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Roadstone Dublin Limited Lands at Blessington, Co. Wicklow
Waste Licence Application : Environmental Impact Statement Remediation of Unauthorised Landfill Sites

SLOPE STABILITY ASSESSMENT

1.0 Introduction

The following report details the investigation of the stability of the lining system for the proposed
engineered landfill at Blessington,Co. Wicklow. The design incorporates the lining of the 1v:3h perimeter
slope of the landfill, using geosynthetic materials.

2.0 Brief Background to Stability Issues

The engineered landfill is located within an active sand and gravel quarry and is intended to be used to
contain waste that has been illegally disposed of at the site. The existing quairied faces at the site
currently stand at angles in excess of 45° and show no signs of mass instability. Given the stability of the
current slopes on site and the nature of the geology, the global stability of the perimeter slopes of the
engineered landfill (1v:3h) is not considered in this report. The focus of this report therefore centres on the
stability at the interfaces of the geosynthetic elements of the lining system to be installed in their
unconfined condition, i.e. prior to waste placement.

The proposed lining system to the side slopes at Bléssington comprises the following elements, from the
top down:

e 500mm thick Leachate Drainage Blanket
¢ Geotextile Protector
s 2mm Thick Textured Geomembrane
e Geosynthetic Clay Liner (GCL) &
¢ 1m Thick Clay Liner (\@o‘f
&
3.0  Method of Analysis and Approach NS

The stability of geosynthetic lining systems is controlie '\‘Béy the shear resistance available at the various
interfaces, i.e. geomembrane / geotextile, withinotﬁ ning system. In the hypothetical scenario of an
infinitely long slope and purely frictional materiaé§§°| 2 no cohesion, the factor of safety is calculated simply
by dividing the tangent of the angle of shear \Q&Q@ nce by the tangent of the angle of the slope.

S
However, in the reality the calculation of tﬁga‘%ctor of safety is dependant upon other factors, including:
O
A
The cohesive elg;ﬁ%nt of the interface shear strength;
The degree of @aturation of overlying soils; -
The length over which the soils are placed;
The passive resistance provided by the soils at the toe of the slope.

o o & o

The method of analysis used in the investigation of interface stability was proposed by Jones and Dixon
(Reference 1). This method incorporates all of the above factors when considering the stability of the
lining system. The method of analysis calculates the factor of safety against failure of the overlying soils
and each interface in the system, and allows the calculation of tension within each geosynthetic element
of the lining system. Relevant sections of the Jones and Dixon paper detailing the equations used to
calculate the factor of safety and the tension within the system are attached in Appendix I.

In order to model the performance of the lining system under loading, a Mohr-Coulomb failure criterion is
adopted to define the angle of shearing resistance and the cohesion intercept for each interface. In the
absence of actual data for the materials to be used, values have been adopted in the analysis from
published data. These values are considered to be conservative and are detailed in Table 1 below.

The cohesion intercept of the mineral liner geotextile intercept has been reduced (compared to the

published data) in order to model the softening of the soil immediately adjacent to the permeable
boundary formed by the geotextile.
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Angle of Shearing Cohesive
Element of Lining System Resistance Intercept
degrees (°) (kPa)

Leachate drainage blanket 35 0
Drainage Blanket / Geotextile Protector Interface 30 0
Geotextile / Textured Geomembrane Interface 26 7
Textured Geomembrane / GCL 25 2
GCL / Mineral Liner Subgrade Interface 23 2

Table 1 : Summary of Shear Strength Parameters
The analysis has assumed that the leachate drainage blanket will be free draining. Hence, the influence of
pore water pressures is not applicable to this analysis, therefore within the input parameters detailed in
Appendix I}, the parallel submerged ratio is set to zero.
The assessment has considered 5 cases, for the loading of the lining system, these are detailed below:

e (Case 1 - Lining system comprising clay liner, overlain by GCL, textured geomembrane and geotextile
protector, is installed on a slope with a gradient of 1v : 1.5h. Directly above the geotextile a 500mm
thick layer of granular drainage stone is placed to the full height of the slope, (i.e. a lift height of 10m).

s Case 2 - As Case 1, with the exception that the cohesive inten@%‘pt between the clay liner and GCL

has been reduced to model softening at this interface. &
NER
s (Case 3 - As Case 2, but with a reduction in the l&{é\ive intercept at the GCL / geomembrane
interface. & ¢
Q&Q X
s Case 4 - As Case 3, but with a reduced coll\&ggé strength at the geomembrane / geotextile protector
interface. & :
S
o (ase 5 - As Case 4, but with a reduc&%0 gle of friction between the GCL and geomembrane.
O
Q
4.0 Results 0575\\
&

A full listing of the input parametercsf, derived forces and calculated results are presented in Appendix II. A
summary of the results is presented Table 2.

Case 1 demonstrates that the factor of safety against failure at each interface is acceptable, assuming

peak strength parameters as detailed in Table 1 for a 10m high slope. The lowest factor of safety being
1.8, for a failure solely within the drainage media.

To model the effects of softening at the interfaces, the cohesion for each interface assumed in Case 1,
with the exception of the drainage stone / geotextile protector interface, have been reduced in Cases 2, 3
and 4. In these cases there is an expected reduction in the factor of safety at each interface as the
cohesion is removed. However in all these cases lowest factor of safety of 1.35, occurs between the GCL
and underlying clay liner. This factor of safety is still considered to be acceptable.

