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Notes: 

1. The permeability of the “Select Compacted Clay” below the geomembrane is specified to be a 
maximum value of 1E-07 cm/s.  For our base-case analyses, we assumed it to be a lower value of 
1E-08 cm/s.  This is based on the results of the CQA report for Mound 3 where all 5 tests on the 
hydraulic conductivity of this clay layer were reported as less than 1E-09 cm/s.  We conservatively 
increased this by a factor of 10 to account for the laboratory confining pressure used during the test 
and a safety factor. 

2. For the Mound 3 cap, the “Compacted Subsoil” was specified to have a lateral permeability > 2.5E-
05 cm/s. For our base-case analyses, we assumed the higher (as-built) value of 1e-04 cm/s, which 
was based on the CQA report for Mound 3.   
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Thickness, 
Perm

eability 

M
ound 3 

M
ounds 1&

2 
R

C
R

A
 Subtitle C

 
"G

uidance" 
C

over 3 
D

esign 
A

s-
built 

A
s-built 

+ 30 cm
 

ET soil 

Enhanced 
D

rainage 
Layer 1 

Enhanced 
D

rainage 
Layer 2 

D
esign 

D
esign + 
30 cm

 
ET soil 

Enhanced 
D

rainage 
Layer 1 

Enhanced 
D

rainage 
Layer 2 

20 cm
, 10

�X cm
/s 

1.349 
0.869 

0.507 
0.000 

0.076 
0.474 

0.315 
0.000 

0.011 

0.005 
20 cm

, 10
�` cm

/s 
0.246 

0.158 
0.092 

0.000 
0.014 

0.086 
0.057 

0.000 
0.002 

20 cm
, 10

�a cm
/s 

0.045 
0.029 

0.017 
0.000 

0.003 
0.016 

0.010 
0.000 

0.000 

100 cm
, 10

�X cm
/s 

1.136 
0.770 

0.469 
0.000 

0.075 
0.441 

0.300 
0.000 

0.011 

N
otes:  

1 D
rainage Layer consists of geocom

posite w
ith transm

issivity, T = 2x10
-3m

2/s. 
2 D

rainage Layer consists of 30 cm
 of 1.0x10

-2 cm
/s sand. 

3 R
C

R
A

 Subtitle C
 cover includes a 60cm

 com
pacted clay layer w

ith perm
eability less than 1.0x10

-7cm
/s, overlain by geom

em
brane, overlain by 30 cm

 
thick drainage layer w

ith k=0.01 cm
/s. 

4 Percolation calculations assum
e six 1 cm

2 holes per hectare in the geom
em

brane, and 'good' contact w
ith the underlying clay. 
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1.0 INTRODUCTION 
The team of Richard Thiel (Thiel Engineering) and Edward Kavazanjian (Consulting 
Geotechnical Engineer) were selected by the EPA Victoria to review the Tullamarine Cap 
Design.  Among the tasks assigned to our review team were the following, which define the 
scope of results reported in this attachment: 
 

� Model the expected performance of the Tullamarine landfill cap (Mounds 1, 2, and 3) with 
regard to water infiltration 

� Compare the predicted performance with international best practice standards 
 
The hydraulic performance analyses of the cap presented herein were conducted by modeling 
the water balance in the vegetated soil layer overlying the geomembrane and then predicting the 
net flux of water through defects in the geomembrane and the underlying soil layer and into the 
underlying waste.  The net flux into the waste through the as-designed cap for Mounds 1 and 2 
and the as-built cap for Mound 3 was compared to the net flux through a standard US 
Environmental Protection Agency “Subtitle C” cap which was taken as representative of the 
international best practice standard.  In the course of this final cover performance evaluation, the 
review team identified the characteristics of the soils above and below the geomembrane cover 
as key aspects of the cap configuration that warranted attention. Therefore, the hydraulic 
performance analyses of the cap in this study included modeling the effect of enhancing the 
properties of the underlying soil layers on the net flux of water into the waste.  The final cover 
profiles (as-designed cap for Mounds 1 and 2 and as-built for Mound 3) that were employed in 
the performance analyses described herein are presented in Table 1. 
 
