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EXECUTIVE SUMMARY 
 
Soil covers and engineered closure caps are used as radon and water infiltration barriers at 
uranium mill tailings impoundments and at low-level waste (LLW) disposal sites.  The 
U.S. Nuclear Regulatory Commission (NRC) has licensing or consultation roles and 
responsibilities in these areas and must make judgments about the long-term performance of 
engineered soil covers, despite significant uncertainty about how the properties and 
performance of the covers will change over hundreds to thousands of years after the period of 
institutional control.  NRC is considering whether to develop new, flexible guidance for 
performance-based engineered soil cover and bottom liner designs, construction techniques, 
and monitoring (Alexander, et al., 2011).  NRC staff recommended that “a heavily monitored test 
pilot cover…could provide valuable data on:  characterizing changes in the properties of cover 
system components; developing in-situ methods to detect such changes; and developing and 
validating predictive methods for performance assessments that account for time-dependent 
engineering properties” (Nicholson and Arlt, 2011).  An experimental cover would provide an 
opportunity to study interrelated soil cover processes that occur over decadal time scales. 
 
During Fiscal Year 2012, NRC staff requested that the Center for Nuclear Waste Regulatory 
Analyses (CNWRA®) conduct a feasibility study to evaluate the benefits and costs for 
constructing a densely monitored engineered soil cover testbed facility at Southwest Research 
Institute® (SwRI®) in San Antonio, Texas, so that degradation processes and performance could 
be monitored over the long term (i.e., 20+ years).  The facility would consist of engineered soil 
cover physical analogs for uranium mill tailings piles and LLW disposal sites.  It would provide 
(i) insight into long-term processes occurring within soil covers and their impact on barrier 
performance, (ii) a platform for development and testing of monitoring technologies for direct 
measurement of the condition of cover components and material properties, and (iii) potentially 
serve as a platform for assessing repair techniques for failed covers.  Because the cover 
components would be densely monitored, resulting data could support testing and validation of 
performance assessment models developed for predicting long-term barrier performance. 
 
Understanding the risk significance of changes in water and vapor movement (and contaminant 
transport) through waste impoundments because of erosion, changes in barrier properties (such 
as pedogenic evolution in the water storage layer), ecosystem succession, and degradation of 
engineered materials is important to evaluating the long-term safety of waste impoundments.  
Long-term key technical issues that could be addressed by a densely monitored soil cover 
testbed facility include (i) the impact of rock mulch, which reduces evaporation, on deep 
percolation; (ii) the evolution of soil properties, which affects the deep percolation rate; (iii) the 
time-dependent performance of the vegetative layer, which reduces deep percolation, when 
affected by erosion, fire, biointrustion, uneven settlement, and ponding; (iv) the potential for 
drainage layers to clog with fines derived from overburden, reducing lateral diversion efficiency; 
(v) the potential for ponding to occur in the drainage layer that could increase deep percolation 
and create side slope stability problems; and (vi) the time-dependent performance of 
geomembranes that develop leaks and clay layers that desiccate and crack.  The uncertainties 
concerning these long-term performance issues are considerably greater than those associated 
with the short-term hydrologic performance of covers.  A dedicated engineered soil cover 
testbed facility for conducting experiments to investigate long-term processes in these 
engineered barriers will improve knowledge of long-term barrier performance and, therefore, be 
of great value to NRC in fulfilling its related licensing and consultation roles. 
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This report evaluates the technical feasibility and limitations of establishing a 
facility at SwRI to test engineered soil covers for uranium mill tailings and LLW and 
waste-incidental-to-reprocessing (WIR) disposal sites, and provides a preliminary, 
conceptual design and cost estimate for constructing and instrumenting such a testbed.  
Two land areas of approximately 2 ha [5 ac] are available at SwRI for development of a 
long-term, dedicated test facility.  SwRI is well-suited to evaluate the environmental and 
biological processes affecting the performance of earthen covers at mill tailings and LLW/WIR 
sites in humid and sub-humid climates (e.g., Texas, South Carolina, Virginia).  Although SwRI is 
less well-suited for evaluating processes at semi-arid and arid sites in the western United States 
(e.g., Wyoming, Idaho, New Mexico), processes important to long-term soil cover performance 
could be evaluated on the SwRI campus with appropriate controls on precipitation impacting the 
engineered soil cover test cells. 
 
An important consideration in developing a preliminary conceptual design for the facility was 
that heterogeneities and defects inherent in engineered soil covers play an important role in 
both short- and long-term performance.  The design thus provides for construction of test cells 
of sufficient size that they can be constructed using materials and methods akin to those 
typically used in engineered soil cover construction.  The conceptual design also provides for 
construction of small-scale test cells to investigate the effects of specific environmental 
processes by destructive investigation of the materials in the interior of the covers, such as 
geomembranes, geosynthetic clay liners, and drainage layers.  All test cells are amenable to 
measurement of net infiltration through the covers, monitoring evolution of cover processes, and 
evolution of vapor transport properties affecting the release of volatile radionuclides such as 
radon and carbon-14. 
 
The conceptual design for this engineered soil cover testbed facility consists of four large-scale 
test cells—two that simulate typical uranium mill tailings impoundments and two that represent 
a multimedia LLW/WIR soil cover.  The mill tailings-type earthen covers will be constructed 
using various surface erosion treatments that have been or are being considered for actual 
mill tailings impoundments.  The LLW/WIR test cells will be constructed using a design 
and materials currently under consideration for use at the Savannah River Site, Aiken, 
South Carolina.  The large-scale test cells would each have a truncated pyramid geometry with 
a flat surface dimension of 15 m by 15 m [50 ft by 50 ft] and 3:1 side slopes for a total surface 
area of 0.1 ha [0.3 ac].  The maximum height of each cell would be 3 m [10 ft]. 
 
The facility design also provides for construction of four small-scale cells.  Three such cells will 
be constructed to represent uranium mill tailings covers with differing surface materials (rock 
mulch, rock mulch/soil mix, and bare soil) and could be enclosed by a greenhouse to exclude 
local precipitation while being irrigated to represent lower precipitation rates common to climates 
in the western United States.  The other cell would be constructed to represent a WIR cover 
vegetated with bamboo, which is being considered as ground cover for use at the Savannah 
River Site in South Carolina. 
 
The preliminary cost estimate to construct and instrument the complete full-scale engineered 
soil cover testbed facility is $2,465,000 with a minimum annual operating cost of $50,000; this 
preliminary estimate is subject to an uncertainty of ±25 percent.  A formal cost estimate would 
require preparation of detailed designs and construction drawings.  An important aspect of the 
concept presented here is that the overall design for the engineered soil cover testbed facility is 
flexible:  test cells can be constructed on an as-needed basis, targeted at the most significant 
technical needs and as funding becomes available.  However, portions of the infrastructure 
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would be required independent of the number of cells constructed.  The purpose(s) and 
construction of the individual test cells is subject to modification based on the specific interests 
of NRC, and could be changed without significantly affecting the unit cost estimates. 
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1 INTRODUCTION 
 
The disposal of radioactive waste byproduct from uranium milling and other nuclear material 
activities are regulated by the U.S. Nuclear Regulatory Commission (NRC).  Regulations focus 
on protecting the health and safety of the public and the environment.  Recently, there has been 
increased interest in uranium recovery operations because of market demand.  The price of 
uranium is expected to be high for the foreseeable future because of the need to supply 
uranium to keep the world’s expanding number of nuclear power plants operating.  The demand 
for uranium will become greater after 2013 because an existing agreement between the 
United States and Russia to supply uranium for commercial nuclear power plants from 
decommissioned nuclear weapons likely will not be renewed.  Consequently, more uranium will 
need to be recovered from subsurface sources.  The price of uranium will remain high enough 
that uranium recovered from conventional milling and heap leach techniques will be 
economically attractive.  Increased activity in conventional mill and heap leach operations will 
result in radioactive mill tailings that need long-term isolation. 

To protect the health and safety of the public and the environment in the future, engineered 
barriers may be placed both above and below radioactive mill tailing impoundments.  Earthen 
covers have been and will continue to be placed above tailings to retard the movement of radon 
to the atmosphere, and also have the benefit of minimizing the percolation of precipitation 
through the tailings pile, reducing the potential for contaminants to leach to groundwater.  Below 
tailings, engineered bottom liners may be used in the future to restrict movement of 
radionuclides to groundwater.  These engineered barriers need to function for long time periods 
with minimal maintenance. 

To assess the performance of engineered barrier systems, including earthen covers used 
to isolate waste at uranium mill tailings impoundments and engineered soil covers at low-level 
radioactive waste (LLW) and waste-incidental-to-reprocessing (WIR) sites, the National 
Research Council convened a committee (National Research Council, 2007) and NRC 
convened a workshop (Nicholson and Arlt, 2011).  The NRC, U.S. Environmental Protection 
Agency (EPA), and the U.S. Department of Energy (DOE) requested a National Academy of 
Sciences (NAS) committee to provide a technical assessment of engineered barrier 
performance for waste impoundments.  Specifically, the committee was asked to study different 
engineered barrier systems used for waste impoundments, assess their performance, and 
identify knowledge gaps.  Because engineered barriers have been used for a relatively short 
time (a few decades), the NAS committee used observations from field sites to assess short-
term performance and relied upon extrapolations and models to assess potential long-term 
performance.  They concluded that engineered barriers constructed and used in accordance 
with existing regulations have, in general, provided short-term environmental protection as 
expected (National Research Council, 2007).  There have been a few significant slope, interface 
stability, and erosion failures of engineered barriers, but repair was possible in all instances 
(National Research Council, 2007).  Assessing long-term performance is fraught with high 
uncertainties.  The report noted that construction of engineered barriers to function properly for 
thousands of years is likely to be prohibitively expensive and may be infeasible (National 
Research Council, 2007).  Instead, the report suggested that the design of engineered barriers 
should allow for repairs or replacement considering the long periods during which some 
engineered barriers need to function.  Noteworthy recommendations were (i) monitoring of 
engineered barriers should directly measure the performance of various elements, or layers, of 
the barriers; (ii) observatories should be established to assess long-term performance at the 
field scale; (iii) regulatory agencies (e.g., NRC and EPA) should develop guidelines for direct 



1-2 

 

monitoring of barriers, support development of new monitoring techniques, and support the 
validation and testing of models for predicting long-term barrier performance; and (iv) EPA and 
NRC should develop guidance for performance-based barrier designs rather than prescriptive 
designs.  Following the engineered barrier workshop convened by NRC, NRC staff 
recommended that “a heavily monitored test pilot cover, or a reserved section of the engineered 
barrier for detailed monitoring purposes, could provide valuable data on:  characterizing 
changes in the properties of cover system components; developing in-situ methods to detect 
such changes; and developing and validating predictive methods for performance assessments 
that account for time-dependent engineering properties” (Nicholson and Arlt, 2011). 

Based partly on the above recommendations and realization of the need to study long-term 
interrelated processes occurring in engineered soil covers for improved understanding of 
system performance, NRC requested that the Center for Nuclear Waste Regulatory Analyses 
(CNWRA®) conduct a feasibility study to evaluate the benefits and costs for developing a 
densely monitored engineered soil cover facility at Southwest Research Institute (SwRI®) in 
San Antonio, Texas.  The engineered soil cover testbed facility would consist of engineered soil 
cover physical analogs for uranium mill tailings piles and LLW/WIR disposal sites.  Such a 
facility would provide insights and data related to long-term cover performance that could be 
used for licensing aspects of LLW.  Key technical issues and related uncertainties could be 
evaluated on several cover designs.  The facility would provide a platform for development and 
testing of monitoring technologies for direct measurement of the condition of cover components 
and material properties, provide insight into long-term processes and their impact on barrier 
performance, and potentially serve as a platform for assessing repair techniques for failed 
covers.  In addition to investigating long-term performance of engineered soil covers, the facility 
could be used for assessing performance of engineered bottom liners.  Furthermore, because 
the cover components would be densely monitored, resulting data could support testing and 
validation of performance assessment models developed for predicting long-term barrier 
performance.   

The engineered soil cover testbed facility will address difficult issues that commonly arise during 
licensing action reviews, including long-term performance of drainage layers and geotextiles, 
rates and effects of erosion, biointrusion and fire impacts, and ecological succession.  Reducing 
uncertainties related to these and other key technical issues will enable NRC to conduct more 
informed reviews of performance assessments and provide better guidance to licensees and 
applicants.  Currently, the uncertainties and speculation concerning these long-term 
performance issues generally are greater than the uncertainties associated with the short-term 
hydrologic performance of covers.  A dedicated engineered soil cover testbed facility for 
conducting experiments to investigate long-term processes in these engineered barriers will  
improve knowledge of long-term barrier performance and, therefore, be of great value to NRC in 
fulfilling its related licensing and consultation roles. 

Understanding the risk significance of changes in water and vapor movement (and contaminant 
transport) through waste impoundments because of erosion, changes in barrier properties, 
changes in cover ecosystem, and degradation of engineered materials is important to evaluating 
the long-term safety of waste impoundments.  A major objective of a dedicated engineered soil 
cover testbed facility is to enable NRC to gain risk insights into key technical issues related to 
the long-term performance of engineered soil covers.  Relatively short-term studies of 
engineered barrier systems that have been conducted by others (e.g., Nyhan, et al., 1990; 
Anderson, et al., 1993; Anderson, 1997; Andraski, 1997; Anderson and Forman, 2002; Albright, 
et al., 2003; Scanlon, et al., 2005; Fayer and Gee, 2006) are inadequate to resolve many 
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long-term performance uncertainties (National Research Council, 2007; Nicholson and Arlt, 
2011).  The risk insights that could be garnered by an NRC-sponsored engineered soil cover 
testbed facility would contribute toward developing guidelines for direct monitoring of barrier 
systems and performance-based barrier designs. 

This report discusses the technical feasibility and cost of developing an engineered soil cover 
testbed facility at SwRI to investigate long-term performance issues at uranium mill tailings sites 
and LLW disposal sites, including WIR sites.  The report provides a conceptual design for the 
facility and a preliminary cost estimate for constructing and instrumenting it.  A conceptual soil 
cover testbed facility is described from which cost estimates for similar facilities can be 
developed.  The development of any dedicated engineered soil cover testbed facility will be 
finalized in consultation with and based upon future guidance from NRC.  The proposed facility 
is flexible in that it is a combination of large- and small-scale test cells for which development 
and costs can be apportioned over time.  The large-scale test cells are to be used for long-term, 
non-destructive studies, evaluating monitoring methods, and testing of predictive models using 
the recorded data.  The small-scale test cells allow for (i) focused evaluation of specific cover 
performance processes, (ii) experimentation with specific disruptive processes such as fire and 
extreme precipitation events, and (iii) destructive sampling to more directly observe the specific 
condition of barrier components as a function of time.  Destructive sampling will provide 
valuable insights of changes in engineered barrier properties over time.  In the small-scale test 
cells, measurements using non-destructive monitoring methods can be compared to destructive 
observations to evaluate the accuracy and sensitivity of non-destructive monitoring methods.  
Costs for conducting labor-intensive tests, data analysis and interpretation are not included in 
this feasibility assessment. 

Section 2 of this report (i) summarizes key technical issues identified by NRC and others with 
respect to the long-term performance of engineered soil covers, (ii) evaluates the technical 
feasibility of investigating these issues at an engineered soil cover testbed facility proposed for 
construction at SwRI in San Antonio, Texas, and (iii) briefly reviews existing studies of long-term 
soil cover performance.  Section 3 discusses general technical and engineering issues related 
to constructing an engineered soil cover testbed facility at SwRI, and potential limitations related 
to local climate conditions at the SwRI site.  Section 4 presents a conceptual design for an 
engineered soil cover testbed facility and summarizes the preliminary construction cost 
estimate.  Section 5 presents key hydrometeorological properties, soil and engineered 
geomaterial properties, and soil cover modeling parameters for which long-term monitoring data 
should be collected at the engineered soil cover testbed facility, and recommendations and 
costs for instruments that would need to be acquired, as well as recommendations for use of 
instruments that SwRI currently owns.  Finally, the appendix presents preliminary construction 
cost estimates for development of the proposed engineered soil cover testbed facility at SwRI.  
The estimates were prepared by an architectural and construction management firm, Raba 
Kistner Facilities, based on conceptual designs developed by CNWRA.  Cost information is 
provided per test cell so that cost estimates for alternative facility designs with fewer or more 
cells can be estimated.
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2 KEY TECHNICAL ISSUES FOR LONG-TERM LAND DISPOSAL 
ENGINEERED SOIL COVER PERFORMANCE 

 
The focus of this feasibility study is the development of a densely monitored test facility to 
investigate degradation processes within engineered soil covers and thus reduce uncertainties 
about their long-term performance beyond the period of institutional control.  Key technical 
issues affecting long-term performance include erosion of the cover, ecological succession on 
the cover, ecological and physical effects of fire on the cover, biointrusion, and degradation of 
drainage layers and geotextiles.  These issues are associated with significant uncertainty in 
performance assessments.  This section of the report summarizes the key technical issues 
affecting long-term performance of land disposal engineered soil covers for both (i) uranium mill 
tailing disposal sites and (ii) LLW and WIR sites.  The typical construction of covers at these 
sites is described next. 
 
2.1 Uranium Mill Tailings Disposal Sites 
 
Earthen covers at legacy uranium mill tailings disposal sites typically consist of the following 
layers from top to bottom (Figure 2-1): 

(i) Vegetative top soil or rock mulch 

(ii) Frost protection soil layer 

(iii) Biointrusion layer (cobbles) 

(iv) Drainage layer (sand/gravel) 

(v) Infiltration barrier (clay) 

(vi) Radon barrier (clay/silt) 

However, not all layers are present at all legacy sites.  Tailings disposal areas at legacy sites 
typically are unlined pits, but new tailings disposal sites may utilize a bottom liner below the 
tailings.  The primary design criteria have been (i) reduction of the radon surface flux to less 
than 20 pCi/m2·s, (ii) minimization of wind and water erosion, and (iii) prevention of surface 
water run-on.  Little consideration has been given to minimizing or eliminating infiltration through 
covers at legacy sites located in semi-arid and arid climates in the western United States. 
 
