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Abstract. The use of the evapotranspiration cover for landfill is increasing because of its long-term enhanced 

performance. However, the performance of evapotranspiration cover primarily depends on the onsite geo-

climatic conditions. Therefore, field verification of cover performance through constructed test plots is 

required before actual implementation. Additionally, numerical modeling and comparison with field results 

are necessary for future performance prediction. The objective of this study was to simulate the water balance 

hydrology of evapotranspiration cover using the code SEEP/W. Drainage lysimeter was constructed with fine-

grained soil and native vegetation. Field water balance data from the lysimeter were obtained through 

instrumentation. Onsite climatological data, laboratory and field investigated soil parameters and actual field 

studied plant parameters were used as model input. Based on one year’s simulation, it was observed that the 

code nearly captured the seasonal variations in the water balance quantities measured in the field. Surface 

runoff was reasonably predicted in the model where precipitation intensity appeared to be responsible to some 

extent. Evapotranspiration was slightly overpredicted and the fluctuation in soil water storage was similar to 

the field results. The model predicted annual percolation was approximately 45 mm, which is under-predicted 

than the actual field measured annual percolation of 62 mm. 
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1 Introduction 
Landfill owners and operators, now-a-days, are highly 

motivated to close their landfills with final covers which 

employ the water balance principles, because of its 

successful long-term performance. Water balance covers 

promote sustainability because of their low cost of 

construction with locally available materials, and function 

harmoniously with local hydrological processes. 

However, closure of municipal solid waste landfills is 

regulated through Resource Conservation Recovery Act 

(RCRA) in the United States. The RCRA and the U.S. 

Environmental Protection Agency (EPA) recommend 

using conventional covers, which employs a resistive 

barrier of compacted clay layers and geomembrane [1-4]. 

Nonetheless, RCRA ratifies the provision of water 

balance covers contingent upon satisfactory long-term 

field performance evaluated based on percolation rate.  

Water balance covers, which is also known as 

evapotranspiration (ET) cover, control percolation by 

storing infiltrated water during precipitation periods in the 

cover soil pores by capillary action and release it to the 

atmosphere during the dry periods by evapotranspiration 

process [5-11]. Thus, water balance covers rely on the 

ability of fine-grained soils to retain water and the 

capability of the plants and atmosphere to remove water 

via transpiration and evaporation.  

Design of water balance covers is mainly associated 

with investigating the hydraulic characteristics of the soil 

and thus identifying the required thickness of soil cover to 

store precipitation that infiltrates during the wet climatic 

events and evaluating whether the plants and the 

atmospheric condition can remove the stored water during 

the dry period. Hydraulic properties of the soil strongly 

influence the performance of water balance cover system. 

Additionally, the hydraulic properties of the soil, both 

saturated and unsaturated, are necessary for water balance 

modeling as input parameters. However, laboratory 

investigated soil hydraulic properties do not remain 

constant throughout its service life in the field and it varies 

seasonally due to the post-construction processes such as 

insect and animal burrowing, freeze-thaw cycling, wet-

dry cycling, and plant root growth and death [12-18]. 

These altered soil properties affect the percolation rate 

significantly. 

The field performance of ET covers has been 

demonstrated in different regions of the United States [4, 

19-21]. However, model verification has been evaluated

in a very limited number of field studies [6, 22-24].

Additionally, model accuracy could not be established in
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many of the verification because of limited dataset from 

the field studies. On top of that, in most of the model 

comparison, the critical vegetation parameters have not 

been measured due to complexities. Therefore, most 

model verification relied on available literature and 

calibration parameters for vegetation input. 

In this paper, comparisons of field data from an 

instrumented test section (lysimeter) simulating a 

monolithic cover were made with numerical code, 

SEEP/W, which is developed specifically for evaluating 

the land-climate hydrology of covers. The lysimeter was 

constructed with local fine-grained soil at the City of 

Denton landfill. The soil and vegetation input to the model 

was based on the measurements using standard methods 

made in the laboratory and field, and the weather input 

was directly taken from the onsite weather station. 

