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Problem Statement 
 
The purpose of this calculation is to estimate the volume and rate of seepage of waters from the 
existing Moab Project Site tailings impoundment (impoundment). Seepage is from both long-
term, steady-state drainage (gravity drainage), and transient flux of water from tailings 
consolidation. Drainage is defined as the withdrawal of pore water from the impoundment and is 
governed by Darcy’s Law. Drainage is assessed under current conditions and with cover systems 
operating under various degrees of impermeability. Consolidation is defined as a decrease of 
excess pore water pressure in a saturated soil without replacement of the water by air 
(Terzaghi 1943). The impoundment is currently assumed to exist in a variably saturated state; 
fine-grained slimes are saturated possessing some excess pore pressure, and sandier tailings are 
assumed to be variably saturated near their field capacity, where field capacity is defined as the 
soil water content after gravity drainage is complete. The estimated volume and rate of seepage 
will help to determine the allowable flux from the impoundment that will allow ground water 
compliance. 
 
Remediation efforts undertaken in recent years are reviewed to gain an understanding of the 
current pore water pressure status and degree of consolidation of tailings in the impoundment. 
 
 
Background 
 
Information presented here was taken from Henderson (2001) and Henderson et al. (2002). The 
Moab tailings were owned by Atlas Minerals Corporation under a U.S. Nuclear Regulatory 
Commission (NRC) license until September 1998 when Atlas filed for bankruptcy. In March 
1999 PriceWaterhouseCoopers was named Trustee to complete reclamation efforts required 
under the NRC license. PriceWaterhouseCoopers hired Shepherd Miller, Inc. (SMI) for ground 
water compliance issues, Steffen, Robertson, and Kristen Consulting (SRK) for geotechnical, 
hydrogeologic, and geochemical tailings issues, and Harding-Lawson Associates for construction 
management concerns to complete required reclamation. Past studies that considered drainage 
from the Moab tailings after operations had ceased include: 
 
• SRK (2000) 
• SMI (2000) 
• Oak Ridge National Laboratory (1998) 
• Armstrong et al. (1998) 
 
Geotechnical characterization performed by SRK consisted of 96 direct-push cone penetrometer 
tests to collect in situ data. In addition, 13 continuous hollow-stem auger drilling with continuous 
sampling (at 13 locations) was undertaken to collect physical samples for laboratory testing. 
Testing included particle-size analyses. Figure 1 shows the locations of cone penetration tests 
and hollow-stem auger borings. In the summer of 2002, DOE installed three vibrating wire 
piezometers at depths of approximately 20 feet (ft), 40 ft, and 60 ft into the slimes at three 
locations (Figure 1). Copies of the cone penetration test data and discussions of the test are 
provided in ConeTec, Inc. (2000), and copies of hollow-stem auger boring logs are available in 
the referenced SRK report. 
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Figure 1. Locations of Geotechnical Investigations of the Tailings Pile 
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Results of the SRK investigation indicate a perched water table in the slimes. Before 
construction of a final cover, SRK recommended consolidating the slimes to mitigate cracking of 
the final cover and to decrease potential contaminant loading to the underlying alluvial ground 
water system from tailings seepage. Consolidation would be enhanced through dewatering of the 
saturated slimes with vertical drains, assisted by a vacuum extraction system to accelerate 
dewatering efforts. Consolidation could also be accelerated by surcharging the slime tailings, 
although this was not the preferred option. Approximately 17,000 vertical band drains were 
installed from September 2000 to December 2000. Vertical band drains measuring 
100 millimeters (mm) H 4 mm were installed approximately 15.2 meters (m) (50 ft) into the 
slimes in a triangular pattern spaced 3 m apart. Installation details are provided in referenced 
SRK documentation.  
 
PriceWaterhouseCoopers did not complete the planned vacuum extraction when the site was 
turned over to the U.S. Department of Energy (DOE) for final closure. An estimated 1 to 
1.5 meters (3.3 to 4.9 ft) of surcharge fill was added to the slimes, and approximately 2 meters 
(6.6 ft) of fill was placed over the periphery sands. 
 
 
Method of Solution 
 
Gravity drainage 
 
Long-term seepage is evaluated in saturated/unsaturated gravity drainage of porous media by 
simulation of variably saturated water flow as is a nonlinear problem requiring solutions 
typically obtained using computer numerical methods. The HYDRUS 1D (Simunek and others 
1988) computer code written at the U.S. Salinity Laboratory, was selected to compute variably 
saturated gravity drainage. 
 
Steps to compute gravity drainage are as follows: 
 
1. Create a mathematical model of the existing impoundment by differentiating materials 

interpreted from results of the piezocone investigation performed by ConeTec for SRK in 
May 2000. 

2. Separate tailings materials into categories of sands, sandy slimes, slimy sands, and slimes 
using the percentage passing through a U.S. standard No. 200 sieve (75 micrometers [µm]), 
as modified from Keshian and Rager (1988). The defining percentages for classification are 
shown in Table 1. 

 
Table 1. Tailings Classification 

 
Classification Percent Passing the No. 200 Sieve 

Sand < 30 
Sandy slime > 30, < 50 
Slimy sand > 50, < 70 

Slime > 70 
 
3. Choose representative one-dimensional profiles from the impoundment model to compute 

long-term drainage. 
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4. Compute steady-state drainage characteristics with the HYDRUS 1D computer model by 
initially saturating all materials and simulating drainage for a 1,000-year time period, or until 
drainage reaches a steady-state condition. Steady-state is defined as the condition when 
inflow equals outflow and drainage is constant. Initial saturation of all tailings materials 
captures the end of construction-operation phase of the impoundment. Tailings were slurried 
from the mill to the impoundment and hydraulically deposited by spigotting into the tailings 
cell. Spigotting results in deposition of mainly sands near the discharge point, grading to 
slimes with increasing distance from the discharge. 
 
The HYDRUS 1D computer program simulates one-dimensional variably saturated water 
flow in porous media. The code is written in FORTRAN-77 and employs fully implicit, 
Galerkin-type linear finite element solutions governing one-dimensional, vertical flow. The 
equation that governs saturated pore water flow is Darcy’s Law. The extension to partially 
saturated pore water utilized Richards’ equation (Richards 1931), which contains the 
provision that the hydraulic conductivity is a function of the volumetric water content, as 
discussed below.  
 
