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ABSTRACT  
 
The Little Blue Run (LBR) disposal area is a 900+ acre (364+ hectares) impoundment 
that has been used since 1975 for the disposal of coal combustion products (CCP) from 
FirstEnergy’s Bruce Mansfield Generating Station.  The CCP materials in LBR consist of 
calcium sulfite scrubber material, granulated blast furnace slag, lime, and fly ash that 
are hydraulically placed.  As part of a long-term closure program, 952 acres (385 
hectares) of CCP will be capped with a geosynthetic liner and soil cover, resulting in a 
significant drop in the water level and subsequent settlement within the CCP.  
Recognizing that significant settlement could impact the surface drainage and final 
cover system following closure, a groundwater modeling and settlement analysis was 
undertaken as part of the closure plan. 
 
A groundwater flow model was developed for the aquifer systems within and 
surrounding LBR.  The model was constructed and calibrated to match observed 
groundwater levels.  A long-term simulation was run to predict the water table draw-
down 50 years after the final cover system will be placed.  Settlement in the CCP was 
predicted using primary consolidation calculations at 2,647 discrete points within the 
CCP disposal area.  Consolidation soil parameters were selected based on a 
compilation of 83 consolidation tests on CCP samples, and historical settlement data 
from the site.   
 
The post-closure water level is predicted to drop more than 100 feet (30.5 m) with a 
maximum settlement magnitude of 31.3 feet (9.54 m) occurring at the point of thickest 
in-situ CCP.  Based on this analysis, the draw-down of the water table is predicted to 
significantly change the post-settlement grades, requiring major modifications to the 
post-closure surface water drainage system and the final cover geosynthetic materials. 
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INTRODUCTION  
 
The LBR disposal area is a CCP impoundment located in Beaver County, Pennsylvania 
and Hancock County, West Virginia.  The impoundment is owned and operated by 
FirstEnergy Generation, LLC (FirstEnergy), and has been used since 1975 for the 
disposal of CCP from their coal-fired Bruce Mansfield Generating Station.  LBR is 
formed behind a 400 ft (122 m) high earth and rock fill dam that was constructed to 
impound the Little Blue Run stream valley, a tributary to the Ohio River.  The Little Blue 
Run valley is a deeply-dissected residual upland. The area is dominated by steep slopes 
(up to 70%), with flat-lying areas occurring along stream floodplains and in upland areas 
between streams. 
 
The CCP materials produced at Bruce Mansfield consist of calcium sulfite scrubber 
material and fly ash.  These materials are mixed with a granulated blast furnace slag 
(calcilox) and lime and are pumped in a slurry through a 7 mile (11 km) long pipeline for 
disposal at LBR.  The calcilox, lime, and fly ash act as stabilizing agents, providing 
additional strength to the CCP materials through chemical reactions that occur following 
placement.  The mixing and placement process results in an in-situ material with a very 
high water content and void ratio.  The stabilization admixtures result in the 
development of chemical bonds that give the CCP materials initial and long-term shear 
strength, and relatively low permeability. 
 
For the first 30 years of its existence, the facility operated as an impoundment in which 
stabilized CCP was deposited entirely below water (Figure 1).  In 2006, FirstEnergy 
received a demonstration permit from the Pennsylvania Department of Environmental 
Protection (PADEP) to expand the size of the facility to 952 acres (385 hectares) and 
employ the use of geotubes, increasing the disposal capacity from 107,000,000 cubic 
yards (81,900,000 m3) to approximately 135,000,000 cubic yards (103,000,000 m3).  
The use of geotubes allowed for the upstream construction of isolated disposal areas 
within the facility, where material could be placed above and outside the actual 
operating pool of the impoundment (Figure 2).  The subsequent draining of these areas 
results in a stabilized CCP surface over most of the disposal area that is mulched and 
vegetated. 



 
Figure 1. LBR Site Conditions, 2002. Below 

Water Disposal (Google, 2002). 

 
Figure 2. LBR Current Site Conditions, 2014. 

Disposal Above and Outside the Actual 
Operating Pool Using Geotubes (FirstEnergy, 

2014). 
 

