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PRESIDENT’S NOTE 

Since 1984, NCASI has conducted research to assess the potential for the use of paper industry 
wastewater treatment residuals as hydraulic barrier layers in landfill covers.  The findings of this 
research, along with the research by others, indicate that the hydraulic performance of barrier layers 
constructed from residuals is as good as, or better than, the performance of barriers constructed  
from compacted clay.  To date, more than 29 full-scale landfill closure projects have included  
final covers incorporating paper mill residuals as the hydraulic barrier construction material. 

This technical bulletin will serve as a primary source of information for companies working with 
regulatory agencies and third parties to implement this particular beneficial use.  It is designed as a 
compilation of information that encompasses landfill type, acreage, barrier thickness layer, placement 
practice including spreading and compaction, overburden stress layer thickness, landfill design 
details, initial and post placement hydraulic conductivity, placement difficulties, soil engineering 
characteristics, other tests, and anecdotal information.  It also gathers into one report the considerable 
knowledge gained by NCASI staff during more than a decade of interaction with member companies, 
academics, and consultants during full-scale landfill closure projects. 

Ronald A. Yeske 

May 2005 
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MOT DU PRÉSIDENT 

Depuis 1984, NCASI a effectué une recherche visant à évaluer le potentiel d’utilisation des  
résidus de traitement des eaux de l’industrie papetière comme couvertures servant de barrière 
hydraulique dans les recouvrements de sites d’enfouissement.  Les résultats de cette recherche,  
tout comme ceux obtenus dans le cadre d’autres recherches, ont démontré que la performance 
hydraulique des barrières formées de résidus est équivalente ou meilleure à celle des barrières 
formées d’argile compactée.  Jusqu’à ce jour, plus de 29 projets de fermeture de sites  
d’enfouissement comportaient un recouvrement final incorporant les résidus de fabriques de  
papiers afin de mettre en place des matériaux de construction servant de barrière hydraulique. 

Ce bulletin technique servira de principale source d’information pour les compagnies travaillant 
conjointement avec les agences gouvernementales et les tierces parties afin d’implanter cette 
valorisation particulière des résidus.  Le bulletin se présente sous la forme d’une compilation de 
l’information traitant du type de site d’enfouissement, la superficie, l’épaisseur de la couche faisant 
office de barrière, les pratiques de remplissage incluant l’épandage et le compactage, la contrainte de la 
couche de mort terrain, les détails de conception du site d’enfouissement, la conductivité hydraulique 
avant et après le remplissage, les difficultés de remplissage, les caractéristiques d’ingénierie du sol, 
d’autres essais et des anecdotes.  Il regroupe également en un seul rapport les connaissances 
considérables acquises par le personnel de NCASI pendant les dix dernières années en interaction 
avec les compagnies membres, les institutions académiques et les firmes de consultants lors de  
projets de fermeture de sites d’enfouissement.   

Ronald A. Yeske 

Mai 2005 
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ABSTRACT 

This technical bulletin contains information on the use of paper industry wastewater treatment 
residuals as hydraulic barrier material in landfill covers.  Information specific to residuals includes 
standardized hydraulic conductivity testing procedures, moisture density hydraulic conductivity 
testing, liquid and plastic limits, consolidation, slope stability, biological activity, freeze/thaw  
effects, HELP modeling, placement techniques, test pad construction, synthetic soils, summary 
information on 29 closures, and case histories on five enclosures. 
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Figure 6.1  Hubbardston, MA MSW Landfill - 2003 
 

Spreading of the residuals layer on the landfill began on July 1, 1991 and was completed on May 8, 
1992.  The cover was seeded on May 29, 1992.  The closure required about 24,000 cubic yards of 
residuals (five months of mill production).  The residuals cap on the landfill is approximately three 
feet of residuals, topped by a 6-in sand drainage layer and 12 inches of vegetative supporting 
overburden. 

The sequence for placing materials and constructing the landfill cap began with careful final grading 
of the landfill surface.  Paper mill residuals were brought directly from the wastewater treatment plant 
to the landfill.  The residuals were spread and compacted in layers to a final thickness of 3 feet using 
a low ground pressure track dozer.  A customized water filled roller approximately 18 inches in 
diameter and weighing between 1000 and 3000 lbs (depending on amount of water added) was 
determined to be effective in compacting the residuals and eliminating all voids.  The maximum 
manageable slope was determined to be 1:3.3 (about 30%).  The level of effort required to place the 
residuals layer, as opposed to placing clay, was reported to be very small.  After the residuals were 
compacted and grades rechecked, a 6-in layer of sand was placed, and then a 12-in layer of soil to 
support vegetation was added.  The construction of the landfill cap was completed in sections.  
Minimal erosion of sediment was observed and no odor problems associated with the sludge were 
reported by workers, neighbors, or DEP inspectors either during or after construction of the cap.  
Once one area was completely capped with residuals, the sand layer and the soil layer were added to 
that area. 
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In late August 1991, Hurricane Bob passed over the area of the landfill, depositing approximately 9 
inches of rain in a two-day period. Two weeks later, a second heavy rainstorm deposited 
approximately 8 inches of rain in two days.  Following the abundant precipitation, residuals that had 
been spread but not yet rolled smooth lost cohesion and slid several feet downslope.  Uncovered 
residuals that had been rolled smooth did not lose cohesion.  Attempts to push the mobilized residuals 
back into position failed, and they were excavated and removed from the cover and placed into a 
landfill.  Fresh residuals were brought in for replacement. 

