
1 INTRODUCTION 
 
Considerable segregation can take place in materials that are end-dumped onto a waste-rock 
pile. The process of creating a slope by dumping waste rock materials from the crest of the slope 
creates a multi-layer structure within the waste rock dump. The random dumping process can re-
sult in layers of fine and coarse materials coming to rest at roughly the angle of repose. This is 
similar to the stratification found in soil layers laid down by wind or water. 

The waste rock at the Goat Hill North rock pile consists of multiple layers of fine and coarse 
materials. This paper presents several multi-layer numerical models which were created to study 
the flow of water through the waste rock material.   

2 OBJECTIVE 

The objective of this numerical study is to investigate the possibility of preferential flow of wa-
ter in the coarse materials and the fine materials. Specific objectives include the following: 

 Determination of the soil parameters that produce preferential flow in coarse and fine 
layers. 

 Determination of the relative flows through coarse and fine layers. 
 Estimation of saturation and volumetric water contents in the fine and coarse layers. 
 To describe the change in the flow regime between a homogenous system and a multi-

layered system. 
 Determine the reasonable layer thickness which may be used in the further numerical 

modeling. 
In order to achieve the above objectives, the multi-layer seepage modeling was implemented 

in two steps: 
 Step #1: Perform primary seepage modeling using different model scales with previous-

ly used soil parameters. 

Modeling of Seepage through Segregating Waste Rock:  Part I  

 
 

M. D. Fredlund & R. C. Thode 
SoilVision Systems Ltd., Saskatoon, SK, Canada 
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scenarios.  The relative influence of each parameter on the overall regime was studied.  



 Step #2: Perform a sensitivity study using different soil parameters. 

3 PRIMARY SEEPAGE MODELING 

Primary seepage modeling is performed to determine effects of various seepage model parame-
ters on the flow of water through a multi-layer model. Due to the scale of the actual slope and 
the complexity of the geometry, three levels of model geometries were implemented in this 
study: i) a small sub-domain model, ii) a large sub-domain model, and iii) a full scale model 
(Figure 1). In the primary study, soil parameters are the same as the soil parameters used in a 
previous phase of seepage modeling. The following four sets of seepage models were imple-
mented in this primary study: 

 Set P1: Includes twelve computer runs on small sub-domain models with different 
soil parameters and applied surface fluxes. The series of computer runs were per-
formed to determine the effect of the soil parameters and surface fluxes on flow in 
the gravel and sand layers. 

 Set P2: Includes 5 computer runs on small sub-domain models with different layer 
thickness to study the effect of the layer thickness on flow through the multi-layer 
model. 

 Set P3: A large sub-domain model is performed. The model results are used to com-
pare with that of small sub-domain model to study the sensitivity of the size of the 
model. 

 Set P4: A full-scaled model was performed. Similar to set P3, the model results are 
used to study the sensitivity to the size of the model 

3.1 Study effects of soil parameters and surface flux (P1) 

A series of small-scale steady-state models were run to study the effect of net surface flux and 
soil parameters on the flow of water in the waste rock slope. Details of the model geometry, soil 
parameters, boundary conditions, and model results are described in the following sections.  
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Figure 1 Schematic illustration of the full and 2 sub-domain models 

3.1.1 Model Geometry 
 
The small sub-domain model has 10 sandwich layers of sand and gravel (Figure 2). The thick-
ness of each layer is 0.5 m. The surface layer of the model is assumed to be gravel. In order to 
avoid the concentration of water flow on the bottom layer (i.e., as described in the large-scaled 
transient model), a triangular soil region was added to the right side of the model. The triangular 



(i.e., blue) region can be either sand or gravel and the effect of soil type variation is examined in 
this model. 
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Figure 2 Geometry of the small sub-domain multi-layer model with layer thickness of 0.5 m. 

3.1.2 Soil Parameters 
 
There are three sets of soil parameters used in this modeling study: 

i. Base case soil parameters: The base cases for sand and gravel used in the original 
study were used. 

ii. One standard deviation difference: In this case, an attempt was made to produce as 
much differential flow as possible. Soil parameters in the gravel and sand were changed 
so that gravel tended towards a coarser material and sand tended towards a finer materi-
al. The following four soil parameters were changed by one standard deviation for both 
sand and gravel: a) Saturated volumetric water content; b) Air-Entry Value; c) Saturated 
hydraulic conductivity; and d) Slope of the unsaturated hydraulic conductivity curve. 
The other two soil parameters were kept the same (i.e., residual water content and resid-
ual soil suction) and it was assumed that the residual parameters would not significantly 
affect the flow of water in the soil. 

iii. One standard deviation difference for the slope of unsaturated hydraulic conductivity: 
In the last set of soil parameters, the slope of the unsaturated soil parameters was studied 
since this soil property has the most effect on the flow of water in the soil. The slope of 
the unsaturated hydraulic conductivity for the gravel was chosen as the mean value plus 
one standard deviation, while the mean value minus one standard deviation was chosen 
for the sand. 

