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Roadstone Dublin Limited 
Waste Licence Application : Environmental impact Statement 

Lands at Blessington, Co. Wicklow 
Remediation of Unauthotised 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 lv: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 quarried 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 (lv: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 Blessington comprises the following elements, from the 
top down: 

l 500mm thick Leachate Drainage Blanket 
l Geotextile Protector 
l 2mm Thick Textured Geomembrane 
l Geosynthetic Clay Liner (GCL) 
l 1 m Thick Clay Liner 

3.0 Method of Analysis and Approach 

The stability of geosynthetic lining systems is controlled by the shear resistance available at the various 
interfaces, i.e. geomembrane / geotextile, within the lining system. In the hypothetical scenario of an 
infinitely long slope and purely frictional materials, i.e. no cohesion, the factor of safety is calculated simply 
by dividing the tangent of the angle of shear resistance by the tangent of the angle of the slope. 

However, in the reality the calculation of the factor of safety is dependant upon other factors, including: 

l The cohesive element of the interface shear strength; 
l The degree of saturation of overlying soils; 
l The length over which the soils are placed; 
l The passive resistance provided by the soils at the toe of the slope. 

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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Roadsfone Dublin Limited 
Waste Licence Applicafion : Environmental Impact Statement 

Lands af Blessingfon, Co. Wicklow 
Remediation of Unauthorised Landfill Sites 

r I I 

Element of Lining System 

Leachate drainage blanket 
Drainage Blanket I Geotextile Protector Interface 
Geotextile / Textured Geomembrane Interface 
Textured Geomembrane / GCL 
GCL I Mineral Liner Subgrade Interface 

Angle of Shearing Cohesive 
Resistance Intercept 
degrees (“) (kPa) 

35 0 
30 0 
26 7 
25 2 
23 2 

Table 7 : 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 II, 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: 

a l Case 1 - Lining system comprising clay liner, overlain by GCL, textured geomembrane and geotextile 
protector, is installed on a slope with a gradient of Iv : 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 IOm). 

l Case 2 - As Case 1, with the exception that the cohesive intercept between the clay liner and GCL 
has been reduced to model softening at this interface. 

l Case 3 - As Case 2, but with a reduction in the cohesive intercept at the GCL / geomembrane 
interface. 

l Case 4 - As Case 3, but with a reduced cohesive strength at the geomembrane / geotextile protector 
interface. 

l Case 5 - As Case 4, but with a reduced angle of friction between the GCL and geomembrane. 

4.0 Results 

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

0 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 O. 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 .I is considered acceptable. 
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Roadstone Dublin Limited 
Waste Licence Application : Environmental Impact Statement 

Lands at Blessington, Co. Wicklow 
Remediation of Unauthorised Landfil Sites 

Variable Input Parameter 

Slope Height 
Angle of Shearing of Protection Layer 
Friction Drainage Blanket / Geotextile 
Cohesion of Blanket / Geotextile 
Friction Drainage Geotextile / Geomembrane 
Cohesion of Geotextile / Geomembrane 
Friction Geomembrane / GCL 
Cohesion of Geomembrane / GCL 
Friction Drainage Geomembrane / GCL 
Cohesion of GeomembranelGCL 
Factor of Safety Against Failure 
Drainage Blanket - 1.80 1.80 1.80 1.80 1.80 
Drainage Blanket / Geotextile interface 4.35 4.35 4.35 1.53 1.53 
Geotextile / Geomembrane interface 2.27 2.27 1.47 1.47 1.17 
Geomembrane / GCL interface 2.15 1.35 1.35 1.35 1.35 

m 10 6 6 6 6 
0 35 35 35 35 35 
0 33 33 33 33 33 

kPa 0 0 0 0 0 
0 26 26 26 26 26 

kPa 7 7 7 0 0 
0 25 25 25 25 20 

kPa 2 2 0 0 0 
0 23 23 23 23 23 

kPa 2 0 0 0 0 

GCL I Subgrade interface 
Tension In Geosvnthetic Material 
Geotextile - 
Geomembrane 

