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Engineered capillary barriers typically consist of two layers of granular materials 

designed so that the contrast in sediment hydrologic properties and sloping interface 

retains infiltrating water in the upper layer.  We report here on the results of two 

bench-top capillary barrier experiments, and associated modeling.  These experiments 

were conducted to better understand the behavior of capillary barriers in particular 

with respect to an engineered barrier system proposed at the potential high-level 

nuclear waste site at Yucca Mountain, Nevada, where different engineered barriers 

have been under consideration throughout the site development process (Carter and 

Pigford 2005; Tidwell et al. 2003).  We measured hydrologic parameters for both 

coarse materials using standard methods and found that the two materials had similar 

hydrologic properties despite being morphologically different (round, uniform vs. 

angular, non-uniform).  The rounded sand provided a better functioning capillary 

barrier than the angular sand, but neither experiment could be characterized as a 



perfectly working capillary barrier.  In both cases, more than 93% of the infiltrating 

water was successfully diverted from the lower layer, but infiltration into the 

underlying layer was observed in both systems.  Our experimental results show that 

capillary barriers designed based on standard hydrologic property measurements may 

result in invalid prediction of the system behavior.  Moreover, our numerical 

simulations of these experiments show that the predicted capillary barrier 

performance was highly sensitive to physically realistic variability in model 

hydrologic parameter values.  Based on this work, we believe that other non-

continuum processes such as vapor diffusion and film flow contribute to the observed 

phenomena and are important aspects to consider with respect to capillary barrier 

design, as well as dry vadose zone processes in general.  By applying a theoretical 

film flow equation representative of sediment surface geometries we were able to 

show that infiltration into the underlying sediment layer can be dominated by water 

film flow, a characteristic that is typically not considered in mainstream numerical 

models. 
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Chapter 1:   Introduction 

Responsible long-term waste storage and disposal is an integral component of 

minimizing groundwater and surface water contamination.  Acid mine drainage 

(Weeks et al. 2004), landfills (Yanful et al. 2006), spent nuclear waste (Carter and 

Pigford 2005), and other hazardous materials (Ross 1990) pose considerable risk to 

groundwater and surface water resources.  To minimize risk of contamination, 

significant resources have been allocated to investigate primary and secondary waste 

isolation technologies (Carter and Pigford 2005).  One such method is the use of 

natural and artificial capillary barrier systems.  

Engineered capillary barriers typically consist of two layers of granular materials 

designed so that the contrast in sediment hydrologic properties and sloping interface 

retains infiltrating water in the upper layer and is diverted away from sensitive 

material.  Capillary barrier systems consist of two or more contrasting layers of soil, 

sand, or gravel in which a fine sediment overlays a coarse-grained material on a 

sloping interface.  Figure 1 is a schematic of a capillary barrier system.  As dictated 

by the Young-Laplace equation, capillary forces in the overlying sediments are 

significantly stronger, which prevents water from infiltrating into the underlying 

coarse layer; instead excess water is diverted along the fine-coarse interface down dip 

(Ross 1990; Oldenburg and Pruess 1993; Webb 1997; Smesrud and Selker 2001; 

Weeks et al. 2004).   

The following literature review (Chapter 2) examines the fundamentals of capillary 

barrier systems, experimental modeling, and provides a theoretical analysis of vapor 
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diffusion and water film flow.  The attached manuscript (Chapter 3) applies current 

theory and understanding to two capillary barrier experiments and isolates the 

controlling flow process in the dry regime.   

The underlying motivation for research conducted in this thesis is to provide a low 

failure tolerance design for diversion of infiltrating fluid in a long term geologic 

nuclear waste repository.  By diverting flow and reducing contact of fluid with 

encapsulated nuclear wasteforms the over overall risk of radionuclide transport and 

human exposure is thus reduced.  

 

 

Figure 1.  Schematic of capillary barrier system 
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Chapter 2:   Literature Review 

The following review of the literature provides background on capillary barriers and 

describes related experimental studies, modeling of capillary barriers, and dry regime 

infiltration mechanisms. 

2.1 Background on Capillary Barriers 

The use of capillary barrier systems (also known as Richards’ barriers and soil 

covers)  in the prevention of acid mine drainage and landfill leachate is ideal, due to 

their relatively low cost, long lifespan, and the preexisting sloping interface.  

Layering of fine over coarse material limits the infiltration of both water and oxygen 

and thus changes redox conditions, significantly reducing the potential for acid mine 

drainage (Weeks et al. 2004; Yanful et al. 2006) and mobilization of disposed 

hazardous materials (Kampf et al. 2003).  Capillary barriers have also been proposed 

for use in long-term nuclear waste repositories as a secondary containment for spent-

fuel storage.  Carter and Pigford (2005) highlight the low cost, simple design, and 

robust safety features as reasons why the design is optimal for high-level waste 

repositories. 

Due to the need for reliability and long-term durability, multiple experimental (Conca 

1999; Porro 2001; Smesrud and Selker 2001; Kampf et al. 2003; Tidwell et al. 2003) 

and numerical (Oldenburg and Pruess 1993; Weeks et al. 2004; Yanful et al. 2006) 

studies have been conducted to assess the impact of infiltration and soil properties on 

capillary barrier stability.  Ross (1990) first developed a constitutive relationship for 
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capillary barrier diversion capacity and diversion length using relative permeability-

saturation relationships.  The mathematical diversion capacity and length are defined 

by Ross (1990) as follows:  

max
tansKQ φ
α

>  (1) 

tansKL
q

φ
α

<   (2) 

where  Qmax = the diversion capacity 
  L = the effective length 
  Ks = the saturated conductivity of the fine-grained layer,  
  φ  = the down dip layer,  
  α = a soil property parameter, and  
  q = the infiltration velocity. 
   
Steenhuis et al. (1991) further specified that breakthrough would not occur until 

pressures in the overlying layer reached the air entry pressure of the underlying layer, 

which was not explicitly stated by Ross’ theory.  Webb (1997) expanded Ross’ work 

to include numerical methods and the two-phase van Genuchten characteristic curves.  

Smesrud and Selker (2001) extended Webb’s work to provide guidelines for 

hydraulic properties using Miller and Miller (1956) scaling relationships, indicating 

that material between 2.5 and 5 times coarser (using average diameters) than the 

overlying layer would provide a functioning capillary barrier system. 

2.2 Experimental Studies  

Experimental studies of capillary barrier systems have been conducted to examine 

their overall performance and stability and to validate their associated theoretical and 
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numerical models.  Under field-scale conditions, Porro (2001) studied the impact of 

yearly rainfall cycling and extreme wetting on a field-scale capillary barrier system 

and found that snowmelt and resulting high infiltration was the cause of capillary 

barrier failure.  Kampf et al. (2003) performed large-scale laboratory tests to 

investigate discrepancies between barrier systems and numerical models.  They found 

that under slow percolation, water was laterally diverted, but under high flow the 

seepage was irregular exhibition fingered flow which caused breakthrough.  When 

compared to experimental investigations, they found the numerical model to be 

highly sensitive to the small changes in the hydraulic properties of the soils.   

Conca et al. (1998) and Tidwell et al. (2003) examined the use of capillary barrier 

systems to divert water from high-level nuclear waste containers at a laboratory scale.  

The former used a crushed tuff overlaid by a silty sand with a 10-degree sloping 

interface to study the diversion capacity of a capillary barrier system by increasing 

the flow rate until failure was achieved.  Experiments under these conditions matched 

Ross’ diversion capacity relationship adequately.  Long-term infiltration experiments 

were also conducted to examine steady-state conditions and slow infiltration of water 

into the gravel layer was observed.  Upon conclusion of a 12-month test, Conca et al. 

(1998) observed moisture penetrating into the gravel several grain diameters across 

and hypothesized that this was potentially due to the capillary pressures of both layers 

being equal at the fine/coarse interface.  Conca et al. (1998) also theorized that 

infiltration may be due to vapor diffusion.  Using electrical conductivity, they 

 
 



6   

 

measured the increase in fluid content into the coarse material over a period of 12 

months and found a water content of 6% and a diffusion coefficient of 10-11cm2/s.  

Although calculations were performed, no final conclusions regarding the driving 

mechanism were made.  Tidwell et al. (2003) constructed a capillary barrier with 

crushed tuff overlaid by Overton sand at a 30-degree sloping interface.  The test 

liquid was composed of deionized water, conservative blue dye, and potassium iodide 

salt.  Similar to Conca et al. (1998), Tidwell et al. (2003) observed breakthrough 

shortly after the fluid reached the coarse/fine interface, and infiltration to the center of 

the barrier system (where an emplaced waste container would be situated) 92 days 

into the experiment.  Based on the retardation of blue dye and potassium iodide salt, 

Tidwell et al. (2003) suggested that the infiltration was due to a combination of 

adsorptive and diffusive processes.  Although both Conca et al. (1998) and Tidwell et 

al. (2003) observed infiltration, it was of a significantly larger magnitude in Tidwell 

et al.’s experiment; this difference may be due to varying slopes and thickness of the 

overlying layer.   

