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ABSTRACT 

This technical report examines performance aspects of three types of barriers:   
(i) high density polyethylene (HDPE) geomembranes used as liners; (ii) HDPE geomembranes 
combined with a geosynthetic clay liner (GCL); and (iii) lateral sand drainage layers, which are 
used in conjunction with an HDPE/GCL composite barrier.  The report is intended to better 
understand performance claims for these barrier components in the 2020 Saltstone Disposal 
Facility (SDF) Performance Assessment (PA).  The SDF includes 15 existing and proposed 
Saltstone Disposal Structures (SDSs), which are free-standing concrete vaults that will be 
backfilled and covered by one of two closure caps.  The 2020 PA updates a previous SDF PA 
performed in 2009 with altered design concepts and newer data. 

Lateral sand drainage layers in the two SDF closure caps are referred to as the Upper Lateral 
Drainage Layer (ULDL) and the Lower Lateral Drainage Layer (LLDL).  There are two ULDLs, 
which are continuous layers within the upper parts of the two closure caps, and each of the 
SDSs has a separate overlying LLDL.  Composite barrier layers (a HDPE geomembrane over a 
GCL) are used with each of the ULDLs and LLDLs, as well as within mud mats underlying some 
of the SDSs.  In addition, some of the SDS walls will be wrapped with HDPE geomembranes 
(liners) prior to backfilling.  In the 2020 PA, the composite barrier layers provide much of the 
cover performance with respect to limiting flow of water through the SDSs. 

This report considers information provided by the 2020 PA and its references with respect to 
HDPE geomembrane and GCL installation, testing, performance, and longevity.  The 2020 PA 
represents the ULDL and underlying composite barrier layer as preventing essentially all 
infiltration over the 10,000-year period of performance, with the key assumptions that (i) the 
sand drainage layer remains capable of removing all infiltrating waters from the surface, (ii) the 
HDPE geomembrane maintains its integrity (no new defects are created as the HDPE 
properties degrade), and (iii) the GCL maintains its design hydraulic conductivity over the period 
of performance.  The 2020 PA represents the composite barrier layers and HPDE liners below 
the closure cap as a type of porous medium that degrades from the initial barrier into the 
equivalent of backfill as the HDPE degradation occurs. 

This report includes, as an appendix, a literature review of post-2009 publications to identify 
information available after publication of the previous PA.  The literature review considers 
particular aspects related to performance of the three types of barriers, in particular 
(i) characterization of defects, (ii) performance of seams, (iii) construction factors, (iv) defect 
detection methodology, (v) characterization of HDPE geomembrane and GCL degradation, and 
(vi) observations of existing liner performance. 

This evaluation draws upon the available literature and independent calculations to assess the 
performance assumptions for the barriers.  In general, the evaluation suggests that the 
performance assumptions for the closure cap may be optimistic.  Particular areas of concern 
include (i) optimistic assumptions related to the sand layer diversion capacity, (ii) optimistic 
representations of defects related to HDPE and GCL degradation, and (iii) optimistic 
assumptions related to seams and wrinkles.  The report provides suggestions for practices that 
may improve performance, including (i) increasing the thickness of the ULDL sand layer in lower 
portions of the cap, (ii) installing a more robust composite barrier system that assures initial 
GCL rewetting with low-cation water and continued hydration, and (iii) using a multistage leak 
detection protocol including multiple leak detection surveys and a permanent leak detection 
monitoring system under the ULDL composite barrier. 
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1 CONTEXT FOR THE TECHNICAL REPORT 

This technical report examines performance aspects of three types of barriers:  (i) high-density 
polyethylene (HDPE) geomembranes used as liners; (ii) HDPE geomembranes combined with a 
geosynthetic clay liner (GCL); and (iii) lateral sand drainage layers, which are used in 
conjunction with an HDPE/GCL composite barrier.  The report is intended to better understand 
performance claims for these barrier components in the 2020 Saltstone Disposal Facility (SDF) 
Performance Assessment (PA) [U.S. Department of Energy (DOE), 2020], which will be referred 
to as the 2020 PA.  The 2020 PA builds upon an earlier SDF PA (DOE, 2009), which will be 
referred to as the 2009 PA. 

The report uses the following terminology: 

• Lateral sand drainage layers in the two SDF closure caps are referred to as the Upper 
Lateral Drainage Layer (ULDL) and the Lower Lateral Drainage Layer (LLDL).  There are 
two ULDLs, which are a continuous layer within the upper part of the two closure caps.  
There are 15 separate LLDLs, which overlie each of the 15 Saltstone Disposal 
Structures (SDSs) in the SDF. 

• An HDPE geomembrane used alone as a barrier layer is referred to as an “HDPE 
geomembrane layer.”  DOE plans to use HDPE geomembrane layers for vertical barriers 
on several of the SDSs. 

• A composite barrier layer comprising an HDPE geomembrane and GCL is referred to as 
a “composite barrier layer”.  The two layers may be installed as separate layers or as a 
factory-adhered composite.  The HDPE geomembrane component of a composite 
barrier layer is referred to as an “HDPE geomembrane.”  The GCL component of the 
composite barrier layer is referred to as a “GCL.” 

• A composite barrier layer or HDPE geomembrane layer is generically referred to as a 
“liner” when referring to any HDPE-based barrier layer adjacent to an SDS roof or 
exterior wall, or within a mud mat underlying an SDS floor. 

This report is a product of the Center for Nuclear Waste Regulatory Analyses (CNWRA®), and 
any conclusions in the report do not necessarily reflect U.S. Nuclear Regulatory Commission 
(NRC) staff positions. 

In this report, comparisons are made between the assumed performance of the closure cap 
relative to DOE’s assumed performance of saltstone grout.  However, in the 2020 Saltstone PA, 
the DOE assumed that saltstone grout essentially does not degrade within 100,000 years 
(i.e., the modeled saltstone hydraulic conductivity does not change within 100,000 years).  NRC 
staff are currently reviewing the 2020 Saltstone PA, including the assumed saltstone 
performance.  The NRC staff have not made any conclusions regarding this assumed 
performance.  Accordingly, the NRC is not making any conclusions regarding the risk 
significance of the closure cap layers relative to saltstone performance. 

1.1 SDF Description 

The SDF consists of SDSs that receive a grout slurry from the Saltstone Production Facility 
(SPF).  The SPF receives and treats low-level waste (LLW) salt waste solution and mixes it with 
dry components to produce a grout slurry.  “Saltstone” refers to the solidified (cured) grout slurry 
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and is a cementitious waste form made by mixing LLW salt solution with a dry mix containing 
blast furnace slag, fly ash, and cement.  The 2020 PA assumes that the final SDF configuration 
will include two existing rectangular SDSs (SDSs 1 and 4, previously referred to as Vaults 1 and 
4), six existing 150‐ft diameter SDSs (SDSs 2A, 2B, 3A, 3B, 5A, and 5B), one existing 375-ft 
diameter SDS (SDS 6), one 375‐ft diameter SDS that is currently being constructed 
(SDS 7), and five future 375‐ft diameter SDSs (SDSs 8, 9, 10, 11, and 12), resulting in a total of 
15 disposal structures.  The 150-ft and 375-ft diameter SDSs have diameters of 45.7 and 
114.3 m, respectively. 

SDS 1 is approximately 183 by 30.5 by 8.2 m [600 by 100 by 27 ft] and SDS 4 is approximately 
183 by 61 by 8.2 [600 ft by 100 ft by 27 ft]; both are partitioned into 30.5 by 30.5 m [100 by 
100 ft] cells.  The roof has a 2 percent slope for both rectangular SDSs 1 and 4.  The 150-ft 
SDSs are 45.7 m in diameter and slope from 7.2 m high at the center to 6.7 m high at the edge. 
The 375-ft SDSs are 114 m in diameter and have minimum interior height of 13.1 m.  The 
cylindrical SDSs each have a conical roof, with nominal radial slopes of 2 (the 150-ft SDSs) and 
1.5 percent (the 375-ft SDSs). 

These disposal structures will be sequestered beneath a closure cap, with the current 
conceptual design shown in Figure 1-1.  Cross sections through the closure cap are shown in 
Figure 1-2.  The 2020 PA describes the closure cap design as preliminary and conceptual in 
nature.  The presented design sequesters the two rectangular vaults within a smaller southern 
cap and the circular SDSs within the larger northern cap.  The southern cap is approximately 
rectangular and has four planar surface-drainage facets.  The northern cap is approximately 
trapezoidal and has both planar and radial surface-drainage zones.   

As stated in DOE (2020), requirements in both DOE M 435.1‐1 and Title 10 of the Code of 
Federal Regulations (10 CFR 61) stipulate that a PA should provide reasonable expectation or 
assurance that LLW disposal will comply with specified performance objectives, requiring 
assessments of impacts to hypothetical receptors that include future members of the public and 
inadvertent human intruders.  DOE M 435.1‐1 also requires assessments for impacts to water 
resources.  The 2020 PA addressed a 1,000-year Compliance Period after facility closure and 
informational 10,000‐year Performance and Long‐Term Exploratory (greater than 10,000‐year) 
Periods to identify potential peak doses occurring beyond the regulatory Compliance Period. 

1.2 Barriers Incorporating HDPE Geomembrane Layers, Composite Barrier 
Layers, or Lateral Sand Drainage Layers 

Aqueous transport is the primary mode for sequestered radionuclides to contact potential 
receptors, while other radionuclides may also transport in the gas phase (the PA considers 
radon and nine other radionuclides.  The saltstone sequestration strategy limits the amount of 
flow contacting the saltstone by (i) placing the SDSs above the water table, (ii) emplacing 
backfill around and above the SDSs, and (iii) using multiple barriers to redirect flow away from 
the SDSs. 

The first line of defense is the saltstone grout itself.  The grout is intended to strongly limit water 
ingress and diffusive transport of gas and solutes, while preserving reducing conditions for 
extended durations (which enhances retention of radionuclides such as Tc-99).  The concrete 
vault walls, roof, and floor have similar properties for minimizing flow and transport, and also are 
designed to maintain reducing conditions for an extended duration. 
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Figure 1-1.  SDF conceptual closure cap design configuration.  Labeled arrows 
indicate position of cross sections in Figure 1-2.  (Modified from 2020 PA 
Figure 3.2-29). 



1-4 

 

Figure 1-2.  Selected cross sections in the SDF conceptual closure cap design 
configuration.  (Modified from 2020 PA Figure 3.2-30). 
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With a soil-only cap, substantial flow would be expected to contact the SDSs.  At the Savannah 
River Site, annual precipitation is significantly larger than annual potential evapotranspiration, so 
excess precipitation must either run off or infiltrate.  The conceptual design allows substantial 
infiltration into the cap in order to minimize erosion due to runoff at the cap surface; a 
substantial fraction of this water is removed through evapotranspiration.  Based on numerical 
simulations using the WINUNSAT-H model, DOE calculated that excess infiltration 
(i.e., escaping evapotranspiration) might range from ~250 to ~650 mm from year to year 
because of variability in precipitation rates and other factors, and would average approximately 
400 mm/yr.  The conceptual design removes essentially all the excess infiltration with the ULDL 
(see Figure 1-3).  The LLDL, immediately above each SDS, is a backup to reduce any 
remaining flow that might reach the SDS.  As shown in Figure 1-3, the ULDL will be continuous 
across the cap but each SDS will have a separate LLDL that extends 7.6 m past the edge of the 
SDS roof to shed water into a gap between SDSs.  Both drainage layers are underlain by a 
composite barrier layer.  The 2020 PA describes the composite as remaining an essentially 
impermeable barrier for thousands of years, which (i) keeps essentially all of any infiltrating flow 
within the drainage layer and (ii) minimizes oxygen exchange.  In the LLDL concept, the GCL 
will be placed directly on the SDS roof and the HDPE/GCL combination will not extend beyond 
the roof, unlike the lateral drainage layer that extends beyond the roof. 

The performance of the composite barrier layer is critical for performance of a lateral drainage 
layer where the underlying material is permeable.  A HDPE geomembrane is typically 
manufactured in rectangular 1.0 to 2.5 mm [40 to 100 mil (thousandth of an inch)] thick sheets 
of solid flexible HDPE, typically supplied in rolls that are 1.8 to 10 m wide and up to 305 m long 
(U.S. Bureau of Reclamation, 2018).  The seams between the sheets are welded together 
during construction.  The 2020 PA specifies the HDPE geomembranes as 1.5 mm and 2.5 mm 
under the ULDL and LLDL, respectively.  A GCL is another manufactured product, typically 
consisting of a thin layer of bentonite wrapped in geotextiles and stitched together to resist 
shear.  The 2020 PA specifies that the GCLs for the two drainage layers are both 5 mm thick.  
GCLs are usually supplied as rolled sheets that are 4 to 5.5 m by 30 to 60 m (EPA, 2001). 

Figure 1-3 indicates several other aspects of the closure cap that are related to cap 
performance.  Three cap sections have distinct slopes, with varying thickness of backfill 
between the sections.  The near-surface part of the cap is designed to minimize surface 
erosion, with the 3-percent surface slope set to minimize erosion from runoff.  The ULDL has a 
steeper slope (4 percent) to enhance drainage, while the LLDL slope is determined by the SDS 
roof slope (1.5 or 2 percent).  From geometric constraints, the middle backfill is thinnest and the 
lower backfill is thickest at the center of the cap.  The various emplaced geotextile fabric layers 
are intended to (i) protect the HDPE during construction, (ii) minimize the transport of fine soil 
particles that might clog the drainage layers, and (iii) restrain penetration of erosion stones into 
the middle backfill and prevent development of open flow channels along preferential pathways 
(piping) in the middle backfill through the erosion barrier voids.  Geotextile performance is not 
explicitly represented in flow simulations.  The foundation layer for the ULDL is intended to 
provide a relatively low-permeability layer to provide required drainage contours, and will consist 
of the backfill material mixed with bentonite. 

Two additional barriers featuring a HDPE geomembrane layer or composite barrier layer are not 
shown in Figure 1-3.  The circular SDSs are designed to have an additional composite barrier 
layer encased within two layers of the underlying concrete mud mat.  The 150-ft-diameter SDSs 
are designed to have a HDPE layer wrapping the exterior of the SDS walls.  These barriers are 
intended to reduce transfer of water, reduce inflow of carbon dioxide and oxygen; and reduce 
release of radionuclides. 
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Figure 1-3.  SDF conceptual closure cap design.  (a) Components of the closure cap 
above each SDS.  (b) Water balance summary above the ULDL.  
(Modified from 2020 PA Figures 3.2-33 and 3.2-35).  
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2 PREVIOUS INFORMATION FROM THE U.S. DEPARTMENT OF 
ENERGY’S SPECIAL ANALYSES AND PERFORMANCE 

ASSESSMENT AND NRC’S EVALUATION 

An NRC 2017 Technical Review Report (TRR) (ADAMS Accession No. ML17081A187) 
documented a technical review related to the performance of high-density polyethylene (HDPE) 
geomembrane layers, composite barrier layers, and Lower Lateral Drainage Layer (LLDL).  The 
NRC 2017 TRR summarized aspects of the earlier NRC 2012 SDF Technical Evaluation Report 
(TER) (ADAMS Accession No. ML121170309), then reviewed updates to Saltstone Disposal 
Facility (SDF) modeling approaches found in the U.S. Department of Energy (DOE) SDF 
fiscal year (FY) 2013 and FY 2014 Special Analysis Documents (DOE, 2013; 2014)  

2.1 HDPE Geomembrane Layers and Composite Barrier Layers 

In the 2012 TER, which considered the 2009 PA, the U.S. Nuclear Regulatory Commission 
(NRC) evaluated the hydraulic properties assigned to (i) the composite barrier layers on the roof 
and under the floors, and (ii) the HDPE geomembrane layer on the walls of the 150-ft diameter 
disposal structures, and concluded that the properties appeared to be reasonable.  The NRC 
evaluated the DOE consideration of potential sources of HDPE and geosynthetic clay liner 
(GCL) degradation, and concluded that most major potential degradation modes were 
considered.  The NRC also determined that the application of the methods that the DOE used to 
estimate antioxidant depletion were reasonable.  Using the method in the 2004 Environment 
Agency of England and Wales Research and Development Technical Report P1-500/1/TR 
(Needham et al., 2004), the DOE estimated the creation of defects (i.e., pinholes, holes, tears, 
and cracks) in the closure cap HDPE from the combination of antioxidant depletion, thermal 
oxidation, and tensile stress.  With respect to estimation of the combination of the effects of 
antioxidant depletion, thermal oxidation and tensile stress cracking, in general, the NRC 
determined that the DOE application of the method in Technical Report P1-500/1/TR was 
reasonable.  DOE also considered attack from saltstone leachate (as well as groundwater), but 
found the degradation mechanism to be limited.  The groundwater is expected to contain 
predominantly sodium and calcium cations, and chloride and carbonate anions.  Of these, 
calcium hydroxide, sodium hydroxide, aluminum nitrate, sodium carbonate, and sodium chloride 
aqueous solutions are not expected to be particularly corrosive to HDPE (Schweitzer, 2004).  
No literature information could be found on the effects of sodium nitrite, sodium nitrate, sodium 
sulfate, and sodium phosphate aqueous solutions on HDPE.  However, HDPE is not expected 
to be adversely affected by calcium sulfate, calcium nitrate, up to 50 percent phosphoric acid, 
and up to 20 percent nitric acid aqueous solutions (Schweitzer, 2004) below 60 °C.  Although 
there was limited information about the effects of those chemicals on HDPE performance in the 
long term (i.e., thousands of years), the NRC determined that the potential effects of those 
chemicals on the HDPE were accounted for, at least in part, by the DOE modeled rapid 
degradation of HDPE hydraulic conductivity and diffusivity. 

The NRC ended the evaluation in the 2012 TER by stating that “ … the use of a material with 
which there is limited long-term engineering experience and no natural analogues, such as 
HDPE, introduces conceptual model uncertainty.”  The 2012 TER included the example that if 
the HDPE layer performs better than expected and forms few defects for thousands of years 
after placement, then the saltstone could oxidize substantially from gas-phase transport of 
oxygen while being exposed to very little water.  If the HDPE layer were then to begin to fail 
several thousand years after placement, when the closure cover and disposal structure roofs 
may have degraded, then the oxidized saltstone could quickly be exposed to a sudden flow of 
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water that could cause the release of a significant fraction of the Tc-99 inventory in a relatively 
short amount of time.  Hypothetical sudden failures of the composite barrier layer on the roof 
and under the floor of the disposal structures were expected to be mitigated to some extent by 
the GCL, which the NRC indicated could be expected to fail more gradually.  However, if both 
layers fail as the result of a disruptive event (e.g., an earthquake or formation of a sink), then 
water flow through the disposal structures could increase significantly in a relatively short time.  
Thus, in the 2012 TER NRC deemed information regarding the potential for sudden failure of 
the composite barrier layers to be important to an evaluation of predicted site performance. 

The NRC 2017 TRR discussed a concern related to observations of water in the leak detection 
system of SDS 3A, attributing the water to (i) potential sources such as unusual welds and/or 
penetrations or (ii) failure of the HDPE material or an HDPE seam.  The NRC 2017 TRR 
concluded that the leaks undermine the technical bases for the expected barrier performance of 
the HDPE geomembrane layer and the composite barrier layer. 

The NRC 2017 TRR also discussed changes in the conceptual model in PORFLOW from the 
DOE 2009 SDF PA to the DOE SDF FY 2014 Special Analysis Document.  The NRC 2017 TRR 
concluded that the model from the PA represents HDPE/GCL performance that DOE expects 
and the model from the FY 2014 Special Analysis Document represents performance that DOE 
assumes with regard to the hydraulic properties of the HDPE geomembrane and the GCL and 
the amount of water flowing through the waste form.  The Center for Nuclear Waste Regulatory 
Analyses (CNWRA®) staff was concerned that the evaluation case in the FY 2014 Special 
Analysis Document may not be fully supported or appropriate for all relevant time periods, and 
recommended that both conceptual models should be carried forward as sensitivity cases. 

2.2 Upper Lateral Drainage Layer (ULDL) and Lower Lateral Drainage Layer 
(LLDL) 

As described in the DOE 2009 SDF PA, the 0.6-m-thick LLDL placed above the geotextile fabric 
will extend approximately 7.6 m from the disposal structure walls, draining infiltration water to 
the backfill material that will be placed adjacent to the disposal structures.  The LLDL will be 
designed to divert infiltrating water away from the underlying disposal structures and transport 
the water beyond each disposal structure perimeter in conjunction with the underlying 
composite barrier layer and to prevent perched water on top of the disposal structures.  The 
hydraulic properties of the backfill layer above the drainage layer are not expected to change; 
however, over time colloidal clay will migrate with the water flux from the lower backfill layer to 
the underlying LLDL.  That water flux-driven clay was modeled as accumulating in the LLDL 
from the bottom up.  The thickness of the clay-filled portion was modeled as increasing with 
time, while the thickness of the unfilled portion was modeled as decreasing with time.  Those 
changes will result in an overall decrease in the hydraulic conductivity and porosity of the LLDL; 
so that, after approximately 19,000 years, the hydraulic conductivity and porosity of the LLDL 
was estimated to be similar to those for the overlying backfill layer. 

In the NRC 2012 SDF TER, the NRC questioned support for several assumptions in the DOE 
base case analysis.  In the 2012 TER, the NRC determined that the DOE base case, which 
relies on reference from the study of soils, did not have an adequate technical basis to support 
the rate of infill for the LLDL and that the model support for both the geotextile filter fabrics and 
the lateral drainage layers was not commensurate with their expected long-term performance 
and risk significance. 
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Both the DOE SDF FY 2013 Special Analysis Document and the DOE SDF FY 2014 Special 
Analysis Document described the decreasing hydraulic conductivity of the sand unit within the 
LLDL as being controlled by the assumed annual precipitation rate and the associated sediment 
load.  The DOE modeled the process of filling in with fine-grained sediment (e.g., migration of 
colloidal clay) with three different precipitation and infiltration rates. 

In the NRC 2017 SDF TRR, NRC staff continued to question (i) the technical basis for the 
process model for colloidal clay particle filtration within the LLDL and (ii) the consequences of 
infill on performance.  The NRC staff suggested that alternative conceptual models for infill 
might be plausible, such as preferential flow through the soils allowing an uneven deposition of 
colloids to occur in the sand drain layer, and recommended that the DOE further develop the 
technical basis for the current conceptual fill in or clogging model.  The NRC staff also 
recommended that the filling in process of the LLDL be reevaluated by the DOE if the range of 
infiltration rates is revised, because the influx of colloids is determined by the cumulative flux 
into the LLDL.
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3 INFORMATION FROM THE 2020 SDF PA AND NRC EVALUATION 

3.1 HDPE Geomembrane Layers and Composite Barrier Layers Evaluation 

U.S. Department of Energy (DOE) describes four major assumptions in the 2020 PA Closure 
Cap Model:  (i) sufficient engineering controls on erosion will be in place such that overall 
impacts to closure cap performance will be minimal; (ii) roots will penetrate the upper sand 
drainage layer, reducing the saturated hydraulic conductivity and thereby raising the perched 
water level in the drainage layer and increasing the estimated infiltration rate to <0.1 mm/yr; 
(iii) the high-density polyethylene (HDPE) geomembrane will be impermeable to flow except for 
holes, will have a service life of at least 2,000 years, will not develop new holes, and will perform 
well for the 10,000-year Performance Period; and (iv) climatic conditions at Savannah River Site 
(SRS) will remain approximately the same over the Performance Period.  

Infiltration rates calculated with the 2020 PA Closure Cap Model are dramatically smaller than 
infiltration rates calculated with the 2009 PA Closure Cap Model (Figure 3-1Error! Reference 
source not found.), with every 2020 PA infiltration rate orders of magnitude smaller than the 
2009 PA infiltration rate.  In Figure 3-1, the two uppermost curves represent the 2009 infiltration 
calculated (i) with backfill in place of the Upper Lateral Drainage Layer (ULDL) structure and 
(ii) with the ULDL structure in place (including the composite barrier layer).  The remaining 
curves are from the 2020 PA, generated with two assumptions about climate (percolation rate of 
400 and 650 mm/yr), ULDL saturated conductivity [0.01 and 0.05 cm/s], HDPE defect diameter 
[2 and 10 mm], and geosynthetic clay liner (GCL) saturated hydraulic conductivity [10−9 and 
10−8 cm/s].  

The Reasonable Upper Bound cases (Compliance Cases) use the smaller value for ULDL 
saturated hydraulic conductivity.  In order to drain a given inflow to the ULDL when the hydraulic 
conductivity is decreased by a factor of five, the depth of flow within the ULDL must increase by 
a factor of five.  The equation (Giroud, 1997) used to calculate flow through the underlying 
composite barrier layer is = 1 + 0.1(ℎ⁄ ) . . ℎ . .  (3-1) 
 
where  is the flow through the defect, ℎ is the head above the defect,  is the defect area,  
and  are the thickness and hydraulic conductivity of the underlying low-permeability layer, and 

 is a dimensionless contact quality factor.  The equation applies for defect diameters 
between 0.5 and 25 mm and head values less than 3 m (Giroud, 1997).  The equation sums 
terms proportional to ℎ .  and ℎ . , respectively.  As a result, a larger head disproportionately 
increases flow through the underlying composite barrier layer.  In the 2020 PA, head is 
calculated using the formula 

ℎ = sin  (3-2) 

 
where  is the inflow rate to the ULDL,  is the upslope length,  is the ULDL hydraulic 
conductivity, and  is the slope angle.  The formula assumes that the water level is less than the 
thickness of the ULDL.  With this formula, decreasing the ULDL saturated hydraulic conductivity 
by a factor of five increases infiltration by a factor of 15 to 16. 
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The primary difference between the 2009 and 2020 Closure Cap Models is in the treatment of 
post-closure defects.  Both models assume that the HDPE geomembrane is impermeable  

 

Figure 3-1.  DOE-recommended infiltration rates from the 2009 and 2020 Closure Cap 
Models.  The two HELP modeling results (black and dashed tan lines) are 
from the 2009 PA Closure Cap Model, the other five results are from the 
2020 PA Closure Cap Model.  (Reproduced from Figure 4.4-11 2020 PA). 

 

except at holes or other defects.  The 2009 model assumes that tree roots will penetrate the 
ULDL composite barrier layer once forest conditions are established, continually creating new 
holes that deteriorate the composite until it no longer offers a barrier.  The 2020 model assumes 
that the HDPE geomembrane in the ULDL composite barrier layer loses strength over time, but 
the weakened geomembrane remains functionally intact because it never experiences stress 
levels (including stresses from tree roots) that are large enough to create new defects; however, 
the initial defects are assumed to enlarge from 2 to 10 mm over time. 