2 Materials and Method 

2.1 Test Section  

The field site is in Denton, TX, USA, which is 

approximately 40 miles northwest of Dallas. Denton is a 

semi-humid climatic region, with an average annual 

precipitation of 1000 mm and potential evapotranspiration 

to precipitation ratio (PET/P) of less than 1 to 

approximately 2 based on wet precipitation year. The 

average daily temperature ranges from 50oF in January to 

90oF in August [25]. 

A large drainage lysimeter (12.2 m x 12.2 m) was 

constructed in 2014 to evaluate the efficacy of the water 

balance cover. The lysimeter was constructed with local 

fine-grained soil which was classified as high plasticity 

clay (CH) according to the Unified Soil Classification 

System [25]. The cover consists of 915 mm (3 ft.) of 

compacted clay, overlain by 305 mm (1 ft.) of a vegetated 

surface layer (Fig. 1). The lysimeter was lined with a 

geomembrane overlain by a geocomposite drainage layer. 

Percolation and surface runoff collection systems were 

installed consisting of HDPE pipes to capture these water 

balance components. After the construction of the 

lysimeter, extensive instrumentation was instated for 

continuous data monitoring. Data monitoring included 

soil moisture and temperature, soil suction, surface runoff, 

percolation, and climatic parameters. Soil water content 

was measured with 5TM soil moisture and temperature 

sensors in the cover as shown in Fig. 1. To monitor the 

soil suction, MPS-2 tensiometers were also installed 

alongside the moisture sensors (Fig. 1). The MPS-2 

tensiometer tip is made of porous ceramic disc which 

measures the dielectric permittivity of the soil matrix to 

estimate its water potential. Measuring the dielectric 

permittivity of the disc allows wide range of moisture 

content measurements. The detailed description of the 

cover construction, profile, instrumentation, and 

vegetation properties can be found in [25]. 

The water balance of ET cover system consists of five 

components, which are: precipitation (P), runoff (R), 

evapotranspiration (ET), soil water storage (SWS), and 

percolation (Pr). The SWS was computed by integrating 

the point measurement of water content from moisture 

sensors over the entire cover depth. Evapotranspiration 

was computed from the mass balance equation below: 

                               ET = P – R - Pr - �S   (1) 

 

Fig. 1. ET cover Profile. 

2.2 Soil Characteristics 

Soil used during the construction of the lysimeter was 

collected from different layers and shipped to the 

laboratory for physical and hydraulic characterization. 

The physical characterization of the samples includes the 

particle size distribution (ASTM D 422), Atterberg limits 

(ASTM D 4318), compaction behavior (ASTM D 698). 

From the laboratory test results, the soil was classified as 

high plastic clay (CH) based on the Unified Soil 

Classification System (USCS). The fine fraction (clay and 

silt) of the soil was approximately 88%. Optimum 

moisture content (OMC) and maximum dry density 

(MDD) of the soil were approximately 17% and 17.4 

kN/m3, respectively. 

2.3 Hydraulic Properties 

Soil samples were collected from the test section during 

the construction stage. All samples were tested in the 

laboratory to determine the saturated hydraulic 

conductivity (Ks) and the soil-water characteristic curve 

(SWCC) for drying. Flexible wall permeameters (ASTM 

D 5084) were used to measure Ks. SWCCs were measured 

as per ASTM D 6836 using a pressure cell apparatus and 

a chilled-mirror hygrometer (CMH). The CMH was used 

to determine the volumetric moisture content ��) at higher 

suction (�) levels, while the pressure cell device was used 

to determine the suction-moisture (�-��� ���	
��
����� 	
�
higher moisture contents. The van Genuchten’s equation 

was fit to the experimental data and the van Genuchten 

curve fitting parameters are used herein to describe the 

SWCCs as shown in Fig. 2(a). The van Genuchten model 

[26] is a sigmoidal function. The equation of the 

sigmoidal function is represented as follow. 

