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ABSTRACT

Dewatering a closed coal combustion product (CCP) disposal facility involves
subsurface complexities often resulting in conditions problematic for standard
dewatering techniques. This paper presents the design, installation, and results of a
horizontal dewatering well constructed in a closed CCP landfill in lieu of vertical wells.
The CCP landfill was constructed with a clay cap, and a clay and solidified CCP basal
liner without a leachate collection system. Over time, leachate accumulated over the
basal liner and reached the top of the landfill embankment, allowing leachate to exit the
landfill. A horizontal well was selected as the remedial technology to reduce the
leachate head. A 643-foot (200 m) long horizontal well was installed by directionally
drilling a pilot bore, followed by back reaming the borehole, and pulling in a pipe with a
longitudinally slotted well screen. Design challenges included identifying a screen
opening compatible with the CCP formation, pipe material compatible with the caustic
leachate, and strength to withstand installation forces and long-term compressive
stress. Construction challenges included fabricating the well screen, steep pipe entry
and exit angles, tight pipe installation tolerances to maximize well depth and prevent
damage to the basal liner, drilling technique to advance the bore through layers of
varied CCP cementation, and extraction well development to maximize leachate
extraction. Collaboration, planning, and execution overcame these challenges and the
installed well performed better than anticipated. The leachate head level was drawn
down approximately 18 feet (5.5 m) in less than four months. Moreover, the CCP-
related constituents in groundwater adjacent to the landfill sharply declined to levels
lower than observed in the previous 3-years.

BACKGROUND

The Alma Off-Site Facility is located just south of Alma, Wisconsin in the “Driftless
Area,” a steep ridge and valley environment adjacent to the Mississippi River (Figure 1).
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The Alma Off-Site Facility consists of two licensed CCP landfills. The closed landfill
consists of Phases I, II, and III. Phase IV is the currently active landfill.

Figure 1: Alma Off-Site location map and aerial.

The topography is a result of erosion of the dolomite cap rock on the ridges and
subsequent rapid erosion and downcutting of the underlying sandstone. Phase II was
constructed against the west slope of a valley and filled in a natural drainage channel.
The natural topography west of Phase II generally slopes at 2H:1V or 26.6° and extends
approximately 300 vertical feet (90 m) above the top of Phase II. A drainage ditch
reroutes runoff from the west slope north and south around the west perimeter of the
landfill. The landfill cover slopes were constructed to 3H:1V or 18.4°.

The Phase II landfill was developed in the 1980s and covered/closed in 1999. The
Phase II landfill is less than nine acres (4 ha) and located north of the CCP processing
building and a storm water pond (Figure 1). The Phase II landfill liner consists of 5 feet
(1.5 m) of compacted fine grained soils with a layer of solidified fly ash forming the
base. The landfill was constructed without a leachate collection system. Waste filling in
Phase II began in 1986. The landfilled material is a mixture of fly ash and bottom ash
produced by nearby Alma power generating Units 1 to 5, John P. Madgett (JPM) Unit 6,
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and Genoa Station No. 3 (G-3). These power generating stations burned both eastern
and western coal, so the blend of CCP fill varies in its chemical composition.

Changes in monitored groundwater quality were noted in the early 1990s and an
internal investigation was conducted to evaluate possible issues. Several operational
changes were enacted, including ending the use of sluicing for fly ash placement in the
landfill. Filling of the remaining capacity of Phase II landfill was completed by moisture
conditioning and trucking the CCP to the Site.

Agency-approved final cover requirements for the Site stipulated the final cover consist
of two feet (60 cm) of fine grained soil (e.g. compacted subsoil, USCS ML-CL) and six
inches (15 cm) of topsoil. Further, the approval required the topsoil be seeded, fertilized,
and mulched to establish vegetative cover and prevent erosion. The Phase II final cover
was constructed in 1999.