Variably saturated water flow requires a description of soil hydraulic properties, θ (h) and 
K(θ ); where θ (h) is the volumetric water content (L3L–3) of the soil as a function of pressure 
head h(L), and K is the hydraulic conductivity (LT–1) as a function of the volumetric water 
content. All soil hydraulic properties are described by soil moisture characteristics (SMC). 
HYDRUS 1D requires SMC data to be defined by van Genuchten (1980) parameters for each 
material type considered. SMC data is estimated using pedotransfer functions (PTFs) from 
particle size analysis results using the Rosetta program (1999) developed at the U.S. Salinity 
Laboratory. Estimation of SMC data using PTFs and using a large database in conjunction 
with a knowledge-based program, such as Rosetta, is selected to achieve the best fit to the 
optimal SMC (Zapata et al. 2000). Particle size information was obtained from a previous 
geotechnical investigation performed by SRK. 

 
Consolidation 
 
As defined previously, consolidation is the dissipation of excess pore pressure from a saturated 
soil. Excess pore pressures can be created by external loading. In this case, the increase in 
stresses from soils applied to the surface of the impoundment will cause an increase in internal 
pore pressures. These additional pressures are initially carried by the pore water. Water will flow 
from the pores due to the pressure difference relieving excess pore pressures through 
consolidation. 
 
Low conductivity fine-grained soils experience slow consolidation because of the time required 
to relieve excess pore pressures. Coarse-grained sands consolidate rapidly because of the rapid 
drainage and relief of excess pore pressures. 
 
Fluids expelled as fine-grained slimes consolidate will be added to the steady-state drainage via 
superposition. Consolidation occurs until all excess pore pressures are relieved under the specific 
applied load. After consolidation is complete, the saturated tailings will have pore water pressure 
in equilibrium. The volume of pore water expelled during consolidation is approximately equal 
to the decrease in void ratio of the soil. The decrease in void ratio of a column of tailings is 
approximately equal to the surface settlement. 



  Document Number X0025700 
 

 
DOE/Grand Junction Office  Tailings Seepage 
January 2003  Page 5 

The ratio of settlement (D) at any time to the total settlement (Dt) is called the degree of 
consolidation (U). Terzaghi (1943) states that U is dependent on boundary conditions and a time 
factor Tv, or 
 
 U = ρ/ρt = f (Tv).  (1) 

Tv is formulated as 

 Tv = cv
 H  t / H2.  (2) 

where cv = coefficient of consolidation (L2/T), 
  t   = time (T), 
  H = length of drainage path (L). 
 
The relationship between Tv and U varies with respect to boundary conditions. In this calculation 
the value of the time factor will be estimated by assuming two different boundary conditions. 
Two boundary conditions are analyzed because the inclusion of the vertical drains may or may 
not have significantly changed the consolidation characteristics of the slimes. The slimes may 
now behave as an individual soil unit possessing a higher vertical hydraulic conductivity, but 
with drainage still controlled by the underlying native sand layer. This process is described by 
Terzaghi (1943). Alternatively, the vertical drains may be assumed to be performing as designed, 
drainage controlled by two-dimensional radial drainage. In this case, drainage is occurring 
controlled by the horizontal distance between the vertical drains, as explained by Atkinson and 
Eldred (1982). For both conditions, the relationship between Tv and U is presented graphically, 
and Tv is read from the plot by knowing U. 
 
 
Assumptions 
 
1. For consolidation analysis, the impoundment currently exists in a variably saturate condition 

with slimes saturated and sands are variable saturated near their field capacity. Slimes are 
undergoing consolidation and sands are consolidated. 

2. Superposition allows the future cover system to be decoupled from the tailings for analysis; 
thus, influx can be modeled as a constant flux over the entire surface area. 

3. Not including hysteresis does not cause significant error in gravity drainage results. 
 
 
Solution 
 
Table 2 shows an interpretation of tailings materials from cone penetration test results and also 
indicates horizontal location of soundings made, surface elevation of the pre-2000 surface, and 
elevations of contacts between various tailings materials computed from depths. When the 
material description includes the number 2, the denoted material has previously occurred in an 
upper layer and is now separated by an interbedded material. From this information a 
mathematical model of the tailings impoundment can be constructed and cross-sections obtained. 
Conceptually, the impoundment can be described as a tailings sand donut surrounding a tailings 
slime center. Three one-dimensional profile sections described below were modeled with 
HYDRUS 1D to gain insight into steady-state drainage conditions of the impoundment. 
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Table 2. CPT Results 
 

   Interface Elevation 1 Depth 

ID Easting Northing 
Pre-2000 
Surface Sand 

Slimey 
Sand Slimey Sand 2 Sandy Slime Sandy Slime 2 Slime Slime 2 Sand

Slimey 
Sand Slimey Sand 2 Sandy Slime Sandy Slime 2 Slime Slime 2

CPT-01 2183182.60 6665516.45 4055.74 - - - 4032.7 - - - - - - 23.0 - - - 
A-7 2183351.26 6665694.75 4056.00 - - - - - - - - - - - - - - 
A-8 2183196.30 6665568.25 4056.00 - - - - - - - - - - - - - - 
A-9 2183041.34 6665441.85 4056.00 - - - - - - - - - - - - - - 
B-4 2183942.66 6665919.00 4052.00 4050.5 - - - - - - 1.5 - - - - - - 
B-5 2183787.69 6665792.60 4052.41 4027.4 4020.4 - - - - - 25.0 32.0 - - - - - 
B-6 2183632.63 6665666.19 4052.28 - 4034.3 - 4020.3 - - - - 18.0 - 32.0 - - - 
B-7 2183477.67 6665539.79 4051.36 - 4046.4 - 4014.4 - - - - 5.0 - 37.0 - - - 
B-8 2183322.71 6665413.29 4051.69 4046.7 - - 4019.7 - - - 5.0 - - 32.0 - - - 
B-9 2183167.74 6665286.88 4053.90 - - - - - - - - - - - - - - 

