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Water removal from a dry barrier cover system

J. C. Stormont

Surface covers are mandated for the closure of many types of waste disposal units,

including landfills, surface impoundments, waste piles, and some mine tailings. The cover

can vary from a simple soil cover to multiple layers of earthen materials and geosynthetics.

Many conventional designs feature a compacted soil layer, which suffers from desiccation, ¢_/_'
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root and animal intrusion, and other concerns (Suter et al., 1993; Caldwell and Reith, 1993).

Geosynthetics, increasingly being used in cover designs, will typically have a number of

construction flaws (Laine and Darilek, 1993), may not accommodate large amounts of

settlement and subsidence (Oweis, 1989), and can add substantially to the cost of the cover

system. Capillary barriers consisting of fine-over-coarse soil layers are being investigated as

covers in relatively arid regions. Recent field tests in the western US indicate that these

barriers often become ineffective during the spring months when evapotranspiration is low

and snowmelt and rainfall provide a strong driving force for downward percolation (Nyhan et

al., 1990; Hakonson et al., 1992).

The dry barrier concept is being investigated as a potential additional component for

landfill cover systems. A dry barrier consists of a laterally continuous soil layer that is dried

by air flow. Ambient air is introduced into a cover layer, accumulates water vapor as it

passes through the layer, and emerges as moist air. As covers typically include multiple,

laterally continuous layers with contrasts in material properties, air flow is channeled through

relatively coarse, air-permeable layers within the cover. Active systems using blowers and

fans and passive systems using wind-powered vents or exploiting atmospheric phenomena are

being considered to induce air flow through a highly permeable layer. In terms of

performance analyses, air drying is another term in the water balance equation.

Drying a soil layer with air is possible because atmospheric air generally is at a lower

water potential than soil pore gas in equilibrium with unsaturated soil. When an unsaturated

soil is flushed with atmospheric air, the flowing air will remove water vapor, and additional

pore water will evaporate. The gas in the pore spaces of unsaturated soils remains nearly
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saturated with water vapor until the water content of the soil becomes very low. The

absolute humidity, defined as the ratio of the mass of water vapor _ to the volume of dry

air v, in the mixture a=mv/v., can be used to quantify the potential of atmospheric air to dry

a soil layer. The absolute humidity of air can be calculated from measured values of relative

humidity and temperature. The maximum absolute humidity occurs when the air is saturated

with water vapor, and is nearly constant for a given temperature. The difference between

the calculated and maximum absolute humidity represents the potential of the air to evaporate

more water, i.e., its drying potential am, = a_x - a. In Figure 1, the average and maximum

daily absolute humidity of Albuquerque, New Mexico air are given and the drying potential

identified.

The earthen materials within a cover system have a large thermal mass. If we assume

that the cover remains at a constant value of 14° C - the average annual temperature of soils

near Albuquerque, NM - then the air passing through the cover will assume this temperature

if the flow path is sufficiently long and its velocity is sufficiently low. In this case, the

maximum absolute humidity remains constant at approximately 12 gm/m 3. Thus, the drying

potential of the air is reduced in the summer and increased in the winter (Figure 2).

In this study, we performed a numerical analysis of a portion of a dry barrier cover

design to investigate the mechanisms of water movement induced by air flow. The initial

conditions were established by simulations of drainage from an initial condition of near

saturation throughout the entire cover to an equilibrium distribution of soil water content at

ambient, static air pressure conditions. A series of simulations were then conducted with

various horizontal and vertical air pressure gradients and relative humidities of the influent



4

airstream. The effects of vapor diffusion and coupled heat flow on water movement within

the cover system were also

investigated.

Numerical code

The simulations were conducted using the TOUGH2 numerical code. TOUGH2 is

capable of simulating multi-dimensional coupled flow of multi-phase fluids in porous and

fractured media (Pruess, 1991). It employs an integrated finite difference numerical

approach to the solution of the governing flow equations. Details of the application of

TOUGH2 to simultaneous water-air flow is described by Oldenburg and Pruess (1993).