CLOSURE PLAN 
 
In 2012, FirstEnergy and the PADEP entered a consent decree which required the 
cessation of disposal operations at LBR by December 31, 2016, and the development of 
a permanent closure plan for LBR.  FirstEnergy undertook a feasibility assessment of 
closure options for the disposal area and impoundment.  During the assessment, it was 
concluded that the level of the post-closure water table in the CCP will have a significant 
impact on post-closure settlements, slopes, and surface drainage.     
 
On April 3, 2014, PADEP approved a major permit modification that detailed the closure 
plan for the facility.  The closure plan included revisions to the final CCP grades to 
reduce the permitted 214 acre (86.6 hectares) operating pool to approximately 100 
acres (40.5 hectares) by strategically placing CCP during the remaining years of 
operation to reduce pooled water.  The airspace was balanced so there is no increase 
in permitted CCP volume, or reduction in impoundment storage.   
 
The plan also includes the addition of a final cover system consisting of a 
geomembrane liner, cushion geotextile, and 1 ft (0.3 m) thick final cover soil layer.  
Closure was planned to occur in phases starting in 2016 and extending for 15 years 
until 2031.  The extended closure period was required because of the exceptionally 



large size of the LBR disposal area 
and the difficult construction 
conditions anticipated with capping 
the CCP materials.  Figure 3 shows 
the proposed phasing plan for 
construction of the final cover system. 
The final pool area will ultimately be 
reduced to 17 acres (6.8 hectares) 
and lined approximately 5 years after 
the start of closure. 
 
The proposed closure will eliminate 
disposal pumping and greatly reduce 
infiltration into the CCP, resulting in a 
significant drop in the documented 
water table that exists within the CCP.  
This drop in water table would be a 
long-term occurrence, cause an 
increase in the effective stresses 
within the CCP, and result in 
potentially large settlements after final 
construction of the cap.  Recognizing 
that significant settlement could 
impact the surface drainage and final 
cover system both during and 
following closure, a more detailed 

groundwater modeling and settlement analysis was undertaken as part of the closure 
plan. 
 
GROUNDWATER MODEL 
 
Geologic and Hydrogeologic Setting 
 
LBR is located in the Allegheny Plateau physiographic province, which is characterized by 
gently dipping coal measures of complex stratigraphy. The lithologies beneath LBR 
include sandstone, siltstone, claystone, shale, limestone, and coal.  Bedrock in the vicinity 
of LBR is overlain by as much as 24 ft. of residuum consisting of residual clay, silt, sand, 
and weathered rock. Alluvium in the Little Blue Run stream valley is composed of clayey 
sand and gravel up to 30 ft. thick. 
 
Seven informal aquifers have been defined in the vicinity of LBR on their hydrogeologic 
properties. These units are not highly permeable, but are more permeable than other units 
in the stratigraphic series. The permeable strata, generally sandstones and coals, act as 
aquifers which more readily transmit groundwater. The less-permeable strata, such as 
shales, claystones, and siltstones, are aquitards which restrict flow. Both types of units 
transmit water mainly by secondary, or fracture, permeability. Furthermore, tectonic and 

Figure 3. Proposed Phasing Plan for Closure 



stress-relief fracturing and weathering have combined to modify the stratigraphic control 
on permeability by creating a more permeable "rind" over the surfaces of the hills.  
 
Groundwater flow patterns at LBR are a complex, three-dimensional flow field because of 
the high relief and complex stratigraphy of the area. The flow regime in each aquifer 
depends upon its elevation with respect to the LBR pool level and its outcrop locations.  
 
Model Selection and Setup 
 
MODFLOW (MacDonald and Harbaugh, 1988) was selected as the model code for the 
LBR groundwater model. MODFLOW is one of the most widely accepted model codes 
in the United States. MODFLOW is a three-dimensional finite-difference model for 
groundwater flow developed by the United States Geological Survey and is capable of 
incorporating a wide variety of boundary conditions. Groundwater Modeling System 9.0 
(GMS) was used as the preprocessing and post processing software for MODFLOW. 
 