B-10 2183012.78 6665160.48 4056.49 4048.9 - - - - 4054.5 - 7.6 - - - - 2.0 - 
C-3A 2184224.02 6665890.54 4054.00 4037.4 - - - - - - 16.6 - - - - - - 
C-4 2184069.06 6665764.04 4051.30 - - - 4007.3 - - - - - - 44.0 - - - 
C-5 2183914.10 6665637.64 4047.11 - 3993.1 - 4023.1 - - - - 54.0 - 24.0 - - - 
C-6 2183759.13 6665511.23 4046.58 - - - 4012.6 - 4021.6 4001.6 - - - 34.0 - 25.0 45.0
C-7 2183604.17 6665384.73 4046.38 - - - - - 4011.4 - - - - - - 35.0 - 
C-8 2183449.21 6665258.33 4047.64 4045.1 - - 4018.6 - - - 2.5 - - 29.0 - - - 
C-9 2183294.25 6665131.92 4050.49 - - - - - - - - - - - - - - 

C-10 2183139.29 6665005.52 4056.00 - - - - - - - - - - - - - - 
D-2 2184505.39 6665861.98 4053.73 - 4029.7 - - - 3984.2 - - 24.0 - - - 69.5 - 
D-3 2184350.43 6665735.58 4050.56 - - - 4036.6 - 3984.6 - - - - 14.0 - 66.0 - 
D-4 2184195.46 6665609.08 4043.93 - 4036.9 - 3987.4 - 4009.9 - - 7.0 - 56.5 - 34.0 - 
D-5 2184040.50 6665482.67 4041.68 - 3982.7 - 4034.7 3992.7 4021.7 - - 59.0 - 7.0 49.0 20.0 - 
D-6 2183885.54 6665356.27 4041.65 - 4038.7 - 3999.2 - - - - 3.0 - 42.5 - - - 
D-7 2183730.58 6665229.77 4042.69 - - - 4006.7 - 4022.7 - - - - 36.0 - 20.0 - 
D-8 2183575.61 6665103.36 4045.52 4041.5 - - - - 4015.5 - 4.0 - - - - 30.0 - 
D-9 2183420.65 6664976.96 4050.20 - - - 4040.2 - 4029.7 - - - - 10.0 - 20.5 - 

D-10 2183265.69 6664850.56 4055.96 - - - - - - - - - - - - - - 
E-1 2184786.85 6665833.43 4050.00 - 4047.0 - 3954.0 - - - - 3.0 - 96.0 - - - 
E-2 2184631.89 6665707.02 4047.11 - 4045.1 - 3997.1 - 4001.1 3983.1 - 2.0 - 50.0 - 46.0 64.0
E-3 2184476.93 665580.62 4039.47 - - - 4034.5 - 3984.5 - - - - 5.0 - 55.0 - 

E-4-A 2184321.97 6665454.12 4034.52 - 4030.5 - - - 3985.5 - - 4.0 - - - 49.0 - 
E-5 2184166.90 6665327.71 4033.88 - - - 4031.4 - 3989.9 - - - - 2.5 - 44.0 - 
E-6 2184011.94 6665201.31 4035.10 - - - 4033.6 - 3995.1 - - - - 1.5 - 40.0 - 
E-7 2183856.98 6665074.80 4039.61 - - - 4035.6 - 4000.6 - - - - 4.0 - 39.0 - 
E-8 2183702.02 6664948.40 4043.03 - - - 4039.0 - 4009.0 - - - - 4.0 - 34.0 - 
E-9 2183547.06 6664822.00 4049.70 - - - 4035.7 - 4016.7 - - - - 14.0 - 33.0 - 

E-10 2183392.09 6664695.49 4054.00 - - - - - - - - - - - - - - 
F-1 2184913.26 6665678.46 4051.82 3978.8 - - 4029.8 - 4020.8 - 73.0 - - 22.0 - 31.0 - 
F-2 2184758.30 6665552.06 4042.29 - 4040.3 - - - 3983.3 - - 2.0 - - - 59.0 - 
F-3 2184603.33 6665425.66 4035.09 - - - 4032.1 - 3983.1 - - - - 3.0 - 52.0 - 
F-4 2184448.37 6665299.15 4031.21 - 4027.2 - - - 3982.2 - - 4.0 - - - 49.0 - 
F-5 2184293.41 6665172.75 4030.00 - - - - - 3990.0 - - - - - - 40.0 - 
F-6 2184138.45 6665046.35 4033.08 - - - 4029.1 - 3990.1 - - - - 4.0 - 43.0 - 
F-7 2183983.48 6664919.84 4036.50 - - - 4032.5 - 3992.5 - - - - 4.0 - 44.0 - 
F-8 2183828.52 6664793.44 4040.81 - - - 4037.8 - 4001.8 - - - - 3.0 - 39.0 - 
F-9 2183673.56 6664667.04 4050.17 - 4048.2 - - - 4015.2 - - 2.0 - - - 35.0 - 

F-10 2183518.60 6664540.53 4054.00 4033.0 - - - - - - 21.0 - - - - - - 
G-1 2185039.66 6665523.50 4052.60 - 3978.6 - 4038.6 - - - - 74.0 - 14.0 - - - 
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Table 2. CPT Results (continued) 
 

