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ABSTRACT 
 
 
The City of Regina Fleet Street Landfill, located north-east 
of Regina, Saskatchewan, is approaching its maximum 
capacity after a 48-year operating life.  As part of closure 
planning, four large-scale test plots encompassing two 
alternate cover system designs (an evapotranspiration cover 
and a capillary break type cover) were constructed on north 
and south-facing slopes of the landfill in the summer of 
2004.  The landfill was constructed without a liner or 
leachate collection system; therefore, the primary objective 
is to limit meteoric water entering the waste, and thus reduce 
the volume and rate of leachate entering the groundwater 
system.  The test plots were instrumented to monitor pore-
gas composition, volumetric water content, matric suction, 
and temperature as well as interflow, runoff, and site-
specific meteorology.  The monitoring data were used to 
evaluate the ability of the alternate cover designs to 
minimize net percolation.  A water balance was conducted 
for each test plot at the upper, mid, and lower slope 
positions.  Evaluation of the test plots revealed that the slope 
aspect exerts greater influence over the water balance than 
that exerted by the cover design.  The south test plots were 
drier than the north, experienced more net radiation, and 
generally had more abundant vegetation.  Suction data on 
the south test plot indicate that the vegetation may become 
stressed.  On the north slopes, percolation from the store-
and-release cover was less than that for the capillary break 
cover.  The south test plots were very dry and once 
vegetation was present on the test plots, net percolation was 
minimal. 
 
 
 
 

INTRODUCTION 
 
 
The Fleet Street Landfill is a municipal solid waste (MSW) 
landfill located northeast of the city of Regina, in 
Saskatchewan, Canada.  The landfill occupies 
approximately 60 hectares (148 acres) and rises to 
approximately 35 m (115 ft) above the surrounding ground 
surface.  The Fleet Street Landfill was constructed in 1961 
without a liner or leachate collection system and is now 
approaching capacity.  The landfill accepts a variety of 
waste material including residential, commercial, and 
industrial garbage, fill dirt and rubble, including building 
demolition materials, recyclable asphalt and concrete, 
manure, special wastes such as asbestos, confidential papers, 
and other materials. 
 
Regina has a semi-arid continental climate with warm 
summers and cold, dry winters.  Average precipitation is 
388 mm (15 in) and average temperature is 2.8˚C (37 F).   
The topography in the Regina area is generally flat to gently 
undulating with local relief rarely exceeding 3 m.  The 
landfill is located over a former lake basin consisting of 
lacustrine deposits known as Regina Clay.  The clay is 
underlain by a layer of lacustrine silt.  The total thickness of 
the clay and silt strata is between 3.5 m and 6.5 m in the 
immediate vicinity of the landfill (GAL and OKC, 2005).  
Aquifers in the immediate vicinity of the landfill are located 
within the Condie Moraine sand (approximately 18.5 m to 
26.5 m below surface) and within the sand of the lower 
Floral Formation (approximately 43.5 m to 46.5 m below 
surface).  The Floral Formation consists of an upper layer of 
unoxidized sandy clay till and a lower layer of medium to 
coarse sand.  Regina currently draws a portion of its water 
supply from the lower Floral Formation sands.  The 1993 
Fleet Street Landfill closure study (Reid Crowther & 
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Partners, 1993) identified potential contamination of the 
Condie Moraine aquifer attributed to landfill activities. 
 
Regulations in the province of Saskatchewan pertaining to 
landfill closure require that a landfill operator obtain 
permission from the provincial regulatory authority, the 
Saskatchewan Ministry of Environment, prior to closure of 
the landfill.  To obtain permission for closure, the operator 
must submit a proposal outlining a detailed closure plan.  
Saskatchewan Environment may approve the proposal to 
close the landfill and can impose any terms and conditions 
considered appropriate to ensure long-term protection of the 
environment (Government of Saskatchewan, Regulation 
E10-2R4).  Given that the closure plan is performance-
based, the monitoring and mitigation requirements are site-
specific and must be determined by an engineering 
professional.  The final responsibility for the landfill and any 
pollution resulting from it are the responsibility of the 
owner. 
 
