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48 Chapter2 Landfill Siting and Site Investigation

FIGURE 2.5 Recommended Procedure for /
Preparation of a Compaction Test Specimen
Using Variable Compactive Energy for Each
Trial (USEPA, 1993b)

Laboratory
compaction

('Yd ) target | T T

Dry unit weight

Second
wal 1 First trial

|

] >

Wtarget

Water content

2.7.5 Shear Strength

Strength tests are performed on Shelby tubes of cohesive soils collected from the pro-
posed excavation area of the landfill. Strength tests are conducted to develop shear
strength parameters to be used in the sideslope and foundation stability analyses.

These shear strength tests consist of unconfined compression tests and consolidated-
undrained triaxial tests with pore pressure measurements. The results of the uncon-
fined compression tests are used to develop total-strength parameters for the
short-term or undrained condition, which is representative of the conditions immedi-
ately after excavation. These tests are performed in accordance with ASTM D2166.
The results of the consolidated-undrained triaxial tests with pore pressure measure-
ments are used to develop effective-strength parameters for the long-term or drained
condition. These tests are performed in accordance with ASTM D2850.

2.7.6 Compresgfbility

Consolidation tests should be performed on undisturbed samples. These tests are con-
ducted to obtain compression parameters of the foundation soils for landfill founda-
tion settlement analysis. These analyses are performed in accordance with ASTM
D2435.

Recommended minimum values for the frequency of testing are shown in
Table 2.3. The tests listed in Table 2.3 are normally performed prior to construction as
part of the characterization of the borrow source. However, if time or circumstances
do not permit characterization of the borrow source prior to construction, the samples
for testing are obtained during excavation or delivery of the soil materials.

The common soil laboratory and field tests used for landfill site investigation,
design and construction are listed as follows:

Unified Soil Classification System (AéTM D2487)
AASHTO Soil Classification System (ASTM D3282)

PR
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PROBLEMS

Problems

TABLE 2.3 Recommended Minimum Testing Frequencies for Investigation of
Borrow Source (USEPA, 1993b)

Parameter Frequency
Water Content 1 Test per 2,000 m® or Each Change in Material Type
Atterberg Limits 1 Test per 5,000 m® or Each Change in Material Type
Percentage Fines 1 Test per 5,000 m® or Each Change in Material Type

Percentage Gravel
Compaction Curve
Hydraulic Conductivity

1 Test per 5,000 m® or Each Change in Material Type
1 Test per 5,000 m® or Each Change in Material Type
1 Test per 10,000 m® or Each Change in Material Type

Note: 1 yard® = 0.76 m*

Moisture Content (ASTM D2216)

Specific Gravity (ASTM D854)

Atterberg Limits (Plastic and Liquid Limits) (ASTM D4318)
Sieve Analysis (ASTM D421)

Hydrometer Analysis (ASTM D422)

Shrinkage Limit (ASTM D427)

Standard Proctor Compaction (ASTM D698)
Modified Proctor Compaction (ASTM D1557)
Permeability of Granular Soil (ASTM D2434)
Consolidation (ASTM D2435)

Unconfined Compression (ASTM D2166)

Direct Shear (Granular Soil) (ASTM D3080)
Triaxial Compression (ASTM D2850)

Flexible Wall Permeability Test (ASTM D5084)
Sealed Double-Ring Infiltrometer (ASTM D5093)
Field D&nsity by Nuclear Method (ASTM D3017)
Field Density by Sand Cone (ASTM D1556)

Field Density by Rubber Balloon (ASTM D2167)

2.1 What factors must be considered in evaluating potential landfill sites?

2.2

23

according to the RCRA Subtitle D rules.

selecting a landfill site.

2.4 Explain what the 100-year floodplain means.

2.5

D rules?

Describe what locational criteria or restrictions must be considered for landfill siting

List important geologic and hydrogeologic conditions that must be considered when

49

What is the definition of a seismic impact zone for landfill design in the RCRA Subtitle
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Section 6.8 Compressibility of Municipal Solid Waste 199

(iii) Sludges and indigenous materials, and
(iv) Reusable geosynthetics (geotextiles or geomembranes).

Perhaps the greatest uncertainties regarding shear strength determinations of
municipal solid waste have to do with fundamental principles; namely, is the linear
Mohr-Coulomb theory appropriate for use with the waste? Municipal solid waste can
under go large deformations without failing. If so, at what strains are the strength data
relevant? Failure is conventionally defined as either sudden rupture with all loss of
strength or alternatively by increasing strain without limit at essentially constant stress.
At what strain should failure be declared?

Singh and Murphy (1990) reported triaxial testing of municipal solid waste per-
formed on Shelby tube samples. After undergoing strains greater than 30%, the stress
continued to increase with no indication of reaching an asymptotic value. During load
tests conducted in Monterey Park, California, a surcharged landfill slope underwent
large deformations but no failure plane was apparent (Singh and Murphy, 1990).
Based on this and other information, Singh and Murphy concluded that a Mohr-
Coulomb characterization of the waste strength may be inappropriate and that slope
failure (through the waste material) may not be a critical aspect of landfill design. This
situation could differ drastically when liquids are involved. Koerner and Soong (2000)
present case histories of 10 massive landfill failures. All were associated with liquids
either within the waste mass, between liner materials, or in the foundation soils !
beneath the waste. Failure surfaces were generally partially within the waste mass.

In general, however, landfills tend to involve slippage along interfaces within the
liner system or within weak underlying soils. Therefore, while it is necessary to esti-
mate the strength properties of waste when conducting stability analyses, it is more
important (Fassett et al., 1994) to evaluate weak interfaces and/or poor foundation
materials properly, as well as strain compatibility between dissimilar materials.

6.8 COMPRESSIBILITY OF MUNICIPAL SOLID WASTE

The compressibility of municipal solid waste has been studied for several decades.
Early work focussed on the behavior and suitability of landfilis for future construction
sites. As the praétice of sanitary landfilling increased and landfill sites became more
scarce the focus shifted to improving the efficiency of waste placement to improve unit
waste volume (Fassett et al., 1994). The general findings of earlier research can be
summarized as follows:

(1) The majority of the settlement occurred quickly;
(ii) Increased compaction can reduce total settlement; and

(iii) Settlement under loads decreases with age and depth of municipal solid waste
(Fassett et al., 1994).

Two main factors affect settlement of municipal solid waste, namely, the initial
density of the waste and compaction effort at placement (which affect mechanical com-
pression); and the moisture content, depth, waste composition, pH, and temperature,
which affect physico-chemical and biochemical alteration of the waste (Wallis, 1991).
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Chapter 6 Engineering Properties of Municipal Solid Waste

Traditional soil mechanics theories of compressibility have been applied to
municipal solid waste. Therefore, the same considerations and parameters have beep
used. Note, however, that these theories are based on fully saturated soils and not op
partially saturated (i.e., S << 100% ) MSW materials. Settlement is generally consid.
ered to consist of three components:

AHm = AH; + AH. + AH, (6.11)

Where AH,,, = total settlement;
AH; = immediate settlement;
AH,_ = consolidation settlement; and
AH, = secondary compression, or creep.

Initial settlement of municipal solid waste resulting from increased loads occurs
typically within the first three months (Bjarngard and Edgers, 1990). Waste settlement
is similar to that of peat soil in which, after rapid immediate and consolidation settle-
ment, additional settlement is accompanied by little or no excess pore pressure
buildup and is primarily due to long-term secondary compression (Sowers, 1973).
Because the consolidation phase is completed so rapidly, it is generally lumped
together with the immediate settlement and called “primary settlement” (Lukas,
1992). However, unlike peat deposits, the secondary compression of municipal solid
waste includes an important decomposition component.

The parameters commonly used to estimate the primary settlement of municipal
solid waste resulting from an increase in vertical stress include the primary compres-
sion index (C.) and the modified primary compression index (C.). These parameters
have been defined by Fassett et al. (1994) and are written as

Ae

== g2
log(a/0) (6.12)

o c

and

AH C
- = c 6.13
C. Hy'log(ay/og) 1+ ¢ (613)

where Ae = change in void ratio;
e, = initial void ratio;
o, = initial vertical effective stress;
o, = final vertical effective stress;
H, = original thickness of waste layer; and
AH = change in thickness of waste layer.

There are several problems with this approach (Edil et al., 1990). First, the initial
void ratio (ey) or initial height of waste (H,), especially for old landfills, is often not
known. Second, the effective stress is a function of MSW unit weight (and level of
leachate in the landfill) which is generally not accurately known. Third, the e-log(o)
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Section 6.8 Compressibility of Municipal Solid Waste 201

relationship is often not linear; therefore, C. and C; vary with the initial stresses within
the landfill and as these stresses change with time.

The secondary compression index (C,) or the modified secondary compression
index (C,) are used to estimate the settlement that occurs after completion of the pri-
mary settlement (Fassett et al., 1994). This usually occurs while the waste is subjected
to a constant load. The indexes are

Ae
C,= m (6.14)

and
Cr = AH _ C,
*  Hplog(ty/t)) 1+ e

where # = starting time of secondary settlement; and
t, = ending time of secondary settlement.

(6.15)

These parameters tend to change during creep deformation and with chemical or
biogradation of the waste. The most important cause of secondary settlement is most
likely volume reduction due to decomposition of organic matter. This view is not sub-
stantiated, however, by field evidence and test results at this time.

In order to measure the compressibility resulting from an increase in load, plate
load tests (Landva et al., 1984), pressuremeters (Steinberg and Lucas, 1984), and
odometers (Bjarngard and Edgers, 1990; Chen et al., 1977; Landva et al., 1984; Oakley,
1990) have been used in various investigations. To measure the rate of settlement
under constant load, surveying methods have been widely used. Techniques include
aerial photo comparisons over time (Druschel and Wardwell, 1991), benchmark sur-
veys on the landfill surface (Steinberg and Lucas, 1984; Dodt et al., 1987; Wallis, 1991;
Druschel and Wardwell, 1991), and settlement platforms placed below earth embank-
ments constructed on landfills (Sheurs and Khera, 1980). An additional technique uti-
lizes telescoping inclinometers (Siegel et al., 1990; Galante et al., 1991). These devices
allow measurements of settlement at various depths under both increases in load and
constant load. Frequent readings during landfilling are needed (Fassett et al., 1994) to
back-calculate separate values of C. and C,.

The high compressibility of waste fill is evident from Figure 6.9, where consolida+
tion results from five locations are plotted (Landva and Clark, 1990). These tests were
all done in a 470-mm diameter apparatus. The samples were placed in the container in
about 50-mm lifts and lightly compacted. The gradient of the log pressure versus strain
is the modified primary compression index (C;). The range of C. in Figure 6.9 is 0.2 to
0.5. This value is high in comparison with soils, even with organic soils. Keene (1977)
installed nine settlement platforms at various elevations of a sanitary landfill to inves-
tigate the landfill settlement for five years. The settlement readings indicated that the
primary compression was about 3% and occurred rapidly. Primary settlement essen-
tially ended at one-half to one month after completion of filling. Sowers (1973)
pointed out that the compression index, C,, is related to the initial void ratio, e, as
shown in Figure 6.10. There is a considerable variation in C, for any value of e. The
higher values are for fills containing large amounts of garbage, wood, brush, and tin
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FIGURE 6.9 Compressive 0 T T
Strain versus Log Pressure for
Various Landfills in Canada
£ : (Landva and Clark, 1990) 10~ 7
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cans; the lower values are for the less resilient materials. The maximum C, for peat is
about one-third greater than the maximum observed for waste fills.

_— Landva and Clark (1990) found that the coefficient of secondary consolidation,
C., (the gradient of the compression versus log time relationship) was in the range 0.2
to 3.0 percent per log cycle time, depending on the type of waste involved. Field testing
results using a settlement platform (Keene, 1977) showed that the coefficient of sec-
ondary consolidation, C,,, varies between 0.014 and 0.034. Too few tests have been car-
ried oft for any firm relationship to be established between the value of C, and the
type of waste, but it does appear that C, increases with increasing organic content.
Sowers (1973) pointed that the coefficient of secondary consolidation, C,, is also a
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T T FIGURE 6.11 Secondary
Compression of MSW Landfills
(Sowers, 1973)
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function of the void ratio, as shown in Figure 6.11. For any given void ratio, there is a
large range in C,, related to the potential for physico-chemical and bio-chemical decay.
The value is high if the organic content subject to decay is large and the environment is
favorable: namely, warm, moist, with fluctuating water table that pumps fresh air into
the fill. The value is low for more inert materials and an unfavorable environment.
More research and data are necessary before this relationship can be defined more
closely.

The most widely reported compressibility parameter is the modified secondary
compression index (C,). The reported values of C; range from 0.001 to 0.59. The low-
est value represents the compressibility of a landfill that had been subjected to
dynamic compaction. For typical landfills the lower limit of C_ is generally around 0.01
to 0.03. This compares to 0.005 to 0.02 for common clays (Holtz and Kovacs, 1981).
Fasset et al. (1994) observed that the typical upper limit of C, appears to be approxi-
mately 0.1.

According to Yen and Scanlon (1975), the settlement rate of waste increases with
depth, hence larger values of C, should be associated with thicker fills. They observed
that this effect leveled off at about 90 ft. and suggested that conditions within the land-
fill at greét depths limit the biological activity to anaerobic decomposition, which is
much slower than the aerobic decomposition believed to occur in shallower fills.

The values of C, and C,, like C, and C;, are dependent on the values used for ¢,
or H. The value of C, is also dependent on stress level, time, and on how the origin of
time is selected. The waste placement or filling period for landfills is often long and
should be taken into consideration for settlement rate analyses (Yen and Scanlon,
1975). The zero time selection has a large impact on C, particularly during earlier
phases of a landfill (Fassett et al., 1994)

An additional problem with determining C, is the fact that this parameter is gen-
erally not constant. Edgers (1992) presents settlement log-time data from 22 case his-
tories (shown in Figure 6.12). The majority of the curves show a relatively flat slope
(ie. low C, values) at small times, but at larger times the slope greatly increases
(Figure 6.13). They attributed the higher slopes in the later stages of compression to
increasing decomposition, but it may simply be an artifact of the log-time scale. It is
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204 Chapter 6 Engineering Properties of Municipal Solid Waste

FIGURE 6.12 Landfill Settlement 0
versus Log Time (Bjarnagard and
Edgers, 1990)
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highly likely that decomposition of municipal solid waste will affect its compressibility.
Fassett et al. (1994) have concluded that the relative contribution of mechanical com-
pression, thermal effects, and biological decomposition to the total settlement has not
been adequately addressed. What is critical to note in Figure 6.12 is that the settlement
of MSW landfills can be enormous. Thirty (30) percent of total height settlement has
- | huge implications in cover soil design and related landfill planning. This issue will be

S

FIGURE 6.13 Idealized Plot of 0
1 Landfill Settlement versus Log Time E 3
(Bjarnagard and Edgers, 1990) o 1
* 2 3
o A 3
g 5 - ]
< o ]
: i :
s F (Cadrx ]
J10 - 3
2 r ]
[%7] L -
1sE |
0.1 1.0 10.0

Time in years (log)

PROBLEMS

6.1 Explain why it is difficult to determine the éngineering properties of municipal solid
waste.

6.2 Which waste property or parameter is the most useful in landfill design and perfor-
mance? -

6.3 List the factors that influence the unit weight of solid waste.
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CHAPTER 12

Landfill Settlement

12.1 MECHANISM OF SOLID WASTE SETTLEMENT
12.2 EFFECT OF DAILY COVER
12.3 LANDFILL SETTLEMENT RATE
12.4 ESTIMATION OF LANDFILL SETTLEMENT
12.4.1 SETTLEMENT OF NEW SOLID WASTE
12.4.2 SETTLEMENT OF EXISTING SOLID WASTE
12.5 EFFECT OF WASTE SETTLEMENT ON LANDFILL CAPACITY
12.6 OTHER METHODS FOR ESTIMATING LANDFILL SETTLEMENT
12.6.1 EMPIRICAL FUNCTIONS :
12.6.2 APPLICATION OF EMPIRICAL FUNCTIONS TO FIELD CASE STUDY
12.6.3 SUMMARY COMMENTS ABOUT THE EMPIRICAL FUNCTIONS
12.7 ESTIMATION OF LANDFILL FOUNDATION SETTLEMENT
12.7.1 TOTAL SETTLEMENT OF LANDFILL FOUNDATION

12.7.2 DIFFERENTIAL SETTLEMENT OF LANDFILL FOUNDATION
PROBLEMS
REFERENCES

Settlement is an important concern in the management of municipal solid waste land-
fills. Landfill settlement continues over an extended period of time, with a final settle-
ment that can approach 30% of the initial fill height as shown in Figure 12.1 from

Spikula (1997). From an operator’s viewpoint, landfill capacity will increase if most of

the settlementHccurs during the initial or early filling stages. Accordingly, waste place-

12.1 - MECHANISM OF SOLID WASTE SETTLEMENT

The settlement of landfills affects the design of protection systems such as covers, bar-
riers, and drains. Landfill Storage capacity, and the cost and feasibility of using the
underlying refuse for the support of buildings, pavements, and utilities will also be
affected. Excessive settlements may cause ponding and even fracture of covers and
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drains. The latter outcome may increase the amount of moisture entering the landfill,
which, in turn, will produce more ieachate.

Settlement of municipal solid waste often begins rapidly as load is placed and
continues to occur for long periods thereafter. The mechanisms of refuse settlement
are complex, even 1fore so than for soil, because of the extreme heterogeneity of
waste fill and the presence of large voids. The main mechanisms involved in waste set-
tlement are the following (Sowers, 1973; Murphy and Gilbert, 1985; Edil et al., 1990;
Edgers et al,, 1992): .

(i) Mechanical Compression: Densification, distortion, bending, crushing, and reori-
entation; similar to consolidation of organic soils. Compression caused by the
self-weight of the landfill and imposed loads, occurs in the from of initial, and/or
primary consolidation, and/or secondary (delayed) compression.

(ii) Raveling: The movement of finer particles into larger voids or cavities within the
£ill. It is usually difficult to distinguish this mechanism from others.

(iii) Physical-Chemical Change: The deterioration and volume loss of waste products
by corrosion, oxidation, and combustion.

(iv) Bio-Chemical Decomposition: The reduction of waste mass by fermentation and
decay, both aerobic and anaerobic processes. This mechanism will be discussed
at length in Chapter 15 on bioreactor landfills. '
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442 Chapter 12 Landfill Settlement

Many factors affect the magnitude of the settlement, and several of them are
interrelated: (i) initial density or void ratio of the solid waste, including the types and

factors, such as moisture content, oxygen which reaches the waste, temperature within
the landfill, and gases present or generated within the landfil (Edil et al., 1990).

Settlement can occur jointly with evolution and release of large quantities of
landfill gas. A detailed geotechnical mechanism or explanation for settlement caused
by or associated with gas generation is not available at present. Similarly, the role of
moisture equilibration (Noble et al, 1989) and hydrodynamic effects in the compres-
sion of partially saturated materials also is not well understood.

It should be noted that waste settles substantially both under its own weight and
under the weight of a new load (for example, the placement of new waste over existing

Waste unit weights are highly erratic, typically varying within a landfil] from 32 to
70 1b/£t3 (5 to 11 kN/m®). Moisture contents typically range from 10 to 50% on a dry-
weight basis (Sowers, 1968, 1973; Ham et al., 1978).

Settlement of waste fill is characteristically irregular. Initially, there is a large set-
tlement within one or two months after completing construction, followed by a sub-

ranges from 5 to 30% of the original thickness, with most of the settlement occurring
in the first yedr or first two years (Edil et al., 1990).

12.2 EFFECT OF DAILY COVER

Complications arising from the settlement behavior of the daily cover itself are nor-
mally ignored when estimating landfill settlement. Placement of a daily cover of inor-
ganic soil over waste fill is standard practice at most landfill sites; it is done to keep

pendent layer between the much thicker layers of waste, while remaining largely intact
and undergoing some consolidation settlement of its own.

This conceptual model of cover sol behavior does not accurately simulate actual
behavior. Although the inert soil component initially occupies approximately 20% of
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12.4.2 Settlement of Existing Solid Waste

Section 12.4 Estimation of Landfill Settlement 451

The following equations can be used to calculate the settlement of an existing solid
waste landfill caused by vertical expansion (Chapter 14) or other additional extra load-
ing, such as a light structure on a raft foundation.

The primary settlement is obtained by

MM = G jogTe T A7 (12.8)
€T T 1+, 8 g, )
or
o, + Ao
AH, = CiH, log "> (12.9)

o

where AH_ = primary settlement;
e, = initial void ratio of the waste layer before settlement;

H, = initial thickness of the waste layer of the existing landfill;

C, = primary compression index;
C! = modified primary compression index, C; = 0.17 ~ 0.36;
o, = existing overburden pressure acting at the mid level of the waste

layer;
Ao = increment of overburden pressure due to vertical expansion or other

extra load.

The long-term secondary settlement is given by

AH, = C H, log 2 (12.10)
o« = Ca' 08 '
5
or 3
t
AH, = C;-Ho-logt—z (12.11)
1

where AH, = secondary settlement;
e, = initial void ratio of the waste layer before starting secondary

settlement;

H, = initial thickness of the waste layer before starting secondary
settlement;

C, = secondary compression index;

C! = modified secondary compression index, C, =003 ~0.1,

starting time of the secondary settlement. It is assumed to be equal to

the age of the existing landfill for vertical expansion project;

ending time of the secondary settlement.

t1=

S
il
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Section 12.7 Estimation of Landfill Foundation Settlement 469

(e.g., temperature within landfill and oxygen reaching the waste) still is not entirely
clear. These functions should be used with caution in engineering practice and should
be supported by additional testing data and research.

12.7 ESTIMATION OF LANDFILL FOUNDATION SETTLEMENT

If the landfill is underlain by a soil layer, particularly a thick layer of soft, fine-grained
soil, consolidation settlements may be large. In these cases, design analyses should
consider settlement of the foundation clay layer. Both primary consolidation and long-
term secondary settlement should be considered. Calculations are performed using
conventional equations from soil mechanics theory and a time frame at least equal to
the active life and postclosure care period of the landfill.

Excessive settlement of an underlying foundation clay layer will affect the per-
formance of a landfill liner and leachate collection system. The purposes of analyzing
the settlement of a foundation clay layer and overlying landfill liner and leachate
collection/removal system are as follows:

(i) Tensile strain induced in the liner system and leachate collection and removal
system must be limited to a minimum allowable tensile strain for the components
of these two systems. The compacted clay liner usually has the smallest allowable
tensile strain value between 0.1% and 1.0% and an average allowable tensile
strain of 0.5%.

(ii) Post-settlement grades of the landfill cell subbase and the leachate collection
pipes must be sufficient to maintain leachate performance to prevent grade
reversal and leachate ponding in accordance with the rule requirements. - '

—
[=]
o

12.7.1 Total Settlement of Landfill Foundation

The total settlement of landfill foundation soil can be divided into three portions: elas-
tic settlement, primary consolidation settlement, and secondary consolidation settle-
ment. The settlement of sandy soils includes only elastic settlement. The settlement of
clayey soils includes®all three types of settlements. The total settlement of clayey soil is
equal to the sum of the elastic settlement and the primary and secondary settlements.
Because the permeability of clay is quite low, it takes a long time to complete the
whole process of consolidation settlement. The settlement of clayey soil is usually
much larger than the settlement of sandy soils.