Unit Case 
1 

Case 
2 

No 
No 
No 

No 
No 
No 

Table 2 : Summary of Analysis 

Case 
3 

No 
No 
No 

Case 
4 

No 
No 
No 

Case 
5 

No 
No 
No 

5.0 Discussion and Recommendations 

An analysis of the proposed lining system for the proposed engineered landfill at Blessington has been 
undertaken. The analysis has concentrated on the interface stability between the geosynthetic and soil 
elements of the lining system. In the analysis a gradient of lv:3h and a maximum slope height of IOm 
have been assumed, in line with the proposed design. In the absence of site-specific test data, 
conservative parameters have been adopted for each of the interfaces and subsequently varied to 
investigate degradation of the interface. The analyses have demonstrated that the proposed lining system 
has an acceptable factor of safety for all the cases considered. 

Some consideration must be given to 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 

0 
either a tracked excavator or low ground pressure dozer placing the material up the slope, to minimise 
any dynamic forces induced by moving plant. 

References 

Jones, D.R.V. and Dixon N. (1998) The Stability of Geosynthetics in Landfill Lining Systems, 
Proceedings of the Symposium on the Geotechnical Engineering of Landfills, 24 September 
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highlighted in the paper; v&i& iacludes tula case histories from Germany OII 
g.whmncc .observatio% 4%~. GCLs. used. in capping .~~@@~IE: .A!, ,@e 
Hamburg-Georgswerder site, problems of root damage, desiccation and cation 
exchange arose due to lack of sufficienr soil cover. However, the secofl<l case 
hkdory, at Nurember~ report3 a successful use of a GCL on a latkdfili capping 
system, The authors con,clude with advice on the use bf WLs in landfill cuvers 
giiven by the German InstinJte of Construction; if this guidance is followed in 
the UK, desiccation can be avoided. 

-v..LA-.--I. ---r---_- . - --------.---...-*-.-” _.__ ~ .-^----X-1-l -..-..a.---- ---.--_-. 

Ceasyathetic materials are now cmrmma~y used in kndfills for many 
applications such as: 
. Geomembranes used as primary liners as barriers to leachate and 

landfili gas escape, 
. Geotextiles used as separation layers, falter Iayers and as.geomembrane 

ptectors. 
. Geosynthetic Clay Liners {GCLk) used as @nary or secondary finers. 

l Gtmets and geocomposites used as leachate, fan&ii gas aad 
grouadwater drainage iayers. 

l Geagrids used for rekfa-ciog applications. 

The stability of a geosynktic Iantill lining system is controU~I by t&e 
shear strenfl between the various ink&aces, i.e. geosyatheticJg.eosyntetic and 
geosyntbticf’soil interface shear strengths, lhis paper considers the stability of 
geosyathetics on Ian&II side dopes and in skpiag capping applications by 
presenting a summary of available inrerfacr: shear strength V&KS from the 
l&a&n-e, supplemenkd by testing carried out ti The Nottingham Bent 
University. Design methods prom&cd by various authors are discussed and 
modifications suggested. r , 

The she.ar $rength deuelqed at a georynth&ic interface is dependent on both 
the normal stress appiied ti the intexkce and the dispkcement at the interface. 
Several authors (e.g. Seed er d, 1988, Byrne 1994.&c.) have iadicared that mst 
geosyntbetic interfaces are strain softening, i.e. tiey exhibit a redtition in shear 

. . 
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f&j GeoPechnical engineering of Iaandfills 

a m 
stress at displacements beyond peak strengths. Typically for each normal streq, 
the shear stress in-s horn rhe origin with increasing displacement until a 
peak value is achieved. Subsequent displacement results in a redtpction in shear 
stress to a constfmt or s&dud value. 

If the peak qnd residual strengths are plot&d agakt the relcvaat 
normal stresses, the resulting failure envel~ cm be defined. A linear 
Coulomb-type failure envelope is usually obtained which defines the inteW 
shear strength in terms of the friction angle {Sf and cohesion intercept (a). It 
should be noted that these paramekrs only define the failure envelope for Ihe 
range of normal stresses k&d and that extmpolatioa of both friction angle and 
cohesion intercept outside the range may not be representative, I’hm inted 
shear strength parameters cart be used to assess the stability of any slope 
containtig a geosynthetic, using a conventional soil mechanics qqroach. 