Moo-Young and Zimmie (1996) monitored post-closure hydraulic performance of the residuals and 
showed that the hydraulic conductivity of the cover decreased by an order of magnitude due to 
consolidation.  Eight Shelby tube samples of the residuals were collected and hydraulic conductivities 
were determined to be between 1.9 x 10-8 and 8.9 x 10-8 cm/sec. 

Following the completion of the demonstration project, Erving applied for, and received, a Beneficial 
Use Determination (BUD) from the DEP for the use of their residuals as a landfill capping material. 
The BUD was issued in February 1993, allowing Erving to submit bids to cap landfills with their 
residuals without performing any additional testing (Quiroz and Zimmie 1998; Smith and Smith 
1993; Aloisi and Atkinson 1992). 

6.2 Courtland, Alabama 

In October 1997, International Paper (IP) Company’s Courtland, Alabama facility (then owned by 
Champion International Corporation) completed the closure of a 22-acre industrial landfill using 
residuals as the hydraulic barrier layer.  The residuals consisted of both primary clarifier residuals and 
secondary clarifier residuals from an activated sludge treatment system.  Secondary solids comprised 
between 0 and 70% of the loading to the dewatering system.  Dewatering to approximately 30% 
solids was accomplished using belt filter presses.  Preliminary geotechnical testing and extrapolation 
of NCASI test plot results indicated that the sludge would meet Alabama Department of 
Environmental Management (ADEM) hydraulic conductivity requirements.  The capping project was 
presented to IP management and ADEM as an experiment with good opportunity for success.  
Performance monitoring after the completion of the project confirmed the projections. 

The original process waste landfill at the Courtland Mill had been abandoned in the early 1980s, but 
had not been “closed.”  IP committed to ADEM to cap the site in an environmentally sound manner, 
but had not specified the cap design.  ADEM solid waste regulations required a landfill cap to be at 
least as impermeable as the subgrade.  To meet this standard, a design that incorporated a barrier layer 
with a maximum hydraulic conductivity of 4 x I0-7 cm/sec was required.  Constructing the barrier 
layer of the cap using residuals was attractive for several reasons: 

• It presented an opportunity to establish a beneficial use for a waste material. 

• It would relieve some of the challenge of disposing of the sludge in the active landfill. 

• It would extend the useful life of the active landfill. 

Prior to preliminary engineering, the concept was reviewed by ADEM staff and a proposal was 
developed to fit within the regulatory framework.  ADEM staff were receptive, in part, for the 
following reasons. 

• Because operation of the landfill was ceased before ADEM regulations required final caps, 
the closure was voluntary rather than required. 

• IP was willing to commit to performance tests on the cap. 



Technical Bulletin No. 900 37 

National Council for Air and Stream Improvement 

• Site grading and drainage improvements required prior to placement of the sludge barrier 
layer would be suitable for a traditional clay cap if the sludge cap were to fail. 

An engineering study and a cost/benefit evaluation were performed prior to presenting the project to 
mill management for approval.  The cost of the residuals cap was very attractive relative to a 
traditional clay cap.  The project team reasoned that the potential to succeed far outweighed the risk 
of failure.  Furthermore, if the residuals barrier layer were to fail, most of the investment in the 
project (regrading, drainage) would be useful for a traditional cap. 

Using residuals in the barrier layer of the cap was considered beneficial in two respects.  First, at a 
relatively low unit weight, the cap would place limited bearing pressure on the waste material. Also, 
the residuals were considerably more flexible than compacted clay. Samples of residuals were 
compacted to densities measured on undisturbed samples from the active landfill. At those densities, 
hydraulic conductivities of less than 4 x 10-7 were measured. 

Based on the consolidation observed in the NCASI test cells, lower final hydraulic conductivities for 
an “aged” cap were predicted.  In addition to the final cap, the closure design included regrading the 
22-acre site to a central ridge with 5 to 9% slopes falling to a perimeter ditch.  Output from the HELP 
model indicated that the closed site would generate significantly less infiltration through the base than 
the existing condition.  The final closure design included a 3-ft thick residuals layer overlain by a 6-in 
thick topsoil vegetative layer.  Passive gas vents, including 200 feet of lateral collection line were 
installed on 500-ft centers. 

The most significant challenge to construction of the cap was the low shear strength of the residuals 
layer.  Initially, it was thought that moisture content could be successfully used as an indicator of 
shear strength.  After a year of close scrutiny, it was concluded that moisture content and shear 
strength do not correlate consistently.  Courtland mill residuals ranged from 20 to 70 volume percent 
secondary residuals and it was assumed that secondary residuals would be significantly weaker than 
primary residuals.  In addition, empirical evidence suggested that heavy polymer dosing in the 
dewatering process would result in uncharacteristically weak residuals. 