Site-specific requirements lead to significant variations in capillary barrier design and 

the resulting flow processes. Due to the varying configurations, little consensus on 

complex flow dynamics has been gained; up to this point the primary emphasis has 

centered on using numerical models as tools to design capillary barrier systems and 

not anomalous flow behavior.  
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2.3 Modeling of Capillary Barriers  

Extensive modeling of capillary barrier systems has provided a wealth of literature on 

numerical methods associated with diversion systems.  Beginning with theory 

developed by Ross (1990), numerical methods have been used to estimate diversion 

capacity and stability over diversion length.  As with most unsaturated systems, 

numerical models used in capillary barrier systems adopt the Richards’ equation, 

using van Genuchten (1980) or Brooks  and Corey (1964) to estimate soil parameters.  

These models include HYDRUS (Zhang et al. 2009), TOUGH2 (Oldenburg and 

Pruess 1993; Wu et al. 2002), and ADIPIT (Weeks et al. 2004).  Early modeling by 

Oldenburg and Pruess (1993) used TOUGH 2 to examine the extension of quasi-

linear matric potential-hydraulic conductivity relationships to Ross’ solution and 

investigate fluid breakthrough.  Results indicated that breakthrough occurred 

gradually as the capillary pressure in the overlying layer became less negative and 

water was accepted by the underlying layer.  Most recently Zhang et al. (2009) used 

HYDRUS 1-D to examine the potential importance of hysteretic and non-hysteretic 

soil when compared with experimental results.  Zhang et al. (2009) found that highly 

hysteretic soils tended to have a lower moisture content in the upper layer than soils 

modeled without hysteresis, and models using hysteresis matched experimental 

breakthrough more accurately.  Current modeling platforms provide a stable base for 

estimating capillary performance, but tend to fail when estimating breakthrough times 

at high fluxes (Zhang et al. 2009) and low saturations (Or and Tuller 1999).  As 
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described by Or and Tuller (1999), most current models use a bundle of cylindrical 

capillaries or approximations of the Richards’ equation where a pore is either empty 

or full, neglecting the impact of other flow processes such as vapor diffusion or water 

film flow.  As with all dry regime systems, the use of more rigorous multiphase 

modeling software may aid in improving the reliability of capillary barrier models.  

2.4 Dry Regime Infiltration Mechanisms 

Results from capillary barrier experiments and numerical modeling indicate that 

much is still unknown about the behavior of water in capillary barrier systems.  Both 

Conca et al. (1999) and Tidwell et al. (2003) note that the failure of their capillary 

barrier system may be due to dry regime flow processes, such as (1) vapor diffusion 

and (2) film flow.  Both vapor diffusion and water film flow impact flow behavior, 

but are typically neglected because the impacts are often small and difficult to 

quantify and implement numerically.  However, under specific circumstances these 

flow processes can dramatically impact the system behavior.  Both vapor diffusion 

and film flow contributions to infiltration will manifest themselves in a similar 

manner in which infiltration distance (x) vs. time (t) is described by the Washburn 

relationship where x ~  t1/2 (Bico et al. 2001) and are therefore difficult to decouple.  

The remainder of this discussion is dedicated to the roles of vapor diffusion and film 

flow as transport mechanisms in the dry regime, because of their potential impact on 

capillary barrier systems. 
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Water vapor diffusion in soil occurs when gradients in vapor pressure develop 

because of differences in temperature, salt concentration, and/or moisture content.  

The traditional equation for diffusion in soil is represented by Fick’s law: 

 
CJ D
x

∂
= −

∂
  (3) 

where            J     =     the flux of water vapor,   
  C =  the concentration of water vapor,  
  D = the diffusion coefficient for water vapor, and  
  x = the distance across which the vapor concentration 

gradient exists (Jabro 2009).   

According to Hillel (1998), vapor pressure gradients under isothermal field-saturated 

conditions are likely to be small when soils are nearly vapor saturated at all times.  

However, under very dry conditions, such as initial imbibition into a capillary barrier 

and where thermal gradients occur, significant variations in vapor pressure may 

develop. 

Vapor diffusion is theoretically described by two terms, a diffusion coefficient and 

the gradient of concentration.    In porous media, the diffusion term represents the 

resistance opposing motion and is also therefore a function of the actual porous media 

(Corey and Logsdon 2005).  Bear (1972) (via Corey and Logsdon 2005) amended the 

traditional Fick’s law to account for the media geometry and tortuosity: 

F
i i

e

LJ D C
L

ϕ
⎛ ⎞

i= − ∇⎜ ⎟
⎝ ⎠

 (4) 

where   Ji = the flux of water vapor,  
  DF

i = the diffusion coefficient for water vapor, 
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  ϕ  = porosity, 
  L = direct distance between two points, 
  Le = length of flow path, and 
   = water vapor gradient, C∇

which provides for a diffusion term that is media independent.  

Occasionally, a chemical potential term is used to define a driving gradient (Nitao and 

Bear 1996); however, this approach is only valid under conditions of static pressure.  

Chemical potential in a multi-component system is defined by Atkins and DePaula 

(2006) as the sum of the total Gibbs free energy of a mixture with respect to the 

chemical constituent of interest.  In terms of natural porous media, Nitao and Bear 

(1996) define the chemical potential as the sum of long-range and short-range 

potential energies by the following derivation: 

LR SRU W W p TΔ = −Δ −Δ − Δ + ΔU S  (5) 

where, the equation components are defined as: 

 ΦLRWΔ = − LR    and    ΦSR SRWΔ = − and, (6a and 6b) 

Φ Φ ΦSR LR= +    (7) 

Where  ΔU = the change in internal energy,  
  ΔWLR = the work done by long-range forces,  
  ΔWSR = the work done by short-range forces, 
  pΔU = the work done by expansion,  
  TΔS = the specific heat of the system, and  
  Φ = the chemical potential of long- and short-range forces.   

Therefore, the total energy in the system is equal to 

ΦU p T SΔ = − Δ + ΔU  (8) 
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Chemical potentials have been to used to determine the gradient for diffusion in 

porous media systems; however, as noted above, Corey and Logsdon (2005) 

emphasize that this is only relevant for a system with fixed pressure and temperature, 

as is made clear by the derivation above.  Typically, dynamic hydrologic systems are 

poorly suited for this type of analysis; however, by keeping the limitations in mind, a 

chemical potential approach provides an understanding of end member conditions 

within a system.  If we are careful, we can then use the derived equations to quantify 

potential capillary condensation caused by vapor diffusion under equilibrium 

conditions. 

Capillary condensation is a process by which multiple layers of a vapor phase are 

adsorbed on the surface of a porous medium to the point where the pore space 

between opposing surfaces becomes filled with the condensed vapor.  This process 

occurs due to the van der Waals and DLVO interaction inside the confined pore 

space:  as surface forces attract the water vapor, the region is locally saturated and the 

vapor transitions to the liquid phase (Muller 1998).  Derjaguin and Churaf (1974) 

illustrate that by combining the Kelvin and Laplace equations, a relationship between 

vapor pressure and slit width can be derived: 

 ( ) 2ln ΠopRT h
v p H

σ⎛ ⎞⎛ ⎞ = =⎜ ⎟⎜ ⎟
⎝ ⎠ ⎝ ⎠

     (9) 

where  R = the gas constant,  
  T = the temperature in Kelvin,  
  v = the molar volume of liquid,  
  po/p = the relative vapor pressure of the system, and  
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  Π(h) = the disjoining pressure, 

 which is equal to the capillary pressure (Muller 1998; Churaev 2003).  Philip (1977) 

extended this equation to examine parallel plates, tubes, cylinders, and wedge-shaped 

pores by defining the capillary or matric potential of a soil as the sum of the 

adsorptive and capillary components.  Philip’s unitary approach provided the 

necessary mathematical foundation for the analysis of capillary pressure under a 

variety of geometries.  Tuller and Or (1999) used a combination of Derjaguin and 

Phillip’s mathematical derivations to apply a combination of the Kelvin and the 

augmented Young-Laplace equations to natural porous media.  The resulting analysis 

produced simplified mathematical relationships for the hydraulic properties and 

configuration of adsorbed water in natural pore space as a function of surface area 

and geometry.  

Additional studies and theory developed by Christenson (1994), Iwamatsu and Horii 

(1996), Hsieh and Wang (1997), and Muller (1998) have aided in the understanding 

of capillary condensation in porous media.  However, their results are highly 

theoretical and outside the scope of the discussion for this review. 

Conca and Wright (1990) and Jabro (2009) experimentally determined vapor 

diffusion rates for water into multiple different sediments over a range 

oftemperatures, saturations, and relative humidities.  Conca and Wright (1990) found 

that diffusion coefficients decreased with increasing soil water contents.  Values for 

basalt gravel and quartzite gravel varied from 1-100 x10-9 cm2/s.  Jabro (2009) found 

 
 



13   

 

that the diffusive flux of water vapor increased with aggregate size and adsorption 

increased with temperature.  Both studies provide an estimate for expected diffusion 

coefficients in soil systems.  