The 2009 and 2020 Closure Cap Models differ in the parameter values for the GCL layer.  The 
2009 PA assumes that the hydraulic conductivity value is initially 5×10−9 cm/s, increasing to 
5×10−8 cm/s after 500 years to account for divalent cation replacement.  The 2020 PA assumes 
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the hydraulic conductivity value is 1×10−9 cm/s as a best estimate, with an upper bound of 
1×10−8 cm/s as a pessimistic estimate.  For comparison, Scalia and Benson (2011) provide data 
suggesting that new GCLs have a hydraulic conductivity of approximately 1×10−9 cm/s.  In most 
scenarios, the 2020 PA holds the GCL hydraulic conductivity value constant through time.   

The CNWRA staff evaluated several assumptions in the 2020 PA Closure Cap Model: 

Consequences for release (Section 3.1.1) 

• Initial defects 

— Characterization of initial defects (Section 3.1.2) 

— HDPE geomembrane seam factors (Section 3.1.3) 

— Composite barrier layer construction factors (Section 3.1.4) 

— GCL installation factors (Section 3.1.5) 

— Detection of initial defects (Section 3.1.6) 

Characterization of HDPE and GCL degradation (Section 3.1.7) 

Calculated properties for composite barrier layers and HDPE geomembrane layers below the 
Closure Cap Model (Section 3.1.8) 

3.1.1 Consequences for Release 

The infiltration flux magnitude has implications regarding potential radionuclide release rates 
from a Saltstone Disposal Structure (SDS), because the flux magnitude affects potential flow 
through the SDSs.  When the saltstone wasteform matrix carries all flow, calculated releases in 
the 2020 PA start as a pulse of essentially diffusive releases from saltstone near external 
surfaces; the pulse declines over time as the matrix near the external sources becomes 
depleted and the diffusion path length increases.  In this situation, releases eventually become 
dominated by advective flow rate through the matrix; when ample water supply is present, 
advective flow through the matrix increases over time as the matrix degrades.  If a connected 
fast pathway of cracks and gaps exists and carries flow, however, there is a potential for early 
advective releases; again, over time the advective releases would tend to decline as the matrix 
near the fast pathways depletes and the diffusion path from the matrix to the fast pathway 
increases in length.  In general, water is expected to preferentially partition into the cementitious 
matrix because of capillary effects and the cementitious matrix will carry flows up to the 
saturated matrix hydraulic conductivity, even if a connected system of openings exists through 
the matrix; if impinging flows are larger than the saturated matrix hydraulic conductivity, then 
flow through a system of openings can carry the excess.  Flow through such openings would 
require increasingly large inflows to overcome the matrix capacity as the cementitious matrix 
degrades.  Impinging flows pool above the roof and divert laterally when the flows are larger 
than what the saturated crack network can carry.  This general understanding is affected by the 
Lower Lateral Drainage Layer (LLDL), which blocks most of the vertical flow; a hole through the 
composite barrier layer below the LLDL offers the potential for focused flow into a fast pathway 
network, although the 2020 PA does not explicitly model holes in the LLDL composite layer. 
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Based on this general understanding, flow through a connected fast pathway system is unlikely 
when the infiltration flux is smaller than the wasteform saturated matrix hydraulic conductivity, 
regardless of the fast pathway system properties, and the wasteform saturated matrix hydraulic 
conductivity is likely to increase over time as it degrades.  The dominant control on flow in the 
middle of the SDS is likely to be the undegraded portion of the entire saltstone column, rather 
than a degraded outer rind near the roof and floor surfaces, although some flow may divert into 
a degraded zone adjacent to the exterior walls.  On the other hand, flow through a connected 
fast pathway system, if it existed, (i) would be likely if the impinging flux is larger than the 
wasteform saturated matrix hydraulic conductivity, at least locally, and the LLDL did not form an 
effective barrier and (ii) would be possible if the LLDL allowed water to collect into a defect that 
contacts a connected fast pathway system. 

The 2020 PA Vadose Zone Flow Model describes both the saturated hydraulic conductivity and 
the effective diffusion coefficient of cementitious materials as initially small but increasing as the 
materials degrade from chemical attacks, with water flowing through the matrix used as a 
surrogate for chemical attacks.  The Best Estimate and Pessimistic Case initial saturated 
hydraulic conductivity values for saltstone are 10−10 and 2×10−9 cm/s (approximately 0.03 and 
0.6 mm/yr).  The two Realistic and Expected flow rates (Current and Expected Climate, Wetter 
Climate) are less than the Best Estimate initial saturated hydraulic conductivity, and the two 
Reasonable Upper Bound flow rates are less than the Pessimistic Case initial saturated 
hydraulic conductivity.  The 2020 PA does not consider the combination of Compliance Case 
infiltration with Best Estimate saltstone initial hydraulic conductivity; in this case, infiltration flows 
are larger than the matrix can carry under gravity drainage, which would cause perching that 
overcomes capillary barrier effects and increases the potential for fast pathway flow. 

It is important to note that in this report, comparisons are made between the assumed 
performance of the closure cap relative to DOE’s assumed performance of saltstone grout.  
However, in the 2020 Saltstone PA, the DOE assumed that saltstone grout essentially does not 
degrade within 100,000 years (i.e., the modeled saltstone hydraulic conductivity does not 
change within 100,000 years).  NRC staff are currently reviewing the 2020 Saltstone PA, 
including the assumed saltstone performance. The NRC staff have not made any conclusions 
regarding this assumed performance.  Accordingly, the NRC is not making any conclusions 
regarding the risk significance of the closure cap layers relative to saltstone performance. 

3.1.1.1 Potential PA consequences arising from HDPE geomembrane layers and 
composite barrier layers in 2020 PA models 

The 2020 PA uses several PA models in sequence, with the PA models including embedded 
numerical, analytical, and empirical models to represent the physics of flow and transport in the 
containment system.  In essence, the 2020 PA uses one PA model, the Closure Cap Model, to 
estimate the amount and timing of water that passes below the ULDL, and other PA models use 
these flows as input to represent flow through the engineered closure cap down to the LLDL just 
above the (SDSs) (see Figure 1-3) and to the underlying water table.  The 2020 PA Vadose 
Zone Model uses the PORFLOW numerical model to explicitly represent individual SDSs, 
including the LLDL, composite barriers above the SDS roof and in mud mats, as well as other 
select features of the SDS (see Figure 4.4-41 in SRR-CWDA-2019-00001, Rev. 0).  Flow output 
from the Closure Cap model is applied to the top of two-dimensional (2-D) PORFLOW models.  
Degradation of cementitious materials in the SDSs are modeled as changes to hydraulic and 
chemical properties over time, using input provided by other models and calculations as 
described in more detail below.  The 2020 PA Vadose Zone Transport Model uses PORFLOW 
to simulate radionuclide release and transport through the vadose zone to the water table, using 
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the PORFLOW-calculated flow fields.  Radionuclide flux at the bottom of the vadose zone 
(at the top of the water table) are used as input in a separate local saturated zone (SZ) transport 
model1, the Aquifer Transport Model, which is used to simulate transport of radionuclides 
released from the SDSs to a downgradient compliance point where a potential receptor could be 
exposed through groundwater dependent pathways.  A composite barrier layer and its 
degradation over time is central to the Closure Cap Model calculations related to the ULDL, 
while the downstream models incorporate HDPE geomembrane layers and composite barrier 
layers in a simpler way.  The following summarizes the PA models and potential consequences 
related to (i) infiltration through the ULDL, (ii) HDPE geomembrane layers, and (iii) composite 
barrier layers, which provides a partial basis for evaluating the Closure Cap Model. 

The 2020 PA Closure Cap Model assumes that (i) the HDPE geomembrane is impermeable 
unless a physical hole (defect) is present, (ii) almost all initial defects will be identified by testing 
and remediated, and (iii) no new defects or holes will develop.  The Closure Cap Model 
calculates a service life for the HDPE geomembrane of 1975 years (rounded to 2000 years), 
based on estimates for (i) rates of first antioxidant depletion and then material decomposition, 
and (ii) the consequences of material decomposition on break strength, break strain, and stress 
crack resistance.  The 2020 PA assumes that, even after the HDPE geomembrane service life 
is over, cap design and installation protocols will preclude the possibility that sufficiently large 
stresses, from any combination of sources, will be imposed on the geomembrane to overcome 
the remnant HDPE strength and form new breaches after the geomembrane is installed.  
Although no new breaches are formed, the 2020 PA assumes that the initial defects increase in 
size after 2000 years).  The Closure Cap Model assumes five 2-mm diameter defects per 
hectare are initially present in the HDPE geomembrane, and represents each of the initial 
defects as growing to a 10-mm diameter once the geomembrane fully degrades (applied 2,000 
years after installation).  This spacing corresponds to one defect per 2,000 m2, or approximately 
(i) one defect each for SDSs 2A/B, 3A/B, and 5A/B (0.16 ha), (ii) five defects each for SDSs 6 
through 12 (1 ha), (iii) three defects for SDS 1 (0.56 ha), and (iv) 5.5 defects for SDS 4 (1.1 ha).  
The Closure Cap Model calculates flow through each defect using numerical modeling and an 
analytic solution, with rates that are dependent on the condition of the overlying sand in the 
ULDL and hydraulic conductivity of the GCL (Benson and Benavides, 2018).  The total flow 
through the defects is assumed to be evenly distributed across the top of the Vadose Zone Flow 
Model.  With these assumptions, the initial infiltration rate is 0.006 mm/yr, almost five orders of 
magnitude smaller than the soil-only case, increasing to 0.13 mm/yr after 2,000 years. 

The Cementitious Degradation Model calculates degradation of SDS cementitious materials 
(e.g., saltstone and SDS roof, walls, floor, mud mats and grout).  The Vadose Zone Flow Model 
uses the infiltration rates to calculate the distribution of liquid flow passing from the ULDL 
through and around each SDS to the water table, with six detailed models to characterize (i) the 
two rectangular SDSs (using separate models for 1 and 4); (ii) all 150-ft-diameter SDSs 
(one model for 2A/B, 3A/B, and 5A/B); and (iii) the 375-ft-diameter SDSs (one model for 7, 8, 
10, 11, and 12; one model for 6; and one model for 9).  The three 375-ft-diameter SDS models 
are the same, except that SDS 6 includes a sloped floor and SDS 9 is closer to the water table.  
The Contaminant Release Model calculates releases, using the flow rates from the Vadose 
Zone Flow Model to determine timing of degradation.  The Vadose Zone Transport Model 
combines the release rates with the vadose zone flows to calculate contaminant fluxes to the 

                                                 

1The SDF flow velocity field in the local SDF SZ transport model was generated directly from the regional GSA 
PORFLOW model. 
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water table, and the Aquifer Transport Model uses these fluxes to calculate contaminant 
concentrations at the receptor locations.  The composite barrier layer in the ULDL is modeled in 
the Closure Cap Model, and the other HDPE geomembrane layers and composite barrier 
layers, including the LLDL, are considered explicitly or implicitly in the other models. 

The 2020 PA describes two mechanisms for aqueous transport of solutes, diffusive transport 
and advective transport.  Diffusive transport is proportional to the concentration gradient and 
advective transport is proportional to the flow rate.  Diffusion is the primary transport mechanism 
for solutes when the flow rate is relatively low.  Advection is the primary transport mechanism 
when the flow rate is relatively high. 

Diffusive releases occur by diffusion from high radionuclide concentrations within the saltstone 
to low concentrations in the backfill outside each SDS, are relatively insensitive to flow within 
the SDS matrix, and are proportional to the exposed surface area (hence an intact HDPE 
geomembrane on the SDS surface may greatly reduce diffusive exchange).  The radionuclide 
concentrations within the saltstone also depend on the degradation rate of saltstone, which 
depends on inflow of carbon dioxide and oxygen (again by diffusion or as dissolved components 
carried with inflowing water).  

Advective releases occur as dissolved contaminants are carried with water exiting the SDSs.  
Some advective releases may occur from waters passing through the degraded saltstone 
matrix, while others may occur due to fast pathways that bypass the matrix but allow diffusive 
exchange with the matrix; in both cases, diffusion within the matrix controls releases from the 
matrix to the fast pathway after the matrix adjacent to the fast pathway becomes depleted 
in radionuclides.  

An advective release due to a fast pathway through an SDS requires that four factors are all 
present and connected in series:  (i) a source of water, (ii) an inlet to the SDS, (iii) a connected 
path through the SDS, and (iv) an outlet from the SDS that is below the inlet (needed to allow 
flow).  Within the SDS, fast pathways might form from fully penetrating cracks or gaps between 
SDS components.  In essence, releases due to flow through a fast path are similar to exposing 
additional saltstone surface area to diffusive release directly to the backfill.  The 2020 PA 
conceptual model is that there will be no cracks fully penetrating any SDS and no gaps, so that 
flow within any internal cracks or gaps must pass through the saltstone matrix, which controls 
the flow rate, and therefore internal cracks and gaps are assumed by DOE to be 
inconsequential to releases. 

The 2020 PA performed sensitivity analyses separately examining the effect of (i) preferential 
discrete pathways that partially or fully pass through the saltstone and (ii) high infiltration rates 
through the ULDL.  The 2020 PA sensitivity cases for potential fast pathways used discrete 
gravel-filled pathways through the saltstone as a surrogate generic representation of fast 
pathways (represented with higher hydraulic conductivities and diffusivities), and the 
Compliance Case infiltration rates through the ULDL.  The Compliance Case infiltration rate 
(i) peaks at 0.13 mm/yr after 2000 yr when all ULDL and composite-layer degradation is 
assumed completed, (ii) is based on years with average inflow to the ULDL, and (iii) do not 
consider wet years, changing climate, or uncertainty in ULDL properties that might increase 
infiltration.  The 2020 PA concluded that transport within the SDSs would be diffusion dominated 
even with the fast pathways. 

The 2020 PA sensitivity cases with much larger infiltration rates than calculated by the Closure 
Cap model consider (i) infiltration rates based on the 2009 PA and (ii) infiltration rates based on 
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drainage into the ULDL in the 2020 PA.  In the sensitivity cases based on the 2009 PA, 
infiltration is initially small but increases over time, peaking at 269 mm/yr.  In the sensitivity 
cases based on the 2020 PA, a soil-only closure cap is assumed (i.e., the Closure Cap Model 
has no ULDL barriers) under current climatic conditions after evapotranspiration and runoff is 
removed from precipitation, giving a steady infiltration rate of 418 mm/yr to the Vadose Zone 
Model.  The LLDL and underlying composite barrier layer are present in both sensitivity sets; in 
the soil-only closure cap, the LLDL would presumably replace the barrier functionality of the 
ULDL because of the similarity in design.  The two sets consider several assumptions about 
material degradation, but the high-infiltration sensitivity cases do not consider fast pathways 
through the SDS. 

Based on the 2020 PA models, the barrier mechanism of reduced infiltration has indirect 
potential influences on potential receptors by affecting degradation of the SDSs and saltstone.  
The barrier mechanism of reduced exchange through liners (a composite barrier layer or HDPE 
geomembrane layer) also has an indirect influence on potential receptors by influencing 
cementitious degradation and pore solution chemistry.  These effects influence the rates of 
radionuclide release and transport within the SDSs. 

The 2020 PA Cementitious Degradation Model considers changes in physical properties of 
cementitious materials (the effective hydraulic conductivity and effective diffusion coefficient), 
which both increase as the medium and embedded steel components degrade.  Degradation of 
saltstone also allows radionuclides to transfer into the aqueous pore solution more readily.  The 
Cementitious Degradation Model considers the rate of physical degradation of SDS components 
(e.g., roof, walls, floor) as mediated by (i) sulfate diffusing from the saltstone into SDS 
components, (ii) carbonization, which occurs as carbon dioxide diffuses to the steel 
components, and (iii) decalcification, which occurs as calcium dissolves from the solid phase 
and leaches to the environment.  The Cementitious Degradation Model considers physical 
degradation of saltstone as occurring through decalcification.  The barrier of a liner (a composite 
barrier layer or a HDPE geomembrane layer) reduces carbonization by reducing carbon dioxide 
ingress via (i) diffusion from the surrounding environment and (ii) advective transport through 
the roof, and reduces decalcification by limiting egress of dissolved components.  The 
Cementitious Degradation Model represents the initial hydraulic properties of the liners using 
the same HDPE geomembrane defect frequency as in the Closure Cap Model, but assumes 
that the defects are initially fully degraded (10-mm defects) to calculate initial properties.  The 
initial saturated hydraulic conductivity is based on representing the liner as an equivalent porous 
medium based on assumed defects, and liner retention properties are based on concrete.  The 
liner properties are assumed to degrade to backfill between years 750 and 3,200 (2020 PA 
Section 4.4.2.7 p. 391), implying that the barrier capability relative to saltstone disappears 
before year 1,500. 

The 2020 PA Contaminant Release Model considers changes in the pore solution composition, 
which is influenced by ingress of oxygen into the SDSs and removal of buffering components.  
The aqueous pore solution composition, in particular the oxidation state, influences the retention 
of several important radionuclides (e.g., technetium), which affects the dissolved radionuclide 
concentration available for transport.  The barrier of a liner reduces ingress of oxygen by 
(i) reducing diffusion from the surrounding environment and (ii) reducing advective transport 
through the roof.  The Contaminant Release Model considers pore solution evolution of SDS 
components and saltstone (as well as saltstone physical degradation) using a reaction path 
model based on waters advected through the roof.  The reaction path model does not consider 
diffusive transport across the SDS exterior, thus the oxidation state at the base of the saltstone 
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does not depend on diffusion across the floor even after the floor and composite barrier layer 
are fully degraded. 

The 2020 PA Vadose Zone Flow Model calculates a set of quasi-steady flow fields between the 
ULDL to the water table for particular combinations of infiltration and degradation state.  The 
degradation state is represented by discrete values of material-specific hydraulic conductivity 
calculated by the Cementitious Degradation Model.  The composite barrier layers potentially 
affect the redistribution of water into and around the SDSs.  The Vadose Zone Transport Model 
and Cementitious Degradation Model appear to use the same assumptions for liner properties 
and liner degradation. 

The 2020 PA Vadose Zone Transport Model considers transport of released radionuclides from 
the saltstone to the water table for combinations of (i) the flow fields calculated by the Vadose 
Zone Flow Model combined with the oxidation state and (ii) associated release conditions 
calculated by the Contaminant Release Model.  The 2020 PA describes early releases as 
dominated by diffusion and later releases as dominated by slow advection through the matrix, 
with different transition times for different locations within the saltstone matrix.  A transition 
between diffusion and advection dominance is a consequence of the transport physics; the rate 
of release by diffusion decays steadily with time as the diffusion path length from the dissolution 
surface to the exterior increases, while advective releases are steadier over time. 

3.1.1.2 Degradation of HDPE geomembrane layers and composite barrier layers in 2020 
PA models 

The 2020 PA describes the combination of an HDPE geomembrane and GCL as essentially 
impermeable where either component is intact.  The 2020 PA Closure Cap Model represents 
the HDPE geomembrane in the ULDL as remaining essentially impermeable for an indefinite 
period of time (other than flow through defects), even though the geomembrane strength 
degrades over time.  In contrast, the 2009 PA (DOE, 2009) assumed root activity would 
penetrate the HDPE geomembrane, significantly degrading the ULDL performance over time.  
The 2020 PA Cap Closure Model assumes that no new defects will be created because the cap 
design and installation protocols preclude the possibility that sufficiently large stresses will be 
imposed on the geomembrane to overcome the remnant HDPE strength (including root 
stresses), but the Cementitious Degradation Model assumes that the initial performance of 
HDPE geomembrane adjacent to the SDSs with respect to CO2 ingress degrades from the initial 
state to backfill during the period between years 750 and 3,200.  The Vadose Zone Flow model 
also assumes that the initial hydraulic performance reverts to backfill, presumably using the 
same representation.  The 2020 PA does not explicitly address degradation associated with 
seams. 

The 2020 PA and its references summarize HDPE geomembrane degradation processes, 
focusing on degradation representative of intact sheets.  HDPE is susceptible to oxidation, 
which results in a more brittle geomembrane, so antioxidants are added in the manufacturing 
process.  The geomembrane is less able to withstand stress cracking and imposed mechanical 
stresses as it becomes more brittle, which makes the geomembrane more susceptible to 
formation of defects.  Buried HDPE geomembrane undergoes a staged degradation, in which 
antioxidants are first depleted (by oxygen consumption and antioxidant diffusion from the 
geomembrane) before HDPE oxidation occurs.  HDPE degradation rates generally increase 
with increasing moisture, oxygen supply, or radionuclide concentrations.  Away from defects 
(where the fluids on both sides can exchange through the defect and mix), one side of the 
geomembrane may degrade faster than the other and control overall degradation, because the 
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hydrochemical conditions are usually significantly different on the two sides of a geomembrane 
(reference). 

The HDPE geomembrane in the composite barrier layer underlying the ULDL may have 
significantly different conditions on the two sides, which implies that degradation may occur at 
different rates.  The upper side of the geomembrane will be exposed to a coarse sand that is 
continually or frequently flushed with infiltrating water, presumably containing dissolved oxygen.  
The lower side of the geomembrane will be in close contact with the GCL, which will achieve a 
saturated or nearly saturated moisture state in equilibrium with the underlying unsaturated 
foundation layer.  Oxygen will be available to diffuse across the GCL to the geomembrane, 
supplied by diffusion through the air phase in the unsaturated backfill from the sides of the cap.  
Radionuclide concentrations will likely be extremely dilute due to distance from the SDSs. 

The HDPE geomembrane in the composite barrier layer underlying the LLDL is likely to have 
very different conditions on the two sides.  The upper side is likely to remain under unsaturated 
or minimally perched conditions almost continually, depending on infiltration rates through the 
cap, but with high dissolved oxygen levels.  When first installed, the bottom side of the GCL will 
contact concrete that has been exposed to the atmosphere for years to decades, so initially the 
concrete will have relatively low saturation levels and high oxygen levels.  Over time, moisture 
will wick from lower saturated concrete towards the GCL but the initial oxygen in the concrete 
will be consumed without replacement unless resupplied through defects.  Over time, dissolved 
saltstone and concrete constituents (including radionuclides) will diffuse from the saltstone 
towards the GCL.  The SDS roof concrete is predicted to have pH of at least 12.5 for at least 
565 yr (SDS 4) to 793 yr (SDS 9) for the Compliance Case assumptions (Section 4.4.3.4.3 of 
the 2020 PA).  A highly alkaline environment may speed antioxidant depletion rates without 
additives to the HDPE geomembrane (Abdelaal and Rowe, 2017). 

The HDPE geomembrane layer wrapping an exterior SDS wall will have moisture and 
geochemical conditions similar to the HDPE geomembrane layer above the roof, exposed to 
unsaturated backfill on one side and concrete that had been exposed to the atmosphere for an 
extended duration on the other.  However, gaps are more likely to form on both sides of the 
geomembrane without an expansive GCL adjacent to the geomembrane, especially if there is 
some differential settlement of backfill.  Differential settlement along the SDS wall, if it occurred, 
also may impose additional strains on the geomembrane. 

The HDPE geomembrane in the composite barrier layer encased within a mud mat will be 
surrounded by essentially saturated concrete with low levels of oxygen (at least until significant 
concrete degradation allows oxygen diffusion from the backfill in the gas phase) and pH >12.5 
for at least 25,000 yr (150-ft SDSs) to >55,000 yr (375-ft SDSs) under Compliance Case 
assumptions (Section 4.4.3.4.3 of the 2020 PA).  Over time, dissolved saltstone constituents 
(including radionuclides) will diffuse from the saltstone towards the upper side of the composite 
barrier layer.  Any differential movement of concrete, such as cracks or offsets at joints, may 
impose locally intense shear stresses on the geomembrane, which may promote formation of 
HDPE geomembrane defects. 

3.1.2 Characterization of Initial Defects 

The 2020 PA assumes that a high level of quality control will be applied during construction of 
all composite barrier layers, based on specifications for ongoing installations of composite 
barrier layers emplaced in mud mats (C-SPP-Z-00019).  Although not called out in the 2020 PA, 
Jones and Phifer (2008) also provide detailed installation specifications for the 2009 PA that 
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appear consistent with the 2020 PA descriptions of construction practices.  The 2020 PA 
Closure Cap Model uses five circular holes per hectare as the initial number of defects in the 
ULDL composite liner, based on the recommendation of Giroud and Bonaparte (1989) for seam 
defects remaining after quality assurance; other PA models represent HDPE geomembrane 
layers and composite barrier layers as an equivalent porous medium with an equivalent areal-
average saturated hydraulic conductivity.  The 2020 PA specifies that HDPE geomembrane 
installation, detection of defects, and repairs of defects shall all be performed according to 
standards established by the American Society for Testing and Materials (ASTM).  Depending 
on the seam welding method used (allowed methods are single or double hot-wedge fusion 
seam welding or extrusion welding), each seam will be tested for defects and repaired using a 
vacuum testing device, spark testing device, or air channel pressure test for double wedge 
welded seams, or shear and peel testing. 

The Giroud and Bonaparte (1989) analysis focused on estimating leakage through liners to 
design leakage collection facilities.  For analysis and design purposes, Giroud and Bonaparte 
(1989) recommended working assumptions of (i) 1 seam defect per 300 m of seam  
(3 to 5 seam defects per hectare) and (ii) a range of hole sizes from least 2 mm (representing 
seam defects), to at least 10 mm (representing accidental punctures that cannot be observed by 
quality assurance personnel).  Giroud and Bonaparte (1989) do not quantify accidental puncture 
frequencies.  Giroud and Bonaparte (1989) recommend a hole size of 3.1 mm2 (2 mm diameter) 
for evaluating performance of the lining system (e.g., flow in a leakage collection layer under 
typical operating conditions) and a hole size of 1 cm2 (11 mm diameter) to provide design flows 
for components of a lining system (e.g., pipes and pumps).  The CNWRA staff did not find a 
justification in the 2020 PA for specifically selecting the 2-mm-diameter hole among the 
recommended range of hole sizes. 

The Giroud and Bonaparte (1989) recommendations were based on the analysis of six case 
histories using extrusion welded seams.  Recognizing the advances in HDPE formulations and 
installation techniques that have taken place over the last 30 years, it is not clear that these 
recommendations fully capture the range of uncertainty given the small sample size. 

Nosko and Touze-Foltz (2000) describe 4,194 defects at more than 300 sites with 
geomembrane liners, with the defects found using electrical leak detection sensors installed 
below the geomembrane.  Based on the technology, it can be inferred that the liners generally 
had less than ten years in service.  The total liner area was 325 hectares, implying 
12.9 defects/hectare on average.  For comparison, the total roof area of the set of 15 SDFs is 
9.8 hectares.  Nosko and Touze-Foltz (2000) place the liner area into five defect categories, but 
do not quantify the fraction of area covered by each category.  The category of flat areas is 
analogous to the ULDL and LLDL in the 2020 PA, probably represents the vast majority of the 
total liner area and contained 78 percent of all identified liner defects.  In flat areas, defect 
causes included stones (81 percent), heavy equipment (13.2 percent), worker (4 percent), cuts 
(1 percent), and welds (0.8 percent).  Nosko and Touze-Foltz (2000) do not quantify the weld 
failure mode (e.g., initial defect, stress crack failure), but found that welds were a much more 
prevalent fraction of defects for the four categories that were not flat areas:  (i) corners and 
edges (17.5 percent), (ii) under drainage pipes (27.2 percent), (iii) at pipe penetrations 
(90.9 percent), and (iv) others (e.g., road access, temporary storage) (16.7 percent).  It may be 
that uncomplicated layouts in flat areas were more suited to single or dual track welded seams 
and areas with more challenging conditions are more likely to feature extrusion welding. 