The modeled region was divided into layers, rows, and columns to create a grid suitable 
for calculating the groundwater flow equations. The size of the grid was chosen to avoid 
edge effects, making it much larger than the impoundment. The final grid used for the 
model measures 27,000 ft by 27,000 ft (8,200 m by 8,200 m). The model is divided 
vertically into nine layers; five layers correspond to the major aquifers that contain LBR 
and four correspond to the separating aquitards. The aquifers are labeled L1-L5, 
beginning at the highest elevation and increasing with depth. The aquitards are labeled 
with the same method, except begin with L1A and finish at L4A. An aquitard is not 
modeled below L5.  
 
Layers simulated in the model correspond to the aquifers at their respective elevations 
in Table 1. 
 

Table 1 - Groundwater Model Layers 
 

Layer ID Elevation (ft MSL) Elevation (m MSL) Unit 
L1 Surface – 1010 Surface – 308 Middle Glenshaw Aquifer

L1A 1010 – 966 308 – 295 Aquitard 
L2 966 – 929 295 – 283 Lower Glenshaw Aquifer 

L2A 929 – 884 286 – 270  Aquitard 
L3 884 – 818 270 – 249  Freeport Aquifer 

L3A 818 – 788 249 – 240  Aquitard 
L4 788 – 770 240 – 324  Worthington Aquifer 

L4A 770 – 740 324 – 226  Aquitard 
L5 740 – 650 226 – 198  Kittanning Aquifer 

MSL – Mean Sea Level 
 
Physical properties of the geologic material at LBR are simulated in the model by 
assigning property values for each cell that will be used in the flow calculations. 
Property values include, but are not limited to, hydraulic conductivity, specific yield, and 



recharge. Properties were assigned in the model based on geology and hydrologic 
testing results, Hydrologic Evaluation of Landfill Performance (HELP) modeling, or 
literature values. The final model properties used in the calibrated flow model are shown 
on Table 2. 
 

Table 2 - Groundwater Model Properties 
 

 

Layer
Thickness 

(ft)

Physical 
Property 

Zone

Leakance 
(1/s)

KH 

(cm/s)
T (m2/d)

KV 

(cm/s)
Storativity

Specific 
Yeild

CCB 1.73E-08 3.53E-03 -- 3.53E-05 5.00E-03 3.0%
Rind 2.76E-08 3.88E-03 -- 5.64E-05 3.00E-04 2.0%
Fract (1) 3.20E-09 6.53E-03 -- 6.53E-06 7.00E-04 2.0%
Fract (2)* 3.20E-09 7.23E-03 -- 6.53E-06 7.00E-04 2.0%
Rock 5.18E-09 1.76E-03 -- 1.06E-05 3.00E-04 0.5%

CCB 2.50E-08 3.35E-03 38.84 3.35E-05 5.00E-03 3.0%
Rind 3.95E-10 7.06E-04 8.18 5.29E-07 3.00E-04 2.0%
Fract (1) 4.47E-09 6.00E-03 69.49 6.00E-06 7.00E-04 2.0%
Fract (2)* 4.47E-09 7.18E-03 83.19 6.00E-06 7.00E-04 2.0%
Rock 7.89E-11 5.29E-05 0.61 1.06E-07 3.00E-04 0.5%

CCB 2.82E-08 3.18E-03 31.02 3.19E-05 5.00E-03 3.0%
Rind 1.56E-08 3.53E-04 3.44 1.76E-05 3.00E-04 2.0%
Fract (1) 5.01E-09 5.64E-03 55.00 5.64E-06 7.00E-04 2.0%
Fract (2)* 5.01E-09 7.14E-03 69.61 5.64E-06 7.00E-04 2.0%
Rock 9.38E-10 5.29E-05 0.52 1.06E-06 3.00E-04 0.5%