The potential for a breach of the capillary barrier system drives our interest in vapor 

diffusion and capillary condensation.  Under steady-state conditions, with a constant 

reservoir and high surface area sediments, it is theoretically possible for vapor 

diffusion to saturate the surface of sediments allowing for a hydraulic connection with 

the fine layer and causing the barrier to breach.   

Water film flow is the second potential dry regime process that may lead to failure of 

capillary barrier systems.  To fully understand water film flow into unsaturated media 

it is necessary to examine the relationship between surface roughness and wettability.  

On an interfacial scale, the movement of a liquid on a solid surface is determined by a 

balance of the surface tension forces, also commonly expressed by Young’s equation: 

SA SL cosγ γ γ θ= +  (10) 

where            SAγ  = the solid-air interfacial tension,  
  SLγ  = the solid-liquid interfacial tension, and  
  γ  = the air-liquid interfacial tension.   

Figure 2 illustrates the surface tension force balance on an idealized wetting surface 

and a moderately wetting surface (Quere 2008). 

When natural surface roughness is introduced, the wettability is altered by changes in 

the contact angle (Wenzel 1936).  Wenzel first introduced the relationship between 
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increased hydrophobicity or hydrophillicity and surface roughness where the 

amended contact angle is represented as follows: 

*cos rcosθ θ=  (11) 

where *θ  is the contact angle on a rough surface and r is a roughness coefficient.   

Figure 3 illustrates the relationship between surface roughness and an advancing fluid 

front.  In practice this mathematical representation only provides  a guideline, because 

it is difficult to isolate the r and Ѳ* values (Martines et al. 2005).  Cassie and Baxter 

(1944) developed a relationship where they assume that the air is trapped within 

surface divots so the fluid sits on top of both the surface and air.  This is described as 

follows: 

cos 1CB f Yr fcos fθ θ= + −  (12) 

where   = the Cassie-Baxter contact angle,  CBθ
  rf = the roughness factor of the wetted area,  
  f = the area fraction of the wetted area, and  
  θy = the ideal contact angle.   

Both of these equations describe a system at equilibrium; however, at slow speeds 

they may be extrapolated to dynamic systems (Martines et al. 2005).   

Hay et al. (2008) outlined three primary phases of water film infiltration into porous 

media:  precursor film flow, roughness invasion, and reaction to the external forces.  

The precursor film is driven forward by local advective water vapor transport and the 

formation of a macroscopic meniscus on the edge of the invading front.  Although not 

stated explicitly in the literature, it is likely that capillary condensation is the driving 
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mechanism for mobilization.  Following the precursor film is roughness invasion, 

which is driven by capillary forces and the surface geometry of the solid-liquid 

interface.  The final stage of film movement is dominated by bulk flow and 

gravitational forces (Hay et al. 2008).  Using the term hemi-wicking, Quere (2002) 

described the process by which fluid is drawn across a rough surface, moving from a 

drop to a thin film.  Quere (2002) presented the traditional thermodynamic 

representation of surface forces as follows: 

 ( )( ) ( )1SL SV s LV sdE r dz dzγ γ φ γ φ= − − + −  (13) 

Where  dE = the change is surface energy, 
   = the solid liquid interfacial tension,  SLγ
   = the solid vapor interfacial tension,  γSV

  r  = the roughness,  
  sφ  = the surface area of the sample, and  
   = the liquid vapor solid liquid interface.   γSV

In systems in equilibrium dE = 0.  When viscous forces dominate over inertial forces, 

the film mobilization is expected to follow a diffusion type relationship, also known 

as a Washburn law (Quere 2002).   

Within the field of material science, multiple experiments have been conducted to 

control the wettability of materials using surface roughness (Bico et al. 2001; Bico et 

al. 2002; Ishino et al. 2004; Martines et al. 2005).  For example, Martines et al. (2005) 

illustrated that the movement of fluid across the surface of fabricated nanopatterns 

could be predicted by hemi-wicking theory and the Cassie-Baxter equation by using 

patterns and surfaces separated by distances smaller than the capillary length to 
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channel the flow and alter the wettability of a material (Martines et al. 2005; Quere 

2008).  When comparing surface geometry to the Cassie-Baxter equation, Martines et 

al. (2005) found good agreement.  

Bico et al. (2001) extended this theory to the study of porous media where they 

examined the movement of an infiltrating film across a rough surface from a reservoir 

.  They compared theoretical imbibition dynamics to infiltration of silicon oil by using 

a fabricated surface geometry.  As expected, the imbibition followed a diffusion law, 

and by balancing the viscous forces with a diffusion law the following equation was 

derived: 

1/2
cos2

3 cos
c

c

cosz tθ θ γδ
β θ η

⎛ ⎞−
= ⎜ ⎟
⎝ ⎠

  (14) 

where  = the infiltration distance, z 
  β = a fitting parameter, 
  θc = the critical contact angle where imibition will occur, 
  γ = the surface tension, 
  δ = the depth of the roughness, and  
  η = the viscosity.   

Bico et al. (2002) then considered the impact of surface roughness on capillary rise in 

a roughened capillary tube and found two wetting fronts, an initial precursor film over 

roughened side walls and a cumulative increase in bulk capillary rise.  Their studies 

concluded that for hydrophilic materials fluid spreads across the solid texture or 

across the topography of the surface, moving until the fluid contact angle has reached 

its theoretical value, Ѳ*.  This was further studied by Quere and Bico (2003) where 
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the impact of the precursor wetting film was found to be a driving force for fluid 

movement (or wicking) into larger pores in porous paper materials. 

Hay et al. (2008) provided a  geometric model for surface roughness relevant to 

natural porous media;  by adding in a term for the hydraulic diameter to obtain the 

following average invasion velocity: 

( )2 2
2

h cos sindU
Po x

δ λ θ λ θγ
μ δλ

+ −⎛ ⎞
= ⎜ ⎟

⎝ ⎠
  (15) 

where   = average infiltration velocity,  U
γ 

  dh = hydraulic diameter, 
  = the surface tension, 

  Po = poiseuille number, 
  μ = viscosity, 
  θc = the critical contact angle where imibition will occur, 
  δ = the amplitude roughness, and  
  λ = the wavelength of the roughness 

Hay et al. (2008) also considered multiple other approximations for fluid 

configurations in natural geometries, including the Poiseuille film flow approximation 

and Hagen-Poiseulle half-pipe approximation.  Comparison to Bico et al. (2001) 

experimental results indicated that the hydraulic diameter approximation fit 

infiltration of the silicon oil the best.  

Alongside these efforts in the field of material science, similar studies of surface 

roughness, water film movement, and water film flow hydraulics have taken place in 

the field of hydrology (Nitao and Buscheck 1991; Tokunaga and Wan 1997; Or and 

Tuller 1999; Or and Tuller 2000; Tokunaga et al. 2000; Pismen 2001; Tokunaga and 

Wan 2001; Tokunaga and Wan 2001; Jones and Or 2002; Liu 2004; Culligan et al. 
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2005; Tuller and Or 2005; Tokunaga 2009).  Much of the motivation for examining 

film flow in the dry regime was initiated by the need to understand water movement 

in Yucca Mountain fractures and the anomalous presence of chlorine 36 in 

groundwater under the Yucca Mountain site (Tokunaga 1997). 

Tokunaga and Wan (1997) experimentally studied water films over a range of matric 

potentials and determined the transmissivity, hydraulic conductivity, and average film 

thickness for water held in Bishop tuff.  They concluded that film flow is most likely 

a contributing (but not a dominating) component of the total fluid flux.  Follow-up 

studies by Tokunaga et al. (2000) used a Green and Ampt (1911) model for film 

infiltration and hydraulic diffusivity of a rough glass surface.  Infiltration was 

quantified by measuring the movement of a wetting front over a rough surface as a 

function of time from an open reservoir.  Infiltration velocities were then fitted to a 

Green and Ampt style equation to determine a film diffusion coefficient.  In 

subsequent work, Tokunaga and Wan (2001a, 2001b) isolated the relative flux 

contributed by the surface fracture flow when compared to matrix flow in a Topopah 

Spring welded tuff and an Owens Gorge rhyolite.  In contrast to their earlier findings 

(Tokunaga and Wan 1997), in 2001 they determined that surface fractures and film 

flow can contribute a significant flux when the surfaces of a rock have a higher 

permeability than the matrix.  Flow regime boundaries were also isolated using the 

Young-Laplace equation to define a range of matric potentials where fast film flow 

can be expected.  More recently, Tokunaga (2009) presented theories on the flow 
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hydraulics of water films in porous media and how adsorption can potentially impact 

fluid flow.  These studies indicated that film viscosity and conductivity are impacted 

by the adsorptive forces between films and sediments. 

