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ABSTRACT: Fire induced soil water repellency (or hydrophobicity) is a major contributor of post-wildfire debris flow. By altering 
the hydrological responses of soils, the infiltration rate is significantly reduced and surface runoff is enhanced during rainfall events, 
leading to the erosion and entrainment of slope surface material, and the subsequent formation of debris flows. Due to their capability 
of controlling infiltration of rainwater, water repellent soils have been considered to serve as fill materials in engineered slopes, and 
mitigate rainfall induced slope failures. However, a concern arises that surface overflow and erosion may be enhanced and accelerated 
on water repellent slopes. A solution for this problem would be water repellent soils with low erodibility, i.e. reducing infiltration 
without significantly promoting erosion. Flume tests were conducted on two materials: silica sand and completely decomposed 
granite (CDG). After inducing water repellency and comparing the erosion under rainfall condition, the erodibility of water repellent 
CDG is found to be much lower than silica sand, implying its potential to mitigate erosion induced by soil water repellency. 

RÉSUMÉ: L'hydrophobicité du sol induit par le feu est un facteur majeur du flux de débris post-incendie. En modifiant les réponses 
hydrologiques des sols, la vitesse d'infiltration est significativement réduite et le ruissellement superficiel est amélioré pendant les 
pluies, entraînant l'érosion et l'entraînement du matériel de surface de la pente et la formation subséquente de flux de débris. En 
raison de leur capacité à contrôler l'infiltration de l'eau de pluie, les sols hydrofuges ont été considérés comme des matériaux de 
remplissage dans les pentes artificielles et atténuent les défaillances induites par la pluie. Cependant, on s'inquiète de ce que le 
débordement et l'érosion de la surface puissent être amplifiés et accélérés sur les pentes hydrophobes. Une solution à ce problème 
serait des sols hydrofuges à faible érodabilité, c'est-à-dire à réduire l'infiltration sans favoriser significativement l'érosion. Des essais 
de canaux ont été réalisés sur deux matériaux: le sable de silice et le granite complètement décomposé (CDG). Après l'induction de 
l'hydrophobie et la comparaison de l'érosion sous l'effet des précipitations, l'érodabilité du CDG hydrophobe se révèle être beaucoup 
plus faible que le sable de silice, ce qui implique son potentiel d'atténuation de l'érosion induit par l'hydrophobicité du sol.  
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1  INTRODUCTION 

Post-fire debris flows have been causing disastrous 
consequences (Cannon and Gartner 2005). This is not only 
because of its destructive damage to lives and properties, but also 
attributed to the low triggering threshold and little warning 
before the occurrence. The rainfall intensity-duration threshold 
for initiation of debris flow in post-fire slopes has been found to 
be much lower than unburned slopes (Cannon et al. 2008). 
During a wildfire, the hydrological properties of soils change due 
to the combination of several factors, such as loss of vegetation, 
presence of soil water repellency (hydrophobicity), changes to 
aggregate stability, soil erodibility and soil water retention 
(Shakesby and Doerr 2006), leading to the change in water 
infiltration and runoff characteristics, and thus contributing to the 
post-fire debris flows vulnerability. It is commonly accepted that 
debris flows can be caused by the mobilization of a landslide 
mass, as a result of infiltration, saturation and subsequent 
reduction of effective stress (Eckersley 1986). However, the 
initiation mechanism of fire-related debris flow is different. In 
response to changing hydrological properties after wildfires, the 
infiltration rate is considerably reduced and runoff is enhanced 
during intense rainfall, and then erosion and entrainment of 
hillslope surface material together with progressive sediment 

bulking leads to the formation of a debris flow in burned slopes 
(Cannon and Gartner 2005). 

Although the changed hydrological responses and increased 
rate of erosion and runoff after wildfires are attributed to several 
factors, enhancement or development of fire-related soil water 
repellency is still regarded as one of the major causes (Doerr et 
al. 2006). The presence of naturally occurring soil water 
repellency is not uncommon in forest soils, which is caused by 
hydrophobic substances such as plant surface waxes, certain 
fungi species and decomposing organic matter (DeBano 2000). 
During a wildfire, the organic substances in the subsoil become 
volatilized and travel downwards to the cooler parts under the 
soil surface and then condense on soil particles, causing the 
enhancement of soil water repellency (DeBano et al. 1976).  