Model Domain and Grid

We developed our numerical model to be consistent with the conventional cover for

the closure of hazardous waste landfills or similar units as defined by EPA technical guidance

(EPA, 1989). The EPA recommends a multi-layer final cover design composed of three

layers with allowance for optional layers. The basic three layers, from top to bottom, are:

• Top Soil Layer--A layer of either armored or vegetated surface and 60 cm of

soil. Thc armored surface is designed to minimize erosion and to promote

drainage off the cover. Vegetation reduces percolation by transpiration.

• Drainage Layer--A layer of either soil or a geosynthetic material that will

promote lateral drainage with a lateral slope of at least 3%. If a soil is used,

it should be at least 30 cm thick and have a minimum hydraulic conductivity

of 10_ cm/sec.

• Low-Permeability Layer--A two-component layer to minimize the infiltration
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of water through the cover into the underlying waste. The layer consists of a

geomembrane of at least 20-mil (0.5 ram) thickness overlying a 60-cm thick

compacted soil layer with a maximum hydraulic conductivity of 10 -7 cm/sec.

An illustration of the geometry we evaluated is given in Figure 3. The numerical simulations

utilized the drainage layer as the dry barrier layer. Between the topsoil and the gravel

drainage layer, a 10-cm thick sand layer is used as a filter layer to prevent migration of fines

into the gravel. The bottom of our model is defined by the geomembrane, which is assumed

to be impermeable. The geomembrane will isolate the air-dried layer from the clay-based

layer, which is important because drying the clay would impair its performance. Bexause the

geomembrane is considered to be impermeable, our model is restricted to the top three layers

of the multi-component design.

The horizontal dimension of 1 m was selected to simulate a "unit width" of the cover.

As configured, the grid is essentially a two-dimensional cross section through a segment of a

cover. A series of model simulations were conducted to evaluate the effects of various cell

sizes on computational time and accuracy of the results. The grid employed in the cover

modeling was selected to have cell sizes which provided reasonably similar results with

respect to other grids with smaller cell sizes. The model grid we selected consisted of

uniform cells with dimensions of 0.1 m by 0.1 m by 0.01 m in the out-of-plane direction.

Reducing the grid size by a factor of four changed computational results by less than 10%.

Material Properties

The properties of the topsoil for these simulations were taken from measurements

made on a local soil produced from trenching operations within 2 m of the ground surface at
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Sandia National Laboratories' Environmental Test Area (Albuquerque, NM). The soil is a

fine-grained sand with a mean particle diameter of 0.11 ram, and 50% of the soil is finer

than 0.08 mm. The 10-20 sand is a commercially available, poorly graded, medium textured

sand with a mean particle diameter of 1.7 ram, and more than 99% of the material between

0.6 and 2.4 mm in diameter. The hydraulic conductivity and moisture retention

characteristics of the topsoil and 10-20 sand were measured in the laboratory. The properties

of the coarse textured pea gravel were taken to be the same as those given in Fayer et. al.

(1992). The characteristic curves of Parker et al. (1987) were used to describe the capillary

• pressure and relative permeability of our materials. Capillary pressure is given by

1 1-_.

e -_!(s.
a

where Pc is the capillary pressure, c_is the maximum capillary pressure, _, is the pore

distribution parameter, and S° is given by

S '- 0t-0t"
0t_-0t,

where 0s is the water content, 0tr is the residual water content, and 0t, is the maximum liquid

water content. The gas-phase relative permeability k_ and the liquid-phase relative

permeability krt are given by

I _2

krt=s,ltZ(l_(l_S, x) )

The thermal properties for all material types were estimated from values presented by de

Marsily (1986). The material properties employed in the modeling are presented on Table 1.



! 2_

k,g=(1-S*lXt2(1-S "x)

Within each of the cover layers, the soil physical properties were assumed to be

homogeneous and isotropic.

Initial and Boundary Conditions

The boundary conditions employed in the modeling included specified pressure,

temperature, and air phase mass fractions. A no flow boundary was employed at the base of

the coarse gravel layer to simulate the presence of an impermeable liner below the pea

gravel. Horizontal and vertical air flow through the cover was induced by establishing

various horizontal and vertical pressure gradients across the gravel layer and between the

gravel and the ground surface. The vertical boundaries of the topsoil and the intermediate

10-20 sand were simulated as no flow boundaries. The ground surface and vertical

boundaries of the gravel layer were simulated as seepage faces by specifying a capillary

pressure of zero and perfect mobility for both phases. This condition permits the flow of

both water and air across these boundaries. The location of the model boundary conditions

are also shown on Figure 3.