Wet weather caused problems other than the obvious limitations on spreading the residuals barrier 
layer during storms.  The only slope failure experienced during the construction of the cap occurred 
after heavy rain.  Placement of topsoil on a section of the cap had been completed the evening before 
a heavy rain. The following day, tension fractures opened near the top of the slope and mud waves 
developed at the base of the slope as residuals and topsoil slid downslope.  It was not determined 
whether the cause of the failure was the excess load placed on the residuals by the saturated topsoil or 
infiltration of rainwater into the residuals barrier layer. 

Analyses of runoff from the cap met ADEM standards for total dissolved solids and oil and grease, 
and was below detection for 2,3,7,8 TCDD.  Consolidation of the residuals layer was not as great at 
expected.  Residuals were placed at a minimum thickness of three feet.  At the few locations where 
the thickness of the barrier layer has been measured, it ranged from 27 to 30 inches. The residuals 
barrier layer appears to have gradually consolidated from top to bottom.  Stratification of the material 
was observed in the gas vent trenches, with dry, stiff material overlying moist residuals.  Mill 
personnel expect that the entire barrier layer will consolidate to this condition over time. 

Undisturbed samples of the residuals barrier layer have exceeded the performance specification of 4 x 
10-7 cm/sec.  Test results are shown in Table 6.1. 
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Table 6.1  Summary of Geotechnical Test Results  
 

Sample 
Description 

 
Moisture* 

Content (%) 

 
Dry Unit 

Weight (pcf) 

Hydraulic  
Conductivity  

(cm/sec) 

Shear Strength 
(total) 

(effective) 

Bulk residuals 
(remolded) 

147 22 3.3 x 10-6 29 degrees 
55 degrees 

Bulk residuals 
(remolded) 

277 18 1.8 x 10-8 2.2 degrees 
4.7 degrees 

Residuals cap 
(undisturbed) 

177 24 5.9 x 10-6  

Residuals cap 
(undisturbed) 

200 22 3.8 x 10-8  

Residuals cap 
(undisturbed) 

127 30 1.1 x 10-7  

Residuals cap 
(undisturbed) 

133 34 6.0 x 10-8 16 degrees 
21 degrees 

* wt. of water/wt. of dry solids 
 

While the stability of the cap during construction was challenging, once constructed, the stability 
appeared to increase with time, to the point where the cap could hold vertical walls in trenches. 
Residuals were spread using a low ground pressure (LGP) bulldozer.  Typically, the residuals would 
support 6 inches of topsoil, also spread with an LGP dozer.  Structural geogrid was used in limited 
areas where the residual layer would not support the weight of the topsoil and dozer. 

After a prolonged period of dry weather, a 6-foot long desiccation crack was observed in the topsoil 
layer.  This feature was carefully investigated by digging a two-foot square trench using a 
straightblade shovel.  The crack was clearly evident to the base of the topsoil layer.  Faint evidence of 
the feature could be seen at the top of the residuals barrier, but disappeared completely within the top 
inch of the material. 

Construction of the 22-acre residuals cap was completed in October 1997.  Construction proved to be 
difficult, requiring patience and creative methods to complete the project.  To date, stability problems 
have been experienced in only one area of the cap.  This instance appears to have resulted from heavy 
rainfall on a section of the cap recently completed. The cap has met all performance criteria. 
Hydraulic conductivities have been lower than initially projected (McGee, Taylor, and Nilsson 1997; 
McGee et al. 1996). 

6.3 Escanaba, Michigan 

In 1995, New Page’s (formerly MeadWestvaco Paper) Escanaba facility evaluated its wastewater 
treatment plant (WWTP) residuals as an alternative construction material.  Four residuals samples 
were submitted to an engineering laboratory to characterize hydraulic conductivity (ASTM D5084) 
and compaction/density properties (ASTM D1557).  While residuals samples were assumed to be 
close to saturation in their as-received state, approximately 50 psi of backpressure was applied to the 
samples to minimize the effect of incomplete saturation.  Hydraulic conductivity testing was 
conducted at relatively low hydraulic gradients to simulate field conditions.  Because residuals 
coming from belt presses had varying ratios of primary and secondary residuals solids, samples were 
taken to evaluate the effects of different primary to secondary proportions.  Results are summarized in 
Table 6.2. 
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Table 6.2  Properties of Whole Residuals at Various Ratios of Primary/Secondary Residuals 
Ratio of Primary/Secondary 

Residuals* 
 
 
Testing Parameter 

60/40 65/35 70/30 75/25 

Moisture % 130 132 135 186 

Solids % 44 43 43 35 

Hydraulic conductivity, 10-8 cm/sec 1.8 1.6 1.6 2.3 

Dry Density, lb/ft3 34 34 33 28 

Max Dry Density, lb/ft3 53 54 53 48 

Optimum Moisture content, % 76 63 66 70 

*weight basis 

 

Table 6.2 indicates that all residuals samples had hydraulic conductivity values less than the 1.0x10-7 
cm/sec required for hydraulic barriers constructed of soil.  Additionally, data in Table 6.2 
demonstrates that these low hydraulic conductivity values were achieved when the moisture content 
of the residuals (off the presses) was significantly higher than the “optimum” value. 