Fire-induced soil water repellency is not a constant property 
and may change under the effect of soil moisture. A critical 
moisture content range (or “transition zone”) exists for water 
repellent soils with soils remaining water repellent for a moisture 
content below the critical range and with a loss of water 
repellency if the water content is above the transition zone 
(Dekker et al. 2001). The water repellency lost during the wetting 
period can be recovered after drying, which leads to the variation 
in the degree of water repellency in post-fire slopes. Therefore, 
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 water repellency is the strongest and the infiltration rate the 
lowest when the soil slope is dry (e.g. the first rainfall event after 
the dry season), with the runoff and a debris flow initiating 
shortly after the rainfall onset, i.e. within minutes (Cannon and 
Gartner 2005). 

Synthetic water repellent soils have the potential to be widely 
used in engineered slopes as fill materials or impermeable 
barriers. Only a few studies have been documented to explore the 
effect of water repellent soils on mitigating landslides and 
stablizing slopes. Lourenço et al. (2015) conducted a series of 
flume tests with an industrial silica sand to study the contribution 
of soil water repellency on preventing infiltration in dry slopes, 
and found that severe erosion occured. Therefore, to overcome 
this issue, there is a need to identify water repellent soils with 
low erodibility. This paper compares the erodibility of two 
materials via flume tests, a hydrophobised natural soil and the 
industrial used by Lourenço et al. (2015).  

2  MATERIALS AND METHODS 

2.1  Soil description 

A hydrophobized natural soil rather than a standard material was 
used in this research program. Completely decomposed granite 
(CDG) collected from Happy Valley, Hong Kong was selected 
as the model material, which is the main engineering soil in Hong 
Kong, and has been widely used as a fill material. The CDG is 
classified as well-graded silty sand, the grain size distribution is 
shown in Figure 1 and the physical properties are summarized in 
Table 1. 
 

 
Figure 1. Grain size distribution of completely decomposed granite. 

 
Table 1. Physical properties of completely decomposed granite. 

Parameters (unit) Values  

Specific gravity, Gs 2.65 

Optimum moisture content 23% 

Maximum dry density (g/cm3) 1.57  

Coefficient of uniformity, Cu 690 

Coefficient of curvature, Cc 2.32 

2.2  Synthetic water repellency 

The presence of post-fire soil water repellency is caused by 
natural hydrophobic substances such as plant surface waxes and 
decomposing organic matter. Therefore, a variety of natural 
materials have been used to obtain water repellent soils, such as 

stearic acid (Leelamanie and Karube 2009) and oleic acid 
(Wijewardana et al. 2015). However, due to the large amounts of 
soil required in this study, the water repellency was induced by 
silanization instead (i.e. treating the soil with silane compounds). 
Dimethyldichlorosilane (DMDCS), with composition 
(CH3)2SiCl2, was applied as a hydrophobizing agent (Bachmann 
et al 2000, Ng and Lourenço 2016). The mechanism of DMDCS 
treatment is based on the reaction between DMDCS and residual 
water in the soil, to form polydimethylsiloxane (PDMS), which 
causes water repellency, and hydrochloric acid (HCl) as a by-
product (see Fig.2). The advantages of silane induced soil water 
repellency include simple preparation procedure (adding 
chemical to soil directly and mixing them), controllable water 
repellency level (by manipulating the concentration of chemical) 
and persistent water-repellent effect (comparing to naturally 
occurring soil water repellency. 

Figure 2. Mechanism of dimethyldichlorosilane (DMDCS) induced soil 
water repellency. After Ng and Lourenço (2016). 