Cover systems are a common prevention and control 
technique used at numerous sites around the world for the 
closure and decommissioning of landfills.  In situations such 
as the Regina Landfill, a key design objective for the cover 
system is to minimize the influx of meteoric waters into the 
landfill, which can result in the production of leachate.  The 
cover system may also need to control gas fluxes between 
the covered landfill and the atmosphere.  Apart from these 
functions, covers are expected to be resistant to erosion, 
provide support for vegetation, and become a key 
component of a stable landform.  As the Fleet Street Landfill 
does not have a liner or a leachate collection system, and has 
associated risk of aquifer contamination, the cover system 
design focused on minimizing water ingress. 
 
Landfill covers have traditionally been designed as barrier 
covers to minimize the amount of water entering the waste 
by using low permeability layers.  The main components of 
a traditional barrier cover are: a leveling soil layer 
immediately above the waste, a gas venting system, a 
sealing layer (or layers), a drainage system, and a vegetative 
soil (Gartung, 1996).  A traditional landfill cover must have 
a low hydraulic conductivity layer, no greater than  
1 x 10-7 cm/s (Dwyer, 1995).  These covers are generally 
effective in wet climates, where, on the basis of annual 
totals, precipitation exceeds potential evapotranspiration.  
However, traditional compacted clay covers have inherent 
problems in cold, arid, or semi-arid locations where the 
barrier layers are subject to desiccation cracking as well as 
increased hydraulic conductivity due to freeze/thaw cycles 
(Boese, 2003). 
 
Recent case studies (Lee, 1999, Dwyer, 1995, Blight and 
Fourie, 2005, Albright et al., 2004, Hauser et al., 2001) have 
demonstrated the effectiveness of evapotranspiration (ET) or 
store-and-release cover systems in climates where 

evapotranspiration exceeds precipitation for some portion of 
the year.  These cover systems utilize evapotranspiration to 
remove infiltrating waters rather than relying on barrier 
layers to divert water away from the waste.  
Evapotranspiration covers utilize thicker layers of soils with 
good moisture storage capabilities (well-graded materials) 
and are designed to enhance vegetation growth.  The cover 
materials and cover thickness are designed to have sufficient 
storage capacity to “store” incoming meteoric water (water 
from precipitation, surface runoff, or snowmelt) and then 
“release” the water back into the atmosphere through 
evapotranspiration, thereby minimizing any downward net 
percolation. 
 
Two different cover system designs are being considered for 
closure of the Fleet Street Landfill.  Both are store-and-
release covers; however, one cover system includes a 
capillary break layer that attempts to slow vertical drainage 
of the storage layer by reducing capillary forces at the base 
of this layer.  Test covers were constructed to assess the 
performance of the cover system alternatives in different 
areas of the landfill. 
 
The effectiveness of a cover system at reducing infiltration 
is typically quantified by measuring or estimating net 
percolation that passes through the cover system and enters 
the underlying waste.  Direct measurement of net 
percolation is difficult and often unreliable (Phillip et al., 
2009).  Estimation of net percolation requires an 
understanding of the flow of water across the soil-
atmosphere boundary (Wilson et al., 1991).  Several fluxes 
exist at the soil-atmosphere interface and are important in 
creating a surface water balance as shown in Figure 1.  By 
quantifying the fluxes in the water balance, net percolation 
can be estimated to determine the effectiveness of the cover 
system.  Barbour et al. (2001) describe a surface water 
balance in the following equation: 
 

∆S = PPT – R – DP – I – AET  [1] 
 
where, ∆S represents change in soil moisture storage (S), 
PPT is precipitation, R is runoff, DP is deep percolation, I is 
interflow and AET is actual evapotranspiration, all 
expressed as depth of water (mm). 
 
This objective of this study was to characterize the fluxes 
contributing to percolation through each of the cover 
systems, and estimate net percolation by constructing a 
water balance for each cover system.  The results of this 
study will be used to assist in developing recommendations 
to the City of Regina as to the preferred final cover design 
for closure of the site. 
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FIGURE 1.  WATER BALANCE COMPONENTS OF A 

SLOPING COVER SYSTEM 
 
 
MATERIALS AND METHODS 
 
 
Test cover plots at the Fleet Street Landfill were constructed 
in the summer of 2004.  The field trial consisted of four test 
plots evaluating two different cover designs: an ET cover 
(TP1) and an ET cover with capillary break (TP2).  To 
evaluate the effect of slope angle and slope aspect on 
performance, test plots of each cover type were constructed 
on a north-facing and a south-facing slope (labeled with an 
N or an S, respectively). 
 