   Interface Elevation 1 Depth 

ID Easting Northing 
Pre-2000 
Surface Sand 

Slimey 
Sand 

Slimey 
Sand 2 Sandy Slime

Sandy 
Slime 2 Slime Slime 2 Sand 

Slimey 
Sand Slimey Sand 2 Sandy Slime Sandy Slime 2 Slime Slime 2

G-2 2184884.70 6665397.10 4044.56 - 4041.6 - - - 3980.6 - - 3.0 - - - 64.0 - 
G-3 2184729.74 6665270.69 4032.56 - 4028.6 - - - 3982.6 - - 4.0 - - - 50.0 - 
G-4 2184574.78 6665144.19 4030.68 - 4028.7 - - - 3980.7 - - 2.0 - - - 50.0 - 
G-5 2184419.81 6665017.79 4031.14 - 4026.1 - 3988.1 - 3995.6 - - 5.0 - 43.0 - 35.5 - 
G-6 2184264.85 6664891.38 4033.29 - - - - - 3990.8 - - - - - - 42.5 - 
G-7 2184109.89 6664764.88 4036.82 - - - - - 3993.8 - - - - - - 43.0 - 
G-8 2183954.93 6664638.48 4041.60 4038.6 - - - - 3997.1 - 3.0 - - - - 44.5 - 
G-9 2183799.96 6664512.07 4050.82 - - - 4037.8 - 3999.8 - - - - 13.0 - 51.0 - 
G-10 2183645.00 6664385.57 4054.00 4046.0 - - - - - - 8.0 - - - - - - 
H-1 2185166.17 6665368.54 4052.00 - 4037.0 - - - - - - 15.0 - - - - - 
H-2 2185011.20 6665242.14 4048.92 - 3998.9 - 3975.4 - - - - 50.0 - 73.5 - - - 
H-3 2184856.14 6665115.73 4036.95 4035.0 - - 3978.0 - 3997.0 - 2.0 - - 59.0 - 40.0 - 
H-4 2184701.18 6664989.23 4030.89 - - - - - 3979.9 - - - - - - 51.0 - 
H-5 2184546.22 6664862.82 4031.07 - - - - - 3983.1 - - - - - - 48.0 - 
H-6 2184391.25 6664736.42 4032.42 - - - - - 3987.4 - - - - - - 45.0 - 
H-7 2184236.29 6664609.92 4037.24 - - - 4030.7 - 3989.7 - - - - 6.5 - 47.5 - 
H-8 2184081.33 6664483.50 4040.76 - 4035.8 - - - 3992.8 - - 5.0 - - - 48.0 - 
H-9 2183926.37 6664357.11 4050.92 4048.9 - - 4013.4 - 3993.9 - 2.0 - - 37.5 - 57.0 - 

H-10 2183771.41 6664230.61 4056.00 4049.0 - - - - - - 7.0 - - - - - - 
I-2 2185137.61 6665087.17 4051.66 - 4026.7 - 3971.7 - - - - 25.0 - 80.0 - - - 
I-3 2184982.64 6664960.77 4043.55 - - - 3980.6 - 3994.6 - - - - 63.0 - 49.0 - 
I-4 2184827.68 6664834.27 4034.89 - - - - - 3979.9 - - - - - - 55.0 - 
I-5 2184672.72 6664707.86 4032.08 - - - - - 3979.1 - - - - - - 53.0 - 
I-6 2184517.76 6664581.46 4034.17 - - - - - 3977.5 - - - - - - 56.7 - 
I-7 2184362.80 6664454.96 4037.72 - - - 4033.7 - 3984.7 - - - - 4.0 - 53.0 - 
I-8 2184207.83 6664328.55 4043.63 4039.6 3985.6 - - - - - 4.0 58.0 - - - - - 
I-9 2184052.87 6664202.15 4051.56 - 4014.6 - - - 3991.1 - - 37.0 - - - 60.5 - 

I-10 2183897.91 6664075.65 4054.02 4047.5 0.0 - - - - - 6.5 - - - - - - 
J-2 2185264.01 6664932.21 4052.00 - 4008.0 3967.0 - - 4005.0 - - 44.0 85.0 - - 47.0  
J-3 2185109.05 6664805.81 4046.64 - 4015.6 - 4044.6 - 4027.1 3975.6 - 31.0 - 2.0 - 19.5 71.0
J-4 2184954.09 6664679.30 4040.00 - 4038.0 - 3972.0 - 3980.0 - - 2.0 - 68.0 - 60.0 - 
J-5 2184799.12 6664552.90 4036.00 - - - - - 3977.0 - - - - - - 59.0 - 
J-6 2184644.16 6664426.50 4038.00 - - - - - 3979.0 - - - - - - 59.0 - 
J-7 2184489.20 6664299.99 4042.00 - - - - - 3977.0 - - - - - - 65.0 - 
J-8 2184334.24 6664173.59 4045.80 - 4042.8 - 4008.8 - 3979.3 - - 3.0 - 37.0 - 66.5 - 
J-9 2184179.27 6664047.19 4051.98 - 4049.0 - - - 3984.0 - - 3.0 - - - 68.0 - 
J-10 2184024.31 6663920.68 4053.96 - - - - - - - - - - - - - - 
K-2 2185390.41 6664777.25 4052.29 - 4031.6 - 4050.8 - - - - 20.7 - 1.5 - - - 
K-3 2185235.45 6664650.84 4050.35 - 4037.4 3965.4 4048.4 4012.4 - - - 13.0 85.0 2.0 38.0 - - 
K-4 2185080.49 6664524.34 4046.53 - - - - - 3961.5 - - - - - - 85.0 - 
K-5 2184925.53 6664397.94 4045.91 - - - 4043.9 3969.4 3995.9 - - - - 2.0 76.5 50.0 - 
K-6 2184770.56 6664271.53 4045.43 - - - 4013.9 3970.4 3980.4 - - - - 31.5 75.0 65.0 - 
K-7 2184615.60 6664145.03 4044.54 - 4041.5 3991.5 - - 3998.5 3971.5 - 3.0 53.0 - - 46.0 73.0
K-8 2184460.64 6664018.63 4045.86 - - - 4042.9 4010.9 4026.9 3997.4 - - - 3.0 35.0 19.0 48.5
K-9 2184305.68 6663892.22 4052.13 - 4042.1 - 4046.1 3975.1 - - - 10.0 - 6.0 77.0 - - 

K-10 2184150.72 6663765.72 4051.35 - - - - - - - - - - - - - - 
L-2 2185516.92 6664622.29 4043.85 - - - - - - - - - - - - - - 
L-3 2185361.95 6664495.88 4054.00 - 4043.0 - 4050.0 - - - - 11.0 - 4.0 - - - 
L-4 2185206.99 6664369.38 4052.09 - 3960.6 - - - - - - 91.5 - - - - - 
L-5 2185052.03 6664242.98 4052.96 - 3983.0 3960.5 3977.0 - - - - 70.0 92.5 76.0 - - - 
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Table 2. CPT Results (continued) 
 