In this study, two types of soils were tested, i.e. wettable soil 
and water repellent soil. After collecting from the site, the soil 
was air-dried and sieved (particles greater than 6.30 mm were 
removed), and then stored as wettable soil. To induce water 
repellency, DMDCS (3% by soil mass) was added to the air-dried 
soil and mixed in a fume hood. Lourenço et al. (2015) also 
investigated the effect of induced water repellency, and used a 
medium-sized industrial silica sand to prepare wettable and water 
repellent soil. Therefore the different responses of water 
repellency in natural soil and standard sand are summarised and 
compared in this paper. 

2.3  Assessment of water repellency 

Two different methods were adopted in this study to quantify the 
level of water repellency of different soil samples: water drop 
penetration time (WDPT) and sessile drop method (SDM). 

2.3.1   Water drop penetration time (WDPT)   
WDPT is an index test which evaluates the persistency of water 
repellency of a soil surface. The test is conducted by placing a 
drop of deionized water (50μl) on the surface of prepared soil 
sample and recording the time for the water drop to completely 
infiltrate (Doerr, 1998). For wettable soils the water drop 
penetrates immediately, and for water repellent soils, the stronger 
the water repellency the longer the time it requires to fully 
infiltrate. Based on the recorded penetration time, soils can be 
classified into different levels of water repellency (Table 2).  
 
Table 2. Levels of water repellency and corresponding water drop 
penetration time (WDPT). (Doerr 1998) 

Water repellency level WDPT (s) 

Wettable ≤5 s 

Slightly water repellent 5-60 s 

Strongly water repellent 60-600 s 

Severely water repellent 600-3600 s 

Extremely water repellent ≥3600 s 
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2.3.2   Sessile Drop Method (SDM)   
As contact angles are a well-accepted quantification of water 
repellency, the SDM measures the contact angle of a water drop 
on the soil surface directly. A standard procedure for SDM was 
provided by Bachmann et al. (2000): sprinkling soil particles on 
a glass slide covered with double-sided adhesive tape, removing 
the excess particles so that a monolayer of particles is fixed and 
any motion of grains is prevented. Then placing the slide on a 
goniometer’s stage and a droplet of deionized water (10μl) is 
dispensed on the surface of prepared sample. The contact angle 
is then measured from the video taken by goniometer, at least 5 
measurements are conducted on each sample, after which the 
mean and standard deviation are also calculated (Saulick et al. 
2017). 

2.4  Flume set-up 

Two flume tests were carried out in a perspex-sided 80 cm long, 
40 cm wide and 40 cm high flume. The size of the physical model 
was 80 cm long, 40 cm wide and 10 cm high, and a layer of 
sandpaper was glued on the bottom of flume to provide sufficient 
friction and prevent interfacial sliding. The slope angle of the 
physical model was 40°, same as the angle of repose of CDG 
(maximum angle can be reached in dry slope). The physical 
model was prepared in layers with controlled density. For each 
layer, the soil was dumped into the flume and spread to form a 
layer with uniform thickness of 1 cm. There was no compaction 
applied to achieve very loose condition. Artificial rainfall was 
generated by a nozzle, with controlled flow rate, to make sure the 
rainfall intensity was constant during the tests, with the obtained 
rainfall intensity in the range 69.8±6.1 mm/h. During the tests, 
the infiltration process (wetting pattern) and failure mode 
(sliding or surface erosion) were recorded by a camera from the 
transparent side, the set-up of flume test is shown in Figure 3, 
and the comparison of testing conditions between Lourenço et al. 
(2015) and this paper is presented in Table 3. 

 
Figure 3. Set-up of flume. 

Table 3. Comparison of testing conditions. 

Testing conditions 
Lourenço et al. 
(2015) 

This paper 

Model size 
15 cm (H) x 15 cm 
(W) x 75 cm (L) 

10 cm (H) x 40 cm 
(W) x 80cm (L) 

Material  silica sand 
completely 
decomposed granite

Rainfall intensity 34 ± 7 mm/h 69.8 ± 6.1 mm/h 

Slope angle 38 ± 1° 40° 

3  RESULTS 

3.1  Water repellency assessment 

WDPT and SDM were conducted to quantify the levels of water 
repellency of untreated and treated soils, results of two 
experiments agreed very well and are summarized in Table 4. 