Case 5 assumes a lower angle of friction between the GCL and geomembrane in order to model possible
migration of the bentonite through the geotextile of the GCL. Published data would suggest that the peak
angle of friction for the GCL adopted for the analysis is conservative. Recent back analysis of a failure of
a similar lining system to that proposed at Blessington indicated that the friction angle prior to failure was
approximately 21°.  Whilst the conditions experienced at the failed site would not be encountered at
Blessington, it is considered suitable to consider this value as a worst case scenario for the investigation.
By reducing the angle of friction between the GCL and geomembrane, the factor of safety at this interface
is reduced to 1.17. Whilst this is lower than would normally be considered acceptable, given the worst-
case assumptions made, a factor of safety in excess of 1.1 is considered acceptable.
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Variable Input Parameter Unit Case | Case | Case | Case | Case
. 1 2 3 4 5
Slope Height m 10 6 6 6 6
Angle of Shearing of Protection Layer © 35 35 35 35 35
Friction Drainage Blanket / Geotextile ° 33 33 33 33 33
Cohesion of Blanket / Geotextile kPa 0 0 0 0 0
Friction Drainage Geotextile / Geomembrane ° 26 26 26 26 26
Cohesion of Geotextile / Geomembrane kPa 7 7 7 0 0
Friction Geomembrane / GCL ° 25 25 25 25 20
Cohesion of Geomembrane / GCL kPa 2 2 0 0 0
Friction Drainage Geomembrane / GCL ° 23 23 23 23 23
Cohesion of Geomembrane/GCL kPa 2 0 0 0 0
Factor of Safety Against Failure
Drainage Blanket 1.80 1.80 1.80 1.80 1.80
Drainage Blanket / Geotextile interface 435 | 435 4,35 1.53 1.53
Geotextile / Geomembrane interface 227 | 227 1.47 1.47 1.17
Geomembrane / GCL interface 2.15 1.35 1.35 1.35 1.35
GCL / Subgrade interface
Tension In Geosynthetic Material
Geotextile No No No No No
. Geomembrane No No No No No
GCL No No No No No
Table 2 : Summary of Analysig@.
&
&
5.0 Discussion and Recommendations 0&\3@
S\
An analysis of the proposed lining system for the \;@éﬁégd engineered landfill at Blessington has been
undertaken. The analysis has concentrated on theidterface stability between the geosynthetic and soil

elements of the lining system. In the analysis @°gr&dient of 1v:3h and a maximum slope height of 10m
have been assumed, in line with the profaséd design. In the absence of site-specific test data,
conservative parameters have been ad@tg’ao’for each of the interfaces and subsequently varied to
investigate degradation of the interface. ThﬁQanalyses have demonstrated that the proposed lining system
has an acceptable factor of safety for %ﬁhe cases considered.

N

Some consideration must be give@oto the method of placement of the drainage blanket, as this could
place additional forces on the geosynthetic materials. It is recommended that the drainage blanket is
placed from the bottom up, with dump trucks tipping the drainage stone at the toe of the slope and with

either a tracked excavator or low ground pressure dozer placing the material up the slope, to minimise
’ any dynamic forces induced by moving plant.
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Geosynthetic clay liners (GCLs) are assembled -~ 1ar stuctures of
ge‘tthetac raterials and bentonite, and are ysed as prima dfer secondary
lmers in landﬁll applications. Gartung & Zanz.mgcr present a comprehenswe
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propetties of GCLs, together with the unponauce of quahty oomml are

highlighted in the paper; which includes two case histories from Germany on
At the

Hamburg-Georgswerdet site, problemts of root damage, desiccation and cation
exchange arose due to lack of sufficient seil cover. However, the second case

' history, at Nuremberg, reports a successful use of a GCL on a landfill capping

svster:1 The anthors conclude with advice on the use of GCLs in landfill covers
given by the German Institute of Construction; if this gmdance is followed in

30 o —ontkin et Y T I 1anT
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lining systems

D.R.V. Jones " and N. Dixon™
1} Golder Associates, Landmere Lane, Nottingham NG12 4DG

2) The Nottingham Trent University, Nottingham NGI 4BU

‘9°1°8 :Ag qu

the UK, desiccation can be avoided.

introduction
Geosynthgtic materials are now commonly used in landfills for many
appllc@hons such as;
E IR A Geomembranes used as primary liners as bamers to leachate and
S O«‘é\ landfill gas escape.
1 09’&: e Geotextiles used as separation layers, filter layers and as.geomembrane
3 @3\\} protectors. . ' ‘
Geosynthetic Clay Liners (GCLS) used as primary or secondary finers.
g ' Geonets and geocomposites used as leachate, landfill gas and
S - groundwater drainage layers.
Geogrids used for reinforciag applications,

12099762710

The stability of a geosynthetic fandfill lining sysiem is controlled by the
shear strength between the various interfaces, 1.e. geosynthetic/geosyathetic and
geosynthetic/soil interface shear strengths. This paper considers the stability of
geosynthetics on landfill side slopes and in sloping capping applications by
presenting a summary of available interface shear strength values from the
literature, supplemented by testing camried out at The Nottingham Trent
University. Design methods promoted by various authors are discussed and

modifications suggested. -

‘2ei8) p0-udy- )z

Background s
The shear strength developed at a geosynthetic interface is dependent on both
the normal stress applied o the interface and the displacement at the interface.
Several authors (e.g. Seed er af., 1988, Bymne 1994 etc.) have indicated that most
geosynthetic interfaces are strain softening, i.e. they exhibit a reduction in shear

Z sbey

Gaetechnical engineering of tandfils. Thomas Tetford, London, 1998
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stress at displacements beyond peak strengths. Typically for each yormal stress,
the shear stress increases from the origin with increasing displacement until a
peak value is achieved. Snbseguent displacement results in a reduction in shear

stress 1o a constant or residval valve.
If the peak and residual strengths are plotted against the relevaat

normal stresses, the resulting failure envelope can be defined. A linear ;

Coulomb-type failure envelope is usually obtained which defines the interface
shear strength in terms of the friction angle (6) and cohesion imtercept (o). It
should be noted that these parameters only define the failure envelope for the
range of normal stresses tested and that extrapolation of both friction angle and
cohesion intercept outside the range may not be representative, These interface
shear strength parameters can be used to assess the stability of any slope
containing a geosynthetic, using a conventional soil mechanics approach.