                           
����
�����

= �
[��(�	)
]�    (2) 

Where the � parameter is the matric suction, �, n, and 

m are curve fitting parameters. The �s is the saturated 

volumetric water content, and �r is the residual volumetric 

water content. The unsaturated hydraulic conductivity 

function was developed using Fredlund and Xing model 

[27] as presented in Equation 3. The unsaturated hydraulic 
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conductivity function is shown in Fig. 2(b). The saturated 

hydraulic conductivity of the calibrated model was 1.6 x 

10-6 cm/s from the field investigation. 

             �(
) = �� [� ���
	�(�) ���

��
� ����

	�(�) ��]��
��

�    (3) 

Where Ks is the saturated hydraulic conductivity, x is 

a dummy variable for integration, �s and �r are the 

saturated and residual volumetric water content, 

respectively.  

 

 

Fig. 2. Soil hydraulic properties: (a) Soil-water characteristic 

curve of cover soil and (b) Hydraulic conductivity function. 

In addition to the hydraulic characterization of the soil 

in the laboratory, field testing was conducted to determine 

the in-situ Ks using Guelph Permeameter (GP). The Ks in 

the field increased as much as 400 times compared to 

laboratory-measured data during the monitoring period 

[12]. SWCCs representing in situ conditions were also 

constructed using the water contents and matric suctions 

measured in the field from the co-located sensors. van 

Genuchten parameters were fitted for the field generated 

SWCCs. The detailed procedures and the results of 

SWCC and saturated hydraulic conductivity are compiled 

in [12]. 

2.4 Vegetation Properties  

Measurements of the roots (root distribution) were made 

four times a year in the lysimeter. Root depth 

measurements were made at the field using an installed 

acrylic tube. The roots extended approximately 356 mm 

(14") into the cover soil as can be seen from Fig. 3(a). It 

is also observed from the figure that it took almost 550 

days for full root growth into the cover. A uniform leaf 

area index (LAI) was assumed based on available 

published data for Texas. Root length density (RLD) was 

measured in the laboratory on collected field specimens 

using the standard method. The RLD function is shown in 

Fig. 3(b). The RLD data were fitted with the exponential 

function suggested by Fayer [28]. 

                                  R = a × e-bz + c   (4) 

Where a, b, and c are fitting parameters, and z is depth. 

The fitting parameters used in the simulation were the 

average values of the last two measurements made in the 

year 2015, where a = 0.41, b = 2.7, and c = 0.0001. Fig. 

3(a) indicates that the rooting depth is approximately 356 

mm (14") after almost 500 days after sowing. It was 

concluded by [25] that the root growth seized because of 

the existence of the compacted clay layer having bulk 

density over 1.6 g/cm3. Ideal soil bulk density for efficient 

root growth is approximately 1.1 to 1.12 g/cm3 according 

to USDA [29]. Based on the field observation, the root 

growth rate was approximately 1.65 mm/day. 

 

 

Fig. 3. (a) Rooting depth of vegetation (b) RLD function  
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2.5 Climatic Condition 

Data from the field-installed weather station were utilized 

in the seepage analyses of the cover soil. Fig. 4(a) shows 

the daily rainfall history of 2015, applied in the study. 

Several heavy rainfall events with high precipitation 

intensity are observed from the figure. There were 

prolonged wet days from April to May, as well as from 

October to early November. During the summer, few 

rainfall events with high temperatures prevailed at the 

site. Fig. 4(b) depicts the temperature profile, along with 

the net radiation flux. As can be seen from the figure, the 

average temperature at the site during the summer was 

approximately 34oC (93.2oF). The temperature at the site 

was recorded as low as -5oC (23oF) during the winter 

season. The maximum net radiation flux was recorded 6.6 

kJ/d/m2 in the summer, and it dropped to almost 4.4 

kJ/d/m2 in the winter as shown in the Fig. 4(b). 