7 Because the settlement of sandy soils includes only elastic settlement, the settle-
ment of sand layer can be calculated from the Elastic Settlement equation, which is

Z, = (Ao/M)H, ’ (12.20)

| I

where Z. = elastic settlement of soil layer, ft or m;

, 'H, = initial thickness of soil layer, ft or m;

- ! Ao = increment of vertical effective stress, 1b/ft> or kN/m?;
M, = constrained modulus of sail, Ib/ft? or kN/m?.
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The constrained modulus is given by

Es'(l - vs)
= 12.
A F o)l - 2w (1221)
where M, = constrained modulus of soil, Ib/ft2 or kN/m?;
E = elastic modulus of soil, see Table 9.5, Ib/ft? or kN/ m?;
v; = Poisson’s ratio of soil, see Table 9.5.
The primary consolidation settlement is given by
Hoi DPe Ho g, + AO‘
= . . — 4+ . . —_— .
Z.=C, T+e, loga0 C, T+ e, log ) (12.22)
where  Z, = primary consolidation settlement of clay layer, ft or m;
H, = initial thickness of clay layer, ft or m;
€ = initial void ratio of clay layer;
C; = recompression index;
C. = primary compression index.
0, = initial vertical effective stress, Ib/ft? or kN/m?; 7
b. = preconsolidation pressure, Ib/ft? or kN/m?;
Ao = increment of vertical effective stress, 1b/ft? or kN/m?.
The secondary compression settlement is given by
‘ Hos t2
=C,* ‘log—= 2.2
Za o 1 + eos og tl (1 3)
where Z, = long-term secondary compression settlement, ft or m,
€ = initial void ratio of clay layer before starting secondary consolidation
settlement;
C. = secondary consolidation compression index;

H,s = initial thickness of clay layer before starting secondary consolidation
~ settlement, ft or m;
= starting time of the time period for which long-term settlement of the
layer is desired;
t, = ending time of the time period for which long-term settlement of the
layer is desired. ’ .

The total settlement of clay layer includes three portions: elastic settlement, pri-
mary consolidation settlement, and secondary consolidation settlement. These three
types of settlement for clayey soil layers can be calculated from Equations 12.20, 12.22,
and 12.23, respectively. The total settlement of clayey soil at point i can be determined
from the equation .

Z; = (Z) + (Z) + (2 (12.24)

where Z; = total settlement of points ;
(Z.) = elastic settlement of point i;
(Z.); = primary consolidation settlement of point i:
(Z.); = secondary consolidation settlement of point i,
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Section 12.7

quations (Equations 12.20 through 12.24) provide a
for different types of settlement. Not all foundations

er previously described. In addition to soil type, the
e degree of saturation, load

The preceding settlement e
framework and means to account
on soil settle exactly in the mann
amount of settlement in each category also depends on th

duration, and load distribution.
The settlement calculations should be performed at discrete points along several

selected settlement lines, such as Lines 1,2, 3, and 4 for a municipal solid waste landfill
as shown in Figure 12.16. The following principles should guide the arrangement of the

settlement lines for landfill foundation settlement calculations:

ent lines should be set along the leachate collecti
) to check the grade changes and tensile strains o

(i) Some settlem on pipelines (usu-
f the leachate col-

ally 1% slope

lection pipes due to settlement.

Legend
; @ Settlement calculation line -

ol Settlement calculation point

———iiai:— Municipal solid
. i waste landfill

FIGURE 12.16 Settlement Calculation Locations for Landfill Liner System Foundation
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(i) Some settlement lines should be set perpendicular to the leachate collection
pipes (i.e., along the direction of leachate flow in the leachate drainage layer—
usually 2% slope), to check the slope change of leachate drainage layer.

(iif) Settlement lines are usually set locations where there are the large changes of
overburden pressures, which may cause large differential settlements of the
subgrade.

At each settlement point shown in Figure 12.16 (i.e., Point 1 to Point 29), the
thickness of the various soil units at each point and the thickness of the waste to be
placed (i.e., overburden pressure) can be estimated from the engineering plans or
cross-sections for the specific projects. The value of the total settlement at each point
depends on both the engineering properties of soils and the load due to the waste fill.

12.7.2 Differential Settlement of Landfill Foundation

The differential settlements, tensile strains of liner system materials and leachate col-
lection pipes, and changes of final grades between adjacent settlement points after set-
tlement can be evaluated from the calculated values of the total settlements at various
settlement points along each settlement line ranged on the landfill subgrade.

The differential settlement between adjacent points can be calculated using the
equation

AZM+1 = Zi+l - 7Zi (1225)

where AZ;;,, = differential settlement between pointsiand i + 1;
Z; = total settlement of point i
Z;,, = total settlement of point i + 1.

The final slope angle between adjacent points after settlement can be calculated
using the equation
Xijv1otanB, — AZ;,
5 tanﬁm - ii+1 Int ii+1 (1226)
_ Xi,i+1
where  Xj;,; = horizontal distance between pointsiandi + 1;
AZ;+, = differential settlement between points i and i + 1;
Bi = initial slope angle between points i and i + 1;
Bra = final slope angle between points i and i + 1 after settlement.

It

The landfill subgrade changes along each settlement line due to different settle-
ment can be calculated from the Equation 12.26. Figure 12.17 presents the slope
changes due to differential settlement along a settlement line. The differential settle-
ment will result in grade reversal between points 3 and 4 as shown in Figure 12.17. As a

= result, leachate will pond on the liner at this area.
‘ The tensile strains of a liner system and a leachate collection system resulting
from the settlements can be estimated using the equation .

e _ (Li,i + I)Fnl - (Li,i + I)Int
wrl (Lij+ 1)1t

where &i;+1 = tensile strain in liner system between pointsiandi + 1;

X 100% (12.27)

TJFA 438
PAGE 028



e collection
iage layer—
‘er.

changes of
ents of the

int 29), the
waste to be
ng plans or
t each point
: waste fill.

eachate col-
its after set-
ts at various
‘e.
:d using the

(12.25)

e calculated

(12.26)

nent.

erent settle-
s the slope
mtial settle-
:12.17. Asa

‘m resulting

(12.27)

Problems

Liner foundation
before settlement

- Liner foundation
1 after settlement

FIGURE 12.17 Subgrade Changes along a Settlement Line due to Differential

Settlement

(Lij+ 1) = distance between points i and i + 1in their initial positions;
(Lij+1)ru = distance between points i and i + 1in their post-settlement

positions.

The distance between points iand i + 1 in their initial positions can be calculated

using the equation
(Lij+Dme = (X + (Xi41tan )] “(12.28)
The distance between points i and i + 1 in their post-settlement positions can be
calculated using the equation
- (Lij+)em = [(Xiss O+ (XijeretanBye — AZi,i+l)2]1/2 (12.29)

The maximum acceptable tensile strains (i.e., the elongations at yield) of various
ts must be obtained from mater-

liner system and leachate collection system componen
ial specific laboratory testing.

PROBLEMS

12.1 What benefit does a landfill operation gain from some settlement in the landfill waste?

12.2 Describe the impact of landfill settlement on landfill design and performance.

12.3 What are the main mechanisms of solid waste settlement?

12.4 List the main factors that influence the amount of landfill settlement.

12.5 What are the main differences of the settlement of solid waste compared with the settle-
ment of clay? .

12.6 What are the main advantages and disadvantages o
settlement described in Section 12.47

f the calculation method for landfill

———

R s s
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of :
Modern solid waste landfills serve a variety of functions, including maximization of

waste storage per unit area, isolation of waste from the surrounding environment, and
conversion opportunities to useable land areas after closure. Until recently, attention
related to the design, construction, filling, and post-closure monitoring and mainte-
nance of new landfills has focused mainly on the prevention of unacceptable levels of
leakage in the surrounding groundwater. Closure plans for old landfills have likewise
centered on.similar concerns of gas emissions that are fully warranted. However,
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Chapter 13 Landfill Stability Analysis

stability is an issue that has sometimes been overlooked. Several huge failures alon
liner slopes——through landfill foundations and within the waste mass itself—have
occurred.

Along lined slopes, two stability situations can be readily identified: (1) the
leachate collection layer along the base liner before waste is placed, and (ii) the fina]
cover system above the waste. While instability of these relatively thin layers can be
classified as failures, their j pact is usually localized and Tepairs can sometimes be

bility failures.

Consequently, the mass stability of landfills is now a major concern in their
design, construction, filling, and closure. The situation is further heightened when
bioreactor landfills (with large amounts of liquids) are being considered. (See
Chapter 15.) This chapter includes a discussion of potential failure mechanisms, evaly-
ation of relevant materia] properties, description of stability methods, factor of safety
calculations, and description of a number of case histories involving landfill failures,

13.1 TYPES OF LANDFILL FAILURES

Landfills can fail in several Ways—during cell excavation, during liner system con-
struction, during waste filling, and after landfill closure. An important feature in the
identification and assessment of potential failure mode is the fact that both covers and
liners for modern landfills are typically multi-layer composites composed of both soil
and geosynthetic materials, A schematic diagram of a typical double composite liner
system used for a municipal solid waste landfil] was shown in Figure 1.10. The liner
system shown in Figure 1.10 contains several interfaces whose resistance against inter-

13.1.1 Sliding Failure of Leachate Collection System j

As seen in Figure 13.1(a), the leachate collection System can slide on the underlying
liner system if the slope is too steep or too long. This type of veneer failure has often
occurred during heavy rains: It is remedied by pushing the sand or gravel back onto
the lined slope. However, if the failure surface is within the liner system, the
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reconstruction will require more effor
or within the liner system is not an uncommon situation.

As seen in Figure 13.1(b),
on the liner system if the slo
often occurs during a heavy rain,

Section 13.1

Liner system

Liner system s

j«r;-\& A ,';-\4‘ v 4 Ad
Ly s
B :'/g,Wast.e,"(i:ﬂf
Rk Sy (1

(a) Failure of leachate
collection system

(b) Failure of final
cover system

—_———

—

Rotational failures
(slope, toe and base)

Soft
foundation

(c) Soil slope, toe, or base failures

—_—

‘ Soft
foundation

Liner system

(d) Foundation failure through
subsoil, liner and waste

Failure Failure
through waste  along backslope

(e) Failure within waste mass

S
(f) Translational failure along liner system
4 ’ at base and up through waste or liner

FIGURE 13.1  Various Types of ‘Landfill Failures to be Described/Analyzed in this Chapter

sliding Failure of Final Cover System

Types of Landfill Instability 479

+ and cost. Leachate collection soil sliding above

the final cover system (topsoil and protection soil) can slide
pe is too steep or too long. This type of veneer failure
and should also be investigated for seismic stability
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13.1.4

13.1.5

13.1.6

13.2 FACTORS INFLUENCING LANDFILL STABILITY

Chapter 13 Landfill Stability Analysis

Rotational Failure of Sidewall Slope or Base

As seen in Figure 13.1(c), the soil mass behind
could be unstable and fail. Failure is usuall

the toe, or within the foundation. This is
geosynthetics are not included) and appli
soils. It is obviously site specific and does i

Nevertheless, such situations should be investigated.

the waste repository or beneath the site
y rotational, emerging along the slope, at

Rotational Foundation Failure Through Waste,
Liner, and Subsoil

Translational Failure by Movement along the Liner System

As seen in Figure 13.1(f), a lateral translational failure can oc
sliding above, within, or beneath the liner system at the
extension of the failure Plane back from the toe can

or continue in the liner system along the back slope. Such failures have occurred at

both clay-lined sites and at geosynthetically-lined sites. They have resulted in the
largest failures to date, two of which involved over 1,000,000 m? of waste.

cur with the solid waste
base of the waste mass. The
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Section 13.3 Selection of Appropriate Properties 481

1edy is to replace | system with multiple locations and interfaces, which constitute possible loci for failure.
.faih.lre surface is The factors influencing landfill stability can be summarized as follows:
il failures of this : (i) Interface shear strengths between various geosynthetic materials;

@ii) Interface shear strengths between geosynthetics and soil materials;

(iii) Internal shear strengths of compacted clay liners (CCLs);

(iv) Internal shear strength of solid waste;

beneath the site (v) Internal shear strength of subbase and side slope soils;

ng the slope, at : (vi) Slope and height of excavated side slopes;
al problem (ie., (vii) Waste filling slope and height;

- soft foundat.ion » (viii) Landfill subbase slopes;

vaste properties. .; (ix) Normal stresses;

(x) Pore water pressures acting on base liner;
(xi) Subbase geological profiles;

(xii) Groundwater level;

(xiii) Local site hydrology;

foundation soil E (xiv) Freeze-thaw conditions;

nt, 1t offers only (xv) Construction placement and operations equipment; and

l} failures have (xvi) Dynamic and/or seismic stresses. :. é
sive (e.g., up to i g

13.3 SELECTION OF APPROPRIATE PROPERTIES

The three types of materials usually encountered in failures of the types addressed in
this chapter are geosynthetics, solid wastes, and natural soils. Each will be addressed.
However, failures sometimes happen in materials other than the above—for example,

letely in - B . 1 .

os illzstrgfé)delil v one failure occurred within a layer of leachate-saturated wood bark chips. Thus, the

rdous) inste 2 ‘ situation is ever-evolving and the lessons learned from these unfortunate incidences
a are important for future projects and their respective designs.

ntent, and lack
13.3.1 Geosynthetic Materials Properties

Within a mult%layer liner system, there are numerous materials of concern with regard
to low interface shear strengths. The following lists some of them, along with the cur-
rent method of lessening the concern:

the solid waste

aste mass. The (i) Low-friction, smooth-geomembrane surfaces, the shear strength of which is

ugh the waste, '7 greatly enhanced by texturing. Recall Section 4.2.4. .
ve occurred at @ (i) Geotextile-to-geonet surfaces; the shear strength concern of this material is |
esulted in the '{ essentially eliminated by thermal bonding in the factory.

(iii) Bentonite containing GCLs; the shear strength of this material is enhanced by
needle punching, stitch bonding, or encasement between two geomembranes.

(iv) Bentonite extruding from GCLs; the shear susceptibility of this material is
avoided by using nonwoven geotextiles on both surfaces of the GCL.

" (v) Geomembrane-to-compacted clay liners; the shear strength of this material is

itions in addi-
lessened by proper moisture content control when placing the compacted clay.

is a complex
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Shear stress

Chapter 13 Landfill Stability Analysis

For all of the listed interfaces, and others as well, the project-specific materials evaly.
ated under site-specific conditions are necessary. By project-specific materials, we
mean replicates of the candidate geosynthetics to be used at the site, as well as the
associated soils at their targeted density and moisture conditions. By site-specific con-
ditions, we mean normal stresses, strain rates, peak or residual shear strengths, and
temperature extremes (high and/or low). Moisture content is also important and antic-
ipated conditions (often saturated) are necessary. Water is usually used, although in
some cases, site-specific leachates are required. Note that it is completely inappropri-
ate to use values of interface shear strengths from the literature for final design.

The test for the assessment of shear strength of interfaces involving geosynthet-
ics is the direct shear test that has been utilized in geotechnical engineering for many
years. The procedure to follow is ASTM D5321, and a special adaptation when GCLs
are involved, namely, ASTM D6243.

In conducting a direct shear test on a specific interface, one typically performs
three replicate tests with the only variable being different values of normal stress. The
middle value is usually targeted to the anticipated site-specific condition, with a lower
and higher value of normal stress covering the range of possible values. The results of
these three tests yield a set of shear displacement versus shear stress curves. (See
Figure 13.2(a).) From each curve, a peak shear strength (75) and a residual shear
strength (7,) are obtained. As a next step, these shear-strength values, together with
their respective normal stress values, are plotted on Mohr-Coulomb stress space to
obtain the shear-strength parameters of friction and adhesion. (See Figure 13.2(b).)
The points are then connected (usually with a straight line), and the two funda-

mental shear-strength parameters are obtained. These shear-strength parameters are
as follows:

6 = the angle of shearing resistance, peak and/or residual, of the two opposing sur-
faces (often called the interface friction angle); and

¢, = the adhesion of the two opposing surfaces, peak and/or residual (the compliment
of cohesion when testing fine-grained soils against one another).
o :

&
\ L
E
< Peak
g (Peak)
(high) 2
Oy 1=
. =] (Residual)
o, (middle) g
v 5 -
a, (low) L_{,_ - : _
. Cap Ca, ol
Shear displacement B -

Normal stress (o)
~ (a) Direct shear test data

FIGURE 13.2 Direct Shear Test Results and Method of An
Parameters

~ (b) Mohr-Coulomb stress space
alysis to Obtain Shear Strength
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Section 13.3 Selection of Appropriate Properties 483
Each set of parameters constitutes the equation of a straight line that is the Mohr-
Coulomb failure criterion common to geotechnical engineering. The concept is readily
adaptable to geosynthetic materials in the following forms:

T, = Cyp T O tand, (13.1)
T, = Cy t+ Oy tand; (13.2)

The upper limit of  when soil is involved as one of the interfaces is ¢, the angle of
shearing resistance of the soil component. The upper limit of the c,-value is c, the
cohesion of the soil component. In the slope stability analyses to follow, the ¢, term
will be included for the sake of completeness, but then it will be neglected (as being a
conservative assumption) in the design graphs and numeric examples. To utilize an
adhesion value, there must be a clear physical justification for use of such values when
geosynthetics are involved. Only unique situations such as textured geomembranes
with physical interlocking of soils having cohesion or the needle-punched fibers of a
GCL are valid reasons for including such a term.
Note that residual strengths are always equal to, or lower than, peak strengths.
The amount of difference is very dependent on the material and no general guidelines
can be given. Clearly, material-specific and site-specific direct shear tests must be per-
formed to determine the appropriate values. Further, each direct shear test must be
conducted to a relatively large displacement to determine the residual (or, at least,
large displacement) behavior (see Stark and Poeppel, 1994). The decision as to the use
of peak, large displacement, or residual strengths in the subsequent analysis is a very
subjective one. It is both a materials-specific and site-specific issue that is left up to the
designer and/or regulator. Even further, the combination of use of peak values at the
crest of a slope, and large displacement or residual values at the toe may be justified.
As such, the analyses to follow will use an interface 5-value with no subscript, thereby
concentrating on the computational procedures, rather than this particular detail.
However, the importance of appropriate and accurate 5-values to be used in the analy-
sis cannot be stressed enough. :

Due to the manufactured structure of many geosynthetics, the size of the recom-
mended shear bog is quite large. It must be at least 300 mm by 300 mm unless it can be
shown that data generated by a smaller device contains no scale or edge effects—that
is, that no bias&xists when using a smaller shear box. The implications of such a large
shear box should not be taken lightly. The following issues should receive particular

attention:

(i) Unless it can be justified otherwise, the interface will usually be tested in a satu-
rated state. Thus, complete and uniform saturation over the entire specimen area
must be achieved. This is particularly important for CCLs and GCLs (Daniel
et al., 1993). Hydration takes relatively long in comparison to soils in conven-
tional (smaller) testing shear boxes. -

(ii) Consolidation of soils (including CCLs and GCLs) in larger shear boxes is simi-
larly effected.

(iii) Uniformity of normal stress over the entire area must be maintained during con-
solidation and shearing to prevent stress concentrations from occurring. This is
particularly important when testing at high normal stresses. ’
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484 Chapter 13 Landfill Stability Analysis

(iv) The application of relatively low normal stresses (e. g 1to 3 psi or 7 to 20 kPa) 13.
simulating typical cover soil thicknesses, challenges the accuracy of some com-
mercially available shear box setups and monitoring systems, especially pressure
gages.

(v) Shear rates necessary to attain drained conditions (if this is the desired situa-
tion) are extremely slow, requiring long testing times.

(vi) Deformations nhecessary to attain residual strengths require large relative move-
ment of the two respective halves of the shear box. To prevent travel over the
edges of the opposing shear box sections, devices should have the lower shear

’ box significantly longer than 12 inches (300 mm). However, with a lower shear

& v box longer than the upper traveling section, new surface is constantly being

‘ . added to the shearing plane. This influence is not clear in the material’s response
or in the subsequent behavior.

| .(vii) The attainment of a true residual strength is difficult to achieve. ASTM D5321

f states that one should “run the test until the applied shear force remains con-

]f stant with increasing displacement”. Many commerecially available shear boxes

J

|

have insufficient travel to reach this condition, and thus most report large-
displacement values,

(viii) The ring torsion shearing apparatus is an alternative device that can be used to

FUN determine true residual strength values. However, this device has its own prob-
" ! lems that are caused by inherent large deformations. See Stark and Poeppel
i (1994) for information and data using this alternative test method.

13.3.2 Solid Waste Properties

The shear strength of solid waste of all types is high. Indeed near vertical cuts have
been made in municipal solid waste with no indications of instability. Hazardous waste,
which is either particulate or contains large amounts of soil, is also quite stable. The
shear strength of municipal solid waste was studied by Singh and Murphy (1990) and
their results were presented in Figure 6.7. The data js felt to be quite conservative
and, even so, represents a material with considerable shear strength (i.e., a relatively
high ¢- ang/or ¢-value). In spite of the high shear strength of waste materials, waste

materials can (and have) failed because of related situations, the most common of
which are the following:

() Weak subsoils beneath the waste mass [recall Figures 13.1(c) and (d)], which ini-
tially fail within the foundation and then continue progressively up through the
waste mass.

(i) High leachate levels in the waste create hydrostatic pressure, which decreases
the effective stresses at the base. This, in turn, decreases the shear strength of an
otherwise stable material. '

(iii) Leachate injection into landfills, (see Chapter 15) has the same effect of decreas-
ing effective stresses and the shear strength of the waste materials.

e

Thus, the shear strength of solid waste is an important issue, and the reader is referred
to the appropriate sections in Chapter 6.
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In-Situ Soil Slope and Subsoil Properties

A thorough geotechnical investigation in parallel with a hydrogeological study to reli-
ably identify soil and site stratigraphy is necessary. During the investigation, informa-
tion such as Standard Penetration Test (SPT) blow counts, visual description of soil
samples, depth to groundwater, etc., should be recorded. Undisturbed samples are to
be collected for laboratory analysis. Laboratory or in-situ tests are then conducted to
evaluate the engineering properties of the soils. These properties primarily include the
short- and long-term shear parameters, unit weight, and moisture content (Hassini,
1992).

“Short term” usually refers to the elapsed time up to the end of construction (i.e.,
the excavation time). Short-term failure is generally due to excessively steep slopes
and may occur within a relatively short time after excavation. For saturated clays,
excavation causes a rapid change of stress condition within the slope. In the zone of
potential failure (i.e., high induced shear stress and/or low shear strength), a slight pos-
itive excess pore water pressure may initially result, which will cause a reduction in the
effective shear strength, and hence increase the likelihood of failure.

“Long term” generally refers to long duration, post-construction times. As defor-
mation along a potential failure zone increases beyond a critical limit, significant nega-
tive excess pore pressure begins to develop, which temporarily increases the strength

“in the potential failure zone (Humphrey and Leonards, 1986). The dissipation of this

negative excess pore pressure can trigger failure of inadequately designed slopes. The
rate of dissipation of negative excess pore pressure depends primarily on the coeffi-
cient of consolidation of the clay and the average depth to the potential failure zone.
Drained shear strength conditions are attained at approximately the same time the
excess pressure dissipates. Using Terzaghi’s theory of consolidation (Terzaghi, 1943), it
is possible to estimate the time for negative pore pressure release. For instance, let the
characteristics of the slope be as follows: )

“Consolidation coefficient, ¢, = 0.11 ft*day (0.01 m?*day);
Depth to potential failure zone, H = 16.5 {t (5.0 m); and
Time factor for 90% consolidation, T, = 0.95. ’

3
The time for pore water pressure release by substituting these values into the time-

for-consolidation formulation of Equation 13.2 is about 6 years. The relevant equation is

T, H
G

The critical factor of safety for slope stabilify analysis usually extends to the end of dis-
sipation of the excess negative pore pressure. It is necessary to perform stability analy-
sis for the following two conditions (Hassini, 1992):

(i) Immediately after excavation: The undrained shear parameters are used with a
correction taking into account the rapid, but temporary, slight increase in pore
pressure. .