4 

ti Measurement of interface shear strength 
The masurement of geosynthetic interface shear strength can be ctied out by 
three main methods; direct shear testing, ring shear testing and testing with B 
tilting table. Direct shear testing can be carried out in smdanl soil shear boxes 
with dimensions of 60 mm x 60 mm and 100 mm x 100 mm which can be 

.I regarded EIS index testing, or can be more performance-related using larger 300 
5 mm A 300 mm and 300 mm x 401) mui direct shear apparatus. All direct shear 

. 

. 
; 

-w- 

tests carried out at The Not&q&am Trent University Qonk, 1998). Peak and 
residual shear strengths have beea plot&d against the appropriate normal stress 
(Figures 1, 2 and 3) and linear regression has beea used to generate the fails 
enwkqe for each interface. The peak suad residual shear strength envelopes are 
giveU, together wirh the correlation coefficient (R’) which gives a statistical 
determination of whet&w the zzu.m& linear regression is s@ong; a prfect 
straight line fit giving an R2 value of 1-D. 

Smooth HDPE gaomembrane 
The results of testing on smoo& HDFE geommbranes m presmted in Figure 1 
and a summary is given in Table 1 b&w. 

apparatus have limited displacements and it has been shwm (Jones, 1998) that 
even displacements of 100 mm may not mobilise the trve residual interface shear 
strengths. 

Ring shear t.eAng can be carried out w  investigate the true residual 
strengths Once the apparatus can produce unlimited displacements, It should be 
recognized, however, that the direction of sheartig ia a ring shear test is not 
compaxabk to the field and thus true residual shear strengtk may only be of --* 
academic in&& and thexge strain strengths obtained from 8 direcCshear~---“‘^-- 
in a 380 mm x 400 mm app&s my be sufficient for design applicatibw, In 
addition, ring shear testing shotild not be used to mewwe peak interface * 
strengths (Dixon & Jones, 199.5). 

The. third main method of measurement is the use of a tilting table 
which has been used predominantly in Europe. there is currently no ‘consen$us 
on the size of apparatus required to provide performance results and ils use is 
limited to low normal stresses. It may be, however, that the tilting table may be 
more accumte -irr ~determining the behaviour- of.g~~thetic ?nterface~ at low. 
confining stress. 

The summary plot of shear slress vs., normal stress for a smooth 
geomembmne/geonet interface (Figure la) shows a scatter in data points with a 
poor straight liruz fit for both peak and r&duel conditions wirb Rz v&es of 0.74 
and 0.80 respectively. This linear regression gives a peak friction angle of 9.0°, 

intercepts for both pe& (I .tWa) and residual (1.&P@ conditions. For the 
smooth geomembrane/oon-wcrven geotextile iacerface, a peak ioterfiw f&ion 
angle of 9.8”, reducing to 5.8” for residual conditions (Figure lb) is calculated; 
there is negligible cohesion intipt for this interface. Both peak and residual 
conditions give strong straight line fits b& with correltion c&%cient values of 
0.88, however there is stilf a clcgrce Df scanw in the results (Figs 1 b). 

The smooth geomembraneisand interface has much higher shear 
strength than, the. .&. ,in?&ices. d&cnr;scd. above.. .The peak .iuk&x shear. 
strength using Linear regression is 6 
good straight line fit with R2 

= 26.9” and &‘= 4.0 kF%, and there is a 
= 0.90 (Figucc 1~). The residual values aive 

