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Abstract 

Hydrophobic granular soils may have a useful role to play in constructing water sequestration 

infrastructure, particularly in regions where clayey soils are not plentiful. However, hydrophobicity has 

significant implications on the possible hydromechanical behaviour of these materials. Given that the 

solid-liquid contact angle is used to define hydrophobicity and is a key parameter when predicting 

hydromechanical behaviour, it is useful to explore the role of contact angles in meniscus formation in 

hydrophobic soils. This short study presents classical models for water menisci between hydrophilic 

particles and uses experimental findings to determine how to extend those models to hydrophobic soils. 

 

1. Introduction 

 

Hydrophobic soils are becoming of interest to geotechnical engineers, both for their role in governing 

natural phenomena, for example debris flows after wildfires (Robichaud et al., 2000), and for their 

potential use as a construction material. However, to incorporate these materials into geotechnical 

design, factors affecting their hydromechanical behaviour must be understood. 

 

2. Contact angles in hydrophilic soils 

 

Hydrophobicity is defined as a material possessing an equilibrium solid-liquid contact angle, 𝜃𝑒, greater 

than or equal to 90 degrees. The contact angle is a powerful parameter in unsaturated soil mechanics to 

describe the likely suction conditions that exist within a soil. The ‘classical’ example for hydrophilic 

soils is to consider a capillary meniscus with a circular profile suspended between spherical particles of 

radius 𝑟, as shown in section in Figure 1a. For this meniscus, the change in pressure, Δ𝑃, between the 

liquid in the meniscus and the atmosphere above it is given by: 

Δ𝑃 = 𝛾 (
1

𝑅1
−

1

𝑅2

) 

𝑅1 =
2𝑟(1 − cos𝛽) + 𝑠

2 cos(𝜃 + 𝛽)
, 𝑅2 = 𝑟 sin 𝛽 − 𝑅1(1 − sin(𝜃 + 𝛽)) 

 (1) 

 

 (2) 

 

Where 𝛾 is the solid-liquid surface tension, 𝑠 is the separation distance (zero in Figure 1a) and 𝛽 ≤ 90 

degrees is the filling angle. For this system, 𝛽 represents the degree of saturation and 𝜃 the change in 

water pressure, and so, for known values of 𝑟, a complete soil water retention curve can be constructed 

from just these two variables (Fredlund and Rahardjo, 1993; Beckett and Augarde, 2013). 

 

3. Adsorption and droplet condensation 

 

Adsorption is the phenomenon of the spontaneous formation of liquid droplets and films on solid 

surfaces. A droplet’s “triple line” is the line which defines the boundary between the droplet’s surface 

and the solid substrate. For the triple line to extend, the droplet’s volume must increase to a point where 

it becomes energetically more favourable to extend the triple line than to increase the contact angle; the 
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angle at which this occurs is the “advancing” contact angle, 𝜃𝑎. Similarly, for the triple line to contract, 

the contact angle must drop to reach the “receding” contact angle, 𝜃𝑟 (Israelachvili, 2011). If the contact 

angle is between the advancing and receding values, then the triple line is “pinned”, as it will not move 

until the energy barriers are overcome. The interaction between a liquid and a surface is therefore not 

described by a single contact angle but by a range between the advancing and receding values. 

For the spherical particles in Figure 1a, minute flaws on the surface will cause water droplets 

to form and spread to meet and coalesce with their neighbours, forming a (nanoscopic) layer of adsorbed 

water of thickness 𝑡 around the particle (Israelachvili, 2011). If the particles are in contact, a meniscus 

bridging the two will form at the contact point. For particles that are not in contact, the film will continue 

to thicken with increasing relative humidity until films are sufficiently close to attract electrostatically, 

forming the meniscus (Iwamatsu and Horii, 1996). A more accurate representation of a meniscus 

between to hydrophilic particles is therefore shown in Figure 1b, where 𝑠′ = 𝑠 − 2𝑡 and 𝑟′ = 𝑟 + 𝑡 
replace 𝑠 and 𝑟 respectively in Equations 1 and 2. Given this formation mechanism, such menisci always 

boast two properties: 

i. the axis of symmetry of the meniscus aligns to that of the two particles; and so 

ii. the meniscus will span the shortest distance between the particles. 

Therefore, provided that 𝑟 and 𝑠 are known, 𝜃𝑟 ≤ 𝜃 ≤ 𝜃𝑎 and 𝛽 still describe the complete retention 

curve (Beckett and Augarde, 2013). 