Measurement of interface shear strength 4
The measurement of geosynthetic interface shear strength can be carried out by )
three main methods; direct shear testing, ring shear testing and testing with a
tilting table. Direct shear testing can be carried out in standard soil shear boxes j
with dimensions of 60 mm x 60 mm and 100 mm a 100 mm which can be
regarded as index testing, or can be more performance-related using larger 300
mm x 300 mm and 300 mm x 400 mm direct shear apparatus. All direct shear QS
apparatus have limited displacements and it has been shown (Jones, 1998) that &
even displacements of 100 mm may not mobilise the tn residual interface shearo\'\‘\.\\\\\
strengths., ) N o%
Ring shear testing can be carried ont o investigate the true residual’
streagths since the apparatus can produce unlimited displacements. 1t shog}ﬁ" be
tecognised, however, that the direction of shearing in a ring shear 1@015 not
comparable to the field and thus true residual shear strengths may only be of

9. %

Interface shear strength parameters

Interface Peak Residual
& 80 | okPy R 309 | e(Pa) R*
) : g[g) 10 0.74 6.9 i8 0.80

woven k -08 0.88 . ]

O@*;pé‘g o : 5.8 ‘ 0.3 0.88
Q’S\O Sand ) 269 ~4.0 0.90 16.2 0.0 095
$ S Clay - undrained 103 7.1 0.48 23 150 0.09
>\ép\ Clay - drained 2).5 2.1 0.86 17.1 6.1 1.97

‘ Jones and Dbtu‘ 107

tests carried out at The Nottingham Treat University (Jones, 1998). Peak and
residual shear strengths have been plotied against the appropriate normal stress
(Figures 1, 2 and 3) ang Jinear regression has been used to generate the failure
envelope for each interface, The peak and residual shear strength envelopes are
given, together with the correlation coefficient (R%) which gives a statistical
determination of whether the assumed limear regression is strong; & perfect
straight line fit giviag an R® value of 1.D. A

Smooth HDPE gsomembrane

The results of testing on smooth HDPE geomembranes are presented in Figure 1
and a summary is given in Table 1 below. :

Table I Summary of results for smooth HDPE geomembrane

The summary plot of shear stress vs. normal stress for a smooth
geomembrane/geonet interface (Figure 1a) shows a scatter in data points with a
poor straight line fit for both peak and residual conditions with R? values of 0.74
and 0.80 respectively. This linear regression gives a peak friction angle of 9.0°,

hich red $ oo . . )

academic interest and the large strain strengths obtained from a direct shear test
in a 300 mm x 400 mm apparatus may be sufficient for design applications. In
addition, ring shear testing should not be vsed to measure peak intesface shear
strengths (Dixon & Jones, 1995}, 4

The third main method of measurement is the use of a tilting table
which has been used predominantly in Europe. ‘There is currently no consensus
on the size of apparatus required o provide performance results and ils use s
limited to low normal siresses. It may be, however, that the tilting table may be

- mare accurate i determining the behaviour of geosynthetic interfaces at low 1"

confining stress.

intercepts for both peak (1.0kPa) and residual (1.8kPa} conditions. For the
smooth geomembrane/non-woven geotextile interface, a peak interface friction
angle of 9.8°, reducing to 5.8 for residual conditions (Figure 1b) is calculated;
there is negligible cohesion intercept for this interface. Both peak and residual
conditions give strong straight line fits both with correlation coefficient values of
0.88, however there js still a degree of scatter in the results (Figure 1b).

The smooth peomembrane/sand interface has much higher shear

. strength than the two interfaces discussed above, The peak interface shear ... ...

strength vsing linear regression is § = 26.9° and a’= -4.0 kPa, and there is a
good straight line fit with R = 0.90 (Figwre Ic). The residual values give

.. slightly less scatter and thus a_highes comrelation. coefficient of 0.95 and p- -

The following paragraphs summarise a literature search carried out 10 investigate
the range of shear strengths published for various geesynthetic interfaces. The

sesults of the literature search have been supplemented by over 200 direct shear

Testing of
cohesive soil is more difficult than the testing of geosynthetic/geosynthetic or
geosynthetic/granular interfaces since there is the possibility of pore water

pressures at the interfane dusing chasrinn  Quante -

EPA Export 25-07-2013:13:49:36




Page 4

21-Apr-04 15:33;

1

\CR RN AN RS FREIS LS

"7 Geotechnical engineesing of landiills

L

negative (suctions) and will lead to a decrease or increase in effective stress at
the interface thus making the assessmeni of interface shear strength more
difficult. The assessment of whether the results quoted in the literature are based
oo undrained or drained conditions is based on either the warious authors’
descriptions or on an isterpretation of the shearing rates used by the current
authors. 1t is considered that the resulis presented may not be true undrained or
drained conditions and thus caution is required when assessing the results.

For undrained tests it may be that the interface shear strength will be
dependent on the undrained shear sirength of the clay. However, not al) authors
reported the clay strength and this makes any accurate assessment of the results
difficult if not impossible. The scatter in resulis for smooth HDPE
peomembranc/clay interface (Figure 1d} is not nnexpected.  Cormrelation
coefficients of 0.48 and 0.09 for the peak and residual envelopes respectively
demonstrate this scatter. There is a clear increase in shear strength with.
increasing normal stress with a peak interface shear strength parameters of § =
10.3° and 0. = 7.1 kPa. However, the friction angle of the residual envelope is
negligible (8 = 2.3%) and the cohesion intexcept is 15.0 kPa.