Peggs and Giroud (2014) describe (i) typical geomembrane hole sizes at the end of installation 
as between one and a few square millimeters; (ii) holes due to stress cracking around 10 mm2 



3-11 

expanding to 100 mm2 or larger if the geomembrane remains in tension; (iii) holes due to 
puncture by stones as >10 mm2; and (iv) holes due to tears from construction equipment as 
100 to 1,000 cm2.  

Gilson-Beck (2019) and Beck (2015) compared leakage data from 122 discrete landfill cells with 
double linings in upstate New York, in which leachate through a top geocomposite layer is 
collected above a second liner (the primary leachate collection system) and leakage rates are 
measured.  Current specifications (https://www.dec.ny.gov/chemical/23719.html, accessed 
11/18/20) call for (i) a 1.0 or 1.5-mm geomembrane overlain by 76 cm of soil and underlain by a 
46-cm clay layer for the top liner, (ii) a 1.5-mm geomembrane underlain by a 15-cm clay layer 
for primary leachate collection, and (iii) a 1.5-mm geomembrane underlain by a 61-cm clay layer 
for secondary leachate collection.  Some sites may have used a GCL instead of clay liners.  The 
top geocomposite layer is analogous to an undegraded composite barrier layer in the 2020 PA.  
Figure 3-2 contrasts the exceedance fraction for cells that underwent an ELL survey with cells 
that did not get surveyed, suggesting that repairs subsequent to the survey tend to mitigate 
large leaks. Beck (2015) suggests that leakage is underestimated through cells lacking an ELL 
survey, because those cells are from older cells with very thick waste (which reduces flow) and 
some cells may have been capped.  Gilson-Beck (2019) reported earlier data by Bonaparte and 
Gross (1993) from 14 sites, suggesting that more recent technology may have reduced leakage 
rates.  Data from 2010 suggests that 27 percent exceeded 1.8 mm/yr and 3 percent was 
between 7.3 and 18.3 mm/yr.  These data illustrate that HDPE geomembrane quality and 
installation practices have improved over time.  These measured leakage rates, representative 
of initial infiltration rates, have a median infiltration rate of ~2 mm/yr, two orders of magnitude 
larger than any initial infiltration rate in the 2020 PA’s Closure Cap Model (Figure 3-1) and 
several times larger than the upper bound infiltration with both the HDPE geomembrane layer 
and the GCL fully degraded.  CNWRA staff recognizes that (i) a clay layer may allow somewhat 
greater leakage than a GCL for an identical HDPE geomembrane defect, and (ii) some of the 
landfills used 1.0 mm HDPE geomembranes, which tend to have greater defect rates than the 
1.5 mm HDPE geomembrane proposed for the upper drainage barrier; nevertheless, these 
leakage data suggest that the calculated leakage rates in the 2020 PA may be an optimistic 
outlier compared to existing installations. 

These studies suggest that initial and construction-related defects historically have tended to be 
more frequent and larger than assumed for the 2020 PA.  In particular, construction-related 
defects have historically been much larger than the weld defects assumed for the Closure Cap.  
Model and at least one large study suggested that construction defects dominate weld defects 
in flat areas.  The CNWRA staff recognizes that (i) placing the HDPE geomembrane directly on 
a GCL will tend to mitigate against defects caused during construction, and (ii) material 
properties and construction quality have improved over time.  The assumption that construction-
related defects will be precluded by careful construction practices (equivalent to the assumption 
that all defects are weld defects) may be an achievable goal, but the available data suggest that 
the calculated infiltration rates in the 2020 PA Closure Cap Model are often orders of magnitude 
larger in actual covers. 

3.1.3 HDPE Geomembrane Seam Factors 

In North America, HDPE geomembrane seams are typically sealed using single or double hot-
wedge fusion seam welding or by extrusion welding, and the 2020 PA specifies that one of 
these methods will be used.  Hot-air fusion is a method similar to hot-wedge fusion, using hot air 
to melt the geomembrane, but the hot-air heating process is less controlled.  Specification  
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Figure 3-2.   Leakage observations from double-lined landfills in upstate New York 
(Beck, 2015), partitioned into cells with and without ELL surveys.  The data 
are fitted with exponential exceedance fractions, broken at 6 mm/yr. 

 

C-SPP-Z-00019 (describing GCL and HDPE geomembrane installation in the mud mats for 
SDSs 8 and 9) states that hot-air welding is not acceptable. 

Hot-wedge fusion is only used for initial installation, and consists of running a semi-automatic 
device along the overlap between two geomembrane sheets, with a wedge heated by electrical 
resistance partially melting the geomembrane and rollers pinching the heated area together to 
form a permanent bond.  The wedge may form a single welded track or dual tracks separated 
by an enclosed air gap.  Extrusion welding can be used for initial installation or repairs, and 
consists of extruding a ribbon of molten polymer over the edge of the overlying sheet, joining the 
two sheets.  Both methods require that the seams overlap, typically approximately 15 cm. 

Seam integrity may be compromised by improper installation, in which defects or gaps form due 
to water or soil in the seam, incomplete or excessive heating, improper pressure, or stresses 
applied prior to curing (e.g., physically adjusting the seaming device, walking on an incompletely 
cured seam).  Seam testing shortly after installation can reveal these types of seam defects. 

Both hot-wedge fusion and extrusion welding generate a seam that is thicker than the 
geomembrane.  The heat-affected zone, partially melted material adjacent to the seam, tends to 
be weaker than the original geomembrane, may be thinned with improper installation, and 
depletes in antioxidants more rapidly than either the seam or the surrounding geomembrane 
(Rowe and Shoaib, 2017).  The heat affected zone has been found to be more susceptible to 
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(i) shear failure (Zhizhou et al., 2019) and (ii) stress cracking, and strains are magnified by a 
factor of 2.3 to 4 [Kavazanjian et al. (2017)].  Stress crack failures on the weakened zones may 
occur months after installation, implying that seam testing shortly after installation may not 
reveal such delayed defects.  Single-track hot-wedge fusion generates two heat-affected zones 
on each side of the weld, one for each overlapping geomembrane; however, failure of the 
heat-affected zones on the overlapping flaps (two of the four zones per weld) would have no 
impact on overall geomembrane integrity.  Dual-track hot-wedge fusion generates four 
weakened zones for each overlapping sheet; the outer weakened zones are like the single-track 
weakened zones, while the weakened zones between the two welds maintain containment 
unless an upper zone and a lower zone both fail.  Extrusion welding creates a single weakened 
zone on each side of the weld.  With extrusion welding, both weakened zones are visible, 
but hot-wedge fusion welding results in geomembrane covering at least one of the 
weakened zones. 

The 2020 PA does not explicitly discuss defects within the heat-affected zone, although the 
initial defect frequency appears to be based on recommendations by Giroud and Bonaparte 
(1989) that are based on initial seam defects.  CNWRA staff considers the heat-affected zone 
associated with seams to be the most likely location for hidden initial defects and development 
of delayed defects, and CNWRA staff recommends that degradation and failure rates be 
explicitly considered for such zones. 

3.1.4 Composite Barrier Layer Construction Factors 

The 2020 PA assumes that the HDPE geomembrane and GCL have good contact conditions 
when calculating the flow through defects, based on (i) construction activities creating a smooth 
surface for the GCL emplacement, (ii) GCL placement will be performed using quality control 
standards to minimize wrinkles and irregularities, and (iii) constant pressure conditions placed 
on the HDPE geomembrane from overlying materials. 

Good contact between the HDPE geomembrane and GCL is very important for limiting leakage 
from a defect, because total leakage is roughly proportional to the total surface area of the GCL 
that water can easily spread to under the geomembrane.  The CNWRA staff understands that 
the contact conditions between the geomembrane and GCL deteriorate (i.e., gaps form) when 
the geomembrane (i) contains wrinkles or (ii) bridges depressions and breaks in slope 
(the bridged condition is called trampolining).  Both conditions increase tensile stresses on the 
geomembrane, promoting formation of new defects from stress cracking.  The CNWRA staff 
also understands that thermal expansion and contraction of geomembranes over the course of 
one or more days may promote wrinkles and trampolines that persist after the geomembrane is 
covered.  The CNWRA staff agrees that quality control measures can minimize these effects by 
(i) assuring smooth planar surfaces for emplacement; (ii) carefully matching geomembrane 
temperatures to the expected long-term ambient temperature during the period that includes 
geomembrane placement, seaming, and covering; and (iii) prompt covering after seaming. 

The 2020 PA does not provide a specific layout for the barrier sheets, which is consistent with 
an initial conceptual design.  However, CNWRA staff is concerned that the current conceptual 
design may create composite barrier wrinkles or seam integrity issues in areas where the 
underlying surface is not planar (has curvature).  Such wrinkles would be inherent to the 
geometric configuration, and cannot be resolved with quality control alone.  The CNWRA staff 
recognizes that a change in slope, such as the toe of a basin side slope, is typically associated 
with poor contact between the HDPE and GCL, but the site concept does not contain large 
breaks in slope.  Curvature in two directions may be of particular concern in the closure cap, 
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because rectangular panels cannot cover such surfaces without wrinkling (like wrapping a ball 
with paper), cutting, or stretching.  The conical roofs of the cylindrical SDSs are one example 
where wrinkles may form in the LLDL composite barrier layer without mitigating efforts.  The 
configuration of the ULDL is not indicated in the 2020 PA, but surface contours shown in the 
SDF Closure Cap Design Configuration (Figure 3.2-29 in the 2020 PA) indicate that the closure 
cap surface is a mix of planar and conical zones, suggesting that the ULDL would have a similar 
mixture.  With sufficiently tight curvature, areas of the ULDL with conical configurations may 
need special consideration to avoid additional tensile stresses on the geomembrane or difficult 
seam conditions. 

Repair patches may also be associated with poor contact between the HDPE geomembrane 
and the underlying GCL or substrate.  For example, Gilson-Beck (2019) quantifies leakage rates 
of ~230 liters/hectare/day (>8 mm/yr) through a 1.5 mm HDPE geomembrane over a GCL due 
to six pinholes in extrusion welds and a 4-mm puncture, with the pinholes appearing to be 
aligned with extrusion-welded repair patches along a seam.  Gilson-Beck (2019) calculated 
leakage rates using a Rowe (1998) equation for a circular hole on a wrinkle and the Giroud 
(1997) leakage equation.  The wrinkle equation approximately matched observed leakage 
assuming a wrinkle width of 31 cm and connected network length of 190 m.  Leakage calculated 
with the Giroud (1997) leakage equation (the equation used in the 2020 PA Closure Cap Model) 
was 1.5 to 1.7 percent as large assuming good contact and 8.2 to 9.3 percent as large 
assuming poor contact. 

The CNWRA staff suggests that HDPE geomembrane layout and seam construction difficulties 
due to curvature be given special attention during the next round of design.  

3.1.5 GCL Construction Factors 

Currently there is no national standard for GCL seaming protocols.  Unified Facilities Guide 
Specification UFGS 02 56 15 (U.S. Department of Defense, 2010) specifies required minimum 
edge overlaps and requires that panels are oriented in the direction of slope, but otherwise 
defers to manufacturer’s recommendations for overlap extent and seam sealing protocols. 
Recommendations from several representative manufacturers (ABG, AGRU America Inc., GSE 
Environmental Inc. (now Solmax), CETCO®, and Jen-Hill) typically specify granular bentonite as 
the GCL sealing compound where site-specific conditions warrant sealing.  Some 
manufacturers offer self-sealing products, in which the end of the sheet is manufactured to allow 
a controlled amount of bentonite to extrude where two sheets overlap along the seam.  Some 
products combine the GCL with a factory-adhered HDPE geomembrane, allowing emplacement 
of the composite barrier layer with a single product, which aligns the HDPE geomembrane and 
GCL seams with little or no offset.  Typically, two to four times as much overlap is 
recommended at sheet ends than for longitudinal seams. 

The CNWRA staff is concerned that water leaking through the HDPE geomembrane may 
bypass the GCL through the GCL seams.  GCL seams are not welded, unlike HDPE 
geomembranes.  The seams rely on continued panel overlap, additional bentonite applied within 
the seams for sealing, and applied overpressure to maintain integrity.  Factory-adhered 
HDPE/GCL composites may share some of the same seaming issues as GCLs, depending on 
the seaming technique. 

GCL sheet alignment is typically intended to have no lateral shear forces, but Rowe et al. (2010) 
report five instances where originally overlapped GCL panels separated between 0.2 and 1.2 m.  
Rowe et al. (2010) attribute the separations to panel shrinkage as a result of cyclic wetting and 
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drying of uncovered panels, all exposed for multiple months (2 to 36 months).  Although this 
duration is much longer than the panels will remain uncovered in the Closure Cap, shrinkage 
may occur due to long-term loss of water to a dry substrate. 

A GCL seam with a bentonite-based seal typically requires that a certain amount of pressure is 
applied to the seal to limit leakage.  Increasing cover thickness acts to increase pressure on a 
GCL seam.  A wrinkle in an overlying HDPE geomembrane forms an arch that can shield an 
underlying strip of GCL from considerable overburden pressure; the geomembrane thickness 
determines how much pressure the arch can withstand (Joshi et al., 2016).  HDPE 
geomembrane wrinkles are of concern because wrinkles concentrate stresses, enhancing 
stress cracking in the geomembrane; such cracks would be aligned with the axis of the wrinkle, 
so that defects will tend to be elongated and allow flow into the underlying gap.  The partially 
melted zone adjacent to a HDPE geomembrane seam is more susceptible to stress cracking 
than the seam or bulk geomembrane, thus a wrinkle along or crossing a HDPE geomembrane 
seam would create conditions especially prone to stress crack defects.  The gap under the 
wrinkle is of concern, because it provides an elongated flow path that greatly enlarges the 
surface area of the GCL where seepage through the GCL can occur.  If a wrinkle crosses a 
GCL seam, the potential for significant leakage exists due to the combination of reduced 
pressure on the GCL seam and free flow along the wrinkle. 

Thiel and Thiel (2009) proposed heat tacking the GCL seams to provide resistance to shear 
stresses, performed a field test using GCLs prone to shrinkage at the Carlota Mine in Arizona, 
and reported no evidence of shrinkage on heat-tacked seams.  The heat tacking was performed 
using a flame torch followed by pressing together with light pressure from a sand-filled bag.  
Rowe et al. (2010) tested heat tacking methods in the laboratory, finding that the heat-tacked 
seams appeared to be as strong as the GCL adjacent to the seam after forty wet-dry cycles.  No 
literature testing the shear resistance of a bentonite seal was identified, but heat tacking would 
likely offer much greater shear resistance than a bentonite seal. 

Although it is expected that promptly covering a GCL will preclude significant panel shrinkage 
from cyclic hydrothermal forcing, CNWRA staff suggests that augmenting the GCL design to 
include heat tacking may be a best practice approach for maintaining GCL seam integrity.  The 
CNWRA staff further suggests that offsetting HDPE geomembrane panel seams from GCL 
panel seams is likely a best practice when separate products are used, because it reduces the 
potential for large bypass flow from an HDPE geomembrane seam to a GCL seam.  With 
factory-adhered composite layers, special attention may be warranted to address the seam 
integrity, because the seam represents a single point of failure (i.e., there is a single seam for 
the combined HDPE geomembrane and GCL rather than a separate seam for the HDPE and 
GCL). 

3.1.6 Detection of Initial HDPE Geomembrane Defects 

The 2020 PA states that the HDPE geomembrane installation, detection of defects, and repairs 
of defects shall all be performed according to standards established by the American Society for 
Testing and Materials (ASTM), and each seam will be tested for defects and repaired using a 
vacuum testing device, spark testing device, or air channel pressure test for double-wedge 
welded seams, or shear and peel testing, and indicates that installation procedures will be 
similar to ongoing installations for composite barrier layers emplaced in mud mats (C-SPP-Z-
00019).  Procurement specifications for SDS 8 & 9 (C-SPP-Z-00019) require use of single or 
double hot-wedge fusion seam welding or extrusion welding for HDPE geomembrane seams.  
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CNWRA staff found discussions of seam testing while exposed during installation, but not for 
construction-related defects or other system components.  

Hot-wedge fusion and extrusion welding both bond two HDPE geomembranes by partial 
melting, and both generate a seam in that is thicker than the geomembrane; however, the heat-
affected zone, partially melted material adjacent to the seam, tends to be weaker than the 
original geomembrane, may be thinned with improper installation, and depletes in antioxidants 
more rapidly than either the seam or the surrounding geomembrane (Rowe and Shoaib, 2017).  
The heat affected zone has been found to be more susceptible to stress cracking and strains 
are magnified by a factor of 2.3 to 4 [Kavazanjian et al. (2017)].  The air channel pressure test 
commonly performed for dual hot-wedge fusion seams does not test for continuity in the heat- 
affected zones outside dual tracks, leaving a potential undetected gap.  Where geomembranes 
overlap, a heat-affected zone in the lower geomembrane is poorly visible, potentially allowing a 
significant defect to go undetected. 

3.1.6.1 Test methods 

ASTM D7700 (Standard Guide for Selecting Test Methods for Geomembrane Seams) indicates 
that one destructive seam evaluation technique, six non-destructive techniques, and two 
general electrical leak location (ELL) approaches apply to HDPE geomembranes.  Most 
methods test seam continuity, the shear and peel apparatus tests seam strength. 

The vacuum box method looks for bubbles in a foaming solution applied along the seam when a 
vacuum is applied, and is applicable to either hot-wedge or extrusion weld seams.  The high 
voltage spark detection method looks for sparks across an extrusion weld between a grounded 
conductive wire placed between the overlapping sheets on the interior side of the seam and a 
high voltage applicator outside the seam.  The pressurized air channel method applies 
elevated air pressure within the dual-track air channel and monitors for a pressure drop.  The air 
lance method (ASTM D4437) tests for unbonded areas by blowing air from a nozzle directed at 
the seam edge to detect loose edges or riffles within the seam.  Mechanical point stressing 
(ASTM D5820) is a qualitative approach that passes a blunt object, such as a screwdriver, 
along the seam to find obvious unbonded areas.  Ultrasonic pulse echo tests (ASTM D7006, not 
intended for extrusion welding) pass high frequency sound across the seam to detect 
discontinuities.  The shear and peel tests are destructive tests that pull apart seam samples at 
specified rates until rupture occurs. 

ASTM D7700 also recommends five non-destructive tests: (i) the air lance method 
(ASTM D4437), (ii) mechanical point stressing (ASTM D5820), (iii) ultrasonic testing 
(ASTM D7006, not intended for extrusion welding), and two ELL approaches (ASTM D7002, 
water puddle/water lance, and ATM D7007, geomembranes covered with water or earth).  The 
air lance method tests for unbonded areas by blowing air from a nozzle directed at the seam 
edge to detect loose edges or riffles within the seam.  Mechanical point stressing is a qualitative 
approach that passes a blunt object, such as a screwdriver, along the seam to find obvious 
unbonded areas.  Ultrasonic pulse echo tests pass high frequency sound across the seam to 
detect discontinuities. 

Electrical leak location tests use various ways to detect perturbations to the electrical field when 
an electrical current passes through a defect in the liner, such as an initial defect, construction 
damage, stone penetration, or stress crack parting.  ELL techniques need a conductive pathway 
below the geomembrane for current from the defect to an electrode.  The pathway can be 
provided by a GCL, a conductive backing on the geomembrane, or saturated soil; special care 
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may be needed for poor-contact conditions such as wrinkles or gaps.  Some of the techniques 
are only appropriate for exposed geomembranes, while others are appropriate when the 
geomembrane is covered with shallow water or soil (Koerner et al., 2016).  ASTM D7700 
describes two general ELL approaches, depending on whether the geomembrane is exposed or 
covered, and refers to ASTM D6747 for details.  For geomembranes that are to be covered with 
earth materials, ASTM D6747 recommends performing both a bare geomembrane survey and a 
dipole survey after the earth material is placed.  ASTM D6747 describes four electrical leak 
location techniques for exposed geomembranes: (i) water puddle (ASTM D7002), (ii) water 
lance (ASTM D7703), (iii) conductive geomembrane spark test (ASTM D7240), and (iv) arc 
testing (ASTM D7953).  ASTM D6747 describes two ELL approaches for covered 
geomembranes:  (i) the dipole method, including water- and soil-covered variants 
(ASTM D7007), and (ii) permanent monitoring.  ASTM D8265 describes how to use the 
techniques to perform surveys.   

The water puddle and water lance techniques complete a low-voltage circuit using an electrode 
in contact with water applied onto a dry geomembrane; the water puddle technique places the 
electrode in a puddle and the water lance technique places it in the water reservoir used to 
supply water continuously sprayed onto the geomembrane.  The arc testing method uses a very 
high voltage power supply, with one electrode swept above a clean dry geomembrane.  The 
spark testing method is similar to the arc testing method, but requires that the geomembrane is 
coextruded with a conductive layer.  The water puddle, water lance, and arc testing methods 
require special care for low-conductivity conditions, such as seams, repairs, and wrinkle crowns, 
but can take advantage of a conductive-backed geomembrane to mitigate these conditions. 

Dipole methods (ASTM D7007) use a fixed electrode placed in the cover material 
(water flooding the geomembrane, water flooding the soil cover, or soil), and a probe is used to 
measure voltage potential on a surveyed grid.  Typically, the potential drops near a leak due to 
the current flowing into the leak.  Post-processing of the gathered probe readings allows leak 
locations to be identified from contours in the potential.  Dipole methods are indirect 
measurements compared to the exposed geomembrane techniques, thus are primarily sensitive 
to large defects. 

Approaches that are applicable after the geomembrane is covered may be especially useful for 
detecting construction damage and early-onset stress crack partings near welds, although such 
techniques have limits on the maximum cover thickness and moisture conditions during testing. 
Gilson-Beck (2019) suggests that (i) bare geomembrane tests are strongly biased to detecting 
small (<1 cm) holes, (ii) dipole tests are strongly biased to detecting large (>1 cm) holes, and 
(iii) holes on wrinkles are extremely difficult to detect unless the geomembrane has a conductive 
backing or the hole is wet (because an air gap will not support a measurable current). 

3.1.6.2 Leak detection surveys 

Geoelectric leak detection surveys are used to detect geomembrane defects that allow 
measurable current to “leak” through the geomembrane.  Forget et al. (2005) collected data 
from 57 geoelectric leak detection surveys performed on exposed (i.e., prior to covering) HDPE, 
PVC, and bituminous geomembranes totaling 229 hectares, finding that, of the 43 sites with a 
rigorous construction quality assurance (CQA) program, (i) 80 percent had leak densities 
between 0 and 7 leaks/hectare and (ii) most of the remaining sites were small (<0.53 hectare).  
The remaining 14 sites without a rigorous CQA program averaged 22 leaks/hectare.  In sites 
with exposed HDPE geomembranes and a CQA program, leak density decreased with HDPE 
thickness (20.5, 5.1, and 3.2 leaks/hectare for 1.0, 1.5, and 2.0 mm geomembranes, 
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respectively).  Nearly half of the 2.0-mm sites with CQA and prior testing with the water puddle 
approach were retested with a dipole method after covering the geomembrane, which identified 
an additional 0.2 leaks/hectare (without CQA and prior water puddle survey, the dipole 
approach detected 15.6 leaks/hectare).  The water puddle leak detection method detects 
>1 mm2 leaks and the dipole method generally detects >6 mm2 holes. 

Gilson-Beck (2019) discusses available ELL techniques for identifying defects in 
geomembranes, including general approaches and limitations.  Gilson-Beck (2019) 
recommends performing an exposed geomembrane survey and a dipole survey for each site. 
Gilson-Beck (2019) provides a table of defects found at 50 sites in North America surveyed with 
one or more ELL techniques during or shortly after construction, all with at least 1.5 mm thick 
HDPE geomembranes installed with CQA in place and the foreknowledge that leak detection 
procedures would be used.  No leaks were found at 23 of the sites; at the remaining sites, 
the average area surrounding a defect ranged from 0.24 to 57 hectares/defect (0.02 to 4 
leaks/hectare).  Gilson-Beck (2019) reports that the selection of an ELL technique limits the 
size of defect that can be detected, with some techniques better at finding small defects and 
others at finding large defects, thus some unknown number of holes were likely missed during 
the surveys. 

Figure 3-3 presents the number of detected leaks per hectare for the 50 Gilson-Beck (2019) 
sites, presented as the cumulative distribution for each method.  This metric provides a way of 
assessing how potent the methods are at identifying defects. Assuming that the sites examined 
with each method have a reasonably similar distribution of actual leaks (which may be doubtful 
with so few sites), the most effective method will have a larger identified leak density for each 
level of the cumulative distribution.  There are too few single-method sites to draw strong 
conclusions about the relative ranks of the single-method techniques, but Figure 3-3 suggests 
that combining methods may be much better at identifying defects than relying on a single ELL 
technique.  The “Multiple” category includes various combinations of arc testing, soil dipole, 
water puddle, water dipole, and water lance techniques (one site used three methods, the 
others used two).  Note that the water dipole method was used three times under the Multiple 
category, including the two sites with the largest number of identified leaks, suggesting that the 
water dipole method may be especially effective at detecting leaks. 

Based on this information, CNWRA staff suggests that best practice would be to augment the 
proposed testing program with an ELL survey once the composite barrier layer has been 
covered with the overlying sand drainage layer, in order to increase the likelihood of detecting 
construction-related defects. 

3.1.7 Characterization of HDPE and GCL Degradation 

The Closure Cap Model developed for the 2020 and 2009 PAs relies on the analysis by Jones 
and Phifer (2008) to identify potential HDPE and GCL degradation mechanisms. Jones and 
Phifer (2008) rely on the extensive Needham et al. (2004) report to guide analyses of 
degradation mechanisms, while Needham et al. (2004) compile and summarize earlier 
documents related to generation of defects in HDPE geomembrane landfill barriers.  Needham 
et al. (2004) segregate degradation causes into (i) large-scale or catastrophic events, which 
occur as a result of poor design or avoidable operational practices, and (ii) physical damage, 
inevitable material degradation, and stress cracking.  Needham et al. (2004) describe an 
adequate standard of design as avoiding slope instability, down-drag stresses caused by 
settlement, and excessive differential settlements.  Needham et al. (2004) recommend installing 
a fixed ELL system that is monitored annually after closure. 
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Figure 3-3.   Cumulative distribution of observed HDPE geomembrane leak density for 
50 sites in North America determined with different test approaches (data 
from Gilson-Beck, 2019), with each marker representing a different site.  
Note that the curves are reporting data for different sites and so only 
indirect comparisons of different test methods are being provided.  
Category “Multiple” combines two or three approaches.  Values that 
Gilson-Beck (2019) reported as zero are stacked at ~0.005 leaks/ha, with 
curves offset slightly for visibility. 