The magnitude of the vertical and horizontal pressure gradients considered are

consistent with an engineering study of dry barrier cover systems for the western US

(Stormont et al., 1994). The pressure gradient within the cover depends upon a number of

factors, including: climatic conditions, desired water removal rates, spacing of injection and

withdrawal pipes, and pressure losses in the pipes. For hectare-sized landfill covers (100 m

by 100 m) in the western US, dry barrier systems were designed with pressure drops ranging
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from 10 Pa/m to 100 Pa/m. These pressure drops are readily achievable with commercially

available blowers which can develop in excess of 5 KPa total pressures. Given the

pressurization of the coarse layer, we imposed vertical air pressure differences between the

gravel layer and the ground surface of 500, 1500, 2500 Pa to investigate the influence of the

vertical air pressure gradient on the removal of water from the cover system. These pressure

gradients were established by increasing the pressure of the influent air stream in the basal

coarse layer above the atmospheric pressure specified at ground surface. The influence of

the horizontal pressure gradient was evaluated in conjunction with each of the vertical

pressure gradients by imposing additional horizontal pressure differences across the gravel

layer through which the air stream entered and exited the model domain. Gradients of 25,

50, and 100 Pa/m were investigated. Each horizontal and vertical pressure gradient scenario

was simulated with relative humidities of the influent air stream of 25, 50, 75, and 100

percent relative humidity.

The initial condition was established by simulating drainage from a condition of near

saturation throughout the entire cover to an equilibrium soil water content distribution at

ambient, static air pressure conditions. A typical distribution of the resulting initial water

phase saturations within the landfill cover is shown on Figure 4. The water content of the

fine textured topsoil layer increases from a relative saturation of approximately 0.8 at the

ground surface to greater than 0.95 at its base. The water content of the 10-20 sand and the

upper 0.2 m of the coarse gravel layer are slightly greater than their residual saturation

moisture contents. However, the water content at the base of the coarse layer is close to

saturation due to the presence of the impermeable boundary underneath it. These initial
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conditions represent a moisture content distribution which might be expected to occur in the

middle of a cover after a period of high infiltration in which the ability of the soil layer to

store water has been significantly exceeded.

Results and Discussion

The results of model simulations examining the effect of increasing vertical air

pressure gradients within the cover are presented on Figure 5. This figure is a plot showing

the fraction of the initial water content remaining in the model domain over a period of one

year of induced air flow within the cover. The results are also given as the amount of water

(era) as a function of time. These results are for the simulation employing the maximum

horizontal pressure gradient (100 Pa/m) and minimum relative humidity (25%). The results

in the figure reveal that"vertical pressure gradient_ very little effect on the reduction in

moisture content within the cover. This outcome is a consequence of the much lower air

permeability of the soil layer compared to the coarse layer, which results in a relatively small

air flow rate through the fine layer. Increasing the intrinsic permeability of the overlying

soil layer by approximately 1 order of magnitude to a value of 1x1012 m2 has less than a 1%

effect on the rate or total amount of water removed from the cover. Thus, vertical advection

of air through the fine layer is not a significant mechanism of water removal in the dry

barrier cover system.

The influence of the horizontal air pressure gradient is much more significant. The

effects of various horizontal pressure gradients on the fraction of initial mass remaining in

the cover over a one year simulation period assuming the inlet air has a 25 % relative

humidity is presented on Figure 6a. This figure demonstrates that the reduction in fraction
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of the initial mass of water remaining in the cover is directly related to the magnitude of the

pressure gradient applied. This result is reasonable because as the horizontal air pressure

gradient increases the rate and cumulative volume of air flow over time through the cover

also increases. Consequently, the rate and amount of water evaporation within the cover can

be expected to increase. The vertical pressure gradients employed in these simulations are

500 Pa/m. The results at other vertical pressure gradients were virtually identical and are

not shown.

