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ABSTRACT 
 
Besides the obvious air quality issues associated with uncontrolled landfill gas (LFG) release 
from landfill surfaces, this phenomenon is also a loss of renewable energy in the form of 
electrical generation and rising use of bio-methane as vehicle fuel and/or natural gas supplement.  
In addition, LFG pressure buildup beneath a landfill final cover is a documented failure 
mechanism of catastrophic proportions from a financial perspective. Exacerbating this situation 
is there is still some disconnect between Title V air quality regulations with regard to fugitive 
LFG release and concerns for final cover stability.  The reliance on a gas collection and control 
system (GCCS) for final cover stability without some built in safety device to insure veneer 
interface strength is maintained can be potentially disastrous considering inevitable GCCS 
crashes.  LFG generation does not cease during such a shutdown event. 
 
INTRODUCTION 
 
A geosynthetic final cover system (“ClosureTurftm”) utilizing synthetic turf as the erosion control 
layer would still be subject to LFG pressure driven stresses but is more resilient since the weight 
of the system attempting to drive it down the slope with pressure induced veneer friction strength 
loss is much less than a conventional cover.  LFG collection from these systems is the subject of 
this paper.  The geosynthetic final cover system can be applied as intermediate cover - as well as 
final cover - and capture otherwise fugitive LFG that may escape a conventional GCCS.  Thus, 
for a base lined landfill, a geosynthetic turf intermediate to final cover system can reduce if not 
eliminate the need for drilled wells in a landfill.  Unlined landfills still need LFG extraction wells 
to control subsurface migration, hence are not subject to this paper.   

These geosynthetic GCCS incorporate collection nodes periodically placed across the 
surface overlain by the turf cover.  Pressure relief valves are used to release LFG pressure during 
GCCS control device shutdown (flares, energy conversion) to avoid loss of veneer friction on 
landfill slopes.  However, the tensile strength of the system components can absorb forces that 
can catastrophically damage conventional cover systems.  Using geosynthetic turf cover systems 
– intermediate and final cover – provides a mechanism to control LFG emissions and recover a 
renewable fuel source with reduced reliance on extraction well technology and concern over 
cover system stability. 
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SYSTEM DESCRIPTION 
 
“Surficial gas collection” (SGC) describes a gas collection system just below the membrane 
component of the geosynthetic final cover system.   This system relies upon multiple 
components to achieve an efficient gas collection system capable of meeting environmental 
regulations. 

The SGC system (Figure 1) requires an impermeable membrane across the area of the 
landfill where gas control is desired or required.  Gas collection strips can be placed onto the 
protective soil layer prior to placement of the impermeable membrane for increased radius of 
influence and gas conveyance if desired, although they are not absolutely required based on field 
experience and as demonstrated mathematically below. 
 

 
Figure 1. Surficial Gas Collection System Layout 

 
A patented collection base integrates a typical 2-inch gas collection wellhead to the collection 
strips lying below the impermeable membrane (Figure 2).  The gas collection wellhead connects 
to a standard well lateral pipe for gas conveyance to a subheader and header system delivering 
the fuel to a flare, electrical generation station, or fuel conversion station.  

A patented Automatic Isolation Valve (Figure 3) installed within the lateral or subheader 
system prevents gas from back flowing into the surficial collection system from other areas 
where gas is being generated and collected during shutdowns or system malfunctions of the gas 
collection system. 

Pressure Relief Valves (PRV) as shown in Figure 4, are installed within the impermeable 
geomembrane to prevent gas buildup during shutdowns and malfunctions of the primary gas 
collection system. The PRVs prevent air intrusion into the gas collection system during regular 
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operation and automatically release and reseal as needed. A patent pending Carbon Filter can be 
installed onto the PRVs to prevent odors associated with the LFG during events when the PRVs 
are required to release gas pressure. 
 

 
Figure 2. Surficial Gas Collection Foot and Wellhead 

 

 
Figure 3. Surficial Gas Collection Automatic Isolation Valve 
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Figure 4. Surficial Gas Collection Pressure Relief Valve 

 
The system utilizes all the above described components to collect gas beneath the barrier 

layer from the generating waste mass. The barrier is a structured geomembrane (“SuperGripnet” 
typ. LLDPE in final cover applications) on sidelsopes and can be a textured geomembrane 
(“Microspike”) on topdeck surfaces of shallower slope.  The geomembrane barrier coupled with 
a vacuum and conveyance system can perform with a very high efficiency rate as a standalone 
system or can enhance a typical gas collection system with existing drilled gas wells.  The 
surficial gas collection system generates significantly less volume of condensate than a typical 
deep well gas collection system. 
 