During late 2006 and 2007, boron and sulfate concentrations increased in the ‘Station 6’
monitoring well adjacent to the Phase II landfill and the other wells located
downgradient of the landfill. Sideslope seepage developed on the southern slope of
Phase II in 2011 near Station 6 at an elevation of approximately 770 feet, above the
crest of the basal liner. In December 2011, the flow rate from the Phase II seep was
estimated to be approximately 1 gallon per minute (gpm) (1,440 gallons per day) (3.8
L/min).

HYPOTHESES

Dewatering containment facilities, such as the Phase II landfill, is best achieved by
eliminating the source of water. The most common sources of water entering a landfill
with a soil cover and basal liner (i.e., no geosynthetic layers) include storm water
percolation through the landfill soil cap and groundwater intercepting the landfill and
entering through the basal liner. These potential paths for water entering and filling the
Phase II landfill were investigated as discussed in the following section.

INVESTIGATIONS

The condition of the final landfill cover was investigated by observing the soil and
vegetation conditions, and by excavating test pits through the topsoil and clay, down to
the CCP. The cover was well maintained and absent of rutting or rills, and the
vegetation was well established. Test pits located in the center and along the landfill
slopes were observed to have dry clay and CCP, even after a rain event. Test pits
excavated near the perimeter drainage ditches were observed to have moist, but not
saturated, clay and CCP. Undisturbed samples of the clay cap soil were collected for
soil classification and hydraulic conductivity analysis. The 2-foot thick (60 cm) clayey-silt
cover soil had a median hydraulic conductivity of 5×10-6 cm/sec as determined by
laboratory analysis.

A subsurface investigation was conducted to identify CCP properties and hydraulic
conditions within the landfill. Borings revealed the clay liner was retaining about 27 feet
(8 m) of leachate head and was consistent within the landfill limits. The landfill was



retaining water like a bathtub. Leachate level monitoring wells were installed in the
borings and a vertical extraction well was installed to perform a drawdown evaluation for
assessment and approximation of the hydraulic conductivity of the CCP. The
subsurface investigation and drawdown analysis included installation of one extraction
well (EW-1) and four observation wells (OW-1, OW-2, OW-3, and OW-4) within the
Phase II landfill limits. The CCP hydraulic conductivity was approximated as 5×10-4

cm/sec and the maximum production rate from EW-1 was approximately one gpm
(3.8 L/min).

Perimeter groundwater monitoring indicated the groundwater table was at least 10 feet
(3 m) below the landfill basal liner and was not intersecting the landfill basal liner.

Test pits were excavated around the landfill perimeter to investigate for potential signs
of water entering/exiting the landfill through the subsurface, such as a perched water
layer. In one test pit, water was observed flowing through the subsurface soils on the
eastern side of the Phase II landfill, about 37 feet (11 m) above the groundwater table
and approximately 10 feet (3 m) below the water level within the Phase II landfill. The
water was flowing out from the landfill through the subsurface.

ALTERNATIVES ANALYSIS

An alternatives analysis was prepared to compare options for decreasing the leachate
level within the Phase II landfill, including:

• Vertical extraction wells
• Horizontal extraction wells (trenchless and trenching options)
• Slurry wall

Installation of additional vertical wells in Phase II was identified to have a number of
advantages including ease of installation as compared to other alternatives, ability to
sequence installation, anticipated performance, agency acceptance, and relatively low
capital cost. However, long-term operation and maintenance of several wells was a
considerable cost factor in terms of electrical infrastructure, power consumption, and
pump reliability.

Gravity drainage through horizontal extraction wells installed using deep trenching or
horizontal directional drilling (HDD) were considered to have the lowest long-term
operational cost. However, gravity drainage from Phase II was not recommended
because of the existing water head on the landfill soil liner and the difficulty with creating
a proper seal in the liner penetration. Additionally, the approval Agency may not have
been receptive to permitting a gravity well, assuming the Agency would have had similar
concerns.