 

HDPE Geomembrane Degradation  

Needham et al. (2004) provide a six-stage model for defect generation.  Stages 1 through 3 of 
the model are the operations-affected period, including (i) initial construction and placement of 
the cover material (Stage 1), (ii) waste filling through final capping (Stage 2), and (iii) a latent 
period with no further damage (Stage 3).  For caps, Stages 1 and 2 combine and Stage 3 may 
not apply if settlement applies stresses on the geomembrane.  Stages 4 through 6 of the model 

relate to long-term HDPE geomembrane performance, including (i) antioxidant depletion 
(Stage 4); (ii) oxidation, embrittlement, and stress cracking (Stage 5); and (iii) steady generation 
or extension of holes in the geomembrane (Stage 6).  Poorly protected liners may completely 
fail prior to Stage 6, otherwise the HDPE geomembrane will remain as brittle but intact away 
from cracks and holes.  Needham et al. (2004) concluded that predictions of depletion 
performance for any particular HDPE formulation should be made with caution unless 
supported by long-term testing, based on performance comparisons for tests with different 
HDPE formulations.  Needham et al. (2004) provide (i) probability distributions for hole 
generation during Stages 1 and 2 and (ii) tentative estimated stress crack incidences that are 
assumed to occur mainly on seams or wrinkles during Stages 4 through 6.  For the “excellent” 
case, the model estimates 20 to 40 stress cracks per hectare during Stage 4 and an additional 
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30 to 60 stress cracks per hectare during Stage 5.  Needham et al. (2004) proposed 
characterizing the stress crack population as a mixture of minimum and maximum stress cracks 
that are 1-mm slits of length 10 and 1,000 mm, respectively.  Needham et al. (2004) suggested 
using a 1:1 split between minimum and maximum cracks during Stage 4 and a 2:1 split during 
Stage 5.  The model assumes a “reasonably conservative” growth rate for the number of stress 
cracks during Stage 6, applying the number of cracks developed at the end of Stage 5 each 
100 years, although Needham et al. (2004) emphasize that there was no available research to 
base this recommendation on.  As defects accumulate, overall performance may switch to other 
barriers, such as a GCL. 

The 2020 PA identifies seven potential degradation mechanisms specific to the HDPE 
geomembrane in the SDF closure cap: (i) ultraviolet radiation, (ii) antioxidant depletion, 
(iii) thermal oxidation, (iv) high energy irradiation, (v) tensile stress cracking, (vi) biological 
(microbial, root penetration), and (vii) chemical (waste leachate).  Six potential degradation 
mechanisms are identified that apply to multiple layers, including the HDPE geomembrane: 
(i) static loading induced settlement, (ii) seismic induced liquefaction and subsequent 
settlement, (iii) seismic induced slope instability, (iv) seismic induced lateral spread, (v) seismic 
induced direct rupture due to faulting, and (vi) SDS or saltstone subsidence.  Seven potential 
degradation mechanisms are identified specific to the GCL, which may indirectly influence 
HDPE performance:  (i) slope stability, (ii) freeze-thaw cycles, (iii) dissolution, (iv) divalent 
cations, (v) imbibition-desiccation (wet-dry cycles), (vi) biological (root penetration, burrowing 
animals), and (vii) chemical (waste leachate). 

The 2020 PA asserts that future design analyses and design choices will ensure that the final 
cap will not be subject to degradation from 

• Seismic slope instability 

• Static settlement: preliminary analyses by Phifer et al. (2007) suggest static settlement 
of a cover system would be less than 5 to 7.5 cm and spatially uniform 

• Slope instability related to the GCL 

Both the 2020 PA and Jones and Phifer (2008) dismiss several of these mechanisms from 
consideration, based on the following assumptions consistent with the 2009 PA: 

• Installation protocols will cover the HDPE geomembrane long before ultraviolet radiation 
will significantly deteriorate the geomembrane 

• HDPE degradation from high energy irradiation requires orders of magnitude greater 
radiation doses than are credible in the SDF closure cap 

• Exposure to significant leachate is precluded in the closure cap because of vertical 
separation from the SDSs 

• All GCLs will be buried far below the freeze/thaw penetration depth 

• Soils being considered for the cap are not susceptible to cracking from wet-dry cycles; 
these soils are predominantly highly leached quartz sand with a small clay fraction that is 
predominately kaolinite, which has low swelling capacity  
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• High-molecular-weight polymers used for geomembranes are judged insensitive to 
microbial biodegradation 

• Degradation from microbial growth is primarily associated with leachate collection layers 
receiving leachate containing organic and inorganic degradation waste products, while 
infiltrating water is expected to be very low in both mineral and organic content, so 
microbial growth in lateral drainage sand layers is not considered applicable at the site  

• Burrowing animals will be precluded by the erosion barrier design 

• GCL hydraulic conductivity does not significantly change from divalent cations replacing 
monovalent cations for continually hydrated bentonite, based on measurements by 
Scalia and Benson (2011) of GCLs exhumed after 4.7 to 6.7 yr of service [cited by 
Benson and Benavides (2018)] 

• Waste layer subsidence is assumed not to be applicable because the SDSs are filled 
with grout 

• Seismic-induced lateral spread and direct rupture due to faulting are incompatible with 
site conditions (Jones and Phifer, 2008). 

The 2009 PA Closure Cap Model (Jones and Phifer, 2008) explicitly considers 

• Antioxidant depletion 

• Thermal oxidation (included in the antioxidant depletion model) 

• Tensile stress cracking 

• Biological degradation (root penetration of the composite barrier layer ) 

• Silting-in of the lateral drainage layers 

The 2020 PA Closure Cap Model eliminates two mechanisms from consideration that strongly 
affected infiltration rates in the 2009 PA: 

• Biological degradation, based on lack of evidence from analog sites (Benson and 
Benavides, 2018) 

• Silting-in of the lateral drainage layers, based on lack of evidence from analog sites 
(Benson and Benavides, 2018) 

The 2020 PA describes thermal oxidation of HDPE as excluded from consideration based on 
arguments by Jones and Phifer (2008), but it appears that both the 2020 PA Closure Cap Model 
and Jones and Phifer (2008) explicitly include thermal effects in the antioxidant depletion model. 

In the 2020 PA, HDPE geomembrane thickness is (i) 1.5 mm for the ULDL and most 375-ft-SDS 
mud mats and (ii) 2.5 mm for the LLDL, the 150-ft-SDS mud mats, and the SDS 6 mud mat. 

The 2020 PA Closure Cap Model is based on a model for HDPE antioxidant depletion and 
service life when exposed to low-level radioactive waste leachate (Tian et al., 2017).  The model 
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considers various experiments considering one- and two-sided immersion of 2-mm HDPE strips 
with different leachate compositions.  Tian et al. (2017) use a three-stage model (stages for 
antioxidant depletion, induction, and polymer degradation) for service life predictions, with 
predictions based on a 2-mm HDPE geomembrane at 15 °C.  Stage 1 calculations are based on 
one-sided exposure experiments with synthetic low-level radioactive waste leachate, with an 
estimated antioxidant depletion time of 750 years. Stages 2 and 3 are based on one-sided 
exposure experiments with municipal solid waste leachate, using rate parameters reported by 
Rowe et al. (2009). Tian et al. (2017) calculate a total service life of at least 1975 years, based 
on a criterion of failure at 50 percent loss of stress crack resistance. 

The 2020 PA Closure Cap Model assumes that the initial defects immediately expand from 
2 mm to 10 mm at the end of the service life (rounded to 2,000 years).  However, the 2020 PA 
(Section 1.4.3) assumes that stress cracks never form for 10,000 years, regardless of the 
degradation state, based on the rationale that the HDPE geomembrane is not subject to tensile 
loading as long as it remains under pressure (i.e., always buried beneath the upper layers of the 
closure cap). 

The 2020 PA represents HDPE geomembrane layer and composite barrier layer degradation 
associated with the LLDLs and mud mats as tied to the Tian et al. (2017) model (2020 PA 
Section 4.4.2.7).  The initial state is assumed to be the fully degraded version of the HDPE 
geomembrane in the Closure Cap Model (five 10-mm holes per hectare).  The model assumes 
that the HDPE geomembrane layer and composite barrier layer hydraulic properties decay to 
backfill, using geometric interpolation over time from 750 to 3,200 years (i.e., the logarithm of 
the hydraulic conductivity changes linearly in time).  The time frame is selected based on stress 
crack resistance calculated in the Tian et al. (2017) model, which dropped from 100 to 
50 percent during the period from year 750 to year 1975.  Linear extrapolation to 0 percent 
stress crack resistance gives the year 3,200 endpoint. 

The CNWRA staff identified several aspects of the 2020 PA Closure Cap Model approach for 
HDPE degradation that may result in a substantial over-estimate for HDPE degradation times, 
recognizing that the rates are based on more aggressive leachate than would be expected for 
the closure cap. 

• Degradation rates for the 1.5-mm HDPE geomembrane are based on one-sided 
exposures of a 2.0-mm HDPE geomembrane.  As pointed out in the 2020 PA 
(Section 4.4.2.1), the time for a reaction front to penetrate a fixed distance is proportional 
to the square of the distance. Accordingly, degradation of the 1.5-mm material will take 
approximately 56 percent as long as the 2.0-mm material. 

• Moisture would be expected to equilibrate through a defect, so the geomembrane 
adjacent to the defect would be expected to experience conditions similar to the edge of 
a fully immersed sample.  Tests of fully immersed samples do not measure degradation 
of edges, which are likely to degrade faster than areas away from edges because of the 
diffusion perpendicular to the exposed edge. However, the 2020 PA degradation 
calculations for enlarging a defect are based on Tian et al. (2017) calculations for 
one-sided diffusion during Stage I antioxidant depletion, which multiplies the calculated 
time determined using full-immersion tests by a factor of 3.4 instead of reducing the 
calculated time to account for edge effects. 

• The ULDL will have an episodic or perennial water table perched on the composite 
barrier layer in order to drain inflow.  The scenario of a HDPE geomembrane that is 
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saturated on one side and has a GCL on the lower side was not tested.  Soil gas oxygen 
available below the GCL may diffuse through the GCL, allowing at least partial 
degradation on the bottom of the geomembrane.  

• It is not clear that the degradation rates for intact HDPE geomembranes apply to the 
most vulnerable locations.  Rowe et al. (2019) consider welded seams to be the most 
critical locations for failure, based on experiments showing that (i) material adjacent to 
the seam degraded twice as fast as the surrounding sheet [Rowe and Shoaib (2017, 
2018)] and (ii) the heat affected zone adjacent to the seam magnified strains by a factor 
of 2.3 to 4 [Kavazanjian et al. (2017)]. 

• Degradation rates are strongly temperature dependent.  The relative change in 
degradation time is = exp −( ⁄ )(1/ − 1/ ) , where  is the degradation time, 

 is absolute temperature,  is the activation energy, and  is the universal gas 
constant.  Tian et al. (2019) service life calculations assumed a temperature of 15 °C.  
Jones and Phifer (2008) use 22 °C for HDPE degradation calculations, based on three 
years of measured subsurface temperatures within an onsite well with a shallow water 
table (reported mean and median monthly temperatures are 21.64 and 21.03 °C).  Using 
the Tian et al. (2017) values for the three degradation stages with the 22 °C site 
temperature, overall degradation time would decrease from 1,975 years to 953 years 
(48 percent as long).  Staff note that two of the numbers in Table 3-1 by 
Tian et al. (2017) are incorrectly reported, based on independent regressions, and 
Tian et al. (2017) do not provide a criterion for calculating the antioxidant depletion time; 
the reported time of 215 years for a Stage I depletion time is consistent with the 
independently regressed coefficients and a criterion of 99 percent removal of 
antioxidants above the residual.  Assuming fully immersed degradation at defects with 
the 22 °C site temperature, but not accounting for edge effects or seam stress effects, 
overall degradation time would decrease to 513 years.  Multiplying this time by 0.56 to 
account for a 1.5-mm geomembrane, rather than a 2-mm geomembrane, results in an 
overall degradation time of 287 years for defects. 

• The degradation model for the composite barrier layers and HDPE geomembrane layers 
below the closure cap are based on the performance of the ULDL composite barrier 
layer. The chemical environment is likely to be much harsher within the SDS concrete 
components (roof, walls, mud mats), thus the adjacent HDPE geomembranes may 
degrade more rapidly and the adjacent GCLs may not perform as expected.  

The 2020 PA (Section 1.4.3) describes a HDPE geomembrane as not subject to tensile loading 
as long as it remains under pressure (i.e., always buried beneath the upper layers of the 
closure cap), in which case stress cracks will not open and the material will perform well 
for 10,000 years.  In effect, the degradation model has little or no effect on performance 
because of this assumption.  The CNWRA staff considers this a strong assumption that has not 
been demonstrated. 

Rowe et al. (2019) assessed maximum allowable strain for HDPE geomembrane layers in the 
context of a 550-year design life for a proposed LLW containment mound, focusing on material 
properties and development of sustained tensile strain.  Rowe et al. (2019) describe the service 
life of the geomembrane as dictated by stress cracking at locations where sustained tensile 
strains are at or above the maximum allowable strain value, listing common sources of tensile 
strain on buried liners as (i) gravel above or below the geomembrane, (ii) down-drag of the 
geomembrane on slopes, (iii) differential settlement, (iv) trampolining from poor construction 
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(thermal contraction after placing and welding the geomembrane under elevated temperatures, 
placement over ruts), (v) wrinkles, and (vi) permanent strains from seismic events. 

The Rowe et al. (2019) analysis suggests that the 2020 PA characterization of HDPE 
geomembranes as not subject to tensile loading while under pressure may not consider relevant 
sources of tensile stress.  For example, gravel penetration, wrinkle deformation, and tensile 
stresses on trampolines all increase with increasing overburden pressure.  The CNWRA staff 
strongly suggests quantifying the expected tensile stresses on the most vulnerable HDPE 
locations (e.g., heat affected zones) and comparing these stresses to the defect formation 
resistance in order to justify the defect formation rate. 

GCL Degradation 

The 2020 PA addresses GCL properties in the Closure Cap Model, with minimal discussion 
outside the Closure Cap Model. Infiltration rates are proportional to the GCL hydraulic 
conductivity raised to the power of 0.74 in the Giroud (1997) equation, with infiltration increasing 
by a factor of 5.5 for each order of magnitude increase in hydraulic conductivity. The 2020 PA 
Closure Cap Model assumes that the GCL hydraulic conductivity does not significantly change 
from divalent cations replacing monovalent cations, based on analyses by Scalia and Benson 
(2011) [also reported by Benson et al. (2011)] of samples from GCLs exhumed after 4.7 to 
6.7 yr of service in several closure caps and samples from GCLs exhumed after 14 yr at the 
nearby Barnwell Disposal Facility (Scalia et al., 2017).  The 2020 PA cites the relevant samples 
as having hydraulic conductivities less than 5×10−9 cm/s and the Closure Cap Model uses 
1×10−9 and 1×10−8 cm/s for the expected and upper bound values for the GCL, respectively.  
The expected value is representative of new GCL samples prior to installation. All tested 
exhumed samples had partial to complete cation replacement, and Scalia and Benson (2011) 
indicate that divalent cation exchange within GCLs would be expected at most sites.  
Presumably the GCLs in the LLDL and mud mat composite barriers would be especially prone 
to divalent cation replacement as a result of the decalcification process for the SDS 
cementitious materials. 

Figure 3-4a and b present the Scalia and Benson (2011) and Scalia et al. (2017) measurements 
(i) in comparison to the exhumed GCL water content and (ii) translated into the corresponding 
influence on infiltration calculations; Figure 3-4c and d show the cumulative distribution of 
measurements from small to large.  Scalia and Benson (2011) reported hydraulic conductivity 
measurements using (i) a standard water (SW) with 10 mM CaCl2 solution (SW in Figure 3-4) 
and (ii) deionized water (DW) and indicated that most pore waters should have chemistry 
between these extremes. Scalia et al. (2017) use an average water (AW) consisting of 1.3 mM 
NaCl and 0.8 mM CaCl2 to represent soil pore water, as well as three confirmatory SW 
measurements (the SW and AW samples had similar hydraulic conductivity measurements). 
Most of the Scalia and Benson (2011) measurements were performed with the SW permeant, 
as the variability in measured values was much smaller with deionized water. Some of the 
measurements were first reported by Meer and Benson (2007), and these were mostly sampled 
from exhumed GCL-only installations (labeled “SW GCL-only”). Samples obtained from GCLs in 
a composite barrier layer are labeled “DW composite” and “SW composite” to distinguish 
measurements made with deionized water and standard water. Dye tests performed on some of 
the SW samples exhibited undiagnosed fast pathways through the GCL associated with needle 
punching; these are labeled “SW penetration.” The few measurements made on samples of new 
(i.e., never installed) GCLs, with both standard water and deionized water, are plotted with the 
same symbol and labeled “New GCL”. The influence  
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Figure 3-4.   Measurements from new and exhumed GCLs (Benson et al., 2011). 
Hydraulic conductivity versus exhumed GCL water content: (a) measured 
values and (b) infiltration increase relative to a new GCL using the Giroud 
(1997) equation. Cumulative distribution of measurements for new GCLs 
and different water sources:  (c) measured values and (d) corresponding 
infiltration increase. Horizontal lines in (a) and (b) and vertical lines in 
(c) and (d) represent a new GCL (2020 PA Expected Value) and the 2020 PA 
Upper Bound value.  In (c) and (d), the arithmetic and geometric means are 
indicated by symbols; the arithmetic means are also indicated with tick 
marks on the x-axis. 
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on infiltration is calculated using the ratio of measured hydraulic conductivity divided by the new-
GCL hydraulic conductivity (1×10−9 cm/s), raised to the power of 0.74. Scalia and Benson 
(2011) infer from these data that a GCL placed on a sufficiently moist subgrade and covered 
with a geomembrane will maintain a low hydraulic conductivity.  The Scalia et al. (2017) 
measurements had bound cation mole fractions and swelling capacity similar to new-GCL 
values, consistent with essentially no cation replacement.  Scalia et al. (2017) observed needle-
punched pathways with mineral precipitation, but dye tests showed no flow through these 
pathways. 

Benson and Benavides (2018) argue that it is more relevant to assess the cover performance 
based on the seven Barnwell GCL samples than it is to use the other data shown in Figure 3-4.  

Scalia et al. (2017) noted that the Barnwell data did not have the same type of changes in the 
swell index and sodium mole fraction observed with the Scalia and Benson (2011) samples and 
hypothesized that this discrepancy was due to a different soil barrier pore water chemistry, but 
the data necessary to confirm the hypothesis were not obtained as part of the study.  The 
selected values for the expected value and upper bound values for GCL hydraulic conductivity 
may not be appropriate for use in the Closure Cap Model, given the model assumptions, even if 
the selected properties described the vast majority of the ULDL composite barrier layer.  The 
Closure Cap Model assumes that the only defects are initial defects.  Initial defects will 
experience flowing conditions starting soon after installation; therefore, the section of the GCL 
that controls performance will also experience flowing conditions that allow continual 
modification of the bentonite chemistry.  None of the Barnwell samples were described as 
experiencing flow through a defect.  Accordingly, the most relevant GCL properties for 
performance assessment may be associated with GCL-only samples, because these samples 
experienced a continual flow of pore water through the GCL.  In essence, the GCL under a 
defect is the sole barrier to flow through the defect.  Benson et al. (2011) concluded that GCLs 
used as the sole barrier layer typically become very permeable within several years after 
installation and cease functioning as a hydraulic barrier.  Logically, this conclusion may equally 
apply to GCLs exposed to flow from defects.  The Barnwell samples hint that the SDS cap pore 
water may have relatively dilute chemistry, reducing the cation replacement rate, but it is not 
clear that slower rates of cation replacement will avoid GCL deterioration. 

Because a geomembrane-covered GCL typically experiences no flow after the initial rewetting 
event is completed, chemical changes to the bentonite are driven by the chemistry of the 
rewetting water and diffusion from the stagnant pool of pore water beneath the GCL.  Such 
samples do not provide information regarding the consequences of delayed onset of flow 
through the GCL after rehydration has completed.  Accordingly, exhumed 
geomembrane-covered GCL samples may represent an optimistic bound for GCLs beneath a 
delayed-onset defect. 

Without a firm basis for rejecting the hypothesis that cation exchange will degrade the GCL 
hydraulic conductivity beneath defects relatively rapidly compared to the time scales of interest, 
and with no data specifically relating to GCL hydraulic conductivity under conditions when the 
GCL is exposed to flow through a defect, it would be prudent to consider the entire population of 
samples for determining long-term GCL performance.  Including the range of observed samples 
has substantial impact on estimated infiltration rates.  For example, using either the complete 
set of standard water samples reported by Scalia and Benson (2011) or the GCL-only samples 
as a representative population of values after degradation, the calculated infiltration rate for this 
value would be approximately three orders of magnitude larger than calculated in the Closure 
Cap Model, or 6 mm/yr instead of 0.006 mm/yr. 
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Biological Degradation 

The 2009 PA Closure Cap Model performance was driven by biological degradation in the form 
of plant root penetrations through the composite barrier layer.  Benson and Benavides (2018) 
dismiss the possibility that plant roots will penetrate the composite barrier because (i) roots 
accumulate in regions where water is more plentiful and do not grow towards regions where 
water is more difficult to extract, (ii) water will tend to accumulate above the composite barrier 
while the soil dries below the composite barrier, and (iii) no root systems were observed below 
the composite barrier at any covers evaluated in NUREG CR-7028 (Benson et al., 2011). 

The CNWRA staff offers the following counter-arguments to the Benson and Benavides (2018) 
basis for completely eliminating biological degradation of the HDPE geomembrane: 

CNWRA staff agrees that root systems do tend to accumulate in wetter areas, such as the sand 
drainage layer above the composite barrier layer.  However, this would imply that the root 
system would find the base of the ULDL sand drainage layer adjacent to the HDPE 
geomembrane especially appealing.  If a root did penetrate the geomembrane, the defect would 
result in a leak that saturates the GCL and underlying soil below it, encouraging root systems to 
expand below the defect.  

The SDF site is humid subtropical, and tree roots are assumed for the biological degradation 
model.  NUREG CR-7028 examined three sites that had a composite barrier and were located 
in a humid or sub-humid climate (Cedar Rapids, IA; Omaha, NE; and Polson, MT); all had 
conventional covers with grasses or grasses and forbs, and none had existed for more than 9 
years.  Exhumations were limited to a 2 m by 2 m square at each site.  It is not at all clear that 
strong conclusions regarding the penetration of tree roots can be drawn from 12 m2 of 
exhumations with grassland covers. 

The CNWRA staff suggests that it would be conservative to consider the consequences of tree 
roots penetrating the composite barrier layer.  The most vulnerable locations for roots newly 
penetrating the HDPE geomembrane may be heat affected zones covered by an overlapping 
geomembrane flap, because root growth under the flap would exert tensile forces on the heat 
affected zones.  If nothing else, root systems would be expected to penetrate initial defects 
and enlarge them over extended periods of time.  The CNWRA staff recognizes that root 
penetrations would be unlikely over portions of the cap with the HDPE geomembrane below 
the rooting depth; however, based on the 2020 PA surface and ULDL slopes (0.03 and 0.04, 
respectively), roots would potentially reach the geomembrane up to 183 m from the ridgeline 
with the 3.66 m [12-ft] maximum rooting depth used in the 2009 PA.  Based on the SDF Closure 
Cap design configuration map (2020 PA Figure 3.2-29), it appears that all SDSs except SDSs 
3A/B and 5A/B would be at least partially within the potential root degradation area. 

3.1.8 Calculated Properties for Composite Barrier Layers and HDPE Geomembrane 
Layers Below the Closure Cap Model 

Several models treat all HDPE-geomembrane-containing barriers below the Closure Cap Model 
domain as an equivalent porous medium (EPM) with 1-in thickness, including the horizontal 
HDPE/GLC composite barriers below the LLDL (all SDSs) and within mud mats (all SDSs 
except rectangular SDSs 1 and 4), and the vertical HDPE geomembrane layer wrapping the 
exterior walls of the 150-ft SDSs (2A/B, 3A/B, 5A/B).  The 2020 PA generically refers to such 
barriers as liners. 
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The EPM approach replaces the representation of the barrier as impermeable except for local 
defects with an alternative representation as a porous medium.  The 2020 PA describes the 
approach in general terms as initially representing a scenario with five 10-mm defects in the 
HDPE geomembrane per hectare (2020 PA Section 4.4.2.7), which is equivalent to the 
degraded state of the HDPE in the Closure Cap Model. Each barrier is assumed to degrade to 
backfill over time. 

More precisely, the barriers are assigned retention properties equivalent to concrete, which are 
assumed to be constant over time, and the degradation process is limited to changes in the 
saturated hydraulic conductivity (Ksat) and the effective diffusion coefficient (Deff).  Based on 
the description of the degradation model, both Ksat and Deff are assumed to change 
according to 

log = log + ( − ) log − log−  
(3-3) 

 

where  represents either Ksat or Deff,  is time, and subscripts  and  represent the initial and 
final values during the change.  The initial time is set to the calculated depletion time for 
antioxidants from the Closure Cap Model, and the final time is based on the complete loss of 
stress crack resistance extrapolated from the Closure Cap Model assumptions.  The Closure 
Cap Model is based on 2-mm [80 mil] HDPE geomembranes using the approach of Tian et al. 
(2017) to calculate antioxidant depletion and oxidation rates; the EPM approach does not adjust 
the timing to account for difference in rates for the HDPE geomembrane thicknesses (1.5 and 
2.5 mm) in the lower barriers.  The initial and final years for degradation are 750 and 3,200, 
respectively. 

The 2020 PA provides values for initial and final Ksat for all of these barriers.  The horizontal 
and vertical barriers are assigned initial Ksat values of 1.8×10−12 and 2.0×10−13 cm/s, 
respectively; both are assigned final values of 4.1×10−5 cm/s.  With these values, the assigned 
barrier Ksat is the same as the initial saltstone Ksat for compliance modeling (5×10−10 cm/s) in 
years 1,564 and 1,752, respectively.  After that time, the dominant barrier becomes the 
saltstone.  CNWRA staff could not identify the basis for assuming that the vertical HDPE 
geomembrane is a stronger barrier than the composite barrier, despite lacking a GCL. 

CNWRA staff identified the Deff for backfill but could not identify starting values for Deff in 
these barriers. 

CNWRA staff did not find a specific description of how the initial EPM Ksat values were 
calculated.  Typically, the equivalent Ksat value is calculated so that the same flow would occur 
through a given thickness of material with the same head difference across the medium.  
However, the EPM Ksat value is not unique, because flow is a nonlinear function of the head 
difference in the Giroud (1997) formula.  The head difference across the GCL beneath a defect 
may strongly depend on the Ksat values of the underlying porous media; the GCL Ksat is much 
smaller than backfill Ksat but is larger than concrete and saltstone Ksat. 