To evaluate practical construction issues, a small test pad was constructed to simulate the placement 
of a full-scale residuals hydraulic barrier layer.  The test pad residuals layer was placed on a 20% 
slope in three lifts to a total depth of about 32 inches.  Grade stakes were used to ensure that lift 
thicknesses were accurate.  Each lift was placed with low ground pressure bulldozers.  Although no 
compaction specification was required, the bulldozer operators used the cleated bulldozer tracks to 
compact/consolidate each lift.  Spreading and placement of the residuals was found to be fairly simple 
using the existing landfill equipment and no limiting construction issues were observed. 

To evaluate the in-place hydraulic conductivity of the completed test pad, an undisturbed Shelby tube 
sample of the residuals layer was collected and submitted to a contract laboratory for hydraulic 
conductivity analysis (ASTM D5084).  Results of the test indicated an in-place hydraulic 
conductivity value less than 1.0x10-7 cm/sec. 

Results of the feasibility evaluation indicated that the mill’s residuals would be a viable option for 
construction of a hydraulic barrier layer in the Phase 2 landfill cover system.  To get the Michigan 
Department of Environmental Quality’s (MDEQ) approval of this concept and their ultimate approval 
of a residuals cover project for the Phase 2 cell, extensive amounts of information were shared with 
MDEQ personnel.  This information included research work completed by NCASI and others; details 
associated with completed full-scale projects; and data characterizing the properties of these residuals. 
 In addition to written correspondence, several meetings and many telephone conversations were held 
to discuss the information.  Throughout these discussions, the mill’s goal was to demonstrate that, in 
accordance with the state’s rules, a hydraulic barrier constructed of residuals could provide protection 
equivalent to that of a conventional clay cover. 
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After receiving conceptual agreement from MDEQ, detailed closure design plans were prepared for 
the final Phase 2 landfill cover system design.  There are several general components of the cover 
system.  These include 

• a 12-in gas venting layer consisting of sand; 

• a 32-in residuals hydraulic barrier layer; 

• an 18-in vegetative rooting layer consisting of a lower sand erosion layer and an upper topsoil 
layer; and 

• a drainage ditch consisting of a compacted sand-bentonite mixture. 

A 30% consolidation was factored into the design of the barrier layer to allow for a long-term 
thickness of at least two feet. 

To address concerns associated with the potential for water that may infiltrate through the residuals 
barrier layer and into the groundwater, the outer edges of the barrier layer do not extend beyond the 
landfill’s solid waste boundary.  With this design, any water that does infiltrate the residuals layer 
will be contained within the landfill’s leachate collection system.  In addition, to address concerns 
associated with the potential for impacted stormwater runoff, a sand-bentonite (material specified to 
have hydraulic conductivities less than 1.0x10-7 cm/sec) stormwater control channel was designed to 
surround the landfill cell and divert stormwater to the facility WWTP.  This approach protects the 
groundwater in the unlikely event that the residuals layer adversely impacts stormwater quality. 

Landfill design features, which include a double liner system with leak detection capabilities, also 
served to minimize concerns associated with potential groundwater impacts from the use of residuals 
as barrier materials. 

During construction, residuals produced at the WWTP were trucked to the landfill site and placed 
near the base of the landfill onto constructed clay pads.  These clay pads were constructed at several 
locations around the landfill perimeter and served as centralized locations where bulldozer operators 
would push residuals up the landfill slopes on top of the geotextile.  These pads were constructed of 
clay to minimize any concerns associated with infiltration and/or runoff of stormwater that may have 
contacted residuals.  The clay roadway pads were graded to drain toward the landfill’s sand drainage 
layer.  Residuals were spread using low ground pressure bulldozers in three distinct lifts to a 
thickness of 32 inches.  Grade stakes were used to control lift thicknesses and guide the bulldozer 
operators during installation of each lift.  Although there were no compaction specifications for the 
residuals barrier layer, each lift was compacted with the cleated tracks of the bulldozer and also rolled 
(minimum of three passes) with a smooth, weighted roller.  Rolling the residuals served to promote 
compaction/consolidation of each lift and also created an exposed residuals surface that would 
promote runoff and limit absorption of water.  Based on field observation at the site, significant 
absorption of precipitation could increase the moisture content of the placed residuals such that loss 
of shear strength and the exhibition of liquid properties (i.e., slumping of the residuals) would occur. 

As part of the overall quality assurance and quality control plan, thin wall (Shelby tube) samples 
(ASTM D1587) were collected at a frequency of 2 per lift per acre to evaluate the in-place hydraulic 
conductivity of the hydraulic barrier layer.  A total of 47 samples were taken and tested for hydraulic 
conductivity (ASTM D5084-90, flexible wall permeameter).  Most results were in the range of 
1.0x10-8 cm/sec and all the samples passed the maximum hydraulic conductivity specification of 
1.0x10-7 cm/sec. 
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Several months of residuals production were required to generate the amount needed for completion 
of the hydraulic barrier layer.  Consequently, construction of the hydraulic barrier layer extended 
through the summer and into the fall months of 1995.  Upon completing the residuals hydraulic 
barrier layer and receiving test results that confirmed the in-place hydraulic conductivity specification 
had been achieved, sections of the hydraulic barrier were covered with the 12-in sand layer portion of 
the rooting layer.  At times throughout construction of the cover, some slumping of the residuals 
barrier layer was observed if the overlying 12-in sand layer was not placed quickly enough to prevent 
damage from precipitation.  The affected areas were removed and replaced using new residuals 
material.  Each replaced section was constructed in lifts, compacted/consolidated, and tested for 
hydraulic conductivity. 