]
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486 Chapter 13 Landfill Stability Analysis

(ii) After a period corresponding to dissipation of negative excess pore pressure:
The drained shear parameters are used. The effect of the reduction in confinin
stress (causing swelling or expansion) on shear parameters should be included.

For landfill covers, long-term conditions are most likely to be critical. Effective
stress analysis is to be used. Drained shear parameters are determined from
consolidated-drained tests or consolidated-undrained tests with pore pressure mea-
surements. The pore pressure should be determined in the field from flow-net or
seepage analysis. For the stability analysis, a.factor of safety of 1.5 is recommended
(Hassini, 1992).

Representative soil samples should be tested in the laboratory to determine soil
parameters necessary for the appropriate calculations. The testing should include nat-
ural moisture contents, in-situ dry densities, grain size distributions, Atterberg Limits,
unconfined compressive strengths, triaxial tests, and one-dimensional consolidation
tests.

Consolidated-undrained (CU) triaxial tests with pore water pressure measure-
ments and unconsolidated-undrained (UU) triaxial tests should be performed on
selected Shelby tube samples. In general, the triaxial test consists of two stages. The
first stage consists of the application of an all-around cell confining pressure. The sec-
ond stage consists of the application of a principal stress to the top of the sample to
induce shear stresses and eventual failure.

In the CU triaxial test, the sample is allowed to fully consolidate (i.e., all excess
pore water pressures are dissipated) during the first stage. During the second stage,
the sample fails slowly, at a strain rate of 0.002 in/min (0.05 mm/min), generating
excess negative or positive pore water pressures. During the CU test, the pore water
pressure is constantly measured during the second phase to allow a determination of
the parameters necessary for an evaluation of the shear strength of the soils using an
effective stress analysis. The effective stress analysis treats the soil as an essentially
frictional material and is normally used for the evaluation of the long-term shear
strength of cohesive soils. A three-point consolidated-undrained (CU) triaxial test is
run using selected Shelby tube samples. Three consolidation pressures are selected to
approximate the different confining pressures of the in-situ samples.

An unconsolidated-undrained (UU) triaxial test is performed to verify the short-
term strength of the soil. In the UU triaxial test, the sample is not allowed to consoli-
date during the application of the cell pressure. The results of the UU test simulate the
behavior of cohesive soils that fail in rapid shear over a short period of time (i.e., at a
strain rate of approximately 1.4 mm/min). The results are therefore considered appli-
cable to short-term slope stability analyses.

In order to determine average soil parameters for the slope stability analyses, the
following parameters are to be plotted with respect to the site-specific stratigraphy: nat-
ural moisture content, in-place dry density, “N” values from the Standard Penetration
Test, and unconfined compressive strength. The plots of these parameters versus depth
are used in conjunction with the results from the triaxial tests to develop design para-
meters for the different soil strata defined in each critical cross section. The typical liner
cross section and total unit weights and shear-strength values for'these soil strata are
then presented on individual cross sections o be ised for the slope stability analyses.
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13.4 VENEER SLOPE STABILITY ANALYSES

13.4.1

Veneer Slope Stability Analysis 487

Section 13.4

This section treats the standard veneer slope stability problem [as shown in
Figure 13.1(a) and (b)] and then superimposes upon it a number of situations, all
which tend to destabilize slopes. Included are gravitational, construction equipment,
seepage and seismic forces, respectively. Each will be illustrated by a design graph and

a numeric example.

Cover Soil (Gravitational) Forces

Figure 13.3 illustrates the common situation of a finite-length, uniformly-thick cover
soil placed over a liner material at a slope angle B. It includes a passive wedge at the
toe and has a tension crack on the crest. The analysis that follows is from Koerner and

Soong (1998), but it is similar to Koerner and Hwu (1991). Comparable analyses are
also available from Giroud and Beech (1989), McKelvey and Deutsch (1991), and

others.

The symbols used in Figure 13.3 are defined a follows:

W, = total weight of the active wedge

W, = total weight of the passive wedge

N, = effective force normal to the failure plane of the active wedge

Np = effective force normal to the failure plane of the passive wedge

y = unit weight of the cover soil
h = thickness of the cover soil ’
L = length of slope measured along the geomembrane ' (
B = soil slope angle beneath the geomembrane '

Active wedge

‘Cover soil ;
\ Y &¢ x

FIGURE 13.3. Limit Equilibrium Forces Involved in a Finite Length Slope
Analysis for a Uniformly Thick Cover Soil
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488 Chapter 13 Landfill Stability Analysis

¢ = friction angle of the cover soil

& = interface friction angle between cover soil and geomembrane

C, = adhesive force between cover soil of t

he active wedge and the geomem-
brane

¢, = adhesion between cover soil of the active wedge and the geomembrane

C = cohesive force along the failure plane of the passive wedge
¢ = cohesion of the cover soil

! E, = interwedge force acting on the active wedge from the passive wedge
" E, = interwedge force acting on the passive wedge from the active wedge
| ES

= factor of safety against cover soil sliding on the geomembrane.

{ The expression for determining the factor of safety can be derived as follows:

Considering the active wedge, the forces acting on it are

2 Wa = y+h*-(L/h ~ 1/sinB - tang/2) (13.4)
f g i NA = WA'COSﬁ (13.5)
y C. = ¢,«(L ~ h/sinp) (13.6)

By balancing the forces in the vertical direction, the following formulation results:

Ny-tand + C,
ES

Hence, the interwedge force acting on the active wedge is

Ey:sinB =W, - Ny-cosB —

_ (ES)W, — N, +cosp) — (Na“tand + C,)-sing
Ea= sinB-(FS) : (13.7)

The passive wedge can be considered in a similar manner:

2
[ 2 - y-h
" ' W sin2g8
Np = Wp + Ep’sinB
ch /
C= ;@* ) (13.8)

By balancing the forces in the horizontal direction, the following formulation results:

C + Np-tang
ES

Hence, the interwedge force acting on the passive wedge is

Epecosp =

_ C + Wp-tan¢g
cosB+(FS) — sinB-tan¢

P
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By setting E, = Ep, the resulting equation can be arranged in the form of the qua-
dratic equation ax* + bx + ¢ = 0, which in this case, using FS-values, results in

aFS?+b-FS+¢c=0

The resulting FS-value is then obtained from the conventional solution of the qua-
dratic equation, which gives

—b * (b —4-a-c)*®

S = .
F — (13.9)

where a = (W, — N,+cosfB)-cosf
b= —[(Ws — Na-cosB)-sinfB-tang + (No-tand + C,)-sinB-cosp
+ (C + Wp-tane)-sinB]
¢ = (Na-tané + C,)-sin’B+tan¢

When the calculated FS-value falls below 1.0, sliding of the cover soil on the geomem-
brane is to be anticipated. Thus, a value of greater than 1.0 must be targeted as being
the minimum factor of safety. How much greater than 1.0 the FS-value should be, is a
design and/or regulatory issue. Recommendations for minimum allowable FS-values
under different conditions are available in Koerner and Soong (1998). In order to bet-
ter illustrate the implications of Equations 13.9, typical design curves for various
FS-values as a function of slope angle and interface friction angle are given in Figure
13.4. Note that the curves are developed specifically for the variables stated in the leg-
end of the figure. Example 13.1 illustrates the use of the analytic development and the

Slope ratio (hor.:vert.) : FIGURE 13.4 Design Curves for

s . . . Stability of Uniform-Thickness
60 51'1 4'|1 31 z1 111 Cohesionless Cover Soils on
-~ L FS=20 | Linear Failure Planes for Various
o Global Factors of Safety
& 50 - -
2
<= i
£ 40 -
g L _
g
£ w0 .
& L 4
=
O 201~ -
8 Legend:
72 L=30m h=300mm | |
g 10+ y=18kN/m? ¢ =30° —
z | c=0kN/m?* ¢,=0kN/m?| |
Q
0 1 1 l I l 1 ’ i
0 10 20 30 40 . 50

Slope angle, B (degrees)
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resulting design curves in what will be the standard example to which other examples
will be considered as compared.

EXAMPLE 13.1 o

The following are given: a 30-m slope with a uniformly thick 300-mm-deep cover soil at a unit
weight of 18 kN/m>. The soil has a friction angle of 30° and zero cohesion (i.e., it is a sand). The
cover soil is placed directly on a geomembrane as shown in Figure 13.3. Direct shear testing has
resulted in an interface friction angle between the cover soil and geomembrane of 22° with zero
adhesion. What is the FS-value at a slope angle of 3(H)-to-1(V) (i.e., 18.4°)?

Solution Using Equation 13.9 to solve for the FS-value results in a value of 1.25, which is seen
to be in agreement with the curves of Figure 13.4: .

a = 14.7 kN/m
b = -213kN/m
¢ = 35kN/m

.Thus, FS = 1.25

This value can be confirmed using Figure 13.4.

Comment In general, this is too low of a value for a final cover soil factor-of-safety and a
redesign is necessary. There are many possible options to increase the value (e.g., changing the
geometry of the situation, the use of.toe berms, tapered cover soil thickness, and veneer rein-
forcement, see Koerner and Soong, 1998). Nevertheless, this general problem will be used
throughout this section for comparison with other cover soil slope stability situations.

Tracked Construction Equipment Forces

ously placed soil and working with an ever-present passive wedge and a stable lower
portion beneath the active wedge. While it is necessary to specify low ground pressure
equipment to place the soil, the reduction in the FS-value for this situation of equip-
ment working up the slope will be seen to be relatively small.

For soil placement down the slope, however, a stability analysis cannot rely on
toe buttressing and also a dynamic stress should be included in the calculation. These
conditions decrease the FS-value—in some cases, to a great extent. Figure 13.5(b)
shows this procedure. Unless absolutely necessary, it is not recommended that cover
soil be placed on a slope in this manner. If it is necessary, the design must consider the
unsupported soil mass and the possible dynamic force of the specific type of construc-
tion equipment and its manner of operation.

For the first case of a bulldozer pushing cover soil up from the toe of the slope to
the crest, the analysis uses the free body diagram of Figure 13.6(a). The analysis uses a
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examples N
A
K
e ———
il at a unit
sand). The
testing has
" with zero
ich is seen SRR
(a) Equipment backfilling up slope , 7
(the recommended method) @ :
P
LN
(.\ot\\ \g&‘é ,{ Geomembrane
o 09
wEaet”
& Wbul\dozer
ety and a ,
\nging t,h e (b) Equipment backfilling down slope
aeer rein- (method is not recommended)
| be used FIGURE 13.5 Construction Equipment Placing Cover Soil on Slopes Containing Geosynthetics
known type of construction equipment (such as a bulldozer characterized by its
ground contact pressure) and dissipates this force or stress through the cover soil
nterface thickness to the surface of the geomembrane. A Boussinesq analysis is used (see
he crest. Poulos and Davis, 1974). This results in an equipment force per unit width of \
al forces 5 W.=qw-l - (13.10)
lli Il);:v‘:; where. W, = equivalent equipment force per unit width at the geomembrane inter-
. face; .
s o
P W, = actual weight of equipment (e.g., a bulldozer);
relv on w = length of equipment track;
. T{xese b = width of equipment track;
'13 s (b) I = influence factor at the geomembrane interface (see Figure 13.7).
at cover Upon determining the additional equipment force at the cover soil-to-
ider the geomembrane interface, the_analysis proceeds as described in Section 13.3.1 for gravi-
nstruc- tational forces only. In essence, the equipment moving up the slope adds an additional
term (W, ) to the W,-force in Equation 13.4. Note, however, that this involves the gen-
slope to eration of a resisting force as well. Thus, the net effect of increasing the driving force as 1
s uses a well as the resisting force is somewhat neutralized insofar as the resulting FS-value is El
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Geomembrane

(a) Equipment moving up slope
(load with no acceleration)

(b) Equipment moving down slope
(load plus acceleration)

FIGURE 13.6 Additiona] (to Gravitational Forces) Limit Eq

Equipment Moving on Cover Soil (see Figure 13.3 for the gra
forces are added).

uilibrium Forces due to Construction
vitational soil force to which the above

EXAMPLE 13.2

The following are given: a 30-m-long slope with uniform cover soil of 300 mm thickness at a unit
weight of 18 kN/m>. The soil has a friction angle of 30° and zero cohesion (ie., itis a sand). It is

placed on the slope using a bulldozer moving from the toe of the slope up to the crest. The bull-
dozer has a ground pressure of 30 kN/m? and tracks that are 3.0 m long and 0.6 m wide. The
cover soil to geomembrane friction angle is 22° with zero adhesion. What is the FS-value at a
slope angle 3(H)-to-1(V)(ie., 18.4°)7
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Solution This problem follows Example 13.1 exactly except for the addition of the buildozer

moving up the slope. Using the additional equipment load, Equation 13.10 substituted into
Equation 13.9 results in the following:

a = 731kN/m
b = —104.3 kN/m
¢ = 17.0kN/m

Thus, FS = 1.24

This value can be confirmed using Figure 13.8.

Comment While the resulting FS-value is still low, the result is important to assess by com-
paring it with Example 13.1 (i.e., the same problem except without the bulldozer). It is seen that
the FS-value has only decreased from 1.25 to 1.24. Thus, in general, a low ground contact pres-

sure bulldozer placing cover soil up the slope with negligible acceleration/deceleration forces
does not significantly decrease the factor-of-safety.

e FIGURE 13.7 Values of Influence
F , “I”, for Use in E ion 13.10
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1.40

135

1.30

FS-value

1.25

0 10 20 30 40 50 60
Ground contact pressure (kN/m?)

FIGURE 13.8 Design Curves for Stability of Different Thickness of Cover Soil for Various
Construction Equipment Ground Contact Pressure

a specific piece of construction equipment operated in a specific manner, It produces a
force parallel to the slope equivalent to W+ (a/g), where W, = the weight of the bull-
dozer, g = acceleration of the bulldozer, and & = acceleration due to gravity. Its mag-
nitude is equipment operator dependent and related to both the equipment speed and
time to feach such a speed (see Figure 13.9).

The acceleration of the bulldozer, coupled with an inﬂuence factor I from Figure
13.7, results in the dynamic force per unit width at the cover soi] to geomembrane
interface F,. The relationship is given by

Fo= W, - (afg) (13.11)
where  F, = dynamic force per unit width
interface;

W, = equivalent equipment (e.g., bulldozer) force per unit width at geomem-
brane interface, recall Equation 13.10;
B = soil slope angle beneath geomembrane;
a = acceleration of the construction equipment;
§ = acceleration due to gravity,

paréllel to the slope at the geomembrane

Using these concepts, the new force parallel to the cover soil surface is dissipated
through the thickness of the cover soil to the interface of the geomembrane. Again, a
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FIGURE 13.9 Graphic
Relationship of Construction
Equipment Speed and Rise Time
to Obtain Equipment
Acceleration.

10

oo

Time to reach the anticipated
speed (seconds)

0 5 10 15 20 25 30 35
Anticipated speed (km/hr)

Boussinesq analysis is used (see Poulos and Davis, 1974). The expression for determin-
ing the FS-value is derived next.

Considering the active wedge and balancing the forces in the direction parallel to
the slope, the resulting formulation is

e slope
Figurr,e E +(Ne+NA)~tan6+Ca___('W + W.)singB + F
ckofa - A FS AT e ‘
ion) of
in uses where
?;isua N, = effective equipment force normal to the failure plane of the active wedge. ,
$ mag- o5 N, = Wg-cosB (13.12) ﬁ
:d and - , i
Note that all the other symbols have been previously defined. !
if:;: The interwedge force acting on the active wedge can now be expressed as ’
_(FS)[(Wy + W,)rsinB + F,] [(Na + N)-tand + C,]
13.11) AT FS ~FS
rane The passive wedge can be treated in a similar manner. The following formulation of
the interwedge force acting on the passive wedge results:
nem-
E. = C+ Wp'tﬂﬂ(ﬁ : ;
P cosp-(FS) — sinB-tand :
By setting E4 = Ep, the resulting equation can be arranged in the form of the qua-
o dratic equation ax® + bx + ¢ = 0 which in this case, using FS-values, is
ated _
in, a a FS* + b-FS + ¢ =0
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Legend:
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FIGURE 13.1¢ Design Curves for Stability of Different Construction Equipment Ground
Contact Pressure for Varjous Equipment Accelerations

The resulting FS-valye is then obtained from the conventional solytjop of the qua-
dratic equatiop

Fg =b * (p2 - 4-a-c)°'5
=—_ T %ac)”

7 : (13.13)
where 4 = [(W, + W.)-sing + F.]-cosp
b=— {{(vy, + N,)-tans + C.]

0 can be developed (see
eveloped Specifically for the variableg stated
€ use of the formulatiop

EXAMPLE 13.3
The following are given: a 30-m-long slope with uniform cover soil of 300-
weight of 18 KN/m’. The 5o has a f.riction,angle of 30° and zerg cohesion
placed on the slope using a bulldozer moving from the crest of the slope
bulldozer has 5 ground contact pressure of 30 kN/m? and tracks tha¢ are 3.0 long and 0.6 m
wide. The estimated €quipment Speed is 20 km/hr, and the time to reach

onds. The cover

this speed is 3.0 sec-
soil to geomembrane friction angle is
the FS-valye at a

22 degrees with zero adhesion, What js
slope angle of 3(H)—to-1(V) (ie, 18.4°)9

mm thickness at 5 unit
(ie,itisa sand). It is
down to the toe. The

values as g function of.

‘f
il
I
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Thus, FS = 1.03
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« From Figure 13.9, at 20 kmv/hr and 3.0 seconds, the bulldozer’s acceleration is 0.19g.
¢ From Equation 13.13, '

a =88.8 kN/m
b = —107.3 kN/m
¢ = 17.0kN/m

This value can be confirmed using Figure 13.10.

Comment This problem solution can now be compared with those of the previous two
examples:

Example 13.1. ~ Cover soil along with no bulldozer loading: FS =1.25
Example 13.2.  Cover soil plus bulldozer moving up slope: FS =124
Example 13.3.  Cover soil plus bulldozer moving down slope: ~ FS = 1.03

The inherent danger of a bulldozer moving down the slope is readily apparent. Note, that the :
same result comes about by the bulldozer decelerating instead of accelerating. The sharp break- ¥
ing action of the bulldozer is arguably the more severe condition, due to the extremely short b
times involved when stopping forward motion. Clearly, only in unavoidable situations should
the cover soil placement equipment be allowed to work down the slope. If it is unavoidable, an
analysis should be made of the specific stability situation and the construction specifications
should reflect the precise conditions made in the design. The maximum weight and ground con-
tact pressure of the equipment should be stated along with suggested operator movement of the
cover soil placement operations. Truck traffic on the slopes can also give stresses as high or even
higher than illustrated here and should be avoided in all circumstances.

Inclusion of Seepage Forces

The previous sections presented the general problem of slope stability analysis of
cover soils placed on slopes under different conditions. The tacit assumption through-
out was that either permeable soil or a drainage layer was placed above the barrier
layer with adequate%ﬂow capacity to efficiently and safely remove permeating water
away from the cross section. The amount of water to be removed is obviously a site-
specific situation. Note that, in éxtremely arid areas, or with very low permeability
cover soils, drainage may not be required, although this is generally the exception.
Unfortunately, adequate drainage of final covers has sometimes not been avail-
able and seepage-induced slope stability problems have occurred. Figure 13.11 shows a
final cover slope failure during a heavy raining. The following situations have resulted

in seepage-induced slides:

* Drainage soils with hydraulic conductivity (permeability) too low for site-specific
conditions.

 Inadequate drainage capacity at the toe of long slopes, where seepage quantities
accumulate and are at their maximum. ‘

* Fines from quarried drainage stone either clogging the drainage layer or accumu-
lating at the toe of the slope, thereby decreasing the as-constructed permeability

over time. f
1

TJFA 438
PAGE 050



I g, .

=

Landfil| Stability Analysis

Such an an

and Qian, 1997,

e T

TJFA 438
PAGE 051



Section 13.4  Veneer Slope Stability Analysis = 499

FIGURE 13.12 Cross Section
of a Uniform Thickness Active
Cover Soilon a

Geomembrane Illustrating

Different Submergence

Assumptions and Related

Definitions (Soong and Passive

: H
Koerner, 1996) wedge HSR = H, T
H H,
h w
PSR=-2%
h

being applied (now including pore water pressures). The formulation for the resulting
factor of safety for horizontal seepage buildup and also for parallel-to-slope seepage

buildup is described next.

13.4.3.1 The Case of the Horizontal Seepage Buildup. Figure 13.13 shows the free-
body diagram of both the active and passive wedge assuming horizontal seepage build-
ing. Horizontal seepage buildup can occur when toe blockage occurs due to
inadequate outlet capacity, contamination or physical blocking of outlets, or freezing

conditions at the outlets.

All symbols used in Figure 13.13 were previously defined except the following:

is pre- v = saturated unit weight of the cover soil
> slope, y, = dry unit weight of the cover soil
e slope v, = unit weight of water
H = vertical height of the slope measured from the toe

H,, = vertical height of the free water surface measured from the toe

g:rsrllge? U, = resultant Bf the pore pressures acting on the interwedge surfaces
g and U, = resultant of the pore pressures acting perpendicular to the slope
U, = resultant of the vertical pore pressures acting on the passive wedge
tbrane The expression for determining the factor of safety can be derived as follows:
exam-
T part Considering the active wedge,
ferent
2t $0] a h (2 HycosB —h ~h-(H— Hy
or soil W, = o ( TS0 B—h 4+ Yooy ( ) (13.14)
slope sin2f sinf3
rontal Yw*hrcosBe(2-Hy cosp — h)
sional U, = 2B (13.15)
free- U, = 0.5y 1* (13.16)
orces N, = Wa-cosp + Uy,-sin — U, (13.17)

TJFA 438
PAGE 052



o

-

R

500

Chapter 13 Landfill Stability Analysis

(a) Active wedge %

28 _h
7 |~ sinB
Y,h cos B " W,

(b) Passive wedge T

FIGURE 13.13 Limjt Equilibrium Forces Involved i

n a Finite Length Slope of Uniform
Cover Soil with Horizontal Seepage Buildup

The interwedge force acting on the active wedge can then be expressed as

o Ny-tans
* Ep =W, sing + Uprcosp — =49
. : ES

The passive wedge can be consi
sions result:

, Vsat* n?
We sin2g
U v = U I cot B

_ Ui (FS) -~ (Wp ~ U, tang
a sinf+tan¢ = cosB+(FS)

By setting E, = Ep, the following
ax’ + bx + ¢ = 0, which in this case is

a*FS* + b-FS + c=90

€quation can be arranged in the form of

(13.18)
(13.19)
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FIGURE 13.12 Cross Section
of a Uniform Thickness Active
Cover Soilon a wedge
Geomembrane Illustrating

Different Submergence

Assumptions and Related

Definitions (Soong and Passive
Koerner, 1996) wedge

being applied (now including pore water pressures). The formulation for the resulting
factor of safety for horizontal seepage buildup and also for parallel-to-slope seepage

buildup is described next.

