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SUMMARY: Vertical expansion of existing landfill sites is often times very attractive and
economical. However, this presents several complex engineering issues as it may require the closure
of the existing landfill and installation of new liner and leachate collection and detection systems over
the existing landfill. A case study of vertical expansion of a landfill is presented where critical
geotechnical problems such as settlement and stability of the liner system are discussed and resolved.

1.0 INTRODUCTION

Many of America's municipal solid waste landfills are nearing capacity or are being forced to close
due to more stringent regulations. Concurrently, regulatory agencies are applying more pressure to
limit development of new sites. Consequently, many site operators are considering expansions over
top of and/or adjacent to an existing landfill facility. Due to the escalating cost of new development
and scarcity of suitable new landfill sites, this "piggyback" approach appears to be very attractive,
however, it presents several technical issues relating to the integrity and stability of the liner and cap
systems along the interface (or overlap) between existing and future refuse.

Proper design of these liner and cap systems requires the establishment of several geotechnical
parameters. One of the key issues is to estimate post-capping total and differential settlement of the
existing underlying refuse due to its own weight, decomposition of the existing waste, surcharging by
the additional new refuse and the resultant strain of the new liner and cap systems. Additional
rclcvantaFaramcters that must be identified and determined include shear strength of the refuse,
frictional resistance between the various geosynthetic components and their overall individual and
combined behavior with respect to shear, tensile and compressive loadings.

As an example of a vertical landfill expansion design, a case study of the Southern Alleghenies
Disposal Service, Inc. Phase II landfill development is presented in this paper. This landfill is located
in Conemaugh Township, Somerset County, Pennsylvania, U.S.A. This paper evaluates several
specific design issues related to the vertical expansion of this site with an emphasis placed on
providing simple reliable methods for designing the liner and cap systems.

2.0 BACKGROUND

Chambers Development Company, Inc. (Chambers) presently owns and operates the Southern
Alleghenies Disposal Service, Inc. (Southern Alleghenies) Landfill. The facility currently serves as
the disposal site for municipal, commercial and some select industrial wastes. The landfill was
nearing its permitted capacity and in order to continue landfilling operations Chambers proposed a
partial closure of the facility. This partial closure plan would cover the majority of the existing landfill
with a final cover system to prevent the infiltration of precipitation into the refuse and the remaining
existing portion would be overlain with a new liner system to permit vertical expansion. A typical
cross section of the vertical expansion is shown in Figure 1.
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As a consequence of evolving state regulatory policy, the interface between the existing refuse and the
future waste had to be closed and lined with a double liner system prior to placement of any new
(overlying) refuse. There was no specific policy that required a cap system separate from an
overlying double liner system on this type of interface. As such, the interface between the existing
and future waste was designed using a synthetic double liner system. A cross section of the liner
system along the interface is shown in Figure 1.

The incorporation of a synthetic liner system on a slope overlying existing refuse made it necessary to
consider design aspects for the liner system that may not be commonly required when designing
landfills on stable soil or rock slopes. Analysis and design of this landfill facility identified the
following critical issues concerning vertical landfill development:

» Settlement of the existing waste could be excessive during and after future (overlying)
waste placement, which could introduce strains in the interface liner system that could
potentially rupture the liner. A reliable method for estimating séttlement of waste was
required and a determination of the effect of this settlement on liner integrity/stability, and
a method for controlling this impact was required.

» The existng waste slope along the interface tended to be steep, typically 3 horizontal to 1
vertical (3H:1V). Placement of a liner system and protective cover over this slope had the
potential to introduce additional stresses and strains in the liner system components.
These stresses and strains had to be estimated and accounted for so as to insure internal
stability of the liner system.

» The number of geosynthetic components proposed for the liner system resulted in a
number of interfaces along which frictional resistance would be minimal. A determination
of the location and magnitude of critical friction angles in the liner system was required.

+ Finally, different components used in the liner system could tend to behave individually
under load, such that the liner system may not have reacted to loadings as a single unit.
The component or components govemning the overall behavior of the liner system had to
be determined, and its properties under load were applied in subsequent analyses of liner
integrity and stability.