For the drained case the smooth geomembrane/clay interface has less
scatter than the undrained conditions (Figure 1¢). This may be associated with
no pore pressures at the interface or may be due to the lower mumber of data
points available. Both peak and residual envelopes have strong correlarion IOQ‘
coefficients of 0.86 and 0.97 respectively, and the peak interface friction angle & &
of 21.5° reduces to a residual value of 17.1°. The cohesion intercept reduces .\&%}&\0
from 2.1 &Pa for the peak to -6.1 kPa for the residual shear strength, Since theS @Q
residual envelope is only based on four data points it is not considered to bogoo

representative. 3
0(&\
O

Textured HDPE geomembrane

S
S

Q

‘ ‘ Jones and D‘onh.f 03
the increase in interface shear strength over and above the smooth geomembrane
is marginal. Figure 2a-summarises the available information, although there are
only five data points for the peak swength- and three points for the residual
strength.  The pealk interface shear strength based on this data is
&= 11.0°and & = 3.0 kPa with a correlation coefficient of 0.98, which compares
with a friction angle of 9.0° for the smeoth geomembrane case (Figure 1a). The
residual interface shear strength for the textured geomembrane (8 = 9.1° and o =
9.2 kPa) needs to be treated with care since it is only based on three data points,

Tbe majority of data presented for the shear swrength of textured
geomembrane/non-woven geotextile interfaces are from the results of the testing
carried out by the authors (Jones & Dixon, 1998), although other information
from the literature has been used to develop Figure 2b; A peak friction angle of
25.8° is obmained together with a cohesion intercept of 6.9 kPa, which reduces to
tesidual values of & = 13.1° and & = 3.6 kPa, although there is a significant
range ot;;yalucs with R? values of 0.88 for both the peak and residual case.

Q«}Q The interface shear strength results for the textured peomembrane/sand
- inteiface are shown onFigure 2¢ which give peak parametess of &=27.4° and &
0@‘ #5.9 kPa with a correlation coefficient of 0.96. This interface, although strain

S . oy o
Oéz? @8\ §oﬁcmng, clloes not seem 0 ex}ubl_t a large reduction in shear strength with
S increased displacement since the residual friction angle is 25.5° with a relatively

& high cohesion intercept of 15.5 kPa.

From the tesults of undrained tests on textured HDPE geomembrane
against clays (Figure 2d), it can be seen that the dependency of shear strength on
normai stress is Hmited with peak and residual friction angles of 4.4° and 3.1°
respectively. Cohesion intercepts for both peak and large strain conditions are
similar with a peak value of 36.0 kPa and a residual value of 34.0 kPa, however
both envelopes give poor linear relationships with R* values of 0.13 and 0.21.
The shape of the envelopes suggest that the shear strength between textured

geomembrane-and-a-clay-tevtod wi

The results of testing on textured HDPE geomembranes are presented in Figure
2 and a summary is given in Table 2 below. :

pressvres is almost independent of normal stress, and is likely to be related to the
undrained shear slreagth of the clay. Since the data shown on Figure 24 has
been obtained from eight separate references with different clay at different
remoulding conditions, the extent of the data scatter is not surprising,

The results shown on Figure 2d compare well with the observations
made by Orman (1994), who found that fajlure of a -textured HDPE
geomembrane/silt interface occurred within the silt along the line of the

undrained imterface shear stength of a textufed geomembrane/clay s
independent of normal stress and probably equal to the undrained shear strength

_asperities on the geomembrane sheet. Thus it is 1o be expected .that. the. . . ... ...

Interface shear girength parameters .
Interface Peak Residual
5 | o(kPa) R* 5 | o(Pw) | R
Geonet 11.0 3.0 0.98 9.1 92 096
Non-woven 258 6.9 (.88 13.1 3.6 0.83 '
Agoorexete - e
Sand 274 69 0.%6 255 155 0.90
Clay - undrainesd 44 360 0.43 A0 3440 021
-drained 10.7 - . - S e taars ity

Table 2 Summary of results for textured HDPE geomembwane

The information available on the interface shear strength between
1extured HDPE geomembtanes and peonets is limited and this may be becguse

strain rates slow enough to dissipate pore waters pressures although the available
data indicates that the shear strength of this interface is dependent o normal
stress (Figure 2¢). Apain the small amnount of data available means that cantion
is recnlired when analieing tha reos

o 0% promeTbTy e e a
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a high strength interface with a peak friction angle of 33.0° and a cohesion:

Ttnmnamt A 1 2 LDa Manen AaY Tho vrnidnnl chane cicnmcibh fae $hin Sntaefona i

interface shear strength corresponding to & = 10.7° and & = 26,7 kPa, Closer 0
inspection of the plot réveals that 2 non-linear fit may be more representative for -
the peak shear strength envelope, possibly curving downwardz at lower normal i o * PoaK sheoar stess
stresses and passing through the origin, There is insufficient data to determine e e 1~"Lﬁtasuzuan shear siress
the residual shear strength for this interface, however, it is likely that the residual 8 (a) Geonet
interface shear strength will be the residoal shear strength of the clay, The P ——
aspemties of the texwred geomembane are very similar to the upper sintered § . =
brass platten on the standard Bromhead ring shear apparatus (Bromhead 1979). @ . Wdi:: J
3 ke
Non-woven geotexiile .
The resulis of testing on non-woven geotextiles are presantcd in Pigure 3 and a § -
summary is given in Table 3 below. 2 < (b) Non-woven
% : Geotextile
Interfoce shear strength parameters | 5 o L a
Interface Peak Residual : ) 2 4,
50 Joope | K 1 750) Todn [ X R T
Geanet 131 179 | 076 154 4.1 092 S ’
Grave) 35.0 -1D 0.87 199 | 301 0.99 S w0
Sand 30 | 13 | e | 27 | 7 292 G
Clay - undrained 253 53 0.91 1.7 | 356 | 098 S g
Clay - drained 325 44 098 ] . ) -\0‘&&& £ _
. &é} 0@(\ E, . . s - {c) Sand
Table 3 Summary of resuits for non-woven geotextile . o<\(\{\§\ g o Wl | ]
» 2 * .
The results of shear strength testing on non-woven geotemielgwngf’Q @ M
interfaces are plotted in Figure 3a and linear regression of all the data pghs od |
give peak interface shear strengths of § = 13.1° and o = 17.9 kPa witivan R o ]
value of .76. For the range of normal stresses considered, the residual cxmlope ®
te-stmiterto-the-peak i erms ot i mobitised shenr-strenghtoweverthe e
friction angles and colicsion intercept are different. The best it line through the 2 )
residual data points is given by & = 15.4° and o= 4.1 kPa, ie. a higher friction % ., 2 (d) Clay - undrained
angle but a lower cohesion intercept with a correlation coefficient of 0.92. g @ : xS
The non-woven geotextilefgravel interface has a high shear strength & Y. q"? : b
with some values in the literature reported as high as 48°, Most. of the results 0l ﬁjgj' LTI i
available are for tests carried out at normal stresses less than 200 kPa (Figure :
3h) and linear regression gives a friction angle of 35.0° with a cohesion intercept = 0 ]
.. of -1.0 kPa. This reduces (o & residual shear strength corresponding 0 6= 198° .. - . - ... ... .. _é:f ~ . .
and @ = 30.1 kPa. The peak shear strength envelope shows a reasonable strong 5o
straight Jine fit with a correlanoncoefﬁclent of . 94 wlule the. residual envelope g (&) Clay - drained
numbar of data pmms o 3
There i3 much mere information available in the literature on the M L
interface shear strength between sand and noa-woven geotextiles, and this is also " w2 e me a
" . Noma stress (kPa)
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reduced to a value of § = 28.7° and o = 7.7 kPa. The peak interface shear
strength envelope has been generated from over a hundred data points and the
scatter is minimal with an R* value of .91, Less data was available for the
residual plot, however the amount of scatter is less with a correlation coefficient
of 0.98, :
The results of undrained tests on non-woven geotextile/clay interface
shown on Figure 3d. Peak interface shear strengths of § = 25.3° and &= 5.3 kPa
are obtained with a correlation coefficient of 0.91, which reduce to 8= 17.7° and
o = 55.6 kPa for large strains. The residual envelope is based on three data
points, has an extremely high cohesion intercept and has an R® value of 0.98.
The peak interface shear strength is predominantly frictional in nanwe however

the high cohesion intercept of the residual envelope could be indicative of

dependence on the undrained shear strength of the clay, In particular it may be
that the failure plane exists in the outer layer of the geotextiles’ fibres which are
clay filled, and thus the shear strength is a combination of the fibres® frictional
{and possibly tensile) strength togethcr with the clay’s strength.

A higher shear swength is obtained for drained tesis on nos-woven

, geotexulefclay interfaces, as shown on Flgure 3e. The summary plot of all data

points gives a good straight line fit (R* = 0.98) for the peak intesface shear
strength with a high friction angle of 32.5° and a cohesion intexcept of 4.4 kPa.
There is insufficient information to geterate a residual interface shear strength

envelope.

Overview of stability analysis from the literature QoQ

In considering the stability of a slope lined with geosynthetics, several fml\m%
mechamisims need to be assessed. Conventional limit equilibrium methodsSuch
as Bishop (1955) and Janbu { 1973) of approxxmate meﬂmds such as lh@ charls

Jones and Dixm\‘og

full depth seepage, Mastin & Koerner (1985) suggest an approach based ot a

reduction in effective normal stress on the lner, i.e.
g Yorand
¥, tanf
where ¥, is the buoyaent unit weight of cover soil
¥, is the saturated unit weight of cover soil

Equation 2

Note that % = ¥, - Y, where 7, is the unit weight of water. This is a
conservative approximation and assumes that the water pressures are calculated
using vertical depth below ground level.

Giroud & Beech (1989) give two reasons why a finite slope is more

stable than an infinite slope assumed in the analysis method described above: the

presence of a geosynthetic anchorage at the crest, and the buttressing effect of
ﬂ)a soil at the base of the slope. As slippage along the ctitical geosynthetic
interface coceurs, tensile forces are generated in the geosymthetics above the

cnuc\(a\éﬁnterfacs, and these tensile forces contribute to the stability of the
- poténtial sliding block. The authors summarise the three factors comnbutmg to

S the lining's stability as:
& QJS\ . Geosynthetic tension resulting from the crest anchorage,
0@&\}\\ . Shear resistance developed along the interface.
N e Toe buttressing effect.

In their limiting equitibrium method, Giroud & Bccch (1989) proposed
dividing the system into two wedges and forces that are balanced in the vertical
and horizontal directions. This methed provides two equilibrium equations and
three ynknowns, and an iterative process is required to provide a solution, A
major deawback with this method is that the disiribution of tensile stresses within
the geosynthetic layers cannot be detetmined. Koerner & Hwu (1991) proposed

Plv . RGO i ~ ® 1 2
slope. The use ot geosynthehcs oflen mlmduw potentlaily %ak planes into the

system and require special consideration.
The stability of a cover soil above the geosynthetics was discussed by

Martin & Koemer (1985), and using an infinite siope approach presented the
factor of safety against the failure of a uniform cover s0il as:

where

Equation 1

B tmitring equit i tethod atso Yased On Ui Two part wedge instlind, and
considered sliding of the active wedge to be resisted by only the shear strength
along the geosynthetic/cover soil interface and the passive soil wedge buitress at
the toe of the siope. The factor of safety (F) with respect to sliding of the system
is a solution of the following quadratic equation: '