Soil parameters for the sand and gravel for the three sets of model soil parameters are pre-
sented in Table 1. Plots of the soil-water characteristic curves, SWCCs, and the unsaturated hy-
draulic conductivity curves for the three sets of soil parameters are shown in Error! Reference 
source not found., Error! Reference source not found., and Error! Reference source not 
found., respectively.  

 
Table 1 Summary of 3 sets of soil parameters for the gravel and sand  

Soil parame-
ters 

Base case: mean soil pa-
rameters values for sand 
and gravel 

One SD difference: Gravel 
towards coarse, sand to-
wards fine

Only slope kunsat: Gravel kun-

sat slope+SD, Sand kKunsat 
slope-SD 

Sand Gravel Sand Gravel Sand Gravel
s 0.302 0.302 0.253 0.351 0.302 0.302



ae, AEV 
(kPa) 1.64 0.408 2.913 0.199 0.4087 1.64
r 0.133 0.104 0.133 0.104 0.104 0.133
r (kPa) 31.33 2.2 31.33 2.2 2.2 31.33
ksat (m/day) 1.469 7.1 0.369 143.84 7.1 1.469
Slope of kunsat 2.83 2.83 1.863 3.797 2.83 2.83
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Figure 3 Soil-water characteristic curves for sand and gravel used in the numerical modeling of the multi-
layer systems 

 

1.0E-9

1.0E-8

1.0E-7

1.0E-6

1.0E-5

1.0E-4

1.0E-3

1.0E-2

1.0E-1

1.0E+0

1.0E+1

1.0E-2 1.0E-1 1.0E+0 1.0E+1 1.0E+2 1.0E+3 1.0E+4 1.0E+5 1.0E+6

Soil suction (kPa)

H
yd

ra
u

lic
 c

on
d

uc
tiv

ity
 (

m
/d

ay
) 

Gravel (Base case)

Sand (Base case)

Gravel (Kun slope + SD)

Sand (Kun slope - SD)

 
Figure 4 unsaturated hydraulic conductivity functions for the Sand and Gravel for the base case and one 
standard deviation for all soil parameters 
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Figure 5 unsaturated hydraulic conductivity functions for the Sand and Gravel for base case and one 
standard deviation for kunsat slope. 

 
There are a combination of three sets of soil parameters for gravel and sand: two cases for soil 

parameters of the triangular region and two cases for the surface flux (i.e., 0.3 mm and 0.5 mm) 
result in 12 computer runs for the small sub-domain multi-layer model. 

3.1.3 Initial boundary conditions 
 
A soil suction of 90 kPa was set for the entire soil model as the initial condition. A constant flux 
of either 0.3 mm or 0.5 mm of water was applied at the ground surface. The right edge of the 
model was set as a “no flow” boundary condition. The water table (i.e., pressure head = 0.0 m) 
was assumed to be at the bottom edge of the model. 

 

3.1.4 Results and discussion 
 
Two flux sections were added to the models to monitor the amount of water flowing through the 
sand and gravel layers (Figure 2). Flux sections #1 were used to measure the amount of water 
flowing through the sand and gravel layer at the middle of the model (i.e., elevation of 5.0 m). 
Flux section #2 was used to measure the amount of water flowing through the sand and gravel at 
an elevation of 2.5 m above the bottom of the model.  

Plots of the pore-water pressures and degrees of saturation for various computer runs are 
shown in Figure 6 to Figure 15. In these computer runs, soil suctions in the model were in the 
range from 5 kPa to 90 kPa.   

A summary of two flux sections for the twelve computer runs is presented in Table 2 and Ta-
ble 3. The percentages of water flow through the five layers of sand and through the five layers 
of gravel at two flux sections were calculated for each run. The results showed that there is no 
preferential flow at the base case of soil parameters.  