   Interface Elevation 1 Depth 

ID Easting Northing 
Pre-2000 
Surface Sand 

Slimey 
Sand 

Slimey 
Sand 2 Sandy Slime

Sandy 
Slime 2 Slime Slime 2 Sand 

Slimey 
Sand Slimey Sand 2 Sandy Slime Sandy Slime 2 Slime Slime 2

L-6 2184897.07 6664116.57 4051.42 - 4045.4 - 4015.4 3963.9 4006.4 - - 6.0 - 36.0 87.5 45.0 - 
L-7-A, -B 2184742.11 6663990.07 4050.00 - 4047.5 - 3980.0 - - - - 2.5 - 70.0 - - - 

L-8 2184587.14 6663863.67 4050.00 - 4047.0 - 3963.5 - - - - 3.0 - 86.5 - - - 
L-9 2184432.18 6663737.26 4054.00 - 4015.0 - 4002.0 - 4012.0 3969.0 - 39.0 - 52.0 - 42.0 85.0
L-10 2184277.22 6663610.76 4045.26 - - - - - - - - - - - - - - 
M-6 2185023.47 6663961.61 4056.00 4024.0 3961.0 - - - - - 32.0 95.0 - - - - - 
M-7 2184868.51 6663835.11 4053.55 - 3958.6 - - - - - - 95.0 - - - - - 
M-8 2184713.55 6663708.70 4052.00 - 3987.0 - 3959.0 - - - - 65.0 - 93.0 - - - 
M-9 2184558.58 6663582.30 4052.00 - - - 4047.0 - - - - - - 5.0 - - - 

                  
1 adjusted to NAVD 1988 and modified State Plane Coordinates, Moab 1983, Utah Central Zone 
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Figure 2 shows cross-section A – A' taken through CPT soundings B6 to M6, revealing tailings 
material separations and the approximate installation depth of vertical drains. Two representative 
tailings profiles are taken from this cross-section: (1) an average slime thickness is 
approximately 18 m (60 ft) over a sandy alluvium, and (2) at M6, approximately 9.7 m (32 ft) of 
tailings sand overlies approximately 19 m (63 ft) of sandy slimes, which overlies the sandy 
alluvium. A third profile taken off the cross-section B6 to M6 at CPT location L4 consisting of a 
sandy section, with approximately 21 m (70 ft) of slimy sand over the alluvium. The two sandy 
profiles were analyzed to determine how the percentage of the tailings sands affect drainage. 
 
Gravity Drainage 
 
Results of particle-size testing performed by SRK were reviewed, and samples were divided into 
the tailings categories shown in Table 3 of the twenty-two samples tested, 4 are of underlying, 
native alluvial materials, 13 (72 percent) are slimes, 3 (17 percent) are sand, and 2 (11 percent) 
are slimy sands. 
 

Table 3. Tailings Particle-Size Distribution 
 

Sample ID Depth (ft) Percent 
sanda Percent Silt Percent Clayb Tailings or Soil 

Classificationc 
AR7 10 – 15 15 74 11 SL 
AR8 10 – 25 22 60 18 SL 
AR4s 15 – 25 6 59 35 SL 
AR5 20 – 24 14 83 3 SL 
AR6 25 – 30 89 10 1 S 

AR10 25 – 37 67 27 6 SL - S 
AR9 2.5 – 5.0 87 10 3 S 
AR4 40 – 44 1 60 39 Native ML 
AR4 45 – 46 3 89 8 Native ML 
AR5 50 – 55 10 89 1 SL 
AR4 50 – 65 78 17 5 Native SP 
AR9 5 – 25 8 86 6 SL 
AR2 5.5 – 10 15 66 19 SL 
AR6 55 – 60 0 95 5 SL 
AR7 60 – 65 86 10 4 Native SP 
AR3 6 – 10 12 74 14 SL 
AR5 0 – 1 10 75 15 SL 
AR1 10 – 15 9 77 14 SL 

AR10 60 – 64 0 63 37 SL 
AR3 25 – 30 73 27 0 S 
AR5 40 – 45 5 55 40 SL 
AR9 60 – 65 70 28 2 SL - S 

aCoarser than No. 200 sieve (75 µm size) 
bFiner than 2 µm 
cSL = slimes; SL-S = slimy sand; S = sand; ML = low plasticity silt ; SP = poorly graded sand 
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Figure 2. Cross-Section Through Tailings Pile 
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An average particle-size distribution for the tailings categories sampled was computed before 
determining SMC data. These data are shown in Table 4. Because no sandy slimes were 
analyzed, an arbitrary particle-size split was assigned in this group. SMC data presented in 
Table 4 include the residual volumetric water content Θr, the saturated volumetric water content 
Θs, curve-fitting parameters α and n, and the saturated hydraulic conductivity Ks. Volumetric 
water content and n are unitless; α is per centimeter and Ks is centimeters per day. Because of the 
lack of in situ moisture values, drainage from the impoundment was simulated assuming all 
materials are initially saturated. 
 

Table 4. Average Particle-Size Distribution with SMC Data (from Rossetta ver. 1.1, 1999) 
 

Material Percent 
Sand 

Percent 
Silt 

Percent 
Clay Θr Θs 

Log α  
(cm–1) Log n Log Ks 

(cm/day) 
Sand 83 16 1 0.0344 0.3934 –1.3230 0.2907 2.1883 
Slimy Sand 68 28 4 0.0307 0.3951 –1.4244 0.1568 1.8247 
Sand – Slimes 35 53 12 0.0504 0.4090 –2.2675 0.2127 1.5015 
Slimes 10 73 17 0.0707 0.4532 –2.2691 0.2171 1.2338 

*Assigned arbitrarily because no data was available. 
 
Annual precipitation for the site is 9 inches (Ashcroft et al., 1992), which is conservatively 
simulated by applying a constant influx of 5 H 10–7 cm sec–1. This influx corresponds to an 
infiltration rate of approximately 70 percent of annual precipitation, which has been measured in 
arid conditions for a sandy soil (Gee et al. 1994). Other influxes including 10–7 cm sec–1,  
10–8 cm sec–1, and 10–9 cm sec–1 were also simulated to determine allowable cover flux for cover 
design. Copies of output files are provided in Appendix A. 
 