FINAL COVER STABILITY AND THE SURFICIAL GAS COLLECTION SYSTEM 
 
A solid waste landfill envisioned as a “bioreactor” then can be thought as having a “core” 
somewhere near the center of mass.  Of course, solid waste is a heterogenous mix of 
biodegradable and inert mass so the actual core may be in multiple random locations throughout 
the mass.  Regardless, all gas generation begins somewhere within the mass and migrates by 
pressure gradient towards the surface. 

Once this migrated gas begins to collect beneath a geosynthetic final cover system, the 
cover can become unstable quickly with financially disastrous results (Benson, et.al. 2012, 
Richardson, et.al. 2008).  Therefore, gas control – either passive (aka venting) or active - beneath 
a landfill final cover system is an absolute necessity.  For larger sites requiring active gas control 
under Federal Title V regulations, relief venting such as the PRV discussed above is another 
necessity for the inevitable LFG collection and control system (GCCS) crash.  Some argue that 
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Title V allows no such venting.  Well, LFG will likely have other ideas, despite regulatory fine 
print.  It will find a way to a lesser energy state and engineers must accommodate for that.  Many 
in the engineering community have recognized this risk and accommodate for LFG pressure 
relief in their final cover designs.  As stated above, PRVs can be fitted with an activated carbon 
filter to accommodate regulatory concerns over air emissions during shutdown events. 

A design process for LFG pressure control beneath the geomembrane was initially 
described by Thiel (1998).  The controlling equation for gas pressure control beneath the cover 
system is; 
 

 𝑢𝑢(g−allow) = hγcosβ −  (𝐹𝐹𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾− 𝛼𝛼)
𝑡𝑡𝑡𝑡𝛾𝛾∅

 [1] 

 
The geosynthetic final cover system weight is 287 N/m2 [6 psf] (sand ballast, synthetic turf and 
structured geomembrane).  For a 3H:1V slope (β) and a median interface angle of 39.6° between 
the structured geomembrane component with 4.5 mm (175 mil) high conical grips and a granular 
subgrade soil, the allowable gas pressure according to Equation 1 is 110 Pa (0.45 in-H2O) with 
FS = 1.5.   Thiel reported allowable gas pressures of approximately 300 Pa for a conventional 
soil-based erosion layer final cover system on the same slope.  Obviously, pressure relief venting 
is required regardless of the cover system design.  Landfill sideslopes will having varying levels 
of gas emissions based on refuse age.  Mature, medium aged, and young refuse are assumed to 
have the following LFG generation rates. 

 
Table 1.  LFG Generation Rates 

Refuse Age LFG Generation Rate Source 
Mature 6 ml/Kg/day Spokas, et.al 
Medium 14 ml/Kg/day Emcon 
Young 17 ml/Kg/day Thiel (1998) 

 
Leachate recirculation research (Al-Yousfi and Pohland) indicates refuse horizontal permeability 
(kH) can be 10 to 35 times greater than vertical (kV). Assuming a mid-range kH/kV ratio of 25, 
these generation rates will distribute vertically and laterally as shown in Figure 5.    

Splitting this slope into 3 equal height layers and presuming the nearest topdeck LFG 
extraction point is 60 m back from the hinge, the well spacing as shown on Figure 1 is also 60 m, 
LFG flow from this slope is estimated as shown in Table 2. 

 
Table 2.  LFG Flow Estimate (Sideslope Model) 

Refuse 
Lift Density 

LFG Generation 
Rate Volume 

Refuse 
Weight LFG Flow 

 (Kg/m3) (ml/Kg/day) (m3) (Mg) m3/min 
1 713 17 39,700 28,300 0.33 
2 831 14 64,500 53,600 0.51 
3 950 6 82,800 78,600 0.31 

 



1024 
 

 

 
Applying the sum of the LFG flow values in Table 2 over the slope surface area produces an 
average unit LFG flow of 2.8x10-4 m3/min/m2.  This unit flow can then be used to calculate 
pressure drop across the surficial well radius of influence (RoI) in Figure 1.  For typical well 
spacing (1 acre), the RoI is 35.9 m.  Applied vacuum would extend radially from the surficial gas 
well (Figure 2) to the outer boundary of the influence area.  Thiel (1998) recommends using a 
granular (sand) layer beneath the geomembrane as a surficial LFG collection layer with periodic 
strip drains to convey the LFG to a collection well or atmospheric vent.  The Geosynthetics 
Institute has suggested use of geotextile collection blankets as a substitute for the sand layer. 