The comparison of the case of changing four soil parameters and the case of changing only 
the slope of the unsaturated hydraulic conductivity function showed that the slope of the unsatu-
rated hydraulic conductivity function plays an important role in the distribution of the water 
flow in sand and gravel. When the slope of the unsaturated hydraulic conductivity curve in the 
gravel was decreased by one standard deviation and the slope of the unsaturated hydraulic con-
ductivity curve of the sand was increased by one standard deviation, the amount of water flow in 
the sand was more than 94% of the total flow in the ten layers of gravel and sand. 



The results also show that there is no significant difference in the preferential flow when the 
triangular shape beneath the layers has soil parameters of either sand or soil parameters of grav-
el. 

 

 
Figure 6 Pore-water distribution in a small sub-domain multi-layer model for the base case of soil param-
eters, 0.3 mm surface flux and Sand parameters for the triangular soil region. 

 

 
Figure 7 Degree of saturation distribution in a small sub-domain multi-layer model for the base case of 
soil parameters, 0.3 mm surface flux and Sand parameters for the triangular soil region. 

 



 
 

Figure 8 Pore-water distribution in a small sub-domain multi-layer model for the case where the gravel 
tends towards a coarser material (one standard deviation) and the sand tends towards a finer material (one 
standard deviation), 0.3 mm surface flux and Sand parameters for the triangular soil region. 

 

 
Figure 9 Degree of saturation distribution in a small sub-domain multi-layer model for the case where the 
gravel tends towards a coarser material (one standard deviation) and the sand tends towards a finer mate-
rial (one standard deviation), 0.3 mm surface flux and Sand parameters for the triangular soil region. 

 
 



 
Figure 10 Pore-water distribution in a small sub-domain multi-layer model for the case when using a 
slope of kunsat of Gravel plus SD (one standard deviation) and a slope of kunsat of Sand minus SD, 0.3 mm 
surface flux and Sand parameters for the triangular soil region. 

 

 
Figure 11 Degree of saturation distribution in a small sub-domain multi-layer model for the case when us-
ing the slope of kunsat of Gravel plus SD (one standard deviation) and the slope of kunsat of Sand minus SD, 
0.3 mm surface flux and Sand parameters for the triangular soil region. 

 



 
Figure 12 Pore-water distributions in a small sub-domain multi-layer model for the case when the gravel 
tends towards a coarser material (one standard deviation) and the sand tends towards a finer material (one 
standard deviation), 0.3 mm surface flux and Gravel parameters for the triangular soil region. 

 
 

 
Figure 13 Degree of saturation distribution in a small sub-domain multi-layer model for the case where 
gravel tends towards a coarser material (one standard deviation) and the sand tends towards a finer mate-
rial (one standard deviation), 0.3 mm surface flux and Gravel parameters for the triangular soil region. 

 



 
Figure 14 Pore-water distribution in a small sub-domain multi-layer model for the case when using a 
slope of kunsat of Gravel plus SD (one standard deviation) and a slope of kunsat of Sand minus SD, 0.3 mm 
surface flux and Gravel parameters for the triangular soil region. 

 

 
Figure 15 Degree of saturation distribution in a small sub-domain multi-layer model for the case when us-
ing a slope of kunsat of Gravel plus SD (one standard deviation) and a slope of kunsat of Sand minus SD, 0.3 
mm surface flux and Gravel parameters for the triangular soil region. 

 
Table 2 Summary of modeling results for the 6 computer runs with Sand parameters set for the triangular 
soil region  

Flux Soil 

Percentage of Flow in sand and gravel
Base case: mean soil 
parameters values for 
sand and gravel

One SD difference: 
Gravel towards coarse, 
sand towards fine

Only slope kunsat: Grav-
el kunsat slope+SD, Sand 
kunsat slope-SD 

0.3 mm 0.5 mm 0.3 mm 0.5 mm 0.3 mm 0.5 mm 

#1 
Gravel 47.94% 46.31% 4.57% 4.65% 6.53% 3.64%
Sand 52.06% 53.69% 95.43% 95.35% 94.47% 96.36%

#2 Gravel 46.03% 45.04% 3.66% 3.76% 5.48% 6.00%



Sand 53.97% 54.96% 96.34% 96.24% 94.52% 94.00%
 

 
Table 3 Summary of modeling results for the 6 computer runs with Gravel parameters set for the triangu-
lar soil region  