The key technical issues to be considered in assessing the long-term performance of earthen 
covers typically used at uranium mill tailings disposal sites in arid and semi-arid regions of the 
United States are listed in Table 2-1.  Additionally, Table 2-1 provides an assessment of the 
technical feasibility of investigating these issues using earthen cover physical analog models 
constructed on the SwRI site in San Antonio, Texas.  If uranium milling should take place 
elsewhere in the United States (e.g., Virginia), additional key technical issues may arise that are 
not directly addressed here. 
 
2.2 Low-Level Waste and Waste-Incidental-to-Reprocessing 

Disposal Sites 
 

Engineered covers for LLW and WIR disposal sites typically consist of the multimedia 
components illustrated in Figure 2-2.  These include, from top to bottom 

(i) Vegetative top soil layer intended to reduce deep percolation by removing water 
through evapotranspiration 
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Figure 2-1.  Typical Soil Cover for an Uranium Mill Tailings Impoundment 

 
(ii) Foundation layer to provide additional water storage and protect the underlying filter 

fabric and drainage layers from animal and plant-root penetration 

(iii) Erosion barrier (cobbles) 

(iv) Filter fabric to prevent fine soil particles from infiltrating the underlying drainage layer 

(iv) Drainage layer to laterally divert infiltrating water away from the waste form 

(v) Clay or geosynthetic clay liner (GCL) to divert infiltrating water away from the waste form 
 

Such covers are primarily intended to reduce or eliminate infiltration of water into the waste form 
and to act as an intruder barrier.  The key technical issues to be considered in assessing the 
long-term performance of a multimedia cover, such as that shown in Figure 2-2 are listed in 
Table 2-2.  Additionally, Table 2-2 provides an assessment of the technical feasibility of 
investigating these issues using engineered soil covers at SwRI. 
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Table 2-1.  Key Technical Issues Related to Long-Term Performance of 
Uranium Mill Tailing Disposal Covers 

Cover 
Component Key Technical Issues Feasibility of Testing at SwRI 

Rock Mulch 
Rock mulch may increase deep percolation 
by reducing evaporation. 

Yes, the effect of rock mulch on 
evaporation is testable. 

Vegetative 
Layer 

Soil properties may change with time and 
affect the soil-water properties and deep 
percolation rate.  The vegetative layer may 
erode, burn, or be subject to biopenetration 
and bioturbation. Depending on waste 
form, the layer could be subject to uneven 
settlement and ponding, locally increasing 
the deep percolation rate. 

Yes, the effects of the vegetative 
layer on the water balance can 
be tested. 
 

Yes, fire effects, particularly 
pertinent to sites in New Mexico 
and Texas, can be tested. 
 

However, large burrowing 
animals may not be present at 
SwRI, and uneven settlement 
may not occur in relatively thin 
test cells. 

Frost 
Protection 
Layer 

In addition to providing frost protection to 
the radon barrier, this layer reduces the 
radon flux by providing additional residence 
time.  Soil properties may change over the 
long term and affect the soil-water 
properties and deep percolation rate.  This 
layer could be subject to biointrusion by 
roots and burrowing animals. 

Yes, soil property changes and 
related effects on vapor transport 
can be investigated. 
 
No, effects of freeze–thaw 
cycling characteristic of western 
U.S. sites cannot be duplicated 
without controlled climate. 

Biointrusion 
Barrier 

Cobbles are used in this layer to 
discourage intrusion by deeply burrowing 
animals. 

Yes, the hydrologic performance 
of this layer is testable. 
 
No, the effectiveness of this 
layer against deeply burrowing 
animals may not be testable at 
SwRI.  

Drainage 
Layer 

This layer could clog with fines from the 
overburden, reducing its permeability and 
lateral diversion efficiency.  Ponding of 
water in the drainage layer could increase 
deep percolation and also create side 
slope stability problems. 

Yes, ponding within the drainage 
layer may be detectable with 
instrumentation. 
 
However, measurable clogging 
of the drainage layer may not 
occur during the project lifetime.  
Smaller, shorter time frame tests 
may provide insights and 
potential risks. 
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Table 2-1: Key Technical Issues Related to Long-Term Performance of Uranium Mill 
Tailing Disposal Covers (continued) 

Cover 
Component Key Technical Issues Feasibility of Testing at SwRI 

Infiltration 
Barrier 

This barrier could develop desiccation 
cracks that increase its permeability.  This 
barrier could develop shrinkage cracks due 
to exchange of Ca or Mg ions for Na in 
clay; fabric enclosing and stabilizing clay 
could chemically or biologically degrade, 
creating holes in the clay layer. 

Yes, degradation of this barrier 
can be tested with the exception 
of freeze–thaw cycling 
degradation.  
 
Effects of ion exchange might 
require augmenting local soil 
with Ca. 

Radon 
Barrier 

The vapor phase diffusion rate and 
residence time in the cover are considered 
to be the primary factors controlling the 
radon flux.  Earthen covers have been 
designed to meet the radon flux standard 
by modifying the thickness of the soil cover 
and, in some cases, by incorporating clay 
layers into the design.  The diffusion 
coefficient in the cover materials is 
primarily a function of the porosity and 
water content of the materials in the 
absence of fast pathways such as 
desiccation cracks and animal burrows.  
Changes in the water content of the cover, 
particularly in clay layers, could 
significantly change the effective diffusion 
coefficient and the radon flux.  
Development of fast pathways may not 
only increase the average effective 
diffusion coefficient, but could also promote 
barometric pumping and increase the 
radon flux. 

Yes, the effect of radon barriers 
and their degradation can be 
tested with the exception of 
degradation due to 
biopenetration/bioturbation. 

Side Slopes 

Side slopes are subject to frost heave 
displacing rip rap, animal burrows leading 
to piping flow, and vegetation displacing rip 
rap.  Cover designs also include surface 
water diversions alongside slopes that may 
degrade with time due to bank erosion or 
ponding due to debris accumulation. 

Yes, side slope performance can 
be tested with the exception of 
effects of frost heave, but would 
require constructing test cells 
near surface water drainage.  
This could negatively impact 
SwRI’s stormwater drainage 
system and offsite drainage 
ways.  NOT RECOMMENDED. 

SwRI = Southwest Research Institute® 
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Figure 2-2.  Typical Multimedia Soil Cover for LLW and WIR Facilities 

 
 

Table 2-2.  Key Long-Term Performance Issues for Multimedia LLW/WIR Soil Covers 
Cover 

Component Key Technical Issues Feasibility of Testing at SwRI 

Vegetative 
Layer 

Soil properties may change and affect 
soil-water properties and deep 
percolation rate.  The vegetative layer 
may erode or be subject to 
biopenetration and bioturbation. 
Depending on waste form, this layer 
could be subject to uneven settlement 
and ponding, locally increasing the 
deep percolation rate. 

Yes, performance of the 
vegetative layer can be tested. 
 

However, large burrowing 
animals may not be present at 
SwRI, and uneven settlement 
may not occur in relatively thin 
test cells. 

Foundation 
Layer 

Soil properties may change over the 
long term and affect soil-water 
properties and deep percolation rate.  
The layer could be subject to 
biopenetration/bioturbation by roots 
and burrowing animals. 

Yes, soil property changes and 
related effects on vapor transport 
can be investigated. 
 

However, large burrowing 
animals may not be present at 
SwRI. 
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Table 2-2.  Key Long-Term Performance Issues for Multimedia LLW/WIR Soil 
Covers (continued) 

Cover 
Component Key Technical Issues Feasibility of Testing at SwRI 

Filter Fabric 

Fabric could chemically or biologically 
degrade or be penetrated by roots or 
burrowing animals, allowing fines to 
clog the drainage layer; clogging of 
the layer could cause perching of 
infiltrating water and lateral diversion 
to side slopes. 

Yes, the effects of filter fabric 
degradation can be tested, and 
could require excavating portions 
of small-scale test cells.  Large 
burrowing animals may not be 
present, however, at SwRI. 
 

Yes, perched water on the filter 
fabric may be detectable with 
instrumentation. 

Drainage Layer 

This layer could clog with fines from 
the overburden, reducing its 
permeability and lateral diversion 
efficiency. 

Yes, ponding within the drainage 
layer may be detectable with 
instrumentation. 
 

However, measurable clogging of 
the drainage layer may not occur 
during the project lifetime.  
Smaller, shorter time frame 
experiments may provide some 
insights. 

High-Density 
Polyethylene 
(HDPE) or other 
Geomembranes 

Such materials may develop 
unintended leaks in the form of holes, 
perforations, punctures, slits, tears, 
knife cuts, seam breaches, burned-
through zones and cracks, defective 
seams, seam separation, wrinkles, 
root penetrations and other physical 
damage. 

Yes, leaks in geomembranes or 
at geomembrane welds are 
detectable through installation of 
permanent monitoring 
instrumentation. 

Clay Layer or 
Geosynthetic 
Clay Liner 
(GCL) 

This layer could develop desiccation 
cracks that increase its effective 
permeability.  This layer could develop 
shrinkage cracks due to exchange of 
Ca or Mg ions for Na in clay; fabric 
enclosing and stabilizing clay could 
chemically or biologically degrade, 
creating holes in the clay layer. 

Degradation of this barrier can be 
tested with the exception of 
freeze–thaw cycling degradation.  
 

Effects of ion exchange might 
require augmenting local soil 
with Ca. 

Side Slopes 

Side slopes are subject to frost heave 
displacing rip rap, animal burrows 
leading to piping flow, and vegetation 
displacing rip rap.  Cover designs also 
include surface water diversions along 
side slopes that may degrade with 
time due to bank erosion or ponding 
due to debris accumulation. 

Yes, side slope performance can 
be tested with the exception of 
effects of frost heave, but would 
require constructing test cells 
near surface water drainage.  
This could negatively impact 
SwRI’s stormwater drainage 
system and off-site drainage 
ways.  NOT RECOMMENDED. 

SwRI = Southwest Research Institute® 
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2.3 Review of Prior and Ongoing Independent Investigations 
 
Sandia National Laboratory and the DOE Office of Legacy Management (DOE-LM) have 
conducted and are currently conducting relevant experimental investigations of engineered 
barriers.  At Sandia National Laboratory in Albuquerque, New Mexico, several engineered 
covers (including covers meeting Resource Conservation and Recovery Act criteria) and 
alternative “store and release” covers were constructed at the Alternative Landfill Cover 
Demonstration site (Dwyer, 2001).  The focus of the study was on water balance; specifically, 
the flux of water through the various covers.  The test plots are 13 m [43 ft] wide by 100 m 
[328 ft] long.  Data from the plots were used to test two predictive numerical models:  Hydrologic 
Evaluation of Landform Performance (HELP) by Schroeder, et al. (1994) and UNSAT-H by 
Fayer and Jones (1990).  DOE-LM is using monitoring and natural analog studies to evaluate 
the long-term performance of engineered covers.  Monitoring is conducted on existing 
engineered covers over uranium mill tailings at several locations.  At the site in Monticello, Utah, 
a 3-ha [7.4-ac] drainage lysimeter was constructed as well as smaller lysimeters (Waugh, et al., 
2008).  The focus of the monitoring is to evaluate the water balance of the engineered cover as 
affected by plant transpiration.  Engineered covers at Burrell, Pennsylvania, and Shiprock, 
New Mexico, are also being monitored (e.g., Waugh, et al., 1999; DOE-LM, 2012).  Natural 
analog studies are conducted to understand long-term ecological processes and how they may 
affect performance of covers (e.g., Waugh, et al., 1994a).  The degree to which and how 
ecological plant succession and pedogenesis may impact water balance are two important 
concerns (Waugh, et al., 2003).  Lessons learned from the monitoring and analog studies are 
being used to design next-generation engineered covers. 
 
Other engineered barrier investigations (e.g., Fayer and Gee, 2006) have been smaller in size 
and in scope.  Prior and ongoing investigations have mainly considered engineered soil covers 
placed over waste impoundments.  To evaluate engineered barrier systems more completely, 
the facility design proposed in this report has the additional advantage of including engineered 
bottom liner analogs for testing and evaluation. 
 
2.4 Engineered Soil Cover Testbed Facility Design Considerations 
 
Based on our review of previous and ongoing work on engineered soil covers, the following 
general considerations were used to guide CNWRA development of conceptual plans for 
development and testing (Section 4) of an onsite engineered soil cover testbed facility: 
 
 The spatial scale of engineered soil cover test cells should be large enough to allow 

them to be constructed using materials, equipment, and procedures similar to those 
used in actual covers and large enough to display anticipated heterogeneity of actual 
covers (material heterogeneity will have important effects on deep percolation into the 
waste).  Adequate scaling of test cells will allow the effects of construction defects and 
as-built variability in materials and soil properties to be evaluated. 

 
 Engineered soil cover test cells should be constructed in a manner that will not interfere 

with the use of geophysical techniques to investigate soil and moisture properties and 
material heterogeneities. 

 
 Although numerous other studies have performed water balance studies on a variety of 

cover types, these results were site (and typically time) specific.  Any engineered soil 
cover test cells constructed at SwRI should be designed and instrumented to monitor the 
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long-term temporal evolution of the local water balance as an indicator of time- and 
weather-dependent performance characteristics. 

 
 Engineered soil cover test cells should be constructed to investigate the effect of the soil 

cover on vapor phase transport of radionuclides, particularly radon, but also including 
other radionuclides such as carbon-14, tritium (hydrogen-3), and iodine-129.  Previous 
and ongoing studies by DOE have focused on water infiltration rather than on 
gas emissions. 
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3 FEASIBILITY OF CONSTRUCTING AN ENGINEERED SOIL COVER 
TESTBED FACILITY AT SWRI 

 
Construction of a facility to test the long-term performance of engineered soil covers will require 
that SwRI have ample vacant land in San Antonio, Texas, for construction of an approximate 
2- to 4-ha [5- to 10-ac] facility and be willing to dedicate these areas to this purpose for a period 
needed for long-term studies.  To assess whether areas are available for a long-term 
experimental engineered barrier facility, senior SwRI management held a meeting to evaluate 
SwRI long-term development plans.  The outcome from their evaluation was that two sites are 
potentially available.  These areas are shown in Figure 3-1 with the footprint of a 2.3 ha [5.6 ac] 
test facility.  These areas are relatively flat and would not require tree removal; they would, 
however, require development of an access road and parking lot; clearing and grubbing; 
installation of water, sewer, and electrical utilities; and installation of lighting, gravel walkways, 
an instrument control house or trailer, and a water tank and equipment.  Each location is 
approximately 300 m [1,000 ft] from the nearest utility connection. 
 

Figure 3-1.  Land at Southwest Research Institute That Could Be Used for 
Development and Monitoring of an Engineered Soil Cover Testbed Facility  



3-2 

This feasibility study also considered the effect of the local climate on processes that could be 
investigated at the SwRI site.  The climate of San Antonio, Texas, is humid and subtropical with 
mean annual precipitation of 740 mm [29 in].  The precipitation is almost entirely as rain and the 
mean annual temperature is approximately 21 °C [70 °F].  Occasional freezing conditions 
seldom last more than a few days in a year.  Average relative humidity is 70.5 percent.  The 
quasiperiodic climate pattern El Niño/La Niña-Southern Oscillation (ENSO) causes alternating 
periods of heavy precipitation and drought in San Antonio.  The influence of ENSO, which has 
an average period of 5 years, on deep percolation is naturally testable at the SwRI site.  El Niño 
tends to generate cool, wet weather with the strong potential for extreme flooding, while La Niña 
tends to generate warm, dry weather with the strong potential for extreme drought. 

The climate of San Antonio, Texas, is similar to that of the Savannah River Site, South Carolina, 
in terms of temperature and humidity, but has lower mean annual precipitation.  Like the 
Savannah River Site, San Antonio is subject to extreme precipitation events associated with 
tropical storms and the remnants of hurricanes.  Thus, engineered soil cover testbeds 
constructed at SwRI would be good analogs for covers constructed at the Savannah River Site 
in terms of average climate conditions and vegetation development.  For example, the 
Phyllostachys genus of bamboo, considered for use as vegetation cover at the Savannah River 
Site, grows well in San Antonio, as do some types of deep-rooted trees, although the Pinus 
genus of trees (pine trees) anticipated at the Savannah River Site do not grow well in 
San Antonio.  Annual precipitation can vary significantly from year to year, and south-central 
Texas has been in extreme drought conditions for the last few years with annual precipitation as 
little as half of the mean.  Thus, supplemental irrigation may be required to replicate average 
conditions at the Savannah River Site, although, notably, South Carolina has experienced 
drought conditions during 8 of the past 10 years (Clemson Cooperative Extension, 2012). 