The following paragraphs summanse The following paragraphs summarise a Iltemtme seaI a literature search carried out to investigate 
the range of shear strengths published for varioUs g ale range of shear strengths published for varioUs geosynthttic inMaces. The 

c~h~si~~ soil is mm diiculr than be testing of geosyotheti~geosyn~eti~ or 

results of the litem search have been supplemcn! resu1t.s of the literatuxt search have beeu supplemented by over 200 direct shear 
geOS~th~~i~graINJ~ar iUL%f&.5 since there is the pos&$jty of pm wr 
pxg,ms at the ktprfare rt~~rina chn-minn C..,L -----__-- - . . . 
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Geotechnieal engineting of landfills 

negative (suctions) and will led to a decrease or increase in effective stress at 
the interface thus making the asmsment of inttiace shear strength more 
diticuk The assessment of whether the results quoted in the literanuu: m based 
on undrained or drained conditions is baaed ou either the various authors’ 
descriptions or on an ihterpretariun of the shearing rates u&ed by the current 
authors. It is c&sidaed that the results presented may not be true undrained er 
drained conditions and thus caution is required when aswsing the results. 

Pm undrained tests it may be that the interface shear streagth will be 
dependent on the undrained shear sneagth of the clay. Boweves, not all autlmrs 
.rqmted the clay strength and this makes any accurate assessment of the results 
difiicult if not impossible, The scatfm in red5 for smooti HDPE 
geomembrane/clay interface {Figure Id) is not unexpected. Correlation 
co&cients of 0,413 and 0.09 for the peak and residual envclqes respcctivel)’ 
demonstrate Thai scam. There is a clear increase ia stlear strength with. 
inc.reasing norm1 stress with a peak interface shear strength parameters of 6 = 
10.3” and ti = 7.1 kPa. However, the friction angle of the midual envelope is 
negligible (6 = 2.3”) and the cohesion intercept is 15.0 kPa 

For the drained case the smooth geomembrau&a~ interface has less 
scatter than the undrained conditions (Figure le). This may be associated with 
no pore pressures at the interface or may be due lo the lower number of data 
points available. Both peak and restiti envelopas have strong correlation 
coefficients of 0.86 and 0.97 respectively, and the peak interface friction angle 
of 21.5” reduces ta a residual value of 17.1”. The cohesion intercept reduce-s 
from 2. I !@a for the peak to -6.1 kpa for the residual shear strength. Since the 
residual envelope is only based on four data points it is not. considered to be 
representative. 

-- Textured liD_PE geomembrane -___I___ “_..-- -_--_- --. 
The results of testing on textured HDPE wmembranes are presenti in Figure 
2 and a mmtary is given in Table 2 beiowl. 

Table 2 Summary of results for texOu?xi HDPE geomembrane 

The information available on the inkifaco sbhRaF stfmgth betwem 
textured HDPE eeomembtanes and geone& jS limikd and &is may be bcca-zse 

the increase in -interface shear strength over and above the smooth geomernkane 
is marginal. Figure 2a.summak.s the available information, although time are 
only five data points for the peak strength. and three points for fhe residual 
stJ-ength* The peak inte& shear strength based on this data is 
6 = 11.0” and a = 3.0 kPa with a correlatiun coefficient of 0.98, which compares 
with 3 friction inagle of 9.0” for ttpe smooth geomembmne case [Rgure la). The 
residual interface shear srrength for the texture4 geornembrane (6 = 9.1” and a = 
9.2 kPa) needs to be tnzated with care since it is 014~ based on three dara points, 

The majority of data present& for the shear strength of textured 
gemmmbrme&m-woven potextile intdaces are from the results of the testing 
cm-ied out by the authors (Jonas & Dixon, 1998), although other iuformation 
from the literature has been used to deveiop,Figure Zb. A peak friction angle of 
25.8’ is obmitM together witi a mhtion intercqt of 6.9 Ha, which reduces to 
residual values of 6 = 13.1” and a = 3.6 IS% although there is a significant 
range of vdues with R* values of 0.88 for both rhe peak and residual case. 

The in&ace shear strength results for the textured geomernbranelsand 
interface are shown on%gure 2c which give peak parameters of 6 = 27.4” and a 
= 6.9 kpa with a correlation coeffkient of 0.96. This interface, although snain 
softening, does not seem to exhibit a Jarge reduction in shear s@qtb with 
increased displacement since the residual friction angle is 25~5~ with a relatively 
high cohesion intercept of 15.5 kPa. 