13.4.3.1 The Case of the Horizontal Seepage Buildup. Figure 13.13 shows the free-
body diagram of both the active and passive wedge assuming horizontal seepage build-
ing. Horizontal seepage buildup can occur when toe blockage occurs due to
inadequate outlet capacity, contamination or physical blocking of outlets, or freezing

conditions at the outlets.
All symbols used in Figure 13.13 were previously defined except the following:

,re(gfotﬁz lsslpr e v = saturated unit weight of the cover soil
1€. ope, v, = dry unit weight of the cover soil
p of the slope v = unit weight of water
he toe. H = vertical height of the slope measured from the toe
5bi11'ty desien H, = verti%gl height of the free water surface measured from the toe
See Ko erni - U, = resgltant of the pore pressures acting on the interwedge surfaces
Soong and U, = restltant of the pore pressures acting perpendicular to the slope
v U, = resultant of the vertical pore pressures acting on the passive wedge
;%’g:;net;{r:;e v The expression for determining the factor of safety can be derived as follows:
?‘13116 for part Considering the active wedge,
Ay diff
 cover soif | e Hycosp =) | Yay'ho(H ~ 16
llel-to-sk,pe ] A © sin2f sinf '
ihl:lc;?lz_ontal 1 _ yw-‘h-cosB-(Z'Hw.cosB = h) » (13.15)
10nal i n sin2B .
thod, free. Uy, = 0.5 vy . . (13.16) v |
W,-cosp + Uy-sing — U, (13.17)

=
I

iate forces
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The resulting FS-value is then obtained from the conventional solution of the qua-
dratic equation as

—b = (B> — d+a-c)®
FS = — (13.20)

where a = W,-sinB-cosp — Ug-cos’B + Uy
b = =W, sin’B-tang + U, sinB-cosp-tand — N,-cosf-tand
- (WP - Uv)'tan¢ '
¢ = N,'sinf-tané-tan¢

13.4.3.2 The Case of Parallel-to-Slope Seepage Buildup. Figure 13.14 shows the free
body diagrams of both the active and passive wedges with seepage buildup in the direc-
tion parallel to the slope. Parallel seepage buildup can occur when soils placed above a
geomembrane are initially too low in their hydraulic conductivity, or become too low
due to long-term clogging from overlying soils that are not filtered. The individual
forces, friction angles, and slope angles involved in Figure 13.14 are listed as follows:

W, = weight of the active wedge (area times unit weight), 1b/ft or kN/m;
W, = weight of the passive wedge (area times unit weight), Ib/ft or kN/m;
B = angle of the slope, degree;
H = height of the cover soil slope from the toe of the cover soil to the top of
the slope (see Figure 13.14), ft or m;
1 = thickness of the soil layer (perpendicular to the slope), ft or m;
h,, = depth of seepage water in the soil layer (perpendicular to the slope), ft or
m;
y = moisture unit weight of the soil layer, Ib/ ft* or kN/m?;
veu = saturated unit weight of the soil layer, Ib/ft* or kN/m?®;
v, = unit weight of water, 62.4 1b/ft? or 9.81 kN/m?
¢ = friction angle of the cover soil, degree;
§ = interface friction angle between the soil layer and geomembrane, degree;
Ny = normal force acting on bottom of the active wedge, 1b/ft or kN/m;
F, = frietional force acting on bottom of the active wedge, Ib/ft; -

Uan = resultant of the pore water pressures acting on bottom of the active
wedge (perpendicular to the slope), 1b/ft or kN/m;

U,y = resultant of the pore water pressures acting on lower lateral side of the
active wedge (perpendicular to the interface between the active and pas-
sive wedges), 1b/ft or kN/m;

E, = force from passive wedge acting on active wedge (unknown in magnitude
but assumed direction parallel to the slope), Ib/ft or kN/m;
Np = normal force acting on the bottom of passive wedge, Ib/ft or kN/m; -
Fp = frictional force acting on the bottom of passive wedge, Ib/ft or kN/m;

Upy = resultant of the pore water pressures acting on lateral side of the passive
wedge (perpendicular to the lateral side), 1b/ft or kN/m;
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—f_l_ 7 Uy = resultant of th.e pore water pressures acting on 1atera% side of the active
wedge or passive wedge (perpendicular to the lateral side), Ib/ft or kN/m,
Uy = Uan = Upns
Upy = resultant of the pore water pressures acting on bottom of the passive
o wedge (perpendicular to bottom of the passive wedge), Ib/ft or kN/m;
E, = force from active wedge acting on passive wedge (unknown in magnitude
but assumed direction parallel to the slope), Ib/ft or kN/m, E4 = Ey;
FS = factor of safety for stability of the cover soil mass.
J_ " Considerihg the force equilibriurh of the active wedge (Figure 13.14), we obtain
=Fy =0 Ny + Uan = WascosB + Uppsin
ntial line Ny = Wyrcosp — Uan + Upy-sinB (13.21)
' SFx =0 Fo + Ep + Uagrcosp = W, sinf
i | E, = Wa-sinf — Uau-cosp — Fa (13.22)
' \ F, = Nj-tand/FS - : (13.23)
P Substituting Equation 13.21 into Equation 13.23 gives
Fp=(Wa-cosp — Ua t Upng sinB)-tand/FS (13.24)
" Substituting Equation 13.24 into Equation 13.22 gives
Ep = WarsinB — UanrcosB — (WyrcosB — Ua + UpnysinB)-tand/FS (13.25)
Considering the force equilibrium of the passive wedge (Figure 13.14) yields
Ep = Ep : (13.26)
i ZFy =0 Np + Upy = Wp + Ep-sin (13.27)
Substituting Equation 13.26 into Equation 13.27 gives
Np = Wp + E,-sinf3 — Upn (13.28)
e g Substituting Equdtion 13.25 into Equation 13.28 gives
Ups Np = Wp # Upy + [Wxsing — Upg-cosf — (Wy-cosp — Ua + Upygsing)
-tan8/FS)-sinpB
EWCOSB Np=Wp— Ut W, sin?B — Upy*sinprcosp — (Wyrcosf \
— Uy + Upay-sinB)-sinB-tand/FS (13.29)
SFx = 0: Fp = Upy + Ep+cosPB (13.30)
page Substituting Equation 13.26 into Equation 13.30 gives
Fp = Upy + Ep-cosp (13.31)
Substituting Equation 13.25 into Equation 13.31 gives
Fp = Upy + Wy sinf-cosp — Upgy*cos’B — (Wy-cosB ~ Uan
4 Uuy-sinB)-cosB (13.32)
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- NP *tan ¢
= T (13.33)
Substituting Equations 13.29 and 13.32 into Equation 13.33 gives

(W — Upy + W, -sin?B — Uan*sinB-cosp)-tang
Fs = = (Wa-cosB — U, + UAH-sinB)-sinB-tan6-tan¢/FS
Upy + W, +sinB-cosp — Uaycos’B
= (WarcosB — Uy + Uan*sinB)-cosB-tans/Fs
(Upy + Wy +sinB-cosB — Uan*cos’B)-FS — (WascosB — Uy + Uag*sing)
"cosB-tand = (Wp ~ Upy + W, -sin’g —

UAH-sinB-cosB)
‘tan¢ — (WA-cosB_ - U, + UAH-sinB)-sinB-tana-tamf)/FS

(WarsinB-cosf + Upy — Upp*cos?B)-FS? — (WascosB — Uy + Uay+sinB)
"COsB-tand FS = (Wp — Upy + W,y sin’B — Uan*sinB-cosp)
‘tang-FS — (W, -cosp — U, + UAH-sin,B)-sinB-tanb-tan¢

(Wa-sinB-cosg + Upy — Upy*cos’B)- F§? — [Wp-tang + Wa-(sin’B-tan¢

+ coszﬂ-tana) ~ Uxn-cosB-tans — Upn-tang + Uan*sinB-cosg

*(tan¢ — tans)]-FS + (WarcosB - U, + UAH~sinB)~sinB-tan6-tan¢ =0

FS

(13.3¢9)
Because Uy = Upy = Uyy,
[Wa'sinB-cosg + Uy-(1 - cos’B)]-F§* — [Wp-tang + Wa(sin’B-tang
+ cos’B-tans) — Usn+cosB-tans — Upn-tang + Uy-sinB-cosp i
‘(tan¢ — tans)]-FS + (WarcosB — Uy + UH-sinﬁ)-sinB-‘tana-tanqﬁ =0
. (13.35)
Usinga x> + box + ¢ =
The resulting FS can be expressed as
-b + b2_4, i nY0.5
- FS = (2-a a:c) (13.36)

where

a= Wy sinB-cosf + Uy-(1 - cos? )

b=~—[Wp-tang + Wy« (sin®B-tang + cos’B-tans) — Uan-cosB-tans

— Upn-tang + UH-sinB-cosﬂ-(tanqb = tané)]

¢ =(Warcosf — Uy + UH-sinB)-sinﬂ~tan6-tan¢
Uan = vy by (H - 0.5 hy+cosB)/tanp

(13.37)
Uy = 05+, b, (13.38)
Upy = 0.5+, h,*/tanB (13.39)

Wa=05[y-(h ~ hy)2-H'cosB — h — hy) ‘
* Ysa'hy(2-H-cosB ~ hw)]/(sinﬁ-cosB) (13.40)
Wp =05:[y-(h? ~ b,2) + Ysar*hy?]/(sin B+ cos B) (13.41)
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)

FS

—

'
¢

*sin )
*cosf)
an¢/FS

1°sinf)
58)
¢

tan¢

=0
(13.34)

(13.35)

© (13.36)

tané

(13.37)
(13.38)
(13.39)

(13.40)
(13.41)
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EXAMPLE 13.4

A 44-ft (13.2-m) high and 3(H):1(V) slope has cover sand with a uniform thickness of 2 ft (0.6
m) at a unit weight of 110 Ib/ft? (17.3 kN/m®). The cover sand has a friction angle of 32 degrees
and zero cohesion. Seepage occurs parallel to the slope and the seepage water head in the sand
layer is 6 inches (0.15 m). The saturated unit weight of sand is 115 Ib/ft> (18 kN/m?*). The inter-
face friction angle between sand drainage layer and geomembrane is 22 degrees and zero adhe-
sion. What is the factor of safety at a slope of 3(H)-to-1(V)?

Solution The side slope angle is at 18.4° for a 3(H):1(V) slope. Hence,

sing = sin(18.4°) = 0316, cosp = cos(18.4°) = 0.949, tanp = tan(18.4°) = 0333,
H = 44t (132m), h = 2 £t (06 m), h, = 0.5t (0.15 m), y = 110 Ib/ft’ (17.3 kN/m0’),
7oy = 115 /63 (18 KN/m®), 7, = 62.4 Ib/ft* (9.81 kN/mY), ¢ = 32°, 8 = 22°.

tané = tan(32°) = 0.625, tand = tan(22°) = 0.404.

Uan = Yo by (H — 05 hy+cosp)/tan B (13.37)
~ (62.4)(0.5)[44 — (0.5)(0.5)(0.949)1/(0.333) = 4,100.3 Iblft (58.02 kN/m)
Uy = 0.5 7y hy? (13.38)
= (0.5)(62.4)(0.5) = 7.8 Ib/it (0.11 KN/m)
Upn. = 0.5y, +hy/tan B (13.39)
— (0.5)(62.4)(0.5)/(0.333) = 23.4 b/t (0.33 kN/m)
W, =05[y(h — hy)2:-H-cosp ~ h = hy)
+ Yyt By (2 H-cosP — hy)]/(sinf-cosB) (13.40)
~ (03){(110)2 — 0.5)[(2)(44)(0.949) — 2 — 0.5]
+ (115)(0.5)[(2)(44)(0.949) — 0.5]}/[(0.316)(0.949)]
— (0.5)(13,366.98 + 4,773.19)/[(0.316)(0.949] = 30,2453 Ib/ft (427.6 kN/m)
(13.41)

Wp = 05-[y+ (K — B?) + Yo b2}/ (sin - cos )
— (0S)}{(LLO)[(2 — (0.5)2] + (115)(0.57}/[(0316)(0.949)] = 735.7 1blft (10.4 kN/m)

Using Equation 13.36,
a=W,sinB-@sp + Uy (1 — cos’B)
— (302453)(0.316)(0.949) + (7.8)[1 — (0.949P] = 9,071 (128 for ST units)
b= —[Wp-tane + W, (sin?B-tan¢ + cos’B-tand) — Upn-cosp-tand — Upy-tang
+ Uy-sinB-cospB-(tang — tand)] o
—{(735.7)(0.625) + (30,245.3)[(0.316(0.625) + (0.949)%(0.104)] — (4,100.3)(0.949)(0.404)
— (23.4)(0.625) + (7.8)(0.316)(0.949)(0.625 ~ 0.404)} -

—(459.8 + 12,892.1 — 1,572.0 — 14.6 + 0.5) = —11,766 (—166 for SI units)
(Wa-cosB— Uan + Uy sinB)-sinB-tand-tand
= [(30,245.3)(0.949) — 4,1003 + (7.8)(0.316)](0.316)(0.625)(0,404) = 1,963 (28 for SI units)

It

It

o
I

b + (b —4-a-c)”®
FS = (13.36)

2-a
_ 11,766 + [(—11,766)° ~ (4)(9,071)(1,963)]%°
B (2)(9,071)
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FIGURE 13.15 Sand Layer Failure along Sideslope Caused by Seepage Force

11,766 + 8,198
= 21,766 + 8,198
(2)(9,071)

1.10

An incremental placement method sho
than the maximum height that can be built in a sin
tor of safety, such as the previous example. B
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Section 13.4

Hpax Wastelift -2

Hpax Waste Lift — 1 -~ ‘Zv%

Textured geomembrane

FIGURE 13.16 Incremental Placement of Soil Drainage Layer on Sideslope

feet (0.6 m). The height of the first lift of sand placement can be calculated as shown in
the equations that follow (Qian, 1997):

In U.S. units,

H = (How — 2)/n+2 (13.42)

In SI units,

H = (Hom — 0.6)/n + 0.6 (13.43)

H = height of the first step of sand placement on the sideslope (see

Figure 13.14), ft or m;
H,n = total height of the cover sand slope from the toe of the cover sand to

the top of the slope (see Figure 13.16), ft or m;
n = number of the placement steps.

where

ly obvious.
have been :
ung of this Continue the calgulations of Example 13.4 and use the incremental method to achieve a factor
cover soil of safety no less than 1.2 for the cover sand resting on the sideslope?
sand layer
—_— Solution Use the incremental method to place drainage sand on the side slope to achieve a
minimum factor of safety of 1.2. Try three steps of sand placement (n = 3) on the sideslope.
©s higher H = (How — 2)/n + 2 (13.42)
dired fac- = (44 —-2)/3+2=14 +2 =161t (4.8 m)
lacement %o ’
he maxi- ' ' ,
mately 2 H=161ft(48m),h =2t (0.6m), hy = 0.5 ft (0.15m), y = 110 Tb/ft? (17.3 kKN/m?),
Fh'ls pro- v = 115 Ib/ft° (18 KN/m?), v, = 62.4 1b/6t* (9.81 kN/m®), ¢ = 32°,8 = 22°.
g‘:ill‘;‘;’er (ang = tan(32°) = 0.625, tand = tan(22°) = 0404, B
e
minusgz sinp = sin(18.4°) = 0.316, - cosB = cos(18.4°) = 0.949, tanp = tan(18.4°) = 0.333.
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Upn = Yo'l (H — 05 h,-cos

[1 - (0.949)] = 3 159
~[Wp-tang + WA-(sinZB-tand) + coszﬁ'tané) -
— Upy-tang + UH'sinB-cos&(tand) — tang)]

~{(735.7)(0.625) + (10,53

b =

It

)(0.949)(0.625 < 0.404))
=146+ 05) = —43¢g
inB)'sin,B'tana-tanci)

- 1,476.9 + (7:8)(0.316)](0.316)(0.625
5
e (1;22.; 4-g-c)°
_ 4368 + [(~4 368

(2)(3,159)
- 4,368 + 3238

(2)(3,159)

I

—(459.8 + 4.488.5 — 566.2
¢=(W,-cosg ~ U + Uys
= [(10,530.1)(0.949)

78

Thus, based on the above calculation, the first step
to a height of 16 feet (4.8 m). A
(0.6 m) below the Protective laye:

1, the next lift of 14 feet (42 m
should be continued unti] the pro

tective layer reaches the top of

13.4.4 Inclusion of Seismic Forces

In areas of anticipated earthquake activity,

0.1)[(0.316)%(0.625) + (0.949)%0.404
~ (23.4)(0.625) + (7.8)(0.316

(45 for ST units)
UAN'cosB ‘tané$

(=62 for SI units)

)(0.404)

- (4)(3,159)(680)]0'5

is to place the drainage sapg on the sideslope
§ Waste is filled against the sideslope to apprdximately 2 feet

Placed. This procedure

) can be
the sideslope.

)]~ (1,476.9)(0‘949)(0.404)

= 680 (10 for ST units)

B)/tang (13.37)
= (62.4)(0.5)[16 - (0.5)(0.5)(0.949)]/(0.333) = 1,476.9 Ib/ti (20.90 kN/m)
Us=0s5 Y byl (13.38)
= (0.5)(62,4)(0.5)2 = 7.8 Ib/ft (0.11 kN/m)
Upy = O.S-yw-hwz/tanﬁ (13.39)
= (O.5)(62.4)(0.5)2/(0.333) =234 Ib/ft (033 kN/m)
W, = 0.5[y-(h - hw)(z-H-cos,B —h-h)
* Yearhy 2-H ‘cosf — hw)]/(sin,B-cosﬂ) (13.40)
= (O.S){(IIO)(Z - 0.5)[(2)(16)(0.949) -2-05
+ (115)(0.5)[(2)(16)(0.949) - 0.5]}/{(0.316)(0.949)]
= (0.5)(4,598.22 + 1,717.41)/[(0.316)(0.949)] =10,530.1 Ib/ft (148.9 kN/m)
W = 0.5 [y (n? - h,?) + ysa,'h\z.,]/(sinﬂ-cosﬁ) ' (13.41)
= (0.5){(110)[(2)2 = (0.5)] + (115)(0.5)2}/[(0.316)(0.949)] = 735.7 Ib/ft (10.4 kN/m)
Equation 13.36 yields
@ =Wy sinB-cosg + Ug-(1 - cos’B)
= (10,530.1)(0.316)(0.949) + (7.8)

© (13.36)
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regulations require such an analysis for sites that have a probability of = 10% of expe-
riencing a 0.10-g peak horizontal acceleration within 250 years. For the continental
United States, this includes not only the western states, but major sections of the

(13.37)

13 . . o
(13.38) Midwest and northeast states, as well. If practiced worldwide, such a criterion would F

. have huge implications. ;
(13.39) The seismic analysis of cover soils of the type under consideration in this section

is a two-part process:

(i) The calculation of a FS-value using a pseudostatic analysis via the addition of a
(13.40) horizontal force acting at the centroid of the cover soil cross section.

(i) If the FS-value in the above calculation is less than 1.0, a permanent deformation
analysis is required. The calculated deformation is then assessed in light of the
) potential damage to the cover soil section and is either accepted, or the slope
(13.41) requires an appropriate redesign. The redesign is then analyzed until the situa-
.4 KN/m) tion becomes acceptable.

The first part of the analysis is a pseudostatic approach that follows the previous
examples except for the addition of a horizontal force at the centroid of the cover soil
in proportion to the anticipated seismic activity. It is first necessary to obtain an aver-
age seismic coefficient (Cs) from a representative seismic zone map (e.g., as in
Algermissen, 1969). Such maps are available on a worldwide basis. The value of Cs is
nondimensional and is a ratio of the bedrock acceleration to gravitational acceleration.
149)(0.404) This value of Cg is modified using available computer codes such as “SHAKE” (see
' Schnabel et al., 1972) for propagation to the site and then to the landfill cover as
shown in Figure 13.17. The computational process within such programs is quite intri-
cate. For detailed discussion, see Seed and Idriss (1982) and Idriss (1990). The analysis ,
is nonetheless similar to those previously presented. |

I units) 1
- (13.36) |
Active wedge Cover soil |
- N 16é
&
CsWp Geomembrane

sideslope Passive wedge ‘
2y 2 feet N !

rocedure M A

i P L

"“
, Np

U cover : '
onsider FIGURE 13.17 Limit Equilibrium Forces Involved in Pseudostatic Analysis
(EPA) Using a Average Seismic Coefficient. |
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W, acting horizontally o

ymbols used in Figure 13.17 hay
€ expression for finding the FS-value is derived next. ‘
Considering the active wedge, by balancing the forces in the horizonta] directiop,
the resulting formulation is

e been previously ‘i '

Ny-tans + C,)+cos
E,-cosp + EAT)B =Cso W, + N,-sing

Hence, the interwedge force acting on the active wedge is

£ = (FS)(CS-WA + Nj-sing) - (Na-tans + C,)-cosf
A (FS)-cosp
The passive wed

g¢ can be considered in
tion results:

a similar manner, and the following formula-

Ep-cospB + CsWp = ﬁ—w
Hence, the interwedge force acting.on the passive wedge is
E - C+ Wptang — Cs* Wp - (FS)
(FS)-cosB — sinB-tan¢
Again, by setting E, = Ep, the equation can be arranged in the form of ax? + py +
¢ = 0, which in this case is

aFS* + b-FS + ¢ = g
The resulting FS can be expressed as

-b * (b2 — 4-q-c)%s
=-—0 - raco .
| FS o (1344

where @ = (Cs-w, + Ny+sing)-cosB + Cs* Wy cosp

b=—[(Csw, + NA-sinB)-sin,B-tanrb + N,+tans + C,)-cos?B
o+ (C+ Wp"tand))-cosﬁ]

¢ = (Ny-tané + Ca)-sinB-cosB-tami)
Using these concepts, a design curve for the general problem under consideration as a
function of seismic coefficient can be developed. (See Figure 13.18.) Note that the

fically for the variables stated in the legend. Example 13.6
€quations and of the curve,

curve is developed speci
illustrates the use of the

EXAMPLE 13.6

The following are given: a-30-m-long slope with\uniform thickness cover soj]
weight of 18 kN/m?, The soil has a friction angle of 30° a
cover soil is on g gceomembrane as shown ip Fi

in an interface friction angle of 22° with zer

of 300 mm at a unit
e.,itisa sand). The
esting has resulted
gle is 3(H)-to-1(V) -

nd zero cohesion (i.
gure 13.17. Direct shear t
0 adhesion. The slope an
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ax® + bx +

(13.44)

ration as a
2 that the
mple 13.6

n at a unit
‘and). The
s resulted
D-to-1(v) -
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FIGURE 13.18 Design Curve for an

1.4
1 | 1 i
Lesond: l Uniformly Thick Cover Soil
egend: _ Pseudostatic Seismic Analysis with
L=30m , h =300 mm Varying Average Seismic Coefficients.
1.2 g=18kN/m’> f=30° -
d=22 ¢ = c, = 0 kN/m?
Q
2
g 10 .
%
<3
0.8 - -
Cyy
06 I S ! ! !

0.00 0.05 0.10 0.15 0.20 025 0.30
Avarage seismic coefficient, Cs

(ie., 18.4°). A design earthquake appropriately transferred to the site’s cover soil results in an
average seismic coefficient of 0.10. What is the FS-value?