CCB 2.20E-08 3.02E-03 35.85 3.02E-05 5.00E-03 3.0%
Rind 5.14E-10 3.53E-04 4.18 7.06E-07 3.00E-04 2.0%
Fract (1) 3.86E-09 5.29E-03 62.71 5.29E-06 7.00E-04 2.0%
Fract (2)* 3.86E-09 7.09E-03 84.03 5.29E-06 7.00E-04 2.0%
Rock 7.72E-12 5.29E-06 0.06 1.06E-08 3.00E-04 0.5%

CCB 1.43E-08 2.87E-03 49.94 2.88E-05 5.00E-03 3.0%
Rind 8.77E-10 3.53E-04 6.13 1.76E-06 3.00E-04 2.0%
Fract (1) 2.10E-09 4.23E-03 73.58 4.23E-06 7.00E-04 2.0%
Fract (2)* 2.10E-09 7.06E-03 122.64 4.23E-06 7.00E-04 2.0%
Rock 5.26E-11 1.76E-04 3.07 1.06E-07 3.00E-04 0.5%

CCB 2.97E-08 2.73E-03 32.35 2.72E-05 5.00E-03 3.0%
Rind 3.86E-10 3.53E-04 2.79 3.53E-07 3.00E-04 2.0%
Fract (1) 3.70E-09 3.39E-03 26.76 3.39E-06 7.00E-04 2.0%
Fract (2)* 3.70E-09 5.64E-03 44.60 3.39E-06 7.00E-04 2.0%
Rock 1.16E-12 1.76E-05 0.21 1.06E-09 3.00E-04 0.5%

CCB 4.98E-08 2.73E-03 12.94 2.73E-05 5.00E-03 3.0%
Rind 3.22E-09 3.53E-04 1.67 1.76E-06 3.00E-04 2.0%
Fract (1) 4.95E-09 2.71E-03 12.84 2.72E-06 7.00E-04 2.0%
Rock 1.93E-11 7.06E-05 0.33 1.06E-08 3.00E-04 0.5%

CCB 2.85E-08 2.59E-03 30.73 2.61E-05 5.00E-03 3.0%
Rind 7.72E-10 3.53E-04 4.18 7.06E-07 3.00E-04 2.0%
Fract (1) 2.35E-09 2.17E-03 17.12 2.15E-06 7.00E-04 2.0%
Rock 1.16E-13 7.06E-06 0.08 1.06E-10 3.00E-04 0.5%

CCB -- 2.59E-03 61.47 -- 5.00E-03 3.0%
Rind -- 3.53E-04 8.36 -- 3.00E-04 2.0%
Fract (1) -- 1.73E-03 41.10 -- 7.00E-04 2.0%
Rock -- 6.99E-05 1.66 -- 3.00E-04 0.5%

4
18

(5.5 m)

4A
30

(9.1 m)

5
90

(27.4 m)

2A
45

(13.7 m)

3
66

(20.1 m)

3A
30

(9.1 m)

1
67

(20.4 m)

1A
44

(13.4 m)

2
37

(113 m)



 
To simulate how groundwater flows through the site, boundary conditions were applied 
to the model that mimic the physical processes of flow under various conditions. Such 
boundary conditions represent standing water or flowing surface water (i.e. streams), 
springs, regional upland recharge, and large regional discharge bodies (i.e. the Ohio 
River). 
 
Model Calibration 
 
The calibration of the LBR model focused on making adjustments to the model so that 
the calculated hydraulic head values approximated the water levels measured at the 
LBR site. During calibration, input parameters were adjusted within reasonable ranges 
based on site observations, calculated values, or literature values as needed until the 
model-calculated heads approximated the observed water levels.  
 
Twenty-seven target points were used 
for model calibration. The calibration 
plot (Figure 4) demonstrates that the 
model is well-calibrated based on the 
correlation between observed water 
levels and model-calculated hydraulic 
heads. The R2 value for the straight 
line fit between the calculated and 
observed values was 0.99. The 
average residual for all of the targets 
was 1.15 ft (0.35 m).  The convention 
for measuring the effectiveness of 
model calibration is to have the 
residuals be within 10% of the total 
head differential across the model. 
Based on this convention, the LBR 
model is considered to be well 
calibrated.  
 