The ET cover (TP1) consisted of 2 m of uncompacted till 
overlain with 0.2 m of topsoil.  The capillary break cover 
(TP2) was constructed from 0.3 m of sand, overlain with 
1.3 m of uncompacted till, which was overlain by 0.2 m of 
topsoil.  The textural contrast between the sand and till 
reduces capillary forces acting on the base of the storage 
layer, thus slowing drainage of this layer and enhancing its 
storage capabilities. 
 
Test plots were constructed on both the north- and south-
facing slope to evaluate the effect of slope aspect (e.g. net 
radiation and snow accumulation) including delayed 
snowmelt and vegetation development.  Each test plot was 
constructed directly on the existing daily cover material, 
which was nominally 0.3 m thick, and generally followed 
the contours of the existing slope.  A 0.3 m high ridge ran 
lengthwise down the edge of each test plot to help direct 
water downslope to the toe of the test plot rather than off the 
side. 
 
All four test plots were rectangular in shape and 20 m wide.  
Both store-and-release test plots (TP1N and TP1S) were 
60 m in length.  The north capillary break test plot (TP2N) 
was 120 m in length and the south (TP2S) was 60 m.  The 

north test plots had a slope of approximately 4H:1V while 
the south plots sloped approximately 3H:1V. 
 
Following construction, samples were obtained from each 
test plot at various depths using Shelby tubes.  The 
undisturbed samples were trimmed to a known size and 
weighed, after which they were dried and weighed again to 
determine in situ density conditions of the cover materials. 
 
 
Field Instrumentation 
 
 
Field instrumentation was installed in the cover systems to 
quantify the fluxes that contribute to the water balance as 
shown in Figure 1.  To quantify precipitation (PPT) and 
evapotranspiration (ET), a full meteorological station 
(Campbell Scientific, Inc.) was installed at the top of the 
north ET cover (TP1N).  The meteorological station records 
wind speed and direction, air temperature, net radiation, and 
precipitation.  Precipitation was recorded as it occurred and 
daily maximum, minimum, and average values were 
recorded for all other parameters.  Net radiation was also 
measured mid-slope of the south capillary break to 
characterize differences in net radiation between the north 
and south slopes. 
 
To quantify changes in moisture storage (∆S), soil sensors 
were installed to measure in situ volumetric water content 
(Sentek Sensor Technologies capacitance-type sensors, 
EnviroScan® system) and matric suction or negative pore-
water pressures (Campbell Scientific thermal conductivity 
sensors, Model CS-229).  A soil monitoring station was 
installed on each test plot at the top, middle, and bottom of 
the slope, each with ten automated volumetric water content 
sensors.  The station at the mid-slope of each test plot also 
included twelve matric suction sensors.  All sensors were 
connected to a data acquisition system (DAS) located in the 
center of each test plot.  Access tubes were also installed 
along a center transect of the test plot between the soil 
monitoring stations for the measurement of water content 
using a portable soil moisture probe (capacitance sensor) 
called the Diviner 2000® (Sentek Sensor Technologies).  
These manual measurements supplemented the automated 
measurements to evaluate spatial variability in moisture 
content along the slope. 
 
Runoff from each test plot was collected in a runoff 
collection channel at the bottom of the slope.  The channel 
ran the entire width of the test plot to direct surface runoff 
into a heated monitoring hut for automated monitoring of 
runoff flows using a zero-height V-notch weir.  The weir 
was equipped with a sonic ranging probe (Campbell 
Scientific, Model SR-50) that measured the depth of water 
passing over the V-notch.  The readings from the sonic 
sensor were sent to a DAS located at the monitoring hut. 
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An interflow drainage channel was also constructed near the 
base of the slope on the capillary break test plots (TP2N and 
TP2S).  The drainage channel was installed above the sand 
layer to collect subsurface water flowing through the till 
layer (interflow).  The channel ran the entire width of the 
test plot to direct subsurface water to the monitoring hut 
where interflow volumes were measured with a tipping 
bucket flow gage (Rainwise Model RGP distributed by 
Hoskins Scientific Ltd).  Construction of the interflow 
channel involved excavating a channel and key-in trench, 
installing a PVC liner and weeping tile, backfilling the 
channel with sand, and connecting the weeping tile to a solid 
drainpipe.  A schematic showing the location of the 
instrumentation is given in Figure 2. 
 