Environmental conditions representative of uranium mill tailings earthen covers in the western 
interior United States will be difficult to replicate at SwRI.  Uranium mill tailings sites are typically 
in areas receiving 200 to 380 mm [8 to 15 in] of precipitation per year, a significant portion of 
which may be in the form of snow, and are subject to strong winds and prolonged freezing.  The 
factors that would need to be controlled to fully replicate the environmental conditions at a 
western U.S. uranium mill tailings site are listed in Table 3-1 along with the engineering 
requirement to control each factor.  The effect of lower precipitation can, in part, be replicated by 
covering an engineered soil cover testbed with a greenhouse and applying artificial rainfall; 
however, without other strict environmental controls, the roof may have other uncontrolled 
effects on air temperatures, winds, and resulting evapotranspiration.  Replicating the effects of 
snow, prolonged freezing conditions, and wind, along with the resulting types of vegetation, 
would require a climate-controlled enclosure that, while technically feasible, would be very 
expensive.  A test facility in San Antonio would, however, be ideally suited to investigate the 
performance of covers at the Uranium Mill Tailings Remedial Action Project site near Falls City, 
Texas {which is located ~50 km [30 mi] southeast of San Antonio} and any future tailings 
impoundments that might be developed in southern Texas or more humid climates in the 
eastern United States, such as Virginia.  For this reason, it may be prudent to construct at least 
one uranium mill tailings-like earthen cover testbed in a manner identical to the existing cover at 
the uranium site in Falls City, Texas.  
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Table 3-1.  Engineering Controls and Feasibility Assessment for Simulating the Climate 
of a Western U.S. Engineered Soil Cover Site 

Climate Variable Engineering Control Feasibility Assessment 
Precipitation Construct greenhouse roof with irrigation 

system to limit rainfall to western U.S. 
levels 

Good 

Temperature Full-enclosure with refrigeration Possible, but expensive to 
construct and operate 

Incident Solar 
Radiation 

Artificial lighting  Possible, but expensive to 
operate 

Wind Fans Possible to use in conjunction 
with other climate controls 

Relative Humidity Full enclosure with dehumidifier Possible, but expensive to 
construct and operate 

Climate-specific 
Vegetation 

Full climate control  Possible, but expensive to 
construct and operate 

 
Bioturbation and biopenetration are significant processes that may affect the long-term 
performance of soil covers.  Although warm-blooded burrowing animals, such as voles, moles, 
badgers, ground squirrels, skunks, and armadillos are present near San Antonio, Texas, they 
may or may not establish residence on the soil covers of a closely-monitored testbed facility at 
SwRI.  A variety of burrowing insects are present in south-central Texas, however, that could 
populate the soil covers. 

In summary, soil cover test cells open to the environment at SwRI would be suitable for 
investigating soil cover performance issues for LLW and WIR sites in warm temperate and 
subtropical portions of the United States.  Irrigation of soil cover testbeds is feasible to replicate 
conditions at sites with climates wetter than that of San Antonio.  The climate at SwRI would 
also be suitable for evaluating uranium mill tailings covers such as that at the Uranium Mill 
Tailings Remedial Action Project site near Falls City, Texas.  Replicating some or all conditions 
at sites in the arid and semi-arid western United States is technically feasible, but would require 
constructing soil covers within a roofed and, potentially, fully climate-controlled enclosure. 
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4 CONCEPTUAL CONSTRUCTION DESIGN FOR AN ENGINEERED 
SOIL COVER TESTBED FACILITY 

 
The preliminary conceptual construction design and layout of the engineered soil cover testbed 
facility consists of eight cover cells (Figure 4-1):  five to investigate long-term performance 
issues directly related to earthen covers typically used at uranium mill tailings piles (Table 4-1) 
and three to investigate long-term performance issues primarily related to LLW/WIR multimedia 
covers (Table 4-2).  There is significant overlap between key technical issues for the two cover 
types.  Proposed approaches for investigating the key technical issues identified in Section 2 
are also listed in Table 4-1 and Table 4-2.  Specific construction designs amenable to 
investigating these issues are discussed in Sections 4.1 and 4.2.  The conceptual design 
presented here is solely for the purpose of developing preliminary construction cost estimates 
and is subject to modification based upon the availability of funding and the specific interests 
and priorities of NRC.  Preliminary cost estimates for engineered soil cover testbed facility 
construction and utilities are presented in Section 4.3. 
 
The conceptual design for the facility consists of four large-scale and four small-scale test cells 
(Figure 4-1).  The dimensions of the large-scale test cells were chosen to be large enough to be 
constructed using materials and equipment comparable to those that would be used to construct 
actual engineered soil covers and to possess the types of heterogeneities in properties that are 
likely to exist in actual engineered soil covers.  The small-scale cells are proposed as a trade-off 
between scale and cost to allow investigation of specific processes of interest and destructive 
direct evaluation of component degradation.  Because of their small size, the small-scale test 
cells may be dismantled to inspect the condition of internal components and then reconstructed 
to investigate additional processes.  Although relatively small, the small-scale cells are wide 
enough to allow them to be constructed using materials and equipment similar to those used in 
actual engineered soil covers.  For example, the 4.6-m [15-ft] design width is the standard width 
of geosynthetic materials used in cover construction.  Each test cell will be constructed over 
high-density polyethylene geomembrane liners graded to drain deep percolation water to 
collection systems that will enable it to be measured.  Leak detection systems (described in 
Section 4) will be installed below the geomembrane liners to detect defects and monitor 
long-term performance of the liners. 
 
Two different concepts for the construction of the small-scale test cells are illustrated in 
Figure 4-2.  One design calls for concrete retaining walls on the two longest sides and the other 
design calls for earthen slopes on all four sides.  As will be discussed in Section 4.3, the 
small-scale design with concrete retaining walls are more expensive to construct initially, but 
less expensive to reconstruct after destructive inspection, that is, the soil cover can be 
reconstructed within the confines of the retaining wells.  The small-scale test cells with 
earthen side slopes are less expensive to initially construct and are better suited for installing an 
electrical leak imaging and monitoring system for the geomembranes, but would require 
complete reconstruction after destructive inspection. 
 
The general construction of a large-scale test cell is illustrated in Figure 4-3.  The conceptual 
layout is modular in the sense that the test cells can be constructed in a sequential manner as 
funds are available.  The testbed facility would be located at SwRI, where it could remain 
undisturbed for long periods (Figure 3-1). 
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Table 4-1.  Technical Approaches to Assessing Long-Term Performance of 
Earthen Covers at Uranium Mill Tailing Impoundments 

Cover 
Component Key Technical Issues Technical Approach 

Rock Mulch 

Rock mulch may increase deep 
percolation by reducing evaporation 

Construct test cells with and without 
rock mulch; monitor water balance. 
 
Independent research has 
demonstrated that rocky soil cover 
reduces evaporation and could 
reduce runoff.  An off-setting effect 
could occur if rock mulch increased 
vegetation growth by capturing 
seeds. 

Vegetative 
Layer 

Soil properties may change with time 
and affect the soil-water properties and 
deep percolation rate.  The vegetative 
layer may erode, burn, or be subject to 
biopenetration and bioturbation. 
Depending on waste form, the layer 
could be subject to uneven settlement 
and ponding, locally increasing the 
deep percolation rate. 

Construct cells with and without 
vegetation; monitor water balance.  
Burn vegetation; monitor water 
balance. 
 
It will be difficult to create arid and 
semi-arid climate conditions at 
SwRI®.  Providing a greenhouse roof 
over a small-scale test cell is one 
approach, but would not duplicate the 
energy balance of a western site 
without complete climate control. 

Frost 
Protection 
Layer 

In addition to providing frost protection 
to the underlying radon barrier, this 
layer reduces the radon flux by 
providing additional residence time.  
Soil properties may change over the 
long term and affect the soil-water 
properties and deep percolation rate.  
This layer could be subject to 
biointrusion by roots and burrowing 
animals. 

Monitor moisture content.   
 
Other than providing frost protection, 
the frost protection layer plays a 
similar role to the foundation layer in 
LLW/WIR engineered soil covers. 
 
Duplicating cold western climates to 
evaluate the effectiveness of its frost 
protection capabilities is not possible 
without complete climate control. 

Biointrusion 
Layer 

Cobbles are used in this layer to 
discourage intrusion by deeply 
burrowing animals. 

Deep burrowing animals may not be 
present at SwRI, thus the 
effectiveness of the biointrusion layer 
may not be testable.  The biointrusion 
layer could, however, have 
unintended consequences on the 
hydrologic performance and structural 
integrity of the cover, so test cells will 
be constructed that include it. 
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Table 4-1.  Technical Approaches to Assessing Long-Term Performance of 

Earthen Covers at Uranium Mill Tailing Impoundments (continued) 
Cover 

Component Key Technical Issues Technical Approach 

Drainage 
Layer 

This layer could clog with fines from the 
overburden, reducing its permeability 
and lateral diversion efficiency.  
Ponding of water in the drainage layer 
could increase deep percolation and 
also create side slope stability 
problems. 

Addressing this issue may require 
constructing a small-scale test cell 
dedicated to destructive monitoring of 
the evolution of the drainage layer, 
because it will be difficult to directly 
monitor its evolution without 
perturbing other cover components 
and the water balance. 

Infiltration 
Barrier 

This barrier could develop desiccation 
cracks that increase its permeability, 
and shrinkage cracks due to exchange 
of Ca or Mg for Na in clay; fabric 
enclosing and stabilizing clay could 
chemically or biologically degrade, 
creating holes in the clay layer. 

Western soils are rich in gypsum 
(CaSO4·2H2O), so infiltrating water is 
likely to be enriched in Ca.  That may 
not be the case for local soil and 
infiltration.  If ion exchange shrinkage 
of Na bentonite is proportional to the 
mass loading of Ca and Mg, then this 
effect could be investigated by 
augmenting the cover soils with 
gypsum and monitoring water quality. 

Radon 
Barrier 

The vapor phase diffusion rate and 
residence time in the cover are 
considered to be the primary factors 
controlling the radon flux.  Earthen 
covers have been designed to meet the 
radon flux standard by modifying the 
thickness of the soil cover and, in some 
cases, by incorporating clay layers into 
the design.  The diffusion coefficient in 
the cover materials is primarily a 
function of the porosity and water 
content of the materials in the absence 
of fast pathways such as desiccation 
cracks and animal burrows.  Changes 
in the water content of the cover, 
particularly in any clay layers, could 
significantly change the effective 
diffusion coefficient and the radon flux.  
Development of fast pathways could 
not only increase the average effective 
diffusion coefficient, but could also 
promote barometric pumping and 
increase the radon flux. 

Conduct gas tracer diffusion tests at 
regular intervals to measure the bulk 
effective diffusion coefficient.  Monitor 
barometric pressure fluctuations 
below the radon barrier to detect fast 
flow pathways and estimate bulk 
permeability of the overlying 
materials. 
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Table 4-1.  Technical Approaches to Assessing Long-Term Performance of 
Earthen Covers at Uranium Mill Tailing Impoundments (continued) 

Cover 
Component Key Technical Issues Technical Approach 

Side Slopes 

Side slopes are subject to frost 
heave displacing rip rap, animal 
burrows leading to piping flow, 
and vegetation displacing rip rap.  
Cover designs also include 
surface water diversions along 
side slopes that may degrade with 
time due to bank erosion or 
ponding due to debris 
accumulation. 

Frost susceptibility of the side slopes 
cannot be tested at SwRI.  Burrowing 
animals may not invade the test cells.  
Vegetation in the form of grass, weeds, 
and trees may develop on the side 
slopes; therefore, at least some of the 
test cells will be constructed with 
representative side slopes so that the 
effect of encroaching natural vegetation 
on slope stability can be investigated. 

LLW = low-level radioactive waste 
SwRI = Southwest Research Institute® 
WIR = waste-incidental-to-reprocessing 

 
Table 4-2. Technical Approaches to Assessing Long-Term Performance of Multimedia 

LLW/WIR Engineered Soil Covers and Closure Caps 
Cover 

Component Key Technical Issues Technical Approach 

Vegetative 
Layer 

Soil properties may change with 
time and affect the soil-water 
properties and deep percolation 
rate.  The vegetative layer may 
erode, burn, or be subject to 
biopenetration and bioturbation. 
Depending on waste form, the 
layer could be subject to uneven 
settlement and ponding, locally 
increasing the deep percolation 
rate. 

Construct cells with and without 
vegetation; vegetate one small-scale 
test cell with bamboo of the genus 
proposed for use at Savannah River 
Site; monitor water balance.  Burn 
vegetation; monitor water balance. 

Foundation 
Layer 

Soil properties may change over 
long time periods, affecting the 
soil-water properties and 
infiltration rate.  Could be subject 
to biopenetrations by roots and 
burrowing animals 

Monitor moisture content.   
 
The foundation layer plays a similar 
role to the frost protection layer at 
uranium mill tailings pile sites in that it 
reduces the radon flux by providing 
additional residence time. 

Filter Fabric 

Fabric could chemically or 
biologically degrade, or be 
penetrated by roots or burrowing 
animals, allowing fines to clog the 
drainage layer; could clog with 
fines causing perching of 
infiltrating water and lateral 
diversion to side slopes. 

Addressing this issue may require 
constructing a small-scale test cell 
dedicated to destructive monitoring of 
the evolution of the filter fabric because 
it will be difficult to directly monitor its 
evolution without perturbing other 
cover components and the water 
balance.  Monitor moisture content in 
the overlying foundation layer. 
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Table 4-2. Technical Approaches to Assessing Long-Term Performance of Multimedia 
LLW/WIR Engineered Soil Covers and Closure Caps (continued) 

Cover 
Component Key Technical Issues Technical Approach 

Drainage 
Layer 

This layer could clog with fines 
from the overburden, reducing its 
permeability and lateral diversion 
efficiency.  Ponding of water in 
the drainage layer could increase 
deep percolation and also create 
side slope stability problems. 

Addressing this issue may require 
constructing a small-scale test cell 
dedicated to destructive monitoring of 
the evolution of the drainage layer 
because it will be difficult to directly 
monitor its evolution without perturbing 
other cover components and the water 
balance. 

High-Density 
Polyethylene 
(HDPE) or other 
Geomembranes 

Such materials may develop 
unintended leaks in the form of 
holes, perforations, punctures, 
slits, tears, knife cuts, seam 
breaches, burned-through zones 
and cracks, defective seams, 
seam separation, wrinkles, root 
penetrations and other physical 
damage. 

Electrical leak detection will be used to 
identify as-built leaks for immediate 
repair.  The long-term integrity of 
HDPE geomembranes will be 
monitored with an electrical leak 
imaging and monitoring system 
(ASTM D6747)*.  This method is most 
appropriate for the large-scale test cells 
or small-scale test cells with earthen 
side slopes. 

Clay Layer or 
Geosynthetic 
Clay Liner 
(GCL) 

This barrier could develop 
desiccation cracks that increase 
its permeability.  This barrier 
could develop shrinkage cracks 
due to exchange of Ca or Mg for 
Na in clay; fabric enclosing and 
stabilizing clay could chemically 
or biologically degrade, creating 
holes in the clay layer. 

If ion exchange shrinkage of Na 
bentonite is proportional to the mass 
loading of Ca and Mg, then this effect 
could be investigated by augmenting 
the cover soils with gypsum and 
monitoring water quality. 

Side Slopes 

Side slopes are subject to frost 
heave displacing rip rap, animal 
burrows leading to piping flow, 
and vegetation displacing rip rap.  
Cover designs also include 
surface water diversions along 
side slopes that may degrade 
with time due to bank erosion or 
ponding due to debris 
accumulation. 

Frost susceptibility of the side slopes 
cannot be tested at SwRI.  Burrowing 
animals may not invade the test cells.  
Vegetation in the form of grass, weeds, 
and trees may develop on the side 
slopes; therefore, at least some of the 
test cells will be constructed with 
representative side slopes so that the 
effect of encroaching natural 
vegetation on slope stability can be 
investigated. 

*ASTM International.  “Standard Guide for Selection of Techniques for Electrical Detection of Leaks in 
Geomembranes.”  ASTM D6747.  West Conshohocken, Pennsylvania:  ASTM International.  2012. 

 
4.1 Uranium Mill Tailings Earthen Cover Testbeds 
 
The uranium mill tailings cover cells will consist of three small-scale and two large-scale test 
cells.  As discussed in Section 3, only some processes affecting covers in the western 
United States can be investigated in San Antonio, Texas, due to the differences in climate 
and energy costs associated with operating a fully climate-controlled enclosure. 
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(A) 

 
 
(B) 

 

Figure 4-2.  Generalized Options for Construction of Small-Scale Test Cells.   
(A) Cell With Concrete Side Walls and (B) Cell With Earthen Side Slopes. 



4-8 

[1 ft = 0.3 m] 
 

Figure 4-3.  Morphology of Large-Scale Test Cells [0.3 m  = 1 ft] 
 
 
Of the two large-scale uranium mill tailings-type earthen cover test cells, one will have a rock 
mulch cover (Cell C, Figure 4-1 and 4-4) and the other will have a mixed rock mulch and soil 
cover (Cell D, Figure 4-1 and 4-5).  Both test cells will be allowed to develop local vegetation. 
The purposes of the large-scale test cells are to evaluate the effects of 

 Construction defects and evolving soil properties on deep percolation and gas emissions 

 Rock mulch versus a soil–rock mulch mixture cover treatment on the water balance 
(e.g., Waugh, et al., 1994b) 

 Wind and water erosion on cover topography and the water balance 

 Biointrusion (only if the cells can be populated by native burrowing animals) 

Three small-scale earthen cover cells, termed “arid zone” cells, are intended to investigate the 
effects of 

 Rock mulch versus bare soil versus vegetation on evapotranspiration and 
deep percolation 

 Siltation on the performance of the drainage layer 

 Ion exchange on the transport properties of the clay-amended radon barrier 

 Cover aging on vapor transport properties 

 Biointrusion (only if the cells can be populated by native burrowing animals) 
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Figure 4-4.  Proposed Composition of Uranium Mill Tailings Earthen Cover 
With Rock Mulch [0.3 m = 1 ft; 2.5 cm = 1 in] 

 

The small-scale arid zone cells will be constructed generally as shown in Figure 4-4, although 
only one cell will have rock mulch (Cell E), whereas the other cells will have a topsoil upper 
layer.  One test cell (Cell F, Figure 4-1) will be surfaced only with bare topsoil to quantify water 
losses due only to evaporation.  Biobarrier®—a trifluralin herbicide root contral fabric layer 
installed in the near surface—will prohibit plant growth on this cell.  The third small-scale test 
cell (Cell G, Figure 4-1) will be allowed to develop local vegetation, which likely will consist of 
grass, weeds, and (eventually) live oak and mesquite trees. 
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Figure 4-5.  Proposed Composition of Uranium Mill Tailings Earthen Cover 

With Mixed Rock Mulch and Soil [0.3 m = 1 ft; 2.5 cm = 1 in] 
 

 
Arid zone small-scale test cells (i.e., Cells E, F, and G) could be enclosed in commercial, 
pre-fabricated greenhouses to shed local precipitation in excess of what is typical in the arid and 
subarid western United States; the greenhouses would be equipped with an irrigation system to 
simulate arid zone precipitation rates and patterns.  Foregoing this arid-zone option, the three 
proposed surface treatments could still be evaluated in terms of their performance subject to the 
San Antonio, Texas, climate, and when destructively tested, processes occurring within the 
small-scale test cells would reasonably be expected to approximate processes occurring in 
equivalent, non-destructively tested large-scale test cells. 
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Soils used to construct the frost barrier layer will be representative of those used to construct 
frost barriers at western U.S. uranium mill tailings sites.  This may require importing soil from 
areas outside San Antonio, Texas, because those frost barrier soils tend to range from silty 
sand (SM)1 to clayey sand (SC), whereas local soils tend to have higher clay content (CL–ML).  
Cover soils will be augmented with gypsum, if necessary, as a source of calcium ions to 
represent calcium/sodium ratios in western soils.  The arid zone cells will be constructed to 
allow the introduction of gas tracers to investigate vapor phase transport properties that could 
affect radon emissions. 
 