The groundwater contour maps for the calibrated flow field (Figure 5) demonstrated the 
same general flow direction and shape as the groundwater contour maps created based 
solely on observed water levels. Groundwater is moving from south to north, towards 
the Ohio River. Based on the low residuals and the flow field simulation, the model is 
considered to be calibrated to a sufficient level for its intended purpose. 

Figure 4. Calibration Plot for LBR Groundwater Model. 
R2 Value is 0.99.



 
Figure 5. Simulated Groundwater Contour Map from LBR Groundwater Model, L1. 

 
Simulation of Closure 

 
After the model was sufficiently calibrated, it was setup to simulate closure of LBR with 
placement of a synthetic liner over the full expanse of the impoundment. The full liner 
closure was simulated by making adjustments to the model properties and boundary 
conditions in a manner representative of the expected changes in stresses on the 
hydrogeologic system that will be imparted by the liner.  
 
The changes to the model properties and boundary conditions were designed to mimic 
the construction schedule of the closure. Phases for the full liner closure simulation are 
shown on Figure 6.  Simulations were run to account for changes in the disposal 
operations, reduction of the pool size, and placement of the geomembrane cover over 
the 15 year period from 2016 to 2031.  Once these changes were setup, the model was 
run in transient mode for several simulations with various stress periods according to 
the construction schedule timeline. The model was set to run for a total of 265 years (or 
250 years after the final liner segment placement). Eleven locations within the CCP 
were chosen as observation points to monitor water levels in the model throughout the 
simulations.  
 



 
Figure 6. Timeline Illustrating Transient Timeline Applied to Model to Simulate Closure. 

 
Effects of Closure on CCP Water Levels 
 
The model simulation results show that the closure results in decreases in water levels 
within the CCP throughout the impoundment and the surrounding natural aquifers as 
standing water decreases, and infiltration decreases as areas of the liner system are 
completed. Model simulation observations show that the greatest amount of water draw-
down within the CCP occurs in the areas of the impoundment with the thickest deposits 
of CCP. Model simulations indicate that the rate of dewatering is directly affected by the 
areal extent of standing water on the CCP, and by the amount of the impoundment that 
is covered with liner. 
 
A graph showing the draw-down of water levels in the CCP during and after closure, as 
simulated by the model at one of the eleven observation points, is shown in Figure 7. 
This observation point is located in the north-central portion of the impoundment within 
the existing pool. It shows the model simulated water levels throughout the closure 
simulation. Colored portions of the graph denote the model layers that the water levels 
are simulated in, and notations denote the milestones within the closure process.  



 
Figure 7. Draw-down Curve of Observation 2, Located in the North-central Portion of the Impoundment 
within the Existing Pool. Colored Portions Denote Model Layers that the Water levels are Simulated In.  

Notations Denote Milestones within the Closure Process. 
 
Figure 7 shows a reduction in water levels during the period from 2013 to 2016, prior to 
any liner placement. This draw-down is due to the removal of standing water in the 
central and southern portions of the impoundment. Simulated groundwater draw-down 
continues at a greater rate after December 2016 as pumping of CCP to LBR ceases 
and the main pool is reduced in size to 100 acres (40.5 hectares). A dramatic decrease 
in water levels occurs after May 2017, when the main pool is again reduced in size to 15 
acres (6.1 hectares). In October 2017, the model begins simulation of the liner 
placement over LBR with yearly applications of liner through 2031.  During this period, 
successive sections of the liner are applied in the model, reducing infiltration into the 
CCP and resulting in additional draw-down.  Water levels then continue to decrease at a 
lesser rate through the final liner segment installation in 2031. Water levels for the 
remaining portion of the simulation period, out to year 2067, show a continued gradual 
decrease in simulated water levels within the CCP. 
 
The amount of total draw-down simulated after initiation of closure activities is variable 
over the impoundment and is dependent on the CCP thickness. Areas in the central and 
northern areas of the impoundment show greater draw-down over time than the areas in 
the south.  The simulated groundwater draw-down 50 years following the start of 



closure is presented on Figure 8.  The post-closure simulation shows that the greatest 
amount of draw-down occurs within the CCP in the central and northern portion of the 
impoundment. 
 