The above equation applies when the cover soil is dry of subjected to
an external hydrostatic water pressure distribution. However, such condifions
where there is external water pressures are normally restricted to ponds and

racarunime ond i i mam neefal tn roncider astive casnage in the cover soil. For

aF?’ 4+ bF+c=0 Equation 3
where,
e .__.._1{;_1_‘%2(.23} . Sigiand
m+1thmzﬁtan¢sm(2ﬁ) +'2{;hcosﬁ+yh3tén¢] Eqmmons |
c = Equation 6

(vhL cosPtand, +a L) 1an¢sin Bsin(2B))
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anit weight
thickness of cover soil (measured perpendicular 1o slope)

slope length

slope angle

angle of internal friction of cover soil
cohesion of cover soil

interface friction angle at the upper interface
apparent cobesion at upper intetface

apmos Ty
&

This approach assumes that the factor of safety is the same value at
every point along the sliding surface defined by the two wedge mechanism. By
default this means that the factor of safety is the same with respect to the
shearing resistance at the active wedge/geosynthetic interface as that with
respect to the sheating resistance of the cover soil beneath the passive wedge.
Koerner & Hwu (1991) further proposed a model to assess the tension in a
geosynthetic due to unbalance interface shear forces, By assuming uniform
mobilisation of the interface shear sirengths along the geomembrane, they

‘ . Jones and Dixe \‘11

which gives a new expression for the tensile force in the geosynthetic:

[(EISL B (x&) +yhcos B( tar;?}a ~tan 31)}L Equation 8

T =

For a multi-layered system, the limit method proposed by Koerner
{19_9({) can be used 10 determine the tensile forces in subsequent lower layers.,
This is a force equilibrium procedure which balances forces in the direction
parallel to the slope. The shear force mobilised in the upper surface of a
geosynthetic is wansferred to its lower surface by shear until the maximum shear
gnengih of that interface has been reached, and the remaining force will be taken
in tension in the geosynthetic. .

N The above methods do not consider the effect of seepage forces on
s%abx}ﬁy of a cover soil. Soong & Koemer {1995) bave dc:;f)pgcd a modef f::li
consxderségeepage flow parallel to the slope, i.e, a flow net within the cover soil

' mass gonsists of flow lines parallel to the slope and -equipotential lines
- perpgndicular to the,slope. They produce two models for stability assessmeat;
@:ogé\ for the casé of a horizontal seepage build-up and one for a parailei—to-slope:

?;Tzizged an expression for the tensile force per unit wrdth of slope as QQ%}\@&B}J&& t;ﬁd;i};;eﬁz ;cémnc: mo:z Dgly will be considered below. |
; NP evelo oon
T = [[u. ~ o)+ heosB{rand, - tand, )] L Equation 7 . OQQ\> @\} safety against sliding of a cover‘:)il o).;) a gejsfndfx?gn(:iisg:izxszmrgf
) \g\é a quadratic equation {Equation 3) with the following constants: Y
where, \'\&%&o .
& interface friction angle at the lower interface <<oo @«\ a = WalsinB)(cosB)-Uy(cos’B)+U, Equation 9
o apparent cohesion at Jower interface 6\0
: 3 b = W a(sin*B)(tand 1+ Uy(sinfl ) eosP(tang)-Na(cosp)(tand)
This equation expresses the imbalance between the maximup cshear -(Wp-U,Xtand) Bquation 10
e foree-that-can-act-at the._geosynthetic wpper interface and the maximum shear
c = NS LSty Rquation 1T

force at the lower interface. When the upper shear force is smaller than the force
at the lower sutface the geosynthetic is in equilibrium and is not stressed.
However, when the upper shear force is greater than the lower, a tensile force T
is required in the geomembrane to ensure equilibrium. A major shortcoming
with this method is that the wensile force computed is independent of the Jevel of
shear stress effectively mobilised at the upper interface. The shear force at the

For ﬂ.m case of paralle)-to-slope seepage build-up, the constants in the above
equations are given by:

[va(h=h, Y2HeosB—(h+h, )} + ¥ouh, (2HcosB -1, )]

upper interface in this equation should be the mobilised shear force. Bourdeau W, = |
_et.al (1993) proposed 2 coupling berween Equations 3 and 7 by replacing the . sin(2f)
ultirate upper shear strength with 2 mobilised value calcilated by ividing the ~~~ F s
oltimate value by the factor of safety calculated in Equation 3, Le. [,{d (hg _ hfw]"“‘{mhf, ] .
seplacing._. @, +yhcosftand, : Wy = —
o, +yhcosPian
by P v - [74h, cosP(2Hcosp -1, )]

sin{28}
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2
Yoh
Uh - 'N2 » ;
Na = Wacosh + Uysinf - U,
Uy
U, = b
tan B
where W, = total weight of the active wedge
We = total weight of the passive wedge . ;
U, = resultant of the pore pressures acting perpendicular to
the slope
Uh = resultant of the pore pressures acting on the
interwedge surfaces .
U, = resultant of the vertical pore pressures acting oo the
passive wedge
Na = effective force normal to the failure plane of the
active wedge
Y = dry unit weight of the cover soil _
Yiat = satorated unit weight of the cover soil
h. = thickness of saturated cover goil (measured s
perpendicalar to slope) &S
‘ S
. . S
1 should be noted thai for the case of parallel-to-slope seepage buiid- QQOQ*

up, the ratio of hy/h can be defined by the parallel submergence ratio, PRS. \5\

&

. S
Proposed stability analysis methodology ©

Jones and Dixon' 32

@

Forther, the stress nonmal fo the interface used in the calculation of the
geosynthetic tensile force {Equation 8) should take sccount of the piezometric
surface. This equation now becomes: .

