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ABSTRACT  
 
Engineered water repellency is an approach to infiltration control, generally via a wide 
class of chemicals referred to as organo-silanes and -siloxanes (OS). Nearly ten years 
has passed since the U.S. Environmental Protection Agency first acknowledged the 
possibility of using OS for management and use of coal combustion products (CCP). 
Since that time, many laboratory and field tests have been conducted with OS on a variety 
of ash types. This paper briefly summarizes observations and insights from various 
publications and reports, including a recently concluded three-year study involving six 
types of coal fly ash (CFA) from three different utilities treated with six types of OS. Much 
of the work has focused on two indicators of water repellency: contact angle (CA) and 
water entry head (WEH). CA measurements can be used to estimate WEH and are 
sensitive to the method employed. CA data are relatively insensitive to density/void ratio 
and a dynamic/advancing method provides results that are up to four times more 
accurate. WEH measurements reveal that OS-treated CFA can prevent water 
entry/infiltration, transforming ash from a hydrophilic material with a saturated hydraulic 
conductivity on the order of 10-4 cm/s to a hydrophobic material with the capacity to resist 
water pressures of up to 10 meters (98 kPa). Such an approach shifts the design 
philosophy from material resistance to in situ “load”. In the case of infiltration, instead of 
specifying a maximum allowable value of saturated hydraulic conductivity, one specifies 
a maximum water head that can act on the treated CFA without infiltration. In terms of the 
effect of OS treatment on shear strength parameters, measured peak and residual friction 
angles were largely insensitive to treatment with OS. OS has enjoyed use in the 
architecture as well as food and beverage industries, suggesting environmental 
compatibility for ash management applications. The cost can range from negligible to 
cost-prohibitive, according to supplier, desired level of treatment, and design 
considerations such as ash properties, hydraulic boundary conditions, geometry, etc. 
Estimates from one OS supplier ranged from $0.20 to $1.95 per square meter ($0.02 to 
$0.18 per square foot). From a technology readiness (TR) level (e.g., to use as an 
alternative cover material), engineered water repellency is at the 3-4 range (i.e., 



technology feasibility proved). Field demonstration and modeling is recommended to 
advance this TR level towards operation.  
 
Introduction 
 
Infiltration is the downward entry of water into soil or coal combustion products (CCP). 
Increased infiltration can lead to a variety of geotechnical and geoenvironmental 
concerns, including reductions in strength and increases in swelling and leachability. 
Engineered water repellency is a nature-inspired approach to infiltration control. Naturally-
occurring water repellency develops from organic material (e.g., humic substances, fungi, 
biofilm, microorganisms) distributed in near-surface soils. Forest fires can increase the 
extent of water repellency as heat mobilizes and distributes organic matter, some of which 
then forms strong chemical bonds with soil particles (DeBano 1981; Letey 2001). Natural 
water repellency, as an uncontrolled process, has given rise to a variety of problems, 
including reduced soil fertility and increased erosion (Fernelius et al. 2017). Engineered 
water repellency, however, can be used to control where water does and does not enter 
a given location. One of the earliest attempts to engineer water repellency was reported 
by Fink and Myers (1969) and Fink (1970), as part of their efforts to collect and store 
stormwater runoff in arid regions. Likewise, Lambe et al. (1971) and Lambe and Kaplar 
(1971) evaluated the use of water repellent additives to mitigate frost susceptibility in 
highway subgrade soils. Other geotechnical applications of engineered water repellency 
have been reported by Daniels and Hourani (2009), Byun et al. (2012), Bardet (2014), 
and Choi et al. (2016).  
 