Although the method for calculating the Ksat values of the barrier EPMs is not explained in 
detail, the modeled barriers do not appear to significantly impede flow through the SDSs 
(at least when no fast pathways are included).  The lack of influence can be seen in 
comparisons of calculated intermediate flow rates through various levels of the SDSs (2020 PA 
Section 4.4.4.4).  The combined barrier effect would be most clearly seen as gradually 
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increasing flow through the SDSs from year 750 through year 1100, as the barrier EPM Ksat 
values increase (the section labeled “EPM degradation” in Figure 3-5).  The modeled increase 
is, at most, barely discernable, implying that the barrier effect is minimal.  Once the barriers are 
fully degraded, the saltstone Ksat controls how much water is able to pass through the SDSs; 
the remainder diverts within the LLDL sand layer in DOE’s model. 

3.2 ULDL and LLDL Evaluation 

3.2.1 Hydraulic Properties for the ULDL Sand Layer 

The 2020 PA assumes that the ULDL sand layer degrades from ingrowth of roots but not due to 
infill, based on inferences by Benson and Benavides (2018).  

The 2020 PA bases hydraulic properties for the Closure Cap Model on analyses by Jones and 
Phifer (2008) (2020 PA Section 4.4.1.3.4), developed for the 2009 Closure Cap Model.  The 
2009 PA Closure Cap Model performance was influenced by transport of fine particles from 
the overlying backfill and deposition of the particles in sand drainage layers, because (i) the 
perched water depth in the drainage layer is increased when silting reduces the saturated 
hydraulic conductivity and (ii) flow through defects is proportional to the perched water depth.  
Sensitivity analyses for the infiltration rate as a function of the drainage layer hydraulic 
conductivity suggest that increasing/decreasing the saturated hydraulic conductivity by a 
factor of 2 gives infiltration rates that are reduced/increased by a factor of 3 (2020 PA, 
Section 5.8.3.1).  Benson and Benavides (2018) dismiss the possibility that the hydraulic 
conductivity is affected by the addition of fine particles because (i) the authors did not observe 
infilling of fines when exhuming modern final covers or analog sites, (ii) the closure cap design 
includes a nonwoven polymeric geotextile filter above the drainage layer, and (iii) a natural filter 
will develop above the geotextile.   

The CNWRA staff offers the following counter-arguments to the Benson and Benavides (2018) 
basis for completely eliminating the reduction of the saturated hydraulic conductivity in the 
drainage layers: 

It is not clear that the visual presence of a persistent sharp interface between different layers 
precludes the migration of fines.  Direct measurement of fines is needed. 

Cumulative fine migration into a coarser medium is dependent on the cumulative number of 
pore volumes passing from fine to coarse, and the SDF location is designed to have large flow 
into the ULDL over long periods of time.  The Benson and Benavides (2018) discussion does 
not address differences in cumulative pore volumes. 

• The provided example of a modern cover in Nebraska is specifically designed to 
minimize flow into the sand layer, and was only in place for 8 years.  The Nebraska 
inflow likely represents a fraction of a year of SDF inflow. 

• The Kyushu burial mound and Tu-Dun tombs described by Benson and Benavides 
(2018) are expressly designed to shed flow; the alternating layers are clay and loam 
(Kyushu) and clay and fine sand (Tu-Dun).  It is questionable how many pore volumes 
penetrated the clay layers into the coarser loam and fine sand layers at these sites. 

NUREG CR-7028 (Benson et al., 2011) exhumed geotextiles and geonets for modern-day 
covers, describing modest amounts of soil present in many of the geotextiles and a coating of  



3-30 

 

Figure 3-5.   Calculated volumetric flow through SDS 7 for 54 flow cases varying 
infiltration rate, cementitious degradation rate, backfill Ksat, and saltstone 
Ksat.  The underlying figure is Figure 4.4-78 from the 2020 PA, with CNWRA 
annotations (in blue) indicating the timing of EPM degradation and the 
influence of saltstone Ksat on flow diversion in the LLDL. 

 

fines in some of the geonets.  The presence of fines in a geonet is direct evidence of transport 
from fine soil and deposition in a coarse medium, which was noticeable within a few years after 
installation. 

The CNWRA staff suggests that the available evidence supports an expectation that, given a 
sufficient supply of fines, a significant amount of fines may move vertically into the ULDL, 
deposit within the sand layer, and reduce the hydraulic conductivity.  CNWRA staff recognizes 
that fines accumulating on and above the overlying geotextile filter are likely to increase the 
filtration capability over time, thus the rate of fine migration into the ULDL will likely decrease 
over time.  Jones and Phifer (2008) indicate that insufficient data is available to estimate the 
service life of the fabric. 

It is not clear whether accumulations of clay within the ULDL drainage layer would be sufficient 
to induce perching within the middle backfill or the upper backfill, or if a perched water table 
would rise high enough to cause additional runoff and associated surface erosion.  Jones and 
Phifer (2008) describe typical SRS soils that might be considered for backfill as highly leached 
and weathered, predominantly consisting of quartz sand, and specify that only soil classified as 
SC (clayey sands) will be used for the middle and upper backfill above the ULDL.  The SC 
classification represents a coarse-grained sand with >12 percent fines.  On average, the soils 
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considered for backfill have a grain size distribution consisting of 3% gravel, 61% sand, 10% silt, 
and 26% clay (a sandy clay loam texture).  The clay component is ~5 percent by weight fraction, 
and is ~84 percent kaolinite (Jones and Phifer, 2008, Sections 6.3.2 and 6.5.1), an especially 
stable non-swelling phase in the weathering zone. 

Jones and Phifer (2008) argue that colloidal clay entering the sand drainage layer would likely 
be carried to the exit and indicate that clean sand layers are preserved below clayey layers at 
SRS, yet develop a deposition model based on slow clay translocation formation of the 
B horizon in soil to account for uncertainties.  Given that the sand drainage layer is intended to 
contain an unsaturated zone in the upper part of the layer, which may act as a natural filtration 
mechanism trapping clay on the upper bed, it is not clear that clay will be carried significant 
horizontal distances within the sand drainage layer.  Furthermore, Jones and Phifer (2008) do 
not describe whether the flow direction is vertical through the clayey layer to the clean sand 
layer in the unsaturated zone (analogous to the closure cap configuration), or essentially 
horizontal parallel to bedding (typical of groundwater systems).  If the system has essentially 
bedding-parallel flow, clay transport from fine to coarse likely to be small regardless of 
clay mobility. 

The CNWRA staff recognizes that it is intrinsically difficult to demonstrate that such slow infill 
processes will not occur over relevant time scales.  Nevertheless, staff does not consider the 
provided bases for neglecting transport of fines to convincingly demonstrate that clay infill is 
unlikely or inconsequential in the ULDL sand layer.  

3.2.2 Hydraulic Properties for the LLDL Sand Layer 

The 2020 PA considers the LLDL in the Vadose Zone Flow Model and in the Airborne Pathway 
Release and Transport Model.  In the 2009 PA and subsequent 2013 and 2014 Special 
Analyses (DOE, 2013 and DOE, 2014, respectively), the saturated hydraulic conductivity of the 
LLDL is reduced over time to account for inflow of colloidal particles into the coarser drainage 
layer, and eventually the drainage layer assumes the properties of the overlying backfill.  The 
CNWRA staff did not identify any discussion in the 2020 PA of the conceptual model for 
degradation (or lack of degradation) specifically for the LLDL sand layer, but two sensitivity 
cases modify the hydraulic conductivity values for both the ULDL sand layer and the LLDL 
sand layer in the Vadose Zone Flow Model and Vadose Zone Transport Model (2020 PA, 
Section 5.8.3.1).  

The CNWRA staff considers the model assumption that the LLDL sand layer will have 
inconsequential degradation to be consistent with the very small infiltration rates calculated by 
the 2020 PA Closure Cap Model because (i) such small flow rates are unlikely to induce 
significant cumulative colloidal transport into large volumes of a sand drainage layer and 
(ii) roots are not expected to penetrate to the LLDL, so potential degradation from root 
penetration is unlikely. 

The CNWRA staff would revisit the LLDL model approach if the Vadose Zone Model used 
significantly larger infiltration rates.  The potential concern is that infill causes such a reduction 
in the drainage capability that a significant thickness of perched water exists above the roof, 
increasing flow through the SDS.  
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3.2.3 Calculation of Infiltration and Saturation in the Closure Cap Model  

The 2020 PA Closure Cap Model assumes that (i) the HDPE geomembrane is impermeable 
unless a physical gap is present, (ii) almost all initial defects will be identified by testing and 
remediated, and (iii) no new defects or holes will develop during the 10,000-yr Performance 
Period.  The 2020 PA assumes that cap design and installation protocols will preclude the 
possibility that sufficiently large stresses, from any combination of sources, will be imposed on 
the geomembrane to overcome the remnant HDPE strength to form new breaches even after 
the geomembrane is fully degraded. 

The 2020 PA Closure Cap Model calculates infiltration in a multistep procedure.  First, vertical 
inflow to the ULDL sand layer is calculated using a 1-D numerical model called WINUNSAT-H; 
the model calculates time-dependent inflow, but the inflow is averaged in time and assumed to 
be approximately spatially uniform across the cap.  Second, infiltration is calculated for a single 
defect located at the most vulnerable location in the cap, assuming that inflow redistributes 
within the ULDL sand layer in an unconfined saturated layer perched on top of the composite 
barrier layer below the sand layer.  Third, the single-defect infiltration flow is multiplied by the 
number of assumed defects to obtain a total infiltration.  Finally, the total infiltration is averaged 
across the cap area and passed to the vadose zone flow model as the equivalent uniform 
infiltration.  In essence, the three-step procedure assumes that (i) the defects are so widely 
separated that flow calculations for a defect are not influenced by flow removed by any other 
defect and (ii) the sand layer remains unconfined (the perched water table within the sand layer 
does not rise to the top of the sand layer). 

The 2020 PA Closure Cap Model (Equation 4.4-4, Section 4.4.1.2.2) calculates flow through a 
defect based on an approximate solution (Giroud, 1997) that considers (i) flow through the 
defect, (ii) lateral spreading along the interface between the HDPE geomembrane and GCL, 
and (iii) vertical flow through the GCL.  Giroud (1997) identifies head as the driver for flow 
through the defect and provides an approximation for head where the drainage layer is 
unconfined (the saturated flow is entirely within the drainage layer); for this case, the head 
driving flow is the same as the flow depth.  The Giroud (1997) defect-flow equation sums two 
terms containing head, one proportional to ℎ .  and one proportional to ℎ .  (where ℎ is head); 
the flow through the defect is either approximately linear or approximately quadratic, depending 
on the input parameters. 

The 2020 PA Closure Cap Model calculates average defect flow over the cap using the Giroud 
(1997) approximation for saturated flow depth, assuming a flow accumulation distance equal to 
356.6 m, the longest slope in an alternative design for the cap, instead of the longest slope in 
the current design (311 m), in order to overestimate infiltration.  The saturated flow depth is 
inversely proportional to the saturated hydraulic conductivity for the ULDL; in other words, 
decreasing hydraulic conductivity by a factor of five increases flow depth by a factor of five. 

The CNWRA staff consider the 2020 PA approach of applying a 1-D vertical numerical model to 
estimate inflow to the drainage layer to be reasonable when unconfined conditions exist 
throughout the sand layer of the ULDL, given that (i) the very shallow slopes and uniform 
properties are likely to produce essentially vertical flow above the sand layer, (ii) the bottom 
boundary condition is isolated from the surface, and (iii) the lateral redistribution in the highly 
conductive ULDL drainage layer would mask any deviation from the vertical in the overlying 
backfill.  Using the calculated inflow from the most adverse location across the entire cap is a 
conservative approach. 
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The CNWRA staff is concerned that the approximation may substantially underestimate risks for 
some of the cases presented in the 2020 PA, especially the sensitivity cases described in 
Section 5.8.3.1.  The cases of concern arise when the ULDL becomes confined (the depth of 
flow completely fills the drainage layer in order to create a large enough gradient to drive flow) 
before reaching the outlet at the edge of the cap; the middle backfill has a much smaller 
hydraulic conductivity than the drainage layer, acting as a confining unit, and the constriction 
pressurizes the ULDL drainage layer.  Pressurization may have two consequences: (i) a near-
quadratic increase in flow through the defect and (ii) a perched water table existing in the 
overlying backfill that may limit the capacity for inflow to the backfill, thereby increasing runoff 
and cap erosion.  It is recognized that assumed inflow rates become unrealistically large when 
the perched water table induces additional runoff beyond the rates assumed in the 1-D vertical 
model, which implies that there is a limiting flow through the defect. 

CNWRA staff constructed a one-dimensional steady-state numerical flow model to extend the 
analytical approach used to calculate head in the ULDL sand layer for the 2020 PA.  The 
numerical model differs from the analytical model by considering (i) end effects at the toe of the 
slope and (ii) confined flow within the ULDL sand layer.  The numerical model assumes that the 
downslope outlet has a seepage boundary condition and the ridgeline represents a no-flow 
boundary.  The seepage condition assumes that the water table is parallel to the ULDL layer 
whenever the perched water table is below the top of the ULDL sand layer (essentially the same 
solution as the analytic approach); otherwise, the layer is assumed fully saturated at the 
boundary and the pressure is set to atmospheric.  For each grid cell, the water balance 
equation is = +  (3-4) 
  = − ℎ

 (3-5) 

  = min( , ℎ − ) (3-6) 
 

where  is the Darcy flux,  is drainage into the ULDL, ℎ is head,  is flow depth,  is ULDL 
thickness,  is ULDL saturated hydraulic conductivity, z is the elevation of the ULDL base,  is 
the width of the flow path, and  is the area of the drainage inflow to the grid cell.  A comparison 
value for infiltration was calculated using Equation 4.4-4 from the 2020 PA with head from the 
CNWRA numerical model.   

Table 5.8-10 of the 2020 PA provides recommended infiltration rates based on assumed ULDL 
properties.  For the Compliance Case, the ULDL saturated hydraulic conductivity is assumed to 
be 0.05 cm/s initially, which is assumed to drop by a factor of five after 500 years.  The 
degradation of the HDPE geomembrane, represented by an enlargement of the initial defect 
size from 2 to 10 mm, is assumed to occur at 2,000 years.  Table 5.8-10 provides the same 
sequence for two additional sensitivity cases (in addition to the compliance case), in which the 
initial saturated hydraulic conductivity is larger or smaller by a factor of two but the same 
degradation takes place, resulting in a set of nine calculated infiltration rates (three time periods 
[from 0-500 years; 500-2000 years; and 2000+ years to cover changes in the size of the defects 
and change in the ULDL saturated hydraulic conductivity] for each of three initial ULDL 
saturated hydraulic conductivities).  All of the cases in Table 5.8-10 assume an inflow of 
400 mm/yr to the ULDL and calculate average infiltration assuming five defects per hectare. 
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The numerical model was run for each of the nine combinations plus the same combinations 
with an increased inflow (650 mm/yr), with the cases reported in Table 3-1.  Selected 
combinations from Table 3-1 are displayed in Figure 3-6.  The higher inflow rate is the assumed 
upper bound for average inflow.  The calculations presented for the 2020 PA suggest that this 
inflow rate is not unusual for wet years, as it was calculated in each of the four out of ten years 
in the representative wet decade that had at least 1,400 mm of precipitation.  Eleven out of 
53 years in the period of record exceeded 1,400 mm, so the higher inflow rate would be 
expected regularly; three of these years had larger precipitation than any year in the wet 
decade.  Figure 4.4-7 of the 2020 PA suggests that there may be significant seasonal variability 
in inflow, which would also result in occasional seasonal inflow rates >650 mm/yr (e.g., during 
wet winter months). 

Figure 3-6 illustrates the numerical model results for all combinations of two inflow rates to the 
ULDL sand layer (400 and 650 mm/yr), two ULDL sand layer hydraulic conductivity multipliers 
(1 and 0.2), and two slope distances (183 and 356.6 m).  Because most of the closure cap has 
a shorter slope length than the 356.6 m assumed in the 2020 PA, a more typical slope length of 
183 m is provided for comparison.  A vertical gray line in Figure 3-6 indicates the end of the 
183-m domain. 

Figure 3-6a shows the infiltration rate that the Giroud (1997) equation would provide for a 2-mm 
defect at the calculated water table thickness at each slope location (assuming no other defects 
exist), scaled to the area of 5 defects/ha.  The left axis indicates the infiltration rate with the GCL 
hydraulic conductivity representing a new GCL (10−9 cm/s); the right axis indicates the infiltration 
rate for the identical assumptions except that the GCL is highly degraded (2×10−5 cm/s, 
approximately the average GCL-only hydraulic conductivity in Figure 3-4).  The location of the 
peak calculated infiltration is indicated with a symbol, which is echoed on the left and right axes 
for simulations with a fully unconfined perched water table.  Figure 3-6b shows the head in the 
ULDL sand layer at each location of the slope, represented as the equivalent water table 
thickness, given the provided inflow rate with no losses through defects.  The ULDL sand layer 
is fully saturated (i.e., the perched water table is confined) where the curves indicating infiltration 
and water table thickness are dotted.  In common with the 2020 PA approach, the calculated 
infiltration value does not account for infiltration losses through other defects and the calculated 
head value does not account for the local gradients near the defect.  The calculated infiltration 
value can be larger than the assumed inflow rates under confined conditions, because confined 
conditions allow upslope flow and the area for scaling is much smaller than the cap area. 

The DOE approximation for flow depth and the numerical model compare closely for cases with 
the ULDL saturated hydraulic conductivity is at least as large as the Compliance Case value, 
with the numerical model calculating a slightly different maximum infiltration because of the 
outlet boundary condition (see Table 3-1).  However, the numerical model calculates 
increasingly larger infiltration rates as the ULDL saturated hydraulic conductivity becomes 
smaller.  The infiltration rates increase dramatically if the ULDL becomes confined before the 
end of the cap (a confined zone is indicated by dotted lines), which also moves the location of 
the peak infiltration towards the center of the cap (see Figure 3-6).  The calculated infiltration 
rate with the numerical model is more than 80 times larger than the values in Table 5.8-10 for 
the Compliance Case values after 500 years (i.e., the ULDL saturated hydraulic conductivity 
decreases by a factor of 5); increasing the inflow rate to the ULDL from 400 to 650 mm/yr 
increases the infiltration four-fold. 

Confined conditions occur even with the shorter slope, with the smaller hydraulic conductivity, 
resulting in peak infiltration values much larger than used in the 2020 PA.
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Table 3-1. Comparison of calculated maximum infiltration rates between numerical water balance model and 2020 PA 
Table 5.8-10, assuming 5 defects/ha and a 356.6-m domain. 

Time 
Period 
(years) 

ULDL Sand 
Layer Ksat* 
Multiplier 

Defect 
Diameter 

(mm) 

Inflow to Sand Layer (mm/yr) Ratio of Numerical Model 
to DOE Table 5.8-10 

Infiltration Rate  
[  = 400 mm/yr] 

Water Balance  
(  = 400 
mm/yr)† 

Water Balance 
(  = 650 
mm/yr) 

Table 5.8-10  
(  = 400 
mm/yr) 

Compliance Case 
0–500 1 2 0.0062‡ 0.022‡ 0.006 1.04 

500–2,000 1/5 2 8.2§ 33§ 0.091 90.0 
>2,000 1/5 10 11‡,§ 45‡,§ 0.13 86.9§ 

Compliance Case Except with Doubled Sand Layer Saturated Hydraulic Conductivity 
0–500 2 2 0.0023 0.0046§ 0.0021 1.11 

500–2,000 2/5 2 0.47§ 4.1§ 0.027 17.3 
>2,000 2/5 10 0.64§ 5.6§ 0.037 17.4 

Compliance Case Except with Halved Sand Layer Saturated Hydraulic Conductivity 
0–500 1/2 2 0.11§ 1.7§ 0.019 5.84 

500–2,000 1/10 2 55§ 170§ 0.31 176 
>2,000 1/10 10 75§ 230§ 0.43 175 

*Ksat is saturated hydraulic conductivity 
†  is inflow to the ULDL 
‡These scenarios provide the inflow rates and sand layer hydraulic conductivities considered in Figure 3-6 
§Numerical model calculates a confined zone in the ULDL sand layer perched water  
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Figure 3-6.   Calculated (a) infiltration rate and (b) head (as perched water table 
thickness) representing the initial (0–500 years) and fully degraded 
(>2000 years) Compliance Case property sets in Table 3-1.  Each property 
set is considered for all combinations of two slope lengths (183 and 
356.6 m) and two infiltration rates (400 and 650 mm/yr).  In (a), the symbols 
mark the point with maximum infiltration, calculated assuming a GCL 
hydraulic conductivity representative of a new or degraded GCL at the 
defect location (left and right axis, respectively).  The degraded GCL 
represents the average GCL-only sample from Figure 3-4.  Symbols with 
internally consistent simulation assumptions are copied onto the axis to 
provide reference scales.  The dark yellow zone in (b) represents layers of 
backfill above the sand layer in the ULDL, and the greenish gray zone 
represents areas below a potential maximum 3.66 m rooting depth. Curves 
above the light yellow zone indicate an area where the ULDL is confined, 
and curves above the dark yellow zone indicate an area where the perched 
water table would rise above the ground surface. 



3-37 

The largest calculated infiltration rates using the numerical model may not be realistic, because 
the implied perched water table is located in the backfill above the ULDL or above the ground 
surface wherever the ULDL becomes confined.  An elevated perched water table is inconsistent 
with the vertical 1-D inflow calculation assumption of a free drainage condition into the sand 
drainage layer and may interfere with infiltration by reducing soil moisture storage capacity 
during rainfall events.  If the calculated perched water table is above the ground surface, the 
assumed inflow to the ULDL is clearly too large, so that water would be forced to pond on the 
surface or run off instead of infiltrating.  Increased runoff implies that there is a potential for 
increased erosion.  The numerical model results suggest that this condition may occur during 
wet years if the ULDL saturated hydraulic conductivity is just a factor of two smaller than the 
Compliance Case value (e.g., row 3 in Table 3-1). 

Seasonable variability also may substantially influence annual-average infiltration.  For example, 
assume that annual inflow is 400 mm/yr, with half of the year at the average rate and a quarter 
each at 250 mm/yr higher (650 mm/yr in “winter”) or lower (150 mm/yr in “summer”).  For the 
example case in row 3 of Table 3-1, the “summer” infiltration is at the rate of 0.0035 mm/yr.  
Averaging the seasonal infiltration yields 0.45 mm/yr, which is 4.8 times larger than the 
infiltration with the annual-average inflow. Seasonal inflow is likely to be substantially larger than 
650 mm/yr in wet years. 

The CNWRA staff suggests that the 2020 PA calculations related to infiltration may not be 
applied consistently with their theoretical underpinnings. 

• The flow system may have very different behavior when the perched water table is 
confined instead of unconfined.  Once the threshold creating a confined system is 
crossed, there is a dramatically increased potential for elevated infiltration, elevated 
surface runoff, and elevated cap surface erosion. 

• The ULDL hydraulic conductivity is an important parameter for calculating infiltration.  A 
small uncertainty in this parameter appears to have potentially large consequences for 
infiltration, surface runoff, and closure cap erosion.  

• The inflow to the ULDL has a large influence on whether the ULDL perched water table 
becomes confined when the water table nearly fills the ULDL sand layer.  It may be more 
appropriate to consider seasonal and interannual variability in inflow when calculating 
total infiltration and designing the ULDL. 

• The design of the ULDL (material and thickness) may need to be re-evaluated to 
account for uncertainty in ULDL properties, especially for downslope sections of the cap.  
In particular, it may be appropriate to implement design standards that prevent confined 
conditions from developing.  It may be appropriate to design the sand drainage layer to 
gradually increase in thickness with distance from the ridgeline.
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4 CONCLUSIONS 

The Center for Nuclear Waste Regulatory Analyses (CNWRA®) staff consider the 2020 PA and 
supporting documents, supplemented with U.S. Department of Energy (DOE)-provided input 
and output files from computer analyses used in the Performance Assessment (PA), to provide 
a clearly written summary description of the DOE approach with respect to model methodology, 
model support, and model consequences related to (i) composite barrier layers, (ii) high-density 
polyethylene (HDPE) geomembrane layers, and (iii) the Upper Lateral Drainage Layer (ULDL) 
and Lower Lateral Drainage Layer (LLDL) sand layers.  It is a difficult task to balance clarity and 
completeness when describing uncertainties and interactions in such a complex system.  
Additional information may be needed to clarify key performance issues, however, given the 
complexity of the physical processes, the modeling process, and potential interactions.  

The CNWRA staff evaluated four barriers in the 2020 PA that rely on HDPE geomembranes: 
(i) the ULDL barrier (the combined ULDL sand drainage layer and composite barrier layer), 
(ii) the LLDL barrier (the combined LLDL sand drainage layer and composite barrier layer), 
(iii) the mud mat composite barrier layers, and (iv) the vertical HDPE geomembrane layers.  The 
ULDL and LLDL barriers both include a sand drainage layer, HDPE geomembrane, and 
geosynthetic clay liner (GCL).  The mud mat composite barrier layer includes an HDPE 
geomembrane and GCL. Table 4-1 summarizes (i) key attributes of these four barriers in 
the 2020 PA and (ii) the CNWRA assessment of the approaches used to represent the 
barrier capabilities. 

4.1 Conclusions on Technical Bases 

The CNWRA staff separately considered the strength of the technical bases related to 
(i) degradation of the ULDL barrier and the LLDL, mud mat composite barrier layer, and 
vertical geomembrane barriers, because the 2020 PA treated these components separately and 
very differently. 

The 2020 PA represents the ULDL barrier as consisting of three primary components that 
degrade [the sand layer, an underlying HDPE geomembrane, and an underlying geosynthetic 
clay liner (GCL)], as well as geotextile layers and a foundation layer that are not credited as 
influencing performance.  The 2020 PA represents the LLDL barrier as consisting of one 
primary component that degrades (the composite barrier layer), with the sand layer not 
degrading and the other components not influencing the barrier capability.  The mud mat 
composite barrier layer and the vertical geomembrane barrier layer are both assumed to 
degrade as single components.  The 2020 PA links the timing for degradation of the LLDL and 
mud mat composite barrier layers and the vertical geomembrane barrier to the degradation 
state of the ULDL HDPE geomembrane layer. 
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Table 4-1.  Attributes of the HDPE geomembrane and composite barrier layers. 