After the 12-in sand layer over the hydraulic barrier layer was completed, the existing sand that was 
on top of the landfill liner and anchor trench (placed there during construction of the landfill) was 
carefully removed and the sand-bentonite drainage ditch was installed.  The sand-bentonite mixture 
had been produced using a pug mill operation and was tested for hydraulic conductivity conformance 
prior to placement.  The sand-bentonite material was placed in 9 to 12 inch lifts and was compacted 
by the bulldozer during placement.  Horizontal and vertical grade stakes were used to facilitate 
construction of the sand-bentonite drainage ditch.  The drainage ditch was designed and constructed 
to drain to the south end of the landfill, into a lined (PVC) stormwater channel and ultimately, to the 
facility WWTP. 

Topsoil was spread in a 6-in layer over the entire surface of the cover and was seeded, fertilized and 
mulched.  To prevent erosion, the mulch was crimped into the soil using an agricultural disk. In 
addition, erosion control matting (mulch blankets) was installed in portions of the drainage ditches 
and windbreak fencing was installed in accordance with the project soil erosion and sedimentation 
control plans.  As the last steps of the closure construction project, six gas vent wells and five 
residuals barrier layer consolidation gauges were installed.  The gas vent wells, which were installed 
using a drill rig, consisted of 4-in diameter PVC pipe.  The vents were 20 feet in total length with the 
bottom 10 feet of pipe having perforations.  The upper section of the perforated pipe was installed so 
that it intersected the sand gas vent layer.  The consolidation gauges were installed to allow for long-
term post-closure monitoring of residuals barrier layer consolidation/thickness. 

After submitting construction documentation to the MDEQ and receiving concurrence that the cover 
system was constructed in accordance with the approved design plans and specifications, the thirty-
year post-closure care period began (April 1996).  Similar to post-closure work that would be 
conducted for conventional landfill cover systems, mill personnel have monitored and maintained 
vegetative growth on the landfill.  Because the landfill cover was not seeded until fairly late in the fall 
season of 1995, almost all the vegetative growth began in the spring of 1996.  During initial 
monitoring work, some additional seeding and mulching was completed in areas that appeared to 
have limited growth and additional erosion control matting was installed on areas that appeared 
susceptible to runoff and soil loss.  The facility has and will continue to perform other conventional 
monitoring/maintenance tasks, including 

• monitoring for landfill settling and ensuring that the landfill slopes are maintained at proper 
grades; 

• maintaining transfer pumps and piping systems to ensure that landfill leachate is removed and 
properly treated;  

• monitoring and maintaining the landfill’s secondary leachate collection system (leak 
detection system) to document the integrity of the landfill’s primary liner system; 
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• conducting semi-annual groundwater monitoring in up-gradient and down-gradient wells to 
document that the landfill is not adversely impacting local groundwater quality. 

Post-closure monitoring of leachate production rates in the landfill has shown that the cover system 
effectively limits infiltration into the landfill.  Although the landfill will likely produce leachate for 
many years (because of long-term consolidation), external rainwater and snowmelt no longer promote 
additional leachate formation. 

After vegetation was established at the landfill, five stormwater samples were collected from the 
Phase 2 drainage ditches after rainfall events.  These samples were analyzed for several metals 
(arsenic, barium, boron, iron, manganese, potassium, sodium, and vanadium) and general indicator 
parameters [ammonia, nitrates, nitrites, total Kjedahl nitrogen (TKN), bicarbonate, chemical oxygen 
demand (COD), chloride, pH, specific conductance, and total organic compounds (TOC)] to 
determine if utilization of residuals has any adverse impacts on stormwater quality.  Control samples 
were also collected from the stormwater sedimentation pond of a nearby, on-site landfill that had been 
closed with a PVC membrane barrier.  The Phase 2 stormwater data were compared against the 
control stormwater data in addition to available surface water protection standards.  Results of these 
comparisons indicated that no significant difference between the Phase 2 stormwater data and the 
control stormwater data and no adverse impacts caused by the residuals barrier layer. This finding 
was not surprising since stormwater at the site results from surface runoff rather than lateral drainage 
within the cover system profile. 

Several environmental and cost benefits were achieved through implementation of the residuals cover 
project.  Most importantly, an effective landfill cover system was constructed to minimize the amount 
of rainwater and snowmelt that can enter the closed Phase 2 Landfill.  Limiting the amount of water 
that can infiltrate through a landfill cover system reduced the long-term risk for groundwater 
contamination because a minimal amount of leachate is contained in the landfill at any given time. 