As noted above, final cover performance modeling included an assessment of the sensitivity of 
the net flux into the waste to the properties of various cover system components to provide a 
relative numerical assessment of existing and alternative final cap profiles and thereby provide a 
means for quantitatively assessing the potential for enhancing cap performance. The sensitivity 
variables that were evaluated as part of this study included: 
 

a) the hydraulic conductivity of the drainage layer above the geomembrane; 
b) the hydraulic conductivity and thickness of low permeability (i.e., clay) soil layer beneath 

the geomembrane; and  
c) the composition and thickness of cover soils overlying the drainage layer (i.e., 

topsoil/subsoil layers). 
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2.0 APPROACH 
A two-step approach was used to calculate the net flux of water through the cap and into the 
waste.  The two-step approach used in the analysis was as follows: (1) the water balance of the 
soil and drainage layers above the geomembrane was modeled using the computer programs 
HELP (Schroeder at al., 1994) and UNSAT-H (Fayer, 2000) to determine the average hydraulic 
head buildup on top of the geomembrane component of the geomembrane-low permeability soil 
composite barrier layer, and (2) percolation, or leakage, through the geomembrane-low 
permeability soil composite barrier layer was calculated based on the well-known semi-empirical 
“Giroud” equation for leakage through defects (holes) in a composite barrier layer and a size and 
frequency of defects if the geomembrane assumed on the basis of typical values for 
geomembrane caps constructed with good Quality Assurance procedures. 
 
2.1 Water Balance Modeling 
To obtain predictions of the average hydraulic head on top of the geomembrane, the water 
balance of the various cover profiles was modeled using a combination of the HELP and 
UNSAT-H computer models. HELP is a ‘quasi 2-dimensional’ simplistic water balance model 
(Schroeder et al. 1994) and UNSAT-H is a more rigorous 1-dimensional finite difference model 
that employs Richards’ equation for evapotranspirative unsaturated flow (Fayer 2000). Both 
models are commonly used for design of landfill cover systems in the United States and other 
countries. 
  
The HELP and UNSAT-H models were set up using the same or equivalent climate, soil, and 
vegetation input to the greatest extent possible (considering the different algorithms employed in 
each model). Initially, a particular cover configuration was analyzed using the HELP model. The 
daily lateral drainage from the HELP output was then used to create a ‘specified flux’ lower 
boundary condition in UNSAT-H (such that the flow into the drainage layer on top of the 
geomembrane in the UNSAT-H model would be the same as it was in the drainage layer for the 
HELP model). The 1-D UNSAT-H model (including only the soil layers above the drainage layer) 
was then run with the specified flux lower boundary condition to evaluate the head build-up in 
the drainage layer. The results of the UNSAT-H simulations provide more rigorous estimates of 
evapotranspiration (ET) than the HELP model.  Therefore, the HELP model was re-run adjusting 
input parameters such as 1) Evaporative zone depth, 2) Leaf Area Index, and 3) surface runoff 
curve number until the evapotranspiration and runoff predictions from HELP matched those of 
UNSAT-H. This process was repeated until the results of the two models converged.  Once the 
results from the HELP and UNSAT-H models converged, an average precipitation year (2000) 
was repeated for ten consecutive years using the HELP model in order to reach steady state 
conditions. The resulting average annual head predictions from the 10th year of this HELP run 
were used for the leakage calculations.  
 
The water balance analysis described above was repeated for each cover configuration 
presented in Table 2.  The results of the water balance analysis were then input to the leakage 
calculations described in the next section.  Climate parameters input to the water balance 
analyses were based upon climate records from Tullamarine International Airport adjacent to the 
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site.  Input parameters for the water balance analyses are described in Section 3 of this report. 
Results of the water balance analyses are described in Section 4 of this report.  
 
2.2 Leakage Calculations 
The average annual head on the liner from year 10 (steady state) of the ten-year HELP 
simulations were used to calculate leakage through the composite liner system based on the 
Giroud equation for leakage through defects in composite liner systems (Giroud et al. 1997). 
Consistent with our review of the CQA data for Mound 3 and the CQA program for Mounds 1 
and 2, CQA for geomembrane installation and placement of the overlying soil was assumed to 
be “good”.   
 
The leakage evaluation assumed six 1 cm2 holes per hectare of geomembrane cover.  This 
assumption represents a conservative assumption for a geomembrane protected by a cushion 
geotextile and based on experience with electric leak location surveys on projects with good 
quality assurance controls and is consistent with our review of the construction documents 
(Mound 3 Audit) and observations made during the site visit by Dr. Kavazanjian in December 
2010.  We note that the previous Golder (2001) infiltration analysis assumed 6 smaller holes on 
the order of 0.1 cm2 in area (one-tenth the size assumed herein) per hectare and zero larger 
holes.  We note that the predicted leakage depends directly on the size and frequency of holes 
(defects) in the geomembrane.  The leakage rate varies linearly with the number of holes, 
assuming they are all the same size.  We kept the number and size of holes the same for all of 
our computations so that relative comparisons could be made among the different cover 
configurations presented in Table 2.  As discussed in the accompanying main report, we 
recommend that an electric leak location survey be performed on the completed caps to 
preclude the existence of any ‘very large’ holes that could potentially exist as a result of 
construction activities and, possibly, depending on the sensitivity of the survey, validate our 
assumptions regarding the frequency of large holes in the geomembrane. 
 