From he results vf undrained tests on textured HDPE geomembrane 
against clays (Figure 2d), it can be seetithat the dependency of shear strength on 
normal stns is fimkd with peak and residual Cctioo angles of 4.4” and 3.1 0 
respectively. Cohesion intercepts for both peak and large @ain conditions are 
similar tith a peak value of 360 Wa and a residual value of 34.0 kPa, however 
both envelop give pm linear relationstips with R2 values of 0.13 and 0.21. 
The shape of the envelopes suggest that. the shear strength beWcn textured 

-- I .wv- --- 

prasures is alms1 independent of normal stress, and is likely to be related to Ihe 
undrained shear strength of the clay. Since the data shown on Figure ,M has 
beea obtained fmm eight sqarate mfmnces with different clay at different 
remoulding conditions, fhe extent of the data scatter is not surprising, 

The results shown on Figure 2d compare well with the abservati~ns 
made by Orman (199d), who found that failure of a ~textured HDPE 
geomembrane/silt interface occurred within the silt along the line of the 
aqerities on the geoqmbraae .shee!, .Thas .it &. IO.. he.. exited. .that &. ._..__ ..,. 
undrained interface shear strength of a text&d geomembraneklay is 
independent of normal s~ess and probably equal to the undrained shear strength 

-----~Ty-y-Y-fY- __-I-----__ ,. 
00. geb;mdhbi&d&Iiy iit.erta 

m 

strain rates slow enough to dissipate pore waters pre-ssures &bough the available 
dab indicates that the shear strength of this interface is dependent on normal 
stress (Figure 2e.j. Again the smali amoti of data available means that caution 
is r,amlirpA &pn pnal&inn h*ti --xl* L--m.----- ” . 
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* Y Geoiechnical engineering of landfills 

m * 
interface shear strength corresponding to S = 1CI.T and a = 26,7 kPa. Closer 
inspection of the plot r&eels thab P aon-linear fit may be more ropreaentative fW 
the peak shear strwgch euve&te, posssibly curving downwds at lower normal 
stnxse~ and passing through the origin. There is in&Went data PO determine 
the residual shear streuglh for this interface, however, it is iike& that the residual 
interface shear strength will be the residual shear strength of the clay, The 
asperities of the text& ge0membrane are very Gmilar to tbc npp~~ sinkred 
bmss platten on the standard Brocnhead ring shear appara& (Bromhead 1979). 

.n 

?i 
.  .  

n Non-woven geotextite 
The resulfs of tzsting on non-woven geotextiles are presented in Fm 3 and a 
summaJy is given in Table 3 below. 

Table 3 Swnmaq of results fur eon-woven geotextile 

The tumults of shear strength testing on non-woven ~eotextiie@one.t 
interfaces are plotted in Figure 3a and linear regressioti of all the data points 
give peak iotcrface shear strengths of 6 = 13.1” and a = 17.9 kPa with an R2 
value of 0.76. For the range of normal stresses considered, the MiduaI envelope 

and cohesion intercept arc d&rent. 
residual &ta points is given by 6 = 15.4” and a = 4,l kF%, i.e. a higher friction 
angle but a lower cohesion intercept with a correltioa coefficient of 0.92. 

The non-woven geW%ile&ravel inkrface has a high shear strength 
with some vakes in the literature reported u high as W, Mostof.the resulti; 
available are fur tests carried out at normzll SWXLWS less than 200 Wa @gure 
3b) and linear regression gives a friction angb of 35.0” with a cohesion intercept 
&-I..@-@~~ .TZ-ki r@rduces.tcr-a~~.shears~gthoofIEspWdiRg.tOQ.;e- 19.9” 
and a = 30. I kPa. The peak shear strength envelope shows a reasonable strong 

F. 

number of data points. 
There is much more inform&ion available in the literaiure on the 

interface shear strength between sand and non-woven geotextibs, and this is also 
a high sting& ink&ce with a peak frictioa angle of 33.0” and a cohesion. 
: ..,--..- * ..c 1 2 l.KL. ,c;...,* 1.., Th.. ,,,:,a..nl ,.I.^..” -c--.*I- c--*x..:, :-*..&“a i.9 

(a) Geonet 

(c) S&d 

- - - - L . - - -e - - * * -  

(d) Clay - undrained 
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16 hotmhnical engineering of IandDlls 

(b) Non-woven 
Geotextile 

(c) Sand 

- . . - -  . . . - - _ _ - , -  +- -_ - - -  .  .  . . C . . .  