 
Barrier with HDPE Geomembrane 
ULDL LLDL Mud Mats SDS Wall 

SDSs affected All All All except 1 and 4 2A/B, 3A/B, 5A/B 
GCL is part of barrier Yes Yes Yes No 
SDSs with 1.5 mm geomembrane thickness All  7 to 12  
SDSs with 2.5 mm geomembrane thickness  All 2A/B, 3A/B, 5A/B, 6 2A/B, 3A/B, 5A/B 
Flow model Giroud (1997)* Composite EPM† Composite EPM†  HDPE EPM‡ 
Modeled degradation stages 
 

0: Five 2-mm 
defects/ha 
(0–500 yr) 

1: GCL layer 
degrades 

(500–2,000 yr) 
2: Five 10-mm 

defects/ha 
(>2,000 yr) 

0: Five 10-mm 
defects/ha 
(0–750 yr) 

1: EPM evolves to 
backfill 

(750–3200 yr) 
2: Backfill properties 

(>3,200 yr) 

0: Five 10-mm 
defects/ha 
(0–750 yr) 

1: EPM evolves to 
backfill 

(750–3,200 yr) 
2: Backfill properties 

(>3,200 yr) 

0: Five 10-mm 
defects/ha 
(0–750 yr) 

1: EPM evolves to 
backfill 

(750–3.200 yr) 
2: Backfill properties 

(>3,200 yr) 

Initial EPM saturated hydraulic conductivity 
(cm/s)  1.8×10−12 1.8×10−12 2×10−13 

Barrier degradation (year) 
Ineffective§ 
Degradation end 

 
2,000 

1,564 
3,200 

1,564 
3,200 

1,752 
3,200 

Volumetric flow not diverted after full 
degradation 

Compliance: 0.033% 
Wet: 0.075% Compliance: ~100% N/A N/A 

CNWRA Assessment 
Strength of technical basis for degradation model (L, M, H) 

HDPE geomembrane 
GCL 
Sand layer 

M 
L 
L 

M 
L 
L 

M 
L 

N/A 

M 
N/A 
N/A 

*Circular hole with flow slowed by a GCL, using equations by Giroud (1997) 
†The equivalent porous medium (EPM) represents a composite barrier consisting of a HDPE 
geomembrane with five 10-mm HDPE defects/ha and a GCL  
‡The EPM represents a HDPE geomembrane with five 10-mm HDPE defects/ha 
§CNWRA-calculated year when the EPM saturated hydraulic conductivity in the degradation model becomes larger than the initial saltstone saturated hydraulic 
conductivity  
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ULDL HDPE Geomembrane 

The CNWRA staff assessed the technical bases for the ULDL HDPE geomembrane 
degradation model by examining the supporting information and how the information was 
incorporated into the degradation model, as well as comparing the provided information to 
additional technical literature not cited in the 2020 PA and supporting references.  The CNWRA 
staff concluded that the general methodological approach is reasonable for the ULDL HDPE 
geomembrane degradation model but the technical bases have a weak strength because the 
implementation makes a series of nonconservative to optimistic assumptions, based on the 
following reasoning:   

• The 2020 PA considers a variety of physical processes that are widely supported as 
relevant processes for HDPE geomembrane degradation, and clearly describes the 
technical bases for including or excluding the process from the model. 

• The CNWRA staff agree that the included and excluded processes are appropriately 
classified in the 2020 PA. 

• HDPE geomembranes are a relatively new and continually evolving technology; 
therefore, performance claims are necessarily extrapolations, with the longest existing 
in-service applications covering only a small fraction of the desired performance period. 

• The HDPE degradation model applies assumptions that cumulatively may significantly 
underestimate how quickly antioxidant depletion and oxidation would occur for the 
geomembrane, especially at defects.  As described in Section 3.1.1.2, 

— Degradation rates are sensitive to temperature.  The degradation model uses a 
generic temperature to estimate degradation rates without correcting for the site 
temperature.  The measured site temperature is much warmer than the model 
input; therefore, degradation rates may be significantly faster than assumed. 

— Degradation rates are based on 2-mm HDPE samples, instead of the 1.5-mm 
HDPE geomembrane proposed for the closure cap.  The thinner geomembrane 
will likely attain an equivalent diffusion-based depletion status approximately 
1.8 times faster than the thicker geomembrane. 

— The degradation rates are based on experiments considering one-sided 
exposure to environmental conditions, which takes three to four times longer to 
degrade than two-sided exposure.  Degradation of the underside of the 
geomembrane by diffusion through the underlying GCL may be slower but still 
increase degradation rates relative to one-sided diffusion. 

— Water will drain through a defect and spread underneath, allowing the moisture 
state to locally equalize on all sides of the HDPE geomembrane near the defect; 
therefore, the degradation rate at the defect would be like degradation at the 
edge of a fully immersed sample.  The edge of a fully immersed sample is likely 
to degrade faster than measured away from the edge, and all sample 
measurements were measured away from the edge.  Therefore, degradation at a 
defect is likely to be much faster than the assumed one-sided degradation rates.  
Combining temperature, thickness, and edge effects may reduce the degradation 
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time at a defect location by approximately an order of magnitude relative to the 
modeled values.   

— The size of the HDPE defect influences flow through the defect.  CNWRA staff 
did not find a specific justification for selecting a 2-mm-diameter hole among the 
range of recommended hole sizes. 

• The HDPE degradation model represents the HDPE geomembrane as remaining intact 
unless applied stresses overcome the geomembrane strength and predicts that stress 
levels will never become sufficiently large to overcome the geomembrane strength 
because of the shallow cover slope.  The model implements this as maintaining a fixed 
number of defects; the defects increase in size but not in number.  Only preliminary 
stress analyses have been performed for slope stability, none explicitly considering the 
potential slip interface represented by the GCL; the 2020 PA states that detailed seismic 
analyses accounting for discrete slip surfaces will be included as part of final cap design.  

• The HDPE degradation model glosses over degradation related to specific features that 
are known to have low resistance to stress or large local stresses.  Such features would 
be prone to developing defects even when stress levels are too small to develop defects 
over most of the geomembrane.  It is reasonable to assume that defects develop to 
some extent on such features regardless of the care in construction.  These features 
include: 

— Heat-affected zones on seams, which are known to have enhanced leaching of 
antioxidants and low resistance to stress cracking.  The 2020 PA does not 
consider preferential failure along seams. 

— Wrinkles, which are known to (i) have locally intense stress concentrations, (ii) be 
difficult to eliminate, and (iii) have large consequences with respect to infiltration.  
The 2020 PA claims that wrinkles will be precluded by construction practices.  
Although eliminating wrinkles may be possible, the literature suggests that even 
extreme care during construction may not eliminate all wrinkles.  Parts of the 
ULDL and LLDL composite barrier layer are intended to be placed on surfaces 
with radial curvature; the 2020 PA does not address any special care regarding 
shaping the geomembranes or seaming during construction to accommodate 
wrinkle-free conditions on these features. 

— Trampolines, which occur when the geomembrane is stretched over local 
depressions and the change of slope at the base of side slopes.  With careful 
grading, trampolines may be relatively unlikely at the SDF site because there are 
no breaks in slope.  Deformation-induced stretching would occur due to 
differential settlement; the 2020 PA describes differential settlement as expected 
to be limited to a few inches, but does not quantify the potential impact of 
deformation-induced stretching on the composite barrier.  A composite barrier 
would experience concentrated stresses that might lead to new defects if the 
differential settlement were concentrated (i.e., along cracks); the residual 
strength would likely be adequate to withstand stretching spread uniformly across 
several sheets.   
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— Patches, which require extrusion welded seams instead of single- or dual-wedge 
welded seams.  Available data suggest that wedge-welded seams may be more 
reliable than extrusion seams. 

• The 2020 PA HDPE degradation model precludes the possibility that plant roots will 
cause any new defect or enlarge any existing defect over thousands of years, while the 
2009 PA HDPE degradation model assumed that plant roots were the primary 
degradation mechanism.  The rationale for assuming that plant roots will never penetrate 
the HDPE geomembrane is weakly supported, for the following reasons: 

— Pine trees may ultimately colonize the cover, but the observations driving the 
model assumptions appears to be based on several excavations in grasslands 
with cumulative area much smaller than the cap area and anecdotal evidence 
regarding shrub roots. 

— The special condition of roots exploring under overlapping seam flaps is not 
considered; the heat-affected zones at seams are weak points and the growth of 
a root along the seam flap will induce stresses.   

— The environment under a defect is described as dry, implying root exploration will 
be discouraged in favor of wetter environments. In actuality, water will soak the 
area under a defect in this humid location, and any expansion of the defect from 
a root penetration will only increase the water supply. In shallow parts of the cap 
with the sand drainage layer only episodically wet, the environment below a 
defect may provide an additional water supply resource for roots.   

LLDL, Mud Mat, and SDS Wall HDPE Geomembrane 

The CNWRA staff assessed the technical bases for the model approach used for the HDPE 
geomembranes in liner barriers below the closure cap (i.e., the LLDL and mud mat composite 
barrier layers and the vertical HDPE geomembrane layers) by examining the supporting 
information for completeness and internal consistency.  The CNWRA staff concluded that the 
technical bases for the model approach have a moderate strength, representing a balance 
between strong and weak bases, based on the following reasoning: 

• The 2020 PA selected a model approach that was intended to maximize flow through the 
saltstone matrix under the conceptual model that the SDS remains intact (i.e., there is a 
negligible number of potential fast pathways) and infiltration through the ULDL is very 
small.  To achieve this goal, the localized inflow from defects was assumed to be spread 
evenly across the closure cap and the liner barriers were treated using the equivalent 
porous medium (EPM) approximation instead of exchange through a few small defects.  
The bases for the selected approach are clearly described. 

• The CNWRA staff understand that it is necessary to have a defect model to estimate the 
equivalent hydraulic conductivity of an EPM approximation (the EPM properties are 
essentially a curve fit).  Given that a defect model is necessary for some composite 
barrier, the CNWRA staff agree that it is reasonable to implement it for the ULDL 
composite barrier.  
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• The CNWRA staff agree that the selected approach is appropriate for meeting the stated 
goal of maximizing inflow into the SDSs for the case where flow through the SDSs is 
matrix dominated (i.e., negligible flow occurs through fast pathways). 

• The CNWRA staff consider the selected approach as potentially nonconservative for a 
conceptual model that includes fast pathways through the SDSs, because it minimizes 
mechanisms that may focus flow into the fast pathways, as discussed in Section 4.2. 

• Insufficient information is provided to independently determine the hydraulic conductivity 
and diffusion coefficients for the EPM models. 

• In the ULDL composite barrier model, flow through a defect is nonlinearly dependent on 
the head. It is not clear how the nonlinear dependence is incorporated in the EPM 
model. 

• It is not clear how the parameters for the vertical HDPE geomembrane layer are 
determined, and it is unexpected that this layer (without a GCL) is a stronger barrier than 
the composite barrier layers (with a GCL). 

• The initial diffusion coefficient is not provided for these liner barriers. 

The liner degradation model assumes that the composite barrier and HDPE geomembrane 
layers below the closure cap degrade to backfill (unlike the ULDL composite barrier liner, which 
is assumed to remain essentially intact), with the timing tied to the stress corrosion resistance 
state in the ULDL HDPE geomembrane. Assumptions regarding the timing are clearly explained 
but the basis for the assumptions appears weak.  Nevertheless, the CNWRA staff conclude in 
Section 4.2 that the liner barriers have at most a weak influence on SDS performance for the 
DOE-selected conceptual model of small infiltration and an intact SDS with no fast pathways. 

ULDL GCL 

The CNWRA staff assessed the technical bases for the model approach used for the GCLs in 
the ULDL, LLDL and mud mat composite barrier layers by examining the supporting information 
for completeness and internal consistency. The CNWRA staff concluded that the technical 
bases for the model approach used for the GCL have a low strength for the ULDL composite 
barrier liner and a low strength for the LLDL and mud mat composite barrier layers, based on 
the following reasoning: 

• The 2020 PA bases the ULDL GCL representation on the Benson and Benavides (2018) 
approach.  The 2020 PA describes the ULDL GCL as maintaining a saturated initial 
hydraulic conductivity similar to the initial value for the GCL, regardless of whether 
divalent cations exchange with monovalent cations in the GCL, as long as the substrate 
is placed on a moist subgrade and covered with an HDPE geomembrane and soil.  

— The CNWRA staff assert that only the portion of a GCL that experiences flow 
from a defect influences the rate of flow through the defect. 

— The 2020 PA supporting documents with referenced GCL properties 
(Benson and Benavides, 2018; Scalia et al., 2017; Benson et al., 2011; Scalia 
and Benson, 2011) do not specifically consider interactions of GCLs with 
localized flow from defects. 
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— Benson and Benavides (2018) base the long-term GCL properties on seven GCL 
samples from the nearby Barnwell Disposal Facility, all obtained after 14 years 
under an HDPE geomembrane.  These samples showed little or no cation 
exchange.  However, all of these GCL samples experienced stagnant flow 
conditions for the entire installation period with limited opportunity for cation 
transfer into the GCL. 

— Other supporting documents (Benson et al., 2011; Scalia and Benson, 2011) 
report measurements of exhumed GCLs from several sites, with all samples 
showing partial to complete cation replacement after five to seven years in 
service.  The 2020 PA cites the relevant samples as having hydraulic 
conductivities less than 5×10−9 cm/s and uses an upper bound value two times 
larger.  The basis for these values is clearly presented and the cited source 
provides directly relevant measurements.  However, as discussed in 
Section 3.1.7, the 2020 PA appears to omit discussion of many relevant samples 
reported in the same documents.  In particular, a number of samples were 
obtained from GCL-only installations, which are directly analogous to the GCL 
under a flowing defect.  Benson et al. (2011) conclude that the GCL ceases 
functioning as a hydraulic barrier within several years after installation as a sole 
barrier. 

Taken at face value, these data imply that within a decade expected infiltration rates through 
initial defects in the ULDL composite barrier would be approximately three or more orders of 
magnitude larger than the expected value used in the Closure Cap Model, roughly comparable 
to measured infiltration rates in existing closure caps.  

Benson and Benavides (2018) describe the soil under the composite barrier as expected to dry 
out.  Although the 2020 PA assumes that new defects will not form, it would be relevant to 
address the possibility that the GCL dehydrates over time should the analysis consider delayed 
defects.   

LLDL and Mud Mat GCL 

The 2020 PA does not directly calculate properties for the GCL in the LLDL and mud mat 
composite barriers.  Instead, the composite barrier is treated as an EPM with initial properties 
derived from the ULDL composite barrier, as described in the assessment of the HDPE 
geomembrane representation.  The 2020 PA does not attempt to consider any changes to the 
GCL component of the composite barrier from the concentrated chemistry of the adjacent 
cementitious materials.  Although there is no technical basis provided for the GCL properties in 
these composite barriers, the CNWRA staff conclude in Section 4.2 that the composite barrier 
model implemented in the Vadose Zone Flow Model has minimal influence on flow through the 
SDSs for the PA conceptual model of an intact SDS with no fast pathways. 

ULDL and LLDL 

The CNWRA staff assessed the technical bases for the model approach used for the sand 
layers in the ULDL and LLDL by examining the supporting information for completeness and 
internal consistency.  The CNWRA staff concluded that the technical bases for the model 
approach have a low strength for both sand layers, based on the following reasoning: 
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• The 2020 PA argues that silting-in is not a viable degradation mechanism for the sand 
layers, based on lack of evidence from exhumation of modern final covers or historic 
analogs.  The CNWRA staff consider evidence from analog sites to be valuable, but it is 
not clear that the presented information is particularly convincing because 

— Silting-in strongly depends on the flow rate; inflow to the ULDL sand layer is 
projected to be 400 mm/yr, while inflow to the related layers at the presented 
analog sites appears to be orders of magnitude smaller due to climate or 
construction approach 

— There is no measurement of silting-in presented for any analog site 

— A geonet exposed in a cover exhumed after less than 6 years of service (Benson 
et al. (2010) shows a coating of fine sediment on the geonet ribs, suggesting that 
silting-in is a viable process 

• The 2020 PA considers degradation of the ULDL sand layer by reducing the hydraulic 
conductivity by a factor of five at year 500 for the PA’s Compliance Case and Pessimistic 
Case.  The initial value will be specified as a procurement requirement for the acquired 
sand.  The 2020 PA does not provide a technical basis for the timing and magnitude of 
the change. 

• The 2020 PA does not appear to change the hydraulic conductivity for the LLDL sand 
layer, except perhaps for sensitivity analyses.  The 2020 PA does not specify why the 
sand layer should be treated differently for the ULDL and LLDL. 

4.2 Conclusions on the Likelihood that the Barrier Effect is Overestimated 

The CNWRA staff separately considered the likelihood that the barrier effect is overestimated 
for (i) the ULDL barrier and (ii) the LLDL composite barrier layers, mud mat composite barrier 
layers, and vertical HDPE geomembrane barriers, because the 2020 PA treated these 
components separately and very differently. 

ULDL Barrier 

The CNWRA staff concluded that there is a high likelihood that the ULDL barrier would permit 
larger infiltration rates than calculated in the 2020 PA based on the following reasoning: 

• Studies from other sites indicate that measured leakage rates are typically much larger 
than calculated in the 2020 PA.  The 2020 PA approach to calculating infiltration through 
the ULDL barrier results in 0.006 and 0.69 mm/yr for the realistic (before any 
degradation) and pessimistic (fully degraded) estimates for infiltration.  As a counter 
example, Beck (2015) presents leakage data from double-lined landfill cells in upstate 
New York, demonstrating that the distribution of leakage rates was approximately 
exponential for these cells.  Beck (2015) suggests that the Giroud (1997) equation used 
in the 2020 PA typically underestimates measured leakage rates by one to two orders of 
magnitude and is rarely appropriate, in part because it doesn’t account for wrinkles. 
Measured leakage rates exceeded 0.7 mm/yr for (i) 82 percent of the 123 sites with no 
dipole testing during construction (2010 data) and (ii) 72 percent of the 60 sites with 
dipole testing during construction (2006 to 2012 data). The mean leakage rate was 
2.5 and 4.6 mm/yr for the cells with and without dipole testing, respectively.   
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• The 2020 PA does not account for the disproportionate increase in infiltration during 
seasonal and annual periods of high inflow to the ULDL.  The relationship for flow 
through the defect increases disproportionately with increasing head above the defect, 
so that the average infiltration with time-varying head is larger than the infiltration 
calculated with the time-averaged head. 

• The 2020 PA appears to underestimate the increase in infiltration after the sand layer 
degrades.  The 2020 PA does not provide design criteria related to the sand drainage 
layer in the ULDL.  It appears that the thickness of the sand drainage layer in the ULDL 
is based on the design initial hydraulic conductivity and mean annual inflow to the 
drainage layer.  The PA calculations assume that the sand layer hydraulic conductivity 
may decrease over time.  CNWRA calculations suggest that the drainage layer may 
become confined if the sand layer hydraulic conductivity decreases, especially during 
seasonal and annual periods of high inflow to the ULDL, which may greatly increase 
infiltration and may increase cap erosion due to increased runoff. 

• The GCL hydraulic conductivity controls the amount of flow through the ULDL composite 
barrier wherever there is a defect in the overlying HDPE geomembrane.  The 2020 PA 
Closure Cap Model bases the GCL hydraulic conductivity on GCL samples obtained 
from locations under intact HDPE geomembranes, resulting in minimal flow into the GCL 
after rehydration and minimal opportunity for cation exchange to degrade GCL bentonite 
properties.  GCL properties affect performance only under a flowing defect, however, 
which will allow a continual transfer of cations into the GCL.  The closest analogy to a 
GCL under a defect is a GCL-only installation.  A cited reference (Scalia and Benson, 
2011) provides data on GCL samples from GCL-only installations showing these 
samples may exhibit hydraulic conductivity that is orders of magnitude larger than the 
upper bound used in the 2020 PA Closure Cap Model, and concludes that GCL-only 
barriers typically cease functioning as a hydraulic barrier within a few years after 
installation.  Using the average measured hydraulic conductivity from the GCL-only 
samples to represent the GCL under flowing defects, instead of the assumed values in 
the Closure Cap Model, would increase infiltration rates by several orders of magnitude. 

LLDL Barrier, Mud Mat Composite Barrier, and SDS Wall HDPE Geomembrane 

The CNWRA staff evaluated the likelihood that the models in the 2020 PA overestimated the 
barrier capabilities for the LLDL barrier, the composite barrier in mud mats, and the vertical 
HDPE geomembrane exterior to SDS walls.  The barrier capabilities are multifaceted.  The 
LLDL and mud mat barriers have the dual role of limiting both water flow and diffusive exchange 
with the environment, while the vertical geomembrane is primarily to limit diffusive exchange 
with the environment.  Water flow through the SDSs has the dual role of facilitating degradation 
of cementitious materials and facilitating advective releases of radionuclides.  Diffusive 
exchanges with the environment have the dual role of facilitating degradation of cementitious 
materials and facilitating diffusive releases of radionuclides.  These exchanges are enhanced as 
the cementitious materials in the SDSs degrade. 

The CNWRA evaluation process for flow through the LLDL and mud mat composite barriers 
considered two combination pairs: (i) small versus large infiltration and (ii) intact SDSs versus 
SDSs with fast pathways.  In this context, small infiltration occurs when the infiltration rate is 
smaller than the effective saltstone hydraulic conductivity and large infiltration occurs when the 
infiltration rate is larger than the effective saltstone hydraulic conductivity.  By this criterion, the 
transition between small and large infiltration increases over time as the saltstone degrades.  
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The presence or absence of fast pathways through the SDS is important if the flow behavior 
through the SDSs significantly affects radionuclide release rates. 

The CNWRA staff concluded that, for infiltration rates that are small relative to the cementitious 
hydraulic conductivity that controls flow through the SDSs, a different model for the LLDL or 
mud mat composite barrier layer would not permit larger flow rates into the SDSs than 
calculated in the 2020 PA rates, based on the following reasoning: 

• The 2020 PA provided sufficient information to determine that the PA models represent 
essentially all flow contacting the LLDL as passing through the SDSs whenever the 
infiltration rate is less than the saltstone hydraulic conductivity.  CNWRA staff 
understand that the roof or floor also could potentially constrain flow, depending on 
which feature limits flow the most. 

The CNWRA staff concluded that, for large infiltration rates in the absence of fast pathways, it is 
unlikely that a different model for the LLDL composite barrier layer or the mud mat composite 
barrier layer would permit significantly larger flow rates into the SDSs than the model used in 
the 2020 PA, based on the following reasoning: 

• The 2020 PA provided sufficient information to determine that the modeled flow rate 
through an intact SDS is determined by the saltstone hydraulic conductivity when the 
infiltration rate is greater than the saltstone hydraulic conductivity, implying that the 
modeled barrier provides minimal reduction in flow rate.  In other words, flow through the 
SDS is the lesser of the infiltration rate and the saltstone hydraulic conductivity 
(regardless of whether the saltstone is represented as intact or degraded).  However, 
even though the LLDL composite barrier layer is not the primary control on flow through 
the SDS, the LLDL sand layer is important for allowing the excess flow to divert around 
the SDS without creating a thick perched layer. 

• The 2020 PA represents these barriers as degrading to backfill over time.  As a rule of 
thumb, the CNWRA reasons that the barrier capability is ineffective for preventing flow 
into the SDS once the barrier has a larger hydraulic conductivity than the limiting 
cementitious medium (SDS roof or saltstone). 

The CNWRA staff concluded that there is insufficient information provided to assess the 
likelihood that the modeled representations of the LLDL barrier and the composite barrier in 
mud mats underestimate radionuclide release rates from the SDSs as calculated in the 2020 PA 
if fast pathways existed through the SDS, based on the following reasoning: 

• The 2020 PA only evaluated dose consequences of fast pathways for the case of 
small infiltration and one representation for the barriers, without considering large 
infiltration rates, locally focused infiltration contacting fast pathways, or alternative 
barrier representations. 

The CNWRA staff concluded that, once a LLDL and mud mat composite barrier or a vertical 
HDPE geomembrane barrier is fully degraded, the liner does not limit diffusive exchanges 
between the SDSs and the exterior environment (i.e., either the SDS interior environment or the 
exterior environment limits diffusive exchanges), based on the following reasoning: 

• The 2020 PA considers these barriers in the Cementitious Degradation model and 
Vadose Zone Transport Model.  These models represent the diffusion coefficient for 
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these barriers as an initial value that degrades to the equivalent value for backfill.  The 
barrier is thin and the modeled diffusion coefficient value for backfill is larger than for any 
cementitious material, thus the barrier does not limit diffusive exchanges. 

The CNWRA staff concluded that there is insufficient information provided to fully assess the 
barrier function with respect to diffusive exchanges between the SDSs and the exterior 
environment through the LLDL and mud mat composite barriers and the vertical HDPE 
geomembrane barrier, based on the following reasoning: 

• In the Cementitious Degradation model, the barrier degradation is represented as a 
delayed onset time for carbonation penetration.  The calculations for the delayed onset 
time are based on the degradation times for the HDPE geomembrane in the ULDL 
composite barrier, using a geometric change in diffusion coefficient between initial value 
and backfill.  The initial diffusion coefficient for the HDPE geomembrane is not provided 
in the 2020 PA or its cited references, thus the barrier capability cannot be assessed 
prior to assumed full degradation. 

• The same time-dependent diffusion coefficient values are used in the Vadose Zone 
Transport model.  Again, the influence of the barrier cannot be assessed prior to 
assumed full degradation because the diffusion coefficients are not provided. 

4.3 CNWRA Suggestions for DOE Consideration  

The CNWRA staff concluded that the modeling techniques used in the 2020 PA to represent the 
LLDL and mud mat composite barriers significantly or strongly limit flow through fast pathways, 
if the pathways exist, but do not consider the consequences should flow be able to focus into 
defects in the composite barrier and subsequently feed the fast pathway.  The physical scenario 
corresponds to co-located defects and fast pathways (e.g., common-cause failures such as 
subsidence cracking with composite barrier shear failure, or a fast-pathway wrinkle network 
allowing widespread flow from the defects to the fast pathways through the SDSs), especially at 
early times (i.e., the saltstone hydraulic conductivity is too small to accommodate all flow and 
radionuclides have not yet been leached from the vicinity of the fast pathway).  The CNWRA 
staff concluded that (i) flow reaching the LLDL is likely to be much more localized than 
represented in the 2020 PA and (ii) there is high likelihood that infiltration rates may be larger 
than modeled in the 2020 PA, especially on seasonal and annual time scales, thus the CNWRA 
staff considers this information especially important for assessing the assumptions in the 
2020 PA for higher infiltration rates.  The following sensitivity cases are especially relevant to 
assessing dose consequences and risk benefits from installing the composite barriers: 

• On-off extreme upper bound scenarios with infiltration rates similar to the soil-only 
scenario, comparing the current representation for the LLDL and mud mat composite 
barriers with representations (i) omitting these barriers entirely, (ii) locating defects in the 
barriers coincident with the fast pathways to represent joint-cause failures, and 
(iii) locating defects in the barriers offset from the fast pathways to represent 
independent failures. 

• On-off scenarios with moderate but highly focused infiltration rates representative of flow 
through ULDL defects, using the same set of barrier assumptions. 

The CNWRA staff was not able to identify the risk benefit of vertical HDPE geomembrane liners.  
It would be useful to provide a scenario with the liners missing to quantify the risk benefit. 
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The CNWRA staff noted that the following issues are pending until the design is at a more 
complete stage: 

• Detailed analyses of seismic stresses on slope stability, which await final cap design. 
Although not called out as a task, these analyses should also address the stresses 
expected on the HDPE geomembrane, as seismic-induced stresses may cause 
weakened zones to pull apart and form defects. 

