDPT indicates the persistence of soil hydrophobicity, i.e., the stability of hydrophobicity of soils contacting with water [40]. The mechanisms of WDPT decrease in Tung oil-sand and DCDMS-sand may be similar to the contact angles. A contrast was observed in the results of WDPT and contact angle of Tung oil-sand: in WDPT results, air-dried Tung oil-sand had a shorter time than the oven-dried samples but in contact angle results, air-dried and oven-dried Tung oil-sand had a comparable value. This can be attributed to the molecular re-arrangement of fatty acids and their derivatives during the oven drying [20]. As shown in Eq.1, the contact angle is determined by the surface tension of hydrophobic coatings, which is dependent of their chemical compositions. During the oven drying in which temperature is higher than 100℃, as weakly bound water is removed from the sand particle surfaces, the fatty acids can be subjected to re-orientation in which the amphipathic molecules array at the soil surface providing a more persistent hydrophobicity.
WEV is an index referring to the ability of waterproof of hydrophobized soils. For the fresh hydrophobized sand, Tung oil-sand had a lower WEV than DCDMS-sand. WEV depends not only on the wettability of hydrophobized sand, but also on their density (void ratio) and particle size. Given the thicker coating of Tung oil, Tung oil-sand had a larger particle size and lower maximum dry density (Figure 4 and Table 2). Because of this, WEV of Tung oil-sand had lower WEV. The decrease of WEV in both hydrophobized sands can only be attributed to the degradation of contact angles, since no particle size change was observed during the test.

5.2 Implementation of hydrophobized sand in subgrade construction

[bookmark: _Hlk148979942]In the construction of road subgrades in saline soil areas or cold regions, hydrophobized sand can be used as a hydraulic barrier to restrain water infiltration or capillary rise. Figure 1 presents a schematic and a water flow balance diagram for the usage of hydrophobized sand as a road impervious fill material. On the surface of the pavement layer, rainfall results in lateral run-off. For the subgrade without hydrophobized sand layers, run-off water along the slope can infiltrate into the subgrade fills, increasing soil moisture and eventually leading to frost heave and thawing settlement. At the same time, salinization may occur in the fills as the capillary water can transport salts from the ground water into the subgrade in a saline soil area. For the subgrade with hydrophobized sand, water infiltration and capillary effects are limited. The hydrophobized sand can be employed by two ways in preventing capillary rise or water percolation. When hydrophobized sand is underlaid in the bottom of subgrade, it can prevent capillary rise from ground water by its high contact angle. When being placed in subgrade slope, the hydrophobized sand was able to prevent water percolation from rainfall or water ponding by its high WEV and low permeability. This contributes to the stability of subgrade and may mitigate water-induced damage. 
[bookmark: _Hlk148983760]The failure of such impervious barriers (i.e., water infiltration) may occur if the WEV is exceeded. The WEV is dependent on the contact angle (Eq.2). As observed by this current study, WEV of hydrophobized soils might decrease due to the degradation of contact angle (hydrophobicity) while it was influenced by the location of soils and the severity of soil hydrophobicity (Figure 7). This indicates that the durability and effectiveness of hydrophobized soils used as an impervious barrier in subgrade construction are affected by the location (i.e., on the slope or under the subgrade fills), the hydrophobizing agents and the environmental effects. This requires a further experiment in a larger scale or even a full-scale and in-situ investigation.
6\ Conclusion
In order to prevent the water movement and subsequent water-induced damage in pavement subgrades, this project proposed a novel geotechnical material, namely the hydrophobized sand, as a hydraulic barrier material in the construction of subgrade. To demonstrate its long-term feasibility, this current study conducted a 1-year outdoor weathering test on two hydrophobized sand (Tung oil-induced and DCDMS-induced) to investigate the water movement in hydrophobized sand column and study its hydrophobicity change during monitoring. The major findings are as follows:
(1) DCDMS-induced hydrophobized sand showed a high and stable waterproofing performance. During the one-year outdoor test, no water infiltration has been observed in the sand column, while Tung oil-induced hydrophobized sand lost its waterproofing ability after three months.
(2) The hydrophobicity degradation was dependent on the depth of hydrophobized sand. The soil surface witnessed the greatest degradation, which may be attributed to the oxidation caused by UV-light and hydrolysis caused by wetting-drying cycles and microorganisms.
(3) The durability of hydrophobized soils as an impervious barrier in subgrades depends on the location of these materials and hydrophobizing agents.
This project takes a first step on the feasibility of hydrophobized sand in subgrade regarding to its hydrophobicity and durability. Although an implementation of long-term hydrophobicity indexes in subgrade engineering has been discussed, this project has not yet fully investigated the unsaturated hydraulic behavior of hydrophobized sand. A further experimental and numerical study should be carried out to provide an insight of water movement in hydrophobized subgrade.
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