Only the top 20 cm of the low permeability soil layer was considered in the leakage calculations. 
As described by Giroud et al. (1997), a higher permeability layer underlying a lower permeability 
layer will have no effect on advective water flow. Thus the lower 30 cm of 1x10-6 cm/s low 
permeability soil in the Mounds 1, 2 and 3 caps was not considered in the leakage calculations. 
Results of the leakage analyses are described in Section 4 of this report. 
 



Tullamarine Landfill  March 8, 2011 
Management and Cap Design Review – Attachment 1  
   

&
&

[4] 
&

 
3.0 WATER BALANCE MODEL INPUT 
3.1 Climate 
Climate data input to the water balance analyses were based upon climate records from 
Weather Station No. 86282 at Tullamarine International Airport adjacent to the site.  To initialize 
the water balance model, an average precipitation year (2000) was repeated ten times.   
Inspection of model outputs for years 9 and 10 indicate that this was sufficient to reach steady 
state conditions in each model. For HELP simulations, daily values of measured precipitation, 
temperature, and solar radiation were input into the model. For UNSAT-H, daily values of 
precipitation and potential evapotranspiration (PET) are required as input. As PET values were 
not available from the weather station data, the daily PET values were calculated as 90% of 
measured pan evaporation data at the site. Figure 1 shows the monthly precipitation and 
simulated PET values used in the water balance analyses. 
 
 
 
3.2 Soil Properties 
The hydraulic parameters for the soil layers in the various cross sections considered in the 
analysis were based either on measured or design values where available and on default 
parameters from the HELP model for representative soil types where necessary (i.e. where they 
were not available from measurements of soil used in construction or from design documents). 
For the upper subsoil layer, unsaturated flow hydraulic properties were based on the estimated 
soil-water characteristic curves (SWCCs) reported by Golder (2010). To obtain the unsaturated 
flow input parameters for UNSAT-H, these SWCCs were fit with a van Genuchten equation fitter 
(van Genuchten 1980) such that porosity, field capacity and wilting point were consistent with 
the respective values for this soil layer in the HELP model. A pore-interaction term of -1 was 
conservatively assumed for all soil layers.  Figure 2 shows the SWCC curves used in the water 
balance analyses.  
 
The saturated hydraulic conductivity of the various soil layers were based on design values for 
Mounds 1 and 2 since QA data from construction of these layers is not yet available.  For Mound 
3, the as-built condition was simulated using saturated hydraulic conductivity testing data from 
construction adjusted for field conditions.  In adjusting the saturated hydraulic conductivity for 
field conditions, the average measured values from laboratory CQA tests were increased by an 
order of magnitude to account for higher confining pressure in the laboratory tests compared to 
the filed condition and the fact that the hydraulic permeability from large-scale field tests (e.g. 
sealed double ring infiltrometer tests) are typically several times greater than the values 
measured on small-scale laboratory specimens.  
 
In the analyses of potential enhancements to the cap, the supplemental cover soil was assumed 
to have the same properties as the upper subsoil layer in Mounds 1 & 2.  For purposes of 
relative comparison, the topsoil and subsoil layer properties in the benchmark RCRA Subtitle C 
cover were assumed to be equal to those from the other covers evaluated.   
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3.3 Vegetation Properties 
The vegetation data was primarily based on Golder’s previous model input, which included a 
growing season from Julian day 60 to Julian day 365 each year, maximum leaf area index of 
2.0, and evaporative zone/root depth of 40cm, which experience has shown to be conservative. 
In UNSAT-H, the percent bare area was assumed to be 50%, based on recommendations in 
McGuire et al. (2009).  
 
3.4 Profiles 
The final cover profiles simulated in the analyses are shown in Tables 1 and 2. In general, the 
cover configurations for Mounds 1 & 2 and Mound 3 each included four different combinations of 
low permeability soil layer thickness and saturated hydraulic conductivity (including the as-built 
or as-designed combination, as appropriate). Furthermore, each configuration was evaluated for 
two enhanced drainage layer scenarios and for the case of 30 cm of supplemental cover soil 
placed on top of the as-built or as-designed covers.  The enhanced drainage layers considered 
in the analyses consisted of 1) a geocomposite with a transmissivity equal to 2x10-3 m2/s, and 2) 
the recommended RCRA Subtitle C drainage layer of 30 cm of 1x10-2 cm/s soil (EPA, 1989). 
The final cover on Mound 3 was evaluated for both the as-built and as-designed conditions, with 
the as-built analyses taking into account the fact that the saturated hydraulic conductivity of the 
low permeability soil as constructed was less than the design value.  In addition, the 
performance of the RCRA Subtitle C cover recommended by the USEPA (1989) subject to the 
Tullamarine climate conditions was modeled as the best-practice alternative for comparison to 
the Mounds 1 and 2 and Mound 3 caps described above.  
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4.0 RESULTS 
The average annual head showed a strong dependence on the properties of the drainage layer.  
The thickness of the evapotranspirative cover soil layer also had an impact on average annual 
head values.  Figure 3 shows the average annual head calculated for the various cover 
configurations considered in the water balance analyses. 
 