4.2 Low-Level Radioactive Waste/Waste-Incidental-To-Reprocessing 

Engineered Soil Cover Testbeds 
 
Three test cells will be constructed to represent engineered soil covers at LLW/WIR sites:  two 
large-scale test cells and one small-scale test cell.  The LLW/WIR test cells are intended to 
evaluate the effects of 

 Construction defects and evolving soil properties on deep percolation and gas emissions 

 Vegetation type on water balance 

 Wind and water erosion on the cover topography and water balance 

 Geomembrane and GCL aging on water balance and gas transport 

 Biointrusion (only if the cells can be populated by native burrowing animals) 

The large-scale test cells will be constructed as illustrated in Figure 4-3 and with a composition 
as shown in Figure 4-6, which is based on cover designs being considered for WIR sites at the 
Savannah River Site, South Carolina.  The cells will be constructed using soils similar to those 
expected to be used at the Savannah River Site, which may have a higher sand content than 
soils available near SwRI.  For this reason, we assume that suitable soils will need to be 
transported from borrow pits of coastal plain sediments that are located 80.5 to 160.9 km [50 to 
100 mi] south of San Antonio, Texas. 
 
One large-scale test cell (Cell A, Figure 4-1), termed the “Texas Cell,” will be allowed to age 
under the natural local climatic conditions.  The other large-scale test cell (Cell B, Figure 4-1), 
termed the “Southeast Cell,” will be irrigated to simulate the mean annual precipitation at the 
Savannah River Site, Aiken, South Carolina.  The Texas Cell will initially be vegetated with local 
grass and then allowed to evolve a natural vegetative cover.  The Southeast Cell will initially be 
vegetated with Bahia grass, as proposed by DOE for the Savannah River WIR sites, and then 
allowed to evolve naturally under an enhanced irrigation program.  Either of these cells may 
eventually develop tree growth, such as live oak or mesquite, both of which are deep-rooted. 
 
The small-scale LLW/WIR cell (Cell H, Figure 4-1) will be constructed generally as shown in 
Figures 4-2 and 4-6.  This cell will be vegetated with bamboo of genus Phyllostachys, as is 
being considered for Savannah River Site WIR disposal facilities, and irrigated to simulate mean 
annual precipitation at the Savannah River Site.  The small-scale LLW/WIR cell will be used to 
investigate the effect of bamboo on evapotranspiration, deep percolation, and soil cover  
 

                                                 
1Unified System of Soil Classification designation 
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Figure 4-6.  Proposed Composition of Waste-Incidental-to-Reprocessing Engineered Soil 
Cover [0.3m = 1 ft; 2.5 cm = 1 in] 

 
stability.  The effect of drought on the bamboo also could be simulated by eliminating irrigation 
and the effect of fire by initiating a controlled burn. 
 
4.3 Preliminary Construction Cost Estimate 
 
Preliminary estimates of the costs to construct individual soil cover test cells are provided in 
Table 4-3.  There would be no cost to NRC for the land that would be used during these 
long-term experiments.  The SwRI locations, which are tentatively available to host the 
engineered soil cover testbed facility, are located approximately 300 m [1,000 ft] from the 
nearest utilities.  An estimate for the cost to construct the infrastructure for the testbed facility, 
including the cost for bringing electricity, water, and sewer to the facility and unit costs for 
irrigation and optional greenhouse covers is provided in Table 4-4.  The costs listed in Table 4-3 
and 4-4 are preliminary and do not include engineering design and construction management 
costs, which could vary by ±25 percent.  These estimates are provided only to assist NRC in 
evaluating the economic feasibility of developing the testbed facility.  More accurate cost 
estimates would require developing specific designs and construction drawings for the facility. 
 
Table 4-5 provides a preliminary estimate of the cost to construct the complete engineered soil 
cover testbed facility as illustrated in Figure 4-1.  The cost to construct the complete facility  
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Table 4-3.  Estimated Fully-Loaded Construction Costs Per Cell Including Labor and 
Materials, Excluding Engineering Design, Construction Management, and Other Fees 

Cell Construction Cost per Cell Comments 
Large uranium mill tailings soil cover
(rock mulch) 

$156,946 Includes leak detection system

Large uranium mill tailings soil cover
(rock mulch/soil mix) 

$163,793 Includes leak detection system

Small uranium mill tailings soil covers
(earthen walls) 

$63,425 Includes leak detection system

Small uranium mill tailings soil covers
(concrete walls) 

$73,927 Includes leak detection system

Large LLW/WIR soil covers $211,898 Includes leak detection system
Small LLW/WIR soil cover (earthen walls) $51,614 Includes leak detection system
Small LLW/WIR soil cover (concrete walls) $62,116 Includes leak detection system
LLW = low-level radioactive waste 
WIR = waste-incidental-to-reprocessing 

 
Table 4-4.  Estimated Infrastructure Costs 

Test Site Preparation/Infrastructure Unit Cost Comments 
Site preparation (clearing and grubbing) $39,516 Site preparation for 8 soil cover cells 
Utilities (water, electricity, sewer) $65,478 Assumes site is 1,000 ft from nearest 

connection; details in the Appendix 
Parking $16,149 Details in the Appendix 
Exterior lighting $62,137 Assumes lighting for 8 soil cover cells 
Walkways $8,698 Assumes access for 8 soil cover cells 
Instrument control house 
{15.2 m × 6.1 m [50 ft × 20 ft)]} 

$32,745  

Greenhouses & Irrigation Systems Unit Cost Comments 
Irrigation tank {fiberglass, 75,700 L 
[20,000 gal]} 

$13,048 — 

Irrigation pumps and valves $1,390 — 
Large irrigation system $23,112 Per cell 
Small irrigation system $4,341 Per cell 
Greenhouse for small soil cover $66,000 Per cell 

 
would be approximately $2,000,000, plus the cost of instrumentation (see Section 5).  Although 
some economy of scale and cost savings might be realized by constructing all cells 
simultaneously, individual cells can be constructed in succession as NRC’s priorities dictate and 
as funding is available.  Basic infrastructure, with the possible exclusion of site preparation, 
water tank, irrigation system, and lighting, would be the same regardless of how many cells 
were constructed. 
 
The annual operating cost of the engineered soil cover testbed facility will depend on the 
analyses and modeling required as a result of the monitoring data streams and upon the 
potentially time-varying level of active investigations of test cell properties.  At a minimum, a 
hydrometeorological station would need to be operated and maintained, water sampling of drain 
gauges would be required on a periodic basis, and deep percolation at the base of the cells  
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Table 4-5.  Construction Cost Estimate for Engineered Soil Cover Testbed Facility  
Quantity Unit Unit Cost Total 

Site preparation and infrastructure 1 Each $224,723 $224,723
Large uranium mill tailings soil cover 
(rock mulch) 1 Each $156,946 $156,946

Large uranium mill tailings soil cover 
(rock mulch/soil mix) 1 Each $163,793 $163,793

Large LLW/WIR soil covers 2 Each $211,898 $423,796
Small uranium mill tailings soil covers 
(concrete walls) 3 Each $73,927 $221,781

Small LLW/WIR soil cover 
(concrete walls) 1 Each $62,116 $62,116

Irrigation system infrastructure 1 Lump $14,438 $14,438
Large LLW/WIR irrigation system 1 Each $23,112 $23,112
Small irrigation system 4* Each $4,341 $17,364
Small greenhouse [OPTIONAL] 3* Each $66,000 $198,000

Subtotal $1,506,069
Contingency on construction and materials 10% $150,607

Subtotal $1,656,676
Engineering design 5% On Materials $82,834
Construction management 6% On Materials $99,401

Total $1,838,910
Southwest Research Institute fee 8% $147,112

Grand Total* $1,986,023
LLW = low-level radioactive waste 
WIR = waste-incidental-to-reprocessing 
*Three greenhouses to cover three small-scale uranium-type test cells are optional.  If greenhouses are not utilized to control 
precipitation rate, the number of small irrigation systems is reduced to one for the single small LLW/WIR cell, and the grand total 
construction cost estimate is reduced to $1,707,752. 

 
would be measured (these activities and devices are discussed in Section 5).  Additionally, staff 
would need to conduct routine visual inspections of surficial layers and slopes, and special 
visual inspections after major rain events for evidence of surface cracking, wet areas, ponded 
water, unusual surface conditions, erosion, and gullying.  The minimum operation and 
maintenance cost would be approximately $50,000 per year, assuming one day per week 
inspection and maintenance by a technician, 1 day per month data quality review by 
professional staff (no data analysis or interpretation), and utility costs. 
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5 MONITORING SYSTEM FOR AN ENGINEERED SOIL COVER 
TESTBED FACILITY 

 
The National Research Council’s (2007) Committee to Assess the Performance of Engineered 
Barriers recommended that the NRC establish engineered soil cover observatories or test 
facilities to monitor changes in the properties of cover system components and assess the 
long-term performance of waste containment systems at field scale.  This section documents a 
feasibility study for the acquisition and deployment of instrumentation systems to monitor the 
performance and degradation of the engineered soil cover testbed facility proposed in Section 4 
of this report.  Monitoring system recommendations are based on knowledge of the key 
technical issues that NRC faces when evaluating the long-term performance of engineered soil 
covers and the idea that the resulting field data will feed into observation-driven predictive 
performance modeling that accounts for time-dependent properties of engineered soil covers.  
Monitoring data should be spatially and temporally suitable for (i) data assimilation into 
predictive models, (ii) model–data intercomparison, and (iii) providing insights into safety-related 
performance issues.  In this section, staff identify the parameters needed to model an 
engineered soil cover and the related field data that must be gathered, and then identify 
instrumentation options that will provide the required data.  Staff address whether the proposed 
instrumentation has a long history of effective use or whether the technology is relatively 
untested.  Pros, cons, and risks are identified, and instrumentation systems are recommended. 
  
Monitoring instruments and methods are needed to assess 
 
 SwRI site energy and water balances 

— Barometric pressure 
— Winds 
— Solar radiation and insolation 
— Air, surface, and subsurface temperatures (esp. geomembrane temperature) 
— Slope aspect  
— Vegetative layer characteristics (diversity, percent cover, leaf area index) 
— Temporally and spatially varying water budget parameters 

– Precipitation and irrigation rate, if applicable 
– Actual evapotranspiration 
– Runoff (drainage) 
– Deep percolation 

 
 Surface stability 

 
— Temporally and spatially varying vegetation and edaphic characteristics of 

topsoil, rock mulch, and soil–rock mulch mixtures (plant composition, percent 
cover, root depth, root length density, soil fertility, bulk density, structure, 
and texture) 
 

— Water-, wind-, and fire-induced erosion (actively repair versus no action) 
 

— Temporally varying microbial and particulate clogging and undercapacity of 
drainage systems 
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 Soil and engineered barrier evolution affecting gas and liquid transport properties 
 
— Temporally and spatially varying subsoil edaphic characteristics (bulk density, 

structure, texture, and water budget of individual soil layers/system components) 
 

— Evolution of biotic activity and bioturbation within individual soil cover layers 
(e.g., actively remove deep tap-rooted vegetation versus no action) 
 

— Temporally and spatially varying gas permeability 
 

— Temporally and spatially varying field saturated hydraulic conductivity 
 

— Temporally and spatially varying relative hydraulic conductivity vs. saturation 
 

— Temporally and spatially varying thermal properties 
 

— Temporal degradation of geo- and bio-engineered materials, including 
geomembrane defects 
 

— Temporally and spatially varying soil moisture 
 

— Temporally and spatially varying pore water pressure or water potential 
 

— Temporally and spatially varying soil water characteristic curves 
 

A consideration for long-term monitoring of vadose zone processes identified by Or and 
Dinwiddie (2007) was that monitoring systems should be designed with robust, overlapping 
layers of sensors and measurement redundancy to reduce interruptions to information streams 
and assure identification of error precursors.  To build a comprehensive understanding of 
long-term engineered soil cover processes requires an investment in acquisition of sustainable 
time-series data.  Informational redundancy may be attained by deploying large numbers of 
sensors, especially those placed in duplicates or clusters, or by concurrent measurement of 
multiple state variables (subsurface temperature, barometric pressure) by multiple independent 
methods to enable accurate interpretations, cross verification, and data correction procedures.  
Simple, robust, and easy-to-measure surrogate or proxy variables should be measured to form 
a robust set of information for deducing deep percolation and cover performance.  Verification 
that instruments are performing as intended and periodic instrument calibration will ensure 
acquisition of reliable, accurate time-series data.  Sensor development has rapidly advanced, 
offering greater reliability, smaller sizes, lower power requirements, full automation, wireless 
capabilities, and longer lifespans.  Sensors will be placed throughout the engineered soil cover 
system components to monitor signficant physical, chemical, and biological processes that can 
induce changes in their structure and physical characteristics.  Table 5-1 presents a matrix of 
engineered soil cover components, important properties that reflect their long-term performance, 
recommended measurement methods, and which of the eight recommended test cells the 
methods would be utilized for. 

5.1 SwRI Site Water Budget and Quasiperiodic Climate Patterns  
 
A permanent hydrometeorological station should be installed at the engineered soil cover 
testbed facility to permit routine site-specific measurement of meteorological parameters  
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Table 5-1.  Monitoring Methods for Assessing Long-Term Performance of 
Earthen and Engineered Soil Covers 

Cover 
Component Properties Monitoring Methods 

Testbed 
Cells

Rock Mulch or 
Rock Mulch/ 
Soil Mixture 

 Water/energy balance 
 Runoff 
 Infiltration capacity 
 Evapotranspiration 

 
 Soil respiration 
 Subsurface temperature 
 Barometric pressure 
 Vegetation characteristics  

— Diversity/compositio
n 

— Percent cover 
— Leaf area index 
— Root depth 
— Root length density 

 Surface topography 

 Hydromet station 
 Drainage system & sump 
 Infiltrometer 
 Atmometer & VNIR/TIR & 

eddy covariance tower 
 CO2 flux sensor 
 Thermocouples 
 Pressure transducers 

 
 VNIR/TIR & 

routine inspection 
 PAR sensor 
 Minirhizotron tube/camera 

system 
 RTK DGPS & LiDAR 

C, D, E, F, G

Vegetative 
Layer 

 Water/energy balance 
 Runoff 
 Infiltration capacity 
 Evapotranspiration 

 
 Soil respiration 
 Subsurface temperature 
 Barometric pressure 
 Moisture content 

 
 Water potential 
 Thermal properties 
 Vegetation characteristics 
 
 
 Surface topography 
 Effects of biological activity 

 Hydromet station 
 Drainage system & sump 
 Infiltrometer 
 Atmometer & VNIR/TIR & 

eddy covariance tower 
 CO2 flux sensor 
 Thermocouples 
 Pressure transducers 
 Capacitance sensors & 

L-band SAR 
 Tensio- & psychrometers 
 Thermal needle probe 
 VNIR/TIR & LiDAR & PAR 

sensor & Minirhizotron 
tube/camera 

 RTK DGPS & LiDAR 
 Routine monitoring & 

All but F 

 Topsoil characteristics 
— Porosity 
— Bulk density 
— Structure 
— Texture 
— Fertility 

 Destructive monitoring of 
vegetative layer properties 

E, G, H 
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Table 5-1.  Monitoring Methods for Assessing Long-Term Performance of 
Earthen and Engineered Soil Covers (continued) 

Cover 
Component Properties Monitoring Method(s) 

Testbed 
Cells

Frost Barrier 

 Water/energy balance 
 Temperature 
 Barometric pressure 
 Moisture content 
 Water potential 
 Thermal properties 
 Gas permeability 

 Passive capillary wick 
 Thermocouples 
 Pressure transducers 
 Capacitance sensors 
 Tensio- & psychrometers 
 Thermal needle probe 
 Annual packer testing 

C, D, E, F, G 

 Effects of biological activity 
 Soil characteristics 

 Destructive monitoring of 
frost barrier properties 

E, F, G 

Foundation 
Layer 

 Water/energy balance 
 Subsurface temperature 
 Barometric pressure 
 Moisture content 
 Water potential 
 Thermal properties 

 Passive capillary wick 
 Thermocouples 
 Pressure transducers 
 Capacitance sensors 
 Tensio- & psychrometers 
 Thermal needle probe 