However, the structured geomembrane component will have a nominal gap between the 
conical grip side and the subgrade soil due to the very low normal load of the system.  That gap 
allows LFG passage.  To demonstrate the gap will exist, the bearing force of an individual grip 
on the subgrade soil can be calculated.  The geosynthetic final cover system weighs 
approximately 287 N/m2 (6 psf).  The corresponding normal load for a 3H:1V slope is 272N.  
This unit normal load is distributed across grips covering 930mm2, thus each grip is supporting 
0.25 N.  The total conical surface area of a grip as shown in Figure 6 is calculated as 20.44 mm2. 

 
The applied bearing force, Bf, is calculated as the grip normal load (0.25 N) divided by the 
surface area of imbedded cone and sin S, or 44.2 kPa which is roughly 1/3 to 1/2 nominal soil 

Bf 4.45 mm 

2.79 mm 

S = 17.4° 

0.51 mm 

Figure 6. Structured Geomembrane Grip Geometry 
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Figure 5. Sideslope LFG Generation Rates (ml/Kg/Day) and Movement 
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bearing pressure.  Hence the grip will not completely penetrate a typical silty, clayey sand 
subgrade.   

Assuming a nominal soil bearing capacity of 95.8 kPa and an applied vacuum of 249 Pa 
(1 in-H2O), the embedment depth can be calculated as 2.3 mm, leaving a gap of 2.2 mm.  Using 
the Darcy-Weisbach equation, as presented in Equation 2, the required pressure drop from the 
well footing to generate a zero gauge pressure at the boundary is estimated in Table 3. 
 

 ∆𝑃𝑃 = 𝑓𝑓L𝑉𝑉2

2(𝑑𝑑𝐻𝐻)
 [2] 

Where,  
f  = friction factor, (function of conduit relative roughness and flow Reynolds Number) 
L  = length of conduit (m), 
V  = flow velocity (m/sec), 
dH  = hydraulic diameter (m) 
ΔP = pressure drop (Pa) 
 

Table 3.  Pressure Drop Estimate (Sideslope Model) 
        
Flow 
Path 

Width 
Radial 

Distance Area LFG Flow 
Gap 

Height 

Hydraulic 
Diameter1 

dH 
Velocity 

V 

LFG 
Density 

ρ  

LFG 
Viscosity 

μ 
(mm) (m) (m2) (m3/min) (mm) (mm) (m/sec) (Kg/m3) (Kg/sec-m) 
52.5 35.9 1.88 5.35x10-4 2.2 4.15 0.083 0.91 1.21E-5 

         
 Reynolds 

Number2 
NRE 

Friction Factor3 
f 

Pressure Drop 
ΔP 

 (Pa) 

 

 25.8 0.39 11.5  
 

The pressure drop calculated in Table 3 is well below the allowable pressure as calculated by 
Equation 1 above.  However, the trigger pressure of the PRV is 124.5 Pa (0.5 in-H2O).  This is 
slightly above the allowable LFG pressure of 110 Pa.  Rearranging Equation 1 and solving for 
FS at the trigger pressure results in FS = 1.35, which is acceptable for short duration events such 
as a GCCS shutdown. 

Increasing the LFG generation rate by 50% in the above analysis raises the pressure drop 
to 18.3 Pa, still well below the allowable and PRV trigger pressure.  The above calculations 
correspond quite well with observations of installed surficial LFG system performance. 

This level of pressure drop indicates that standard vacuum application associated with 
drilled wells (nominally 2,500 Pa and higher) is not required for a surficial system.  It can be 
shown standard vacuum application could close the gap between geomembrane sheet and the 
subgrade near the surficial wellhead thus closing off the flow path to the well. 
  