Solution Solving Equation 13.44 for the values

a = 59.6 kN/m
b= —66.9 kN/m
¢ =104 kN/m

results in FS = 0.94
Note that the value of FS = 0.94 agrees with the design curve of Figure 13.18 ata seismic coeffi-
cient of 0.10. :

Comment Had the above FS-value been greater than 1.0, the analysis would have been com-
plete. The assumption is that cover soil stability can withstand the short-term excitation of an
earthquake and still not slide. However, since the value in this example is less than 1.0, 2 second

part of the analy§is is required.

The second part of the analysis is directed toward calculating the estimated
deformation of the lowest shear-strength interface in the cross section under consider-
ation. The deformation is then assessed in light of the potential damage that may be
imposed on the system.

To begin the permanent deformation analysis, a yield acceleration C,, is obtained
from a pseudostatic analysis under an assumed FS = 1.0. Figure 13.18 illustrates this
procedure for the assumptions stated in the legend. It results in a value of Cy, = 0.075.
Coupling this value with the time history response obtained for the actual site location
and cross section results in a comparison as shown in Figure 13.19(a). If the earthquake
time history response never exceeds the value of-Cyy, there is no anticipated permanent
deformation. However, whenever any part of the time history exceeds the value of Cyy,
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02
d l\ C,y=0.075
E
§ 0.0
2
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FIGURE 13.19 Design Curves to Obtain Permanent Deformation Utilizing
(a) Acceleration,
(b) Velocity, and
(c) Displacement curves,

permanent deformation is expected. By double integration of the acceleration time his-
tory curve to velocity [Figure 13.19(b)], and then to displacement [Figure 13.19(c)], the
anticipated value of deformation can be obtained. This value is considered to be perma-
nent deformation and is then assessed based on the site-specific implications of damage
to the final cover system, Empirical charts (e.g., Makdisi and Seed, 1978) also can be

EXAMPLE 13.7

Continue Example 13.6 and determine the anticipated permanent deformation of the weakest
interface in the cover soil system. The site-specific seismic time-history diagram is given in
Figure 13.19(a).

13.4

TJFA 438
PAGE 066



13.4.5

ime his-
(c)], the
perma-
damage
v can be
revious

Section 13.5 Subsoil Foundation Failures 513

Solution The interface of concern is the cover soil-to-geomembrane ratio for this particular
example. With a yield acceleration of 0.075 from Figure 13.18, and the site-specific design time
history shown in Figures 13.19(a), integration produces Figure 13.19(b) and then 13.19(c). The
three peaks exceeding the yield acceleration value of 0.075 produce a cumulative deformation of
approximately 54 mm (2.1 inches). This value is now viewed in light of the deformation capabil-
ity of the cover soil above the particular interface used at the site. Note that some references
limit the deformation to either 100 or 300 mm (4 to 12 inches), depending on site-specific situa-
tions. (See Richardson et al., 1995.)

Comments An assessment of the implications of deformation [in this example it is 54 mm
(2.1 inches)] is very subjective. For example, this problem could easily have been framed to pro-
duce much higher permanent deformation. Such deformation can readily be envisioned in high
seismic-prone areas. (See Anderson and Kavazajian, 1995, and Matasovic et al, 1995.)
Discussion is ongoing in this regard. In addition to an assessment of cover soil stability, the con-
cerns for appurtenances and ancillary piping must also be addressed.

General Remarks

As seen from the previous analytic development and examples in this section, veneer
slope failures are fully capable of being evaluated and, as such, of being avoided.
Unfortunately, many failures of this type exist and the literature is abundantly clear in
this regard (e.g., Thiel and Steward, 1993; McKelvey, 1994; Giroud et al., 1995a and
1995b).

Whatever analysis is selected by the designer (the foregoing followed that
of Koerner and Soong, 1998; and Qian, 1997), the following items are overriding
considerations:

(i) Proper assessment of interface shear strengths is critically necessary.

(i) The designer must make a reasonable estimate of the equipment and the con-
tractor’s practice used to construct the system.

(iii) The designer must make a proper assessment of the design storm event.

(iv) A proper asseSsment of the design seismic event is necessary assuming that the
site is in a potentially seismically active area.

It should also be noted that the designer has a number of alternatives with which to
make a given slope stable. A higher factor of safety can result by modifying the geom-
etry, adding downslope soil berms, or including veneer reinforcement. See Koerner
and Soong (1998) for an extension of the methodology of this section into these vari-
ous stabilizing considerations.

13.5 SUBSOIL FOUNDATION FAILURES

weakest .
siven i

Designers regularly perform calculations to verify the safety of natural slopes, exca-
vated slopes, and constructed embankments. These procedures are directly applicable
to the design and analysis of solid waste materials. that are placed in landfills [recall
Figures 13.1(c), (d) and (e)]. Such calculations serve as a basis for choosing either
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Method of Analysis

By far, the majority of slope stability procedures that are performed are based on two-
dimensional (2-D) cross sections and analyses. Using such procedures, there are many
analysis methods, but aj assume that the critical cross section resulting in the lowest
ES-value can be identified. Since numerous iterations are invariably required, com-
puter codes are commonplace in order to identify the critical Cross section. A cross sec-
tion of a circular arc failure is shown in Figure 13.20(a). In the conventional manner, it
is subdivided into n-slices where the i slice is shown in Figure 13.20(b). From this
point, a number of different calculation methods can be followed.

For the analysis of the case histories to follow which failed along a circular arc,
the simplified Bishop method was used, see Koerner and Soong (2000). The derivation
is readily available and leads to the following equation for the FS-value:

n
Sle-ab + (W, - u*Ab)-tang]/m,
=1

=i = 7 (13.45)

W sing,

n
i=1

Here, m; = cos6;+(1 + tang-tané,/Fs) (13.46)

See Figure 13.20 for definitions of the terms.
o

Case Histories

To illustrate the mportance of assessing the subgrade soil upon which the waste mass
is to be placed, three case histories of failures are presented next. All were circular-
arc-type failures Initiating in the soft foundation soils beneath the solid waste and then
propagating up through the waste mass itself,

Case History R-1 :

Case history R-1 s a municipal solid waste landfill that failed in 1984. The failure
was rotational and involved approximately 110,000 m? of solid waste. Divinoff and
Munion (1986) and Erdogan et al., (1986) have reported on this case history.

Background. The municipal solid waste (MSW) landfill site in this case history covered
22 ha. It was bounded on three sides by a tida] marsh. The landfill was in operation for
approximately 15 years and rose 44 m above the marsh at its highest location. The side

TJFA 438
PAGE 068




¥ (FS) values
able value or
ss developed
earing resis-
procedure js
engineering
others).

ised on two-
re are many
1 the lowest
vired, com-
A cross sec-
I manner, jt
. From this

ircular arc,
derivation

(13.45)

(13.46)

aste mass
: circular-
and then

1e failure
noff and

covered
ation for
The side

Section 13.5 subsoil Foundation Failures 515

(a) Cross section

Abi—H

\\ F; W, = weight of the ith slice
\ N; = normal force acting at the base = W;rcos 6,
Fiy \ P, T, = resisting shear force mobilized at the base

U, = pore water force = ;¥ Al;

Py w \\ u; = pore water pressure acting at the base
Ty of the ith slice
\\ \/ F, = shearing forces acting on the slices
P; = normal forces acting on the slices

(b) Force acting on the ith slice
FIGURE 13,20 Procedure Showing Circular Arc Subdivided into Slices and Ana
of the i Slice

lysis

slopes were generally 4(H)-to-1(V) and a small toe berm was constructed around the
edge of the slope. The development of a particular portion of the site was such that
waste placement was temporarily postponed because a small stream entered the landfill
at this location. Eventually, this area was filled and waste was placed quite rapidly (in4
or 5 months) just before the failure occurred; it was the eventual location of the failure.

tely 70 mm of rain fell for three days prior to the
failure, which caused the water level of the adjacent marsh to rise approximately 3.2 m.
A near-vertical crack opened at the top of the waste, eventually measuring 12-m deep,
18-m wide, and 180-m long( see Figure 13.21). The opening was crescent-shaped in
plan view conforming closely to the ground contours before waste was placed at the

Description of Failure. Approxima
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Location of
initial cracks

20m Before failure

After failure
Failure
surface

EL.+32 Waste
A4

Toe b ermE . Tidal marsh dgposit — &&4dv

FIGURE 13.21 The Critica]
and Munion, 1986)

Foundation Soil Conditions. The thickness of the tida] marsh beneath the waste was
variable, but it can be described as having a 3-m surface crust (called “meadow mat”)
consisting of fine sand, silt, brick fragments, roots and decomposed solid waste. Some
7 to 12 m of silty clay/clayey silt with water content of 88% to 117% and undrained

Case History R-2 ‘
Case history R-2 is a municipal waste landfill that failed in 1989. The failure was
multirotational in nature and involved approximately 500,000 m? of solid waste.

piles of ash/sludge and asbestos. The landfill was an above-grade landfill and was

underlain with a thick deposit of clayey soil,
To the west of the site, work Was starting on an expansion to the existing landfill,

The expanded area was to be lined with a composite liner system consisting of a
geomembrane overlying a 0.6-m-thick layer of Tecompacted clay. In order to facilitate
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the liner system construction and to increase the capacity of the future landfill, the
plans called for the removal of up to 3 m of the upper stiff clay in the expansion area.
Such excavation activity eventually became the triggering mechanism of the landfill

failure.

Description of Failure. On August 14, 1989, after approximately 120 mm of rain fell for
10 days prior to the incident, a multirotational slope failure occurred toward and into
the proposed landfill expansion area west of the existing landfill. During the move-
ment, six large crevasses (one after the other) opened up in the waste mass. Figure
13.22(a) shows the critical cross section of the failed landfill. The entire movement
lasted about 15 seconds. Analysis of the failure indicated that a single rotational failure
first occurred under the original landfill slope as in Figure 13.22(a). This initial failure
left a steep, unsupported slope within the remaining waste pile and the underlying clay.
This directly led to five sequential slides of similar types progressing eastward into the
existing landfill mass. Blocks of waste and clay followed the direction of the initial
movement. As seen in Figure 13.22(b), the blocks formed progressively from the west
to the east and moved horizontally as much as 50 m. Some of the crevasses were
approximately 15-m wide and up to 10-m deep. Traces of remolded clay were discov-
ered up to 120 m beyond the original toe of the landfill. Due to the remolding, the clay
lost 80 to 90% of its original undrained shear strength.

Foundation Soil Conditions. The landfill in this case history is underlain by15t0 21l m
of clayey soil. The top 3 m of the thick clay deposit is weathered and fissured and is
designated as a stiff clay. Below the stiff clay, there is the soft clay zone with thickness

Excavated
stiff clay

Soft clay

(a) Block formation

Remodeled clay
/

Stif? clay

S0m

™ ™ ™ |
(b) Blocks after failure

FIGURE 13.22 Critical Cross Section of Landfill R-2 Showing the “Block” Formation (after
Reynold, 1991)
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518 Chapter 13 Landfil] Stability Analysis

varying from 12 to 18 meters. The vertica] permeab
1077 to 1078 cmy/sec, Laboratory tests conducte

Case History R-3
Case History R-3 is a contaminated soil landfij] eXpansion that failed in 1995 and

involved approximately 110,000 m?
the case history.

The foundation soj] profile at the eXpansion site consjsted of
bottom); (i) a 4- to 5-m-thick, silty-clay fill layer, (ii) a 20- to 25
alluvial soft clay deposit, (iii) a thin, irregular, sometimes absen

deposit, 4nd (iv) bedrock, consisting of alternating layers maj
and calcareous sandstone,

(from top to
-m-thick estuarine and
t, basal sand and gravel
nly of sandy limestone

to top) (i) a granular drainage layer for collection of consolidation water, (ii) a geotex-

tile filter, (jii) a 0.5-m-thick compacted clay liner, (iv) a geosynthetic clay liner, (v) a
1.5-mm-thick, high-density polyethylene liner, and (vi) a leachate collection layer

composed of a geonet drainage layer, a geotextile filter, and 0.3 m of a granular pro-
tective layer. : '
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1995. About 110,000 m* failed with a front length of about 270 m, affecting the area
See Figure 13.23.) The area within the tension cracks

loaded with contaminated soils. (
suddenly sank several meters and moved towards the river. At the top of the slide

mass, two main scarps appeared several meters apart. The failure surface was clearly
visible at the scarps and was almost vertical. It resulted in a settiement of about 4 m
and a horizontal movement of several meters toward the river. The geosynthetic mate-
rials were visibly torn at the scarps. There were numerous minor cracks, particularly at
both sides of the area affected by the slide, and they were mostly parallel arranged,
with opening widths of about a few centimeters to several decimeters.

The slide extended well into the river, propagating before it an undulating shape
of mud waves and depressions. The east berm of the cells, situated approximately in
the middle zone of the slide mass, underwent little vertical movement, but significant
horizontal displacement towards the river occured. The berm was clearly displaced at
the south side of the slide, and consequently, the pipes installed under the berm
(underdrain pipes) and in the berm (leachate force main) were also broken.

ording to de Santayna and Pinto (1998), the strength of the

Analysis of the Failure. Acc
n the original design. The soft clay layer was considered to

soft clay was overestimated i

S I A © e =+ 3 < @ Vanetests (Aug/19%4)

A et 7T 4 Vane tests (May/1995)
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FIGURE 13.23 Plan View of Case History R-3 (after de Santayana and Pinto, 1998)
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13.5.3

13.6

Chapter 13 Landfill Stability Analysis

General Remarks

It should be obvious from these three case histories that proper site characterization
during the de ign stage and well before waste placement is critica], Irrespective of the
high shear strength of waste materials, if the soi] foundation fails, it will eventually
Propagate through the waste mass and cause the entire System to fail. Once a crack is
observed on the surface of the waste mass, the entire fajlure surface beneath it has
been mobilized. Fajlure of the mass is then imminent.

The situation is obviously important when dealing with soft, fine-grained sojls,

WASTE MASS FAILURES

The relatively low interface shear strengths of components within liner systems can
lead to translational failures of the type shown in Figure 13.1(%). However, failure can
only occur if the toe of the waste mass is unsupported by an opposing slope or large
soil berm, Unfortunately, unsupported toe conditions are often the case, Canyon land-
fills are very common in areas of mountainous or rolling topography. Even when an
excavation is dug for a landfill, the waste mass during filling is generally left unsup-
ported at its toe. This section deals with the instability of such situations.

13.6
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13.6.1 Translational Failure Analysis
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slational failures is generally similar to that described in

While the approach to tran
Section 13.5.1, the failure surface is not circular, but usually piecewise linear. Thus, the

simplified Bishop method is not applicable. A translational (or two-wedge) failure
analysis is used to calculate the factor of safety for the landfill against possible mass
movement of the type of “translational (or wedge) failure along liner” [Figure 13.1(f)]
in the interim filling condition.

The waste mass shown in Figure 13.2
one active wedge lying on the side slope and tending to
sive wedge lying on the cell bottom floor and tending to resist failure. The forces acting
on the active and passive wedges are shown in Figure 13.24(a). The individual forces,
friction angles, and slope angles involved in the analysis are listed as follows:

W, = weight of the passive wedge;

Np = normal force acting on the bottom of the passive wedge;

Fp = frictional force acting on the bottom of the passive wedge (parallel to the bot-
tom of the passive wedge);

normal force from the active wedge acting on the passive wedge (unknown in
magnitude, but with the direction perpendicular to the interface of the active

and passive wedges);

4(a) can be divided into two discrete parts,
cause failure, and another pas-

I

Ewp =

Passive wedge

Active wedge

() (©
FIGURE 13.24 Forces Acting on Two adjacent Wedges for Solid Waste Filled in Landfill
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Eyp = frictional force acting on the side of the passive wedge (unknown in magnitude,
but with the direction parallel to the interface of the active and passive
wedges);

FSp = factor of safety for the passive wedge;

8p = minimum interface friction angle of multi-layer liner components beneath the
passive wedge;

friction angle of the solid waste;
= angle of the solid waste slope, measured from horizontal, degrees;

6 = angle of the landfill ce]l subgrade, measured from horizontal, degrees;
weight of the active wedge;

Wr = total weight of the active and passive wedges;
N, = normal force acting on the bottom of the active wedge;

F, = frictional force acting on the bottom of the active wedge (parallel to the bot-
tom of the active wedge);

Eya = normal force from passive wedge acting on the active wedge (unknown in mag-

o
n

R
|

S
]

passive wedges), Ey;, = Eyp;

Ey4 = frictional force acting on the side of the active wedge (unknown in magnitude,
but with the direction parallel to the interface of the active and passive
wedges), Ey, = Eyp;

FS, = factor of safety for the active wedge;

84 = minimum interface friction angle of multi-layer liner components beneath the
active wedge; )

B = angle of the side slope, measured from horizontal, degrees;
FS = factor of safety for the entire solid waste mass.

Considering the force equilibrium of the passive wedge [Figure 13.24(b)], the forces
acting on it are

ZFy=0: = v
3 Wp + Evp = Np-cosf + Fp-sing (1347)
Fp = Np-tans,/FS, (13.48)
Eyp = Eyptang/FSp, (13.49)
Substituting Equations 13.48 and 13.49 into Equation 13.47 gives ,
Wp + Eyp-tang/FS, = Np+(cos6 + siné-tansp/FSy), and (13.50)

when IFy = 0,

Fpecosf = Eyp + Np-sing (13.51)

Substituting Equation (13.48) into Equation (13.51) gives

Np-cose-tanép/FSp = Epp + Np-sing
Np-(coso’tancﬁp/FSp — sinf) = Eyp
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n magnitude Evp
and passive P~ os@-tandy/FSp — sind (13.52)

stituting Equation 13.52 into Equation 13.50 gives
Eyp - (cos@ + sind - tan 5p/FSp)
Wp + Eyp - t =
F e * tendy/FSp cos - tandp/FSp — siné

Eyp-(cost + sin@-tandy/FSp) = Wy (cos8- tandp/FSp — sin®)
+ EHP-(coso-tanap/FSp — §in8)-tan¢y/FSp

Sub
beneath the

ees;
Eyp+(cosf + sinf-tandp/FSp — cosB-tanzSp-tand)s/FS% + sin6-tandy/FSp)
= WP-(cose-tanég/FSp — sinf)
Wp+(cos8-tandp/FSp — sinf)
[t EHp = X 5 (1353)
o the bot- cos@ + (tandp t+ tan,)-sind/FSp — cosf+tandp-tand/FSp
OWn in mag- Considering the force equilibrium of the active wedge [Figure 13.12(c)] yields
2 active and SFy = O:
magnitude, WA = FA’SinB + NA'COSﬁ + EVA (13.54)
ind passive i F, = Na-tands/FSa (13.55) .
Eya = Eya-tandy/FSa (13.56)
xeneath the Substituting Equations 13.55 and 13.56 into Equation 13.54 gives :
W, = Na-(cosB + sinB‘tanBA/FSA) 4 Eyactand/FSa (13.57)
EFX =0
, the forces Fuecosp + Epga = N, -sinB (13.58)
Substituting Eqtfation 13.55 into Equation 13.58 gives
(13.47) ; Eua = Na+(sinB — cosB-tanda/FSa) |
(13.48) Eya o
= 13.59 |
(13.49) Na sinfg — cosBtanda/FSa (13:59) %
Substituting Equation 13.59 into Equation 13.57 gives §
(13.50)
cosB + sinB-tands/FSa i
= . + . i
(135 k Wa = Ena sinf8 — cosBrtanda/FSa Eyia-tands/FSa i
S1)
E cosB + sinp-tanda/FSa + sinB-tan¢y/FSa — cosB'tanéA-tamﬁs/FS,i W
HA sinf — cosB-tanda/FSa A
W, (sinp — cosﬁ-tanSA/FSA)
Ega = - > (13.60)
cosf + (tands + tang,)-sinB/FSa — cos[?»-tan&,g,-tancbs/FSA

TJFA 438
PAGE 077



" e N e

Chapter 13 Landfill Stability Analysis

Because E;;, = Eypand FS, = FSp = FS, Equation 13.60 must equal Equation 13.53,

Wa-(sing - cos B-tans,/FS)
CosB + (tans, + tang,)-sinB/FS — CosB-tand, - tan ¢ /FS?
_ WP-(cosa-tanap/FS — sing)
Cosf + (tanép + tan &;)+sin6/Fs — COs#-tané,-tan ¢/ FS?

Wy (sing - cosB-taanA/FS)[cose + (tanép + tang;)-sing/Fs — cose-tanSP-tanqu/FSz]
= WP-(coso-tantSp/FS — siné)[cosB + (tans, + tang,)-sinB/FS — cos,B-tan&A-tancbs/FSZ]

(W, sing — WA-cosB-tanaA/f‘S)[cosa + (tans, + tang,)-sinf/FS — cos 0-tan8p~tan¢s/FS2]

giving

W, sinB:cosg + W, (tans, + tan¢s)~sinB-sin0/FS - WA-sinﬁ?-cosoS'-tanép-tami)s/'F.S'2
- WA-cosB'cos()-tanéA/FS ~ Wa-(tans, + tanz;bs)-cosB-sint9-tan¢SA/F.S'2
+ WA-cosB'cos(:?-tanéA'tanép-tanqss/FkS’3 = Wp~cosB'cose~tan6p/FS

+ Wp+(tans, + tan<¢>s)-sin,[*l-cosc‘)-tanép/FS2 -

~ Wp-cosB-sing — Wp:(tans, + tang)-sinf-sing/Fs + Wp-cosB -sinb’-tan&A-tanq&s/FS2
(W, -sinB:cose + Wp-cos,8°sin0)-FS3 + [WA-(tanap + tang,)-sinB-sing

+ Wp-(tansp + tang,)-sinB-sing — WA-cosB-cose-tancSA - Wp-cosﬁ-cos@-tanﬁp]-FS2
- [WA-(tancSp + tangbs)-cosﬁ'sine-tanaA + Wp(tans, + tan¢s)~sin,3-cose-tan6p

+ WA'sinB-COSB-tanép-tanqbs + Wp-cosﬂ-sin()'tanéA-tan 5] FS

+ (WA-cosB-cosB-tanéA-tan8p'tan¢s + Wp-cosB~cosc9-tan6A'tanép-tanqu) =0

(Wa-sinB-cosg + Wp-cos,B-sinG)-FS3 + [(W,-
— (W4 tans, + W,;-tancsp)-cos,B-cosB]-FS2 -
+ cosB-sinO'tanéA) + (W4 -cosB-sing + Wp-si

+ WT-cos,B-cosﬁ-tancSA-tan«Sp'tanqﬁs =0 (13.61)
Equation 13.61 is now solved as follows:
* @FS+b-F+ RS+ g =g (13.62)

a= WA-siﬁB-cose + WpcosB-sing
b= (Wa-tans, + We-tans, + Wr+tan

- (WA-tanBA + Wp-tan6p)-cosﬁ-cos6

c= —[WT-tan(bs-(sinB-cosB-tanap + cos,B-sinG-tanc‘SA)
+ (W4 cosB-sing + Wp~sinB-cose)-tan6A-tanapj

d= WT-cos/S‘-cosﬂ-tanzSA'tanap-tanqﬁs

When the ce]] subgrade is very
Equation 13.62 thep becomes

a-F§’ + b-Fs? tceFS+4d=9 (13.63)

where q = W, +sing
b= —(WA-tanBA + Wp-tanép)

S84 + tand,)-sinB/Fs — cosB-tanzSA-tanq&s/FSZ]

Wp-cosB-cosf-tan Oa*tansp-tan ¢ /Fs3

tanép + Wp-tans, + WT-tanqu)-sinB'sinB
[WT~tan¢s-(sinB-cos0~tan6p
nﬁ'cose)-tan6A-tan5P]-FS

&s)+sinB-sing

small (ie., 9 ~ 0), sing ~ 0, and cosg ~ 1,

*cosB
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ation 13.53,

' /FS?)
ne/FSs?]

tan ¢/ FS? ]
s "tang/FS? ]
1/ FS?