Differences in the average annual head translate directly to differences in average annual 
leakage, or percolation, through the cover and into the waste.  Average annual percolation 
predictions for the various cover configurations considered in the analyses described above are 
shown in Table 2. The following observations can be made based upon these results: 
 

� The difference between constructing 20 cm and 100 cm of select low permeability soil 
below the geomembrane is relatively insignificant. 

� The calculations for the existing cover systems suggest that, on average, they will allow 
1.6 mm per century of water infiltration in Mounds 1 and 2 and 2.9 mm per century of 
water infiltration in Mound 3.  These are extremely small values that present no threat to 
human health or the environment. 

� The calculated average infiltration values for the existing cover systems, while small, are 
3 to 6 times greater than the performance calculated for the RCRA Subtitle C cap design 
recommended by the USEPA (1989). 

� The calculated average infiltration is reduced by approximately 40% with the addition of 
30 cm of loamy topsoil on top of the existing covers to enhance water storage and 
evapotranspiration. 

� Water infiltration could have been reduced to diminimis levels (values representative of 
the RCRA Subtitle C cap design recommended by USEPA (1989)) if a more highly 
transmissive drainage layer been installed over the top of the geomembrane. 
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Notes: 
1. The permeability of the “Select Compacted Clay” below the geomembrane is specified to be 

a maximum value of 1E-07 cm/s.  For our base-case analyses we assumed it to be a lower 
value of 1E-08 cm/s.  This is based on the results of the CQA report for Mound 3 where all 5 
tests on the hydraulic conductivity of this clay layer were reported as less than 1E-09 cm/s.  
We conservatively increased this by a factor of 10 to account for the laboratory confining 
pressure used during the test and a safety factor. 

2. For the Mound 3 cap, the “Compacted Subsoil” was specified to have a lateral permeability > 2.5E-05 cm/s. For 
our base-case analyses, we assumed the higher (as-built) value of 1e-04 cm/s, which was based on the CQA 
report for Mound 3.   
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Figure 1 – Simulated Monthly Precipitation vs PET Totals  
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Figure 2 – Soil Water Characteristic Curves of Simulated Soils  
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Figure 3 – Average Head Predictions  
 
Notes: Enhanced Drainage Layer 1 consists of a geocomposite with transmissivity, T = 2.0 x10-3m2/s, Enhanced 
Drainage Layer 2 consists of 30 cm of 1.0x10-2 cm/s sand 
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GAS PRESSURE AND VENTING EVALUATION 
 
 
The calculations used to estimate that gas pressures were based on the method developed by 
Thiel (1998).  The assumptions, input parameters, and results are shown on the attached 
spreadsheet output.  The analyses were based on the assumption that a typical spacing 
between gas vent strips on the Tullamarine caps is 40 m (based on the design drawings for 
Mounds 1 and 2), that the liquid hydraulic conductivity of the waste near the surface is 
approximately 2x10-3 cm/s (a typical value for MSW).  The analyses were also based on a very 
conservative assumption of a landfill gas generation rate equal to one-half of a typical gas 
generation rate for municipal solid waste (MSW).  In reality, the gas generation rate at the 
Tullamarine landfill is likely less than 10% of the typical gas generation rate for MSW because of 
the lack of a substantial quantity of putrescible waste at Tullamarine. 
 
The results indicate a gas pressure buildup below the cap of less than 1 kPa.  This level of gas 
pressure would represent less than 1% of standard atmospheric pressure and is within a 
standard-accepted range for landfill cover gas control.  Furthermore, this level of gas pressure 
would not be expected to result in significant advective (pressure-driven) gas migration.  
However, if monitoring indicates that lateral gas migration is occurring at the site, additional gas 
control could be provided, as necessary, by the application of suction on the cover vent and/or 
installation of vertical extraction wells around the perimeter of the cap. 

 
REFERENCES 
Thiel, R. (1998) “Design Methodology for a Gas Pressure Relief Layer Below a Geomembrane 

Landfill Cover to Improve Slope Stability.”  Geosynthetics International, Vol. 5, No. 6, pp. 
589-616. 
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 SPREADSHEET  - CALCULATION OF GAS VENT SPACING
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