[(—E;H"'a]\"’-[?mhw +Td(h"‘hw))005 [mnFau —msi)]’l"

Bquation 14

T =

It is proposed that the stability of a cover zoil over several layers of
geosynthetics together with the tension developed in the geosynthetics can be
established as follows:

1. Calculate the factor of safety against cover soil sliding using (he
approach of Soong & Koerner (1995), modified to ailow for ¢ and a.

2. Galculate the mobitised tension in the upper geosynthetic using

<& Bourdeau et al. (1993) with the modification for Y, and ¥.

%Q\ Calculate the mobilised tension in the remaining geosynthetics.
Example 1

This methodology is used in the following example. Consider the stability of a
landfill capping system comprising 1 m of gravely cover soil resting on a nou-
woven geotextile protection over 2 Imm thick sinooth HDPE geomembrane, A
blinding layer of sand has been placed beneath the geomembrane. The
maximum slope height is 20 m and the slope gradient is 1:3 {18.4°). The
following internal strengths and interface shear strengths (obtained from Tables
1, 2 and 3) apply: .

Soong & Koemer (1995} consider a granular cover soil wilhi an inErmal trieton
angle of ¢, and in the consideration of seepage forces this is satisfactory. In
addition, the interface shear strength between the upper geosynthetic and the
cover soil is only represented by a friction angle (8). In an attempt to make this
approach more generic, the effect of a cover soil with cohesion {c) and an
interface with a cohesion intercept of o, the equations have been re~written to
include these terms. The-inclusion of these parameters will change the b and ¢

tersys in the quadratic equation as follows:

-

—{Wﬁ gin® [Stan¢1+[UhsinBcos[imn¢}

L

Cover soil: =35 c=0kPa
Cover soilfgentextile: =35 0=0kPa
Geotextile/smooth geomembrane: 8= 10° o =0kPa
Smpoth geomembrana/sand: 8=27°,a=0kPa

The cover soil has a dry unit weight of 18 KN/m’, and a saturated unit weight of

21 kN/m®, Consider a case of a paralle] submersion ratio of 0.25. '

@

The length of the slope is given by:
H

= 8336w

| 5inf3 |
Equation 12

Equation 13

sinBtang[ol + Natand)

Also, the height of water in the cover soil (perpendicutar to the slope) is:
he = PSRxh= 0.25x 1.0 = 0.25m
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2. Calculate mobilised tension in upper geosynthetic (geotextile)
From Equation 14:
T =

\
[(0-0}-1- {2120.25 +13(1—0.25))o0513.4(%§—5—m10 );]63.36.

[0+ 1?.79( (8035 o 10) 336
L 189

218.84 kN

T

B

T

11 is uolikely that the tensile strength of a non-woven geotextile will withstand
this tension and it will lead to failure of the geotexiile in tension and sliding of
the cover seoil and geotextle on the geomembrane, There will therefore not be
any tension in the geomembrane since failure will oceur above it.

é\\)

E@mpie 2 :

o«ﬁow consider the same case as above but this time the smooth geomembrane is
replaced by a textured geomembrane, The relevant interface shear strength
parasneters are:
Geotextileftextured geomembrane: 8=26°, a=7kPa
Textured geomembrane/sand: 5=27° a=7kPa

Since the upper geosynthetic remains the same, the calculated factor of safety
remains the same. The tension in the geotextile is obtained from Equation 14:

T = [(o TN+177 %-m%ﬂms

T = 575 68 kN

" Geotechnical engineering of landfills - ‘
L Calculate the factor of safety agarnst sliding
First calculate the constants:
WA =
18{10-0. 25)(2120(;0318 4-(10+0.25)) +21x0.25(2x20 cos18.4 - 0.25}
sin({2x18.4} :
W _ [495.52 +197,95:’ - 115771 kN
0.599
181 - 0.25% )+ 212025 '
Wp = = 30.36 kN ’
0.599 .
U, - 10x0.25¢c0s18.4(2x20c0s18.4 — £.25) = 14932 kN
0.599 )
2 ~
Ub = 101(;.25 - 0-3‘1 kN
Na = 1157.71c0s18.4 + 0.315in18.4 - 14932= 94930 kN og?" @é
U, = 031 = 0.93 kN Q$é>
tan18.4 : S 5‘&
O
, &
From Equation 9: - : RN
a = 1157.71sin18.4c0s18.4 - 0.31cos 184 + 0.31 EF
S
i = 346.78 O i
095\&0
From Equation 12: QO{\
b = - [1157.71sin*18.4tan35] + {0.315in18.4cos 18.41an35]
Jeos18,4{04+-049.200an35)]
- [(30.36 - .93 )tan35] - [0]
b = -732.03
From Equation 13:
c sin18.4tan35[0 + 949.30tan35]

146.91

[

&

Since T is negative, the shear strength of the lower inferface is greater than the
mobilised shear stress on the upper interface and there is no fension in the
geotextile. The mobilised shear siress is thus transferred from the geotextile to
the geomembrane with no tension indueed in the geotextile. NMow check if there
is any tension in the geomembrane;

693.56
F C= 1.89

tan 26
 Now calculate factor of safety from; T= _.[1"55'7 779( ""“‘27}]'3336
. _ ~b+4/b? —4ac T = [-3.30 - 4.47163.36
- T = -492.30 kN
F = = = 1‘36 23 “ T -P-Ieﬁéc”the geomembmne can also tmnsfer the shear stmss to tbe sand bclow
e A 'ih 1
. 732,03+ 57627 without any fension.
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Discussion

Interface shear strength

The interface shear strength parameters given in this paper have been taken from
technical papers available in the literature, in-honse iesting carried out by Golder
Associates in north America and testing carried ont at The Nottingham Trent
University. The testing was generally camied out in direct shear apparatus of
varying size, together with ring shear testing to obtain some of the residual shear
strength parameters. The geosynthetics and soils used in the testing vary widely
and caution should be exercised when using the data presented in Tables 1 10 3.
Tt is suggested that these values may be used in preliminary designs, however the
authors stress the importance of site specific performance testing, In particalar,
the mean values of friction angle and cohesion intercept presented are taken
from tests carried out at normal stresses over a range up {o 600 kPa. The values
presented in this paper may not be refiable for the design of landfill capping
systems and other applications with low sormal siresses.