Approximately 1,000,000 cubic feet of landfill space was also conserved by diverting residuals to the 
closure project.  This resulted in significant cost savings due to the value of landfill space that is 
affected by high landfill permitting, construction, and operating costs.  Because of the nature of the 
residuals cover project, it was not necessary to hire specialized construction contractors to complete 
the landfill closure work.  The mill’s own personnel, who are familiar with residuals handling, were 
used as equipment operators and laborers (with contracted engineering oversight).  Taking into 
account the estimated costs for landfill space that would have been consumed and conventional 
construction work that would have been required for closure of the landfill, implementation of the 
project resulted in a savings of approximately $1 million. 

In 1998, a study was conducted that compared the effectiveness of the mill’s alternative cover design 
to that of a prescriptive design for the landfill (Benson 1998).  The prescriptive design consisted of a 
vegetated surface layer 6 inches thick underlain by a drainage layer 12 inches thick, and a compacted 
clay layer 24 inches thick.  The alternative design was identical to the prescriptive design except that 
residuals were used in place of the clay.  The study was conducted because the residuals layer 
consolidated after construction, and in some locations may have had a thickness less than 24 inches. 
Two types of calculations were made:  hand calculations and HELP model simulations. 
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The hand calculations and HELP model simulations both showed that percolation from the alternative 
cover using a residuals barrier layer was significantly less than percolation from the prescriptive 
cover employing 24 inches of compacted clay and having a saturated hydraulic conductivity of 1 x 
10-7 cm/sec. Less percolation was transmitted from the alternative cover because the residuals have 
low hydraulic conductivity (geometric mean = 3.1 x 10-8 cm/sec), even when the thickness of the 
residuals layer is less than 24 inches.  The ultimate thickness of the residuals layer should be 
approximately 18.5 inches. At this thickness, percolation from the residuals layer should be about 
four times less than percolation from the prescriptive cover (NCASI 1995; Malmstead, Bonistall, and 
Maltby 1999; Benson 1998). 

6.4 Corinth, New York 

In 1994, the Corinth municipal landfill located in Corinth, New York, became the first landfill in New 
York state to utilize paper industry residuals as the hydraulic barrier system. International Paper 
Company’s Hudson River facility, in conjunction with the municipality, Rensselaer Polytechnic 
Institute (RPI), New York State Department of Environmental Conservation (NYSDEC), and a 
consultant, conducted research to assess the mill’s residuals as barrier materials. While hydraulic 
conductivity testing using triaxial permeameters (performed at various confining pressures) indicated 
that the residuals were capable of meeting the state required 1 x 10-7 cm/sec, there was concern 
regarding the long-term consolidation behavior and leachate generation of the residuals. 

To address long-term consolidation behavior and leachate generation, RPI conducted geotechnical 
centrifuge experiments that permitted the simulation of 30 years of behavior related to consolidation, 
settlement, and leachate generation in about 24 hours.  The results indicated that long-term settlement 
could approach 17%.  Leachate generated during the test was analyzed chemically and met the 
toxicity requirement for use as impermeable barrier material.  This proved to be an important 
consideration in obtaining regulatory approval. 

Based on the study, NYSDEC approved the use of the residuals as barrier layer material for the 
Corinth landfill.  Construction began in August 1994, and was completed in July 1995.  A 36-in layer 
of residuals was used as the barrier layer.  Because freezing and thawing was a major consideration in 
the design of the cover system, a 19-in layer of residuals was used as a frost protection layer 
overlying the barrier layer.  A 7-in vegetative layer and a 25-in drainage layer were placed above the 
frost protection layer.  Residuals were placed at their dewatered solids content with a low ground 
pressure dozer pulling a smooth roller. Thermistor probes placed at various depths in the cover 
system indicated that depth of freezing did not penetrate the frost protection layer (Moo-Young and 
Zimmie 1997; Floess 1996; Floess, Smith, and Hitchcock 1995; Zimmie, Mahmud, and De 1994b). 

6.5 Port Hawkesbury, Nova Scotia 

In mid-April 2001, the Nova Scotia Department of Environment (NSDOE) granted Stora Enso Port 
Hawkesbury Limited approval to construct a “prototype” alternative hydraulic barrier using a blend 
of residuals and fly ash over a portion of a closed industrial landfill.  The landfill, which was closed 
in 1998, contained primarily wet bottom ash from a hog fuel boiler, fly ash from an electrostatic 
precipitator, wood waste from yard cleanup, and wastewater treatment plant primary and secondary 
residuals. 

While the hydraulic conductivity of the fly ash alone (3 x 10-3 cm/sec) was unsuitable as barrier 
material, the ash had other desirable geotechnical properties which rendered it suitable for contouring 
the surface of the landfill to create the base grades needed both to support the barrier layer and to 
create slopes sufficient to shed water.  A series of tests on the residuals established an optimum blend 
of one-third ash (bottom and fly ash as delivered) and two-thirds residuals on a weight basis, for a 
hydraulic conductivity of 6 x 10-6 cm/sec.  The advantage of the residuals/ash mixture was reduced 
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hydraulic conductivity.  A disadvantage was the need to provide a consistent mixture prior to 
placement and decreased workability of the material on the landfill surface.  The materials were 
mixed by a screener which produced a well mixed product.  All of the capping materials were mixed 
during a two week period. 