3.0 LANDFILL SETTLEMENT

Settlement of the underlying (existing) waste was anticipated to have a major impact on the integrity
and proper functioning of overlying liner systems located on the vertical expansion interface area.
Total settlement is comprised of: 1) settlement due to the weight and decomposition of the existing
refuse itself; and 2) the weight of (future) superimposed surcharge loading from additional overlying
new refuse. As a consequence of the many unknown and highly variable properties of waste, no
precise analytical method is available to predict settlement. A review of available literature shows that
there are three primary methods for estimating settlement of waste. These methods are conventional
consolidation theory, the rate process model and Maxwell type model. The later two models require
the determination of several consolidation coefficients of the material, which can be determined
experimentally. The limited amount of field measurements of waste settlement have shown that the
conventional consolidation method predicts the settlement of waste relatively accurately and as such,
was used in the present analysis. Additionally, localized settlement was also addressed to account for
the condition of localized decomposition of the existing waste, which is not a function of surcharging
by the new overlying waste.

3.1 Total Settlement -

Perhaps the earliest and most commionly referenced model of waste settlement is that atributed to
Sowers (1972). Sowers indicated that waste is extremely compressible and that consolidation
involves several mechanisms: 1) mechanical consolidation; 2) biochemical decomposition and decay;
3) collapse of hollow bodies; and 4) ravelling or sloughing of fines into the voids between larger
irregular particles. Sowers notes the similarity of the consolidation process in waste to that in peats,
which have been more widely studied than waste. The total waste settlement comprises an initial,



rather rapid, primary consolidation followed by a secondary compression which can continue for
years and can be a significant portion of the (total) ultimate settlement. It is noted that primary and
secondary consolidation processes in a typical geotechnical sense involve obviously different .
processes than the primary/secondary phases discussed herein. However, the two-phase process
(rapid and time dependent compression) appears to be common to both soils and waste. Load-related
compressibility of waste (primary consolidation) can be expressed as:

CcH oo’ + Ao’
AH = log ——— (Equation 1)
. 1+ €o O-Or AN

Where: AH = settlement; eo = initial void ratio; H = existing waste thickness; C¢ = compression
coefficient; 00" = initial effective vertical stress; Ao’ = change in vertical effective stress produced by
surcharge loads.

The compression index (Cc) varies considerably for any value of void ratio depending upon the
organic content of the refuse. For low organic content waste, the lower bound value of Cg is
approximately equal to 0.15¢q, and for high organic content waste the upper bound value of Cc is
approximately equal to 0.55¢o.

The secondary consolidation of waste is also a function of void ratio and can be expressed as:

oH v .
AH = T+eg log t—l-) (Equation 2)

Where: o = coefficient of secondary consolidation; t] = time of initial (primary) consolidation; t =
time of secondary consolidation; o, analogous to Cg, is related to the fill environment and typically is
given as: o = 0.03ep (anaerobic; poor decomposition); o = 0.09¢o (aerobic; good decomposition).

The total settlement is obviously the sum of the primary and secondary consolidations as defined
above by Equations 1 and 2. The use of the above equations necessarily involves either the
measurement or assumption of the initial void ratio (ep) in order to calculate the respective
compression coefficients, C¢ and o. In addition, estimates of the overburden load (in this case, the
new overlying waste) must also be made to determine 6" and A¢” in Equation 1.

Additional modifications to these original equations have been made in recent years with the majority
attempting to limit or better define the assumptions needed for the variables. However, in the majority
of cases where field measured settlements are compared with predictive models, the original model by
Sowers provides reasonable estimates of waste settlement. Although Sowers method involves
estimating the initial void ratio and the existing effective stress state as well as the type of »
decomposition to be expected, it does allow for the adequate determination of approximate conditions
for design purposes. All of the other settlement models require field or laboratory testing in order to
determine various consolidation parameters. In addition, it should be noted that the Sowers' model
has been referenced in whole, or in part, in numerous field studies of waste settlement and the
agreement has generally been. good.