• Analysis of methods for eliminating wrinkle formation on conical surfaces (e.g., roofs, 
radial curvature of the ULDL).  

4.4 Conclusions on Best Practices 

The CNWRA staff identified the following practices as recommended for barrier 
layer construction: 

• Installing HDPE geomembranes at approximately the long-term temperature expected at 
the site, in order to minimize shrinkage (inducing tensile stresses that may pull apart 
weakened HDPE at heat-affected zones or where stress corrosion cracking has 
occurred) and extension (inducing wrinkle formation). 

• Using white HDPE geomembranes, in order to minimize the creation of wrinkles from 
differential thermal expansion and contraction caused by solar loading prior to covering. 

• Minimizing the use of extrusion seaming relative to hot wedge seaming to the extent 
possible, based on the relatively higher frequency of defects typically reported for 
extrusion seams. 

• Offsetting HDPE and GCL seams to reduce the possibility of flow short-circuiting from a 
defect in a HDPE seam to the GCL seam. 

• Heat-tacking the GCL seams as an additional measure in order to prevent shrinkage that 
may open seams. 

• Performing dual ELL tests on the HDPE geomembranes, one with the geomembrane 
exposed followed by a dipole test after the geomembrane is covered by the overlying 
sand drainage layer, in order to identify small initial and large construction-induced 
defects. 

• Using a conductive-backed HDPE geomembrane or ensuring that the geomembrane is 
fully covered in water during ELL tests, to better ensure that defects above gaps 
(e.g., wrinkles and trampolines) are identified. 

• Implementing design standards for the ULDL and LLDL sand layers to preclude the 
development of confined conditions within the sand layers under adverse conditions. 

• Installing a permanent leak detection monitoring system beneath the ULDL to remediate 
any leaks and verify that the infiltration rates calculated through the ULDL composite 
barrier layer are achieved in practice, as recommended by Needham et al. (2004). 
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• Extending the LLDL composite barrier layer beyond the SDS roof to divert water away 
from the SDS walls.  The current design preferentially delivers water at the wall, which 
may enhance release rates and speed transport of releases to the water table. 

• Incorporating a layer of fine mobile sediment between the sand layer and the HDPE 
geomembrane in order to fill any defects that might form, based on the observations of 
mill tailings by Joshi and McLeod (2018) and Rowe et al. (2017) that suggest a 
low-permeability medium restricts flow to large defects and a fine material will tend to 
mobilize and clog openings, including gaps below wrinkles.  The same kind of layer may 
be useful immediately above each SDS roof as a hedge against unforeseen cracking in 
the roof. This idea is speculative and has not been demonstrated in practice. 

• Actively hydrating the GCLs, using an active irrigation system such as one proposed by 
Yu and El-Zein (2020).  The geomembrane/GCL/geonet/GCL/geomembrane sandwich 
was the most effective reported system.  The five-layer sandwich (i) provides external 
chemistry-controlled water through the geonet to hydrate the GCLs (reducing issues with 
cation replacement), (ii) minimizes GCL desiccation, and (iii) provides a redundant 
barrier system to minimize consequences from a geomembrane puncture or gap.  This 
technology may be especially appropriate for the LLDL composite barrier layer, avoiding 
potential issues with the concrete root, and may be useful for preventing desiccation 
below the ULDL as well. 
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APPENDIX A LITERATURE REVIEW OF KEY FACTORS AFFECTING 
GEOMEMBRANE PERFORMANCE 

The following literature review is intended to identify updated information related to High-Density 
Polyethylene (HDPE)/Geosynthetic Clay Liner (GCL) composite performance, especially 
information that has become available since the 2009 Saltstone Disposal Facility (SDF) 
Performance Assessment (PA).  The literature review is intended to (i) provide context for 
understanding the 2020 SDF PA, (ii) identify potential uncertainties related to predicting 
future performance of HDPE geomembrane layers and HDPE/GCL composite barrier layers, 
(iii) identify the research and testing that could be done to reduce that uncertainty, and 
(iv) identify methodologies that may improve performance of HDPE geomembrane layers and 
composite barrier layers. 

The literature review is organized into four general areas.  The literature search sought 
information focused on particular topics of interest: 

• Long-term performance of engineered surface barriers with geomembranes 
(Section A.2).  Topics include (i) relevant applications, (ii) key aspects of geomembrane 
performance, (iii) risk-informed performance requirements, and (iv) failure consequence 
modeling. 

• Laboratory testing methods (Section A.3).  Topics include (i) degradation mechanisms, 
(ii) methods for testing, (iii) intact properties, (iv) seam properties, (v) flow through 
defects, and (vi) gaps in testing. 

• Field observations and testing (Section A.4).  Topics include (i) field tests, (ii) exhumed 
covers, (iii) observed failures, and (iv) gaps in observations and testing. 

• Geomembrane installation (Section A.5).  Topics include (i) geomembrane standards, 
(ii) installation approaches and practices, (iii) seams, (iv) inspections, and (v) gaps in 
installation. 

Relevant information was identified for most of these topics. Little or no literature was identified 
focusing on gaps in testing, observations, or installation; therefore, topics related to gaps are not 
separately addressed in the literature review.   

A.1 Background 

A.1.1 Starting Point for Literature Search 

The review focused on recent information becoming available after the publication of NRC 
documents [e.g., NUREG/CP-0195 (Nicholson and Arlt, 2011) and NUREG/CR-7028 
(Benson et al., 2011)]. Information prior to 2011 was not the review focus, but particularly 
relevant older information was also considered if it was not referenced in the NRC documents 
and recent U.S. Department of Energy (DOE) documents related to the Savannah River Site 
[e.g., the 2020 and 2009 SDF PAs and subsidiary documents, such as GENV-18-05 
(Benson and Benavides, 2018) and WSRC-STI-2008-00244 (Jones and Phifer, 2008)]. 

The 2009 PA is based on WSRC-STI-2008-00244 (Jones and Phifer, 2008), which relies on the 
extensive Needham et al. (2004) report that compiles and summarizes earlier documents 



 

related to generation of defects in geomembrane-based landfill barriers, both in isolation and as 
a component of a composite barrier.  The 2020 PA uses some of the information provided by 
Jones and Phifer (2008), updated with new analyses.  The Needham et al. (2004) provides a 
convenient reference for identifying potential updates. 

Needham et al. (2004) segregate degradation causes into (i) largescale or catastrophic events, 
which occur as a result of poor design or avoidable operational practices, and (ii) physical 
damage, inevitable material degradation, and stress cracking.  Needham et al. (2004) describe 
an adequate standard of design as avoiding slope instability, downdrag stresses caused by 
settlement, and excessive differential settlements. 

Needham et al. (2004) provide a six-stage model for defect generation.  Stages 1 through 3 of 
the model are the operations-affected period, including (i) initial construction and placement of 
the cover material, (ii) waste filling through final capping, and (iii) a latent period with no further 
damage.  For caps, Stages 1 and 2 combine and Stage 3 may not apply if settlement applies 
stresses on the geomembrane.  Stages 4 through 6 of the model relate to long-term HDPE 
geomembrane performance, including (i) antioxidant depletion (Stage 4); (ii) oxidation, 
embrittlement, and stress cracking (Stage 5); and (iii) steady generation or extension of holes in 
the geomembrane (Stage 6).  According to Needham et al. (2004), poorly protected liners may 
completely fail prior to Stage 6, otherwise the HDPE geomembrane will remain as brittle but 
intact away from cracks and holes. 

Needham et al. (2004) provide (i) probability distributions for hole generation during Stages 1 
and 2 and (ii) tentative estimated stress crack incidences that are assumed to occur mainly on 
seams or wrinkles during Stages 4 through 6.  For the “excellent” case, the model estimates 
20 to 40 stress cracks per hectare during Stage 4 and an additional 30 to 60 stress cracks per 
hectare during Stage 5.  The proposed minimum and maximum stress cracks are 1-mm slits of 
length 10 and 1,000 mm, respectively, with a 1:1 split during Stage 4 and 2:1 split during 
Stage 5.  The model assumes a “reasonably conservative” growth rate for the number of stress 
cracks during Stage 6, applying the number of cracks developed at the end of Stage 5 each 
100 years, although Needham et al. (2004) emphasize that there was no available research to 
base this recommendation on.  Needham et al. (2004) conclude that as geomembrane defects 
accumulate, overall performance may switch to other barriers, such as a GCL. 

A.1.2 Search Strategy 

The literature review strategy relied on the Scopus online database (https://www.scopus.com/) 
to identify relevant documents using combinations of search terms such as geomembrane, 
HDPE, GCL, and degradation.  The Scopus database includes journal papers, books, and to 
some extent conference papers.  The most relevant returned documents were compiled into a 
spreadsheet.  The Scopus database returns a list of references in an identified document and a 
list of documents citing the identified document; these lists were used to expand the search list 
for selected promising references.  Although powerful, Scopus does not necessarily include all 
references in a document, especially older documents or conference proceedings.  Therefore, 
additional searches were performed using the Google (https://www.google.com) and Google 
Scholar (https://scholar.google.com) search engines. 

  



 

Several papers were identified that summarize directly relevant literature. 

• Lavoie et al. (2020) provides an overview of ~100 studies related to the durability of 
HDPE geomembranes.  Lavoie et al. (2020) draw no conclusions regarding these 
studies. 

— By far the predominant subset includes laboratory studies, almost all for smooth 
(non-textured) HDPE.  Many of these are older studies (prior to 2010), providing 
a useful historical overview.  Only a few of these laboratory studies are described 
in this literature review. 

— Seven field studies are described:  (i) four considered exposed geomembranes, 
(ii) one measured geomembrane temperature, (iii) one examined 1.0-mm HDPE 
seam failures in a landfill, which were attributed to dirt in the seams (Calabria and 
Peggs, 1997), and (iv) one considered waves (large wrinkles) in an exhumed 
1.5-mm HDPE geomembrane after 8 years of service, finding that the tensile 
strength was not significantly compromised (Koerner et al., 1999). 

— Eleven laboratory studies of exhumed liners are summarized. Only one 
considered a cover (Benson et al., 2010). 

— Five cited studies (i) consider potential improvements in HDPE geomembrane 
performance by dispersing nanoparticles within the polymer to increase the 
diffusion path tortuosity, potentially reduce thermal expansivity, or increase 
reactive barrier capability; and (ii) test HDPE geomembrane performance as a 
barrier to diffusion of nanoparticles through the geomembrane. 

• Thiel (2013) provides a 25-year retrospective of waste containment liner and cover 
design using geosynthetics, referencing a large collection of studies and including 
examples of failures.  Sections of interest consider (i) evolution of geosynthetic products, 
(ii) flow and transport modeling approaches, (iii) durability and service life studies, and 
(iv) slope stability and veneer stability considerations.  Of particular interest are veneer 
stability failures (i.e., failure due to shallow surface detachment): 

— Veneer failure is much more common than deep failure 

— The most pervasive cause of veneer failure is excessive pore pressures 
above the geomembrane, making (i) transmissivity of the overlying drainage 
layer  and (ii) good outflow conditions (e.g., under freezing conditions) important 

— Veneer failure also occurs due to lubrication at the geomembrane surface, by 
(i) bentonite extrusion through a woven geotextile wrapping a GCL or 
(ii) condensation between the geomembrane and GCL, allowing surficial 
materials to slide along the geomembrane 

— Veneer failures can also occur due to equipment loading or inadequate 
shear strength along interfaces 

• Rowe (2020) provides (i) an extensive discussion of the properties of GCLs affecting 
GCL hydration and performance as advective barriers; (ii) a comprehensive list of 
references; and (iii) representative references for diffusion through GCLs, polymer-



 

modified bentonite, and GCL shear strength.  Rowe’s conclusions regarding 
GCLs include 

— Hydration of the bentonite from the subgrade is not assured, especially if the 
subgrade contains clay (especially smectite). 

— In most practical situations, the finer texture the better for the bentonite because 
the GCL may be far from saturated when it needs to perform the design function. 

— The GCL bentonite texture can greatly affect rate of hydration and the ultimate 
equilibrium water content. 

— There is a tradeoff between shear strength and hydraulic resistance (increased 
needle punching improves shear strength but may allow more flow). 

— The geomembrane/GCL interface transmissivity plays a critical role in 
affecting leakage. 

— It is very important to cover a GCL in a timely manner. 

• Touze-Foltz et al. (2021) summarizes some issues with landfill barrier system 
performance, including (i) puncture protection, (ii) stability issues, and (iii) quantifying 
transfers for transport calculations. 

— The section on stability describes analytical and recent numerical techniques for 
assessing slope stability of geosynthetic liners, including smooth and textured 
geomembranes, and summarizes recent laboratory approaches for quantifying 
shear resistance.  A partial conclusion is that no current standard supplies the 
complete set of parameters required for reliable numerical modeling of 
geosynthetic layers under field conditions.  

— The section on quantifying transfers summarizes flow models and a variety of 
recent transport models describing releases through landfill composite liners, 
especially focusing on breakthrough time. 

A.2 Long-term Performance of Engineered Surface Barriers with 
Geomembranes 

The literature review sought studies related to relevant applications developed after the 
2009 PA, quantifying key aspects of geomembrane performance, risk-informed performance 
requirements, and failure consequence modeling.  The only identified studies specifically related 
to projecting long-term performance were focused on design criteria and illustrating how to 
construct a probabilistic model for final cover infiltration. 

Rowe et al. (2020) outline an approach for selecting a HDPE geomembrane for a long design 
life and illustrate the approach for five 2-mm geomembranes made from the same nominal 
resin, with substantial differences in initial properties and antioxidant depletion.  Two of the 
geomembranes are considered highly likely to have a service life well in excess of the 550-year 
design life. 



 

Rowe et al. (2019) describe assessments of a maximum allowable strain suitable for a proposed 
low-level waste (LLW) containment mound with 550-yr design life, considering five candidate 
2 mm geomembranes (both smooth and textured).  Recommendations include (i) developing a 
value for representative initial stress crack resistance based on a laboratory aging test; 
(ii) limiting maximum allowable strain to 3, 4, and 5 percent, respectively, on the base, side 
slopes, and cover geomembranes; (iii) minimizing destructive testing to the extent possible to 
avoid additional stress-raising welds from repair patching; (iv) using a geosynthetic liner 
longevity simulator test with site materials and maximum load to check that indentation strains 
are sufficiently small; and (iv) close attention to construction quality assurance (CQA) by very 
experienced personnel watching construction work at all times to minimize trampolining, 
wrinkles, and differential settlement.  The relatively larger maximum allowable strain for the 
cover is based on the rationale that the cover (i) has relatively small down-drag stress and 
(ii) could be repaired, replaced, or covered if needed.  Rowe et al. (2019) recommend using the 
German approach based on limiting strain to avoid stress cracking in the future instead of the 
US approach based on factored puncture resistance, pointing to work by Rowe and Yu (2019) 
for further details. 

Foye and Soong (2017) illustrate steps in constructing a probabilistic model for performance 
assessment by translating crack development in a final cover geomembrane into infiltration 
through the cover.  The overall model has submodels for geomembrane seam cracking, 
differential settlement, and infiltration rates. 

Sun et al. (2019) describe a performance assessment model considering impacts to 
groundwater quality from a landfill in China with an HDPE geomembrane in the cover.  The 
model incorporates analytical and numerical tests, electrical leak location (ELL) tests, and 
numerical modeling. The performance assessment model assumes a geomembrane half-life of 
eight years.  Sun et al. (2017) conclude that the life span of HDPE geomembranes may be less 
than ten years, based on field observations; however, the geomembrane was exposed to 
ultraviolet (UV) light for two years and covered with just 30 cm of soil. 

A.3 Laboratory Testing  

The literature review sought information on degradation mechanisms, intact properties, seam 
properties, methods for testing, and upscaling approaches for HDPE geomembranes using 
laboratory experiments, to provide context for approaches used by Tian et al. (2017) in 
developing service life predictions for HDPE geomembranes.  The review found substantial 
additional information related to GCL properties and geomembrane/GCL interactions, also 
documented in Section A.3, which are also quite relevant to predicting inflow through a HDPE 
geomembrane/GCL composite.  However, no specific information was identified related to 
upscaling approaches. 

Laboratory testing is designed to probe how properties of HDPE change using small samples.  
Small samples make testing over a range of conditions much more practical than in field 
applications.  In field applications, the hydrochemical conditions may be quite different on the 
two sides of the geomembrane over most of the cover, but defects allow the two environments 
to mix.  Conditions near defects typically represent an extremely small fraction of the total 
geomembrane area.  In laboratory testing, fully immersed samples are analogous to complete 
mixing through a defect (exposed sample edges are analogous to defects), and may be the best 
surrogates for identifying the evolution of defects.  Some laboratory testing seeks to represent 
one-sided degradation, analogous to the conditions far from a defect over most of the cover, but 



 

the calculations may be biased to some extent because the small sample size may make it 
difficult to maintain completely separate conditions on the two sides of the sample. 

A.3.1 Overview of HDPE Degradation Mechanisms 

As described by Needham et al. (2004), HDPE is a mixture of crystalline and amorphous 
polymer phases, typically between 44 and 58 percent crystalline.  The crystalline polymer 
provides strength and the amorphous polymer provides resistance to stress cracking.  Additives 
are excluded from the crystalline phase.  Any diffusive transport of additives and oxidants 
occurs within the amorphous phase. 

The aging process is a simultaneous combination of physical and chemical aging (Hsuan and 
Koerner, 1995).  Physical aging is a slow process, as the polymer equilibrates from the 
as-manufactured nonequilibrium state without breaking primary bonds, generally increasing 
crystallinity.  Chemical aging is a degradation process that is involved with breaking covalent 
bonds in polymer chains, intermolecular cross-linking, and chemical reactions within side groups 
or side chains, thereby reducing mechanical properties.  Needham et al. (2004) describe 
chemical aging as the more important degradation mechanism. 

Needham et al. (2004) summarize chemical aging degradation mechanisms important for 
polymers and more specifically for HDPE geomembranes, including 

• Thermal: occurs at elevated temperatures and may involve either oxidation 
or degradation 

• Mechanical:  occurs on the application of force or physical breakage 

• Ultrasonic:  occurs when sound is applied at certain frequencies 

• Hydrolytic:  occurs in polymers with functional groups sensitive to the effects of water 

• Chemical:  occurs when corrosive chemicals or gases attack polymers 

• Biological:  occurs in polymers with functional groups that are attacked by 
microorganisms 

• Radiation:  occurs on exposure to sunlight or high energy radiation 

Needham et al. (2004) describe thermal oxidative degradation as having the greatest 
detrimental effect on buried geomembranes, but several types of degradation processes may 
occur simultaneously with synergistic effects that accelerate the overall rate of HDPE 
degradation.  Oxidation decreases break stress, break strain, and yield strain, but increases the 
yield stress, with oxidation causing HDPE geomembranes to become brittle.  Antioxidants are 
typically added to HDPE; these compounds are excluded from the crystalline polymer.  
Oxidation primarily consists of oxygen diffusing from the environment and being consumed in 
reactions with first antioxidants and then the HDPE polymers.  Diffusion of antioxidants to the 
environment speeds the oxidation process by removing antioxidants from the HDPE.  Solubility 
and diffusion of oxygen and antioxidants occur predominately in the amorphous phase,  and 
these rates increase with increasing temperature.  Because of the temperature sensitivities, 
degradation occurs much faster in hot conditions.  Antioxidants are typically removed several 
times faster to a liquid environment than an air environment, and even faster if the liquid 



 

contains transition metals.  Both oxygen consumption and diffusion rates increase with 
increasing temperature. 

While exposed, HDPE is susceptible to UV degradation, in which irradiation with UV or visible 
light provides high-energy photons that cause a series of reactions leading to polymer chain 
scission, which can degrade polymer properties over time; energy from alpha particles, beta 
particles, and gamma radiation affects polyethylene in a similar way.  Degradation of HDPE is 
controlled by photo-oxidation, where free radicals created by the photon energy react with 
oxygen.  UV degradation may become of potential concern after exposure times of months 
to years. 

A.3.2 Standard Methods for Testing 

Needham et al. (2004) summarize laboratory testing approaches for assessing degradation.  
Laboratory testing typically occurs at several different elevated temperatures to speed up 
degradation rates.  The results are used to develop a predictive model based on temperature, 
typically based on the Arrhenius equation approach, and the resulting degradation model is 
projected to temperatures expected in the field.  With the Arrhenius equation, degradation rates 
are exponentially dependent on temperature, so a relatively modest change in temperature may 
have a significant effect on degradation rate.  For example, HDPE antioxidant depletion rates 
would be approximately 5 times faster at 21 °C than at 4 °C (roughly the mean annual 
temperatures for central Florida and central North Dakota, respectively), based on the Arrhenius 
coefficients reported by Tian et al. (2017). 

The Geosynthetic Research Institute developed the GRI-GM13 Standard Specification 
(Geosynthetic Institute, 2021) for HDPE geomembranes, originally adopted in 1997, covering 
minimum properties that be met or exceeded by newly manufactured geomembranes.  The 
specifications use a suite of ASTM standard testing protocols, and the protocols have evolved 
over time as the geomembrane technology has improved.  The GRI-GM13 recommended 
values provide a target for researchers to assess how the properties of test samples may 
degrade in response to test conditions. 

Standard methods are discussed below.   

Oxidative induction time 

The oxidative induction time (OIT) test is used to measure the amount of antioxidant remaining 
in a small geomembrane specimen.  The specimen is held at a fixed temperature, typically 
200° C, in an oxygen atmosphere until a characteristic oxidation exotherm is observed.  A 
high-pressure version, intended to evaluate the stabilization effect of hindered amine 
antioxidants, is held at 150° C and 3,500 kPa test pressure.  The antioxidant depletion 
mechanism for the standard test may be more due to antioxidant migration and removal; for the 
high-pressure test, the depletion mechanism may be more due to antioxidant consumption while 
inhibiting the oxidation reaction chain. 

Molecular weight 

Oxidative degradation may alter the molecular weight of the polymer from crosslinking or chain-
scission reaction.  The melt flow index (MF) or melt index (MI) test assesses the molecular 
weight of the polymer, and is an indicator of oxidation.  Degradation of the polymer chains 
(i) makes the polymer more brittle and (ii) allows the polymer to flow more readily, thus a large 



 

melt index is associated with brittle behavior; the ductile-brittle transition region strongly 
depends on the polymer density.  Condition E of ASTM D1238 is usually used, in which the 
amount of polymer at 190 °C extruded through the standard orifice is recorded under one or two 
standard weights. With two weights, the Melt Flow Ratio (MFR) or Flow Rate Ratio (FRR) is 
calculated, indicating the breadth of the molecular weight distributions. 

Tensile properties 

The tensile properties of the geomembrane can reveal the onset of embrittlement, indicating 
oxidative degradation.  The stress and strain at both yield and break are recorded. 

Stress crack resistance 

The single point notched constant tensile load test is used to assess stress crack resistance.  
The test consists of introducing a notch into one side of a dumbbell-shaped sample, suspending 
it in a surfactant bath with a controlled load, and measuring time to failure. 

Crystallinity 

Usually crystallinity is evaluated by measuring the heat absorbed or released by a sample 
undergoing thermal conditioning at a specified temperature and atmospheric composition and 
flow rate.  This measurement is made prior to introducing oxygen using the same apparatus as 
the OIT test.  Crystallinity is calculated by relating the heat of fusion to the area under the 
endothermic peak. 

A.3.3 Intact Properties 

HDPE properties 

Tian et al. (2017) measured antioxidant depletion in HDPE geomembrane coupons from 
(i) deionized water, (ii) nonradioactive synthetic leachate, and (iii) radioactive synthetic leachate 
(RSL).  The RSL solution included uranyl acetate (1.5 mg/L), sodium pertechnetate (29.6 Bq/L) 
and tritium (4,440 Bq/L).  The RSL data were used to develop service life predictions for a 
2.0-mm geomembrane at 15 °C [incorporating data from a long-term study by Rowe et al. 
(2009)].  These service life predictions were used in the 2020 SDF PA. 

Tian et al. (2018) extended the approach to consider the effects of radiation penetration on 
antioxidant depletion for simulated HDPE geomembranes ranging in thickness from 0.04 to 
2 mm, using (i) OIT tests to measure antioxidant depletion from sealed-source experiments and 
(ii) numerical modeling.  The sealed Am-241 source (α particles) had a nominal activity of 
1.85 MBq with an active diameter of 9.5 mm and peak energy of 4.7 MeV.  The sealed Tc-99 
source (β particles) had a nominal activity of 32.3 kBq with an active diameter of 16 mm.  The 
numerical simulations represented nominal low-level waste leachate over the geomembrane, 
with a U concentration of 1.5 mg/L and Tc-99 concentration of 29.6 Bq/L.  Tian et al. (2018) 
conclude that antioxidant depletion decays rapidly with depth; at leachate concentrations 
100 times larger than the nominal leachate concentrations, (i) α particles are modeled as having 
a negligible influence over 1,000 yr and (ii) β particles are modeled as penetrating up to  
0.5 mm but having a much smaller effect on degradation than would be expected from 
other mechanisms.   



 

The particular testing apparatus and test conditions influence antioxidant depletion.  Rowe et al. 
(2013) considered the influence of a stagnant sand layer on one-sided antioxidant depletion.  
Not surprisingly, the data indicate that conditions that reduced oxidant transport to the 
geomembrane (damp sand, stagnant sand, stagnant reservoir) show reduced antioxidant 
depletion rates. 

Morsy and Rowe (2020) consider the effect of texture on HDPE geomembrane longevity, finding 
that antioxidant depletion is faster for 1.5-mm core of a textured geomembrane than for the 
1.5-mm smooth edge of the geomembrane, but stress crack resistance results show that there 
may be no significant difference in time to nominal failure. 

Ewais et al. (2018) report on a 17-year study of a geomembrane aged at 55, 70, and 85 °C in 
air, water, and leachate.  The test properties had reached nominal failure for leachate and water 
in the two hottest tests.  Stress crack resistance decreased before evidence of oxidative 
degradation.  Predicted time to nominal failure in a composite liner was >1,100 years at 20 °C 
(not accounting for any in situ stresses). 

GCL properties 

Tian et al. (2019) considered new commercially available GCLs based on bentonite-polymer 
composite formulations, in which long-chain polymer molecules are dry blended with bentonite.  
Polymers have recently begun to be used with bentonite to fill the pore spaces and thereby to 
improve the chemical compatibility and hydraulic conductivity of GCLs.  The measured tests 
suggest that hydraulic conductivity can be reduced by one to four orders of magnitude with 
polymer additions, but the performance degrades as polymer hydrogel is eluted from the 
pore structure. 

Yesiller et al. (2019) considered moisture-suction relationships for three sodium bentonite GCLs 
(including an exhumed sample) and three permeants.  The developed moisture-suction 
relationships depend on the cation species, with similar retention properties for all three GCLs. 