Parallel studies conducted by Tuller and Or (Or and Tuller 1999; Tuller et al. 1999; 

Or and Tuller 2000; Tuller and Or 2001; Tuller and Or 2005) provide similar 

theoretical and mathematical descriptions of water films in porous media.  Early 

adsorption studies referenced previously (Tuller et al. 1999) led to examination of the 

spatial arrangement of liquid in pore space with regard to specific geometries (Or and 

Tuller 1999).  Much of the emphasis of the 1999 Or and Tuller paper is on upscaling 

theory and outside the scope of this investigation; but subsequent study (Or and 

Tuller 2000) of surface roughness and hydraulic conductivity provide a statistically 

derived average hydraulic conductivity using geometric relationships for curves, 

corners, and pits of porous media surfaces.  When compared to results from 

Tokunaga and Wan (1997), the relationship of surface roughness to hydraulic 

conductivity was in good agreement.  Finally, Tuller and Or (2005) used adsorption 

isotherms to relate sediment surface area to the low end of soil water characteristic 

curves, indicating (not surprisingly) that the presence of films on the low end of the 

soil water characteristic curve is dictated by adsorptive van der Waals forces and not 

by capillary forces.  

Although studies conducted in the fields of materials science and hydrology may 

appear to be similar, it should be noted that researchers in materials science are 
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interested in the film infiltration velocity, whereas hydrologists have focused on the 

hydraulic conductivity of already-existing films.  For the purpose of understanding 

the initial capillary barrier breach in dry systems, film infiltration velocity provides 

more relevant information than studies of unsaturated flow in porous media.   

This review presents a summary of capillary barrier flow behavior and associated 

theory, followed by a discussion of two major components not traditionally 

considered in modeling and design of barrier systems.  By reviewing past 

experiments, specifically those of Conca et al. (1998) and Tidwell et al. (2003), we 

have illustrated that traditional design theory does not fully account for flow 

processes in dry capillary barrier systems, but provides two dry regime flow 

processes as an explanation for capillary barrier failure.  Both vapor diffusion and 

water film infiltration into unsaturated sediments follow a Washburn relationship, and 

are therefore difficult to decouple.  However, diffusion coefficients derived by Conca 

and Wright (1990) are dramatically slower than the diffusion rate in experiments 

conducted by Tidwell et al. (2003), indicating that film flow is likely a controlling 

factor.  In the following manuscript (Chapter 3), we will examine the relative impact 

of these two processes in the context of two capillary barrier experiments conducted 

for materials and conditions similar to those of Tidwell et al. (2003).   
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Figure 2. (Left) A liquid film with a high solid-liquid interfacial tension and 
low contact angle; (Right) partial wetting and balance of surface tensions  

 (Figure adapted from Quere 2008) 
 

 

 

 

 

 

Figure 3.  Film invasion onto a rough surface 
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Chapter 3:   Flow Processes in the Dry Regime:  The Effect on Capillary 
Barrier Performance 
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3.1 Introduction 

Computer simulation models have become essential tools for quantifying the physical 

processes associated with the near-surface environment in almost any scientific or 

engineering effort involving water resources.  However, the reliable application of 

these computer models depends on the acquisition of representative physical soil 

properties and an understanding of underlying physical processes.  It is ordinary 

practice to assume that the estimated van Genuchten (1980)  or Brooks-Corey (1964) 

parameters adequately represent our materials in a hydrological sense.  Nevertheless, 

material properties, such as grain morphology and surface roughness, can have a 

significant influence on the flow and transport properties of a porous media. 

Under the study reported here, we present an example of the impact of grain 

morphology and surface roughness on predicting capillary barrier system efficiency, 

highlight inconsistencies in modeling, and discuss dry regime flow processes.  

Standard laboratory measurements of hydrologic properties were used to select two 

coarse gravels for the underlying layer in the two capillary barrier systems.  Although 

van Genuchten parameters fitted to measured retention characteristics indicated that 

the two materials were hydrologically similar, they behaved differently under 

experimental conditions.  We believe this is due to the significantly different surface 

areas and geometries of the two sediments.   

By ignoring dry regime processes such as (1) film flow and (2) vapor diffusion, we 

were unable to accurately model water flow within the sediment.  However, once film 
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flow and vapor diffusion were included in the analyses, we could more successfully 

explain the observed behavior.  The significance of the film flow component was 

found to be highly dependent on the surface roughness, with film infiltration 

velocities increasing with surface roughness and wettability.  The concepts discussed 

are not limited to the conditions associated with a capillary barrier; they apply to 

many aspects of modeling unsaturated flow and transport in porous media in the dry 

regime.  

Both film flow and vapor diffusion impact fluid flow in the dry regime, but they are 

typically neglected because their impacts are often small and difficult to quantify.  

However, under specific circumstances these dry regime flow processes can 

dramatically impact the system behavior.  Studies conducted by Hu et al. (2004) 

examined the impact of water content and thin water films on the movement of a 

solute through crushed tuff and found solute mobility to be a function of water film 

thickness and continuity.  The presence of water films impacted the rate of diffusion 

within the system and the interconnectedness of pore space. In a similar capillary 

barrier system, and using the same materials as used here, Tidwell et al. (2003) 

observed equivalent breakthrough into coarse sediment, at an initial rate of 20% later 

slowing to 10% of the infiltrating fluid. The fluid breakthrough was attributed to 

water film flow and/or vapor transport.  

Film flow and vapor diffusion contributions will manifest themselves in similar 

manner, following what is known as a Washburn relationship where x~t1/2 (Bico et al. 
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2001), and are therefore difficult to decouple.  The present work is focused on 

elucidating which mechanism is the dominant driver for these particular experiments.  

By using the theoretical relationships relating surface roughness to infiltration 

velocity developed by Hay et al. (2008) and qualitatively investigating theoretical 

vapor flux, we were able to isolate the primary mechanism for capillary barrier 

breach. 

The capillary barrier experiments presented here also provide an ideal example for 

analysis of discrepancies between ideal models and experimental system 

complexities; a traditional model used here failed to predict the observed capillary 

barrier performance.  It should be noted that, this capillary barrier design has the 

potential to be considered for high-level waste containment systems in which a 

capillary barrier would be established between the two different materials and water 

would be diverted away from the sensitive materials, such as vitrified glass or cement 

waste forms.  These systems can also be used as diversion systems under less 

rigorous operating conditions. 

Film Flow 

Film flow in unsaturated sediments has been described in many studies (Tokunaga 

1997; Tokunaga et al. 2000).  Tuller et al. (1999) and Tuller and Or (2001) pointed 

out that many models neglect film flow aspects by assuming that flow occurs only in 

full capillaries.  Thus, the pressure potential is attributed to capillary forces only, 

while other potentially important adsorptive surface forces are ignored.  This 
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simplified model representation often provides satisfactory results for intermediate 

and highly saturated media, but, they tend to fail at low saturation (Nimmo et al. 

1994). 

To quantify the relative contribution of film flow in these systems we used 

knowledge of the sediment geometry, roughness and the theoretical expression of 

Hay et al. (2008).  Wenzel (1936) first conceptualized the impact of surface 

roughness on wettablity and contact angle.  Since then, extensive research has been 

conducted to quantify the effect of roughness on solid wetting and water film flow 

(Bico et al. 2001; Bico et al. 2002; Quere and Bico 2003; Martines et al. 2005; Hay et 

al. 2008).  Hay et al. 2008 coupled surface geometries with the movement of water 

films to produce a conceptual model providing a pseudo sorptivity (or diffusion) term 

of water film infiltration velocities using only contact angles, surface tension, 

viscosity, and the sediment surface geometry.  