 

Figure 1: Schematic representations of liquid bridges between spherical hydrophilic particles: a) classical description; b) 

meniscus structure considering adsorption and separation (modified from Beckett and Augarde, 2013) 

 

4. Water menisci between spherical hydrophilic and hydrophobic particles 

 

On hydrophobic surfaces, droplets must grow in volume before 𝜃 > 𝜃𝑎 and the triple line is able to 

extend. A comparison between wetting for hydrophilic and hydrophobic particles is shown in Figures 2a 

and b respectively, where glass beads were selected to compare the experimental results to the 

theoretical structures shown in Figure 1. Glass beads were hydrophobised by mixing with 0.2% by mass 

of dichlorodimethylsilane (DMDCS), which coats the particles with a nanoscopic layer of 

polydimethylsilane (Ng and Lourenço, 2016). The particles shown in Figures 2a and b were wetted to 

70% relative humidity from a dry state. 

Figure 2a shows that, for the hydrophilic beads, water menisci formed between particles that 

are in close proximity (𝑠′ < 0.2 μm for all menisci) and that no droplets remain on the surface (i.e. they 

have become part of the adsorbed film). Furthermore, the meniscus forms agree well with the classically 

assumed shapes presented in Figure 1. Contrariwise, individual water droplets are evident on the 

hydrophobic particle surfaces in Figure 2b. Where droplets have gained sufficient proximity, they have 

coalesced to form larger, but still individual, droplets, resulting in a large range of droplet sizes per 

particle surface. Although some menisci have formed between the particles, several large droplets (e.g. 
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as indicated by the white arrows) lie close to the menisci but are unable to migrate. Hence, for a given 

relative humidity, menisci of greater volume exist between the hydrophilic than between hydrophobic 

particles (white rectangles in Figure 2b). 

If droplets on opposing particles do come into close proximity, they can coalesce to bridge a 

much larger separation distance than was possible between hydrophilic particles. Figure 2c shows the 

same particles as in Figure 2b but as the relative humidity approaches 100%. In Figures 2b and c, a 

large droplet (indicated by the double arrows) has grown to form a single large meniscus between the 

two leftmost particles. 

 

 

Figure 2: Spherical particles undergoing wetting: a) hydrophilic; b and c) hydrophobic. The black circles in Figure 1a 

indicate surface flaws. Scale bar = 100 μm. “W𝑥” refers to wetting stage 𝑥 (modified from Karatza et al., 2021) 

 

5. Water menisci between irregularly shaped particles 

 

Sharp edges on particle surfaces create additional energy barriers against triple line extension 

or retraction (Kim et al., 2016). This is because the droplet must ‘wrap around’ the edge before it can 

reach 𝜃𝑟 or 𝜃𝑎, as shown schematically in Figure 3a. Consequently, the triple line becomes pinned in 

place for larger contact angles than would be the case on a smooth surface. An example of a pinned 

triple line on an irregular hydrophobic particle undergoing wetting is shown in Figures 3b and c, where 

again the particles have been made hydrophobic by being treated with 0.2% DMDCS. From Figure 3, 

it is evident that menisci between irregular hydrophobic particles violate the two properties inherent in 

the classical model: they do not share an axis with the two particles, nor must they span the shortest 

distance between them. Hence, 𝜃𝑟 ≤ 𝜃 ≤ 𝜃𝑎 and 𝛽 no longer solely describe the retention behaviour of 

the particle pair. Rather, the length of the triple line, the presence of surface irregularities, the volume 

and direction of wetting of the meniscus and the contact angles must be known to determine Δ𝑃. This 

result has several implications for predicting the hydromechanical behaviour of hydrophobic soils: 

• Δ𝑃 may be positive or negative, depending on the wetting state; 

• stability arising from negative Δ𝑃 may be temporary as menisci grow and transition to positive 

Δ𝑃; 

• water may readily infiltrate a hydrophobic granular material if menisci with negative values of 

Δ𝑃 are present, negating its use for water sequestration. 

 

6. Conclusion 

 

For hydrophilic soils, the classical model, based largely on the liquid-solid contact angle 𝜃, accurately 

describes the shape of menisci observed between pairs of hydrophilic spherical particles. However, for 

hydrophobic particles, this is not the case. Rather, menisci form through the coalescence of water 

droplets that are pinned to the particle surface; an effect which is accentuated by surface irregularities. 

𝜃 alone is therefore insufficient to describe the likely retention properties of hydrophobic soils. Rather, 

the length of the triple line, the presence of surface irregularities, the volume and direction of wetting 

of the meniscus and the contact angles must be known to determine Δ𝑃. The significance of these 

(a) (b) (c) 
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observations on the hydromechanical behaviour of hydrophobic granular soils is being explored through 

several ongoing investigations 

 

 

Figure 3: Triple line pinning: a) schematic representation for wetting between two droplets profiles “1” and “2”; b and c) 

wetting an irregular hydrophobic particle from condition “1” (70% relative humidity) to “2” (≈100% relative humidity) 

(modified from Karatza et al., 2021) 
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