 
RESULTS AND DISCUSSION 
 
 
Table 1 shows the density values obtained from the 
undisturbed samples (Shelby tube samples).  Based on 
compaction tests conducted before construction, the 
maximum dry density from test pit material was 1.82 g/cm3 
(GAL and OKC, 2005).  The average laboratory tested dry 
density based on field samples from the test plots was 
1.78 g/cm3.  The field sampled dry density is 98% of the 
maximum density as defined by compaction tests; therefore, 
the soil can be considered as heavily compacted.  The field 
samples may have been slightly compacted during 
sampling; however, high compaction conditions were also 
noted during hand shoveling for instrument installation, 
consistent with the measured density range. 
 
High values of dry density will result in lower values of 
hydraulic conductivity and porosity, and thus water storage.  
Dry densities of more than approximately 1.45 g/cm3 will 
begin to limit root development in clay tills (Agriculture 
Canada, 1992; Barbour et al., 2007), and densities at the 
levels measured at the test plots can reduce root 
development by up to 90% (Agriculture Canada, 1992). 
 
 

TABLE 1.  FIELD SAMPLED DENSITIES 
 

Location Depth  
 

(cm) 

Wet Bulk 
Density 
(g/cm3) 

Dry 
Density 
(g/cm3) 

Porosity

TP1N 43 1.91 1.78 0.34 

TP2N 30 2.03 1.94 0.28 

TP1S 30 1.78 1.69 0.38 

TP2S 28 1.79 1.69 0.38 

TP2S 50 1.94 1.83 0.33 

Average  1.89 1.78 0.34 

Precipitation 
 
 
Precipitation measured during the 2004 monitoring period 
(June 29 to December 31) was 190.2 mm, 332.4 mm in 
2005 (January 1 to December 31) and 335 mm in 2006 
(January 1 to October 31).  The long-term average 
precipitation recorded at the Regina Airport by Environment 
Canada is 388 mm, while the average precipitation during 
the monitoring period was 369 mm, a difference of only 5%.  
Figure 3 shows the monthly measured precipitation 
compared to the historical average monthly precipitation.  
There are large differences in April, when the measured 
precipitation was more than double the historical average, 
and in July when the measured precipitation was 
approximately half the historical average.  The remaining 
months do not show large differences between the measured 
and the historical average precipitation, suggesting that 
overall, the monitoring period involved average climate 
years. 
 
 
Vegetation 
 
 
A vegetation survey was conducted during the summer of 
2005 to determine if the density condition of the covers was 
having an effect on vegetation.  Vegetation was categorized 
as being of three main types: poor, average, and good based 
on above ground characteristics such as relative height and 
plant density.  Vegetation was harvested from a one-meter 
square section, and the plants were dried and weighed to 
calculate a dried biomass value for each type of vegetation.  
“Poor” vegetation had a biomass of 200 g/m2, while 
“average” vegetation and “good’ vegetation had biomass 
values of 400 g/m2 and 600 g/m2, respectively.  Beeri et al. 
(2007) report an average biomass of approximately 
500 g/m2 for natural grasses in North Dakota, which has a 
similar climate and vegetation to southern Saskatchewan.  
The biomass type and density are shown in Table 2. 
 