 
Figure 8. Isopach Map of Draw-down in Layer 1, 50 Years after Closure, year 2067. 

 
SETTLEMENT ANALYSIS 
 
Geotechnical Investigations and Testing of CCP 
 
Starting in 2002, CEC undertook five separate subsurface investigations and laboratory 
testing programs to assess the in-situ CCP geotechnical characteristics.  These 
investigations included performing 38 cone penetration tests (CPT) soundings (with 
pore pressure measurements), 34 rotary auger borings for the collections of undisturbed 
“Shelby Tube” samples, the installation of 8 standpipe piezometers, and the installation 
of nested vibrating wire piezometers at 9 locations.  Test borings were performed from 
both the stabilized CCP surface, and well as utilizing a barge to drill within the 
impoundment pool.    
 



The subsurface investigations encountered CCP materials as thick as 280 ft (85.4 m). 
The thicknesses encountered were generally consistent with the pre-disposal 
topography within the watershed.  In-situ testing using both the SPT and CPT methods 
revealed that the consistency of the CCP was variable and ranged from very soft to very 
stiff, with very soft being the dominant consistency through most of the layers of CCP. 
 
Four separate geotechnical laboratory testing programs were undertaken between 2002 
and 2012 to assess the density, strength, and consolidation characteristics of the CCP.  
The laboratory testing on the CCP samples included grain size analysis, hydrometer, 
Atterberg limits (plasticity), moisture content, specific gravity, consolidated-undrained 
(CU) triaxial shear, unconsolidated-undrained (UU) triaxial shear, consolidation, and 
permeability testing.   
 
The CCP material at LBR generally has consistent grain size distributions and were 
non-plastic.  Based on the Unified Soil Classification System (USCS), the CCP is 
generally classified as an ML (silt).  Table 3 presents an overall summary of the 
laboratory testing results for density, consolidation, and permeability parameters of the 
CCP at LBR.  In-place unit weight, water content, and void ratio of the CCP were highly 
variable, but generally showed very high void and water contents capable of significant 
dewatering.  Mean total unit weight, water content, and void ratio were 83.4 pcf (13.1 
kN/m3), 155.4%, and 3.56, respectively.   The measured compressibility of the CCP 
material is also highly variable.  Compression index, recompression index, and apparent 
pre-consolidation pressure were estimated from 83 one-dimension consolidation tests 
on the CCP.  The mean compression and recompression indexes from the tests were 
1.27 and 0.06, respectively.  The pre-consolidation pressure (Pc) ranged from 1,300 to 
15,000 psf (62.2 kPa to 718 kPa), with an average of 4,409 psf (211 kPa).  Because 
stabilizing agents are added to the CCP, the pre-consolidation pressure observed is the 
result of chemical bonding in the CCP and not past overburden stress.  
 

Table 3 – Summary of Laboratory Testing Results, LBR CCP 
 

 
Total Unit 

Wt. 
Dry Unit 

Wt. 
Specific 
Gravity 

Compression 
Index 

Recompression 
Index 

Initial 
Void 
Ratio 

Pre-
consolidation 

Pressure 
Permeability 

Units 
pcf 

(kN/m3) 
pcf 

(kN/m3) 
-- -- -- -- psf  

(kPa) 
cm/sec 

Minimum 
41.0 

(6.45) 
18.9 

(2.97) 
2.19 0.01 0.00 0.95 1,300 

(62.2) 
2.6X10-6 

Maximum 
119.4 
(18.8) 

82.5  
(13.0) 

2.95 7.33 1.03 7.07 15,000 
(71.7) 

7.6X10-5 

Mean 
83.4 

(13.1) 
36.1 

(5.68) 
2.87 1.27 0.06 3.56 4,409 

(211) 
2.7X10-5 

Standard 
Deviation 

8.8 
(1.38) 

10.7 
(1.68) 

0.11 1.02 0.13 1.25 1,300 
(62.2) 

2.2X10-5 

Number 
 

164 164 144 83 83 83 83 35 

 