Effect of OS on Coal Fly Ash (CFA) 
 
Daniels et al. (2009a) presented an approach to engineered water repellency of soils and 
CFA with organo-silane (OS). That reference placed OS modification into context with the 
broader literature on synthetic polymers, biochemicals, and surfactants. For field 
application, OS solutions can be diluted with water and used as the molding moisture 
content during field compaction. It can also be sprayed on surfaces, in between 
compaction lifts. In either case, there is no special equipment and expertise required. In 
terms of application to CFA materials, Daniels et al. (2009a) also presented data on the 
effect of OS treatment on the leachability of CFA. A reduction in leachability was observed 
for chromium and selenium, with mixed results for boron and arsenic. The data were 
obtained from batch testing, meaning that treated samples were submerged. Under 
submerged conditions, the effect of water repellency functionally disappears (Bauters et 
al. 2000) and so the primary benefit from OS treatment is lost. To be effective, OS 
treatment must be designed to prevent infiltration and saturation. Daniels et al. (2009b) 
reviewed laboratory and field data on the efficacy of OS treatment relative to moisture-
density relationships, hydraulic conductivity, swell, and infiltration. Field measurements 
indicated that successfully achieving zero infiltration was possible in both flat and sloped 
sections. Jordan et al. (2017) reported on the effects of temperature and wet-dry cycles 
on OS treatment of CFA, while providing a chart that related water entry head and 
stormwater runoff depth as a function of pore size and temperature. Keatts et al. (2018) 
reported on water entry head and contact angle for CFA, with results indicating a positive 



correlation between contact angle, water entry head, and dry density. In that reference, 
water entry head data were compared with predictions based on pore diameters 
estimated from soil water characteristic curves or assumptions of simple cubic or 
tetrahedral packing. These predictions are based on a capillary tube analogy, as 
presented in Lu and Likos (2004):  
 

𝐻 =
2𝛾 cos𝜃

𝑟𝜌𝑔
   Eq. (1) 

 
In Eq. (1), γ is the surface tension at the water/air interface, θ is the contact angle formed 
inside a capillary tube of radius r, ρ is the water density, g is the constant for gravity, and 
H is the height of water entry head. Using the estimated pore diameters from Keatts et al. 
(2018) and Eq. 1, Figure 1 has been developed to illustrate the predicted relationship 
between water entry head and contact angle.  
 
 

 
Figure 1. Predicted relationship between water entry head and contact angle.  
 
As noted in Figure 1, as a geomaterial such as CFA becomes hydrophobic (i.e., a contact 
angle > 900), the predicted water entry head can be as high as several meters. Keatts et 
al. (2018) observed values ranging from 2-5 meters for compacted class F CFA. Jordan 
et al. (2017) measured water entry head values ranging from 0.8-3 meters, depending on 
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the OS product type and temperature. Results from a recent three-year study involving 
several CFA types and OS products yielded water entry head values as high as 10 
meters, with details reported in Daniels et al. (2018) and Feyyisa et al. (2019).  
 
Contact angle measurements serve as indicators of water repellency. Feyyisa et al. 
(2017) reviewed methods available for contact angle measurement and recommended 
an advancing method, with data indicating that method to be four times more accurate 
than alternatives (e.g., static or receding methods). Figure 2 illustrates the difference in 
contact angle for untreated (hydrophilic) and treated (hydrophobic) coal fly ash.  
 
 
 
 
 
 
 

 

 
 
Figure 2. Conceptual contact angle (ϴ’) comparison between untreated and OS 
treated CFA.  
 
While contact angle (CA) measurements are sensitive to the method employed, they are 
relatively insensitive to the compacted density. This contrasts with water entry head 
measurements which are a function of pore diameter and thus density. For example, 
consider Table 1 (Daniels et al. 2018), which shows a sequence of glass slides with 
increasing amounts and density of coal fly ash.  
 
 

 

 

 

 

 

 

 

 

 



Table 1. Images of drops released at different CFA grain coverage and CA 
measurements. 