Figures 3, 4, and 5 are plots of gravity drainage computed with HYDRUS 1D with respect to 
time for profile 1, an average slime thickness of approximately 60 ft (1,830 cm) over a sandy 
alluvium slime section; for profile 2, at M6 tailings profile consisting of approximately 32 ft 
(970 cm) of tailings sands overlying approximately 63 ft (1,920 cm) of sandy slimes over the 
sandy alluvium; and at profile 3, a sand section that has approximately 70 ft (2,130 cm) thick of 
slimy sand over alluvium. Tabular results are presented in Tables 5, 6 and 7, respectively. The 
HYDRUS 1D computer program computes a unit drainage in units of length with respect to time. 
To convert to a volumetric drainage value, the drainage footprint must be applied. Drainage from 
the slimes region is multiplied by 1,473,150 ft2, and drainage from sandy regions is multiplied by 
3,628,894 ft2. These footprint areas are determined by approximating a slimes boundary from 
data in Table 2, with the sand footprint as the remainder of the impoundment area and sands 
extending to the approximate outslope midpoint. 
 
Consolidation 
 
A certain amount of consolidation has occurred after initial reclamation efforts by 
PricewaterhouseCoopers, and accelerated after installation of the vertical drains into the slime 
layer. Henderson et al. (2002) sampled the slimes and determined in situ consolidation properties 
before applying any surcharge loading. The Henderson 2002 study estimated total settlement of 
the slimes to be approximately 2.5 meters (8.2 ft) under loading from the final cover. In June 
2001, a survey of three points on the tailings surface was performed and one point indicated that 
the tailings had settled approximately 1.3 meters (4.3 ft) after vertical drain installation and 
loading. This relates to approximately 50 percent consolidation after about 6 months.  
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Figure 3.  Profile 1: Steady-State Drainage—Slime, Sandy Alluvium 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.  Profile 2: Steady-State Drainage—Sand, Sandy-Slime, Sand, Alluvium 
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Figure 5.  Profile 3: Steady-State Drainage—Slimy Sand, Sand, Alluvium 
 

Table 5. Gravity Drainage from Profile 1: Slimes over Alluvium 
 

 

time (yr) 0 1E-09 1E-08 1E-07 5E-07
0.2 323.20 323.20 325.37 325.37 325.37
0.4 160.73 160.73 160.73 160.73 161.82
0.6 91.10 90.89 90.45 90.45 92.19
0.8 72.01 72.23 72.23 72.23 73.10

1 53.79 53.79 53.79 53.79 55.53
2 24.29 24.29 24.29 24.51 26.46
4 10.28 10.26 10.30 10.56 12.95
6 5.51 5.53 5.57 6.14 11.34
8 4.03 4.03 4.03 4.32 11.02

10 3.21 3.21 3.28 3.84 10.82
20 1.31 1.31 1.36 2.34 10.85
40 0.51 0.51 0.55 2.17 10.89
60 0.29 0.29 0.39 2.17 10.85
80 0.20 0.20 0.30 2.16 10.80

100 0.16 0.16 0.25 2.17 10.80
200 0.06 0.07 0.22 2.16 10.82
400 0.03 0.04 0.22 2.17 10.89
600 0.02 0.03 0.22 2.16 10.89
800 0.01 0.03 0.22 2.17 10.89

1000 0.01 0.02 0.22 2.16 10.82
a used a slime footprint of 1,473,150 ft2

flux out (gpm)a
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Table 6. Gravity Drainage from Profile 2: Sand, Sandy Slime over Alluvium 
 

 
Table 7. Gravity Drainage from Profile 3: Slimy Sands over Alluvium 

 

 

time (yr) 0 1E-09 1E-08 1E-07 5E-07
0.2 927.66 927.66 927.66 929.74 927.66
0.4 434.15 434.15 434.15 434.41 434.76
0.6 257.27 256.65 257.27 256.48 256.65
0.8 186.15 186.15 186.15 185.95 186.15

1 140.39 140.39 140.39 140.00 140.39
2 60.38 60.38 60.38 60.36 61.41
4 25.11 25.11 25.11 25.17 30.49
6 14.32 14.32 14.37 14.84 27.58
8 9.94 9.94 9.99 10.45 27.27

10 7.69 7.69 7.75 8.66 27.27
20 3.07 3.10 3.13 6.43 27.27
40 1.21 1.29 1.70 6.43 27.27
60 0.69 1.13 1.70 6.43 27.27
80 0.49 1.13 1.69 6.43 27.27

100 0.39 1.13 1.69 6.43 27.27
200 0.17 1.13 1.69 6.43 27.27
400 0.08 1.13 1.69 6.43 27.27
600 0.06 1.13 1.69 6.43 27.27
800 0.05 1.13 1.69 6.43 27.27

1000 0.05 1.13 1.69 6.43 27.27
a used a sandy tailings footprint of 3,628,894 ft2

flux out (gpm)a

time (yr) 0 1.00E-09 1.00E-08 1.00E-07 5.00E-07
0.2 630.81 630.81 636.99 636.99 636.99
0.4 313.55 313.55 330.25 330.25 330.87
0.6 197.28 197.28 200.99 200.99 201.61
0.8 134.82 134.82 144.10 144.10 145.33
1.0 108.85 108.85 110.08 110.08 110.70
2.0 51.76 51.76 53.62 53.80 55.29
4.0 23.07 23.07 24.30 24.74 29.50
6.0 14.04 14.04 14.47 14.78 27.03
8.0 9.90 9.90 10.39 11.01 26.84

10.0 7.61 7.61 7.85 8.41 26.84
20.0 3.46 3.46 3.51 5.59 26.84
40.0 1.50 1.51 1.58 5.44 26.84
60.0 0.92 0.92 1.02 5.44 26.84
80.0 0.65 0.66 0.80 5.44 26.84

100.0 0.50 0.51 0.68 5.44 26.84
200.0 0.22 0.23 0.59 5.44 26.84
400.0 0.09 0.11 0.59 5.44 26.84
600.0 0.06 0.08 0.59 5.44 26.84
800.0 0.04 0.08 0.59 5.44 26.84

1000.0 0.03 0.08 0.59 5.44 26.84
a used a sandy tailings footprint of 3,628,894 ft2

flux out (gpm)a
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Henderson et al. (2002) projected settlement to December 2003. Based on that projection, 
approximately 80 percent  (5.0 ft) of the consolidation settlement should have occurred by 
December 2002. However, surface surveys performed by DOE in May 2002 show that 
settlements range up to 2 meters (6.5 ft) in some areas, although the average settlement is 
0.84 meter (2.8 ft) after vertical drain installation. Figure 6 is a contour plot of the approximate 
extent of settlement determined in May 2002, and represents a settlement volume of 92,974 yd3 
(71,032 m3). The average settlement relates to a degree of consolidation in 2.5 years of 
 
 U (%) = 0.84 m/2.5 m = 34%, (3) 
 
which is considerably less than the degree of settlement predicted in Henderson et al. (2002), 
although the tailings had consolidated for an extra year. 
 