 

TABLE 2.  BIOMASS PER SQUARE METER FOR 
VARIOUS VEGETATION CHARACTERISTICS 

(AUGUST 2006) 
 

Location Type Biomass 
(g/m2) 

TP1N mid average 400 
TP1N bottom poor 200 
TP2N bottom poor 200 

TP2S mid good 600 
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FIGURE 2.  PLANS OF TEST PLOTS (FROM GAL-OKC 2005) 
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FIGURE 3.  AVERAGE MONTHLY MEASURED 
PRECIPITATION COMPARED TO HISTORICAL 

AVERAGE MONTHLY PRECIPITATION (ADAPTED 
FROM STRUNK, 2009) 

 
 
Vegetation on the south facing slope was generally more 
abundant and denser than that on the north facing slope.  
Vegetation on the south slope started growing earlier in the 
year due to greater net radiation on the south slope.  The 
additional net radiation also resulted in taller, denser 
development of vegetation on the south compared to the 
north side.  Areas of strong and weak vegetation 
development were observed on all four test covers, but 
overall vegetation on the south test plots was stronger than 
that on the north test plots. 
 
A variety of grass and weed species was observed with 
mustard being the most prevalent species.  The abundance 
of mustard was attributed to compost that was spread over 
the plots in the fall of 2004.  Vegetation down the center-
third was generally thicker and taller compared to the outer-
thirds on each test plot.  This was attributed to differences in 
how topsoil and seed were placed in areas close to the 
instrumentation.  Vegetation growing in the outer-thirds of 
the test plots was cut in July and August 2005 to curtail 
growth of the agronomic species, and improve growth of the 
planted grass and legume species. 
 
In general, rooting depths decreased rapidly below a depth 
of approximately 1 m on both the north and south test plots; 
however, roots were observed at a depth of 1.6 m near the 
center of TP1S.  The roots of “good” vegetation have a 
higher density at a depth of approximately 0.7 m, while 
roots of “poor” vegetation tend to be concentrated near the 
surface.  Differences in root density are attributed to 
different plant species and variable soil density conditions 
(i.e. areas of lower soil density have a higher root density). 
 

Soil Suction and Water Content 
 
 
Suctions measured at the mid-slope of each test plot are 
shown as a contour plot in Figure 4.  Blank areas in the plot 
are due to either sensor errors or errors in estimating suction 
values between discreet data points.  It should be noted that 
suctions recorded when the soil was frozen can be 
misleading as the sensor calibration is based on the thermal 
conductivity of liquid water rather than that of ice.  All 
suctions during freezing (when the soil temperature is less 
than zero) are represented by white areas in Figure 4.  It 
should also be noted that this type of sensor provides 
reliable data between 5 and 500 kPa (Fredlund and 
Rahardjo, 1993); therefore, values outside this range are less 
accurate. 
 
As shown in Figure 4, there is little correlation between 
suction values and cover system design (capillary break or 
ET); however, slope aspect did have an effect on suction 
with the test plots on the south showing higher values of 
suction than those on the north.  The magnitude of suction 
varied over five orders of magnitude.  The contours of 
particular interest are those for 1500 kPa and greater.  At 
suctions of 1500 kPa and greater, it is generally agreed that 
plants are no longer able to draw water from the soil (Molz 
et al., 1968).  Figure 4 demonstrates that this plant limiting 
suction only occurred within the top 50 cm on the north 
slope, but occurred to the base of the cover on the south 
slope.  The suction sensors in the sand layer of the south 
capillary break test plot showed readings greater than 
3000 kPa.  Based on the assumed moisture retention curve 
for the sand used in the predictive numerical modeling by 
OKC-GAL (2005), the sand should be at residual water 
content by suctions of approximately 100 kPa.  Therefore, 
recordings of suction as high as 3000 kPa at depth suggest 
sensor or possibly cover construction errors. 
 
Overall, it appears that the south covers experienced dry 
conditions more frequently than the north covers, with 
higher suctions and therefore lower water contents, possibly 
to the point where vegetation became stressed.  On the north 
slope, the capillary break cover experienced higher suctions 
at a lower depth than the store-and-release cover.  Based on 
the suction measurements, it appears that the store-and-
release cover had greater moisture storage ability than the 
capillary break cover. 
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FIGURE 4.  CONTOUR PLOTS SHOWING SOIL MATRIC SUCTION (KPA) WITH DEPTH FROM JULY 1, 2004 TO 
OCTOBER 31, 2006 FOR ET (TP1N AND S) AND CAPILLARY BREAK (TP2N AND S) COVER TEST PLOTS.  WHITE 

AREAS ARE PERIODS OF FROZEN CONDITIONS OR SENSOR ERROR (ADAPTED FROM STRUNK, 2009). 
 