 Plan view of drops 
and CFA grain 

arrangement on the 
tape 

 
Description 

Drop image through 
Goniometer during 
CA measurement 

 

Average range 
of CA 

measurement 

1 

 

 

 

 

 

 

 

 
No density 

 

 

 
00 – 900  

2 

 

 
Low density 

 

 

 
141.60 - 143.20 

3 

 

 

 
High density 

 

 

 
139.40 - 143.10 

4 

 

Very high 

density 

 

 
140.10 - 144.70 

 
Shear Strength 
 
Given that the process of OS treatment involves modifying the surface to incorporate 
functional groups (e.g., aliphatic hydrocarbons) on silane molecules, one might expect 
the friction angle to decrease with treatment. Indeed, Lee et al. (2015) and Byun et al. 
(2012) reported peak friction angles that decreased with increasing concentration of OS. 
Their studies reported that hydrophobic (treated) glass beads with a zero percent degree 
of saturation had a lower shear strength compared to hydrophilic glass beads. For similar 
saturation conditions, Karim et al. (2018) observed a reduction in the peak shear strength 
when Ottawa sand was treated to become hydrophobic. Truong et al. (2011) reported 
that the peak shear wave velocity was 5.5 times larger for untreated hydrophilic glass 
beads as compared to treated, hydrophobic glass beads, under unsaturated conditions. 
In the case of CFA, however, the effect of OS treatment on strength parameters is less 
clear. Table 2 summarizes representative data for treated and untreated CFA as reported 
in Daniels et al. (2018), with little difference observed. Work remains to understand the 
effect of OS treatment on effective and total strength parameters.  
 

 

 

 



Table Error! No text of specified style in document.. Peak and residual angles of dry 
untreated and OS-treated CFA 

  
CFA 
Type 

Relative 
Density 

Peak Residual 

Cohesionless (C' = 0) Cohesion Cohesionless (C' = 0) Cohesion 

   % ø', ° ø', ° C', kPa ø', ° ø', ° C', kPa 

Dry CFA         

1 Class F 99 - 109 30.2 29.7 5.8 30.2 29.7 5.8 

2 Class F 100 - 109 31.7 30.6 13.1 31.1 30.6 6.9 

3 Class F 96 - 112 30.9 30.4 6.6 30.7 30.7 0 

OS-CFA         

1 Class F 190 - 147 31 30.4 7.1 30.8 30.6 1.8 

2 Class F 118 -139 30.4 29.8 7.4 30.4 29.8 7.3 

3 Class F 119 - 128 29.8 28.9 10.2 29.7 29.1 6.9 

 
Future Applications 
 
The primary function of engineered water repellency is to control infiltration in projects 
where this condition is required. As such, it represents a potential component of a waste 
containment, embankment, or pavement system. Such systems often require multiple 
elements, each for a separate or redundant design function. The use of OS is easily 
adopted since there is no special equipment and expertise required. Possible applications 
include the inclusion of niche layering to encourage drainage towards a particular 
direction or path, e.g., in conjunction with chimney drains, as shown in Figure 3. 
 

 



Figure 3. Example ash monofill with chimney drains. OS could be used to re-
direct infiltrating water toward drains.  
 
Other applications include daily/intermediate cover as well as elements of the cap and 
liner system. Likewise, the use of OS in structural fill applications may increase strength 
and eliminate leachability. The prospect of engineered water repellency is reflexively 
greeted with questions of cost. The authors, whose aim is to establish technical viability, 
generally leave that issue to suppliers and marketers of the different OS products. 
Research to date is motivated by the premise that it can be cost effective, in the future if 
not now. As with any design, site specific analyses are needed. In general, the cost for 
OS application in CFA projects depends on the properties of the ash, OS product 
selected, desired treatment level, and treatment design (e.g., surface spray vs. mixed vs. 
multiple layers). An unidentified supplier has reported, for a particular application, 
estimates ranging from $0.20 to $1.95 per square meter ($0.02 to $0.18 per square foot). 
While that information is provided as an example, the actual cost can range from 
negligible to cost-prohibitive. Environmental compatibility is also a common question. 
However, OS has been used in many industries for decades. For example, Dai et al. 
(2010) reviews the efficacy of OS in treating the concrete surfaces in marine applications. 
Likewise Kregiel (2014) reviews the use of OS in the food and beverage industry.  
 
In sum, the use of OS retains promise for applications in which infiltration control is 
needed. Existing data have established feasibility of using OS for engineered water 
repellency of compacted CFA materials where infiltration control is required. However 
additional research and field-scale evaluations are needed to advance the Technology 
Readiness Level and encourage commercial application.  
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