The effects of various horizontal pressure gradients on water saturation within the

cover are also presented on Figure 6. Increasing the horizontal pressure gradient has a

significant affect on the water content of both the fine and the coarse layers. As can be seen

on Figure 6b, increases in the horizontal pressure from 25 to 50 Pa/m results in the virtually

complete removal of water within the gravel layer within a 6 month time period. Increasing

the gradient under these conditions to 100 Pa/m, decreases the drying time to approximately

3 months. On Figure 6c, the effects of increased air pressure gradients on the water content

of the topsoil layer are presented. The moisture content of the topsoil layer is reduced after

about 30 days of air flow. By comparing Figures 6b and 6c, it can be observed that drying of

the topsoil layer begins to occur only after the moisture content of the gravel layer has been

substantially reduced. The rate of water removal declines as the drying front moves into the

fine layer.

The effects of varying relative humidity of the influent air from 25 to 100 percent on

the total water content of the cover are presented on Figure 7a. These simulations employed

a 100 Pa/m horizontal gradient and a 500 Pa/m vertical gradient. The influence of relative



11

humidity on water saturations in the middle of the fine layer and at the base of the coarse
i

layer are presented in Figure 7b and 7c, respectively. These results clearly confirm that the

drier the influent air is, the more water can be evaporated and removed from the system.

Efficiency, (i.e., the rate of water removal) is greater for the coarse layer and efficiency

declines with time for both layers.

Figure 8 presents results for the case where the influent air stream is saturated with

water vapor. In this case, almost all reductions in water content occur during the first 10

days. A direct, almost linearly, proportional relationship exists between air pressure

gradients and liquid mass removal. An examination of Figures 8b and 8c reveals that

virtually all the mass removed from the cover is liquid originally present in the base of the

gravel layer. The water content of the middle of the topsoil layer changes only very slightly.

It can also be observed that a significant amount of water remains within the gravel layer

even after a year of airflow. The mechanism of the water content reduction under these

conditions appears to be the physical forcing of water out of the model domain through the

seepage faces due to the increased air pressure. This result indicates that even if the influent

air is saturated with water vapor, the flow of air in the coarse layer will move some of the

water out of the system.

The movement of air and water within the cover was also examined by converting the

water phase pressures to total potentials (sum of the pressure and elevation heads). For this

analysis, the simulation employing a horizontal pressure gradient of 100 Pa/m, relative

humidity of 25 %, and a vertical pressure gradient of 500 Pa/m was selected. Total potentials

heads for the water phase at 0, 30, and 90 days are presented on Figure 9. This figure
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shows a vertical cross-section through the cover l_ated at the midpoint of the model domain

(0.5 m from the lateral boundaries). Prior to the initiation of airflow, the water phase is

essentially at equilibrium within the topsoil and the 10-20 sand layers. The small differences

in liquid phase hydraulic heads within the coarse layer result from the contrast between the

nearly saturated conditions occurring at the base of the gravel layer and the low water

contents occurring in middle and upper portions of the drained gravel. By 90 days, the

coarse layer becomes nearly dry and the water phase hydraulic heads decline sharply at the

interface and a downward hydraulic gradient develops.

The numerical simulations reveal that air flow in the coarse layer induces some water

movement in the fine layer when the influent air is not saturated with water vapor. The

removal of water by evaporation near the fine/coarse layer interface reduces the local water

content. When the local hydraulic head decreases, a downward liquid water pressure

gradient is established, and water moves tc,,,ard the fine/coarse layer interface and becomes

available for evaporation. This result is important because it suggests the fine-layer water

content may be moderated by air flow in the coarse layer.

In the simulations discu,s_xl above, diffusion of water vapor was not considered. In

the TOUGH2 code, the vapoi" diffusion coefficient is given by

D_. T+273.0

D_a=r'd_Sg--ff"(' 273 )

where r is tortuosity, _bis porosity, Sg air phase s_aturation,D,, ° free gas diffusion coefficient

(2.13 x 10.5 m2/s at standard conditions for air/vapor mixtures), O is a constant 1.80, P is

pressure, and T is temperature. Of these variables, only tortuosity and porosity are material

'lJl .... ' ' ' ' I!
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properties. Bexmuse measured tortuosities were not available, sensitivity analyses were

performed to assess the potential significance of vaper diffusion on the rate and amount of

water loss from the cover.