Pore pressures read from vibrating wire piezometers installed in the slimes also indicate that 
consolidation is still continuing. Figure 7 is a plot of average pore pressures with respect to 
installation depth for the tailings piezometers. Pore pressure is reported as feet of water and 
centimeters of water. The predicted steady-state pore pressure line shown on the plot assumes a 
constant influx of 5 H 10–7 cm sec–1. Over the long-term, this approximate pressure distribution 
will exist within the slimes if current conditions continue. Consolidation will continue until the 
steady-state pressure is reached as saturated and unsaturated consolidation. Saturated 
consolidation occurs until the pore pressures reach zero gauge pressure. If pore pressures drop 
below zero gauge, unsaturated consolidation occurs until the steady-state pressure is achieved. 
This type of saturated/unsaturated, drainage-consolidation phenomenon controls an initially 
saturated fine-grained soil perched above the water table and is described by Terzaghi (1943). 
This is similar to the condition in the impoundment. 
 
The change in pore pressure (u) with respect to time for vibrating wire piezometers installed at 
approximately 20, 40, and 60 ft into the tailings are presented on Figures 8-10. Shown on the 
plots are changes computed from the initial reading. Also shown are regressed lines representing 
trends in the data. Significant breaks in the data occur for wells 416 and 446. Both wells were 
installed in the same location. Some unknown transient pressure may have caused this 
discontinuity. Nevertheless, the trend of decreasing pore pressure continues at the same 
approximate rate. 
 
Figure 7 indicates that at a depth of about 20 ft, about 15 ft of excess pore pressure exists before 
unsaturated consolidation will begin. Figure 8 shows a plot of the change in pore pressure, 
expressed in feet of water with respect to time, for piezometers installed about 20 ft into the 
slimes. This figure indicates a decreasing pore pressure of approximately 0.008 ft per day. 
Figure 7 indicates that at a depth of about 40 ft, 20 to 40 ft of excess pressure exists. Figure 9 
shows a plot of the change in pore pressure with respect to time for piezometers at a depth of 
about 40 ft. All piezometers installed at this depth indicate a decreasing pore pressure around 
0.013 ft per day. At the base of the slimes, some areas are consolidated, while at other locations 
excess pressures of more than 100 ft of water remain. Figure 10 shows the change in pore 
pressure with respect to time for these piezometers and indicates that in consolidated zones, little 
change in pore pressure is occurring. The most rapid change, 0.114 ft per day, occurs at 
piezometer 447, which has around 100 ft of excess pore pressure. 
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Figure 6.  Settlement Contours After Installation of Vertical Drains, May 2002 
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Figure 7.  Pore Pressures in Tailings, November 19, 2002 
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Figure 8.  Measured Pore Pressure Changes With Time, 20-Foot Installation Depth 
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Figure 9.  Measured Pore Pressure With Time, 40-Foot Installation Depth 
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Figure 10.  Measured Pore Pressure With Time, 60-Foot Installation Depth 
 
 
 
 

8/
22

/0
2 

15
:5

9

8/
30

/0
2 

15
:5

9

9/
7/

02
 1

5:
59

9/
15

/0
2 

15
:5

9

9/
23

/0
2 

15
:5

9

10
/1

/0
2 

15
:5

9

10
/9

/0
2 

15
:5

9

10
/1

7/
02

 1
5:

59

10
/2

5/
02

 1
5:

59

11
/2

/0
2 

15
:5

9

11
/1

0/
02

 1
5:

59

11
/1

8/
02

 1
5:

59

DATE

-10.0

-8.0

-6.0

-4.0

-2.0

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

18.0

20.0

∆u
 (F

E
E

T 
FR

ES
H

 W
A

TE
R

)

#446 [∆u = -0.0577 t + C ]
#447 [∆u = -0.1138 t + C ]
#448 [∆u = -0.0013 t + C ]



  Document Number X0025700 
 

 
DOE/Grand Junction Office  Tailings Seepage 
January 2003  Page 21 

Pore pressure measurements indicate that excess pore pressures still exist after the time the 
vertical drains should have consolidated the slimes according to initial estimates (see Henderson 
et al. 2002). One reason may be that the drains may have become plugged or smeared with the 
fine-grained slimes during installation and are no longer working as effectively (Atkinson and 
Eldred 1982). Therefore, the time factor for consolidation will be reanalyzed as if the slimes are 
behaving as a single soil unit with consolidation initially controlled by double drainage out the 
top and bottom of the unit. As pore pressures dissipate, drainage will flow only out the bottom of 
the unit. This type of consolidation/drainage of a fine-grained soil resting on a sand bed is 
discussed by Terzaghi (1943). For comparison, the time factor will also be analyzed assuming 
radial consolidation is occurring as controlled by the horizontal distance between vertical drains 
possessing a reduced hydraulic conductivity. Both relationships between Tv and U are presented 
in Figure 11 and Figure 12. 
 
 

 
Figure 11.  Tv vs U Percent for Fine-Grained Soil (ref. Terzaghi, 1943 p. 283) 

 
 

 
 

Figure 12.  Tv vs U Percent For Soil With Vertical Drains (ref. Atkinson and Eldred, 1982 p. 35) 
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Using Figure 11 for the drainage condition of a fine-grained soil resting on permeable sand, one 
can relate Tv to U by selecting a point between the curve C1 and C2, depending on how much of 
the drainage is expected to occur from the base of the fine-grained unit. The greater the degree of 
drainage is out the base, the closer to C2 one should select when using the plot. For the 
impoundment, with the vertical drains installed and working to some degree, drainage is 
probably out both top and bottom, and the C1 curve is applicable. Thus, for a U value of 
34 percent, Tv value of 0.1 is selected. Alternatively, use of Figure 12 for the relationship 
between Tv and U for vertical drains depends on the drain geometry expressed by the factor n. 
 