                                                 
1 dH = 4 x cross sectional area / wetted perimeter 
2 NRE = dHVρ/μ 
3 Solved using Colebrook Equation 
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BASE LINER LFG COLLECTION – A NECESSARY COMPONENT 
 
As stated above, this paper is focusing on base lined landfills only.  While LFG collection using 
a surficial collection system lets the LFG generation process do all the work in driving LFG to 
collection points, the same criteria must be applied to the base of the landfill.  A leachate 
collection and removal system (LCRS) can serve a dual purpose in leachate and LFG 
management.  However, the style of LCRS matters.  Richgels, et.al. (2013) indicated a 
geocomposite LCRS would require a vacuum level beyond typical GCCS capacity to extract 
LFG.  A well-operated (e.g. unsaturated) gravel LCRS, provides good LFG extraction and 
pressure control along the base of the landfill, thereby controlling LFG emissions into the 
subsurface soils beneath and away from the landfill.   
 
Vacuum distribution across a gravel LCRS will have a trapezoidal shape as the pressure drops 
deeper into the module (Figure 7). 
 

 
Figure 7. Vacuum Distribution Across Gravel LCRS 

 
Gas flow within the LCRS media (gravel or geocomposite) will follow Darcy’s Law (Hartsock, 
et.al), although restricted by orifice conditions at the pipe perforations (Figure 8) 
 

 
Figure 8. Vacuum Distribution Across Gravel LCRS 

 
The combination of Darcy’s Law through the gravel LCRS as restricted by the collection pipe 
perforations orifice flow is derived as Equation 3. 
 

 

𝜋𝜋𝑑𝑑2

4 𝐶𝐶𝑑𝑑�
2
𝜌𝜌�

0.5

𝑡𝑡𝛾𝛾
𝐿𝐿𝐿𝐿𝐶𝐶𝐿𝐿𝐹𝐹 = −𝑘𝑘𝑠𝑠

𝜇𝜇
�𝑃𝑃𝑛𝑛
0.5

 [3] 

 
By module and pipe geometry, and solving for P, the applied pressure from the collection pipe to 
cause sufficient pressure drop across the LCRS gravel can be determined with the following 
LCRS parameters; 
 

Q 

P0 Pn P2, 
P1, 

L LLCRS, 

s t 
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t = 0.305 m (12”),  
s =  0.305 m (12”) 
d =  0.00635 m (¼”) 
Cd =  0.63 
LLCRS =  60.98 m (200 feet LCRS ridge to trough) 
ks =  2.66x10-9 m2 (intrinsic permeability for clean gravel) 
ρ =  0.91 Kg/m3  
μ =  1.21x10-5 Kg/sec-m 
 
This configuration, with these variables, a GCCS vacuum of 2,865 Pa was applied at the far end 
(LCRS clean-out) of a 185 m long, 14.8 cm (inside) diameter collection pipe on a lined module 
in California’s Central Valley by the second author.  Total flow extracted from the LCRS branch 
was 2.52 m3/min.  The Reynolds Number for this flow was calculated as 27,100 (turbulent).  The 
friction factor (Colebrook) is quite low at 0.024.  Using Equation 2, the pressure drop was 
calculated as 88.2 Pa, hence Pn in Figure 7 is 2,777 Pa. 
 
Inserting Pn into Equation 3, rearranging to solve for L revealed L was equal to 72.9 m which is 
greater than the length from LCRS ridge to trough listed above. 
 
CONCLUSION 
 
A geosynthetic final cover system can (and has been) modified to act as an SGC system with the 
components described in this paper.  This system has been used to replace the more traditional 
drilled extraction well GCCS at some individual landfill cells across the country with good 
performance.  Analyses as presented in this paper provide confirmation of those system’s 
performance and design guidance for this surficial approach.    

Landfill sites that might use an SGC exclusively in lieu of traditional drilled well systems 
MUST have a base liner and LCRS to prevent excessive LFG pressure build-up in the LCRS and 
potential subsurface offsite migration.  The LCRS must use gravel as a drainage layer to allow 
for removal of LFG and prevent excessive pressure build-up against the base liner. 

The SGC as described in this paper is a low vacuum system that utilizes the LFG 
generation process to drive LFG from the landfill centroid(s) to the collection points.  Hence, 
mechanical equipment associated with an exclusive SGC system can be smaller in size than 
traditional systems.  Excess application of applied vacuum could impede system operation. 
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