Vapor Diffusion 

DiCarlo et al. (1999) suggested vapor pressure gradients as a mechanism for 

enhanced movement of liquid and thus could account for differences in lateral 

spreading of moisture fingers observed in experiments.  The vapor diffusion approach 

was based on the conservative assumption that the unsaturated hydraulic conductivity 

contribution to the sum of liquid and vapor transport (eq. 2 in DiCarlo et al. 1999) is 

extremely small at very low fluid saturations, and also that the vapor condenses to 

liquid behind the vapor front even in the absence of a temperature gradient.  The latter 

 
 



27   

 

assumption is supported by many studies showing that under equilibrium conditions 

vapor will condense, i.e., adsorb to porous materials, even though the porous material 

has the same temperature as the vapor.  Parker (1986) explains that when a dry 

hydrophilic porous medium is placed in an atmosphere containing water vapor, 

isothermal water adsorption will increase with increasing vapor pressure until the 

pore space becomes fluid-filled.  Similarly, Kutilek and Nielsen (1994) stated that the 

nature of soil water adsorption through hygroscopicity is completely different from 

the simple process of vapor condensation to its liquid phase.  The adsorption 

phenomena are generally classified as being either physical (based on electrostatic 

and van der Waals attraction forces between the solid surface and water molecules) or 

chemical (based on rearrangement of electrons and consequent formation of strong 

chemical bonds) (Parker 1986; Nitao and Bear 1996).  The adsorbed water layers 

coating the solid grains grow into films, and eventually adsorbed films in adjacent 

pore spaces will coalesce and form a continuous liquid phase in the pore.  This 

process is generally referred to as capillary condensation (Derjaguin and Churaf 

1974; Tuller et al. 1999).  According to Easton and Machin (2000) there is no well-

defined limit to the amount of vapor that can be absorbed for a wetting fluid; 

however, Tokunaga and Wan (2001) suggest that water films range in thickness from 

tens of nanometers to ~1μm.  The adsorption of water vapor is aided by the vapor 

pressure deficiency that exists over a concave surface (air-water meniscus in a pore) 

compared to the vapor pressure over a free, flat water surface (Bear 1988).   
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In sharp contrast, Hu et al. (2004) report that Conca (1990) found that four sizes of 

tuff gravel remained dry after equilibrating for 70 days in a nearly 100% relative 

humidity. At the conclusion of the experiment only a 2.7% increase in intergranular 

water content was observed, indicating that the relative importance of vapor diffusion 

for water infiltration may be minimal.  

Vapor diffusion enhancement could contribute to the observed infiltration into the 

underlying layer in these experiments, but it is generally considered to only occur 

where a temperature gradient is present (Cass et al. 1984; Wildenschild and Roberts 

2001).  However, Webb and Ho (1998) reported both experimental and numerical 

modeling evidence of the enhancement of vapor diffusion in the absence of a thermal 

gradient.  According to their study, the vapor density gradient, which drives the 

enhancement, can be established without the influence of a thermal gradient, for 

instance due to a vapor concentration gradient.  In either case, enhancement across 

liquid bridges in the coarse material is a possible, but a fairly unlikely explanation, 

because at the saturation at which liquid islands develop in the coarse sand, the 

saturation level will also be sufficient to support capillary action, which is a much 

more efficient transport mechanism.  

 Thus the question remains, what is the relative impact of vapor diffusion or water 

film infiltration in unsaturated systems? It is likely that both processes are occurring 

simultaneously.  The following experiments are targeted at understanding the 

importance of dry regime flow processes in a working capillary barrier system.  
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3.2 Experimental Design 

The following sections describe the materials, surface area analysis, associated 

hydrologic parameters, and laboratory setup for the capillary barrier experiments. 

Materials 

Under our study, we conducted two experiments using commercially available 

Overton fine silica sand (#50–70 sieve) as the fine material and either 8/20 angular 

sand (#8–20 sieve) or 2/16 rounded sand (#2–16 sieve) as the coarse layer.  The two 

experiments are referred to as Experiment 1 and 2, respectively.  The coarse material 

for Experiment 1 was selected according to its utility as future backfill for the 

potential Yucca Mountain waste repository, thus a coarser crushed volcanic tuff was 

obtained from a supplier local to Yucca Mountain.  For Experiment 2,  sand with a 

similar grain size distribution was used, but we chose a material with a lower surface 

area and more rounded grains.  The particular type of fine-grained material was 

selected because it would not filter into the coarse-grained material under dry 

conditions.  See Table 1 for additional details about material properties. 

Surface Area Analysis 

Specific surface areas for the two coarse sands were measured using the Brunauer-

Emmett-Teller (BET) (Brunauer et al. 1938) technique.  The materials were out-

gassed at room temperature to prevent sintering at high temperatures.  Both total 

surface area and micropore area were measured in duplicate measurements and the 

results are listed (as averages of the measurements) in Table 1.  As seen in Table 1, 
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the 8/20 angular sand has 10 times higher total area than the 2/16 rounded sand. The 

8/20 micropore area alone amounts to the total surface area for the 2/16 rounded sand.  

Figure 4 shows microscopic photos of the two materials, and the difference between 

the two is quite noticeable.  The 2/16 rounded sand consists of a very uniform quartz 

sand of very rounded grains, whereas the 8/20 angular sand is a volcanic tuff 

consisting of very angular grains containing various minerals and exhibiting intra-

granular porosity.  

Another difference between the two coarse materials is their grain morphology or 

angularity, and resulting pore shapes.  Tuller et al. (1999) show in their Figure 4 that 

pore space geometry (the pore shape and angularity of grains) has a marked influence 

on the imbibition and drainage processes.  During imbibition, the liquid-vapor 

interface in corners of angular pores grows with increasing potential (or capillary 

pressure) to the point of snap-off, whereas the round pores go from being completely 

empty to being full without the intermediate steps that occur in angular pores.  

Though both sediments in this system produced angular pores space, the angular 8/20 

angular sand, produced more jagged edges and irregular pore space shape. Under 

drainage conditions, liquid displacement in cylindrical pores is piston-like, whereas in 

angular pores the liquid is displaced from the central region first leaving liquid in the 

corners.  Subsequent increases in capillary pressure result in decreasing amounts of 

liquid in the corners (Tuller et al. 1999).  
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Hydrologic Parameters 

The hydrologic characteristics of the materials were measured separately in smaller 

sample holders.  The retention characteristics were measured using a quasi-static 

approach (Wildenschild et al. 1997) in a smaller pressure cell (7.6 cm diameter, 3.5 

cm long).  Saturated hydraulic conductivity was measured in a column (2.5 cm 

diameter, 28 cm long) using the constant head technique (eg. Klute 1986) for at least 

three different hydraulic gradients for each sample, and the unsaturated hydraulic 

conductivity was derived from the retention data.  The resulting retention and 

unsaturated hydraulic conductivity curves for all materials used are illustrated in 

Figures 5 and 6.  A non-linear least-squares optimization routine (RETC version 6.0 

from the U.S. Salinity Laboratory) was used to fit van Genuchten (1980) parameters 

(listed in Table 2) to the curves.  The two coarse materials have very similar 

hydrologic properties, except for a noticeable difference in residual saturation (Table 

2), and a small difference in air entry pressure; but compared to the fine layer 

(Overton sand) they are very similar.  

Laboratory Setup – Capillary Barrier System 

The capillary barrier experiments were carried out in a bench-top aluminum box  

(60.5 cm x 56.0 cm x 10 cm) with a Pyrex window on one side allowing easy 

detection of flow patterns (see Figure 7).  Two 0.5-bar tensiometers were installed 

from the backside of the box (marked as squares in Figure 7).  The tensiometers 

consisted of porous ceramic cups glued onto the backside of the box, and by testing 
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were confirmed to have an air-entry value of at least 250 cm prior to use.  Drainage 

out of the box was achieved by the use of two stainless steel, sintered rods installed 

from the backside immediately above the fine/coarse interface (circles in Figure 7).  

These drains had relatively low air-entry values (< 70 cm), but were highly 

permeable, such that water flow out of the box was not inhibited.  They were 

connected to water-filled tubing, providing hanging column-based water phase 

tension to facilitate drainage under less than fully saturated conditions.  Temperature 

variations during the experiments were measured with four thermocouples (1.02 mm 

diameter) placed in the box as shown in Figure 7 (stars). 

The sandy materials were packed loosely in the box to simulate the emplacement of 

sediment using a conveyor belt such as would potentially be used at Yucca Mountain.  

As expected, the porosities of the materials varied slightly between the loose packing 

of the experimental box and the packing in the smaller pressure cells that were used 

for the hydrologic property measurements, the latter generally having lower 

porosities.  We assume that the porosities for the experimental box were associated 

with the largest error due to inaccuracies of the material weights (loss during packing, 

etc.) and difficulty in precisely estimating the geometric boundaries of the individual 

layers.  Before the materials were poured into the box, it was tilted to a 24-degree 

angle so that the fine/coarse interface was horizontal during packing.  Table 3 lists 

relevant information from the experiment.  An infiltration device was placed on top of 

the box to provide uniformly distributed infiltration over the entire surface area of the 
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top of the box.  A water-filled reservoir with 64 drips (0.25-mm inner diameter tubing 

and finger-tight fittings) was connected to a diaphragm pump.  The pump rates were 

tested both before and after each experiment and are listed in Table 3.  The average 

rate of infiltration into the underlying coarse layer for Experiment 1 was (29.8 – 27.8 

ml/h) = 2.0 ml/h or 9.2 10-9 m/s, and for Experiment 2 only 0.1 ml/h (which is less 

than the standard error on the outflow rate) or 4.6 10-10 m/s.  These numbers show 

that (assuming minimal or at least similar evaporation and other losses), the average 

infiltration into the coarse layer in the two experiments varied by a factor of 20.  This 

calculation is a rough estimate, but provides a ballpark figure for the amount of fluid 

infiltration. 

3.3 Results 

The results of the capillary barrier experiments, associated numerical modeling and 

dry regime interpretation are described in the following sections. 