Computation of n follows formulations presented by Atkinson and Eldred (1982) that are 
provided in Appendix B. A value of 48 is computed for n, using the drain geometry previously 
mentioned. Applying a value of 34 percent for U and 48 for n produces a value of Tv of 0.14. 
 
The coefficient of consolidation can now be computed for actual field conditions using the 
values for Tv and equation (2). Coefficient of consolidation values of 0.079 ft2 day–1 and  
3.7 H 10–3 ft2 day–1 are computed respectively for the double draining soil and for vertical 
drainage conditions. Rearranging Equation (2) to solve for time results in time to achieve 
90 percent consolidation, using the computed coefficients of consolidation of approximately 
27 years and 15 years respectively for both conditions. 
 
The consolidation-drainage rate can be estimated by selecting a series of Tv values from Figures 
11 and 12 and reading the corresponding value of U.  Settlement times for each value of U are 
computed from Equation (2) knowing Cv. This is done for both consolidation conditions in 
Table 8 and Table 9 and shown in Figure 13. 
 

Table 8. Slimes Vertical Drains 
 

Time Drainage Rate Th U 
Percent 

ρ 
(ft) Days Years

Volume 
(gallons) gal yr–1 gal/min @ time (yr) 

0.9 90 5.9 5,859 16.1 44.2    

0.8 87 5.7 5,208 14.3 42.7 0.83 2.31 15.2 

0.7 83 5.4 4,557 12.5 40.7 1.10 3.09 13.4 

0.6 78 5.1 3,906 10.7 38.3 1.38 3.86 11.6 

0.5 72 4.7 3,255 8.9 35.3 1.65 4.63 9.8 

0.4 64 4.2 2,604 7.1 31.4 2.20 6.17 8.0 

0.3 54 3.5 1,953 5.4 26.5 2.75 7.71 6.2 

0.2 41 2.7 1,302 3.6 20.1 3.58 10.03 4.5 

0.1 25 1.6 651 1.8 12.3 4.40 12.34 2.7 
H = length of drainage path (meters) = 1.5 
Cv = coefficient of consolidation (ft2 day–1) = 3.72 H 10–3 
ρT = total settlement (meters) = 2 
ρ = settlement 
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Table 9. Slimes—Double Drainage 
 

time Drainage Rate 
Th U 

Percent 
ρ  
(ft) days years

Volume 
(gallons) gal yr–1 gal/min @ time (yr)

0.9 96 6.3 10,266 28.1 47.1    
0.8 93 6.1 9,125 25.0 45.6 0.47 1.32 26.6 
0.6 86 5.6 6,844 18.8 42.2 0.55 1.54 21.9 
0.4 74 4.9 4,563 12.5 36.3 0.94 2.64 15.6 
0.3 66.5 4.4 3,422 9.4 32.6 1.18 3.30 10.9 
0.2 52.6 3.5 2,281 6.3 25.8 2.18 6.12 7.8 
0.08 34 2.2 913 2.5 16.7 2.43 6.82 4.4 

H = length of drainage path (meters) = 30 
Cv = coefficient of consolidation (ft2 day–1) = 7.89 H 10–3 
ρT = total settlement (meters) = 2 
ρ = settlement 

 
The approximate volume of water to be expelled during the 2.5 years after installation of the 
vertical drains is estimated from the settlement volume of 92,974 yd3, is 18,777,000 gallons. This 
corresponds to an average consolidation-drainage rate of approximately 14 gal/min. This 
drainage rate approximates and verifies drainage rates presented in Table 8, suggesting the 
vertical drains are governing the consolidation process. Current dewatering efforts pump 
approximately 1.0 gal/min from the upper portion of the vertical drains. These efforts began in 
January 2002. 
 
 
Conclusions and Recommendations 
 
Review of Table 6, Table 7, Figure 4 and Figure 5 in this analysis suggests 
 
• Sandier tailings drain water approximately 3 times faster than slimes tailings. 
• Sandy tailings behave in a similar hydraulic fashion after approximately 4 years after initial 

saturation. 
• Assuming tailings deposition ceased approximately 15 years ago, flux from sandy tailings 

has reached a steady-state condition. Influx to the impoundment is a function of the climate. 
Under the current annual precipitation of approximately 9 inches produces an approximate 
influx between 1 H 10–7 cm sec–1 to 5 H 10–7 cm sec–1. 

 
Review of Table 5, Table 8, Table 9, Figure 3 and Figure 13 suggests 
 
• Consolidation of slimes will produce greater outflow water compared to gravity drainage for 

15 to 20 years after installation of vertical band drains. 
• Consolidation flux from the slimes is approximately 12 gal/min currently and will decrease 

to approximately 2 gal/min in the next 15 to 20 years as shown on Figure 13. 
• Consolidation flux from slime materials is predicted to be complete in 15 to 20 years and 

stead-state drainage will control. 
• Total flux from the impoundment can be estimated by computing a weighted mean of fluxes 

from individual material footprints.  
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Figure 13.  Slime Drainage With Predicted Consolidation Drainage 
 
 
• Long-term flux from the tailings will be limited to the influx through the cover system. 

Tables 5 through 7 and Figures 3 through 5 provide design values. 
 
Absolute drainage predictions were made conservatively assuming the tailings were saturated. 
More accurate predictions could be made based on in situ moisture values of the tailings. In situ 
moisture values would also provide sufficient input data for use of a more rigorous 2-
dimensional finite-element drainage analysis. Installation of a series of neutron monitoring tubes 
will allow real-time moisture contents to be obtained and a more rigorous drainage evaluation 
performed. 
 
Time to complete consolidation of slime tailings can be accelerated by increasing the surcharge 
load or by some method that increases the rate of pore water extraction. 
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Appendix A 
 

Output Files





























































































































































































































   

 

Appendix B 
 

Hand Calculations 
 

– Vertical Drains, n Computation 
– ACAD Volume and Area, Settlement, May 2002 
– Time Factors, Radial Consolidation, Double Drainage 
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