A, B, H 

 Effects of biological activity 
 Soil characteristics 

 Destructive monitoring of 
foundation layer properties 

H 

Filter Fabric Degradation state & mode(s) Destructive monitoring  H 

Biointrusion or 
Erosion Barrier 

 Water/energy balance 
 Temperature 
 Barometric pressure 
 Moisture content 
 Water potential 
 Thermal properties 

 Passive capillary wick 
 Thermocouples 
 Pressure transducers 
 Capacitance sensors 
 Tensio- & psychrometers 
 Thermal needle probe 

C, D, E, F, G 
(biointrusion) 
 
A, B, H 
(erosion) 

 Effects of biological activity 
 Soil characteristics 

 Destructive monitoring of 
layer properties 

E, F, G, H 

Drainage 
Layer 

 Water/energy balance 
 Lateral diversion 
 Temperature 
 Barometric pressure 
 Moisture content 
 Water potential 
 Thermal properties 

 Passive capillary wick 
 Drainage system & sump 
 Thermocouples 
 Pressure transducers 
 Capacitance sensors 
 Tensio- & psychrometers 
 Thermal needle probe 

A, B, H 

 Soil stratification 
 Hydraulic conductivity 
 Effects of biological activity 
 Side slope stability 

 Destructive monitoring of 
drainage layer properties 

H 
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Table 5-1.  Monitoring Methods for Assessing Long-Term Performance of 
Earthen and Engineered Soil Covers (continued) 

Cover 
Component Properties Monitoring Method(s) 

Testbed
Cells

Compacted 
Clay, 
Geosynthetic 
Clay Liner, 
or 
Infiltration 
Barrier 

 Temperature 
 Barometric pressure 
 Moisture content 
 Water potential 
 Water quality (Na, Ca, Mg) 

 Thermocouples 
 Pressure transducers 
 Heat dissipation sensors 
 Tensio- & psychrometers 
 Passive capillary wick 

All 

 Hydraulic conductivity 
 Crack development 
 Effects of biological activity 
 Degradation state of fabric 

 Destructive monitoring of 
layer properties 

E, F, G, H 

Radon Barrier 

 Water/energy balance 
 Temperature 
 Barometric pressure 
 Moisture content 
 Water potential 
 Thermal properties 
 Gas permeability 
 Diffusion coefficient 
 Residence time 

 Passive capillary wick 
 Thermocouples 
 Pressure transducers 
 Capacitance sensors 
 Tensio- & psychrometers 
 Thermal needle probe 
 Annual packer testing 
 Gas tracer diffusion tests 

C, D, E, F, G 

 Porosity  Destructive monitoring E, F, G 

Geomembrane 
 Leak density 
 Leak location 
 Temperature 

 Electrical leak imaging & 
monitoring 

 Thermocouples 

All 

Side Slopes 

 Animal burrowing 
 Surface topography 
 Diversion channel erosion 
 Debris accumulation 
 Vegetation-disturbed rip 

rap 
 Suspended sediment 

 Burrow characteristics 
 Routine inspection & 

RTK DGPS & LiDAR & 
InSAR 

 

 Drainage system & sump & 
acoustic, laser diffraction, & 
optical backscatter sensors 

A, B, C, D 

Initial, As-Built 
Properties 

 Hydraulic conductivity 
 

 Thermal properties 
 Geomembrane leaks 

 Infiltrometer & 
Guelph Permeameter 

 Thermal needle probe 
 Electrical leak detection 

All 

 
affecting the water balance of the soil covers.  The hydrometeorological station should be 
installed above one of the large-scale test cells, and should be located far from buildings or 
other tall infrastructure that could superimpose local, unnatural signatures on acquired weather 
data.  CNWRA staff recommend the Vaisala manufacturer of MAWS automatic 
hydrometeorological stations based upon prior experience with this instrumentation and the 
vendor’s status on SwRI’s approved supplier list.  In particular, staff use the Vaisala weather 
transmitter WXT520 to measure the six most essential weather parameters:  horizontal wind 
speed and direction, air temperature, barometric pressure, relative humidity, and liquid 
precipitation (including rainfall quantity, duration, and intensity).  Staff recommend the data 
logger(s) be programmed to record the 1-min and 1-hr mean value of each parameter.  Multiple 
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transmitters, such as the WXT50, also can be vertically stacked so that vertical gradients of air 
temperature, relative humidity, and barometric pressure can be calculated.  Staff recommend 
augmenting the permanent hydrometeorological station with a vertical wind sensor, such as the 
WindMaster Pro WS/DW three-dimensional sonic anemometer by Gill Instruments, which will 
make eddy covariance water vapor flux and actual evapotranspiration measurements possible.  
CNWRA staff recommend the Vaisala QMN101 sensor for monitoring net solar radiation 
(i.e., the balance between incoming and outgoing solar radiation) and the Vaisala QMT107 soil 
temperature probe for monitoring air temperature, ground temperature, and subsurface 
temperatures at 0, 5, 10, 20, 50 and 100 cm [0, 2, 4, 8, 20 and 39 in] below ground level.  SwRI 
currently owns three WXT520 weather transmitters, a QMN101 net solar radiation sensor 
(i.e., NR Lite thermopile), a QMT107 soil temperature probe, and a WindMaster Pro WS/DW 
sonic anemometer configured into a portable system for temporary use at multiple research 
sites.  As such, this portable system would not be available over the long-term lifetime of the 
engineered soil cover testbed facility project.  This system could, however, be used as a 
secondary back-up or to monitor conditions temporarily within a greenhouse-covered test cell 
when it is not needed by other projects.  A permanent hydrometeorological station would need 
to be acquired at project expense with the Vaisala-component-only base price at an 
approximate cost of $37,195; actual cost will depend on selected sensors and sensor 
quantities.  This cost estimate assumes three WXT520 sensor units would be placed at three 
levels to enable estimates of boundary layer air temperature, water vapor, and barometric 
pressure gradients. 
 
Precipitation 
 
Precipitation should be monitored with the permanent hydrometeorological station; staff 
specifically recommend the Vaisala WXT520 sensor system.  Additional rain gauges with heater 
systems, such as the Vaisala QMR102 tipping bucket rain gauge, could be acquired if solid 
precipitation is a concern, but snowfall is a rare, negligible occurrence in San Antonio, Texas.  
Augmented precipitation at two of the engineered soil covers will be the sum of the artificial 
rainfall rate and the simultaneously measured natural precipitation rate.  Precipitation beneath 
greenhouses will be the artificial rainfall rate. 
 
Temperature 
 
Air, surface, and subsurface temperatures should be monitored with the permanent 
hydrometeorological station, and with embedded subsurface thermocouples at 15-cm [6-in] 
depth increments to better understand the service environment of engineered soil cover system 
components (e.g., temperature-sensitive geomembranes).  Staff specifically recommend one or 
more of the Vaisala WXT520 sensor systems for the hydrometeorological station and the 
Vaisala QMT107 subsurface temperature sensor, in addition to potential use of 
thermocouple strings. 
 
Barometric Pressure 
 
Barometric pressure should be monitored with a permanent hydrometeorological station located 
at the testbed facility and with pressure transducers and data loggers (such as those sold by 
Soil Measurement Systems and Campbell Scientific) within the soil covers.  Staff specifically 
recommend the Vaisala WXT520 sensor system for the hydrometeorological station. 
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Solar Radiation 
 
Solar radiation should be monitored with a permanent hydrometeorological station located at the 
testbed facility.  Potential sensors include total solar irradiance pyranometers, and the Vaisala 
QMN101 net solar radiation sensor.  A high-quality (World Meteorological Organisation, 1996) 
CMP 22 pyranometer by Kipp and Zonen could be added to the hydrometerological station for 
less than $10,000 (Table 5-2), and less robust Kipp and Zonen pyranometers are available at 
costs of $3,700 or more. 
 
Wind Speed and Direction 

Wind speed and direction should be monitored with a permanent hydrometeorological station 
located at the testbed facility.  Staff specifically recommend the Vaisala WXT520 sensor system 
for measuring horizontal (two-dimensional) winds and the Gill WindMaster Pro WS/DW 
three-dimensional sonic anemometer for measuring both horizontal and vertical winds.  The 
three-dimensional anemometer could be acquired at a cost of $7,000 (Table 5-2). 
 
Actual Evapotranspiration 
 
In the past, NRC staff has expressed concern that evapotranspiration on a soil cover may differ 
from evapotranspiration on adjacent low-lying areas where water balances are usually 
calculated (personal e-mail communication)2,3.  To address this concern, actual 
evapotranspiration should be monitored locally on a soil cover, and on northern and southern 
toe slopes to determine the influence of altitude, slope aspect and insolation on local 
evapotranspiration.  Additionally, NRC staff has identified uncertainties in the effects of relatively 
low winter-season plant growth and resulting seasonal lows in plant transpiration on deep 
percolation into the waste.  To address this concern, actual evapotranspiration and the other 
components of the water budget should be monitored throughout the calendar year (i.e., over at 
least one 12-month period, if not longer) to understand the seasonal changes in deep 
percolation.  Finally, NRC staff has expressed concern that evaporation from an engineered soil 
cover is not sufficient to prohibit deep percolation (personal e-mail communication)4, yet some 
cover designs do not include use of a vegetative layer for transpiration.  To address this 
concern, one small-scale test cell would be limited to evaporation-only through use of a 
near-surface Biobarrier fabric layer to prevent vegetation establishment.  In this way, the effects 
of the evaporation component can be compared with the total evapotranspiration that occurs in 
an adjacent, vegetated small-scale test cell. 
 
Environmental factors that affect plant transpiration rate include air temperature, humidity, 
insolation, wind, and soil moisture.  Vadose-zone numerical models consider transpiration at 
various levels of complexity.  Process-level models of plant transpiration at the cover scale 
require information such as plant growing season, plant moisture limiting factor relationship 
(e.g., wilting, limiting and anerobiosis points), root growth (i.e., rate, depth and density) 

                                                 
2Barr, C.  “SRS F-Tank Farm Closure Cap.”  E-mail communication (December 8) to C. Dinwiddie, CNWRA.  
Washington, DC:  NRC.  2008. 
3Arlt, H.  “Draft Requests for Additional Information and Requests for Clarification Based on the Reference Document:  
FTF Closure Cap Concept and Infiltration Estimates [WSRC–STI–2007–00184, Rev. 2, October 2007].”  E-mail 
attachment (December 8) to C. Dinwiddie, CNWRA.  Washington, DC:  NRC.  2008. 
4Arlt, H.  “Review of Draft Feasibility Study Report for Subtask 1, Task Order 28.”  E-mail communication (August 16) 
to C. Dinwiddie, CNWRA.  Washington, DC:  NRC.  2012. 



 

Table 5-2.  Instrumentation Cost Estimate for Engineered Soil Cover Testbed Facility
Quantity Unit Unit Rate Total Sampling Rate 

I. HYDROMETEOROLOGICAL STATION(S) 
A. Vaisala MAWS301/AC power/battery backup/4-m mast 1 Each $25,000.00 $25,000.00 NA
B. Vaisala radio modem for telemetry 1 Each $2,000.00 $2,000.00 NA
C. Vaisala WXT520 Wx Tx (6 common weather parameters) 3 Each $2,545.00 $7,635.00 1-min mean
D. Kipp & Zonen NR Lite thermopile (QMN101 net solar radiation sensor) 1 Each $1,610.00 $1,610.00 1-min mean
E. Vaisala QMT107 Soil Temperature Probe 1 Each $950.00 $950.00 15-min mean
F(1). Kipp and Zonen CMP 22 Pyranometer 1 Each $7,535.50 $7,535.50 1-min mean
F(2). CVF 3 pyranometer ventilation unit 1 Each $1,422.50 $1,422.50 NA
F(3). CMF2 mounting bracket and pole mount 1 Each $502.50 $502.50 NA

Total $46,655.50
II. EVAPOTRANSPIRATION SENSORS 
A(1). ETgage Model E atmometer 1 Each $633.00 $633.00 Event tripped
A(2). Hobo Pendant event data logger and software 1 Each $200.00 $200.00 NA
B(1). Li-Cor LI-7500A Open Path H2O Analyzer (2-yr warranty) & EddyPro 1 Each $19,045.00 $19,045.00 10 Hz 
B(2). Gill WindMaster Pro WS/DW Sonic Anemometer 1 Each $7,000.00 $7,000.00 10 Hz
C. Tower-mounted multispectral VNIR/TIR camera(s) TBD TBD

Total $26,878.00
III. VEGETATION, CONTROLS & SENSOR(S) 
A. BioBarrier [if used in all 8 test cells (0.3 acre; OPTIONAL)] 13000 ft2 $2.30 $29,900.00 Construction
B. Phyllostachys bamboo (for 1 small-scale test cell) 48 Each $41.67 $2,000.00 Construction
C. Decagon AccuPAR LP-80 (Leaf Area Index) 1 Each $3,100.00 $3,100.00 Monthly
D. Decagon SC-1 Leaf Porometer (stomatal conductance) (OPTIONAL) 1 Each $2,550.00 $2,550.00 Monthly

Total $5,100.00
IV. ELECTRICAL LEAK DETECTION 
A. Periodic imaging & monitoring services by LLSI (10 years) 120 2 hr $190.00 $22,800.00 <Monthly

Total $22,800.00
V. THERMAL SENSOR(S) 
A. Decagon KD2 Pro Thermal Properties Analyzer 1 Each $4,995.00 $4,995.00 Annually
B. East30Sensors thermal conductivity sensors 40 Each $150.00 $6,000.00 Annually
C. CSI CR1000 data logger (OPTIONAL for continuous monitoring) 8 Each $2,000.00 $16,000.00 NA

Total $10,995.00
VI. SURFACE STABILITY 
A. Trimble real-time kinematic differential GPS 1 SwRI-owned Annually
B. Trimble laser scanner 1 SwRI-owned Annually
C. Tower-mounted inSAR instrument 1 Each TBD TBD

Total TBD
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Table 5-2.  Instrumentation Cost Estimate (continued) 
Quantity Unit Unit Rate Total Sampling Rate 

VII. SHALLOW INFILTRATION, DEEP PERCOLATION, WATER QUALITY 
A. Guelph Pressure Infiltrometer (10 and 20 cm rings) 2 SwRI-owned Annually 
B(1). Guelph Permeameter (NRC-government property at SwRI) 1 NRC-owned Annually 
B(2). Guelph extension kit, 80 cm 3 Each $113.00 $339.00 NA 
B(3). Miscellaneous 1/2" auger extension pipe and couplings 1 Misc. $100.00 $100.00 NA 
C. Guelph Tension Infiltrometer Adapter 1 Each $1,449.00 $1,449.00 Annually 
D(1). Decagon Drain Gage G3 w/ pressure sensor 40 Each $1,400.00 $56,000.00 Hourly 
D(2). EM50 or EM50G data logger (5 G3s per logger and test cell) 8 Each $890.00 $7,120.00 NA 

Total $65,008.00
VIII. GEOPHYSICAL EQUIPMENT 
A. Sensors & Software PulseEKKO PRO Geological GPR + software 1 SwRI-owned Annually 
B. IRIS Syscal Pro, 10-channel resistivity meter + stake electrodes + 
software 1 SwRI-owned Annually 
C. Advanced Geosciences, Inc. SuperSting, 8-channel res meter + 
electrodes 1 SwRI-owned Annually 
D. Geonics EM–31 ground conductivity meter + software 1 SwRI-owned Annually 

Total No cost
IX. WATER POTENTIAL, SOIL MOISTURE 
A(1). TS1 Smart Tensiometer 64 Each $1,485.28 $95,057.92 Hourly 
A(2). CSI CR1000 data logger (8 or more TS1s per logger and test cell) 8 Each $2,000.00 $16,000.00 NA 
A(3). UMS gouge auger for TS1 Smart Tensiometer 1 Each $345.15 $345.15 NA 
B(1). 1.5-m Wescor PST-55 hydrometer/psychrometer (3-yr lifetime) 101 Each $76.95 $7,771.95 Hourly 
B(2). 3.0-m Wescor PST-55 hygrometer/psychrometer (3-yr lifetime) 101 Each $80.75 $8,155.75 Hourly 
B(3). PSYPRO data logger (8 TCPs per logger and cell) 8 Each $4,795.00 $38,360.00 NA 
C(1). SMS elbow tensiometers (24"H:6"V) for concrete wall access 16 Each $240.00 $3,840.00 Hourly 
C(2). CSI CR1000 data logger (4 pressure transducers per logger) 4 Each $2,000.00 $8,000.00 NA 
D(1). Decagon 5TE soil moisture, temperature, EC sensor  41 Each $185.00 $7,585.00 Hourly 
D(2). EM50 or EM50G data logger (5 5TEs per logger and test cell) 8 Each $890.00 $7,120.00 NA 
E. Tower-mounted active/passive microwave instrument(s) TBD TBD
F. Trase TDR system with 256 waveguides (NOT RECOMMENDED) 1 Sys $58,260.00 $58,260.00 Hourly 

Total $192,235.77
Grand Total $369,672.27
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relationships, percent cover, and leaf area index.  Leaf area index is calculated by estimating 
canopy morphology and measuring light conditions (solar zenith angle, fraction of direct solar 
beam radiation) and the canopy transmission coefficient (ratio of photosynthetically active 
radiation above the canopy to intercepted light below the plant canopy), which is a function of 
season and canopy maturity.  Leaf area index may be monitored in situ with Decagon Devices’ 
AccuPAR LP-80 photosynthetically active radiation sensor, also used by Scanlon, et al. (2005), 
which may be acquired at an approximate cost of $3,100 (Table 5-2).  Data from hand-held 
stomatal conductance devices (such as Decagon Devices SC-1 leaf porometer) are used to 
calculate transpiration from individual leaves, but are difficult to upscale to an ecosystem and 
thus, acquisition of such instrumentation is not recommended as a first priority. 
 