Flux Soil 

Percentage of Flow in sand and gravel
Base case: mean soil 
parameters values for 
sand and gravel

One SD difference: 
Gravel towards coarse, 
sand towards fine

Only slope Kunsat: Grav-
el kunsat slope+SD, Sand 
kunsat slope-SD 

0.3 mm 0.5 mm 0.3 mm 0.5 mm 0.3 mm 0.5 mm

#1 
Gravel 46.94% 44.32% 4.03% 4.18% 2.60% 4.36% 
Sand 53.06% 55.68% 95.97% 95.82% 97.40% 95.64%

#2 
Gravel 44.58% 42.82% 3.37% 3.43% 1.48% 2.86% 
Sand 55.42% 57.18% 96.63% 96.57% 98.52% 97.14%
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Figure 16 Geometry of the small sub-domain multi-layer model with a layer thickness of 0.1 m. 
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Figure 17 Geometry of the small sub-domain multi-layer model with a layer thickness of 0.3 m. 

 

3.2 Study effects of layer thickness (P2) 

The purpose of this section is to study the effect of the thickness of each soil layer on preferen-
tial flow in the gravel and sand layers. The model geometry, soil parameters, boundary condi-
tion, and simulation results are presented in the following sections. 

3.2.1 Geometry 
 
The geometry of the model is similar to that of the small sub-domain model. Five layer thick-
nesses were selected for this study: 0.1 m, 0.3 m, 0.5 m, 0.7 m and 1.0 m. The model geometry 
for the 0.5 m thicknesses is the same as presented in Figure 2 (i.e., previous set of modeling). 
Model geometries for 0.1 m, 0.3 m, 0.7 m and 1.0 m thick layers are shown in Figure 16 to Fig-
ure 19. 
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Figure 18 Geometry of the small sub-domain multi-layer model with a layer thickness of 0.7 m. 
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Figure 19 Geometry of the small sub-domain multi-layer model with a layer thickness of 1.0 m. 

 

3.2.2 Soil Parameters 
 
Soil parameters used in these model studies are the same as those used in the previous model 
study where the parameters of the gravel are one standard deviation towards a coarser material 
and the parameters of the sand are one standard deviation towards a finer material. Soil parame-
ters for the gravel and sand are presented in Table 4. 

 
Table 4 Soil parameters for the gravel and sand in the set of modeling P2  



Soil parameters 
One SD difference: Gravel towards coarse, 
sand towards fine 
Sand Gravel

s 0.253 0.351
ae, AEV (kPa) 2.913 0.199
r 0.133 0.104
r (kPa) 31.33 2.2
Ksat (m/day) 0.369 143.84
Slope of Kunsat 1.863 3.797
 

3.2.3 Initial and boundary conditions 
 
Similar to the above model, a soil suction of 90 kPa was set for entire soil model as the initial 
condition. A constant flux of 0.5 mm of water was applied on the ground surface. The right edge 
of the model was set as a “no flow” boundary condition. The water table (i.e., pressure head = 
0.0 m) was assumed to be at the bottom edge of the model. 

 

3.2.4 Results and discussion 
 
Similar to the previous set of seepage modeling (P1), two flux sections were added to the mod-
els to monitor the amount of water flowing through the sand and gravel layers (Figure 2). Flux 
section #1 was used to measure the amount of water flowing through the sand and gravel layers 
at the middle of the model (i.e., elevation of 5.0 m). Flux section #2 was used to measure the 
amount of water flowing in sand and gravel layers at an elevation of 2.5 m from the bottom of 
the model. 

Simulation results are summarized in Table 5. The results show that there is a significant dif-
ference in the flow in the sand and gravel. The amount of water flowing in the gravel is signifi-
cantly increased with the thicknesses of the soil layer, especially when the layer thickness is 
equal to 0.7 and 1.0 m. Preferential flow can be significantly affected by the layer thickness. 

In the next set the multi-layer seepage models, a large sub-domain model will be implemented 
with layer thicknesses of 2.0 m. The results are of value in order to be able to verify the above 
conclusion. 