(d) Clay - undrained 

.-.. 

(b) Gravel 

(c) Sand 

. - - - - -  

(d) Clay - undrained 

r 

I  I  I  I  
I  
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a 

Geotechnical engirwecing af landfills 

reduced to a W&R. of S = 28.7” and IX = 7.7 kPa The peak interface shear 
strength enveIope has been generated from over a hundred data point and the 
scakter is minimal with an R” vale of Wl, Less data was available for the 
residual plot, however the amount of scatter is less with a correlation coefficient 
of 0.98. 

The r&ults of undrained te& on non-woven geotextileklay inkxfxe 
shown on Figure 3d. Peak iaterfzce shezr strengths of6 = 25.3” and a = 5.3 kpa 
are obtained ~4ti-1 a correlation coefficient of 0.91, which reduce tr, 6= 17.7” and 
o! = 55.6 kpa for Iarge tins. The residual envelope is based an three data 
points, has an extremely high cohesion intercept and has an R’ value of 0.98. 
The pezk interface shear strength is pedmninantly frictional in nanwe however 
the hi& cohesion intercept of the residual envelope could be itxlicztive of 
dqendenCe on the undrained shear strength of the clay, Irj parkular 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 combinztion of the fibres’ frictional 
{and possibly tensile) strength together with the day’s strength. 

A higher shear strength is obtained for drained tests on non-Men 
geotextile/clay interfades, as shown on Figure 3e. The summiuy plot of au data 
pr>int.s giveE a goad straitit tine fit (RI = 0.98) for the peak interface shear 
strength with a high friction zn@e,of 32.5” and a cohesion intercept of 4.4 kPa 
There is insufficient jnformatiou to getlerate a residual interface &ear strength 
envelope. 

Overview of stability analysis from the literature 
Ln considering tie stability of a slope lined with geosjntbetics. several failure 
mechanisms need to be asses&, Conventional limit equilibrium methods such 

slope. The use of geosynthetics often introdu% potentially weak planes into the 
system and require special consideration. 

The stability of a cover soil above the geosynthetics was discussed by 
M&n & Koerner (19851, and using an i&mite dope approach presented the 
factor of safety agziost the failure of a uniform cover soil as: 

tans 
F=- Equation 1 

tznp. 

. where 6 is the friction angle between the geosynthetic and cover soil, 

full depth seepage, l&&in Br K#ernec /1985). suggest an approach b&ed on a 
reduction in effective oarmal stars on the liner, i.e. 

Equation 2 

where x is the buoyant unit weight of cover soil 
x is the sztur%d tit weight of cover soil 

Nata that 15 = ya - p, where yw is the unit weight of water. This is a 
conservztive approximation and ~sume.5 that the watq pressures are cafculated 
using vert&xl depth below ground level. 

Giroud & Beech fI989) 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 g~sy~rhetic anchorage at the crest, and the buthsing effect of 
the soil at the base of the slope. AS slippage along the critical geosynthetic 
inter&e occurs, .&nsile forces are generated ia the geasynthetics zbove the 

c. criticai inmfwx, and these tensile forces contribu& to the stability of the 
. potential sliding block The authors summa&e the three factors contributing to 

the lining’s stab&y as: 
r) fZ&asynthetic tensioa resulting fix3m the cfM an&x-age. 
l Shear resistance developed along the interface. 
1 ‘be bu&esGng effect. 