An 11.8-in (300-mm) ash layer was placed on top of the graded waste material in the landfill to act as 
a gas collection layer.  Once this layer was in place, a layer of polyethylene film was placed over the 
ash in vertical strips running from top to bottom.  The film was for testing only and was to collect any 
moisture that penetrated the barrier and direct it to collection containers. Immediately above this 
plastic is a geotextile which, after the plastic layer degrades, keeps the vent layer and the residuals 
separate. The barrier layer was placed on top of the geotextile layer to a depth of 49 inches (1250 
mm); the barrier layer is assumed to compact over time to a thickness of 39 inches (1000 mm). The 
material was placed and compacted in place with an excavator.  The total area of the cap is 1.51 acres 
(6120 m2), divided into six contiguous cells consisting of two “steep” sections and a “flatter” section. 
Each cell is equipped with a bottom drain pipe to collect moisture which penetrates the cover. 
Separate barrels collect moisture from each cell. 

Some difficulties encountered during construction were related to very wet weather and consisted of 
the barrier layer sliding downslope because of a lack of friction between the geotextile layer and the 
plastic underneath.  This did not prevent the barrier layer from being placed. 

Testing carried out between August and October, 2001, indicated that the cap appears to be relatively 
impermeable and is effective in directing the precipitation as runoff.  Daily monitoring of 
precipitation indicated that less than 2% of the precipitation was penetrating the barrier layer. 

7.0 SUMMARY AND CONCLUSIONS 

The following conclusions are made from the research described here. 

• An ASTM Standard Guide is being developed to define appropriate hydraulic conductivity 
testing protocols for paper industry residuals utilized as barrier material in landfill covers.  
The Standard Guide will proscribe the following. 

o Measures to control gas should be used when testing residuals that produce gas.  Gas 
production can be controlled effectively by a) testing at 4°C, b) spiking permeant 
with DBNPA biocide at maximum recommended concentration, and c) applying high 
backpressure (> 330 kPa) while testing.  Flushing lines also works but is labor-
intensive. 

o The hydraulic gradient should be as low as practical to simulate field conditions.  
Hydraulic gradients more than 10 should not be used. 

o Residuals specimens should be tested at the effective stress likely to exist in the field. 

o Testing residuals with tap water is acceptable; however, some states may have 
regulations that specify other permeants. 
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o The termination criteria of ASTM D5084 are reasonable for residuals except that the 
range of acceptable outflow-inflow ratio should be increased to 0.70 to 1.3. 

• Use of ASTM D698 “Proctor test” is completely inappropriate when determining a moisture 
density relationship/hydraulic conductivity relationship for residuals.  An attempt to field-
adjust the moisture content to that which corresponds to maximum dry density may increase 
the hydraulic conductivity of the barrier layer several orders of magnitude and potentially 
create material handling difficulties in the field. 

• Full-scale covers using residuals should be designed to anticipate consolidation to ensure that 
adequate thickness is maintained after consolidation has occurred and to avoid problems 
associated with downward movement of the materials above the hydraulic barrier.  The 
practical effect of consolidation in the field on the performance of residuals in a landfill cover 
is a long-term reduction in hydraulic conductivity when compared to the hydraulic 
conductivity of the residuals at the time of placement. 

• The presence of cellulose fibers in residuals can severely hamper the accurate determination 
of liquid and plastic limits.  While these limits remain the primary form of engineering 
classification for cohesive soils, they are of little use in describing the behavior of residuals 
because of the presence of fiber. 

• Variation in slope stability (function of shear strength) is assumed to result from a wide range 
of water contents and relatively high organic content.  Side slopes of residual covers are 
typically 25% (1:4) or less.  Downward movement (failure) of residuals is relatively rare and 
is usually a function of unusually heavy precipitation.  Residuals that had been rolled smooth 
with a weighted roller during construction were not prone to failure. 

• Numerous studies concluded that there is little evidence of biodegradation in residuals used 
as construction materials.  Residuals are generally assumed to be deficient in the nitrogen 
needed to support anaerobic degradation.  There is no evidence of any deleterious effect on 
hydraulic conductivity due to biodegradation. 

• The deleterious effect of multiple freeze-thaw cycles on residuals is similar to that same 
effect observed on compacted clay covers, although some residuals were demonstrated to be 
more resistant to freezing.  Studies conducted on the depth of frost penetration concluded that 
the high water content of residuals contributed to the lack of frost penetration when compared 
to clay covers. 

• Since 1990, at least 29 full-scale landfills have been closed with residuals incorporated as the 
hydraulic barrier layer.  Landfill size ranged from a 1.6-acre municipal landfill to a 30-acre 
industrial landfill.  Combined residuals were reported to contain approximately 5 to 15% 
secondary sludge.  Barrier thickness ranged from 18 to 49 inches with a median value of 30 
inches. 

• The most common method of residuals placement was from the toe of the landfill toward the 
top using a low ground pressure bulldozer. 

• Practical construction issues and initial hydraulic conductivity are commonly evaluated using 
one or more test pads. 