The friction angle and cohesion intercept obtaitied from any interface
shear strength testing are simply parameters that describe the failure envelope
for the range of normal stresses used. In other words, they describe the position
of the best fit line through the data, A reported cohesion intercept does not
necessarily imply that there is a shear strength under zero normal load, althongh
some imterfaces, e.g. textored geomembrane/nen-woven geotextite and internal
strength of geocomposites, will have an actual strength at zero load due to elther &
the mingling of geotextile fibres within the asperities of the geomembrane @1 QQ\
from bonding between various ]ayers of a geooomposxte It 5 up to t@eo
Judgenmm of the engincer as 10 what allowance is made for the colggnou
intercept in a design situation,

RN

. Jones and Dix 117
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SITE: Proposed Engineered Landfill, Blessington

Lining System Interface Stability

’ . Input Parameters

Case 1 Case 2 Case 2 Case 3 Case 4
B Slope Angle : ° 18.60 18.60 18.60 18.60 18.60
H Slope height m 9.00 9.00 9.00 9.00 8.00
h Thickness of cover soils m 0.50 0.50 0.50 0.50 0.50
[ Friction angle of cover soil 0 35.00 35.00 35.00 35.00 35.00
c Cohesion of cover soil kPa 0.00 0.00 0.00 0.00 0.00
St Interface friction angle Stone/Geotextile interface 0 30.00 30.00 30.00 30.00 30.00
oct Apparent cohesion of Stone/Geotextile interface kPa 0.00 0.00 0.00 0.00 0.00
Bt Interface friction angle Textile/Geomembrane interface ° 26.00 26.00 26.00 26.00 26.00
atg Apparent cohesion of Textile/Geomembrane interface kPa 7.00 7.00 7.00 0.00 0.00
Bgs Interface friction angle Geomembrane/GCL interface ° 25.00 25.00 25.00 25.00 20.00
ogs Apparent cohesion of Geomembrane/GCL interface kPa 2.00 2.00 0.00 0.00 0.00
dgs Interface friction angle GCL/Clay interface ° 23.00 23.00 23.00 23.00 23.00
ogs Apparent cohesion of GCL/Clay interface kPa 2.00 0.00 0.00 0.00 0.00
PRS  Parallel Submerged Ratio 0.00 0.00 0.00 0.00 0.00
Yd Dry unit weight of cover sail kN 16.00 16.00 16.00 16.00 16.00
Yeat Saturated weight of cover soil kN 18.00 18.00 18.00 18.00 18.00
hy, Thickness of saturated cover soil m 0.00 0.00 0.00 0.00 0.00
W, Weight of active wedge kN 21912 21912 219.12 219.12 219.12
Wp Weight of passive wedge kN 6.62 6.62 6.62 6.62 6.62
U, Resultant pore water pressure perpendicular to slope kN 0.00 0.00 0.00 0.00 0.00
. Un Resultant pore water pressure on interwedge surface KN 0.00 0.00 0.00 0.00 0.00
Naw  Effective force normal to failure plane of active wedge kN 207.67 207.67 207.67 207.67 207.67
above impermeable layer
Nast Effective force normal to failure plane of active wedge kN 207.67 207.67 207.67 207.67 207.67
below impermeable layer .
U, Resultant vertical pore water pressure acting on passive wedge kN 0.00 \\?96.00 0.00 0.00 0.00
L Slope Length ' m 28.22 6‘\{\@\ 28.22 28.22 28.22 28,22
Soils/Geotextile Interface O@J@
' Quadratic Equation Parameters a og? s‘(?6.24 66.24 66.24 66.24 66.24
b \\}QO \\>\ -133.88 -133.88 -133.88 -133.88 -133.88
c QQ < 26.78 26.78 26.78 26.78 26.78
Factor of Safety Against Failure WO Q@‘ 1.80 1.80 1.80 1.30 1.80
Tension in Protection Geotextile &é’o$ kN -233.09 -233.09 -233.09 -35.57 -35.57
\\Q &\\ No Tension No Tension No Tension No Tension No Tension
Geotextile/Geomembrane Interface < Qg*\
Quadratic Equation Parameters S\Q,Q a 66.24 66.24 66.24 66.24 66.24
~ b -303.44 -303.44 -303.44 -116.24 -116.24
gf‘\ c 66.73 66.73 66.73 22,62 22,62
Factor of Safety Against Failure QOQ 4.35 4.35 4.35 1.53 1.53
Tension in Geomembrane kN -86.79 -86.79 -30.36 -31.65 -9.,75
No Tension No Tension No Tension No Tension No Tension
Geotextile/Geomembrane Interface
Quadratic Equation Parameters a 66.24 66.24 66.24 66.24 66.24
b -165.51 -165.51 -112.02 -112.02 -91.88
c 34.23 34.23 21.63 21.63 16.88
Factor of Safety Against Failure 2.27 2.27 1.47 1.47 147
Tenslon in Geomembrane kN -111.33 -54,90 -67.88 -25.69 -39.98
No Tension No Tension No Tension No Tension No Tension
Geomembrane/Subgrade Interface '
Quadratic Equation Parameters a 66.24 66.24 66.24 66.24 66.24
b -157.28 -103,7¢9 -103.78 -103.79 -103.79
c 3229 19.69 19.89 19.69 19.69
Factor of Safety Against Failure 215 1.35 1.35 1.35 1.35

N.B, This calculation assumes friction angles and cohesion as published in the Loughborough University report,
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