Capillary Barrier Experiments 

Infiltration and outflow rates for the two experiments are shown in Figure 8.  Each 

box had an initial increase in outflow rate until steady-state flow conditions were 

established.  In addition to infiltration and outflow rates, the average and standard 

deviations of the outflow rates are listed in Table 3.  As seen in Figure 8, some water 

was retained in the box in Experiment 1 (Overton sand over 8/20 angular sand); the 

infiltration rate was higher than and exceeded one standard deviation of the average 

outflow rate.  The drains diverted an average of 93.3% of the infiltrating water, which 
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means that on average, the infiltration front moved at a rate of 6.7% of the applied 

inflow rate. This compares reasonably to the approximately 10% to 20% of the 

applied rate that Tidwell et al. (2003) found.  In Experiment 2, using the 2/16 rounded 

sand as the coarse material, the infiltration rate was within a standard deviation of the 

outflow rate and the amount of water being withheld in the box was within 

measurement error.  The amount of water diverted in this case was 99.7%. 

The drain suction and tensiometer readings for the two experiments were monitored 

throughout the experiment.  The air-entry value of the lower tensiometer (placed in 

the initially dry coarse material) was exceeded during the initial wetting procedure for 

both experiments and thus no readings are available for the capillary pressure in the 

coarse material during the experiments.  After an initial adjustment period, the drain 

pressure was almost constant throughout the first experiment (43.2 cm +/-1.5 cm), 

whereas the capillary pressure measured at the upper tensiometer (in the fine 

material) varied slightly more (32.9 cm +/- 2.8 cm).  The more notable fluctuations in 

capillary pressure in the box were closely correlated to temperature variations in the 

box, and are attributed to the temperature sensitivity of the transducers.  In the second 

experiment the upper tensiometer was also fairly constant, apart from temperature-

induced variations (35.7 cm +/- 2.8 cm).  In this experiment the average drain suction 

was 46.3 cm +/- 2.1 cm, which was very similar to Experiment 1.  A ceramic plate 

(initially intended for drainage) functioned as an additional tensiometer during part of 

this experiment and, after the initial non-steady-state wetting period, the measured 
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capillary pressures were almost identical to the capillary pressures measured at the 

upper tensiometer.  The upper tensiometer and the ceramic plate were located at a 

vertical distance of 21 cm from the base of the box and the fact that practically 

identical values were measured at both vertical locations indicates that flow had 

reached steady-state and was driven by gravity alone.  The unsaturated hydraulic 

conductivity was thus equal to the flow rate through the box, providing us with 

measurement points on the unsaturated hydraulic conductivity curve for the Overton 

sand; these points are illustrated as individual points in Figure 6.  

To better illustrate the flow patterns in the experiment, a dye tracer (Phenol Red) was 

sprinkled on the sand surface where it dissolved in the infiltrating water.  In the first 

experiment it was added at the beginning of the experiment (initially dry sand), while 

in the second experiment it was added after 5 days when the wetting front had already 

reached the material interface.  Phenol Red is a very conservative tracer with low  

adsorption capabilities.  To document the tracer transport, images were periodically 

collected over the duration of the experiment.  A time-lapse series of photographs for 

each experiment is shown in Figure 9 for Experiment 1 and 2, respectively.  It is 

evident that in both experiments the water moved into the coarse layers and infiltrated 

faster (and further) into the 8/20 angular sand than into the 2/16 rounded sand.  This 

is in agreement with the amounts of water diverted by the drains for the two 

experiments.  Only 0.3 % of the infiltrated water was retained in the box for the 

second experiment (2/16 rounded sand as the coarse layer), whereas 6.7% was 
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retained in the box for the first experiment (8/20 as the coarse layer).  Tidwell et al. 

(2003) used materials that were identical to our Experiment 1 and derived very 

similar results: the barrier effectively diverted the majority of the infiltrating the 

water, and similar to our results, they found a slow and continuous infiltration into the 

coarse layer (see their Figure 2), the onset of which was noticed almost immediately 

after the wetting front reached the capillary interface.  At the end of each experiment, 

an industrial vacuum was used to empty the box of sand.  Successive layers were 

carefully removed and samples (approximately 25 ml) were collected.  The samples 

were weighed and placed in a 105 oC oven over night and subsequently weighed 

again to determine the water saturation.  The wetting front had progressed 

approximately 14 cm into the 8/20 angular sand, whereas only a narrow band of 

approximately 2 cm was significantly wetted in the 2/16 rounded sand.  By analyzing 

the photographs of the experimental box taken at regular intervals and scaling the 

infiltrated distance to a feature of known length in the image, we estimated the 

infiltrated distances as a function of elapsed time as illustrated in Figure 10.   

The infiltrated distance is plotted as a function of t½, and it is obvious that the 

infiltration follows this relationship almost perfectly.   

3.4 Numerical Modeling 

We used the US1P module of NUFT (Non-isothermal Unsaturated-saturated Flow 

and Transport) (van Genuchten 1980; Nitao 1998) for the design simulations.  This 

module solves the equations for single-phase unsaturated flow in porous media.  
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XTOOL, a NUFT postprocessor code, was used to display the output of the code in 

graphical form.  Before simulating the experiments described here, we compared the 

results of a capillary barrier simulation with results reported in Webb (1997) to gain 

confidence in our ability to model capillary barriers using NUFT.  Webb’s (1997) 

solution was selected due to its incorporation of characteristic curves and prior 

accurate prediction of capillary barrier performance.  The NUFT simulations were in 

excellent agreement with Webb’s results. 

The two-dimensional model domain for the experiments is shown in Figure 11.  The 

hydrologic properties used in the simulations are given in Table 4.  In our numerical 

model, we describe the relationship between moisture content, capillary pressure (i.e., 

suction, head), and permeability using the van Genuchten (1980) and Mualem (1976) 

expressions(Mualem 1976; van Genuchten 1980).  NUFT input requires different 

parameters in some cases from those listed in Table 4.  For example, NUFT uses the 

van Genuchten m where m = 1-(1/n).  Also, NUFT uses saturations rather than 

moisture contents.  Saturation, S, is defined as the moisture content, θ, divided by the 

porosity, φ .  We assumed that θ s = φ  (the porosity) in our simulations.  

Initially, the sands were assumed to be completely dry.  The top boundary and the 

drain were held at constant head and saturation.  The infiltration rate and drain 

suction used in the simulations are also given in Table 4.  As a test, simulations for 

Experiment 1 were done with approximately double the grid resolution with no 

significant difference in model results.  Simulations for Experiment 1 and 2 were run 
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out to 33 days and 18 days, respectively, to match the actual length of the laboratory 

experiments. 

3.5 Model Results 

The saturation fields for Experiments 1 and 2 using the domain and grid shown in 

Figure 11 and the parameter values given in Table 4 are shown in Figure 12.  As these 

figures clearly show, NUFT predicts successful performance of the barrier, and the 

complete absence of any wetting front migrating into the lower coarse material in 

both cases.  However, a clear wetting front was observed for both cases in the actual 

experiments.  The wetting front moved much faster and further into the 8/20 angular 

sand in the experiments, but because the two coarse materials have almost identical 

hydrological properties the model simulations predict nearly identical behavior for 

both experiments.  

In attempting to capture the observed behavior with the numerical model, we adjusted 

various parameters to account for measurement error on the hydrologic properties.  

We used two principles to guide us with respect to which parameters we adjusted and 

by how much.  The first was the likely bound of general parameter uncertainty.  The 

second was the likely differences between the parameters determined from the drying 

curves we used to determine the values reported in Table 4 and the parameter values 

that we would have determined had we measured wetting curves rather than drying 

curves.  In general, a wetting curve has a similar van Genuchten n-value but a greater 

α-value.  For these experiments, wetting curves more likely represent the conditions 
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in the coarse sand.  For the fine sand, it is more difficult to know which curve better 

represents conditions in the system; most likely the most representative values are 

somewhere in between those for the two curves.   

Infiltration into the underlying coarse material was observed as illustrated in Figure 

13 when the α, m, porosity, and saturated conductivity values were altered to the 

values listed in Table 5.  Manipulation was required to match the experimental 

results; Ks was halved and α doubled for the fine sand; Ks was halved and m and the 

porosity were altered to varying degrees for the coarse sands.  Even though we were 

able to reproduce the results seen in the experiments by adjusting the hydrologic 

parameters, it seemed unwarranted to blindly venture into an exercise of pseudo 

parameter estimation when the likely cause was the lack of consideration of dry 

regime flow processes.  This reasoning is also supported by the fact that the 

difference observed between the two experiments using the different coarse materials 

is not captured in a quantitative manner (see Figure 13) by this parameter estimation 

exercise.  