Potential evapotranspiration from the soil cover ecosystem should be monitored using an 
automated Bellani plate atmometer (e.g., ETgage™ model E) that utilizes a green canvas or 
Gore-Tex® vapor diffusion resistance barrier to simulate the transpiration rate from an adjacent 
healthy plant community.  An ETgage model E with Hobo® Pendant® event data logger may be 
acquired at an approximate cost of $900 (Table 5-2).  Open-water potential evaporation may 
also be monitored daily via Class A evaporation pans, but this is a hands-on, time-consuming 
process, and these data do not represent the resistance to evaporation provided by a 
transpiring vegetated cover.  For historical purposes and for comparison with facility-specific 
data, daily potential evapotranspiration data for northern San Antonio, Texas, are available 
online from the TexasET Network at http://texaset.tamu.edu/index.php. 

Actual evapotranspiration is commonly monitored for agricultural purposes using 
remote-sensing data (e.g., Landsat Thematic Mapper and Operational Land Imager data and 
Terra Advanced Spaceborne Thermal Emission and Reflection Radiometer data) and methods 
[normalized difference vegetation index; Surface Energy Balance Algorithm for Land (SEBAL); 
Mapping Evapotranspiration at high Resolution and with Internalized Calibration (METRIC); 
(e.g., Running and Nemani, 1988; Running, et al., 1989, 1999, 2004; Bastiaanssen, et al., 
1998a,b)].  The problem with utilizing satellite-based, remote-sensing imagery to monitor 
actual evapotranspiration at the engineered soil cover testbed facility is that the 15 × 15 m2 
[50 × 50 ft2] vegetated portion of the large-scale test cells is at least four times smaller than the 
best image resolution for actual evapotranspiration remote-sensing data products from 
U.S. government satellites with regularly recurring overflights.  On the other hand, 
high-resolution commercial data from satellites such as IKONOS, QuickBird, and GeoEye are 
available too infrequently (e.g., overflights occur every 160 to 250 days) to monitor seasonal 
changes in actual evapotranspiration.  The cost of mobilizing an aircraft at regular intervals to 
acquire high-resolution remote-sensing imagery of the facility with which to produce 
SEBAL/METRIC actual evapotranspiration data would likely be cost-prohibitive.  However, a 
tower-mounted multispectral VNIR/TIR camera(s) could be accommodated at the facility such 
that actual evapotranspiration and ground temperature variations at the various soil covers 
could be temporally and spatially monitored using these same remote-sensing methods.  
Furthermore, laser-scanner or light detection and ranging (LiDAR) instruments could be added 
to the tower platform to account for surface topography and vegetation density variations.  
The associated costs of the tower and required camera(s) and laser sensors have yet to 
be determined. 
 
Actual evapotranspiration from at least one location on a large-scale test cell should be 
monitored in situ using eddy covariance flux towers (e.g., Swinbank, 1951; Massman and Lee, 
2002).  A flux tower would provide ground truth data for comparison with and calibration of a 
tower-mounted remote-sensing system.  Eddy covariance towers include a vertical wind sensor 
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(such as the aforementioned sensor by Gill) and a gas/vapor analyzer specifically designed for 
eddy covariance purposes.  Li-Cor® has a long history as a vendor of eddy covariance gas 
analyzer systems [e.g., LI-7500A Open Path Gas Analyzer, which can be acquired at a cost of 
$19,045 (Table 5-2)]. 
 
Shallow Infiltration 
 
Ring infiltrometers for measuring the maximum rate of shallow infiltration (i.e., infiltration 
capacity) have a long history of use (Johnson, 1963) and are broadly accepted by the scientific 
community.  As soil structure and related parameters evolve, infiltration capacity may be 
monitored by repeated testing on an annual basis.  Disadvantages of ring infiltrometers include 
difficulty of use in stony soils, soil disturbance caused by ring insertion, and poor accuracy of 
derived capillarity parameters due to unnatural ponding that occurs during the measurement 
that maximizes hydrostatic pressure and gravity components of flow while minimizing the 
capillarity component (Reynolds and Elrick, 2004).  Two Guelph pressure infiltrometers {with 
10 and 20 cm [4 and 8 in] rings} acquired by SwRI can be used in association with a Guelph 
Permeameter acquired as NRC government property.  Used together, this equipment can 
measure materials having a hydraulic conductivity of 10−7 to 10−3 cm/s [10−9 to 10−5 ft/s].  
Double-ring infiltrometers do not improve accuracy enough to warrant their extra expense and 
use (Reynolds, 2007).  For derivation of more accurate capillarity parameters, tension 
infiltrometers are recommended for monitoring shallow infiltration.  A Guelph tension 
infiltrometer adapter can be acquired at an approximate cost of $1,449 (Table 5-2). 
 
Infiltration below the root zone can be monitored in situ using a network of passive capillary wick 
lysimeters, such as the Drain Gauge G3 by Decagon Devices, which has intermediate cost and 
accuracy.  The G3 employs a duct and wick design that applies a constant tension to keep the 
measured drainage rate in the gauge equivalent to the drainage rate in the drainage layer 
(Gee, et al., 2009).  This sensor is completely sealed such that it cannot be damaged by 
perched water, and it doubles as a water sample collector.  These devices should be installed 
below the root zone.  Because there is no overflow port, water sampling is periodically required.  
A pressure sensor and data logger are required to minimize manual labor expenses.  Each G3 
drain gauge with pressure sensor has an approximate cost of $1,400, with data loggers being 
an additional cost (Table 5-2).  One data logger is required per five drain gauges.  Multiple soil 
moisture sensors should be installed in close proximity to each drain gauge, as should a single 
rain gauge. 

Surface Runoff and Lateral Drainage 
 
Surface runoff and lateral drainage through diversion layers should be captured separately and 
measured; however, a detailed lysimeter and drainage design is beyond the scope of this 
report.  The large-scale test cells will have a perimeter drain to collect runoff from side slopes for 
monitoring purposes.  Suspended sediment will be measured for the purpose of identifying the 
temporally varying, vegetation-cover- and precipitation-rate-dependent fluvial sediment transport 
flux and erosion rate for use in geomorphological evolution models (e.g., Dinwiddie and Walter, 
2008; Necsoiu and Dinwiddie, 2008). 
 
Deep Percolation  
 
Staff recommend monitoring deep percolation into a secondary drainage layer (i.e., a 
leak-detection system) located immediately above where the waste layer would ordinarily reside 
as a direct measure of temporally varying deep percolation through the engineered cover and 
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into the waste.  However, the proposed test cells are too shallow to replicate the free drainage 
condition within a waste layer, and the treatment of the bottom boundary will affect estimates of 
deep percolation.  Retaining water in the rooting zone artificially enhances evapotranspiration 
and thereby underestimates deep percolation (Allison, et al., 1994; Scanlon, et al., 2005; 
Malusis and Benson, 2006).  Depending on the waste characteristics, the bottom boundary 
would require several undisturbed meters of geomaterials below the rooting zone to establish a 
free drainage condition unaffected by the bottom boundary.  Some plants, such as mesquite, 
extend deep tap roots tens of meters below the ground surface. 
 
Pan or zero-tension lysimeters impose an impermeable boundary to measure deep percolation.  
These devices can only measure flows that produce saturated conditions, and require a 
substantial areal footprint to minimize bypassing of flows around the device.  Saturated 
conditions can be generated even if the fluxes occur under unsaturated conditions if the fluxes 
are accumulated below the rooting zone over sufficiently long durations.  A sloping secondary 
geomembrane at the base of a test cell, covered in a drainage layer to promote lateral flow to a 
collection point, could be used to create a zero-tension lysimeter, but this artificial boundary will 
retain water in the rooting zone.  Accordingly, a zero-tension lysimeter may provide a 
reasonable measure of fluxes through fast infiltration pathways, such as through macropores or 
dessication cracks, but would underestimate deep percolation occurring through the porous 
medium.  The detailed lysimeter and drainage system design is beyond the scope of this report. 
 
Other alternatives include using another suite of passive capillary wick lysimeters, such as the 
Drain Gauge G3, which can be installed to maximum depths of 5 m [16 ft].  A Guelph 
Permeameter acquired as NRC government property could be used to determine deep matrix 
flux through individual layers to a maximum depth of 3.15 m [10.33 ft] if auger pipe, couplers 
and a series of extenders were also purchased at a cost of approximately $439. 
 
The Influence of Quasiperiodic Climate Patterns 
 
In the past, NRC staff has expressed concern regarding how long-term drought and intense 
storm precipitation will affect deep percolation and erosion performance of engineered soil 
covers (personal communication)5,6.  For example, the quasiperiodic climate pattern El Niño/ 
La Niña-Southern Oscillation (ENSO) causes alternating periods of flooding and drought in 
San Antonio, Texas.  Quasiperiodic climate patterns may change infiltration rates and affect 
flora patterns/health and fauna behavior.  Lateral flow may occur on erosion barriers during 
intense precipitation events.  The influence of ENSO, which has an average period of 5 years, 
on deep percolation is naturally testable at the SwRI site.  El Niño tends to generate cool, wet 
weather with the strong potential for extreme flooding, while La Niña tends to generate warm, 
dry weather with the strong potential for extreme drought.  El Niño extreme precipitation events 
can be further augmented with artificial rainfall simulators, as desired.  All of the aforementioned 
instrumentation would be brought to bear on identifying the effects of ENSO on deep percolation 
and surface runoff and erosion. 
  

                                                 
5Barr, C.  “SRS F-Tank Farm Closure Cap.”  E-mail communication (December 8) to C. Dinwiddie, CNWRA.  
Washington, DC:  NRC.  2008.  
6Arlt, H.  “Draft Requests for Additional Information and Requests for Clarification Based on the Reference Document:  
FTF Closure Cap Concept and Infiltration Estimates [WSRC–STI–2007–00184, Rev. 2, October 2007].”  E-mail 
attachment (December 8) to C. Dinwiddie, CNWRA.  Washington, DC:  NRC.  2008. 
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5.2 Surface Stability 
 
Vegetation Development 
 
The effective development of a vegetative cover is important to maximizing evapotranspiration, 
promoting soil development that increases water storage, and stabilizing the near surface of the 
cover with a dense root mat.  Staff recommend routine inspections of the soil cover on a 
monthly basis and after major rain events for visual evidence of the adequacy of the vegetated 
ground cover.  Staff also recommend that Leaf Area Index be monitored.  Ground cover 
(e.g., Bahia grass and bamboo) should be fertilized until established and then monitored for 
health.  Tower platform-based, multispectral remote-sensing techniques also could be utilized to 
identify water distress of vegetation covers. 
 
DOE staff have postulated that running bamboo species planted on engineered soil covers at 
the Savannah River Site at the end of the period of institutional control will tend to reduce the 
potential for intrusion by humans, deep-rooted flora, and burrowing fauna, maximize 
evapotranspiration (relative to a turf grass cover), and minimize the need for ongoing 
maintenance once a dense cover has been attained (Salvo and Cook, 1993).  San Antonio, 
Texas, and the Savannah River Site, South Carolina, occupy adjacent U.S. Department of 
Agriculture plant hardiness half-zones in zone 8, with average annual minimum temperatures of 
the South Carolina site ranging from −9.4 to −12.2 °C [10 to 15 °F] (zone 8a) and average 
annual minimum temperatures of the Texas site ranging from −6.7 to −9.4 °C [15 to 20 °F] 
(zone 8b).  CNWRA staff recommend vegetating a small-scale test cell with a fast-growing 
running bamboo of the Phyllostachys genus because buried waste tanks at SRS may have 
engineered soil covers that are vegetated with Phyllostachys bissettii or P. rubromarginata.  
Other species that DOE considered using were P. aureosulcata, P. aurea, and P. nigra.  Staff 
will seek the advice of local horticulturists regarding the optimal P. bissettii analog species that 
is likely to quickly grow into a dense, impenetrable cover in the San Antonio, Texas.  The 
tentative plan is to plant approximately 48 clumps of the selected species on 1.2-m [4-ft] centers 
(Salvo and Cook, 1993).  Risks related to planting a test cell with a bamboo cover include lack 
of access to monitoring portals and instrumentation once the bamboo crop has acquired its 
maximum density.  Additionally, running bamboo is often considered a difficult-to-control 
invasive pest.  Measures would need to be implemented to prevent bamboo intended for cover 
on one small-scale test cell from spreading to cover a large fraction of the facility.  Open issues 
related to bamboo cover that DOE indicates require further study are the soil properties, 
moisture balance, and nutrient cycles required for early growth to establish bamboo on a soil 
cover and bamboo performance as ground cover under closure cap conditions (Savannah River 
National Laboratory, 2010). 
 
The National Resources Defense Council has documented the following recent 
global-climate-change–related extremes in relevant states:  Wyoming has experienced 
record-breaking snowfall, rainfall, and heat; Texas and New Mexico both experienced 
record-breaking rainfall, heat, wildfires, and drought; and South Carolina has experienced 
record-breaking heat and rainfall.  The climate of San Antonio, Texas, likely will transition to a 
hotter, drier environment more prone to wildfire over the lifetime of a long-term monitored 
engineered soil cover testbed facility, providing some sense of how a cover designed for one 
climate may perform during transition to another.  Climate-change-induced ecological 
succession may affect engineered soil cover degradation processes and the water balance.  
Vegetative cover is often selected from among native plants, but ecological succession due to a 
warmer, drier climate may reduce percent cover and increase wind and water erosion.  
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Ecological succession due to a warmer, wetter climate may increase deep percolation and 
water erosion. 
 
Settlement, Slope Stability, and Storm-induced Erosion 
 
Best practice is that side slopes be designed from the outset consistent with the steepest 
natural slopes of the surrounding natural environment, with shallow, 6H or 5H:1V slopes 
(i.e., 17 to 20 percent side slopes) being relatively stable (National Research Council, 2007).  
However, shallow slopes require more material and land area at greater project expense, and 
WIR-type closure caps at the Savannah River Site and many uranium mill tailings pile sites 
have been envisioned or constructed to have steeper, 3H:1V slopes (i.e., 33 percent side 
slopes).  Therefore, CNWRA staff proposed a design in Section 4 of this report for 3H:1V slopes 
at NRC’s engineered soil cover facility.  Over the long term, staff recommend routine visual 
inspections of surficial layers and slopes on a monthly basis and after major rain events for 
surface cracking, wet areas, ponded water, unusual surface conditions, erosion, and gullying, 
and will establish survey monuments on a grid to routinely monitor for settlement and 
degradation using an existing real-time kinematic differential global positioning system (RTK 
DGPS).  Alternative methods for monitoring slope stability include down-borehole time domain 
reflectometry and airborne-, satellite-, or tower-based interferometric synthetic aperture radar 
(inSAR) and light detection and ranging (LiDAR), which can resolve mm-scale deformations 
caused by local or global instability.  Once identified, staff may actively repair erosion on some 
testbeds while allowing others to gradually fail as evidence of the worst-case, no management 
scenario.  Staff recommend that the resulting water balance time series be monitored. 
 
Suspended sediment in runoff will be measured for the purpose of identifying the temporally 
varying fluvial sediment transport flux for use in geomorphological evolution models (Dinwiddie 
and Walter, 2008; Necsoiu and Dinwiddie, 2008).  Potential methods for measuring suspended 
sediment include acoustic, laser diffraction, optical backscatter sensors, and nuclear 
techniques, including artificial radioactive tracers (i.e., labeling individual pebbles on a soil cover 
with a radionuclide tracer).  International Atomic Energy Agency (2005) recommends use of 
multiple sensor types to overcome limitations inherent to individual methods when used in 
isolation.  Real-time monitoring sensors and gauges must be calibrated with 
laboratory-measured sediment concentration and grain size distribution of collected samples. 
 
Fire-Induced Erosion 
 
In the past, NRC staff has expressed concern regarding how the effects of fire on an engineered 
soil cover may affect its infiltration and erosion performance (personal communication7,8).  To 
address this concern, CNWRA staff recommends burning half the vegetative ground cover of 
one or more test cells once a healthy ground cover has been established to monitor the effects 
of the fires on soil cover degradation, including soil hydrologic and chemical properties, 
vegetation, and animal-use responses.  One test cell might be actively repaired following its fire, 
while another could be left to degrade or naturally revegetate.  Maximum temperatures in any 
geomembranes as a result of fire exposure would be particularly important to monitor, along 
with the overall resulting changes in the water balance time series that is anticipated to result.  
                                                 
7Barr, C.  “SRS F-Tank Farm Closure Cap.”  E-mail communication (December 8) to C. Dinwiddie, CNWRA.  
Washington, DC:  NRC.  2008. 
8Arlt, H.  “Draft Requests for Additional Information and Requests for Clarification Based on the Reference Document:  
FTF Closure Cap Concept and Infiltration Estimates [WSRC–STI–2007–00184, Rev. 2, October 2007].”  E-mail 
attachment (December 8) to C. Dinwiddie, CNWRA.  Washington, DC:  NRC.  2008. 
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Staff would conduct ecological assessments of vegetation response and monitor the water 
balance time series. 
 
Clogging and Undercapacity of Drainage Systems 
 
Drainage layers and conduits are subject to microbial biofilm and particulate clogging, and 
drainage systems may be designed from the outset with undercapacity.  Rates of drainage layer 
clogging may be determined by sacrificial exhumation of samples of the drainage layer from the 
small-scale test cells at regular time intervals to assess mode(s) of degradation and rate(s) and 
the state of biofilm- and fines-clogging, and of mineral precipitation.  CNWRA’s intent is to use 
standard design practices to evaluate typical performance related to potential clogging.  The 
potential use of in-situ sensors for identifying organic biofouling signatures is beyond the scope 
of this report, but may be considered at a later time. 
 