 
 
 
 



Strunk, R. 8 
 

Water Storage 
 
 
Water content monitoring data were used to calculate the 
volume of water stored in the entire depth of each cover.  
The soil profile at each soil station location was partitioned 
into representative soil units associated with each sensor 
(e.g. halfway between each sensor).  Water volumes were 
calculated by multiplying the volumetric water content 
reading by the corresponding depth for that soil unit.  
Individual water volumes were summed to calculate the 
total water volume stored in the cover at that location.  
Water volumes are presented in Figures 5 – 8 for the upper, 
mid, and lower slope locations for each test plot.  The grey 
areas indicate frozen soil conditions in which the accuracy 
of the measurements is questionable.  
 
Water content sensors installed at TP1S showed little 
response to climatic conditions.  This was assumed to be due 
to poor contact between the PVC access tube and the 
surrounding soil.  This was confirmed with comparisons to 
manual water content measurements at adjacent locations, 
which do not match those obtained using the automated 
sensors. 
 
Each test cover showed an increase in stored water as 
snowmelt water entered the cover, followed by a gradual 
decrease in water volume over the growing season.  Stored 
water volumes vary more on the north test plots than the 
south.  This is likely due to the availability of water for 
moisture redistribution and to differences in net radiation 
and vegetation development.  For most locations, more 
water was stored and subsequently released at lower 
positions of the slope.  This may be due to runoff occurring 
on the upper slope and subsequently infiltrating the cover 
further downslope (run-on) or perhaps interflow. 
 
The data show that an increase in water volume occurred 
each spring, at each location, except for the south slope in 
2004, followed by a general loss of water over the summer 
and fall.  The seasonal fluctuations were most likely driven 
by vegetative demands.  Early in the spring, the plants were 
dormant and water from spring melt and precipitation events 
entered the cover.  Late in the year, the plants were growing 
and could remove both incoming and stored water out of the 
cover. 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
FIGURE 5.  WATER VOLUMES AT TP1N (2.2 M 

TOTAL COVER DEPTH: 0.2 M TOPSOIL OVER 2 M OF 
TILL) CALCULATED FROM THE AUTOMATED 

WATER CONTENT SENSORS (FROM STRUNK, 2009) 
 
 
 

 
FIGURE 6.  WATER VOLUMES AT TP2N (1.8 M 

TOTAL COVER DEPTH: 0.2 M TOPSOIL OVER 1.3 M 
TILL OVER 0.3 M SAND) CALCULATED FROM THE 
AUTOMATED WATER CONTENT SENSORS (FROM 

STRUNK, 2009) 
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FIGURE 7.  WATER VOLUMES AT TP1S (2.2 M 

TOTAL COVER DEPTH: 0.2 M TOPSOIL OVER 2 M OF 
TILL) CALCULATED FROM THE AUTOMATED 

WATER CONTENT SENSORS (FROM STRUNK, 2009) 
 
 
 

 
FIGURE 8.  WATER VOLUMES AT TP2S (1.8 M 

TOTAL COVER DEPTH: 0.2 M TOPSOIL OVER 1.3 M 
TILL OVER 0.3 M SAND) CALCULATED FROM THE 
AUTOMATED WATER CONTENT SENSORS (FROM 

STRUNK, 2009) 
 
 
With a few exceptions, the greatest increase in the volume 
of water in the spring generally occurred at the lower slope 
locations (TP1S excluded for lack of data).  This was 
probably caused by snowmelt water running off upslope and 
infiltrating further downslope rather than snow distribution; 
snow survey results did not show greater snowpack at the 
lower slope.  This same phenomenon was described by 
Kelln et al. (2007).  These locations generally show the 
greatest decrease in water volumes through the summer and 
fall.  The mid-slope locations on each test plot showed the 
greatest net loss over the monitoring period.  This is likely 

due to the vegetation being classified as “good” at these 
locations resulting in a large amount of evapotranspiration, 
but with less water infiltrating during snowmelt than at the 
lower slope locations. 
 