A horizontal well constructed above the basal liner was identified to benefit from
requiring only one pump to achieve the same extraction rate as several vertical wells.
Comparing the two horizontal well alternatives, the trenched option had an advantage
due its ability to intersect a large vertical section of CCP, with the pipe embedded at the
bottom of the trench in granular material (from the bottom to top of trench). However,



deep trenching requires an area of disturbance and restoration along the entire pipe
alignment; whereas, HDD installation requires a small area of disturbance at the pipe
entry and exit points. Both horizontal well installations were identified to require
specialized equipment (one-pass trencher or HDD), thus higher construction cost.

Slurry wall construction was deemed cost prohibitive to implement due to the steep
terrain (greater than 26 degree slopes). Moreover, the landfill was constructed with a
5-foot (1.5 m) thick clay liner, essentially functioning as a barrier wall as evidenced by
the approximately 27 feet (8 m) of standing water (leachate) within the Phase II landfill.

VERTICAL WELL INSTALLATION AND PERFORMANCE

As discussed earlier, during the subsurface investigation, four leachate observation
wells and one vertical pump test well (EW-1) were installed to estimate the hydraulic
conductivity of the CCP formation. EW-1 was subsequently converted to a leachate
extraction well and pumped over the course of approximately three years. The leachate
level in the observation wells was monitored on a regular basis to measure performance
of EW-1.

Overall, the leachate level appeared to be static, but about two feet (60 cm) lower than
the highest levels observed in August 2013 through November 2013. The concentration
of dissolved sulfate at Station 6 generally followed the rising and falling leachate head
level in Phase II as shown on Figure 2.

Figure 2: Phase II leachate level and perimeter groundwater sulfate concentration with
respect to time during the operation of EW-1.



As shown above, the leachate level, represented by the solid blue line, measured at
OW-1 within the Phase II landfill fluctuated approximately 2 feet (60 cm) over the 3
years of pumping EW-1. Additionally, the groundwater sulfate concentration,
represented by the dashed blue line, measured at the Station 6 monitoring well
(adjacent to the Phase II landfill) appeared to correlate to the leachate head level within
Phase II. Therefore, installation of a more robust leachate extraction system was
deemed appropriate.

REMEDY SELECTION

A horizontal extraction well installed above the basal liner using horizontal directional
drilling (HDD) was selected for the remedy. Table 1 identifies criteria considered when
making the decision to utilize a horizontal well installed using HDD.

Table 1: Well selection construction and operational considerations.
HDD Well Deep Trench Well Vertical Wells
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HDD has no depth limit. The
deepest part of the Phase II
landfill was 80 feet (24 m).
In addition, an HDD well can
be installed to follow the
basal liner profile,
maximizing depth to take
advantage of hydraulic head
above the well. Cuttings and
drilling fluid require
management and disposal.

One-pass deep trenching
was limited to approximately
30 feet (9 m). Deeper one-
pass trenchers are
becoming available;
however, trenching depth
adjustment is limited to
approximately 10 vertical
feet (3 m). One-pass and
traditional deep trenching
require disturbance and
restoration along the entire
pipe alignment. CCP is
removed from the trench
and replaced with granular
soil, requiring disposal of the
excavated CCP.

Multiple vertical wells are
required to match the
extraction rate of horizontal
wells – initial estimated
assumed at least seven
vertical wells were required
to match the extraction rate
of one horizontal well.
Vertical well installation is
more common; therefore,
construction costs are
typically less than a
horizontal well.
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A single HDD well and pump
can outperform a single
vertical well. HDD may
provide a draw-down
advantage over on-pass
trenching because an HDD
well can be installed to
follow the basal liner profile.

A single deep trench well
and pump can outperform a
single vertical well.

Multiple vertical wells are
required to match the
performance of a horizontal
well, therefore, requiring
more electrical
infrastructure, energy
consumption, and
maintenance.