5.3 Initial As-Built Conditions of Engineered Soil Cover Components 
 
One concern when constructing engineered soil covers is whether contractors are able to 
reasonably achieve homogeneous layers with the prescribed hydrologic properties.  Notable 
risks are poor subgrade quality, defective material properties due to inadequate compaction and 
moisture content, accidents, poor workmanship, and carelessness.  To ascertain initial 
conditions, CNWRA staff will measure field-saturated hydraulic conductivity of individual layers 
with an infiltrometer or Guelph permeameter in multiple positions prior to placement of the next 
layer.  In regard to geomembranes and geosynthetic clay liners, defective seams, staff 
recommend that seam separation, wrinkles, and other physical damage be ascertained using 
electrical leak detection, which is a well-accepted practice in the industry (National Resource 
Council, 2007).  To address the importance of scale, staff may consider placing smaller 
segments of geomaterials than would usually be placed in an actual soil cover to enable a 
similar amount of defects to be produced.  Otherwise, a small analog site will be biased toward 
having a lower number of defects. 
 
5.4 Soil and Geosynthetic Material Evolution Affecting Gas and 

Liquid Transport Properties 
 
Biological Activity 
 
Biological activity within soil cover layers and geomembranes can influence cover performance.  
If deep tap-rooted trees (e.g., mesquite) invade a cover, the water balance time series may 
shed light on resulting processes (e.g., increased evapotranspiration and leakage).  Staff 
recommend the facility be monitored visually on a routine basis (once per month) for evidence 
of burrows.  Fine root production, turnover, and lifespan will be monitored with fully automated 
minirhizotron tube–camera systems (e.g., RhizoSystems, LLC AMR-B) in large-scale test cells.  
Small-scale test cells will be assessed during exhumation for biological activity that changes 
system properties, including geomembrane puncture by roots, burrow penetration depth, related 
macropore development, and microbial biofouling.  Photographs of degraded cross-sections will 
be compared with photographs of as-built cross-sections at an exhumed trench.  Soil respiration 
will be monitored as CO2 efflux at the ground surface (e.g., Li-Cor® LI-8100A Automated Soil 
CO2 Flux System with LI-8150 Multiplexer).  Vegetation establishment on the covers will be 
documented at regular intervals using photography and, possibly, tower-based remote sensing 
(VNIR/TIR camera and LiDAR).  Ecological succession post-fire disturbance will likewise 
be monitored. 
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Temporally and Spatially Varying Edaphic Properties and Soil Development 

Evolution of edaphic or soil properties and pedogenesis occur over decadal time scales and 
may affect the long-term performance of engineered soil covers.  Geophysical techniques 
(e.g., electrical resistivity, electromagnetic, seismic velocity) can be used to detect changes in 
physical properties of barrier components.  SwRI owns ground-penetrating radar and 
multielectrode resistivity systems that could be multi-temporally deployed from the surface of the 
large-scale test cells for non-destructive testing to identify changes in layer properties. 

Pedogenesis and soil evolution, including compaction, fines translocation, physically and 
biologically driven wet–dry cycling and related cracking, macropore development, and mineral 
precipitation and oxidation, may change the as-built hydrologic properties of individual cover 
layers.  The degree and rates of clogging that can occur within lateral diversion layers are 
uncertain; small-scale test cells will be assessed for time-dependent stratification of soil layers 
that were approximately homogeneous when placed within the cover.  The degree and rates of 
cracking that can occur within compacted clay layers and GCLs are uncertain; clay layers in 
small-scale test cells will be assessed for time-dependent crack formation.  The time-dependent 
relationship between the depth of a soil layer and its permeability is uncertain; related 
measurements are discussed next. 
 
Temporally and Spatially Varying Gas Permeability 
 
For uranium mill tailings impoundments, long-term variability of the gas permeability of the 
various layers (due to desiccation, shrink/swell, root penetration and burrowing bioturbation, 
thermal stresses, differential settlement, or chemical incompatibility) may affect the rate of radon 
gas release.  Gas permeability of the uranium-type cover layers will be monitored at regular 
intervals (once per year or better) over the long-term via gas injection packer tests in permanent 
boreholes and analyses of barometric pressure fluctuations in the cover.  Gas tracer tests will 
also be performed.   
 
Temporally and Spatially Varying Field-Saturated Hydraulic Conductivity 
 
For all engineered covers, long-term variability of field-saturated hydraulic conductivity (Kfs) of 
the various layers (due to desiccation, shrink/swell, root penetration and burrowing bioturbation, 
thermal stresses, differential settlement, or chemical incompatibility) may affect the magnitude 
of deep percolation into the waste.  Kfs of near-surface layers can be determined through 
repeated infiltrometer tests at regular intervals (once per year), whereas Kfs of deeper layers will 
be best determined through sacrificial sample exhumation from small-scale test cells at regular 
intervals (once per year) and laboratory testing.  Initial Kfs of all cover layers can be measured 
with a ring infiltrometer or Guelph permeameter prior to placement of the overlying layer.  The 
water balance time series will provide some indication of how the barrier components are 
functioning in the aggregate, but Kfs(t) of individual layers cannot be easily deconvolved from a 
water balance time series. 
 
Temporally and Spatially Varying Relative Hydraulic Conductivity vs. Saturation 
 
For all engineered covers, long-term variability of the relative hydraulic conductivity function of 
saturation (where relative hydraulic conductivity × saturated hydraulic conductivity = unsaturated 
hydraulic conductivity) of the various layers (due to desiccation, shrink/swell, root penetration 
and burrowing bioturbation, thermal stresses, differential settlement, or chemical incompatibility) 
may affect the magnitude of deep percolation into the waste.  The temporal variability of the 
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relative hydraulic conductivity function for each layer will be best determined through sacrificial 
sample extraction at regular intervals (once per year) and laboratory testing.  Alternative 
methods include derivation of the relative permeability function from grain-size distribution data, 
which would have to be measured at the same time interval. 
 
Temporally and Spatially Varying Thermal Properties and Subsurface 
Temperature Cycling 
 
For all engineered covers, long-term variability of thermal properties of the various layers (due 
to desiccation, shrink/swell, root penetration and burrowing bioturbation, thermal stresses, 
differential settlement, or chemical incompatibility) will affect heat and moisture transport, 
thereby potentially affecting the magnitude of deep percolation into the waste.  A needle probe 
device similar to Decagon Devices’ relatively inexpensive KD2 Pro thermal properties analyzer 
will be needed to measure thermal conductivity, specific-heat capacity, and thermal diffusivity 
in situ, but a permanent installation, perhaps via a borehole, would be ideal compared to this 
portable device for which access to deeper layers could be problematic on an ongoing basis.  
Risks are whether long-term needle probe–soil contact can be maintained, and a downhole 
installation design would need to be developed in consultation with East30Sensors, the supplier 
of the thermal conductivity needle probes.  If continuous data logging is desired, data loggers 
would be required and a software control program would need to be developed.  The KD2 Pro, 
which could be used in lieu of a data logger for periodic measurements (even for the downhole 
configuration), could be acquired for approximately $4,995 (Table 5-2). 
 
Measuring subsurface temperature variations resulting from moisture flow and diurnal and 
seasonal thermal forcing with thermocouples placed at ~15-cm [~6-in] depth increments will 
probably be the best method for evaluating large-scale changes in thermal properties, as well as 
provide valuable proxy data indicative of mass and energy transfer. 
 
Temporally Varying Geomembrane Defects 
 
Electrical leak detection in geomembranes was originally developed at SwRI in the 1980s, and 
commercialized by the local San Antonio, Texas, company Leak Location Services, Inc. (LLSI), 
who bought the technology.  CNWRA staff recommend using LLSI to provide standard leak 
detection services for this project. 
 
Immediately following geomembrane installation, staff recommend non-destructive electrical 
leak detection (or electronic field vector mapping) be performed as an indication of where 
defects as small as 1 mm [3.9 × 10−2 in] in diameter should be repaired (ASTM International, 
2012, D6747).  Leak defects include any unintended openings, holes, perforations, punctures, 
slits, tears, knife cuts, seam breaches, burned-through zones and cracks (ASTM International, 
2012, D6747).  Two installation tests are required per geomembrane.  The first test, the bare 
liner survey, will identify small leaks caused or missed during liner installation (per ASTM 
International, 2010, D7002).  The bare liner survey progresses at a rapid rate of approximately 
500 m2/hr [5400 ft2/hr] per operator with a survey setup time of 1 to 3 hrs (ASTM International, 
2012, D6747) and will cost $1,200 per pair of large- and small-scale test cells.  The second test, 
performed on soil-covered geomembranes (per ASTM International, 2009, D7007), locates 
leaks (caused by placement of the overlying earthen material with heavy machinery) as small as 
5 mm [0.2 in] in diameter beneath as much as 60 cm [24 in] of earthen material.  The 
soil-covered survey progresses at a rate that depends on the spacing between measurement 
points and on where/when data interpretation occurs (i.e., in situ or after the fact).  The 
soil-covered survey will cost $1,500 per pair of large- and small-scale test cells.  Leak surveys 
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during installation will thus cost $2,700 per pair of uranium mill tailings soil covers (having one 
geomembrane) and $5,400 per pair of LLW/WIR multimedia covers (having two 
geomembranes).  For the eight test facilities proposed, leak detection surveys during 
geomembrane installation will cost approximately $16,200 (Table 5-2). 
 
LLSI has also developed a permanent electrical leak imaging and monitoring system for 
identifying leaks in geomembranes (cf. the Grid System of ASTM International, 2012, D6747).  
For covers having both primary and secondary geomembranes, the geomembranes must span 
the entire length and width of the cover and be welded together at the cover boundary to allow 
identification of leaks in the geomembranes.  An exposed ~1-m [~3-ft]-wide skirt of 
geomembrane material must be accessible at the boundary of each cover to enable the 
monitoring tests (cf. ASTM International, 2009, D7007).  The long-term monitoring system 
consists of a series of wire-connected metal plate electrodes distributed during installation on a 
3 m × 3 m [10 ft × 10 ft] grid pattern on or beneath the geomembrane(s) (ASTM International, 
2012, D6747, Figure 7).  A data acquisition system collects electrical potential data, which are 
inverted to estimate the current density distribution that best reproduces the potential data; the 
current density distribution reveals leak locations.  The electrical leak imaging and monitoring 
system would cost $8,250 per large-scale test cell to install.  The monitoring system could be 
installed in the small-scale test cells at a cost of $3,200, but their utility within a concrete-walled 
small-scale test cell is in doubt due to the skirt requirement.  Small-scale test cells having 
sloping sides rather than concrete walls might improve efficacy of data collection.  Data 
acquisition instrumentation can be acquired at a cost of $16,000 if SwRI staff collect and 
process their own data.  Alternatively, LLSI data collection services would cost $190 ($85 per 
hour for two hours) each time their staff acquire monitoring data, which is the recommended 
course of action.  CNWRA staff recommend data acquisition at least monthly during the first 
year after construction, possibly declining to quarterly or intermittently as determined by major 
events (e.g., obvious changes in water budget) that suggest possible deterioration of the 
geomembrane(s).  For the eight test cells proposed, installation of a permanent electrical leak 
imaging and monitoring system will cost approximately $46,000, with additional service charges 
of approximately $190 per month. 
 
The permanent installation of metal electrodes within the cover for long-term electrical 
monitoring of leaks could interfere with CNWRA staff’s ability to also monitor soil moisture and 
barrier stratigraphy using ground-penetrating radar, but given the high value of specific 
knowledge regarding the ongoing development of geomembrane defects, such a design 
is justifiable. 
 
Geosynthetic Clay Liner Degradation Modes and Rates 
 
Staff would exhume sacrificial subsections of a geosynthetic clay liner installed within a 
small-scale test cell(s) annually to assess degradation modes (polymer degradation, fiber 
disentanglement, cation exchange, temperature dependent swell/shrink dessication cracking) 
and rates and effect on hydraulic conductivity. 
 
Temporally Varying Performance of Biobarrier® 
 
Biobarrier is a trifluralin herbicide root control fabric for preventing root encroachment at depth, 
which Savannah River Site staff is studying for potential use within closure caps (Savannah 
River Ecology Laboratory, 2007).  The lifetime of Biobarrier ranges from 10 to 30 years; 
herbicide release is strongly controlled by local net infiltration rates.  Studies thus far indicate 
roots approach the Biobarrier no closer than 4 cm [1.5 in] early during the product’s lifetime.  
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CNWRA staff recommend that Biobarrier not be included in test cells meant to represent 
degradation occurring after periods of institutional control.  However, vertically oriented 
Biobarrier may be needed to protect the concrete walls of the small-scale WIR-type test cell that 
is to be vegetated with bamboo (Cell H), and to prevent vegetation incursion on the small-scale 
uranium-type test cell that will be used to understand the magnitude of evaporation that occurs 
in the absence of vegetation (Cell F).  Biobarrier costs $2.30 per 0.1 m2 [per 1 ft2] when 
purchased as rolls 1.5 m [58.5 in] wide by 30.5 m [100 ft] long from the local vendor 
Target Specialty Products. 
 
Temporally and Spatially Varying Soil Water Characteristic Curves 
 
For all engineered covers, long-term variability of the soil–water characteristic curve of the 
various layers (due to desiccation, shrink/swell, root penetration and burrowing bioturbation, 
thermal stresses, differential settlement, or chemical incompatibility) may affect the magnitude 
of deep percolation into the waste.  The temporal variability of the soil–water characteristic 
curve for each layer will be best determined through sacrificial soil-core extraction at regular 
intervals (once per year) and laboratory testing.  Alternative methods include in-situ 
measurements with tensiometers (such as the TS1 Smart Tensiometer by UMS, described in 
the next section) or derivation of the soil–water characteristic curves from the grain-size 
distribution of each layer, which would have to be measured at the same time interval. 
 
Temporally and Spatially Varying Pore–Water Pressure or Water Potential 
 
Water potential in the unsaturated zone is best monitored in situ with a tensiometer, such as the 
TS1 Smart Tensiometer, and thermocouple psychrometer/dewpoint hygrometer.  Water 
potential should be recorded at least hourly to capture transient wetting events.  To monitor 
perched water in a drainage layer, nested piezometers and water level data loggers are needed 
to minimize manual labor costs.   
 
Tensiometers are useful in the moist unsaturated range.  The TS1 Tensiometer by UMS 
eliminates manual labor required to refill and deaerate a dry tensiometer, and its design 
prevents damage due to freezing (which occurs only occasionally in San Antonio, Texas) by 
automatically emptying itself at near-freezing temperatures, which are monitored by an 
integrated temperature sensor.  The TS1 Smart Tensiometer offers SDI-12 capability, which 
allows integration of individual instruments into a large sensor network having a single data 
logger.  The Campbell Scientific CR1000 data logger, which can be acquired with peripherals 
for approximately $2,000, is recommended by the vendor to log eight or more TS1 tensiometers 
simultaneously.  The TS1 Smart Tensiometer may be installed at depths ranging from 30 to 
230 cm [12 to 90 in].  Each TS1 Smart Tensiometer has an approximate cost of $1,500, with 
additional costs for a sensor-specific soil auger (Table 5-2).  Elbow tensiometers and pressure 
transducers are available from Soil Measurement Systems, LLC, at an approximate cost of 
$224, for use in the concrete retaining walls of the small-scale test covers, with an additional 
cost for data loggers (Table 5-2). 
 
Because tensiometers are not useful for dry soils, thermocouple psychrometers may be 
used simultaneously if subsurface soil layers are sufficiently dry, which deep layers should 
be if the engineered soil covers work as intended.  Andraski (1997) found thermocouple 
psychrometers to have a 23 percent failure rate when used for long-term, multi-year 
monitoring at the Beatty, Nevada, LLW disposal site, and so if thermocouple psychrometers 
are needed, replacements should be in the instrument acquisition plan.  Wescor, Inc. PST-55  
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soil hygrometers/psychrometers are available at an approximate cost of $80 apiece, with the 
additional one-time required expense for data loggers (Table 5-2). 
 
Resistance (e.g., gypsum) blocks are not recommended for monitoring pore–water pressure 
within the proposed engineered soil cover testbed facility.  These simple devices should not be 
used to track the movement of wetting fronts due to their slow response time.  Furthermore, 
resistance blocks are inaccurate in sandy soils and require recalibration every 3 months due to 
ongoing dissolution (e.g., of gypsum) or cracking degradation.  Additionally, their precision is 
low, precluding use for calculating potential gradients.  Resistance blocks also require 
simultaneous local temperature measurements to enable temperature corrections. 
 
Temporally and Spatially Varying Soil Moisture 
 
Soil moisture data provide important information about the depths to which wetting fronts can 
travel within engineered soil covers and whether the vegetative layer is being supplied enough 
moisture to sustainably produce desired transpiration rates. 
 
Soil moisture can be monitored with various geophysical instruments, and near-surface soil 
moisture can be monitored with remote-sensing data sets.  SwRI owns ground-penetrating 
radar and multielectrode resistivity systems that could be deployed from the surface of the 
covers for this purpose.  Borehole geophysics (e.g., electrical resistivity tomography or radar 
tomography) would require acquisition of equipment that SwRI currently does not have.  
Neutron probes are not recommended because of their high cost and requisite need for a 
licensed operator, which would typically require a subcontractor to periodically come to the 
facility to take low-temporal-resolution data.  The National Research Council (2007) 
recommended installing a wire grid, similar to the aforementioned electrical leak imaging and 
monitoring system, beneath the barrier layer for long-term electrical monitoring of deep 
percolation.  SwRI staff have recent experience utilizing L-band SAR remote-sensing data to 
estimate soil roughness and volumetric soil moisture content within the top 12 cm [5 in] of the 
topsoil.  Active and passive microwave imagers could also be tower-mounted at the engineered 
soil cover testbed facility to enable determination of temporal and spatial variations in near-
surface soil moisture.  
 