 
Table 5 Modeling results for the sub-domain model set P2  

ID 
Layer thick-
ness  
(m) 

Percentage of flow through sand and gravel 

Flux #1 Flux #2 

Gravel 
(%) 

Sand 
(%) 

Gravel 
(%) Sand (%) 

1 0.1 1.97 98.03 1.67 98.33 

2 0.3 3.29 96.71 2.70 97.30 

3 0.5 4.65 95.35 3.76 96.24 

4 0.7 11.64 88.36 5.49 94.51 

5 1 15.23 84.77 5.86 94.14 
 

3.3 Large Sub-domain Model (P3) 

The effect of the size of the model on the preferential flow in the gravel and sand is studied in 
this set of models. Model geometry, soil parameters, boundary condition, and simulation results 
are presented in the following sections. 



3.3.1 Geometry 
 
The large sub-domain model has a width of 90 m, a height of 100 m, and a slope of approxi-
mately 36.50.  A total of 45 layers of soil with a thickness of 2 m/layer were used for the model. 
The surface waste rock layer was assumed to be a coarse material (gravel). 

3.3.2 Soil Parameters 
 
The soil parameters of the two soils used in this numerical analysis are the same as the “one 
standard deviation difference” values used in the Set P2. Details of the soil parameters for the 
sand and gravel are presented in Table 4. 

3.3.3 Initial and boundary conditions 
 

A soil suction of 90 kPa was set for entire model as the initial condition. As presented in the 
previous seepage report, the amount of water flow from waste rock into the bedrock was esti-
mated to be insignificant (i.e., close to the crest); therefore, a “no flow” boundary condition was 
applied on the right edge of the model. A pressure head boundary condition of 0 kPa was ap-
plied on the bottom edge of the model. 
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Figure 20 Geometry of the large sub-domain model 

3.3.4 Results and discussion 
 
Three flux sections were added to the model; namely fluxes #1, #2 and #3 (Figure 20). Flux sec-
tions  #1, #2 and #3 have elevations of 95 m, 50 m and 25 m (i.e., referenced to the bottom of 
the model).  

A summary of the simulation results is shown in Table 6. The results show that flow of water 
through the sand is significantly higher than flow through the gravel. 
 
Table 6 Modeling results for the large sub-domain model (P3)  

Flux 
Percentage of flow through gravel and sand 

Gravel (%) Sand (%) 

#1 2.41 97.58 

#2 3.37 96.62 

#3 3.83 96.17 
 



3.4 Summary and conclusions from primary study 

The primary study shows that the preferential flow in a multi-layer model is highly dependent 
on the soil parameters, particularly the slope of the unsaturated hydraulic conductivity curve. 
The thickness of each soil layer may not significantly affect the preferential flow in the soil.  

A combination of the results from the small sub-domain model, large sub-domain model, and 
full-scaled model shows that the soil layer thicknesses and the scale of the model do not signifi-
cantly affect the preferential flow through the materials involved.  
 

The results also show that with an extreme set of soil parameters (i.e., soil parameters of the 
gravel being one standard deviation towards a coarser material and soil parameters of the sand 
being one standard deviation towards a finer material) there is almost no flow through the grav-
el. 

4 SENSITIVITY STUDY (P4) 

A sensitivity study was implemented in order to statistically present the effect of various model 
parameters on the preferential flow in a multi-layer model. A sensitivity study using twelve 
gravel and sand unsaturated soil parameters and the applied surface flux on the preferential flow 
in a multi-layer model are presented in this section.  

The results of the primary study show that the thickness of the soil layers and the scale of the 
model do not significantly affect preferential flow in the soil. Therefore, a small sub-domain 
model can be used in the sensitivity study. 

4.1 Geometry 

The geometry of the multi-layer model used for the sensitivity study was selected as the sub-
domain model with a uniform layer thickness of 0.1 m with 50 layers of sand and gravel (Figure 
21). The right size of the model (i.e., triangular shape) has the sand parameters. 
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Figure 21 Geometry of the small sub-domain multi-layer model used for the sensitivity study. 

4.2 Sensitivity parameters 

For the sensitivity study, the soil parameters were varied in the range from minus one standard 
deviation to plus one standard deviation around the mean values. In order to perform a sensitivi-
ty study on a multi-layer model, the variation of the variables must guarantee that there is rea-



sonableness to the soil parameters of the sand and gravel. In other words, the gravel parameters 
must always be greater than the sand parameters (Table 7). 