/FS?
b/ FS?

le F§2

1B-sind

(13.61)

(13.62)
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¢ = —(Wr-tang, + Wp-tand,)-sinB-tandp
d = Wy-cosB-tand, - tandp-tand;

In the conventional translational (or two-wedge) failure analysis method, the
direction of the resultant force Ep of Eyp and Eyp (or the resultant force E, of Exa and
Ev,), which acts on the interface between the passive wedge and active wedge, is usu-
ally assumed to be parallel to waste filling slope. The effect of the waste property of
the interface between the active and passive wedges (i.e., shear strength of the waste)
on the stability is not considered for this assumption. Actually, the real direction of the
resultant force E, of Eya and Evy (or the direction of the interwedge force) should be

calculated as

tanw = Evp/Enp
= (Eyp-tang,/FS)/Enp
= tan¢,/FS
w = tan”'(tan¢,/FS) (13.64)

where ® = inclination angle of the interwedge force (i.e., the resultant force of Eyp
and Eyp), measured from horizontal, degrees;
¢, = friction angle of solid waste;
FS = factor of safety for the entire solid waste mass.

Municipal solid waste usually settles a considerable amount during the filling
operation. Review of field settlements from several landfills indicates that municipal
solid waste landfills usually settle approximately 15 to 30% of the initial height
because of placement and decomposition. The large settlement of the waste fill
induces shear stresses in the liner system on the side slope, all of which tends to dis-
place the liner downslope. The large settlement of the waste fill also causes the large
deformation of the landfill cover to induce shear stresses in the final cover system.
These shear stresses induce shear displacements along specific interfaces in the liner
and cover systems that may lead to the mobilization of a residual interface strength. In
addition, thermal expansion and contraction of the side slope liner and cover systems
during construction and filling may also contribute to the accumulation of shear dis-
placements and the mobilization of a residual interface shear strength in the liner sys-
tem (Qian, 1994; Stark and Poeppel, 1994). .

Earthquake loading can provide permanent displacements along landfill liner
interfaces, resulting in a permanent reduction in their available shear resistance fol-
lowing the completion of the dynamic loading. Post-earthquake static stability must
therefore be evaluated using shear strengths that are compatible with the shear dis-
placements predicted to be experienced during the earthquake. In areas of high seis-
micity, this probably implies that the static stability of the final configuration of the
landfill should be assured assuming the mobilization of full residual strength condi-

tions (Byrne, 1994).
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Calculate the factor of safety for a landfi]l filling shown in Figure 13.25. Use a translational fajl-

ure analysis and the following information:

Minimum interface friction angle of bottom liner system, 8, = 20°;

Minimum interface residual friction angle of side slope liner system, 8, = 14°;
Friction angle of solid Wwaste, ¢, = 33°;

Waste unit weight = 102 kN/m3;

Landfill subgrade is 2% [50(H): 1V;

Waste filling slope is 25% [4(H): 1(v)];

Side slope angle, B = 18.4°;

Height of side slope is 30 m;

Distance between the top edge of waste and the top edge of side slope is 20 m.

150 ft

Active wedge
Passive wedge
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mass are shown in Figure 13.25.

Solution The forces acting on the solid waste
The side slope angle is at 18.4° and the slope angle of cell subgrade is 1.15° accor

slope; hence,

ding to a 2%

sing = sin(18.4°) = 0.3162,cosB = cos(18.4°) = 0.9487,
sinf = sin(1.15°) = 0.0200, cosf = cos(1.15°) = 0.9998
tand, = tan(14°) = 0.2493, tandp = tan(20°) = 0.3640,
tang, = tan(33°) = 0.6494.

The total weight of solid waste mass is
W, = 10,987 kN/m

The weight of the passive wedge is
Wp = 3,465 kN/m

The weight of the active wedge is
Wy=Wr—Wp= 10,987 — 3,465 = 7,522 kN/m

Use Equation 13.62 to calculate FS.
Calculate the coefficients of a, b, ¢, and d in Equation 13.62:
a = W, sinp-cosf + W, - cosp +siné
= 7,522 % 0.3162 X 0.9998 + 3,465 X 0.9487 X 0.0200
= 2,444 kN/m
b = (Wy-tandp + Wp-tand, + WT-tambs)-sind;-si_n@—(WA-tamSA + Wp
= (7,522 X 0.3640 + 3.465 X 0.2493 + 10,987 X 0.6494) X 0.3162 x 0.0200 —
(7,522 X 0.2493 + 3,465 X 0.3640 X 0.9487 X 0.9998
—2,907 kN/m
—[WT-tandas-(s'mB-cosB'tanBP + cosBrsing-tanda) +
(W, -cosB8in8- Wp:sinB+cosd) - tanda tandp)
= —[10,987 X 0.6494 X (0.3162 X 0.9998 X 0.3640 + 0.9487 X 0.0200 X 0.2493) +
(7,522 X 0.9487 % 0.0200 + 3,465 X 03162 X 0.9998) X 0.2493 X 0.3640)
~ —~967 kN/m -
d= WT'cosB-cosl)-tanﬁ,,,~tanép-tand;s
= 10,987 X 0.9487 X 0.9998 X 0.2493 X 0.3640 X 0.6494
= 614 kN/m
2 FS* + b-FS*+c FS+d=0
2,444 FS® — 2.907-FS* - 967+ FS +614 =0
FS® - 1.189-FS§* — 0.396-FS + 0251 =0
FS?+ 0251 = 1.189- FS? + 0.396-FS

which is solved by trial and error as in the following table:

-tanp) - cos B+ cosf

i

o
Il

(13.62)‘

:
|
&
:
[
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Assumed FS F$* + 0251 1.189 - FS? + 0.396 - F Closure
€3] @ (3) ) -3
15 3.626 3.269 0.357
14 2.995 2.885 0.110
1.3 2.448 2.524 -0.076
1.35 2.711 2.702 0.009
1.34 2.657 2.666 ~-0.009
1.345 2.684 2.684 0

Thus, FS = 1.345.

The direction of the resultant force of Eypand E

ve (i.e., direction of the interwedge force) can
be calculated from Equation 13.34 as

tanw = tan¢/FS (13.64)
= tan(33°)/1.345
= 0.649/1.345
= 0.483
0 =258°

L Recall that the inclination of waste filling slope is 20%, which is only 11.3°. Thus, the direc-
tion of the resultant force of Eyp and Eyp is definitely not parallel to the waste fjil

ing slope as is
e often assumed in these types of calculations (Corps of Engineers, 1960).

13.6.2 Case Histories

i Alternatively, for the analysis of the case histories that follow, which failed in a transla-

tional mannex, the simplified Janbu method was used. (See Koerner and Soong, 2000.)

i This derivation is also readily available in the literature and leads to a similar equation
for the FS-value, but it is now modified with an f,-value. The resulting equation is

RSN

! | 2 (et Abi + (W, — w- Aby)-tand m,

FS = (f,).4= - (13.65)
2 W, -sing,
i=1

where m; is defined in Equation 13.31, and fo is a function of the curvature ratio of the
failure surface and the type of soil. Since these surfaces are linear, however, the depth-
to-length ratio is zero and the value of £, = 1.0. The analysis becomes quite straight-
forward. (See Schuster and Krizek, 1978.)

To illustrate the seriousness of translational failures (they have represented the
largest waste mass failures to date), three case histories are presented next.
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Case History T-1

Case history T-1 is a municipal solid waste landfill that experienced a major fail-
ure in 1993. The failure was translational in nature and involved approximately
470,000 m® of solid waste. The sliding waste mass buried numerous homes in its path
and resulted in the loss of 27 lives. The only reference to our knowledge is the consul-
tants report to the municipality owner/operator (Anonymous, 1994).

Background. The operation of the landfill in this case history began in 1972. There was
neither a liner nor leachate collection system present. The waste was apparently
placed directly on the native ground surface. In the subsequent years, the facility was
receiving approximately 1,500 metric tons of municipal solid waste daily. The landfill
site is situated within the upper portion of a southward sloping valley that discharges
runoff into a local stream. As shown in Figure 13.26(a), a village is located on the south
side of the stream directly opposite the valley at an elevation significantly below the
landfill. Figure 13.26(b) gives the critical 2-D cross section of the landfill prior to the
failure. Of necessity, the scales are significantly distorted. The landfill had been built
up into a relatively level plateau at a surface elevation of approximately 150 m. The
southern side slope of the landfill, which faced the stream, was very steep, approxi-
mately 35 to 40°, which averages to 1(V)-to-1.3(H).

Waste Placement. The sequence of the municipal solid waste placement began at a
location approximately 250 m from the landfill entrance [i.e., at the southern end of
the landfill, as shown in Figure 13.26(a)]. The landfilling activities took place at this
location for approximately 11 years until 1983. At that point, the waste mass had been
built up into a level plateau at an average elevation of 130 m. The waste mass was not
covered with soil when the landfilling operation was terminated at this particular loca-
tion. Waste in this area rapidly decomposed over the years and turned black in color. A
subsequent landfilling operation was started in the northern and eastern part of the
site at a location near the entrance of the landfill. It was continued until 1990 when the
waste mass reached an elevation of 140. Again, no cover soil was placed above the
waste mass. The final phase of the landfilling activity was initiated in 1990 and contin-
ued until the time of failure. This phase initially took place over the top of the second
phase waste mass (near the landfill entrance) and continued over the top of the origi-

nal waste mass at the south portion of the landfill. By early 1993, the existing decom- .

posed waste was entirely covered by an additional 20 to 25 m of waste that brought the
surface of the landfill to an elevation of approximately 150 m. Note that several por-
tions of the waste mass partially blocked the drainage route of storm water that ran
into the tributary valley. This blockage created water ponds on both the eastern and
western sites of the landfill [see Figure 13.26(a)]. The average elevation of these water
ponds was approximately 130 m.

Description of Failure. On April 28,1993, a sudden and massive waste failure occurred
in this 50-m high landfill. The decomposed waste mass moved down the valley at high
speed for approximately 500 m into the stream and continued up-gradient into the
northern portion of a nearby village [see Figure 13.26(a)]: Slide debris, approximately
15- to 20-m in thickness, buried a number of homes and resulted in the loss of 27 lives.
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TJFA 438
PAGE 084



lage

:ction

Village

iilure

Section 13.6 \Waste Mass Failures 531

The failure involved approximately 470,000 m® of solid waste. The investigation
concluded that the failure surfaces passed through the waste mass at about 110-m
behind the crest of the waste slope and to the base of the decomposed waste adjacent
to the natural ground surface [see Figure 13.26(b)]. Although many factors could have
contributed to the failure (i.e., over-built steep slopes or even gas uplift pressures), the
triggering mechanism of the failure was likely an excessive leachate level within the
old, decomposed waste caused by continued water infiltrating from the adjacent sur-
face water ponds. The flowing leachate ponds observed on surface of the slide debris
tend to support this conclusion.

Case History T-2

Case history T-2 is a municipal solid waste landfill in which a major section failed
in 1997. The failure was translational in nature and involved approximately
1,100,000 m’ of solid waste. Kenter et al. (1996), Stark et al. (1997), Stark and Evans
(1997), Schmucker and Hendron (1997), Schmucker (1998), and Stark et al. (2000b)
have reported on this case history.

Background. The landfill began as an outgrowth of farm waste storage in 1945 and
transitioned into one that accepted mixed wastes shortly thereafter. Over the interven-
ing years, the facility grew in both area and height as it continued to accept residential
solid waste, commercial solid waste, industrial waste, and asbestos. The majority of the
overall site was developed prior to the existence of requirements for engineered envi-
ronmental control. The older areas of the landfill have neither liners nor leachate col-
lection systems. These areas were, however, constructed over low permeability
colluvium soils that overlie interbedded shales and limestones, all of which tend to act
as a natural liner. Beginning in 1988, a clay liner was required and this was further
upgraded to a composite liner in 1994. Thus, the initial phase consisted of a clay liner
for its initial 5.7 ha and a composite liner was intended for the remaining 1.5 ha. As the
northern portion of this phase (i.e., the 1.5 ha area) was being prepared for composite
liner placement, excavation of the next phase was ongoing. It should be noted that
both of these areas were at a significantly lower elevation than the existing landfill.
Rock (shale) blasting was used to reach the lower elevation and was ongoing at the
time of the fail{re.

Description df Failure. At about noon on March 9, 1996, five days after the first crack
appeared on the top of the existing landfill, the landfill began to move as a large mass
northward “into the open excavation areas. A waste mass of approximately
1,100,000-m3 translated some 50 to 60 m in less than five minutes. Figure 13.27(a)
shows an aerial photograph taken after the failure. Based on field observations and the
results of a subsequent subsurface investigation, the failure surface passed through the
solid waste at a very steep inclination down to the underlying colluvium soil [see

Figure 13.27(b)]. From this point, the failure plane extended within the colluvium soil

until it exited at the toe of the slope. The leachate head within the waste mass prior to
failure was estimated at the level shown in Figure 13.27(b), with a maximum depth of
approximately 13 m, Schmucker and Hendron (1997). It is concluded by Schmucker
and Hendron (1997) and Schmucker (1998) that the likely triggering mechanism for
the failure was the additional buildup of leachate head in the landfill due to ice forma-
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FIGURE 13.27 Details of Case History T-2
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geographic area with thickness up to 10 m, although at the site the layer was approxi-
mately 3 to 4 m thick. It was postulated by Stark et al. (2000a) that the colluvium
deposit was marginally stable because it was in a residual shear strength state due to
the constant down-slope deformation caused by waste placement and its gravitational
stresses. While this is uncertain, it is possible that dynamic stresses caused by blasting
at the toe of the slope may have been an additional destabilizing factor.

Case History T-3

Case History T-3 is a hazardous waste landfill that failed in 1988. It was transla-
tional in that the entire waste body of approximately 490,000 m> moved as a mass
within a period of seven hours. The failure resulted in 10.7 m of lateral displacement
and 4.3 m of vertical settlement at the top of the solid waste as it moved down-
gradient. Seed et al. (1990), Mitchell et al. (1990), Byrne et al. (1992), and Stark and
Poepple (1994) have reported on this case history.

Background. The landfill site in this case history occupied 15 ha. The configuration
consisted of a large oval-shaped bowl excavated into the ground to a depth of about
30 m. The bowl had a nearly horizontal base and side slopes of either 2 (H)-to-1 (V) or
3 (H)-to-1 (V) inclination, but was open-sided on its southeast side. Figure 13.28 shows
the general configuration. Both the base and side slopes of the excavation were lined
with a very complex multilayered geomembrane, compacted clay liner, and leachate
drainage system.

The northern portion of the facility was completed first. The placement of haz-
ardous solid waste was initiated in this section of the facility in early 1987, while the
liner system for the future phase was being constructed southward. The waste mass
placed in the southerly cell eventually was to provide a buttress against the previously
placed waste.

Liner System. The liner system at the base of the landfill consisted of the following
Jayers, from the top to the bottom:

e protective soil layer;

e leachate collection and removal system (consisting of a geotextile filter/separa-
tor, a 0.3-m-thick, granular soil layer, another geotextile filter/separator, and a
geonet);

e primary composite liner (consisting of a 1.5-mm-thick, smooth HDPE geomem-
brane and a 0.5-m-thick compacted clay liner);

e leak detection, collection, and removal system (consisting of a geotextile

filter/separator, a 0.3-m-thick, granular soil layer, and another geotextile

filter/separator);

e secondary composite liner (consisting of a 1.5-mm-thick, smooth HDPE
geomembrane and a 1.1-m-thick compacted clay liner);

o vadose zone de-watering system (consisting of a geotextile filter/separator, a
0.3-m-thick, granular soil layer and another geotextile filter/separator);

e 2.0-mm-thick, smooth HDPE geomembrane; and
e in-situ compacted soil subgrade. )
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The liner system on the side slopes of the landfill consisted of the following layers,
from the top to the bottom:

o protective soil layer;

« leachate collection and removal system (consisting of a geotextile filter/separator
and a geonet);

s primary 1.5-mm-thick, smooth HDPE geomembrane liner;

o leak detection, collection, and removal system (consisting of a geotextile
filter/separator and a geonet);

e secondary composite liner (consisting of a 1.5-mm-thick, smooth HDPE
geomembrane and a 1.1-m-thick compacted clay liner); and

o in-situ compacted soil subgrade.

Waste Properties. The waste material was estimated to have a unit weight of
17.3 kKN/m’. This relatively high value is indicative of a large amount of soil surround-
ing the containers of hazardous waste and the nature of the solid waste itself. The
shear strength of the waste was not relevant to the analysis since the failure surfaces
did not pass through any of the waste material.

Description of the Failure. On March 19, 1988, a slope-stability failure occurred at this
particular landfill. The first sign of failure was a 12-mm-wide crack across a truck ramp at
the northeast corner of the landfill. It was observed at about 6:30 AM. Since it was
Saturday, few personnel were at the site, and its seriousness was neither suspected nor
communicated to others. At approximately 9:30 AM, 75- to 100-mm-wide cracks with
150- to 200-mm vertical offsets were observed along the crests of the 2(H)-to-1(V)
slopes. The main failure, which was quite abrupt, was reported to have occurred at 1:30
PM. Approximately 490,000 m® of waste was involved in the abrupt translational slide
that occurred subsequently. Surface cracking was clearly visible, as were major tears and
displacements on the exposed portions of the liner system along all three of the side
slopes. The direction of the waste movement is shown in Figure 13.28(b) using displace-
ment vectors. The maximum fill height was approximately 27 m at the time of the failure.

Failure Surfaces. As described by Mitchell et al. (1990) and Seed et al. (1990), the
actual failure surfaces were the geomembrane-to—CCL interface of the secondary com-
posite liner alofig the base, and the primary geomembrane-to-underlying geotextile
interface on the side slopes of the landfill. As noted, all of the geomembranes were
smooth, since textured liners were not available at the time of the failure. The trigger-
ing mechanism that led to the waste failure, however, was likely to have been the
excessive wetness of the geomembrane-to-compacted clay liner interface at the base of
the landfill. Rainfall during construction and waste placement, as well as the consoli-
dation water expelled from the CCL, was felt to have caused an excessively wetted
clay interface with the overlying geomembrane.

General Remarks

Translational failures of the type presented in these three case histories represent the
largest landfill failures that have occurred insofar as waste volumes are concerned. As
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was seen, such failures can be life-threatening as well. As was the situation for rota-
tional failures, the analysis is straightforward and many computer codes are available.
The critical issue is the proper assessment of interface shear strengths. Both product-
specific materials and site-specific conditions must be properly determined (recall
Section 13.3.1).

As pointed out by Koerner and Soong (2000), excessive moisture was invariably
the triggering mechanism in the failures that they evaluated. In their study of 10 land-
fill failures (5 of which are included in this section), all were due, at least in part, to
excessive liquids. There were three locations of the excess liquids:

(i) Leachate buildup within the waste mass, resulting in the failure surfaces to be
above the liner system that was at the base of the landfill.

(i) Extremely wet compacted clay liners beneath the geomembrane in composite
liner systems, resulting in failure surfaces immediately beneath the geomem-
brane and above, or nominally within, the excessively wet clay.

(iif) Wet foundation or soft backfill soils resulting in failure surfaces within the sub-
grade soil beneath the waste mass.

Additional information on these three situations, and the particular triggering mecha-
nism involved in each of the failures is given in Table 13.1.

Clearly, excessive liquids above, below, or within the failure surfaces were
involved in the failures in all 10 case histories presented and analyzed by Koerner and
Soong (2000).

TABLE 13.1 Summary of Triggering Mechanisms Involved in the Case Histories Presented by Koerner and

Soong (2000)
=
Case Reason for low initial Trigeering mechanism
History + FS-value ggerng
U-3 Leachate buildup within Excess?ve buﬁldup of leachate level due to Ponding ‘
U4 waste mass Excessive buildup of leachate level due to ice formation
L-4 ‘ Excessive buildup of leachate level due to liquid waste
L-5 Excessive buildup of leachate level due to leachate injection
L1 Wet clay beneath Excessive wetness of the GM/CCL interface
L-2 geomembrane (i.e., Excessive wetness of the GM/CCL interface
L-3 GM/CCL composite) Excessive wetness of the bentonite in an unreinforced GCL
U-1 Wet foundation or Rapid rise in leachate level within the waste mass
U-2 soft backfill soil Foundation soil excavation exposing soft clay
U-5 . Excessive buildup of perched leachate level on clay liner

U = unlined (or clay lined) sites ’
L = geomembrane or composite (GM/CCL) lined sites-
Used with permission of ASCE.
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13.7 CONCLUDING REMARKS

The general concept of a waste containment system is to prevent leakage of leachate
(and escape of gases) from a landfill. As such, most past efforts have rightly been
focused on these issues. What particular liner system is best for a given site and given
waste from a leakage perspective is obviously important and has been the focus of
much of this text.

However, when one compares leakage from a waste containment system (even
relatively large leakage) with the massive failures given in this chapter, the message is
obvious. Waste failures simply are not acceptable. Nevertheless, some have occurred.
Table 13.2 offers a glimpse of the magnitude and seriousness that such situations can
engender. ,

Of major importance is that all of the failures in Table 13.2 were straightfor-
wardly analyzed in light of current geotechnical and geosynthetics practice. That being
said, it is necessary that we not only do the forensic analysis after the failures, but also
that we do the proper design initially to avoid such failures in the first place. This
requires that a knowledgeable design consultant be utilized throughout the process for
each of the following stages:

(i) the liner system beneath the waste,
(ii) the waste placement at all critical stages, and
(iii) the cover system above the waste.

While liner and cover systems have generally been designed and constructed with
carefully controlled CQC and CQA, waste placement has rarely been designed, and
even more rarely has it been controlled. This latter issue is invariably left to the landfill
operator. Since many of the failures in Table 13.1 were during waste filling, the opera-

tions of waste placement must be carefully planned and then executed accordingly.

TABLE 13.2 Summary of Waste Failures Analyzed by Koerner and Soong (2000)

Identification L Year Location Type of Failure Quantity of Waste
‘ Involved in Failure (m*)
Unlined Sites :
U-1 1984 _ N. America Single Rotational 110,000
U-2 1989 N. America Multiple Rotational 500,000
U-3 1993 Europe Translational 470,000
U-4 1997 N. America Translational 1,100,000
U-5 1997 N. America Single Rotational 100,000
Lined Sites
L-1 1988 N. America Translational 490,000
L2 1994 Europe Translational 100,000
L-3 1997 N. America Translational 300,000
L4 1997 Africa Translational 300,000
L5 1997 S. America Translational 1,200,000

Used with permission of ASCE.
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This necessitates construction quality assurance (CQA) personnel being on the site
during landfill placement operations on challenging sites where a failure might occur,
Obviously, not all sites require such scrutiny, but certainly some do.

In general, the stability of a landfill should be evaluated by performing stability
analyses for conditions that will exist at different stages of excavation, construction,
operation, and closure of the facility. The analyses should address the following five

conditions:
(i) Side slope stability during excavation;

(ii) Liner system stability during construction;
(iii) Waste mass stability during filling stage;
(iv) Final cover system stability; and
(v) Landfill postclosure stability.