 

Table 4. Water repellency assessment. 

 Untreated soil Treated soil 

WDPT 2 s >3600 s 

Contact angle  56.3 ± 2.7° 113.9 ± 0.9° 

Classification Wettable 
Extremely water 
repellent 

 

3.2  Wettable soil 

The infiltration profile of flume test on wettable CDG and silica 
sand are shown in Figure 4(a) and 4 (b) respectively, both figures 
exhibit the wetting front at 10 minutes for comparison. For silica 
sand, a wetting front that paralleled to the slope surface appeared 
when the rainfall started, and kept developing downward until 
reaching the bottom of the model. Surface runoff was not 
observed, indicating that all rainwater infiltrated into the slope. 
The slope failure started at the toe of the slope, in the form of a 
retrogressive slump. Similar infiltration pattern was observed for 
the CDG, with the wetting front moving downward along with 
the infiltration of rainwater. Water started to flow out from the 
slope toe after the model was saturated, with the slope remaining 
stable and failure not occurring. For both soils, erosion was not 
triggered due to the absence of surface overflow. 

 
Figure 4. Photographs of flume tests on wettable soil (light and dark 
regions are dry and wet soils respectively). (a) Completely decomposed 
granite at 10 minutes. (b) Silica sand at 10 minutes. After Lourenço et al. 
(2015). 
 

3.3  Water repellent soil 

The photographs of the flume tests on water repellent CDG and 
water repellent silica sand are shown in Figure 5(a) and 5(b) 
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 respectively. For silica sand, due to the extreme water repellency, 
infiltration was completely inhibited and surface runoff was 
initiated immediately when artificial rainfall started (34 ± 7 
mm/h). Erosion was subsequently triggered and the material on 
the slope surface was washed away continuously, resulting in the 
failure of the slope after 20 minutes. For treated CDG, infiltration 
of rainwater was also prevented and surface runoff observed 
when the flume test began. However, the surface material was 
not eroded even it was subjected to heavier rainfall (69.8 ± 6.1 
mm/h) and longer duration, comparing with silica sand. As 
recorded in Fig 5(a), after 80 minutes of rainfall, the slope was 
still intact and no infiltration happened except in the toe and the 
soil-perspex interface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Photographs of flume tests on water repellent soils. (a) 
Completely decomposed granite at 80 minutes. (b) Silica sand at 20 
minutes. After Lourenço et al. (2015). 

2  DISCUSSION AND CONCLUSIONS 

This study compares the infiltration behavior and erodibility of 
silica sand and completely decomposed granite, in both wettable 
and water repellent state, under rainfall conditions. When the soil 
wettability shifts from wettable to water repellent, the transition 
in the hydrological responses is similar for silica sand and 
completely decomposed granite: from uniform infiltration and 
parellel wetting front to no infiltration and surface runoff. 
Considering the important role of overflow to facilitate erosion, 
the results suggest that soil water repellency is a significant 
contributor to material loss and erosion on slope surface. 

The flume tests also indicate that the erodibility of water 
repellent silica sand and water repellent completely decomposed 
granite is different when exposed to rainfall. Although the tests 
were conducted by different researchers, the testing conditions 
were well controlled to make fair comparison (water repellency 
was induced by same treatment, slope angles were same, slopes 
were prepared without compaction). Completely decomposed 
granite was subjected to more intense rainfall than silica sand, 
however, the silica sand slope suffered severe erosion after 20 
minutes while the material loss on the completely decomposed 
granite slope was much less after 80 minutes. This difference 
may be attributed to varied soil properties, such as soil texture 
and soil aggregation. The completely decomposed granite has a 
large fraction of fine materials, which may stick together into 
aggregates that resist detachment, and the silica sand has low 

cohesive force and are more prone to transportation by runoff. 
Since synthetic water repellent soils are promising materials to 
stabilize slopes, low erodibility water repellent soils could 
achieve the aim of reducing infiltration without significantly 
enhancing erosion. This study confirms the existence of low 
erodible water repellent soils and further research is still required 
to assess the erodibility of different types of water repellent soils. 
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