 
Table 7 Comparison between unsaturated soil parameters of gravel and sand  

Soil parameters Gravel Sand
Saturated vwc, s  
Air-Entry Value, AEV (kPa)  
ksat (m/day)  
Slope of kunsat (log-log scale)  
 

The statistical soil parameters for the sand and gravel obtained from the experimental meas-
urement are presented in Table 8 (i.e., presented in Phase I study). It can be seen from Table 8 
that the saturated volumetric water content and the slope for unsaturated soil function (i.e., on 
log-log scale) for the sand and gravel, are the same. The saturated hydraulic conductivity for the 
gravel for the case of minus standard deviation is lower than that of the base case of the sand. 
Therefore, in order to perform a sensitivity study, an adjustment of the unsaturated soil parame-
ters of the gravel and sand need to be made. There are three soil parameters that needed to be ad-
justed; namely, i) the saturated volumetric water content; ii) the saturated hydraulic conductivi-
ty; and iii) the slope of the unsaturated hydraulic conductivity function. 
 
Table 8 Statistical soil parameters for the sand and gravel used in the Phase I of the study  

Soil parameters 
Gravel Sand
M-SDMeanM+SDM-SDMeanM+SD

Saturated vwc, s 0.25 0.3 0.35 0.25 0.3 0.35
Air-Entry Value, AEV (kPa) 0.92 1.64 2.91 0.2 0.41 0.84
Residual vwc, r 0.078 0.1040.13 0.111 1.33 0.156

Residual suction, r (kPa) 1.09 2.2 4.47 6.33 31.33
155.1
3

ksat (m/day) 0.35 7.10
143.8
4 0.074 1.4695.84

Slope of kunsat (log-log 
scale) 1.9 2.8 3.8 1.9 2.8 3.8
 

4.2.1 Adjustment of the saturated volumetric water content 
 
A summary of the saturated volumetric water contents used by different study groups involved 
with this site was compiled in Table 9. It was found that the saturated volumetric water content 
ranges from 18.7% (Norwest) to 49.2% (University of British Columbia). The saturated volu-
metric water content used in the Phase I of the study is in the range from 26.8% to 36.2% with a 
mean value of 30%.  

It is reasonable to assume that 30% and 35% are suitable two mean values for the saturated 
volumetric water contents of the sand and gravel, respectively. It is assumes that the standard 
deviation for the saturated volumetric water content for both soils is 2.5% (Table 10).   

4.2.2 Adjustment of the saturated hydraulic conductivity 
 
The saturated hydraulic conductivity for the sand used in the Phase I of the study was obtained 
by statistically analyzing the field measurement data for hydraulic conductivity for the sand in 
WR1. The data appears to be reasonable and agrees well with that used by Norwest and Golder 
Associates. Therefore, it is suggested that the saturated hydraulic conductivity for the sand 
should remain the same in the multi-layer model.  

The saturated hydraulic conductivity for the gravel used in Phase I of the study was obtained 
by statistically analyzing the field measurement data for hydraulic conductivity for the gravel in 
WR2, WR3, Rubble and Colluvium’s zones. This hydraulic conductivity represents the saturat-
ed hydraulic conductivity of a mixture sand and gravel and may be much lower than that of the 



gravel in a multi-layer model. Norwest suggested a typical value for the gravel of 86.4 m/day 
(i.e., 0.1 cm/s). This value is reasonable and may be suitable for the saturated hydraulic conduc-
tivity of the gravel in the sensitivity study of the multi-layer model. A standard deviation of a 
0.6 log cycle (i.e., the same as that of the sand) was also selected for the saturated volumetric 
water content of the gravel (Table 10). 

4.2.3 Adjustment of the slope of the unsaturated hydraulic conductivity function 
 
The slope of the unsaturated hydraulic conductivity for the sand and gravel used in the Phase I 
of the study was in the range from 1.9 to 3.8. It was found that a slope of 3.8 was quite steep and 
only reasonable for a gravel soil. A slope of 1.9 is reasonable for silty sand. It was assumed that 
the slopes of the unsaturated hydraulic conductivity for the sand and gravel should be in the 
range from 1.9 to 2.8, and 2.8 to 3.8, respectively (Table 10). 