• Because the majority of full-scale landfill closures utilizing residuals are at municipal 
landfills, gas collection systems are common.  There is nothing unique about the design of 
such covers that requires any modifications to typical gas collection systems. 
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• A significant number of the full-scale closure applications used a blend of residuals and local 
soils to construct the overburden, frost protection, and vegetative layers.  These synthetic 
soils (sometimes referred to as engineered soils), while not designed for low hydraulic 
conductivity, were determined to have other desirable properties, making them superior to 
local soils for use as capping materials. 
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APPENDIX A 

CLOSURES UTILIZING RESIDUALS/SOIL ADMIXTURES 

 

Table A1  Full-Scale Closures Using Residuals/Soil Admixtures as Topsoil 
 
State 

 
Location 

Landfill
Type 

Placement
Year 

Size 
(acres

) 

Thickness 
(inches) 

 
Cubic Yards 

GA Camden MSW 1997 15  In progress 

MA Ayer MSW Na 5 8 7,200 

ME Buxton MSW 1987 7  5,650 

ME Brunswick MSW 1988 2  1,610 

ME Yarmouth MSW 1990 6.5  5,250 

ME Falmouth MSW 1990 8.25  6,660 

ME Freeport MSW 1990 3.8  3,070 

ME Vassalboro MSW 1990 4.5  3,630 

ME Harrison MSW 1991 3.2  2,580 

ME Cumberland MSW 1991 8.9  7,180 

ME Waldoboro MSW 1991 6.5  5,250 

ME Stonington MSW 1992 3.5  2,830 

ME Friendship MSW 1992 3.5  2,830 

ME Dexter MSW 1992 11  8,880 

ME Sawyer (Hamden) MSW 1992 11  8,880 

ME Brewer MSW 1992 20  16,140 

ME Bowdoinham MSW 1992 2.5  2,020 

ME Fairfield MSW 1993 18.4  14,850 

ME Lewiston (Phase 1) MSW 1993 25  20,180 

ME St. Albans MSW 1993 1.5  1,210 

ME Abbott MSW 1993 2  1,615 

ME Lewiston (Phase II) MSW 1994 28  22,600 

(Continued on next page.) 
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Table A1  Continued 
 
State 

 
Location 

Landfill
Type 

Placement
Year 

Size 
(acres

) 

Thickness 
(inches) 

 
Cubic Yards 

ME Topsham MSW 1994 13.1  10,570 

ME Unity MSW 1994 3.5  2,830 

ME Waterville (Phase I) MSW 1994 3.5  2,830 

ME Waterville (Phase II) MSW 1995 9  7,270 

ME Wayne MSW 1995 4  3,230 

ME Bristol (Phase I) MSW 1995 3  2,420 

ME Woolrich MSW 1995 4.5  3,630 

ME Sabbatus MSW 1995 2.5  2,020 

ME Alna MSW 1995 3  2,420 

ME Somerville MSW 1995 1.5  1,210 

ME Searsport MSW 1996 10.5  8,470 

ME Warren MSW 1996 3.8  3,070 

ME Waterford MSW 1996 2.8  2,260 

ME Waterville (Phase III) MSW 1996 8  6,460 

ME Bristol (Phase II) MSW 1996 3  2,420 

ME Augusta MSW 1996 2  1,610 

ME Freeport (Phase II) MSW 1996 1.8  1,450 

NH Wolfeboro MSW  8 12 17,280 

NH Hooksett MSW  6 9 9720 

NH Keene MSW  20 9 32,400 

NH Walpole MSW  9 9 14,580 

NH Gilmanton MSW  3.5 28 17,640 

NH Claremont MSW  24 9 38,880 

NH Meredith MSW  4 6 4,320 

NH Manchester MSW  40 4 27,000 

(Continued on next page.) 
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Table A1  Continued 
 
State 

 
Location 

Landfill
Type 

Placement
Year 

Size 
(acres

) 

Thickness 
(inches) 

 
Cubic Yards 

NH Hinsdale MSW  6 9 10,160 

NH Hillsborough MSW  16 9 29,040 

NH Concord MSW 1995 17  13,720 

NH Conway MSW 1995 12  10,000 

NH Madbury MSW 1995 8  6,460 

NH Berlin MSW 1996 14  11,280 

NH Pelham MSW 1997 28  In progress 

NH Littleton MSW 1997 10  In progress 

NY Hadley MSW 1992 5  8,070 

NY Wilton MSW 1992 7  11,300 

VT Hartford MSW  3 4 2,160 

WV Clarksburg MSW 1997 17.2  In progress 

 

 

Table A2  Full-Scale Mine Reclamation Using Residuals/Soil Admixtures as Topsoil 
 
State 

 
Location 

 
Application 

 
Year 

 
Acres 

Thickness 
(inches) 

 
Cubic Yards 

AR Bauxite Mine 1998 10  15,000 

FL Bartow Mine 1997 2  5,000 

NH Ambrose Mine  20 9 32,400 

NH Latulippe Mine  11 12 18,500 

NH Franklin Farm Mine  3 6 3,240 

NH Tuftonboro Mine  3 12 6480 

VT Rockingham Mine  3 9 4,860 

WV Fairmont Mine 1996 55  250,000 

 