The laboratory vertical permeability values were relatively consistent with averages for 
the CCB ranging from 2.6 x 10-6 to 2.7 x 10-5 cm/sec.  Measurements of permeability 
were also performed during the in-situ CPT testing and in pump and slug tests 
conducted in site piezometers installed in the CCP.  Permeability estimates from CPT 
pore pressure measurements are much higher, with an average of 1.94 X 10-4 cm/sec.  
These estimates are more representative of the “bulk” permeability of the CCB since 
they are performed on a small scale and are not specifically directed in the horizontal or 
vertical directions.  Permeability results obtained from pump and slug tests indicated 
that large-scale permeabilities are on the order of 10-4 to 10-3 cm/sec.  These results 
correlate to the horizontal permeabilities utilized in the groundwater model, and indicate 
that relatively higher horizontal permeable layers likely exist within the CCP. 
  
SETTLEMENT ANALYSIS AND RESULTS 
 
Settlement Analysis Methodology 
 
The groundwater model estimated that a draw-down in the water table will occur once 
pumping of the CCP is stopped and the final cover system is constructed. The drop in 
water table will significantly increase the effective stress on the in-situ CCP causing 
consolidation settlement to occur within the CCP. This analysis assumed that any 
settlement of the native soils beneath the impoundment that may occur will be negligible 
and was not analyzed.   
 
Water surfaces were generated using the groundwater model for several stages of the 
draw-down. This settlement analysis assumed that the initial water surface was at the 
top of permitted CCP immediately prior to draw-down. The water surface at the top of 
permitted CCP and the water surface modeled at 50 years after the final cover system 
has been constructed were used to calculate the drop in water table in the analysis. The 
time rate of consolidation was not analyzed since drainage within the CCP was directly 
controlled by groundwater draw-down as modeled within the MODFLOW analysis. 
 



 
Figure 9. Settlement Analysis Points and Estimated Magnitudes in the Pool Area. 

 
A grid of settlement calculation points was generated using AutoCAD within the 
permitted limits of CCP placement, generally spaced at 125 feet (38.1 m), which 
resulted in 2,647 points. These points are presented on Figure 9. At each calculation 
point, the following were generated using AutoCAD: 
 

1. The pre-disposal (1975) ground surface elevation; 
2. The original permitted (2006) top of CCP elevation; 
3. The top of final CCP elevation; and 
4. The top of final cover elevation. 

 
These elevations were used in a spreadsheet model to calculate the settlement 
magnitude 50 years past the start of closure activities.  The calculation included 
settlements that were anticipated due to additional CCP placement required to reduce 
the pool area, as well as settlement due to the predicted long-term water level draw-
down. 
 
Selection of Soil Parameters 
 
In previous geotechnical analyses, the CCP was divided into multiple layers, each with 
a specific set of material parameters. Based on our evaluation of the entire data set, we 



concluded there was no significant difference in calculated average parameters 
between the different layers.  Additionally there was no practical way to account for 
significant variations in the materials that were observed both spatially, and with depth 
in the test borings and laboratory testing. Therefore, this analysis assumed that the 
entire thickness of CCP was homogeneous and exhibited the same set of parameters 
developed from the results of the laboratory testing and other analyses performed. 
 
Table 4 summarizes the parameters used in this analysis.   
 

Table 4:  Material Parameters Used in Settlement Analysis 
 

Compression 
Index 

Recompression
Index 

Initial  
Void Ratio,

Total Unit 
Weight, 

 

Pre-
consolidation 

Pressure,  
 

1.27 0.11 3.56 84 pcf 
(13.2 kN/m3)

3,500 psf  
(167.5 KPa) 

 
The compression index and the initial void ratio were based on the averages of all 
available laboratory consolidation test results. The recompression index and 
preconsolidation pressure were based on laboratory data, and then adjusted based on 
available geotube settlement monitoring survey data that was collected at the site and 
analyzed. These adjustments were done due to the subjectivity of the method used to 
determine the preconsolidation pressure from laboratory data and because there was a 
relatively large variability within the data set of the recompression index.  Additionally, 
we concluded that adjusting these parameters would result in a somewhat more 
conservative analysis with respect to settlement, liner strain, and stability. 
 