 

 

Fig. 4. (a) Daily precipitation, and (b) Average atmospheric 

temperature and radiation flux  

2.6 Land-Climate Interaction Model 

Seep/W (Geo-studio 2020) simulate water flow under 

variably saturated conditions by solving the modified 

form of Richards' equation as shown in Equation (5): 

       ��
��

��
�� = � �

�� ���
��
�� + �� + ���� � !(", #)          (5) 

Where � is volumetric water content, t is time, z is the 

vertical coordinate. The � is the matric suction, KT is a 

combined liquid and vapor unsaturated hydraulic 

conductivity, K� is the unsaturated hydraulic 

conductivity, qvT is water vapor flux, and S is a sink term 

for extraction of pore water by plant roots. The steady-

state evaporation process can be modeled by considering 

the combined liquid and vapor flow conductivity (KT). It 

is known that the pressure head distribution within the dry 

zone can be modeled after accounting for the vapor flow 

contribution [30]. The climate variability can be 

incorporated in the seepage analysis by applying the land-

climate interaction (LCI) boundary condition. The LCI 

boundary condition calculates the net infiltration at the 

ground surface and the soil strata's root water uptake. The 

following equation calculates the infiltration through the 

surface. 

                 �$ = (�% + �&)'*-. + �/ + �0  (6) 

Where ql is water flux due to infiltration, qP is water 

flux due to rainfall, qM is water flux due to snowmelt, qE 

is water flux due to evaporation, qR is water flux due to 

runoff, and � is the slope angle. The potential 

evapotranspiration is calculated by the Penman-Monteith 

equation, which incorporated net radiation, ground heat 

flux, and vegetation properties. The detail of this equation 

can be found in [31]. On the other hand, the root water 

uptake rate is determined from the potential transpiration 

flux qPT by following equation developed by Feddes [32]. 

                 �122� = .13 × .1� × 40122�  ×  �%�  (7) 

Where qroot is the actual root water availability, �rw and 

�rs are the reduction factor due to water stress and salinity 

stresses, �root is the normalized water uptake, and qPT is the 

potential transpiration flux.  

A land-climate interaction type flux boundary 

condition was applied at the surface to simulate 

infiltration of precipitation and evaporation from the soil 

surface. A unit hydraulic gradient or a seepage face 

boundary was used at the bottom of the domain. 

Rainwater infiltration depends on soil porosity, as well as 

on the hydraulic conductivity of the soil. And, evaporation 

component mainly depends on weather and vegetation 

conditions as characterized by the LAI and RLD function. 

The simulation for this study began on January 1, 2015. 

The initial condition for the transient analysis was defined 

by the activation of pore-water pressure in the material 

definition on this date. 

The cover was subjected to seasonal wetting and 

drying cycles. Since there was an impermeable 

geomembrane layer at the bottom of the subgrade soil, the 

numerical modeling was performed by integrating an 

impermeable layer at the bottom of the cover system. The 

simulated one-dimensional soil profile consists of 915 

mm of compacted clay overlain by 305 mm of surface 

layer. 

3 Results and Discussion 
Simulations were conducted with SEEP/W for the period 

between January 01, 2015 and December 31, 2015. 

Predictions obtained using the field fit hydraulic 

properties and plant properties are shown in Fig. 5 in 

terms of the primary water balance quantities: cumulative 

precipitation and runoff (Fig. 5a), cumulative ET (Fig. 

5b), soil water storage (Fig. 5c), and cumulative 

percolation (Fig. 5d). The field water balance data are also 
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shown in Fig. 5. The prediction of surface runoff pattern 

in SEEP/W is almost identical to the field measured 

runoff. The input of precipitation distribution in the model 

from the field observation appears to be reasonable for the 

better accuracy of surface runoff. The annual runoff based 

on the field measurement and numerical simulation was 

found 943 mm and 1030 mm, respectively. The 

precipitation intensity in the field was found as high as 

160 mm/hr. From the field observation, the total quantity 

of runoff from a given precipitation event was found to be 

correlated to the rainfall intensity and duration. The 

surface runoff occurred when the rainfall intensity 

exceeded the infiltration capacity of the soil. The model 

predicted runoff is providing better accuracy as well for 

the field measured hydraulic properties as input. The Ks 

is, therefore, plays an important role in the simulation 

process. 