The presence of a capillary break should increase water 
storage in the till layer.  However, as shown in Figures 5 and 
6, the volume of water stored in the north capillary break is 
less than that of the ET cover.  This is due to the capillary 
break cover having less material (1.8 m compared to 2.2 m 
for the ET cover) and thus less storage capacity, and both 
covers experiencing little downward net percolation.  This 
indicates that the capillary break does not have a significant 
effect on water content in the overlying material, which 
implies the most important factor for moisture storage at this 
site is cover thickness. 
 
 
 
Water Balance 
 
 
The collected monitoring data were used to develop a daily 
water balance for each cover, based on Equation 1.  AET 
was estimated as a percentage of potential evaporation (PE), 
where PE was calculated using the Penman equation 
(Penman, 1948) based on the measured meteorological 
parameters.  Two different PE values were calculated using 
net radiation data recorded on the north or south slope.  The 
percentage of PE used to estimate AET was varied between 
the covers and over the growing season based on the 
observed quality of vegetation, and then adjusted to fit the 
observed changes in storage within the water balance.  For 
example, it stands to reason that AET would be a greater 
percentage of PE in areas of stronger vegetation.  AET/PE 
ratios were initially estimated from the work of Boese 
(2003) to be in the range of 0.5 to 0.9.  These numbers were 
then adjusted to match the observed changes in stored water 
volumes and ranged from 0.1 to 0.7.  Generally, ratios were 
greater for the south slope than for the north. 
 
Select water balance results are shown in Figures 8 to 11.  It 
should be noted that field change in storage (Storage) was 
not calculated over the winter (due to inaccuracy of the 
sensor data during frozen conditions).  Therefore, 
differences between the calculated (Balance) and measured 
(Storage) change in storage over the winter could be 
misleading.  The pattern of cumulative water storage during 
non-freezing conditions is a better indicator of the 
agreement between the calculated daily water balance and 
the field measured storage.  Runoff and interflow were not 
included in the water balance calculations as field 
measurements were unreliable and actual values were 
expected to be minimal.  Any interflow or runoff that 
occurred is shown lumped together with net percolation. 
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FIGURE 8.  TP1N MID-SLOPE WATER BALANCE. 
“PPT” DENOTES PRECIPITATION, “DP” IS DEEP 

PERCOLATION, AND “BALANCE” IS THE 
CALCULATED STORAGE BASED ON EQUATION 1 

(FROM STRUNK, 2009) 
 
 

 
FIGURE 9.  TP2N MID-SLOPE WATER BALANCE. 
“PPT” DENOTES PRECIPITATION, “DP” IS DEEP 

PERCOLATION, AND “BALANCE” IS THE 
CALCULATED STORAGE BASED ON EQUATION 1 

(FROM STRUNK, 2009) 
 
 

The water balances can be compared on the basis of slope 
aspect and design.  The south test plots had higher average 
AET than the north test plot and net percolation was 
generally greater on the north slope than on the south slope.  
This is a result of greater net radiation experienced by the 
south facing slope.  The increased net radiation led to 
increased AET and a drier cover.  The more abundant 
vegetation on the south, a result of the greater net radiation, 
also contributed to the increase in drying experienced on the 
south slope.  The south test plots had all available water 
being removed by AET. 
 

 
FIGURE 10.  TP1S MID-SLOPE WATER BALANCE. 
“PPT” DENOTES PRECIPITATION, “DP” IS DEEP 

PERCOLATION, AND “BALANCE” IS THE 
CALCULATED STORAGE BASED ON EQUATION 1 

(FROM STRUNK, 2009) 
 
 

 
FIGURE 11.  TP2S MID-SLOPE WATER BALANCE. 
“PPT” DENOTES PRECIPITATION, “DP” IS DEEP 

PERCOLATION, AND “BALANCE” IS THE 
CALCULATED STORAGE BASED ON EQUATION 1 

(FROM STRUNK, 2009) 
 
 
Both ET covers showed similar magnitudes of net 
percolation.  The north capillary break cover showed more 
percolation than the south capillary break cover.  However, 
differences in performance caused by slope aspect were 
much more significant than those experienced by cover type. 
 