At the small scale, heat dissipation sensors are an option, especially useful in clayey layers, and  
time-domain reflectometry (TDR) probes (such as Soil Moisture Equipment Corporation’s Trase 
system) or capacitance/frequency domain probes {such as Decagon Devices’ 5TE sensor that 
measures volumetric water content, temperature, dielectric permittivity and electrical 
conductivity over a 0.3 L [10 oz] volume} may be utilized in a large network to monitor soil 
moisture heterogeneity in each individual layer of the soil cover.  This network would also 
provide ground-truth point data to support interpretations of areal or volumetric geophysical data 
sets.  Both sensor types are susceptible to inaccuracies caused by poor probe–soil contact 
(i.e., air gaps).  TDR probes are hampered by signal attenuation when used in conductive 
(e.g., clayey) soils, such as clay layers in an engineered soil cover.  Signal attenuation may be 
lessened by using shorter rods, but shorter rods diminish the precision of the measured value.  
To combat this shortcoming, long rods may be electrically insulated to diminish signal 
attenuation in clayey or conductive soils.  Capacitance/frequency domain probes, such as the 
5TE, use less expensive circuitry compared to time-domain probes, and thus are more 
amenable to acquisition of many sensors to form a large network.  Decagon’s 5TE sensors may 
be acquired at an approximate cost of $185 each, plus the cost for the data logger (Table 5-2).  
Kunerth, et al. (2006) describe a wireless sensor platform that could be utilized for interrogating 
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subsurface soil moisture sensors that will be embedded within the various layers of engineered 
soil covers at the testbed facility. 
 
5.5 Preliminary Instrumentation Cost Estimate 
 
The preliminary cost estimate for instrumenting the engineered soil cover testbed facility is 
$465,000, which is 126 percent of the grand total estimated in Table 5-2 to account for the costs 
of shipping, miscellaneous cabling, miscellaneous thermocouples, thermistor strings and 
pressure transducers, miscellaneous mounting fixtures, computer hardware, data storage, 
non-SwRI laboratory services, unpriced telemetry options, and unpriced backup batteries or 
solar panels.  This cost estimate does not account for tower-mounted remote-sensing 
instruments that could be used to monitor temporal and spatial variation of actual 
evapotranspiration, near-surface soil moisture, and settlement and erosion on the engineered 
soil covers; nor does it include the cost of the associated tower infrastructure.  This cost 
estimate does not account for real-time data access that CNWRA could provide NRC 
and other stakeholders through a telemeter data uplink to a web portal, which could be 
similar to the one provided by Utah State University from their environmental observatory 
(http://weather.usu.edu/).  Telemetering time-series data to a data repository may ultimately 
provide hardware and labor-related cost efficiencies that individual data loggers, priced in 
Table 5-2, cannot. 
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Mr. Gary Walter, Ph. D. 
Manager 
Geosciences and Engineering Division 
Southwest Research Institute 
6220 Culebra Road 
San Antonio, Texas  78238 
 
RE: SwRI Task Order/Subcontract No. 15265.28.001 

 Architectural and Engineering Consultant Services 
 Geosciences Engineering Division (GED) 
 Test Facilities for Low-Level Radioactive Waste Management and Uranium Mill Tailing Sites 

 
Dear Mr. Walter: 
 
In accordance with your request, Raba Kistner Facilities, Inc. (RKFI) is pleased to submit this report for 
Architectural and Engineering Consultant Services to Mr. Gary Walter, Ph.D., Manager of Southwest 
Research Institute (Client).  This work was performed in general accordance with the proposed scope of 
services outlined in RKFI Proposal No. ASR12-073-00 dated June 20, 2012.  This document contains 
opinions related to estimates of labor and material costs (+/- 50%) to construct facilities on the campus of 
South West Research Institute (SwRI) located in San Antonio, Texas. 
 
This document contains the following items: 
 

• Background Information 
• Estimates of Labor and Costs 
• Limitations 

 
Background Information 
 
RKFI performed Consulting Architectural and Engineering Services to assist our the Client in identifying 
preliminary estimates of labor and material costs to construct facilities for low-level radioactive waste 
management and uranium mill tailing sites on the grounds of Southwest Research Institute.  This proposed 
facility will be situated approximately on 5.5 acres in the northwest corner on the grounds of SwRI.  The 
proposed test facility may consist of four (4) 110’x110’ test cells (consistent with soil, rock, vegetative and 
earth materials), four (4) 15’x110’ tests cells (consistent with soil, rock, vegetative and earth materials), 
three (3) pre-engineered green houses, water irrigation systems for large and small test cells, sump-
pumps, a 20,000 gallon water tank, one (1) instrument house (pre-manufactured construction trailer) 
exterior lighting, gravel walkways and gravel parking.  Infrastructure was estimated to be 1,000 +/ linear 
feet to the east of the proposed site location.  As part of this estimate; RKFI has prepared figure drawings 
(Attachment A) to reflect the proposed test facilities sizes, quantities and locations. 
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Estimates of Labor and Costs 
 
The opinions of labor and material costs presented are for the information and design parameters 
provided by the Client.  These opinions are based on published unit price data, approximate quantities and 
value and experience.  These opinions should not be interpreted as a bid or offer to perform the work.  All 
costs are stated in present value. 
 
In evaluating the costs presented, it is important to understand that actual costs depend on such factors 
as design documentation, contractor expertise, existing contractor commitments, seasonal work load, 
insurance and bonding.  These factors may cause wide variations in the actual cost provided from 
bidder to bidder.  In view of these limitations, the costs presented in this document should be 
considered “order of magnitude” and used for estimating purposes only.  Preparation of detailed design 
documentation and obtaining competitive contractor bidding is necessary to determine actual costs.  
RKFI recommends that the Client obtain the professional services for this project to be performed by 
experienced civil engineering and or design professionals to facilitate the appropriate design. 

 
 

     Quantity Units Unit Rate  Total O&P  
I.  PROFESSIONAL SERVICES       

 Pre-Agreement Costs       
 Beginning Date: Unknown       

A. Site Planning and Application Preparation   
B. Site Survey    5.5 Acres $506.70 $2,786.85  
C. Civil Engineering Design Fees  1.75 Percent Lump Sum $27,012.17  
D. Construction Management Fees  6 Percent Lump Sum $92,613.16  

       Total $29,799.02  
         

II.  LAND ACQUISITION        
A.     None        

         
III.  CONSTRUCTION        

A.    Clearing and Grubbing Site   5.5 Acres $3,700.00  $20,350.00  
       Total $20,350.00  
         

B.    Utilities        
 1. Electricity    1000 Feet  $15,478.00  
 2. Water    1000 Feet $25.00  $25,000.00  
 3. Sanitary Sewer    1000 Feet $25.00  $25,000.00  
       Total $65,478.00  
         

C. Liner Survey        
 1. Bare Liner Survey   2 Lg/1 Sm 6 $1,200.00 $7,200.00 
 2. Soil Covered Survey   2 Lg/1 Sm 6 $1,500.00 $9,000.00 
       Total $16,200.00  
         

D. Leak Survey        
 1. Uranium mine tailings (one membrane) Pair $1,350.00 $2,700.00 
 2. LLW/WIR (two membranes)  2 Pair $2,700.00 $5,400.00 
       Total $8,100.00 
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E. Electrical Leak Imaging and Monitoring System   

 1. Large cells    4 Each $8,250.00 $33,000.00 
 2. Small cells    4 Each $3,200.00 $12,800.00 
       Total $45,800.00 
         

F.    Large Uranium Tailing Cell - Rock Mulch   
 1. 9" Rock Mulch    69 Cubic Yard $72.00  $4,968.00  
 2. 6" Coarse Sand    46 Cubic Yard $23.00  $1,058.00  
 3. 2'-9" Frost Barrier   402.75 Cubic Yard $23.00 $9,263.25  
 4. 1'-0" Compacted Clay Layer  138 Cubic Yard $70.99  $9,796.62  
 5. 5'-0" Sandy Silt    694.5 Cubic Yard $23.00  $15,973.50  
 6. 80-Mill HDPE Liner   13225 Sq. Feet $1.38  $18,250.50  
 7. Coarse Sand    23 Cubic Yard $23.00  $529.00  
 8. Side Slope Construction - Earth  1555 Cubic Yard $25.00  $38,875.00  
 9. Sump Pump    2 Each $378.00  $756.00  
 10. Schedule 40 PVC Piping   260 Linear Feet $22.50  $5,850.00  
 11. Compaction    3025 ECY $4.54  $13,733.50  
 12. Compaction Testing   3 Layers $750.00  $2,250.00  
 13. Soil Hauling @ 75 Miles With 20 CY Per Load Loads $225.00  $32,942.81  
       Total $154,246.18  
         

G.    Large-Uranium Tailing Cell-Rock Mulch-Soil Mix  
 1. 3'-0" Rock Soil Mix   277 Cubic Yard $72.00  $19,944.00  
 2. 1'-0" Frost Barrier   139.5 Cubic Yard $23.00  $3,208.50  
 3. 1'-0" Compacted Clay   139.5 Cubic Yard $70.99  $9,903.11  
 4. 5'-0" Sandy Silt    694.5 Cubic Yard $23.00  $15,973.50  
 5. 80-Mill HDPE Liner   13225 Sq. Yard $1.38  $18,250.50  
 6. Coarse Sand    23 Cubic Yard $23.00  $529.00  
 7. Side Slope Construction - Earth  1555 Cubic Yard $25.00  $38,875.00  
 8. Sump Pump    2 Each $378.00  $756.00  
 9. Schedule 40 PVC Piping   260 Feet $22.50  $5,850.00  
 10. Soil Compaction   3025.0 ECY $4.54  $13,733.50  
 11. Compaction Testing   3 Layers $750.00  $2,250.00  
 12. Soil Hauling @ 75 Miles With 20 CY Per Load Loads $225.00  $31,820.63  
       Total $161,093.73  
         

H.    Large - LLW / WIR Cell       
 1. 6" Vegetative Soil Cover   47 Cubic Yard $32.24 $1,515.28 
 2. 30" SM Compacted   348 Cubic Yard $23.00 $8,004.00 
 3. 12" Erosion Barrier (12" of D50, 2.5" Stone) Cubic Yard $52.00 $4,836.00 
 4. Filter Fabric    561 Sq. Yard $2.25 $1,262.25 
 5. 12" SM Compacted   139 Cubic Yard $23.00 $3,197.00 
 6. Filter Fabric    660 Sq. Yard $2.25 $1,485.00 
 7. 12" Course Sand    93 Cubic Yard $25.50 $2,371.50 
 8. Geotextile Fabric    15502 Sq. Feet $2.25 $34,879.50 
 9. 60 MIL HDPE Geomembrane  16641 Sq. Feet $1.20 $19,969.20 
 10. Geosynthetic Clay Liner   2500 Sq. Feet $1.12 $2,800.00 
 11. 4.5' SM Compacted   625 Cubic Yard $23.00 $14,375.00 
 12. Geosynthetic/Course Sand (Drainage layer) Cubic Yard $25.50 $590.28 
 13. 80 MIL HDPE Liner   13225 Sq. Feet $1.38 $18,250.50 
 14. Side Slope Construction - Earth  1555 Cubic Yard $25.00 $38,875.00 
 15. Sump pump    2 Each $378.00 $756.00 
 16. Schedule 40 PVC Piping   260 Feet $22.50 $5,850.00 
 17. Sieve Testing (Measure for 2.5 Inch Stone) Test $65.00 $65.00 
 18. Soil Hauling @ 75 Miles With 20 CY Per Load Loads $225.00 $32,885.42 
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 19. Compaction Testing   3 Layers $750.00 $2,250.00 
 20. Soil Compaction   3300.0 ECY $4.54 $14,982.00 
       Total $209,198.92 
         
       2 $418,397.85 
         

I. Small - Uranium Tailing Cell       
 1. 9" Rock Mulch    21 Cubic Yard $72.00  $1,512.00  
 2. 6" Coarse Sand    14 Cubic Yard $23.00  $322.00  
 3. 2'-9" Frost Barrier   81 Cubic Yard $23.00 $1,863.00  
 4. 1'-0" Compacted Clay Layer  28 Cubic Yard $70.99  $1,987.72  
 5. 5'-0" Sandy Silt    139 Cubic Yard $23.00  $3,197.00  
 6. 80-Mill HDPE Liner   1650 Sq. Feet $1.38  $2,277.00  
 7. Coarse Sand    7 Cubic Yard $25.50  $178.50  
 8. Side Slope Construction - Earth  944 Cubic Yard $25.00  $23,600.00  
 9. Sump Pump    2 Each $378.00  $756.00  
 10. Schedule 40 PVC Piping   170 Feet $22.50  $3,825.00  
 11. Rip Rap - Stone    19.71 Ton $44.63  $879.74  
 12. Soil Compaction   924.0 ECY $4.54  $4,194.96  
 13. Compaction Testing   3 Layers $750.00  $2,250.00  
 14. Soil Hauling @ 75 Miles With 20 CY Per Load Loads $225.00  $13,882.50  
       Total $60,725.42  
         
       3 $182,176.26 
         

J.    Small - LLW / WIR Cell       
 1. 6" Vegetative Soil Cover   14 Cubic Yard $32.24 $451.36 
 2. 30" SM Compacted   105 Cubic Yard $23.00 $2,415.00 
 3. 12" Erosion Barrier (12" of D50, 2.5" Stone) Cubic Yard $52.00 $2,184.00 
 4. Filter Fabric    118 Sq. Yard $2.25 $265.50 
 5. 12" SM Compacted   420 Cubic Yard $23.00 $9,660.00 
 6. Filter Fabric    130 Sq. Yard $2.25 $292.50 
 7. 12" Course Sand    28 Cubic Yard $25.50 $714.00 
 8. Geotextile Fabric    1245 Sq. Feet $2.25 $2,801.25 
 9. 60 MIL HDPE Geomembrane  1245 Sq. Feet $1.20 $1,494.00 
 10. Geosynthetic Clay Liner   750 Sq. Feet $1.12 $840.00 
 11. 4.5' SM Compacted   187.5 Cubic Yard $23.00 $4,312.50 
 12. Geosynthetic or Course Sand (Drainage layer) Cubic Yard $25.50 $177.08 
 13. 80 MIL HDPE Liner   1650 Sq. Feet $1.38 $2,277.00 
 14. Schedule 40 PVC Piping   260 Feet $22.50 $5,850.00 
 15. Sieve Testing (Measure for 2.5 Inch Stone) Test $65.00 $65.00 
 16. Soil Compaction   1008.0 ECY $4.54 $4,576.32 
 17. Compaction Testing   3 Layers $500.00 $1,500.00 
 18. Soil Hauling @ 75 Miles With 20 CY Per Load Loads $225.00 $9,038.75 
 19. Phyllostachys Bamboo   48.0 Each $41.67 $2,000.16 
       Total $50,914.42 
         

K. Small Cell - Concrete Walls       
 1. Concrete Retaining Walls/Reinforcing 25 Cubic Yard $420.08  $10,502.00  
       Total $10,502.00 
         
       4 $42,008.00 
         

 

 



Project No. ASR12-037-00 
August 21, 2012 
 
 

5 

 
L. Pre-Engineered Green Houses -Small Cell   

 1. Greenhouse Kit w/Delivery - 30'Wx120'Lx16'H Each $30,000.00 $90,000.00 
 2. Labor to Installation   3 Each $36,000.00 $108,000.00 
         
       Total $198,000.00 
         
         

M. Parking        
 1. Gravel Parking - 6 Spaces/Drive  590 Sq. Yard $21.20  $12,508.00  
 2. Concrete Wheel Stops   6 Each $69.40  $416.40  
 3. Equipment    1 Each $3,225.00  $3,225.00  
       Total $16,149.40  
         

N. Exterior Lighting        
 1. 12'-0" High Wood Light Pole  30 Each $550.00  $16,500.00  
 2. Exterior Grade Light Fixture  30 Each $784.00  $23,520.00  
 3. Excavating    30 Each $116.85  $3,505.50  
 4. Concrete Footings   30 Each $299.40  $8,982.00  
 5. Steel Reinforcing    30 Each $321.00  $9,630.00  
       Total $62,137.50  
         

O. Custom Overhead Irrigation - Large Cell   
 1. 1" Diameter Water Lines   1680 Feet $11.60  $19,488.00  
 2. 2" Diameter Water Lines from Tank  180 Feet $16.12  $2,901.60  
 3. Spray Heads    49 Each $14.75  $722.75  
       Total $23,112.35  
         

P. Custom Overhead Irrigation - Small Cell   
 1. 1" Diameter Water Lines   220 Feet $11.60  $2,552.00  
 2. 2" Diameter Water Lines from Tank  100 Feet $16.12  $1,612.00  
 3. Spray Heads    12 Each $14.75  $177.00  
       Total $4,341.00  
         

Q. Gravel Walkways        
 1. 4'-0" Wide w/Base   973 Sq. Yard $8.94  $8,698.62  
       Total $8,698.62  
         

R. Fiberglass Water Tank (20,000 Gallons)     
 1. On-Site Water Tank   1 Each $13,048.00  $13,048.00 
       Total $13,048.00  
         

S. Water Tank Equipment       
 1. Pump    1 Each $1,190.00  $1,190.00  
 2. Pressure Gage    1 Each $100.00  $100.00  
 3. Check Valve    1 Each $100.00  $100.00  
       Total $1,390.00  
         

T. Instrument House - Temporary Structure   
 1. 50'x12' Portable Trailer-Turn Key (600 sq. ft.) Each $3,225.00  $32,250.00  
     2. Delivery    100 Miles $4.95  $495.00  
       Total $32,745.00  
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