Figure 14 illustrates the pressure-saturation curve for the measured hydraulic 

parameters (solid line) and the curves for the parameters required to obtain a model fit 

(dashed line).  Clearly, the changes required in the α parameter of the fine sand 

dramatically impact the expected hydraulic properties of the soil, bringing the average 

pore throat radius significantly closer to that of the 8/20 angular and 2/16 rounded 

sand. 
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3.6 Dry Regime Experiments 

A traditional modeling approach yielded results that explained neither the breach of 

the barrier nor the differences between the two sediments; therefore, a number of 

alternative physical flow mechanisms must be considered.  The numerical model 

predicts a perfectly working capillary barrier for both material combinations, unless 

the hydrologic property values are adjusted.  This indicates that the wetting 

phenomena observed in the experiments are due to mechanisms not considered in 

traditional numerical simulations.  Two different questions need to be addressed:  1) 

how do we account for the slow, but constant, wetting of the coarse layer, which 

happens near the fine/coarse layer interface in both experiments; and 2) why is there 

such a large variation in wetting front saturation level and depth for the two different 

coarse materials (despite the fact that they have very similar hydrologic properties)? 

We believe that the primary cause for infiltration in the two systems was  flow 

processes specific to the dry regime.  The increased infiltration in Experiment 1 was 

primarily caused by significantly higher surface area and a higher natural wicking 

action from the sediments.  To further explore the impact of dry regime processes, 

supplemental experiments and data were collected to examine the relative roles of 

film infiltration and vapor diffusion.  Because the dry regime processes were most 

clearly demonstrated in Experiment 1, the 8/20 angular sand was used for additional 

measurements of vapor diffusion. 
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Vapor Diffusion Experiments 

Vapor diffusion into sediment samples was monitored gravimetrically.  Ten grams of 

coarse sediment was dried at 105º C and placed in a sealed closed container with an 

open reservoir of water.  Relative humidity was monitored using a portable relative 

humidity sensor and maintained near 95%.  The change in the mass of the sediment 

sample was monitored over a period of 10 days using an analytical balance accurate 

to +/-0.001 g. 

Sediment Surface Characterization 

Surface profiles of the 8/20 angular sand were obtained using a Nanonics Multiview 

1000 atomic force microscope system, with a 70-micron scanner in non-contact mode 

with a non-contact probe.  Image analysis using WxSM image processing software 

was used to obtain the average amplitude (δ) and wavelength (λ) of sediment surface 

features.   

3.7 Results of Dry Regime Experiments 

The dry regime experiments illustrated that vapor diffusion onto sediment surface in 

the absence of a gradient was minimal.  Over a period of 10 days the mass change in 

sediment weight was within the experimental margin of error of the analytical 

balance.  As mentioned previously, similar findings were reported by Conca (1990), 

who determined the vapor diffusion coefficient for tuff gravel samples to be 10-15 m2/s 

(or 8.6 x 10-7 cm2/day).  At the saturated fine/coarse material interface in the 

experimental system discussed here, the relative humidity would be expected to be 
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near 100%.  Because the dry coarse material is overlain by wet fine sand, the relative 

humidity within the pore space of the coarse material would equilibrate within hours; 

therefore, we postulate that due to the lack of gradient in vapor concentration and low 

vapor diffusion coefficient, the impact of vapor diffusion on fluid movement is likely 

significantly less important than film flow and sediment wicking in this experimental 

system.    

To close the book on the impact of vapor diffusion on the sustained infiltration into 

the coarse underlying layer, we also calculated vapor diffusion estimates based on 

DiCarlo’s estimate (eq. 9 in DiCarlo et al. 1999) and based on a traditional Fickian 

approach applied to soils (Cass et al. 1984): 

ρ∇α−= DaJv  (15) 

where Jv  = the mass flux density of water vapor (kg m-2 s-1), 
 D = the diffusion coefficient of water vapor in air (m2 s-1), 
 ∇ρ  = the water vapor density gradient (kg m-4), 
 a = the volumetric air-filled porosity (m3 m-3), and  
 α = a dimensionless tortuosity factor generally assumed to be 0.66 

for isothermal flow.  The DiCarlo estimate is based on the conservative assumption 

that the unsaturated hydraulic conductivity contribution to the sum of liquid and 

vapor transport (eq. 2 in DiCarlo et al. 1999) is extremely small at very low fluid 

saturations, and also that the vapor condenses to liquid behind the vapor front even in 

the absence of a temperature gradient.  The latter assumption is supported by many 

studies showing that vapor will condense, i.e., adsorb to porous materials, even 

though the porous material has the same temperature as the vapor.  In Figure 15, the 
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DiCarlo and Fickian vapor diffusion estimates are compared to the measured 

infiltration rates for Experiment 1.  The cumulative vertical flux in these figures was 

calculated based on the saturation measured at the front edge of the wetting front over 

time which was 10.8%, and takes into account the ambient relative humidity of 85%.  

The driving gradient for vapor transport is the relative difference between the 

saturated and ambient humitdiites.  For a relative humidity of 85%, the actual 

measured vertical flux for the 8/20 angular sand experiment is approximately 10 

times higher than the Fickian estimate and 3 times higher than the DiCarlo estimate.  

If the relative humidity was closer to 100% as one would expect for the closed box 

we used in these experiments, the DiCarlo and Fickian estimates would be even lower 

due to the lack of driving gradient, and it is therefore not possible to explain the 

observed infiltration into the 8/20 angular sand based on vapor diffusion-based 

phenomena.  

To confirm our hypotheses and theoretically verify the proposed dominance of film 

flow in the capillary barrier experiment, we applied the equation for film flow 

infiltration based on Wenzel wetting developed by Hay et al. (2008): 

( )
1/2

2
1/2 1/22

4h p

cos sin
x t St

δ λ θ λ θγδ
μ λδ−

⎡ ⎤+ −⎛ ⎞
= =⎢ ⎥⎜ ⎟
⎢ ⎥⎝ ⎠⎣ ⎦ (15) 

Including a negative capillary pressure at the coarse/fine interface, the above equation 

becomes: 
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St  (15) 

where x
h-p

 = infiltration distance (cm), 
  γ = surface tension (7.2x 10-2 N/m for water at 20 °C),  
 = the average amplitude of surface features (nm), δ  

λ 
  = the kinematic viscosity (1.02 x 10-3 Pa-s at 20 °C),  
 = the average wavelength of surface features (nm), 

 t = time in seconds, 
P = the capillary pressure at the coarse/fine interface (-3432 Pa),       

 S =   sorptivity (or diffusion) term in m/s1/2.   

Using this relationship and the measured quantities obtained from atomic force  

microscopy measurements given in Table 6, we obtained a theoretical sorptivity term 

of 7.7 cm/day1/2 for the 8/20 angular sand and 5.7 cm/day1/2 for the 2/16 rounded sand 

using a contact angle of 7 degrees.  Adjusting for tortuosity, the vertical length of 

travel is 1/3 the actual travel distance (Dullien 1992), the estimated diffusion terms 

become 2.3 cm/day1/2 and 1.7 cm/day, which matches the 8/20 angular (tuff) and 2/16 

rounded   experimental values of 2.54 cm/day1/2  and 1.42 cm/day1/2 quite well, see 

Table 7 for summary.  

It should be noted that the sorptivity term varies as a function of the contact angle of 

the sediment, Figure 16 below illustrates the relationship.  Between a range of zero 

and fifteen the calculated sorptivity term fluctuates by approximately 0.2 cm/day1/2. 

3.8 Discussion  

The phenomena observed during our study are likely due to the combined effect of 

the two processes, as water film infiltration and vapor diffusion rarely occur separate 
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from each other.  In a similar experiment, Tidwell et al. (2003) proposed that because 

blue dye was absent in the infiltrated water (assuming that the large organic molecule 

would have been filtered out by films and evaporation) the observed slow, but 

constant, infiltration into the dry layer must be caused by the combined action of 

vapor diffusion and film flow. The initial rate of infiltration measured in the Tidwell 

et al. (2003) was 20 percent, slowing to 10 percent after 112 days.  These rates are 

higher than the infiltration observed in these experiments, however that may be due to 

differences in experimental design. 

The interaction of the two processes is schematically illustrated in Figure 16.  

Initially, water vapor flows through the sand and some of the vapor adsorbs on the 

grains (Figure 17a-b), while the rest flows or diffuses through the open space between 

grains (Tzevelekos et al. 2000).  At increasing vapor pressures water continues to be 

adsorbed onto the grains in multiple layers as long as sufficient water vapor is 

provided by vapor diffusion for this process to take place (Figure 17b-c).  Over time, 

sufficiently thick films may form to facilitate flow (Figure 17c-d).  Eventually the 

films on adjacent grains can coalesce via capillary condensation, initially in the finer 

pores, resulting in enhanced permeability and actual capillary action (Figure 17e-f).  

However, the timescales over which we are observing water moving through the 

coarse material indicate that vapor diffusion is not the dominant mechanism.  As 

indicated by Conca (1990), and our own supporting experiment, vapor adsorption is 

minimal even under conditions of near 100% relative humidity.  Vapor diffusion and 

 
 



46   

 

capillary condensation onto similar crushed tuff material only accounted for a 2.4% 

change in intergranular moisture content.  This is further supported by Jabro (2009), 

who found the rate of water vapor gain in larger soil aggregates to be minimal at 

room temperature.  