With proper design and construction, it is hoped that the failures illustrated in
this chapter will cease to exist.

PROBLEMS

13.1 Rank the seriousness of the six potential landfill instability situations described in
Section 13.1 and illustrated in Figure 13.1.

13.2 Describe the general remedies for the six potential landfill instability situations
described in Section 13.1 and illustrated in Figure 13.1.

13.3 The three materials that are possibly involved in landfill failures are geosynthetics, nat-
ural soils, and solid waste. (Recall Section 13.3.) What other types of materials might be
involved under less common situations?

13.4 In the laboratory, determination of shear strength of geosynthetics, natural soils, and
solid waste (recall Section 3.3), (a) What are the appropriate ASTM test methods in cur-
rent use? and (b) How does the size of the test device possibly influence the results?

13.5 In the direct shear testing of geosynthetics, a strength intercept (i.e., an adhesion value)
at gero normal stress is sometimes observed, For what types of materials can this value
be justifiably used in stability analyses?

13.6 How does the shear strength of a compacted clay liner (CCL) vary with moisture con-
tent? Illustrate your answer on a graph of moisture content versus dry density.

13.7 What is the difference between peak shear strength, high-deformation shear strength,
and residual shear strength? Illustrate your answer on a shear deformation versus shear
strength graph, :

13.8 Regarding Example 13.1, recalculate the FS-values for the following variations and plot
your response curves. (Other variables than listed below remain the same as in the
example).

(a) Slope lengths from 10 to 100 m.

(b) Cover soil thickness from 200 to 1000 mm.

(c) Slope angles from 2(H)-to-1(V) to 5(H)-to-1(V).
(d) Cover soil friction angles from 15 to 40°.

(e) Interface friction angles from 10 to 35°.
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13.9 Regarding Example 13.2, recalculate the FS-values for the following variations and plot

yOur response curves. (Variables not given in the list that follows remain the same as in

the example).
(a) Bulldozer ground pressure from 20 to 150 kN/m?.

(b) Bulldozer tracks from 2.0to 5.0 m long.
(c) Bulldozer tracks from 0.4 to 1.0 m wide.

13.10 Regarding Example 13.3, recalculate the FS-values for the bulldozer time to reach
20 km/hour from 1 to 10 seconds and plot your response curves. (Other variables than

those listed remain the same as in the example).

13.11 Two seepage force scenarios were presented in Section 13.3.3: horizo
Give situations where each could occur by filling the the following:

ntal and parallel.

Seepage Scenario Leachate Collection System Final Cover System

Horizontal
Parallel

1312 A 36-ft- (10.8-m)-high and 3(H):1(V) slope has cover sand with a uniform thickness of

2 ft (0.6 m) and a unit weight of 1 15 1b/£t* (18 kN/m?). The cover sand has a friction angle
of 30° and zero cohesion. Seepage occurs parallel to the slope and the seepage water
head in the sand layer is 5.2 inches (0.13 m). The saturated unit weight of the sand is
120 1b/£6 (19 kN/m?). The interface friction angle between the sand drainage layer and
geomembrane is 20° with zero adhesion. Calculate the factor of safety for the cover soil
on the side slope. If the factor of safety is less than 1.2; use the incremental method to
achieve a factor of safety no less than 1.2 for the cover sand resting on the sideslope.

13.13 Regarding Example 13.6, recalculate the FS-values for the seismic coefficient from 0.0 to
0.30 and plot your response curves. (Other variables than those listed remain the same as
in the example).

13.14 For the above problem, what are the implications (i.e., regarding further analysis) if the
FS-value is above or below 1.0?

1315 In assessing the results of a permanent deformation analysis, as in Example 13.7, what
factors influence the establishment of an allowable deformation value?

1316 Three case histories of subsoil foundation failures were presented in Section 13.5.
Assemble them in table form (e.g., height, slope, area, soils involved, waste involved,
failure mass, and failure triggering action) and provide commentary. Also, include what
possible preventativé‘measures could have been taken to avoid the failures.

13.17 Calculate the factor of safety for a filling landfill like that shown in Figure 13.25 against
possible mass movement. Use a two-wedge analysis and the following information:

Interface friction angle of bottom liner, 8p = 18%
Interface residual friction angle of side slope liner, 5, = 10°%;
Friction angle of solid waste, ¢, = 33%
Waste unit weight = 70 1b/ft>;
Landfill subgrade is 2% [50 (H):1(V)], 8 = 1.15%
Side slope angle, B = 18.4° [3(H): 1)}
Waste filling slope is 25% [4(H: 1(V)];
Height of side slope is 50 feet;
Distance between the top edge of waste and the top edge of side slope is 50 feet.
If the waste filling slope is changed to 33% [3(H):1(V)}, recalculate the factor of safety.
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i

13.18 Calcylate the factor of safety for a filling landfiy) like the one shown in Figure 13.25‘%’

against possible mass movement. Use a two-wedge analysis and the followin
information:

Interface friction angle of bottom liner, 5, = 18°; % '

Interface residual frictiop angle of side slope liner, 84 = 107 B

Friction angle of solid Waste, ¢, = 33°. .

Waste unit weight = 70 1b/fe3,

Landfili subgrade is 15 %, 8 = 8.5°;

Side slope angle, 8 = 18 4° [3(H):1(V)];

Waste filling slope is 259 [4(H): 1v)j;

Height of side slope is 50 feet;

Distance between the top edge of waste and the top edge of side slope is 50 feet.
13.19 Three case histories of Waste mass failure were Presented in Sectiop 13.6. Assemble them

s

.6 were al] serious and involved many orga-
nizations angd individuals, Interestingly, none of them had any instrumentation. What
types of instrumentation could have beep used in such situations ang what information
could have been generated to foreworp of such incidents?
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FIGURE 14.1 Cross Section of
a Vertical and Lateral
Expansion Landfill

14.1 CONSIDERATIONS INVOLVED IN VERTICAL EXPANSIONS

The additional waste fill from a vertical landfill expansion will cause settlement of the

existing landfill and result in liner system and slope stability problems for both existing

and expanded landfills. A gas collection system in the existing landfill may also be of

concern due to the large deformation of the solid waste surrounding gas collection

pipes. A liner and leachate collection system constructed on an existing landfill may

experience large differential settlements. The long-term performance of these systems

is thus a major design consideration. |
Large differential settlements within existing refuse may occur because of the |

collapse or degradation of large objects, which have been deposited in old landfills.

These settlements could result in tensile strains in a liner system placed on the top of

an old landfill. If the tensile strain within the liner exceeds the tensile capacity of the

material, whether it is a soil or a geosynthetic, tension cracks or tensile failure will

develop. The tension cracks will reduce the effectiveness of the liner as a hydraulic

barrier by providing a direct flow path through the liner system (Jang and Montero,

1993). Under extreme conditions, large differential settlements could result in the

reversal of leachate flow gradients and directions. If grade reversal takes place at the ;

surface of a liner and leachate collection system, leachate will pond on the liner, and x-“”[

increase the potential for infiltration of the leachate into the old landfill.

&4

Liner system - Ver_ti;:gi expansion iandﬁll

§ Geopsynthetic
3 reinforcement
¥ (geogrid or geotextile)

\uwzzas
FIGURE 14.2 Cross Section of a Piggyback Vertical Expansion Landfill
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Chapter 14 Vertical Landfill Expansion

The additional waste fill due to the vertical expansion may also affect the bottom
topography or subgrade elevations beneath the existing landfill and cause ponding
problems on the bottom liner. Almost certainly, this extra load will increase the defiec.
tion and wall stress of the leachate and gas collection pipes buried in the existing land-
fill (if any are present) and may also cause pipe failure or pipe wall stability problems.

Major design steps and considerations for vertical landfill expansion include

(Qian, 1996)

(D) Selecting a suijtable composite liner system for placement over the existing land-
fill.

(i) Estimating the overall total settlement and differential settlement of the existing
landfill caused by new waste fill,

(iif) Estimating the differential settlement due to the degradation of large objects in
the old landfill, or reinforcing the liner system to minjmize this differential settle-
ment.

(iv) Calculating subgrade elevation changes beneath the existing landfill caused by
the differential settlements due to both existing and extra waste filling.

(v) Evaluating the deformation and stability conditions of the leachate and gas col-
lection pipes in the existing landfill due to the extra waste fiii.

(vi) Evaluating the stability of the soil mass, liner system, waste mass, and final cover
system in various conditions (e.g., excavation, construction, operation, and clo-
sure conditions).

14.2 LINER SYSTEMS FOR VERTICAL EXPANSION

The existing solid waste mass, which is relatively compressible, must provide the foun-
dation of the liner system for the vertical expansion landfill. Tensile strains and
stresses can develop within the various bottom liner components as a result of differ-
ential settlements due to the compression of the underlying solid waste landfill. These
tensile strains and stresses can adversely affect the integrity of the liner components. If
a compacted-€lay liner is proposed, it must be recognized that it possesses very little
tensile strength (allowable tensile strain is less than 1.0 percent) and is susceptible to
cracking as a result of differential settlement. Thus, it is likely that the effectiveness of

tical expansion landfill. As such, compacted clay liners are generally not recom-
mended for vertical or latera] expansions. A geosynthetic clay liner (GCL) can be used
as an alternative to a compacted clay liner. Geosynthetic clay liners are considerably
more effective as impervious barriers. They can withstand relatively high in-plane ten-
sile strains and stresses induced by differential settlement (recall Section 5.3). The
allowable tensile strain of geosynthetic clay liners range from 6 to 20 percent, con-
trasted to less than 1 percent for a compacted clay liner.

With respect to the geomembrane components of a composite liner system
placed over an existing landfill, several different geomembranes can be selected.
These include linear low density polyethylene (LLDPE), flexible polypropyl-
ene (fPP), and polyvinyl chloride (PVC) geomembranes. It should be noted that
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FIGURE 14.3 Double Composite Liner
System over Existing Waste

Proposed waste

Geotextile
£ Geonet

: —\ Geomembrane
GCL

Bedding layer

Existing waste

high density polyethylene (HDPE) can also be considered if the tensile strain is mobi-
lized slowly. The reason HDPE is often not used in these situations is that the test
method used to simulate differential subsidence (ASTM D5617) applies load very fast
in comparison to actual conditions in a landfill. The default pressure rate is
1.0 Ib/in®/min; thus, stress relaxation does not occur and the HDPE fails at relatively
low strains of approximately 25%. The other geomembranes cited fail at strains from 75
t0 100%. A textured geomembrane should generally be selected to provide a relatively
greater interface strength between geomembrane and geosynthetic clay liner or geosyn-
thetic composite drainage layer. Because of the magnitude of the settlements that the
liner system will experience and the possibility of “local” liner deformations due to
localized subsidence effects, it is important to select a geomembrane with superior ex-
tension properties. For a number of reasons (differential settlement, substandard liner

under existing waste, etc.) a double liner system is desirable under a vertical expansion.

Cross sections of typical double-composite liner systems used in vertical expan-

sions of landfills are shown in Figures 14.3 and 14.4. A geogrid or high strength geotex-

tile is placed bgﬁneath the bottom of the liner system to reinforce the liner system in

FIGURE 14.4 Double
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Chapter 14 Vertical Landfill Expansion

FIGURE 14.5 A Liner§

ystem Placed over an Existing Landfill for a Vertical
Expansion Project

Figure 14.4. The geosynthetic reinforcement can prevent excessive tensile strain in the
liner system over the existin

g landfill. Figure 14.5 shows a double composite liner sys-
tem placed over an existing landfill for a vertical expansion project.

14.3 SETTLEMENT OF EXISTING LANDFILL

The area-wide (also the “total”) settlement of waste when subjected to an increase in
overburden pressure due to the vertical ‘expansion is characterized by two compo-
nents, a rapid primary settlement and a lon ~term, time-dependent secondary settle-
ment. The primary and secondary settlements of the existing landfill due to the vertical
expansion can be calculated by using the following equations from Chapter 12;

Primary Settlement of Existing Landfill

o, + Ao
o (14.1)

where AZ. = primary settlement of existing landfill;

AZ, = C!-H,-log

H, = initial thickness of the waste layer of the existing landfill;
Cc = modified primary compression index. C; = 0.17 ~ 0.36;
o, = existing overburden pressure acting

at the mid level of the waste layer;

Ao = increment of overburden pressure due to vertical expansion.

TJFA 438
PAGE 102



sile strain in the
posite liner sys-

0 an increase in
by two compo-
:condary settle-
¢ to the vertical
pter 12:

(14.1)

1;

;

he waste layer;
ision.

Section 14.3  Settlement of Existing Landfill 549

Secondary Settlement of Existing Landfill

AZ, = C;-Ho-log% (14.2)
1
where AZ. = secondary settlement of existing landfill;
H, = initial thickness of the waste layer before starting secondary
settlement;
C. = modified secondary compression index. C, = 0.03 ~ 0.1;
t, = starting time of the secondary settlement. It is assumed to be equal to

the age of existing landfill for vertical expansion project;
t, = ending time of the secondary settlement.

Total Settlement of Existing Landfill
AZ =AZ .+ AZ, (14.3)

where AZ = total settlement of existing landfill;
AZ, = primary settlement of existing landfill;
AZ, = long-term secondary settlement of existing landfill.

The calculations should be performed at discrete points along several selected
settlement lines over the existing landfill. At each point, the thickness of the existing

waste in the existing landfill and the thickness of the proposed waste to be placed in

the vertical expansion (i.e., the overburden pressure) can be estimated. As an exam-
ple, see the cross-section, shown in Figure 14.6. The value of the total settlement at

each point depends on both the thickness of the existing waste and the load due to the
proposed waste fill.

FIGURE 14.6 Cross Section of Existing and
Proposed Landfills along Settlement Lines

Settlement points

Proposed
landfill

Existing
landfill

]
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The differential settlements resulting in tensile strains of liner system materials
and leachate collection pipes over the existing landfill, and final grades between adja-
cent settlement points after settlement can be evaluated from the calculated values of
the total settlements at various settlement points along each settlement line on the
landfill subgrade.

The differential settlement between adjacent points can be calculated using the
equation

AZijyq = Zi. 1~ 2, (14-4)

where AZ;,, = differential settlement between points i and i + 1,
Z; = total settlement of point i,
Z; ;1 = total settlement of point i + 1.

The final slope angle between adjacent points after settlement can be calculated
using the equation

Xijs1otanBy, — AZ; .,
Xiin

where  Xi;., = horizontal distance between points i and i + 1,
AZ;;,, = differential settlement between points i and i + 1,

e = initial slope angle between pointsiandi + 1,
Brnl = final slope angle between pointsiand i + 1 after settlement.

tanBFnl = (145)

The landfill subgrade changes along each settlement line due to different settle-
ments can be calculated from the preceding equation.

The tensile strains of the liner system and leachate collection system resulting
from the settlements can be estimated using the equation

. = (Lii+ Drn = (Lijs 1)
e (Lijr it

where @;i,m = tensile strain in liner system between points i and i + 1,
(Lij+1)m = distance between points i and i + 1 in their initial positions,
(Lij+1)rm = distance between pointsiand i + 1 in their post-settlement

positions.

X 100% (14.6)

The distance between points ;and i + 1 in their initial positions can be calculated
using the equation

(Lij+ O = [(Xij41)* + (Xi,i+1'tanﬁxm)2]m (14.7)

The distance between pointsiandi + 1 in their post-settlement positions can be
calculated using the equation

(Li,i+1)Fnl = [(Xi,i+1)2 + (Xi,i+1'tanﬂm - AZi,i+1)2]1/2 (14.8)

The maximum acceptable tensile strains (i.e., the elongations at yield) of various -

liner system and leachate collection system components can be obtained from the
product specific laboratory testing.

14.4

14.4
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ESTIMATION OF DIFFERENTIAL SETTLEMENT
DUE TO WASTE HETEROGENEITY

An approach for analyzing the differential settlement at the surface of a liner system
caused by the collapse of a void within an existing landfill is outlined in this section. On
the basis of this analysis, a new design method is presented and described. Currently
available methods to estimate «yoid-induced” differential settlements are first summa-
rized briefly. One of these methods, which is based on an elastic solution, is further
discussed and illustrated by an example.

Current Methods for Estimating Localized Subsidence

To the authors’ knowledge there is no specific methodology used to quantify the settle-
ment resulting from the presence of a void within a landfill. However, similar situa-
tions are often encountered in mining and other geotechnical applications (e.g.,
collapse of buried sinkholes). Several methods to analyze “void-induced” settlement
have been developed and are documented in mining and geotechnical journals and
conference proceedings. The following four methods of analysis are briefly summa-
rized herein based on a review by Jang and Montero (1993):

Mining Subsidence Empirical Methods. A mechanism similar to the collapse of a large
object within an existing landfill and the resulting differential settlement at the surface
of a liner system exists in mining operations (Brauner, 1973; BNCB, 1975). Mining sub-
sidence occurs in a bowl-shaped pattern. Empirical methods have been developed to
analyze the subsidence of ‘“long-wall” mines, an underground mining technique
mainly used in rock formations. The method is applied to 2 specific geographical
region and is uniquely based on the geological characteristics of the region. Because
there is no generic solution available for all geographical regions, this method is not
suitable for the analysis of differential settlement for a landfill in a vertical expansion
configuration.

Numerical Methods. Finite element analyses of a void within a soil layer have been
conducted in sev&tal research fields other than landfill engineering. Wang and Badie
(1985) used a finite element analysis and a physical model to analyze the bearing
capacity of a shallow footing above a void embedded in clay. The results of Wang’s
finite element analysis were confirmed by experimental model tests. Drumm et al.
(1987) also used finite element analysis to evaluate the deformation of highly plastic
soils in contact with cavitose bedrock. The calculated settlements were presented as a
function of cavity size.

Displacement Method. «Closed-form” solutions for the strain field in an initially
isotropic and homogeneous incompressible soil due to near-surface ground loss were
presented by Sagaseta (1987). The differential settlement of a point on a plane is calcu-
lated in this method as a function of the displacement of other points. The applications
of the closed-form solutions to some typical problems indicate that the calculated

movements agree quite well with experimental observations and compare favorably
with other commonly used numerical methods.
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Elastic Solution. An analytical elastic method to evaluate settlem
at depth was presented by Tsur-Lavie et al. (1980, 1988). This m
calculate the surface settlement as a function of the dimension of
medium (soil/rock) over the void, and Poisson’

ents caused by voids
ethod can be used to

method were compared with British National Coal Board (BN ini

field measurement data by Tsur-Lavie et al. and are in clo

S¢ agreement with one
another.

neglects arching in the waste, it is conservative,

The section that follows describes how Jang and Montero (1993) employed the

elastic solution method developed by Tsur-Lavie et al. to analyze the effect of “void-
induced” differential settlement on a Ii

Der system constructed underneath a proposed
vertical expansion to an existing landfil

Elastic Solution Method Applied to a Vertical Expansion
o

14.4.2.1 Differential Settlement Mechanism,
tical expansion liner System takes place when the s
landfill moves into the voids created by the degrad

Differential settlement in a ver-
urrounding waste in an existing
ation of a large object such as a

. A model was developed to ana-
lyze this mechanism and is shown in Figure 14.7 (Jang and Montero, 1993). In this

model, soil and waste are Tepresented by a half-space medium. Surface differentia] set-
tlements in the mode] are influenced by the following factors:
(i) Engineering properties of the medium;
(i) The thickness of the medium over the void, T:
(iii) The containment liner system grade, a;
(iv) The void size, length L, X width L, X depth D.
To quantify the influence of these factors on

function (Jang and Montero, 1993) s first deve
then be calculated and evaluated with the inflye

surface deformation, an influence
loped. The differentia] settlement can
nce function.
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FIGURE 14.7 Differential Settlement
Model—Three Dimensional Elastic
Solution Model (Jang and Montero,
1993)

14.4.2.2 Approach. A computer program was developed to solve the three-
dimensional equations presented in the analytical elasticity solution (Tsur-Lavie et al,,
1988). This computer program evaluates the differential settlement caused by voids at
depth. The input variables in the program consist of the following:

(i) The void size, defined by Ly X L, X D
(ii) The soil thickness T over the void; and
(ili) Poisson’s ratio of the subsiding material.

The computer program was verified by comparing its output with the character-
istic curves presented in the paper by Tsur-Lavie et al. (1988).

14.4.2.3 Assumptions. Three basic assumptions were made to model the
deformation of a surface due to the presence of a void at depth. These assumptions are

as follows:

(i) The liner suggface is stress free;
(ii) Differential settlement on a horizontal plane is projected to a graded surface;

(iii) A constarit Poisson’s ratio.
For further discussion of each of these assumptions and their significance, see Jang and
Montero (1993).

14.42.4 Example Calculation for the Design of a Sloped Liner System. As
noted previously, evaluation of the surface deformation of a sloped liner surface
requires an approximation that is made by projecting the differential settlements cal-
culated on a horizontal surface to a sloped surface. This procedure results in a conser-
vative approximation because the distance between the points along the sloping
surface and the void are always greater than or equal to those in the horizontal case.
Therefore, the differential settlements caiculated in the sloped surface will be slightly

higher than those in the horizontal case.
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Design Problem. A landfill-buried void 3 ft (0.9 m) long by 3 ft (0.9 m) wide by 6 ft
(1.8 m) deep is used in the analysis. These dimensions represent a typical household
refrigerator—a large object likely to be disposed of at a sanitary landfil].

The analysis of a liner system sloping at a 7% grade is presented as an example

this area.

Presentation and Discussion of Results. In a contour plot, a contour line represents the

same elevation along a line. A closed contour therefore indicates either a depression

unacceptable condition in the design of a liner system.
The deformed surface elevations in each grid point are calculated by the com-

14.8(b). With a 9-ft- (2.7-m)-thick soil/waste layer over the void, the depression disap-
pears. The disturbance in the liner surface decreases as the depth to the void increases,
as seen when the thickness of the soil/waste layer is increased to 12 ft (3.6 m) [Figure
14.8(c) and Figure 14.8(d)].

To evaluate the potential for grade reversal, a characteristic curve of required
soil waste thicknesses, T, over a 3-ft- (0.9-m)-deep by 6-ft- (1.8-m)-long void versus
liner surface grades, a, is illustrated in Figure 14.9.

For each analysis, the tensile strains were calculated from the deformed spacing

strain limit of the clay component can be used as an acceptable design criterion to
evaluate the integrity of composite liners.

From the maximum tensile strains versus soil/waste thickness (T) curve, a soil
layer thickness 7 equal to 9 ft (2.7 m), the maximum tensile strain caused by the
3-£t-(0.9-m)-wide by 3-ft- (0.9-m)-deep by 6-ft- (1.8-m)-long void is 0.2%. This strain is
within acceptable limits for a clay layer as shown in Figure 14.11 (after Gilbert and
Murphy, 1987). )
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FIGURE 14.9 Required
Controlled Fill Thickness to
prevent Grade Reversal, 7,
versus Containment I iner Grade,
a,on0.9m X 0.9m x 1.8m

(3ft X 3ft X 6 fi) Void (Jang and
Montero, 1993)

FIGURE 14.10 Maximum
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Fill Thickness on
09mx09mx18m

(B x3fx 6 ft) Void (Jang
and Montero, 1993)
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FIGURE 14.11 Tensile Strain
versus Plasticity Index (Gilbert
and Murphy, 1987)
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Section 14.6 Design Considerations for Landfill Structures 557 i

For slope angles other than the 7% used in the example analysis, the tensile

strains and potential for grade reversal on a liner surface can be evaluated (Jang and
Montero, 1993) according to the thickness versus maximum tensile strain and thickness
versus liner grade characteristic curves, settlement contours and containment liner
design criteria. From this evaluation, the required backfill thicknesses in different liner
grades and liner systems can be determined and designed to prevent grade reversal and

excessive tensile strains on a vertical expansion liner and leachate collection system.