Because of the difficulty in predicting future waste conditions, both upper and lower bound values of
Cc and o were used to estimate the range of magnitude of settlements likely to occur along the
interface between existing and future waste. Primary settlement of the existing waste was calculated
assuming that the future waste surcharge would be applied instantaneously. However, for calculation
of secondary consolidation, a ten-year time period was used to insure that the majority of secondary
consolidation was included. These two settlements were added together to determine the theoretical
future settlements of the existing waste, which would occur after the closure of the existing waste and
application of future waste. Settlement was estimated along several cross sections through the
interface. Areas of the interface where the magnitude of settlement was equal were connected with a
line to produce an "iso-settlement" contour (refer to Figure 2). Figure 2 shows the "iso-settlement”
contour map (each line represents a line of equal maximum settlement) prepared for the interface of the
vertical expansion.
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When the "worst case” conditions (i.e., largest settlement, high organic material-aerobic
~decomposition) were investigated the maximum calculated total settlement was 21 feet. Conservatively,
zero settlement was assumed at points beyond the influencing zone of the new waste (i.e., toe and top

of the interface). This resulted in a maximum differential settlement of 21 feet over an approximate
distance of 160 feet, producing a resultant strain of 0.9 percent in the liner system along the interface.

It should be realized that this strain, due to overall settlement, will not occur until closure of the new
portion of waste over this interface, since the calculations were performed using the final thicknesses of
new waste. : . :

The liner system on the interface was capable of accommodating approximately 10.0 percent strain.
Therefore, the maximum strain in the liner system on the interface, attributable to overall settlement of
the existing waste (i.e., 0.9 percent) was well below the design strain of the liner system, and it was
concluded that potential overall settlement of the subbase would not damage the liner system.

3.2 Localized Differential Settlement

Aside from the overall settlement that could occur along the interface, localized pockets of excessive
settlement in the existing waste could also occur. It is probable that the localized depressions would be
temporary, since the surrounding waste would eventually settle. However, these temporary conditions
would represent a worst case scenario, and the liner system had to be designed to accommodate these
conditions. To prevent excessive elongation of the liner components due to localized settlement,
geosynthetic reinforcement (geogrids) were incorporated into the design of the interface liner system
subbase. The reinforcement is located in the subbage of the interface liner system (refer to Figure 1)
and is there solely to limit deflection of the overlying liner system.

The design for localized settlement conservatively assumed that localized settlement would take the
form of a six-foot diameter approximately circular void (rusted refrigerator assumption) of infinite
depth. Furthermore, maximum strain in the lining system was limited to the allowable strain of the
geomembrane liner, which was ten percent. The following methodology is based on reinforced earth
theory coupled with soil arching theory, which is summarized in Reference 2. Terzaghi's equation
for soil arching was used to determine the pressure exerted on the liner system due to the future waste
overlying the interface liner and (depression) void, and is given as follows:

p=2Yavgr (1 - e0-5H/m) (Equation 3)

Where: p = pressure exerted in the liner system; YAyG = average unit weight of material above the
void; r = radius of void; H = height of new waste above the void.

This vertical pressure is transferred to the geosynthetic reinforcement layer in the form of tensile
stresses. Tensile stresses that could be generated in the reinforcement are estimated as follows
(Giroud et al., 1988):

T = prQ (Equation 4)

Where: T = tensile stress in reinforcement geogrid; Q = dimensionless factor; (Other parameters
defined previously.)

The dirnensionless factor () is a function of the strain that is allowed to be applied to the -
reinforcement (this relationship can be found in Reference 2). A value of 0.98 for £, which limited
reinforcement strain to 4 percent, was used in the design. Strain in the reinforcement due to localized
settlement was designed to be limited to 4 percent so that the strain from overall settlement of the
existing waste (previously presented as 0.9 percent) as well as the strain from potential mine
subsidence (not discussed in this paper) could be superimposed on the liner system without
overstraining it.