 
Table 10 Statistical soil parameters for the sand and gravel sensitivity study  

Soil parameters 

Gravel Sand

M-SDMeanM+SDM-SDMeanM+SD
Saturated vwc, s 0.325 0.35 0.375 0.275 0.3 0.325
Air-Entry Value, AEV (kPa) 0.199 0.4090.841 0.922 1.64 2.913
Residual vwc, r 0.078 0.1040.13 0.111 0.1330.156

Residual suction, r (kPa) 1.09 2.2 4.47 6.33 31.33
155.1
3

ksat (m/day) 21.7 86.4
343.9
6 0.369 1.4695.84

Slope of kunsat (log-log 
scale) 2.8 3.3 3.8 1.9 2.35 2.8
 

4.2.4 Summary of sensitivity parameters 
 
There were thirteen parameters studied in this sensitivity analysis including twelve unsaturated 
soil parameters for the two soils and the surface flux on the ground surface (Table 10). Plots of 
the soil-water characteristic curves and unsaturated hydraulic conductivity for the three cases of 
all soil parameters (i.e., Mean, Mean-SD and Mean + SD) are shown in Figure 22 and Figure 23. 
There were 27 computer runs as part of this sensitivity study. Log-normal distributions were 
used to represent the air-entry value, the residual suction, and the saturated hydraulic conduc-
tivities. 

4.3 Initial and boundary conditions 

Similar to the above models, a soil suction of 90 kPa was set for entire soil model as the initial 
condition. In twenty-five (i.e., of a total twenty-seven) computer runs, a constant water flux of 
0.5 (mm/day) was applied on the ground surface. There were only two computer runs where sur-
face water flux was 0.1 and 0.9 (mm/day).   The right edges of the model were set as a “no 
flow” boundary condition. A water table boundary condition (i.e., pressure head = 0.0 m) was 
assumed at the bottom edge of the model. 
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Figure 22 Soil-water characteristic curves for the sand and gravel using “mean”, “mean + SD”, and 
“mean –SD” unsaturated soil parameters. 
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Figure 23 Soil-water characteristic curves for the sand and gravel using mean, mean + SD and mean –SD 
unsaturated soil parameters. 

4.4 Results and discussion 

The models were successfully run with an application of average flow of 0.5 mm/day. Some of 
the results were complicated from the fact that the rainfall was applied to both the top and the 
side-slope of the model. Therefore there was a portion of flow which strictly flowed down the 
layers and a portion which infiltrated through the layers from the surface. 

The detailed results of the specific model flows are summarized in Table 11. 



The results of Flux section #1 should be considered more representative as they are not influ-
enced by ponding at the bottom of the model. 

The results may be presented in the form of a tornado diagram to also show the relative im-
portance of the different parameters. It also may be seen from the parameters which primarily 
control the division of flow between the sand and the gravel. From the following figures it may 
be seen that the division of flow through the sand and the gravel is primarily controlled by the 
saturated hydraulic conductivity and the air-entry vales of the two materials. Also noted should 
be the influence of the slope of the unsaturated hydraulic conductivity curve. 

It should be noted that in this type of analysis the soil parameters can overlap due to the sta-
tistical variation. 

Figure 24 illustrates the material parameters which affect the flow through the gravel layers. 
Of easy observation are the indications that as the air-entry value, saturated hydraulic conductiv-
ity, or the slope of the unsaturated hydraulic conductivity increase for the gravel there is an in-
crease in the flow through the gravel. It is also worthy of note that as the saturated hydraulic 
conductivity of the sand increases there is an increase in the flow through the gravel.  The rea-
son for this may be found in a close examination of the relative portions of the unsaturated hy-
draulic conductivity between the sand and the gravel. 
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Figure 24  Deterministic tornado diagram of the influence of various flow parameters on the flow through 
gravel layers 

 
The variance in the flow through the sand layer may be seen in Figure 25. This figure shows 

the variables that have a primary influence on the amount of flow through the sand layer. The 
primary variables are the air-entry value of the gravel, the saturated hydraulic conductivity of 
the sand and gravel and the slopes of the unsaturated hydraulic conductivity for both the sand 
and gravel materials.  
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Figure 25 Deterministic tornado diagram of the influence of various flow parameters on the flow through 
sand layers 

5 CONCLUSIONS 

The present study is useful in determining the reasonable variation of material parameters given 
the extensive field program executed in the present study. Conclusions for this report may be di-
vided in to four categories associated with the specific purposes of the modeling performed. 
 
Modeling Set #1 
 
The purpose of this modeling study was to determine reasonable soil parameters which will pro-
vide differentiation in flow between fine and coarse layers. A wide variety of grain-size distribu-
tions was measured in the field program. No distinctive categorization of a specific layer of 
coarse or fine material was identified in the field program. However, specific coarse layers were 
noted visually at the Goat Hill North site. Therefore professional judgement is used to identify 
reasonable soil parameters in the present study which will produce preferential flow. 