As summarized in Table 1, the major considerations for selecting a horizontal well using
HDD were related to minimizing land disturbance, maximizing leachate draw-down, and
simplifying long-term operation.



DESIGN CONSIDERATIONS

Design of an HDD well is similar to vertical and deep-trench well design and includes
the following:

• Pipe profile and alignment
• Material chemical compatibility with the formation and liquid
• Resistance to static loads (long-term overburden pressure)
• Pipe slots and configuration

In addition, HDD well design must consider the following:
• Minimum pipe bend radius
• Pipe tensile strength to overcome the pullback force during installation
• Pipe slots and configuration is different than other installation methods due to

installation method and absence of a filter pack

The horizontal extraction well, EW-2, was selected to be located in the center of the
deepest area of the landfill as shown in the Figure 3 plan and profile. The 8-inch (20 cm)
nominal diameter well was designed to have a total length of 670 feet (200 m), with 540
feet (160 m) of slotted well screen.

Pipe material selection for EW-2 was determined by the anticipated pullback force
during construction, long-term overburden pressure, and chemical compatibility with the
leachate. The EW-2 pipe was determined to require approximately 10,115 pounds
(45 kN) of pulling force to pullback the pipe, resulting in a peak tensile stress of 845
pounds per square inch (psi) (5.8 MPa) during pullback. The long-term overburden
pressure was determined to be approximately 80 psi (550 kPa). Commercially available
pipe made of various materials, including high density polyethylene (HDPE), polyvinyl
chloride (PVC), fiberglass, and steel can resist the estimated tensile and overburden
pressures when specified with the appropriate wall thickness. However, plastic pipe is
more chemically compatible than steel with the caustic leachate in the Phase II landfill;
the leachate pH was approximately 11.5 and contained sulfates and chlorides.
Therefore, metal pipe, including stainless steel, was not considered in the design.

When using plastic pipe, the minimum well bend radius is typically controlled by the
steel drill rods. Therefore, the bend radius was set to 675 feet (210 m) to accommodate
steel drill rods up to 4-inches (10 cm) in diameter.

Pipe slot design for a horizontal well relies more on experience than typical calculations;
however, the slots must be designed to maintain pipe strength to overcome tensile
forces. Therefore, the pipe slots were designed to be cut longitudinally, or in the
direction of flow. Longitudinal slots maximize the contiguous cross-sectional area of the
pipe. The well design proposed to utilize the CCP formation as the filter pack, otherwise
known as a naturally-developed filter pack. The design specified 0.030-inch wide
(0.8 mm) slots (30 slot), which required well development to remove of 50% to 60% of
the finer fraction of the CCP formation in contact with the pipe.



Figure 3: Design plan and profile for EW-2

CONSTRUCTION

The HDD Contractor mobilized a 60,000 pound (270 kN) push/pull capacity drill rig
along with support equipment, including a 5,000 gallon (20 m3) drilling fluid recycling
system to the Site. Geotechnical reports prepared during the field investigations
indicated the CCP material to be sand and silty sand with intermittent gravel zones (a
mix of bottom ash and fly ash); therefore, the HDD Contractor selected a conventional
“duckbill” jetting assembly for drilling the initial pilot bore.
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The HDD Contractor planned to install the well in a continuous bore hole (entry-exit) by
drilling a 6-inch (15 cm) diameter pilot hole along an entry curve to the base of the
landfill, running about 550 feet (170 m) at a slight upward pitch along the bottom of the
landfill (just above the basal liner) and then steering the drill upward to exit the north
end of the Phase II landfill.

The steering/locating system utilized for the pilot bore drilling was a down-hole wireline
system used in conjunction with a surface coil. This type of steering/locating system
was used to provide greater accuracy than the standard walkover location method.
Improved accuracy was desired because the bore path was near the base of the landfill
and penetrating the basal liner may have resulted in uncontrolled release of leachate
into the groundwater.