The annual net percolation for the mid-slope location of 
each test plot is summarized in Table 3 in both mm/year, as 
well as a percentage of precipitation measured while the test 
covers were thawed.  The results of 2004 are not included in 
the total because the covers were constructed in the middle 
of the year.  In addition, a full climate cycle was not 
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available and there was no vegetation present.  The 2005 
and 2006 years are believed to be more representative of 
cover system performance. 
 
It can be seen that the north capillary break cover (TP2N) 
had the greatest net percolation while the south capillary 
break cover (TP2S) had the least.  The capillary break effect 
was not maintained on TP2N on various occasions when 
water percolated into the sand layer.  This is likely a result 
of breakthrough occurring due to the slope of the covers.  
Water builds up above the sand layer and is transmitted 
laterally downslope in the till layer under negative water 
pressure conditions.  At a certain distance downslope, the 
suction in the finer soil is reduced so that capillary forces no 
longer prevent water from moving vertically into the coarser 
layer, and water “breaks-through” into the sand, resulting in 
net percolation (Kampf et al., 2001).  The south slope does 
not show any clear “failure” of the capillary break as the 
sand layer remained in a drained condition throughout the 
monitoring period, resulting in the low average net 
percolation. 
 
 

TABLE 3 SUMMARY OF PREDICTED NET 
PERCOLATION BASED ON THE WATER BALANCE 

FOR EACH TEST PLOT. 
 

Test 
Plot 

Net Percolation (mm) 
(% of precipitation) 

2004 2005 2006 Total* 

TP1N 71 
(48%) 

49 
(18%) 

14 
(6%) 

63 
(12%) 

TP2N 38 
(26%) 

93 
(35%) 

75 
(30%) 

168 
(32%) 

TP1S 123 
(83%) 

0 
(0%) 

0 
(0%) 

0 
(0%) 

TP2S 0 
(0%) 

0 
(0%) 

0 
(0%) 

0 
(0%) 

* This does not include net percolation from 2004. 
 
 
CONCLUSIONS 
 
 
The capillary break test plot on the north experienced more 
net percolation than the store-and-release test plot over the 
two full years of monitoring conducted for this study.  This 
preliminary performance suggests that the increased storage 
capacity resulting from the additional thickness of till on the 
store-and-release test plot provides a better enhancement to 
cover performance than the presence of the capillary break. 
 
Both covers on the south slope provided little net 
percolation in 2005 and 2006 because they were very dry, so 
the relative performance of cover design was less apparent 

on the south slope.  Net percolation may still be occurring 
through preferential flow, or there was possibly some loss of 
water to lateral flow.  The capillary break cover showed 
large differences in performance based on slope aspect and 
subsequently net radiation, while the store-and-release 
covers showed little difference towards the end of the study. 
 
The meteorological instrumentation installed was used to 
calculate PE for both the north and south slopes.  As the 
monitored precipitation did not differ greatly from the 
historical average, it can be assumed that the drying 
behavior shown on the south test plots is not a result of 
extreme climate.  The differences in net radiation, and thus 
PE, between the slopes were the primary driving force for 
vegetation differences and net percolation performance.  
The more abundant vegetation and greater AET experienced 
on the south slopes led to the covers being drier than those 
on the north and, subsequently, led to low net percolation.  
However, suction readings on the south test plot indicated 
the potential for suctions to occur below the wilting point of 
vegetation.  Continued monitoring is required to confirm 
that the planted vegetation is sustainable with respect to 
available moisture in the south facing covers. 
 
The behavior shown by all covers during the monitoring 
period only shows preliminary results.  Evolution of the 
cover soils over the first few years after placement is 
common.  Increasing levels of organic matter increase the 
surficial hydraulic conductivity, which allows increased 
storage and retention of precipitation and limits drying 
during dry periods.  Freeze/thaw and wet/dry cycles also 
contribute to soil structure development with increased 
macro-pores leading to increased hydraulic conductivity 
(Meiers et al., 2009; Yarmuch, 2003).  The preferred cover 
system design should be based on continued field data 
measurements, calibration of a model to the field data, use 
of the model for improving understanding of future 
performance, and development of cover system design 
criteria based on impacts to the receiving environment for 
different net percolation rates. 
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