The results of modeling set #1 is that it is shown that current base case Sand and Gravel soil 
parameters must be modified one standard deviation further apart from each other in order to 
produce reasonable preferential flow. It should be noted that the primary variable to which the 
results are sensitive is the slope of the unsaturated hydraulic conductivity curve.  If this statisti-
cal separation was performed then flow values of approximately 95% for the sand and approxi-
mately 5% for the coarse were achieved. This differentiation also allows significant air volume 
in the coarse layer. 
 
Modeling Set #2 
 
Modeling of extremely fine layers in a full-scale model is computationally challenging. The 
amount of thickness increase of the fine and coarse layers which could be reasonably be as-
sumed in the full scale numerical model without significant influence on the overall flow was 
studied. Actual coarse layers in the Goat Hill North rock pile were as thin as 10cm. From the 
numerical modeling it was found that increasing coarse layers to a thickness of 1m only in-
creased the total flow in the coarse layers approximately 10%. Given that the reasonable error 
limit of the numerical model itself is 8% it is reasonable to conclude that this difference is ac-
ceptable in the current modeling program. It may be acceptable to consider this difference in the 
final modeling program. 
 
Modeling Set #3 



 
In the third modeling scenarios the upscaling of the small-scale models to a full-scale model was 
examined. From this model it can be seen that a 2m size layering could be used while preserving 
the concept of primary flow through the fine material. This was proven using reasonable aver-
aged flow applications. 
 
Modeling Set #4 
 
In the sensitivity analysis the relative influences of the various material parameters was deter-
mined. The primary variables were i) air-entry value for the gravel, ii) hydraulic conductivity for 
the sand, iii) hydraulic conductivity for the gravel. Parameters which are also important are the 
slope of the unsaturated hydraulic conductivity curves for both the gravel and the sand. 

 
Table 11  Results of the sensitivity analysis of the soil parameters  

ID Surface 
Flux 
(mm/day) 

Soil Parameters 
Percentage of flow in sand and gravel (%) 

Flux 1 Flux 2 

 Gravel Sand Gravel Sand Gravel Sand 

1 0.5 Mean Mean 29.54 70.46 33.94 66.06 

2 0.5 Mean AEV-SD 39.87 60.13 40.17 59.83 

3 0.5 Mean AEV+SD 17.53 82.47 21.22 78.78 

4 0.5 Mean Res Vol – SD 31.36 68.64 35.60 64.40 

5 0.5 Mean Res Vol + SD 25.21 74.79 29.54 70.46 

6 0.5 Mean Res Suc – SD 31.07 68.93 33.94 66.06 

7 0.5 Mean Res Suc + SD 17.66 82.34 22.64 77.36 

8 0.5 Mean Ksat – SD 47.68 52.32 43.00 57.00 

9 0.5 Mean Ksat + SD 14.78 85.22 18.11 81.89 

10 0.5 Mean Slope - SD 16.49 83.51 19.21 80.79 

11 0.5 Mean Slope + SD 43.12 56.88 40.37 59.63 

12 0.5 Mean Sat Vol - SD 28.78 71.22 33.20 66.80 

13 0.5 Mean Sat Vol + SD 28.44 71.56 32.95 67.05 

14 0.5 AEV-SD Mean 7.45 92.55 8.74 91.26 

15 0.5 AEV+SD Mean 42.32 57.68 43.43 56.57 

16 0.5 Res Vol - SD Mean 23.06 76.94 25.99 74.01 

17 0.5 Res Vol + SD Mean 30.80 69.20 33.02 66.98 

18 0.5 Res Suc - SD Mean 32.85 67.15 35.79 64.21 

19 0.5 Res Suc + SD Mean 33.96 66.04 35.52 64.48 

20 0.5 ksat - SD Mean 17.14 82.86 19.97 80.03 

21 0.5 ksat + SD Mean 47.34 52.66 48.25 51.75 

22 0.5 Slope - SD Mean 47.37 52.63 48.97 51.03 

23 0.5 Slope + SD Mean 17.88 82.12 20.26 79.74 

24 0.5 Sat Vol - SD Mean 26.91 73.09 29.52 70.48 

25 0.5 Sat Vol + SD Mean 27.20 72.80 30.00 70.00 

26 0.1 Base Mean 31.39 68.61 27.09 72.91 

27 0.9 Base Base 36.49 63.51 34.84 65.16 
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