Good agreement exists between the field measured 

and model-predicted evapotranspiration as shown in Fig. 

5b. However, the model predicted cumulative ET (803 m) 

was slightly higher than the field measured value (720.8 

mm). The field measured plant parameters as input in the 

simulation process reasonably captured the field ET. It is 

also observed from the soil water storage profile (Fig. 5c) 

that sufficient water entered the cover and was available 

for evaporation and transpiration. Relatively accurate 

prediction of surface runoff allowed water to enter the 

cover and become available for evaporation and 

transpiration. 

A good agreement also exists between the model 

predicted and field-measured soil water storage (SWS) as 

shown in Fig. 5c. The SWS increased during the rainfall 

period and decreased during the summer. It is also 

observed from the field results that the fluctuation in the 

SWS was minimal during the winter period as seen at the 

end of the monitoring (Fig. 5c). A parallel trend was 

observed in the model predicted results. The SWS was 

slightly under-predicted during the winter from model 

prediction. This might be because of the overprediction of 

the ET that reduces the SWS in the model results. 

However, the model reasonably captured the seasonal 

change of the moisture variation. The good agreement 

between the measured and predicted SWS data is most 

likely due to the relatively precise prediction of the 

surface runoff. 

Evaluation of the field measured, and model predicted 

percolation are shown in Fig. 5d. It is observed from the 

figure that SEEP/W under predicted the percolation. The 

model predicted annual percolation was approximately 45 

mm, whereas the field measured value was approximately 

62 mm. It is also observed from the field percolation data 

that at the end of the winter of the monitoring period, 

percolation increased at a higher rate than the model 

prediction. The underprediction of the percolation and 

comparatively accurate prediction of the other water 

balance quantities indicates that differences likely exist 

between the soil hydraulic properties existing in the field 

and the laboratory-measured properties when used as 

input to the models. Though the saturated and unsaturated 

soil properties from the field measurement were used as 

the model input, the prediction of percolation was 

inadequate compared to other water balance components. 

So, it indicates the presence of preferential flow paths in 

the cover, which the model could not define. The author 

reported the existence of desiccation cracks in the covers 

during the monitoring period [33]. 

 

 

 

 
Fig. 5 Water Balance Components (a) Precipitation and runoff, 

(b) Evapotranspiration, (c) Soil water storage, (d) Percolation 

4 Conclusion 
This paper illustrated the comparison between water 

balance predictions made with the numerical model 

SEEP/W and field data of a monolithic ET cover in a 
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semi-humid region. On-site climatological data, field 

measured plant properties, and hydraulic properties were 

used as input to the models.  

SEEP/W projected the surface runoff, ET, and 

changes in SWS reasonably accurately using the field 

measured plant and soil properties as input. However, 

percolation was under-predicted by the model. The on-site 

precipitation intensity data as input contributed to the 

better resolution of the runoff prediction. Therefore, 

application of the precipitation data in the model that 

closely resembles field conditions is crucial for better 

accuracy in the prediction. The actual plant parameters 

used in the model influenced the prediction of 

evapotranspiration. Though the model predicted 

cumulative ET was slightly higher than the field value, it 

closely followed the trend of field evapotranspiration. The 

SWS was satisfactorily predicted by the model. The 

increase and decrease in the SWS due to the change in the 

environmental effect were precisely captured by the 

model. 

The under-prediction of percolation by the model is 

potentially associated with the presence of preferential 

flow paths (desiccation cracks) even though the field 

measured hydraulic properties were used as input. 

However, the model could portray the field parallel 

propagation path of percolation. 

Based on the preliminary simulation of one-year data, 

the SEEP/W model reasonably predicted the water 

balance components. However, further study with 

rigorous data set from long-term field monitoring is 

required for the sensitivity of the model prediction for 

future design. 
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