In contrast, studies conducted by Bico and Quere and others (Bico et al. 2001; Bico et 

al. 2002; Quere 2002; Quere and Bico 2003; Ishino et al. 2004; Quere 2008) indicate 

that surface wetting resulting when water films flow over rough materials can occur 

nearly instantaneously.  Martines et al. (2005) and Bico et al. (2001) illustrated that 

the movement of fluid across a surface of fabricated nanopatterns could be predicted 

by hemi-wicking theory, where fluid infiltration is a function of the wettability and 

surface geometry of a material.  Using the Hay et al. (2008) expression relating 

sediment surface geometry to infiltration, we were able to estimate the sorptivity 

coefficient, which provided a reasonable approximation of infiltration into the 

underlying layer of the capillary barrier system in Experiment 1.   

Differences in diversion capacity and barrier stability between Experiments 1 and 2 

were likely due to the differences in surface properties of the 8/20 and 2/16 sands.  As 

illustrated in Figure 4, and by the BET data, the surface of the 8/20 angular sand is 

significantly rougher than that of the 2/16 rounded sand.  Experimental design and 

numerical modeling based on traditional hydrologic property measurements failed to 

predict the behavior of both capillary barrier systems.  This is likely due to the 
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exclusion of surface properties and the lack of consideration of dry regime processes 

in the numerical model.   

3.9 Conclusion 

We conducted two capillary barrier experiments using almost identical initial and 

boundary conditions, but using different underlying (coarse) materials.  The coarse 

materials had very similar hydrologic properties, but were morphologically different.  

The rounded sand (2/16) provided a better functioning capillary barrier than the 

angular sand (8/20), but neither of the materials (in combination with the fine Overton 

sand) provided a perfectly working capillary barrier.  Our measurements of 

hydrologic parameters were typical of those routinely carried out for studies of 

unsaturated flow in porous materials.  Our experimental results and data analyses 

indicated that prediction of capillary barrier performance based on standard 

hydrologic property parameter measurements is not always adequate for predicting 

detailed system behavior.   

Our numerical simulations predicted that the barriers should be functioning perfectly 

for the measured material properties, with no infiltration into the coarse layer.  When 

pseudo-optimized hydrologic parameters were used in the numerical model, we were 

able to simulate the barrier failure observed in the experiments, but not the observed 

differences between the two experiments.  Thus, this exercise did not provide a 

mechanistic explanation of the actual differences in flow behavior.  To explain the 

observed differences, we measured the surface profiles and roughness of the two 
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sands and conducted an additional vapor diffusion experiment.  Based on theoretical 

calculations and vapor diffusion experiments, the primary controlling mechanism in 

this system appears to be the magnitude of surface area and roughness of the 

sediments, resulting in varying rates of infiltration due to differing film flow 

infiltration velocities.   

Traditional numerical modeling and design, conducted using Richards’ equation 

exclude dry regime flow processes, which can have significant impacts on flow and 

transport in dry systems in semi-arid and arid climates, and in particular at the Yucca 

Mountain, NV site.  Therefore, for experiments conducted at low saturation, 

considering material characteristics (such as surface area and roughness) in addition 

to traditional hydrologic properties are necessary to fully describe the system 

behavior.  We believe this is an especially important point to consider when dealing 

with capillary barrier design. Future numerical models could be improved by 

extending the hydraulic conductivity functions to mimic water film infiltration 

velocities as a function of surface roughness.   

Despite the fact that water infiltrated the lower coarse material in both of our 

experiments, it is notable that the majority of the water was diverted by the drains in 

both cases (93.3% for the angular sand and 99.7% for the rounded sand).  Depending 

on design requirements, this system may be considered a fully functioning capillary 

barrier.  However, for more stringent design requirements, greater consideration of 

vapor diffusion and water film infiltration in material selection is required.  
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Figure 4.  (Left) 8/20 angular sand (Right) 2/16 rounded sand 
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Figure 5.  Pressure-saturation curve for 8/20, 2/16, and Overton sand 

 
Figure 6. Pressure-conductivity curve for 8/20, 2/16, and Overton sand.Points 

indicate Kunsat during drainage 
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Figure 7.  Experimental setup 
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Figure 8. (Left) Water balance for Experiment 1 (Overton over 8/20 angular sand), 
(Right) Water balance for Experiment 2 (Overton sand over 2/16 rounded sand). 
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Figure 9. (Top) Dye tracer transport time-lapse for Experiment 1 (8/20 sand), 
(Bottom) Dye tracer transport time-lapse for Experiment 2 (2/16 sand) 
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Figure 11.  Experimental domain for the NUFT modeling of capillary barrier 
system. 
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Figure 12. Simulated saturation fields for Experiments 1 (Top) and 2 (Bottom) 
using the base parameters given in Table 4.  
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Figure 13.  Simulated saturation fields for Experiments 1 and 2 using the adjusted 

parameters given in Table 5. 
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Figure 14. Capillary pressure saturation curve for adjusted NUFT input parameters 
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Figure 15.  Vapor diffusion into crushed tuff using Fick’s Law and DiCarlo estimate 
calculated using the measured saturation at the front of the wetting front 
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Figure 17. Hypothesized combined effect of vapor diffusion and film flow on the 
initial infiltration into dry soils. 
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Table 1.  Material properties 

grain size 
distribution 

(mm) 

 
8/20 

angular  

 
2/16 

smooth 

 
Overton 

fine 
0.053 0.47 - 2.08 
0.1 0.77 - 55.58 
0.25 1.27 0.06 39.24 
0.42 - 0.54 - 
0.5 32.7 - 3.06 
0.575 - 2.23 - 
1.0 64.83 62.73 0 
1.41 - 34.19 - 
2.0 2 0.21 0 
d50 0.58 0.87 0.091 
d60/d10 3.42 1.56 2.07 
surface area (m2/g) 
Total 2.908 0.227  
micropore 0.230 0.040  
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Table 2.  Material hydrologic properties 

 α (cm-1) n θs θr R2 Ks (m/s) 
2/16 drying 0.139 4.69 0.37 0.05 0.997  
2/16 wetting 0.231 3.25 0.37 0.05 0.997 1.4 10-4 
8/20 drying 0.130 6.65 0.48 0.12 0.996  
8/20 wetting 0.197 5.64 0.48 0.12 0.998 1.2 10-4 
Overton drying 0.021 6.06 0.37 0.08 0.999  
Overton wetting 0.032 4.39 0.37 0.08 0.999 5.3 10-5 

 
 

 

 

 

Table 3.  Flow rates and boundary conditions for the experiments. 

 

Experiment 1 
Overton over 

8/20 

Experiment 2 
Overton over 

2/16 
average pump rate (ml/h) 29.8 29.3 
average pump rate (m/s) 1.37 10-7 1.35 10-7 
average outflow rate (ml/h) 27.8 +/- 0.8 29.2 +/- 1.3 
average fine layer suction (cm) 32.9 +/- 2.8 35.7 +/- 2.8 
average drain suction (cm) 43.2 +/-1.5 46.3 +/- 2.1 
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Table 4.  NUFT base input parameters  
 

 

Experiment 1 
Fine = Overton 
Coarse = 8/20 

angular 

Experiment 2 
Fine = Overton 
Coarse = 2/16 

rounded 
Infiltration rate (m/s) 1.37e-7 1.35e-7 
Drain suction (m) 0.432 0.463 
Fine sand:   
     Ks (m/s)  5.3e-5 5.3e-5 
     α (m-1) 1.6 1.6 
     M 0.91 0.91 
     Sr 0.18 0.18 
      φ  0.33 0.33 

Coarse sand:   
     Ks (m/s)  1.2e-4 1.4e-4 
     α (m-1) 8.3 7.1 
     M 0.93 0.94 
     Sr 0.28 0.18 
     φ  0.48 0.37 
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Table 5.  Summary of adjusted NUFT input parameters for model fit. 
 

 

Experiment 1 
Fine = Overton 

Coarse = 8/20 angular 

Experiment 2 
Fine = Overton 

Coarse = 2/16 rounded 
Table 5 
values 

adjusted 
values 

Table 5 
values 

adjusted 
values 

Fine sand:     
     Ks (m/s)  5.3e-5 2e-5 5.3e-5 2e-5 
     α (m-1) 1.6 3.2 1.6 3.2 
Coarse sand:     
     Ks (m/s)  1.2e-4 6.e-5 1.4e-4 1.e-4 
     m 0.93 0.75 0.94 0.8 

 

 

 

Table 6.  Summary of measured sediment surface characteristics 

 8/20 angular sand  2/16 rounded sand  

Amplitude (δ)  3.8 nm  2.5 nm  

Wavelength (λ) 50.0 nm  2000.0 nm  
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