Settlement Calculation 
 
The total settlement of the in-situ CCP was calculated using primary consolidation 
theory considering normal and over consolidated scenarios.  The initial vertical effective 
stress was calculated at the center of each layer considering the weight of the saturated 
permitted CCP, any CCP that will be placed above permitted grades prior to final cover, 
and the final cover system. This analysis assumes the water table will be present at the 
original permitted CCP elevation prior to the water table drop. The change in vertical 
effective stress was calculated as the product of the unit weight of water and the height 
of the water table drop. 
 
The thickness of CCP was divided into four layers, each with the same material 
parameters, but generally each with different initial and final stress conditions. These 
four layers consist of the upper and lower halves of CCP above the water table and the 
upper and lower halves of CCP below the water table. Because the elevation of the 
water table at any given year is different at each calculation point, the thickness of these 
layers is generally different at each calculation point. Initial vertical effective stress and 
change in vertical effective stress were calculated at the center of each layer at each 



calculation point.  The calculated post-closure settlement magnitudes are depicted on 
Figure 9. 
 
Settlement and Strain Results 
 
Based on this analysis, the draw-down of the water table will have a significant impact 
on post-closure settlements, slopes, and surface drainage. The post-settlement grades 
estimated on Figure 10 indicate that the water will eventually drain along the center core 
of the disposal area and forms a lined pool post-closure. 
 
The maximum settlement magnitude calculated was 31.3 ft (9.54 m). This occurs at the 
point of thickest in-situ CCP and is located in the pool area.  The average slope of the 
post-settlement grades from the Pennsylvania southern end of the impoundment to the 
pool is approximately 0.8 percent and the average slope of the post-settlement grades 
from the West Virginia southern end of the impoundment to the pool is approximately 
0.4 percent. 
 
The maximum strain on the geomembrane was calculated at critical locations of 
settlement magnitude and grade. The maximum strains were calculated to range from 
0.70% to 1.2%. These calculated strain values were within the allowable limits of the 
manufacturer’s specifications for geomembrane. The strain at yield for the HDPE 
geomembrane is reported to be 12% based on GRI Test Method GM 13.  Analysis of 
long-term cover stability was also performed at critical post-settlement sections and 
found to be adequate. 



 
Figure 10. Post Settlement Grades and Surface Drainage. 

 



SUMMARY AND CONCLUSION 
 
The LBR groundwater model was developed as a tool for evaluating the effect of 
closure on the groundwater flow system, and for predicting the future response of the 
system to changes in aquifer stresses produced by site closure.  The settlement 
analysis was used to identify post-closure impact to drainage, and assess the long-term 
stability of the cap. 
 
Based on the results of our analyses the following conclusions can be made: 
 
(1) Reductions in water levels within the CCP will be realized prior to liner placement 

because of reductions in the aerial extent of standing water pools within LBR. 
(2) Reductions in water levels will occur within the CCP at a higher rate after cession 

of pumping CCP, reduction of the main pool, and initiation of liner placement. 
(3) The majority of water draw-down within the CCP may occur in less than 30 years 

of the cessation of pumping CCP and the initiation of liner placement, with a 
smaller percentage of additional draw-down happening after. 

(4) The greatest amount of draw-down within the CCP will be realized in the northern 
and central portions of the impoundment where the CCP deposits are thickest. 

(5) Only portions of CCP in Layer 1 dewater over the course of the 250 year model 
simulation.  

(6) Settlements as much as 31.3 ft (9.54 m) were estimated to occur as a result of 
the draw-down. 

(7) The largest settlements occur in the northern and central portions of the 
impoundment where the CCP is the thickest and draw-downs are the largest. 

(8) The settlement will significantly impact post-closure grades to where surface 
water will eventually drain along the center core of the disposal area. 

(9) The maximum calculated strain on the HDPE geomembrane liner due the 
estimated settlement will be well below the anticipated yield strain. 

(10) The long-term stability of the cap will be adequate. 
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