14.5 VERTICAL EXPANSION OVER UNLINED LANDFILLS

L The moisture content of solid waste placed in landfills located in semiarid or arid areas
540 are generally below field capacity. In this case leachate will not be released from the
waste to impact underlying groundwater even though some of these old landfills lack
liners. On the other hand, if the waste is compressed sufficiently, its available mois-
ture-holding capacity will decrease and its moisture content may eventually reach field
capacity. In this case, additional compression beyond this point will squeeze leachate
— from the waste (Zornberg et al., 2000). If a vertical expansion is planned over an
~ unlined landfill located in a semiarid or arid area, a key consideration is to determine
. the minimum allowable compressed waste thickness beneath the vertical expansion
- portion of the landfill. This minimum thickness corresponds to a waste saturation or
. water content at which leachate stored within old waste in an existing unlined landfill
- can be released upon further compression.
— Zornberg et al. (2000) developed a method to estimate the minimum allowable
~ waste thickness without releasing leachate stored within the waste for a 60-m unlined
- landfill located in southern California. The field capacity, in-situ moisture content, and
- unit weight profiles of the waste in this selected landfill were all determined by lab and
— field testing techniques. These experimental data were used to evaluate the ability of
12 the landfill to continue retaining moisture after additional waste placement. Analysis
Ly'T) of their data indicated that if the final waste filling depth is kept below the calculated
minimum allowable waste thickness, which ranged from 97 m to 109 m, the moisture
content of the waste will not reach its field capacity. Therefore, the leachate should still
remain within the waste mass and not impact the groundwater after vertical expansion.
Details of the analysis procedures can be found in Zornberg et al. (2000).

14.6 DESIGN CONSIDERATIONS FOR LANDFILL STRUCTURES

S If the existing landfill has leachate and gas collection systems, it is necessary to evalu-
ate the effects of the vertical expansion on the operational condition of the leachate
and gas collection systems of the existing landfill. Large settlements and differential
R — settlements in the existing landfill may cause large deformation or failure of the gas
exaction wells and gas collection header pipes of the gas collection system. The pipe
deflection and pipe wall bucking of both leachate and gas collection pipes in the exist-
et ing landfill must be recalculated by adding the extra load caused by the vertical
expansion.

TJFA 438
PAGE 111



558 Chapter 14 Vertical Landfill Expansion

14.6, respectively. Grade reversal and ponding of the bottom liner of the exi

fill is not allowable after vertical expansion.
The landfill structures that may be affected by
lowing:

() Existing and new liner systems,

(ii) Existing and new leachate collection and detection systems,

(iif) Existing gas collection system,
(iv) Existing waste mass,
(v) Foundation of existing waste mass,
(vi) Existing and new final cover systems, and
(vii)) Underdrain system.

The structural considerations that affect the design of a vertical expansion land-

fill are summarized in Table 14.1:

14.7 GEOSYNTHETIC REINFORCEMENT DESIGN FOR
VERTICAL EXPANSIONS

Presently, two methods are being applied to liner systems to minimize the deformation
of a liner and leachate collection system constructed between an existing landfill and a

void within an existing landfill and how to determi
adjustment to prevent grade reversal.

Liners and collection systems overlying existing landfill areas may réquire some
of reinforcement. The purpose of the reinforcement is to minimize the tensile

vertical expansion include the fol-
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TABLE 14.1  Structural Considerations for Vertical Expansions

Structure Design Considerations

Liner [geomembrane, compacted clay liner (NR), ¢ Tensile strain of new liners over the existing waste,
and geosynthetic clay liner] * Stability of new liner system over the existing waste,
* Slope changes of the existing liner system.

Pipe (leachate, riser, gas, and underdrain pipes) « Strength and stability (bucking, crushing, and
deflection),
« Slope changes.

Geosynthetic Drainage Layer (geocomposite and + Drainage capacity of geonet and geocomposite will
geonet used in the existing leachate collection be reduced due to extra waste fill.
and detection system and underdrain system)

Vertical Structures in the Existing Landfill * Negative skin friction force due to waste settlement,

(manholes, riser pipes and gas extraction pipes) e Bearing capacity and stability of the vertical man-
hole and riser pipe foundations due to negative skin

friction force and extra waste fill.

« Tensile strain for the elements of the existing land-
fill cover caused by the extra settlement of the exist-
ing waste due to the extra waste fill,

o Stability of new final cover.

Landfill Subgrade » Subgrade changes of the existing landfill caused by
foundation soil settlement due to extra waste fill,
« Subgrade changes of the new landfill cause by the
settlement of the existing waste.

« Stability of the existing waste during the new waste
filling,

« Stability of the soil foundation due to extra loading,

o Stability of combination of the existing and new
landfills in various conditions.

Final Cover [geomembrane, compacted clay
liner (NR), and geosynthetic clay liner]

Landfill and Foundation Stability

NR = not recommended for liner systems of vertical expansions

Geogrid reinforcement is often used in vertical landfill expansion on the top of
existing landfills (Rigure 14.4), although high-strength geotextiles can function in this
application as well. The design of the geosynthetic reinforcement is based on a worst-
case scenario assumption that a void is located immediately underneath the liner. The
liner is then treated as a plate bridging over the void and carrying the load from the
proposed overlying waste. Geosynthetics are placed to support and protect the
integrity of the liner system. The design methodology used in geosynthetic reinforce-
ment is based on the tensioned membrane theory. When differential settlement takes
place, the geosynthetic deflects into the depression as tensile stresses develop in the
reinforced material. _

The use of uniaxially oriented, high polyethylene (HDPE) geogrids to support a-
landfill lining for a vertical expansion and cover system over either a circular or a long
narrow depression is described in a stepwise fashion as follows (modified from
TENSAR, 1989). A similar approach is used with high-strength geotextiles as well as

with other types of geogrids.
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14.7.1 Theoretical Background for Geosynthetic Reinforcement

Chapter 14 Vertical Landfill Expansion

When a depression forms below a layer of geosynthetic reinforcement supporting a

from the depression. As a result, the vertical stress, o, acting on the reinforcement
over the depression is smaller than the vertical stress, o,, due to the applied load,
which is equal to the weight of the overlying fill materijals plus any applied surcharge,
g, as shown in Figure 14.12(b). The tensioning of the reinforcement mobilizes a por-
tion of the materials’ tensile strength [Figure 14.12(a)]. As a result, the reinforcement

applied load. 14.7

T
Geosynthetic
reinforcément
(a) Arching of fill material and tensioning
of geasynthetic reinforcement
7 TR g AT IR AT X _,J',, AT IR 14l AT -1 40y AT A ATY -2
21 {,‘._"rr"\ _1/‘:\_»“;5’.' £y B {_/f_'n ":;—5.'{‘ g_'n’-\ fgj:r.'-ﬁ{}{/r‘.__‘r}'ﬁv’gz.'?’{/!"rr‘-\ 1':;»((,’ 12 —\«‘J
i S S AT
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Y 3 ;41(‘/!{'.{. % &4}(‘}55'-:. ' %}i’}.‘,&f 95 &3 g
LIS NS AT S
- A d . A I o .
ey 7;/.1-;/\'(3;?7;/ Vertical stress

£

AR IRD, distribution

) Geosynthetic
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(b) Effect of fill material arching on
vertical stress distribution

FIGURE 14.12  Load Carrying Mechanism (after TENSAR, 1989)
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Section 14.7

Arching of the materials overlying a layer of geosynthetic is dependent on the
effective stress friction angles of the materials, the thickness of the materials, and the
size of the depression. Materials with effective stress friction angles less than 25° may
not develop a significant arch; therefore, it is assumed that the minimum effective
stress friction angle of the materials overlying the geosynthetic is at least 25°. Arching
will not be fully developed unless the total thickness of the materials overlying the
geosynthetic is approximately six times greater than the radius of a circular depression
or the half-width of a long, narrow depression. This approximation is for soils, whereas
it is felt that the value is lower for municipal solid waste. The exact value awaits further
investigation. Because of this, arching is usually developed in the materials above the
reinforcement supporting a landfill lining system, but it is usually not developed above

the reinforcement supporting a cover system if the size of the depression is greater
than one-sixth of the thickness of the cover system.

14.7.2 Assumptions for Geosynthetic Reinforcement Design

The step-by-step design method described herein is directly applicable to geogrid or
high strength geotextile support of lining systems under the following assumptions:

(i) The cross-section of the depression is circular. (Long and narrow depressions are
addressed in Section 14.7.9.)

(ii) The depression is spanned by two layers of uniaxially oriented geogrid placed in
perpendicular directions or by a geogrid or geotextile with equal tensile proper-
ties in its machine and cross directions wherein seam strength could well be the
limiting parameter.

(iii) The depth of the depression is equal to or greater than the deflection of the rein-
forcement (i.e., none of the pressure on the reinforcement over the depression is
transferred to the bottom of the depression).

(iv) Surcharge loads act uniformly on top of the waste placed above the lining system.

(v) Uniform material properties exist within each distinct zone (soil components of
the lining or cover system, and waste placed above the lining system).

(vi) The soil cdthponents of the lining or cover system and the waste placed above
the lining system have a minimum effective stress friction angle of 25° and effec-
tive stress cohesion of zero.

(vii) The bedding soil, if placed above the reinforcement is a granular soil with a min-
imum effective stress friction angle of 25° and effective stress cohesion of zero.

(viii) There are no hydrostatic (static or excess pore water) pressures within the lining
system.

(ix) The long-term (e.g., 120 years) stress-strain characteristics of the reinforcement -

are accurately defined.

(x) The geogrids interlock with the bedding soil or the friction of the geotextile is
adequate to mobilize the stresses that are generated.

(xi) Arching of the £ill materials directly above the reinforcement is not affected by
the synthetic components of the lining or cover system (i.e., ggomembrane,
geonet, and geotextile).
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14.7.3 Selection of Material Properties

This design method (modified from TENSAR, 1989) assumes that the minimum effec-
tive stress friction angle of waste (for design of lining system support), soil components
of lining and cover systems, and bedding soil is 25°. As shown in Table 14.2, this assumnp-
tion is met by most soils. The equations given subsequently in this section were derived
by Giroud et al. (1988) and incorporate a minimum effective stress friction angle of 20°.
Accordingly, to be conservative, a minimum value of 25° has been recommended.

Bedding Soil. The bedding soil placed above or below the reinforcement is typically a
well-compacted sandy soil. The moist unit weight of the bedding soil, v, (Ib/ft® or
kN/m?®), and the effective stress friction angle, ¢y, (degrees), should be measured or
estimated using correlations with published values. For preliminary design purposes,
assume that the moist unit weight of the bedding soil is 120 Ib/ft® (19 kN/m?) and the
effective stress friction angle is at least 25° (see Table 14.2). However, these assumed
values should be verified prior to final design.

Municipal Solid Waste. The moist unit weight, y,, (Ib/ft> or kN/m?®), and the effective
stress friction angle, ¢;, (degrees), of the material contained above the lining system
should be measured or estimated. The discussion below assumes that this material is
municipal solid waste (MSW). For preliminary design purpose, assume that the aver-
age moist unit weight of the municipal solid waste (including daily cover) is
60 1b/ft* (9.4 kN/m®) and the effective stress friction angle of the municipal solid waste
is at least 25°. However, it is important that a site-specific evaluation of these proper-
ties be made. The project engineer should verify the values of ¢}, and v, used in the
final design.

Lining Components. The lining components can consist of geomembranes, geosynthetic
clay layers, geonet drainage layers, granular drainage layers, geotextiles, and protective
soil cover layers. The material properties of the lining system that must be determined
are the moist unit weights of soil components (e-g., granular drainage layers), y, (Ib/ft* or
kN/m?), the effective stress friction angles of the soil components of the lining system, ¢,
(degrees), and the minimum yield strain, ey, of the lining system components.

TABLE 14.2 Representative Range of Effective Stress Friction
Angle Values (Bowles, 1982)

Soil Effective Stress Friction Angle

Gravel

Medium Size 40° to 50°

Sandy 35°to 50°
Sand

Loose Dry 28°t0 35°

Dense Dry 35°to 46°
Silt or Silt sand

Loose 27° to 30°

Dense : 30°to 35°
Clay 20° to 30°
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The moist unit weight of the soil components must be determined so that over-
burden stress on the reinforcement due to the lining system can be calculated. For pre-
liminary design purposes, the moist unit weight of the soil component can be taken as
120 Ib/ft® (19 kN/m’?), and the effective stress friction angle of the soil components of
the lining system can be assumed to be at least 25°. (See Table 14.2.) However, the

designer should verify these values prior to final design.

The minimum vyield strain, €,, of the lining system components must be deter-
mined so that the allowable strain of the lining system, &, can be calculated. The mini-
mum yield strain of a lining system will be the yield strain of the compacted clay
component, if one is present. Otherwise, the yield strain of the ggomembrane or GCL
is likely to be critical. In any event, the yield strains of all components should be con-
sidered. For HDPE geomembranes, an acceptable yield strain for preliminary design
is 10%. This criterion is also applicable to polyester geogrids and geotextiles, and to
polypropylene geotextiles. A factor of safety is applied to this value to calculate the
allowable strain. (See discussion in Section 14.75.) The actual yield strain of the

geosynthetic should be verified prior to the final design.

Determination of Geometric and Loading Parameters

Geometric Parameters. Simplified geometrical models for a

lining system spanning a depression are shown in Figure 14.13. All the geometrical
parameters shown must be defined to determine the required long-term reinforcement
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FIGURE 14.13  Simplified Model for Analysis of Stresses in Geosynthetic Reinforcement
Supporting a Landfill Lining System Spanning a Depression (TENSAR, 1989)
(Note: Only deflected portion of fill materials exerts pressure on the reinforcement)

TJFA 438
PAGE 117
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14.7.5

tensile load. Selection of the radius of the design depression, r (ft or m), and the allow-
able deflection of the geogrids, y (ft or m), are discussed in Section 14.7.5,

Loading Parameters. A uniformly distributed surcharge, g (Ib/ft* or kN/m?), may be
incorporated into the design. This surcharge load is assumed to act on top of the waste
contained above the lining system or on top of the cover system.

Design Criteria

Criteria to be used in designing the lining system must be specified. These include such
considerations as the size of the depression, allowable deflection into the depression,
and factor of safety. These are described next.

Size of Depression. The lining system underlying the reinforcement js assumed to rest
initially on a firm subgrade. At some point in time, a circular depression of radius, r (ft
or m), is assumed to develop directly below the support. (Long, narrow depressions
are addressed in Section 14.7.9.) Subsidence of the underlying subgrade is assumed to
be caused by localized collapse of the subgrade soil into depression below the support.
Conditions causing subsidence include collapse of a karstic subgrade beneath a lining
system or collapse of waste with large voids, such as barrels, household appliances, or
furniture, beneath a lining or cover system. The “rusted refrigerator” assumption is
commonly used to analyze lining and cover systems placed over municipal solid waste.
For this case, the design depression is usually assumed to have a radius of 3 ft (0.9 m),
which is the approximate radius of the depression created by a refrigerator that rusts
and collapses in the underlying subgrade.

Allowable Deflection. The allowable deflection into a depression, y (ft or m), of the
reinforcement is governed by the following criteria:

(i) Allowable strain of the lining system components (discussed in Section 14.7.3)
and allowable strain of the reinforcement (discussed in Section 14.7.6).

(ii) Allowable depth of ponding of liquid in the lining system.

Strain Criteria: The reinforcement must be designed to support the lining system at a
strain less than or equal to the allowable strain of the system, &. (The allowable strain
of a lining or cover system is equal to the minimum yield strain of the system, &,,
divided by a factor of safety against rupture, Fy, as described in this section and given
by Equation 14.11.) The reinforcement must also be designed to function at a strain
less than its allowable strain, &, (Section 14.7.6).

Drainage Criteria: The deflection into a depression of the drainage layer of a lining
system could impede drainage. The change in slope of a lining system drainage layer is
dependent not only on the vertical deflection and radius of the depression, but also on
the initial slope of the drainage layer. Furthermore, the effect of a depression on the
hydraulic performance of a lining system is dependent on the allowable design head for
that system. The designer should consider the drainage criterion once specific informa-
tion regarding drainage layer slopes and allowable hydraulic heads are available.

Factor of Safety. A factor of safety Fp agéinst rupture is incorporated into the design
and applied both to the minimum long-term yield strain &y of the lining or cover system

14.7.6
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Section 14.7

and to the rupture strain &, of the reinforcement. A factor of safety against yield or
rupture of 1.5 18 recommended.

selection of Allowable Reinforcement Strain

The material properties of the reinforcement that should be determined are the allow-
able strain of the material, &,, and the long-term allowable design tensile load of the
material, T,. The selection of the allowable strain is discussed in this subsection; the
long-term allowable design tensile load is discussed next in Section 14.7.7.

The allowable strain of geosynthetic reinforcement is equal to the rupture strain
of the material divided by a factor of safety against rupture, Fr. Wrigley (1987) reported
rupture strain values, &, for HDPE geogrids of at least 15%. Since a factor of safety
against rupture of 1.5 is recommended here (Section 14.7.5), the calculated allowable
strain, ,, of HDPE geogrids is at least 10%, because of the following relationship:

g, = &/ Fr (14.9)
For this method, the allowable strain of HDPE geogrids is conservatively set at
. = 10%. This agrees very well with polyester geogrids and polyester geotextiles.
Thus, a 10% strain criterion can be used for all types of currently available geosyn-

thetic reinforcement materials.

selection of Long Term Allowable Design Tensile Load

Methodology. The short-term, wide-width tensile strength is readily available for all

types of geosynthetic reinforcement. It is performed using the ASTM D4595 testing

procedure. The maximum stress is referred to as the ultimate strength, or “Ty”. In
order to obtain the long-term allowable tensile strength, “Tayow the ultimate value
must be modified using reduction factors. Typically, these reduction factors are estab-

lished for creep, installation damage, and chemical/biological degradation. The formu-
lation is given by Equation 14.10 as.

- Tult
Taow = RF g X RFp X RFcp (14.10)

long-term allowable design tensile load (Ib/ft or kN/m);
T,, = short-term ultimate load from tensile tests (Ib/ft or kN/m);
RFcg = reduction factor which accounts for creep;
RF,p = reduction factor which accounts for installation damage.
RFpp = reduction factor which accounts for chemical/biological

degradation;

where  Taiow

oo

Other reduction factors (e.g., to account for seams
site-specific and product-specific basis. Some discussion
tors follows. For additional commentary, see Koerner (1998).

Long Term Deformation (Creep). Since the wide width test is conducted quickly in
comparison to field situations, a reduction factor for long-term creep is necessary. The
d in ASTM D5262. The tests usually take 10,000 hours

on the various reduction fac-

customary procedure is covere
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TABLE 14.5 Assumed Properties of Candidate Reinforcement Products

Ty, Reduction Factors T atiow
Product
1b/ft kN/m RF g RF RFp 1b/ft kN/m
GG1 3,300 48 25 1.1 12 1,000 15
GG2 4,860 71 2.0 1.1 1.3 1,700 25
GG3 8,460 123 25 1.1 13 2,350 34

14.8 STABILITY ANALYSIS FOR VERTICAL EXPANSIONS

The stability of the whole landfill including both the existing and new filling portions
should be evaluated by performing slope stability analyses for conditions in effect at
different stages of construction and operation of the facility. The analyses should
address the following conditions:

(i) Stability of the soil mass of the side slopes during excavation (during excavation
condition).

(i) Stability of the liner system of the vertical expansion portion on the side slopes
prior to waste placement (post construction condition).

(iti) Stability of the proposed new portion during waste placement (interim configu-
ration or during filling condition).

(iv) Stability of the proposed new portion after filling when the landfill is in its final
configuration. The evaluation of final configuration stability considering poten-
tial slip surface through the waste mass, along liner system interface, and through
the landfill foundation (final configuration or post filling condition).

(v) Stability of the final cover system (after closure condition).

The slope stability analysis methods for these conditions have been described in
detail in, Chapter 13. Values of the factor of safety of at least 1.5 are generally accepted
by regulatory agencies as representing a long-term stable condition.

Experience has shown that potential slip surfaces in landfills having the lowest
: factors of safety are often along soil-geosynthetic or geosynthetic-geosynthetic
i interfaces within the liner system and cover system. Therefore, shear strength para-

meters for interfaces within the following systems are required for slope stability
analyses:

(1) Liner system over natural ground;
(ii) Liner system on landfill side slope;

(iii) Liner system in the portions of the landfill that have previously been con-
structed;

(iv) Final cover system.
Each system contains several interfaces and materials along which (or in which)

shear failure could potentially occur. The shear strength of each system is character-
ized by the shear parameters of the weakest material or interface in the system. These
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parameters are called the critical shear strength parameters. In addition, evaluation of
the shear strength parameters for the waste itself are required to perform slope stabil-
ity analyses for final and interim landfill configurations.

Municipal solid waste usually settles a considerable amount during the filling
operation (recall Figure 12.1). Here it can be seen that municipal solid waste landfills
settle approximately 10 to 30% of their initial height. The large settlement of the waste
£ill induces shear stresses in the liner system on the side slope, which tends to displace
the liner downslope. The large settlement of the waste fill and the large deformation of
the landfill cover tend to induce shear stresses in the final cover system. These shear
stresses induce large shear displacements along specific interfaces in the liner and
cover systems that may lead to the mobilization of a reduced or residual interface
strength. In addition, thermal expansion and contraction of the side slope liner and
cover systems during construction and filling may also contribute to the accumulation
of shear displacements and the mobilization of a residual interface strength (Qian,
1994; Stark and Poeppel, 1994; Qian, 1996).

A landfill should be designed for long-term performance. Accordingly, landfill
safety should be considered not only during the relatively brief construction and oper-
ation periods, but also during a closure period lasting potentially hundreds of years.
The potential for development of other uses for closed landfills should be also consid-
ered. Therefore, residual interface strengths should be assessed and considered for all
side slopes for design purposes to make a landfill stable and safe even after being sub-
jected to large settlements.

PROBLEMS

141 What are advantages of a vertical landfill expansion?
142 Explain why a vertical landfill expansion project is more complicated than a normal
landfill project.
143 What are main considerations for design of a vertical landfill expansion? What are the
principal differences compared to the design of a normal landfill?
14.4 What type of liner system would you select over an existing landfill for a vertical expan-
sion project? Explain the reasons for your selection.
14.5 What two types of differential settlement should be considered during design of a verti-
cal landfill expansion? What causes these two types of differential settlement?
14.6 Explain how to minimize differential settlement caused by waste heterogeneity without
having to reinforce the liner.
147 List the internal landfill structures that may be impacted by vertical landfill expansion.
Explain what causes these impacts.
14.8 How can a liner system be designed to minimize potential damage to a liner and leachate
collection system constructed over an existing landfill? _
149 What assumptions are used for designing geogrids or high strength geotextiles to rein-
force a liner system over an existing landfill?
14.10 Explain what are the design criteria for using geogrids or high strength geotextiles to
reinforce the liner system over an existing landfill?
1411 How many different conditions should be considered for stability analysis of proposed
vertical expansion designs?
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