TABLE 1
TENSION IN LINER SYSTEM ON INTERFACE DUE T
LOCALIZED SETTLEMENT iy

Tension In Reinforcement Due fo
Localized Settlement of Existing Waste

Height of New Waste (Ib/ft)

10 970

20 1,090

40 1,120

50 1,120

75 1,120

100 1,120

140 1,120

Table 1 contains the results of the localized settlement analysis performed to determine the tension in
the reinforcement resulting from allowing a strain of 4 percent. As can be seen, the tension generated
in the reinforced subbase stabilizes beyond a certain new waste height, which is attributable to the
arching effect over the void. The calculated maximum tension of 1,120 Ib/ft was used to choose a
geosynthetic reinforcement which possessed a long-term tensile strength of at least 1,120 1b/ft at less
than 4 percent strain.

4.0 LINER STABILITY

Aside from settlement of the existing waste and its affect on the stability and integrity of the interface
liner system, the other major areas of concern evaluated herein include:

1. Overall slope stability of the new waste with its affect on the interface liner system; and
2. Slippage between various geosynthetic components within the interface liner system.

4.1 OQverall Slope Stability

The overall slope stability of the new waste, existing waste and interface liner system was investigated
using the PCSTABLS slope stability computer program. The overall stability of the landfill depends
on the shear strength properties of the soils, waste, and geosynthetic components used in its
construction. The design parameters and shear strength properties used in the overall slope stability
analyses are given in Table 2 and are based on laboratory tests and manufacturer’s recommendations
(refer to Figure 1 for the interface liner system and the various components described in Table 2).

The interface liner system represents the most critical plane in the landfill since it contains the weakest
planes, with regard to stability. A number of the liner component interfaces listed above possess
friction angles of approximately 12 degrees. Low values such as these indicate that slippage would
likely propagate along one or more of these interfaces in a deep-seated failure. By envisioning these
weak interfaces as providing little to no resistance, it is conceivable that whole-body rotation of the
new waste could occur and was considered in this analysis as a worst case scenario.

Based on the above discussion the following minimum factors of safety (FS) were obtained from the
PCSTABLS slope stability analyses:

FS (Circular Failure Surface) = 1.53
FS (Sliding Block Failure Surface) = 1.74

The calculated factors of safety indicated that the overall stability of the landfill was adequate, and that
a deep seated catastrophic failure was unlikely.



TABLE 2
SLOPE STABILITY DESIGN-PARAMETERS

Design Parameters
Unit weight of waste

(Approximate weight of refuse including
daily and intermediate cover soil)

Shear Strength Properties of Refuse
Effective Angle of Internal Friction (E')

50 pef

25 degrees

]
o

Effective Cohesion ZE)

Moist Unit Weight = 120 pcf
Effective Angle of Internal Friction () = 31degrees
Effective Cohesion (c) =0

Shear S WP i85 of Siibbise Material

Moist Unit Weight = 140 pcf
Effective Angle of Internal Friction (5) = 31 degrees
Effective Cohesion (c) =0

Friction Angle Between Nonwoven

Geotextile Filter and Protective Cover (3fc) = 25degrees

Friction Angle Between Nonwoven
Geotextile Filter and High Density Polyethylene (HDPE)

Drainage Net (8gd) = 30 degrees
Friction Angle Between HDPE

Drainage Net and HDPE Drainage (844) = 12 degrees
Friction Angle Between Drainage Net

and smooth HDPE geomembrane (8dp) = 12degrees
Friction Angle Between HDPE Geomembrane

and Subbase (8ps) = 30 degrees




}

4.2 Interface Liner System Stability
' P ad

The analysis of liner stability on the interface was performed using the following methodology
proposed by Giroud and Beech (1989). The tension that is generated in the liner system can be
approximated by the following equation:

_Ye Te2 [GHC cos B 1) sin(B - Bim) sin @em

* ='sin 28 Te cos@im  cos (B + Gcm)] (Equation 5)

Where: o = tension in liner system; Y = unit weight of protective cover; H = height of protective
cover; Te = thickness of protective cover; B = slope angle; @ = friction angle of protective cover

e Q5
“ that is mobilized (% ); @im = critical friction angle of liner system that i§ mobilized ( F—é ); B¢ =
angle of internal friction of protective cover; and @ = critical friction an gle of the liner system.

The slope of the interface is approximately 33 percent (8 = 18.4 degrees) and the most critical angle of
friction is 12 degrees.