However, the drilling operation differed slightly from initially planned. Although the pilot
hole was advanced successfully through the entry curve and along the target depth
near the bottom of the landfill, several challenges were met throughout the remainder of
the pilot-hole drilling. First, the HDD Contractor encountered plastic bags filled with
waste materials; the shredded plastic plugged the drilling fluid transfer pump which
slowed the drilling operation. Second, as the bit was steered upward from the end of
screen elevation to the surface, a hard, cemented layer of CCP was encountered and
the duckbill bit assembly was unable to penetrate this cemented layer. The HDD
Contractor pulled the bit from the hole and changed to a more aggressive bent sub
assembly with a tri-cone bit. The bent sub/tri-cone bit would not drill through the
cemented CCP, instead, the bit skated along the undersurface of the hard zone. The
down-hole tooling was again removed from the borehole and a down-hole mud motor
with a tri-cone bit was placed on the drill string.

The mud motor assembly successfully drilled through the cemented zone. However,
once through the hard material, the stiff, heavy mud motor could not be steered to the
design curve in the soft CCP above the cemented zone. Additionally, a magnetic
anomaly was encountered in the landfill near the steering tool which caused an azimuth
discrepancy between the down-hole probe and the steering/locating system. The drilling
operation was halted to re-plan the well bore drilling approach.

The rig was relocated from the entry hole to the exit hole location, to re-drill the bore
“backwards” in an attempt to drill through the cemented zone of CCP with the mud
motor. Once through the cemented CCP, the previously drilled borehole would be
intercepted and the tooling would exit at the original entry location. The process worked
as planned and the 6-inch (15 cm) diameter pilot bore was successfully completed. The
pilot hole was then reamed to a final diameter of 14 inches (36 cm) in two stages by
pulling progressively larger hole openers back to the rig. As experienced during drilling
the initial pilot hole, plastic waste bags caused some issues because they wrapped
around the teeth on the reaming bit, decreasing its effective cutting action and
increasing pull forces. After the final reaming pass, the well materials were pulled into
the open borehole. The well screen and casing was a longitudinally slotted, 8-inch (20
cm) diameter, DR 14 fusible PVC. The well screen and casing were installed in contact
with the CCP formation; that is, the constructed well does not have a filter pack and the



screen was not pre-packed. Fabrication of the well screen slots posed a challenge due
to the thickness of the well casing and were required to be slightly wider than designed.
The wider pipe slots required additional effort to properly develop the well. In summary,
the final installed well parameters include:

• Total well length: 643 feet (196 m)
• Entry riser length: 30 feet (9 m)
• Screen length: 550 feet (170 m)
• Screen depth below ground surface: varied from 29 to 80 feet (9 to 24 m) due to

landfill surface topography
• Exit riser length: 63 feet (19 m)
• Well screen and casing: 8-inch (20 cm) diameter, DR 14 Fusible PVC®
• Well screen: 0.040-inch (1.0 mm) wide slots (40 slot), approximately 20 slots per

foot

The drilling mud utilized for the EW-2 well installation was a biodegradable polymer.
Well development consisted of jetting and flushing with water and an enzyme additive
designed to breakdown the starch-based polymer drilling fluid. Following jetting and
flushing, a submersible pump was placed in the well and operated at multiple intervals
along the screen section. Flushing and jetting was carried out for two hours and the well
was continuously pumped for about twenty hours to complete well development.

After development was completed, the HDD Contractor grouted the exit side annulus of
the bore. The entry side of the borehole was grouted after installation of the pitless
adaptor and force main connection to the existing onsite leachate storage tanks was
completed.