Acikel et al. (2018b) considered hydration of three GCLs from subgrade soils prepared at 
different initial water contents.  The subgrade soil was shown to have a significant impact on the 
hydration behavior, but the bentonite microstructure and GCL geotextile can control uptake by 
causing significant capillary breaks between the bentonite and subgrade pores.  Acikel et al. 
(2018a) provided measured retention curves further suggesting that differences in time-
dependent unsaturated behavior is due to micropore behavior. 

Maubeuge et al. (2017) considered the long-term performance of GCLs using powdered and 
granular bentonite in six field lysimeters in Germany.  The study demonstrated that the granular 
bentonite GCLs developed a strong increase in permeation rates through the GCL after several 
years, which was attributed to a failure to replastify after rewetting in the winter months. 

Interface properties between HDPE and GCL 

AbdelRazek and Rowe (2019) considered interface transmissivity for various combinations of 
five GCLs and three geomembranes (smooth 1.5- and 3.0-mm HDPE geomembranes and a 
2-mm blown film textured geomembrane), considering a range of confining pressures between 
10 and 150 kPa and three permeants (reverse osmosis water, synthetic municipal solid waste 
leachate, and saline solution).  Measured interface transmissivity (the lateral transmissivity 
between the HDPE and GCL) ranged from 1.6×10−11 to 2.6×10−7 m2/s. 



 

Hanson et al. (2015) considered temperature and moisture effects on the interface shear 
strength between a textured HDPE geomembrane and a GCL, finding that temperature had a 
bigger effect than moisture on shear strength parameters for loadings consistent with a cover.  
The opposite was the case for loadings consistent with a liner. 

A.3.4 Seam Properties 

Sheet materials, such as geomembranes and GCLs, form seams wherever two sheets abut.  
Water can easily bypass the barrier along unsealed seams.  The bentonite in GCLs may swell 
to self-seal along seams, as long as the sheets overlap sufficiently and sufficient overburden 
exerts pressure on the seam, but HDPE geomembranes require additional measures 
for sealing. 

HDPE seams 

In North America, HDPE seams are typically sealed using single or double hot-wedge fusion 
seam welding or by extrusion welding, and the 2020 PA specifies that one of these methods will 
be used.  Hot-air fusion is a method similar to hot-wedge fusion, using hot air to melt the 
geomembrane, but the hot-air heating process is less controlled.  Needham et al. (2004) 
indicates that the change from extrusion welding to the newer fusion welding technique reduced 
the incidence of defects, in part because extrusion welding demands a high level of skill. 
Specification C-SPP-Z-00019 (2019), which describes GCL and HDPE geomembrane 
installation in the mud mats for SDSs 8 and 9, states that hot-air welding is not acceptable. 

Hot-wedge fusion is used for initial installation, and consists of running a semi-automatic device 
along the overlap between two geomembrane sheets, with a wedge heated by electrical 
resistance partially melting the geomembrane and rollers pinching the heated area together to 
form a permanent bond.  The wedge may form a single welded track or dual tracks separated 
by an enclosed air gap.  Extrusion welding can be used for initial installation or repairs, and 
consists of extruding a ribbon of molten polymer over the edge of the overlying sheet, joining the 
two sheets.  Both methods require that the seams overlap, typically approximately 15 cm. 

Seam integrity may be compromised by improper installation, in which defects or gaps form due 
to water or soil in the seam, incomplete or excessive heating, improper pressure, or stresses 
applied prior to curing (e.g., physically adjusting the seaming device, walking on an incompletely 
cured seam).  Seam testing (e.g., ELL methods, air channel pressure testing) shortly after 
installation can reveal these types of seam defects. 

Both hot-wedge fusion and extrusion welding generate a seam that is thicker than the 
geomembrane.  The heat-affected zone, partially melted material adjacent to the seam, tends to 
be weaker than the original geomembrane, may be thinned with improper installation, and 
depletes in antioxidants more rapidly than either the seam or the surrounding geomembrane 
(Rowe and Shoaib, 2017).  The heat affected zone has been found to be more susceptible to 
(i) shear failure (Zhizhou et al., 2019) and (ii) stress cracking, and strains are magnified by a 
factor of 2.3 to 4 [Kavazanjian et al. (2017)].  Stress crack failures on the weakened zones may 
occur months after installation, implying that seam testing shortly after installation may not 
reveal such delayed defects.  Single-track hot-wedge fusion generates two heat-affected zones 
on each side of the weld, one for each overlapping geomembrane; however, failure of the 
heat-affected zones on the overlapping flaps (two of the four zones per weld) would have no 
impact on overall geomembrane integrity.  Dual-track hot-wedge fusion generates four 
weakened zones for each overlapping sheet; the outer weakened zones are like the single-track 



 

weakened zones, while the weakened zones between the two welds maintain containment 
unless an upper zone and a lower zone both fail.  Extrusion welding creates a single weakened 
zone on each side of the weld.  With extrusion welding, both weakened zones are visible, 
but hot-wedge fusion welding results in geomembrane covering at least one of the 
weakened zones. 

GCL seams 

Although the sheet alignment is intended to have no lateral shear forces, Rowe et al. (2010) 
report five instances where panels separated between 0.2 and 1.2 m.  Rowe et al. (2010) 
attribute the separations to panel shrinkage as a result of cyclic wetting and drying of uncovered 
panels, all exposed for multiple months (2 to 36 months).  Thiel and Thiel (2009) proposed heat 
tacking the GCL seams to provide resistance to shear stresses, performed a field test using 
GCLs prone to shrinkage at the Carlota Mine in Arizona, and reported no evidence of shrinkage 
on heat-tacked seams.  The heat tacking was performed using a flame torch followed by 
pressing together with light pressure from a sand-filled bag.  Rowe et al. (2010) tested heat 
tacking methods in the laboratory, finding that the heat-tacked seams appeared to be as strong 
as the GCL adjacent to the seam after forty wet-dry cycles.  No literature on the testing of the 
shear resistance of a bentonite seal was identified, but heat tacking would likely offer much 
greater shear resistance than a bentonite seal.  Although it is expected that promptly covering a 
geocomposite will preclude significant panel shrinkage from cyclic hydrothermal forcing, heat 
tacking may be a best practice approach, because the additional shear resistance would reduce 
the possibility of other shear failure mechanisms on slopes. 

GCL seams and wrinkles 

Brachman et al. (2016) measured flow through a GCL seam with an overlying HDPE 
geomembrane wrinkle, considering effects of wrinkle orientation relative to the GCL seam, 
presence and distribution of supplemental bentonite, seam width, GCL type, and applied vertical 
stress on the leakage rate through the composite liner.  Brachman et al. (2016) found that very 
large leakage could occur if the wrinkle was aligned with the GCL seam and wider than the 
wrinkle; if both ends of the seam were confined under vertical stress, however, the seam 
experienced slightly less flow than the GCL panel alone.  When the wrinkle was perpendicular 
to the GCL seam, flow through the unstressed section of the seam decreased by two orders of 
magnitude when supplemental bentonite was placed within the seam. 

Joshi et al. (2017) quantified hydraulic performance of GCL seams under a wrinkle, considering 
manufacturer-created melted grooves that allow bentonite hydration within the seam without 
supplemental bentonite.  Joshi et al. (2017) found that an incomplete groove melt can increase 
flow by two orders of magnitude relative to the same test with a complete groove melt.   
Joshi et al. (2017) tested several heat tacking approaches, which Rowe, Thiel, and coworkers 
recommended for preventing GCL panel separation; in some cases, the tack weld formed an 
impermeable barrier and in others the tack weld did not impede flow. 

A.3.5 Stress-Related Degradation 

The interaction of stress cracking and tensile stress is a primary uncertainty in long-term 
performance of a HDPE geomembrane.  Observational evidence suggests that the most 
vulnerable locations are concentrated along seams and wrinkles, and wherever rocks locally 
cause a stress concentration; conditions at such locations are inherently uncertain, because 



 

variability during construction is difficult to predict but has a substantial influence on the 
stress concentrations. 

Peggs (2016) summarizes ways that stress cracking has been an issue in HDPE 
geomembranes for decades.  Early formulations were prone to rapid crack propagation failures, 
which could shatter several hectares of liner into shards, and slow crack growth cracks at the 
interface between an extrusion weld and the adjacent heat affected zone.  Peggs and Carlson 
(1990) point out that stress cracking predominantly occurred in seams or at the edge of seams, 
generally where thermal contraction applied tensile stress to the seam.  Peggs (2016) noted that 
small manufacturing irregularities, such as die lines parallel to the geomembrane extrusion 
direction, also may lead to stress crack failures.  Over time, improved manufacturing 
formulations have dramatically improved HDPE durability, necessitating new test standards and 
methods as time to failure has increased.  For example, Peggs (2016) noted that the minimum 
break time in the notched constant tensile load (NCTL) test was initially set to 100 hr, but the 
GRI-GM13 standard specification (Geosynthetic Institute, 2021) is now 500 hr and some 
manufacturers are specifying 1000 hr. 

Rowe et al. (2019) consider the welded seams often to be the most critical locations, and 
describe welds and seams as potentially magnifying tensile strains, based on experiments 
showing that (i) material adjacent to the seam degraded twice as fast as the surrounding sheet 
[Rowe and Shoaib (2017, 2018)] and (ii) the heat affected zone adjacent to the seam magnified 
strains by a factor of 2.3 to 4 [Kavazanjian et al. (2017)]. 

Rowe and Yu (2019) provide an extensive discussion of tensile strains in geomembranes using 
observations and numerical modeling, focusing on tensile strains from indentations and 
down-drag load on side slopes.  Rowe and Yu (2019) argue that increasing compressive stress 
can lead to increasing tensile stress, because particles such as gravel apply non-uniform 
compressive stresses.  Rowe and Yu (2019) show that stress cracking can occur at strains as 
low as 6 percent.  Rowe and Yu (2019) consider the effects of sustained long-term strains as a 
long-term issue, with the effects unlikely to be manifest for considerable time.  

A.3.6 Flow Through Defects 

The proposed design for the upper drainage layer consists of a permeable sand drainage layer 
overlying a HDPE geomembrane/GCL combination, and backfill above the HDPE/GCL.  The 
sand drainage layer must experience perched water for some fraction of the year in order to 
convey infiltrating water laterally from the center of the cover to the edge, up to 1000 ft.  The 
drainage layer permeability is so large that it does not directly restrict the amount of flow into a 
defect, but it does control the perched thickness because, by Darcy’s Law, the thickness of the 
perched thickness because, by Darcy’s Law, the thickness of the perched zone is approximately 
inversely proportional to the permeability of the drainage layer for a given infiltration flux (as long 
as the perched water table remains in the drainage layer).  In this system, flow from the 
drainage layer funnels into a defect in the HDPE geomembrane, where it contacts the low-
permeability GCL under the defect and in any contiguous lateral area with poor contact between 
the geomembrane and GCL.  The GCL provides the low-permeability resistance to flow from the 
drainage layer to the underlying backfill, either (i) through the contact-area part of the clay in the 
GCL or (ii) a GCL seam or defect (if a continuous flow path exists from the HDPE defect).  The 
driver for flow through the GCL is the perched thickness in the drainage layer. If the flow does 
not contact a GCL seam or defect, total leakage is strongly influenced by the lateral area with 
poor contact between the geomembrane and GCL in which water can easily spread from the 
HDPE defect.  The 2020 PA assumes that installation quality control will maintain excellent 



 

contact between the geomembrane and GCL, and the drainage layer permeability will degrade 
by a factor of two (due to plant root ingrowth).  

Joshi and McLeod (2018) used laboratory devices to consider leakage rates through a 
geomembrane defect for a mine tailings application, comparing cases with tailings placed 
directly on the geomembrane to cases with a drainage layer (but without a GCL).  The 
considered mill tailings form a fine-textured and low-permeability porous medium.  Joshi and 
McLeod (2018) argued that omitting the drainage layer may be preferable in this case, because 
(i) the mill tailings’ permeability restricts flow to large defects and (ii) the fine tailings will tend to 
mobilize and clog openings, including gaps below wrinkles, thereby partially sealing the 
openings.  Earlier work (Rowe et al., 2017) showed that fines migration tended to plug small 
openings.  One implication is that inserting a low-permeability mobile fine layer between the 
drainage layer and the HDPE geomembrane may be a cost-effective way to add additional 
insurance against defects and uncertainty regarding seams and wrinkles.  Such a layer would 
not influence drainage and may fill unanticipated gaps.  The tradeoff is that the driving head 
caused by perching will increase by the thickness of the low-permeability layer.   

A.4 Field Observations and Testing 

The literature search sought studies related to field tests, exhumed covers, and observed 
failures.  Recent identified literature related to field observations was largely focused on wrinkle 
formation and leak/defect detection methodology.  Little information was found related to cover 
exhumation.  Observed cover failures were described by Thiel (2013) in the context of slope 
stability, but otherwise little information was found. 

Carson and Tolaymat (2017) report on performance of liner systems at nine RCRA Subtitle C 
landfills.  The sites all have a leachate collection and removal system (LCRS) below the waste 
and a leakage detection system (LDS) below the LCRS geomembrane.  The flow from the LDS 
provides an indication of liner performance for the LCRS.  The southeast and northeast 
quadrants of the United States each have two sites.  The southeast sites have a 1.5- or 2.0-mm 
HDPE geomembrane over a compacted clay liner below the LCRS; the northeast sites have a 
1.5- or 2.0-mm HDPE geomembrane only.  The southeast sites have a range of LDS flows, 
generally averaging above 0.3 mm/yr and less than 1.7 to 3.4 mm/yr, but particular cells have 
flows averaging as much as 25 mm/yr.  Shallow groundwater may be a contributing source. In 
the northeast sites, the three cells fell in the range of 0.7 to 1.7 mm/yr after five years. 

Rowe, Brachman, and coworkers documented a number of field observations related to HDPE 
wrinkles (Rentz et al., 2017; Chappel et al., 2012a,b; Rowe et al., 2012; Take et al., 2012, 
2007).  The studies started with aerial photography to quantify wrinkles in exposed 
geomembranes (Take et al., 2007).  The studies identified thermal effects, especially insolation, 
as a dominant contributor to wrinkle formation; for example, Chappel et al. (2012a) identified the 
maximum interconnected wrinkle length changing from 80 to 6,660 m/ha when measured 
morning (8:45) and afternoon (13:45), respectively.  At these sites, the observed cumulative 
length of hydraulically interconnected wrinkles was as much as 6,600 to 8,740 m/ha (Chappel et 
al., 2012a,b), with typical widths of 20 to 32 cm.  Take et al. (2012) found that wrinkles in 
1.5 mm HDPE that are >2 cm in height persist after backfill, which could be caused with a 
temperature increase of 5 °C.  Wrinkle formation was found to be mitigated by limiting the 
exposure duration and by using white HDPE, which greatly reduced thermal gain. 

Thiel (2012), for a panel discussion, provided several examples of HDPE seam defects that 
appear to be perfectly constructed and pass standard non-destructive tests (air channel for 



 

fusion, vacuum box for extrusion).  These include (i) rips in the fusion seam adjacent to the 
outside weld track on the lower sheet under the flap, (ii) cuts under the outer flap of a fusion 
seam, and (iii) incipient tears in the lower sheet of an extrusion weld that fail in a few days or 
weeks.  The defects were located by visual examinations and water lance surveys. 

Peggs and Giroud (2014) describe (i) typical geomembrane hole sizes at the end of installation 
as between one and a few mm2; (ii) holes due to stress cracking around 10 mm2, expanding to 
100 mm2 or larger if the geomembrane remains in tension; (iii) holes due to puncture by stones 
as >10 mm2; and (iv) holes due to tears from construction equipment as 100 to 1,000 cm2.  
Peggs and Giroud (2014) draw a distinction between leakage detection methods and leak 
detection methods, with leakage detection methods quantifying the leakage rate and leak 
detection methods identifying the location of holes.  Peggs and Giroud (2014) suggest a 
leakage detection approach based on two liners separated by a highly permeable material such 
as gravel or geonets, which allows rapid drainage and reduces the head on the lower liner.  
Peggs and Giroud (2014) (i) describe ELL approaches as the modern leak detection technology, 
(ii) cite ASTM 6747 as a basis for expecting that an electrical liner integrity survey should be 
able to find holes with area of 1.5 mm2 in exposed geomembranes and 30 mm2 when covered 
with 0.6 m of soil, and (iii) assert that smaller holes can be found by experienced ELL operators.   

Nosko and Touze-Foltz (2000) describe 4,194 defects at more than 300 sites with 
geomembrane liners, with the defects found using electrical leak detection sensors installed 
below the geomembrane.  Based on the technology, it can be inferred that the liners generally 
had less than ten years in service, corresponding to Stage 3 in the Needham et al. (2004) 
model. Nosko and Touze-Foltz (2000) place the liner area into five defect categories, but do not 
quantify the fraction of area covered by each category.  The category of flat areas is analogous 
to the upper and lower drainage layers in the 2020 PA, probably represents the vast majority of 
the total liner area of 3,250,000 m2, and contained 78 percent of all identified liner defects.  In 
flat areas, defect causes included stones (81 percent), heavy equipment (13.2 percent), worker 
(4 percent), cuts (1 percent), and welds (0.8 percent).  The 2020 PA assumes that careful 
design and construction quality assurance should essentially eliminate construction-related 
defects.  Nosko and Touze-Foltz (2000) do not quantify the weld failure mode (e.g., initial 
defect, stress crack failure), but found that welds were a much more prevalent fraction of 
defects for the four categories that were not flat areas:  (i) corners and edges (17.5 percent), 
(ii) under drainage pipes (27.2 percent), (iii) at pipe penetrations (90.9 percent), and (iv) others 
(e.g., road access, temporary storage) (16.7 percent). 

Forget et al. (2005) collected data from 57 geoelectric leak detection surveys performed on 
exposed (i.e., prior to covering) HDPE, PVC, and bituminous geomembranes totaling 
229 hectares, finding that, of the 43 sites with a rigorous CQA program, (i) 80 percent had 
leak densities between 0 and 7 leaks/hectare and (ii) most of the remaining sites were small 
(<0.53 hectare).  The remaining 14 sites without a rigorous CQA program averaged 22 
leaks/hectare.  In sites with exposed HDPE geomembranes and a CQA program, leak density 
decreased with HDPE thickness (20.5, 5.1, and 3.2 leaks/hectare for 1.0, 1.5, and 2.0 mm 
geomembranes, respectively).  Nearly half of the 2.0-mm sites with CQA and prior testing with 
the water puddle approach were retested with a dipole method after covering the 
geomembrane, which identified an additional 0.2 leaks/hectare (without CQA and prior water 
puddle survey, the dipole approach detected 15.6 leaks/hectare).  The water puddle leak 
detection method detects >1 mm2 leaks and the dipole method generally detects >6 mm2 holes. 

Nosko and Crowther (2015) describe results from surveys using the arc testing method and 
dipole testing, arguing that the two methods should be used together.  The arc testing method is 



 

a European high voltage/low current technology, used without water on an exposed 
geomembrane, that generates a visible arc through a defect into a conductive medium below 
the geomembrane.  Nosko and Crowther (2015) detected 4,761 leaks in 682 hectare with the 
method, in categories of (i) welds (32 percent), (ii) machinery (16 percent), (iii) cut (6 percent), 
(iv) stones (29 percent), (v) material failures (9 percent), and (vi) others (9 percent).  Tests 
pairing the arc testing and dipole methods suggest that the arc testing method predominately 
finds defects <50 mm and the dipole method predominately finds defects >50 mm left 
after construction. 

Gilson-Beck (2019) provide a table of defects found at 50 sites in North America surveyed with 
one or more ELL techniques during or shortly after construction, all with at least 1.5 mm thick 
HDPE geomembranes installed with construction quality assurance (CQA) in place and the 
foreknowledge that leak detection procedures would be used.  No leaks were found at 23 of 
the sites. Leaks were identified at rates between 0.02 and 4.05 leak/hectare at the remaining 
27 sites.  Gilson-Beck (2019) reports that the selection of an ELL technique censors the size of 
defect that can be detected, thus some unknown set of holes were likely missed during the 
surveys.  Figure A–1. suggests that combining methods is much better at identifying defects 
than relying on a single ELL technique; the “Multiple” category includes combinations of arc 
testing, soil dipole, water puddle, water dipole, and water lance techniques (one site used three 
methods, the others used two).  Note that the water dipole method was used three times, 
including the two sites with the largest number of identified leaks.  Also note that it is difficult to 
draw conclusions regarding performance of the arc testing approach from just three samples. 

 

Figure A–1. Cumulative  distribution of observed leak density for 50 sites in 
North America determined with different test approaches (data from Gilson-
Beck, 2019), with each marker representing one site.  Category “Multiple” 
combines two or three approaches.  Values that Gilson-Beck (2019) 
reported as zero are stacked at ~0.005 leaks/ha, with curves offset slightly 
for visibility. 

 



 

Gilson-Beck (2019) quantified leakage rates of ~230 liters/hectare/day (>8 mm/yr) through a 
1.5 mm HDPE geomembrane over a GCL due to six pinholes in extrusion welds and a 4-mm 
puncture, with the pinholes all aligned with extrusion-welded repair patches along a seam.  A 
geocomposite leak detection layer above a lower composite barrier layer provided measured 
observed leakage rates. Gilson-Beck (2019) calculated leakage rates using (i) a Rowe (1998) 
equation for a circular hole on a wrinkle and (ii) the Giroud (1997) leakage equation, which does 
not consider a wrinkle.  The wrinkle equation approximately matched observed leakage 
assuming a wrinkle width of 31 cm and length 190 m.  Leakage calculated with the Giroud 
(1997) leakage equation was 1.5 to 1.7 percent as large as the Rowe (1998) leakage assuming 
good contact and 8.2 to 9.3 percent as large assuming poor contact. 

Rafter et al. (2018) exhumed a 22-year-old 1.5-mm geomembrane liner at a municipal landfill, 
and obtained samples of the sheet material and seams.  In this period, stress crack resistance 
decreased about 25 percent and oxidative induction time decreased by 15 percent, but Rafter et 
al. (2018) report that other physical and mechanical properties are essentially unchanged, 
above current specification values, and there are no visible indications of degradation. 

Safari et al. (2011) exhumed 1.5-mm HDPE geomembranes from a liner and cover that were 
used in a PCB containment landfill for 25 years, and compared remaining antioxidants at a 
few different locations using OIT analyses.  The estimated total time to OIT depletion (Stage 1 
of degradation) was 35 to 65 years (five cover samples), 30 and 100 years (bottom liner 
samples from two cells), and 230 years (one sidewall sample). It was estimated that parts of the 
cover would have been depleted in antioxidants within another decade in service (marking 
completion of Stage I in HDPE degradation).   

A.5 Installation of Geomembranes 

The literature review sought information on topics including (i) geomembrane standards, 
(ii) installation approaches and practices, (iii) seams, (iv) inspections, and (v) gaps in 
installation.  ASTM standards provide the most applicable input relative to geomembranes and 
installation, mostly guiding testing approaches for geomembranes, seams, and defect location. 

There do not appear to be national standards related to installation approaches or inspections 
related to geomembranes and seams; it appears that geomembrane and GCL installation 
practices are typically specified by referral to manufacturer installation recommendations; a 
survey of several manufacturer specifications suggests that installation recommendations are 
fairly consistent across manufacturers. 

Several of the references in previous sections discuss best construction practices, emphasizing 
the importance of (i) care in personnel and equipment, (ii) construction quality assurance, and 
(iii) experienced personnel that continually monitor during construction to minimize wrinkles and 
defects, but no specific reference was identified that focused on these issues.   

Giroud (2016) reported that only 2 percent of the geomembrane liner surface area installed in 
the United States during 2014 was subjected to ELL.  The Koerner et al. (2018, 2016) white 
papers report that 4 of 39 responding states have regulations requiring ELL surveys on landfill 
facilities lined with geomembranes and an additional 12 states require ELL surveys on a site-
specific or optional basis.  No South Carolina responses are present in the Koerner et al. 
(2018, 2016) white papers, but an earlier white paper (Koerner and Koerner, 2009) indicates 
that electrical leak location tests are accepted on a case-by-case basis.  However, these white 
papers did not explicitly address the use of ELL surveys for geomembranes in covers.   



 

A.6 Summary and Recommendations 

The literature review related to HDPE geomembranes and GCLs suggest that there is a 
continual movement towards improved product longevity in cover and liner applications, ranging 
from improved products to improved construction and testing approaches. 

The literature review suggests these general observations 

• There is an emerging understanding that HDPE seams and patches are weak points in a 
field installation, especially the heat affected zone adjacent to the weld.  Similarly, GCL 
seams are particular weak points in a HDPE geomembrane/GCL composite barrier 
layer, especially when under small confining pressure such as a wrinkle. 

• Performance of a field installation is strongly affected by tensile stresses and strains, 
especially applied at or near the HDPE geomembrane welds.  Trampolining and side-
slope down-drag are potential sources of tensile stresses. 

• Testing of HDPE degradation has been ongoing for decades considering various 
environmental conditions (fluid medium, confining pressure, etc.).  The testing protocols 
rely on well-known temperature effects to speed up experiments.  Relatively little work 
has examined seam performance, however, although some recent efforts have 
been made. 

• Laboratory testing has historically focused on geomembrane and GCL properties that 
are representative of the overall sheets, but examining HDPE/GCL combinations and 
edge properties, especially interface effects, seams, and defects, is becoming 
more common.   

• Currently, testing of GCLs is perhaps more active than testing of HDPE degradation, 
perhaps because the HDPE properties are relatively better known, GCLs have been 
less examined in the past, and there are more complexities involved with GCLs 
(wrapping geotextiles, pore structure, potential additives, stitching techniques, etc.). 

• Although the relevant HDPE and GCL degradation processes are becoming better 
understood, performance assessments considering these degradation processes are 
relatively sparse in the literature. 

• Unlike standardized testing protocols, there are no standardized installation practice 
guidelines.  Typically, the contracting institution specifies the particular installation 
practices and refers to manufacturer’s guidelines.  As a result, various national and state 
organizations each have their own set of contractual guidelines. 

Several recommendations follow from these observations: 

• Best practices for identifying defects in geomembranes use multiple tests in sequence, 
including (i) techniques suited to exposed geomembranes prior to cover, (ii) ELL 
techniques after the geomembrane has been covered with several lifts of material, and 
(iii) long-term monitoring using permanently installed sensors under the composite 
barrier.  These overlapping methods remedy initial defects cost-effectively while 
identifying construction-related defects and slow-developing defects. 



 

• It is recommended that methodology for quantifying seam degradation rates is 
investigated further because (i) seams are demonstrated weak points for a 
geomembrane, (ii) seam-related defects tend to control overall performance, and 
(iii) seam failure may be delayed until after standard seam and ELL testing occurs 
during construction. 

• A GCL affects the performance of a composite barrier only near a defect, but 
hydrochemical conditions that a GCL experiences near a flowing defect may be rather 
different than the conditions experienced far from the defect.  Insofar as a GCL is most 
needed to perform near a defect, it is recommended that continued emphasis is placed 
on investigating changes to GCL properties near HDPE defects in order to improve 
performance assessment models. 
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