To provide a reasonably large range of potentials effects, model simulations with

tortuosities of 0.25 and 0.75 were performed at horizontal air pressure gradients of 100

Pa/m. When the influent air is saturated with water vapor, the inclusion of vapor diffusion

has virtually no effect on the cumulative water loss occur even after a one year simulation

period. Under conditions of low relative humidity (25%), vapor diffusion as indicated by the

curves with tortuosities greater than 0.0 can account for increases of between 15 and 50

percent over a one year simulation period (Figure 10). The differences in cumulative water

loss become significant after approximately 3 to 6 months. As discussed in the prexeAing

section, this is the time period when water loss is primarily occurring from the topsoil layer.

These results indicate that after advective removal of water from the coarse textured layer

has occurred, vapor diffusion may significantly increase the removal of water from the

topsoil layer of a cover.

The effects of the coupled flow of heat, water, and air were also examined. For these

simulations, dry and wet heat conductivities and specific heat capacities for each of the layer

material types were estimated from published values and are given in Table 1. Initial and

boundary air temperatures were employed to specify a one degree temperature difference

between the influent air stream in the gravel layer and the ground surface air temperature. The

temperature of the influent air was specified at a constant value of 150 C. The ground surface

temperature was specified as 140 C. The results of both iso- and non-isothermal simulations
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employing high and low relative humidities at horizontal pressure gradients of 100 Pa/m are

presented in Figure 11. As this figure indicates, the assumption of isothermal conditions in the

simulations described in the preceding sections probably did not have a significant effect on the

results. However, verification of this conclusion would require more detailed measurements of

thermal properties and soil temperature profiles.

Conclusions

The results of the numerical simulations reveal that horizontal air flow through the coarse

with reasonable pressure gradients can remove large quantities of water from the cover system.

Initially, the water removal from the cover system is dominated by the evaporation and advection

of water vapor out of the coarse layer. Once the coarse layer is dry, removal of water by

evaporation near the fine/coarse layer interface reduces the local water content and water

potential, and water moves toward the fine-coarse layer interface and becomes available for

evaporation. This result is important in that it suggests the fine layer water content may be

moderated by air flow in the coarse layer. Incorporating diffusion of water vapor from the fine

layer into the coarse layer substantially increases the water movement out of the fine layer.
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Captions

Figure 1 - Drying power of Albuquerque air in terms of absolute humidity.

Figure 2 - Drying power of air equilibrated with 13°C soil in terms of absolute

humidity.

Figure 3 - Model geometry and boundary conditions for numerical simulations of

the upper three layers of a cover system.

Figure 4 - Initial saturations due to gravity drainage in the upper three layers of

a cover system prior to establishing air flow through a coarse layer.

Figure 5 - Effect of vertical pressure gradient on the fraction of the initial mass of

water remaining in the cover.

Figure 6 - Effect of horizontal pressure gradient on (a) the fraction of the initial

mass of water remaining in the cover, (b) the liquid saturation in the coarse layer,

and (c) the liquid saturation in the fine layer.

Figure 7 - Effect of relative humidity on (a) the fraction of the initial mass of

water remaining in the cover, (b) the liquid saturation in the coarse layer, and (c)

the liquid saturation in the fine layer.

Figure 8 - Effect of horizontal pressure gradient with influent air at 100% rh on

(a) the fraction of the initial mass of water remaining in the cover, (b) the liquid

saturation in the coarse layer, and (c) the liquid saturation in the fine layer.
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Figure 9 - Water phase hydraulic heads in cover system at 0, 30 and 90 days.

Figure 10 - Water loss from cover with varying values for tortuosity.

Figure 11- Water loss from cover under isothermal and non-isothermal conditions.
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Table 1 Material Properties

Material Water Water o,: h Intrinsic Heat Thermal

Type Content Content l/Pa Permeability Capacity Conductivity
Os Or m2 J/Kg*C '

W/m°C
........ , ,

Topsoil 0.40 0.09 1.21 x 104 0.476 8.86 x 10t4 886.0 2.2-wet
1.0-dry

10- 20 0.28 0.04 1.60 x 10.3 0.698 1.38 x 10t° 800.0 1.4-wet

Sand 1.4-dry

,,, ...... ,,

Pea 0.42 0.01 5.03 x 10.2 0.543 3.50 x 10"l° 800.0 3.2-wet

Gravel 0.5-dry

, ,,.......
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