SYSTEM PERFORMANCE

Predicted performance was based on EW-1 drawdown test results and the subsequent
3-years of EW-1 operation. EW-2 was anticipated to reduce the leachate level (27 feet
[8 m] above the basal liner) in the Phase II landfill down to 14 to 19.5 feet (4 to 6 m)
above the basal liner within 6 to 9 years. Initial well production rate was predicted to be
approximately 7 gpm (26 L/min). As leachate head is reduced, well production also
reduces and will reach equilibrium with the rate of water entering the landfill. Therefore,
the maximum anticipated drawdown was between 7.5 to 13 feet (2.3 to 4 m). Once at
equilibrium, the pump was predicted to continuously extract between 1.8 and 3.6 gpm
(6.8 to 14 L/min) to maintain the lowered leachate level within Phase II. The expected
range of reduced head levels was below the lowest crest elevation of the Phase II
landfill basal liner, therefore, groundwater quality was anticipated to be improved by
EW-2.

The observed performance of EW-2 was better than anticipated; the well production
rate was almost four times higher than estimated, and consequently has reduced the
leachate head to a greater depth and over a shorter duration than estimated. More
specifically, the initial EW-2 production rate was approximately 25 gpm (95 L/min) and
the leachate head on the basal liner was reduced from 27 feet (8 m) to 9 feet (3 m) in
less than four months, as shown in Figure 4.



Figure 4: Leachate elevation in Phase II at OW-3, groundwater elevation at monitoring
well Station 6, dissolved sulfate in groundwater, and total boron in groundwater from
July 2013 to December 2016. Note: all four observation wells report similar readings.

As shown in Figure 4, EW-1 (vertical well) operated for nearly 3 years; over that
timeframe, little change was observed in terms of the leachate head level in Phase II or
sulfate and boron concentrations in groundwater as observed in the Station 6
monitoring well, located just south of the Phase II landfill. EW-2 was put into operation
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on October 4, 2016 and initially pumped at a rate of approximately 25 gpm (95 L/min),
immediately lowering the leachate head level, as shown in Figure 5.

Figure 5: Leachate elevation in Phase II at OW-3, groundwater elevation at monitoring
well Station 6, dissolved sulfate in groundwater, and total boron in groundwater from
July 2016 to December 2016.

As shown in Figure 5, the leachate head level was drawn down approximately 5 feet
(1.5 m) within the first week of operation and head levels continued to decrease by an
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average of 0.3 feet (9 cm) per day for the first three weeks of operation. There was a
slight leachate head level rebound at the end of October when EW-2 was shut down for
installation of the permanent force main and electrical connections. By early February
2017, EW-2 had lowered the head level within Phase II by a total of 18 feet (5 m). With
only 9 feet (3 m) of head remaining in the landfill, the pump rate from EW-2 has slowed
to 10 gpm (38 L/min) but the head level appears to be continuing the downward trend.

Most notably are the groundwater monitoring results in December 2016, after EW-2 had
been pumping for about two months. Boron and sulfate concentrations measured in the
Station 6 monitoring well adjacent to Phase II were at a 3-year low in December 2016,
as shown in Figure 4. Sulfate and boron in groundwater were both approximately 22%
less than their lowest readings between June 2013 and September 2016 and are
expected to continue to decline.

SUMMARY AND CONCLUSIONS

An HDD horizontal well was installed within the CCP of the Phase II landfill, above the
basal liner. The goal of the horizontal well was to lower the approximately 27 feet (8 m)
of leachate head contained by the basal liner and ultimately improve the groundwater
quality adjacent to the landfill. The horizontal well was installed and developed to
successfully utilize the CCP as the filter pack immediately surrounding the well casing.
Diligent design and installation of the HDD well resulted in an effective remedy, by
lowering the leachate head level approximately 18 feet (5 m) in less than four months
and improving the adjacent groundwater quality. Based on the performance of the
vertical well, EW-1, approximately 25 vertical wells with dedicated pumps would have
been required to match the performance of EW-2, the horizontal well with one pump
discussed herein.

This case-study demonstrates how properly designed and installed horizontal wells can
be utilized for dewatering CCP landfills or impoundments without an engineered filter
pack or prepacked well screen.