To prevent slippage, the liner system must be anchored to provide stability. Because the system must
be anchored, applied loads from the protective cover and future waste will result in tensions being
induced in the liner system. The liner system must be designed to carry this tension with some factor
of safety.

The tension created by these loads will be resisted by the incorporation of one layer of geosynthetic
reinforcement (i.e., geogrid) directly between the interface liner system and the protective cover (refer
to Figure 1).

The maximum length of the interface is approximately 425 feet. This length was used to determine
the required strength of the geosynthetic reinforcement and staging of the protective cover. Tension in
the liner system can be limited by placing the protective cover in increments. Design of the protective
cover increment length was based on the following assumptions: 1) the maximum strain the liner
system can handle before it yields is governed by the yield strain of the primary and secondary
geomembranes; 2) for 60 mil HDPE geomembrane strain at yield is approximately 10 percent; 3) the
maximum strain due to trough, sinkhole subsidence and overall waste settlement equals 5.7 percent ;
4) the strain that can then be safely carried by the liner system due to tension caused by the weight of
protective cover and future waste is: 10 percent less 5.7 percent = 4.3 percent; 5) the long-term
tensile strength of the geosynthetic reinforcement (uniaxial geogrid) at 4 percent strain was
apglmx?@&-atcly 1,400 1b/ft; and 6) the tensile strength of the other liner system components was
neglect

Based on these assumptions, the maximum additional tension that could be introduced into the liner
system without straining it beyond 10 percent was 1,400 1b/ft. The maximum height of the protective
cover that can be placed before exceeding 1,400 1b/tt is 10.75 feet (determined by solving Equation 5
for He). Thus the maximum permissible length of the first increment of protective cover alon gthe
3H:1V interface slope was approximately 35 feet. By completely lining the interface slope with the
geosynthetic liner system and then placing no more than 35 feet of protective cover along the slope,
the strain will be kept below 10 percent at a maximum, and the liner system will be stable.

The length of subsequent increments of protective cover will depend on the height of future waste
placed adjacent to the protective cover. The future waste will act as a buttress, which will result in
reducing tension in the liner. The subsequent increments of protective cover length were maintained
at 35 feet to limit tension in the liner system to 1,400 Ib/ft.
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5.0 CONCLUSIONS

Because of the escalating cost of the new development.end scarcity of suitable new landfill sites,
vertical expansion of existing landfill sites appears to be very attractive. However, this presents
several complex geotechnical issues such as: 1) estimating total, differential and localized settlement
and the resultant strain; 2) stability of the liner system; and 3) stability of various geosynthetic units
within the liner system,

A case study on the vertical expansion of the Southern Alleghenies Landfill site located in
Pennsylvania, U.S.A. is discussed. Settlement of the existing waste would be due to its own weight,
decomposition of the waste and surcharging from future refuse. A literature search was conducted
relating to waste settlement and the mathematic model proposed by Sowers was found to be most
appropriate for this site as other models require several other parameters for estimatin g settlement that
are not readily available. Aside from the overall settlement, the condition of excessive localized
settlement was also evaluated. - : - o

Several aliernative meihods for lining the interface between existing waste and future waste have been
evaluated. It is recommended to use three layers of high strength geogrid reinforcements to ensure the
integrity of the other geosynthetic liner components. The analysis has shown that the proposed
geosynthetic units will;

*  Conform to the settled ground shape for overall settlement and differential settlement, and
the maximum strain in the geosynthetic units due to overall existing waste settlement is

* Bridge a localized depression of infinite depth and up to a maximum diameter of 6 feet
without failure to the geosynthetic units.

*  The overall slope of the calculated settled surface of existing refuse is fairly uniform and
will allow flow of leachate through the leachate collection/detection system along the
interface.

*  The factor of safety for overall stability of the cover and liner systems was found to be
more than or equal to 1.5. The geosynthetics have been designed to withstand potential
tensile stresses which may develop due to the critical governing friction angle(s) within the
interface liner system,

¢ Incremental construction of the protective cover on the interface liner system followed by
future waste placement to act as a buttress, can be used effectively to maintain liner tension
to within acceptable strains.
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