In their limiting eqoifibrium r&hod, Giroud & Beech (1989) proposed 
dividing the system into Lwo &ges and forces that are balanced in the vertical 
and horizontal directions. Thii method provides two equilibtium equations and 
three unknowus, and an iWative process is required to provide. a solution, A 
major drawbzck with this method is chat the distribution of tensile stresses within 
Ihe geosynibetic layers cannot be dektmined. Koerner & Hwu (1991) proposed 

--- 
OWeit O~ad, and - 

considered sliding of the xtive wedge to be resisted by only the sht~ s&qth 
along the geosynrhetickover soil interface sod the passive soil wedge buttress at 
tie toe of the slope. The fkxor of safety 0 with rqxct to sliding of tie systq 
is a solution of the following quadratic equation: 

&+bF+c=O Equatioa 3 
. 

where 

a ZE 
..JbL.d .2 

2sm mb Equztioy 4 

_-^-L_--I___- 

._ 

+ @Lsinz/3~$sinl~) c 2chcos@ + j4&tn~J Equ&.ion 5 
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I. a Geoterehaical enginering of landfills 

unit weight 
thickacss of cover soil (measured perpendicular to slope) 
slope leagth 
slope angle 
angle of internal friction of cover soil 
cohesion of cover soil 
interface friction angle J the upper interface 
apparent cob&on at upper interfaoe 

This approach assumes rhat the factor of safety is the same value at 
every pint along the sliding surface defined by tie two wedge mechanism. By 
default this means that the factor of safety is the same with respect to the 
shearing resisQnce at the active ~edge/geosyn~etic intixe as tM with 
respect to the shearing resistance of the cover soil bentxth the passive wedge. 
Koemer 2% Hwu (1991) fin-ther proposed a model to assess the teasjon in a 
geosynthetic due to unbalance interface shear fvrces. By assuming uniform 
rnobilisarion of the interface shear strengths along the geomembrane, they 
developed an expression for the tensile force per unit x+4$, of slope as 

where, 

& interface friction ;mgle at the lower interface 

a1 apparent cohesion at lower interface 

This equation expresses the imbalance between the maximum shear 
CR interface and the maximum shear e-e_- 
force at the lower intiace. When the upper shear force is smakr than the force - 
at the lower surface the geosynthetic is in equilibrium and is not stressed. I 
Howwer, 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 tensile fort;e computed is independent of the level of 
shear stress effectively mobilised at the upper interface. The shear fbrce at the 
upper interface in tbii q&on should be the mvbilised shear fvnze. Bourdeau I 

, by 

Jon- and Dixon , i 

which gives a hew expression for&e knsiie force in the geosynthetic: ‘. 

For a multi-layed system, the limit method p~~~posed by Koerner 
(19911) can be us+zd to determine the tensile forces in sukquont Ivwer 1ayeIs. 
This is a force equilibrium procedure which b&nce.s forces in the directioa 
parallel to the slope. The shear f&e mob,bilised in the upper surface of a 
geosyntbetic is transferred to its lowes surface by shear unt.ii the maxirmun shear 
sbrengtb of that Merface has been reached, and the remaining force will be taken 
in rension in the geasynthetic. 

The above metk~Is do not c&ider the effect of seepage fom on tie 
stability of it corer soil. Soong B Koerner (1995) have developed a model that 
considers seepage flow pdlel to the slope, i.e. a flow net witltti tie cover soti 

!. mass consists of flow lines parallel to the slope and -quipotential Iines 
. perpendicular to the+,sJope. They produce two modds for stability assessment; 

one for the cas.5 of a ho&%atal seepage build-up and one !k a parailef-to-slope 
seepage build-tip. The second model only will. be considqrd below. 

The expression deve@ed by Soong & Koerner (1995) for the factor of 
sa&~ against sliding; of a cover s~ti on B geusynthe-tic C&I also be tepresented by 
a quadratic equation @quation 3) with the following constants: 

u, = 
[y,b, cmj3(2HcosP- h, jj 

sin(2p) 
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1 a Geotechnical engineering of landfills 
*. 

Uh = 

u, = 

where RrA 
‘WP 

U, 

uh 

Ub 

lilop 

= total weight bf the active wedge 
= total weight of the passive wedge 
= reM.aot of the pure pressures actiag perpendicular to 

the slope 
= resultant of the pore pr~ures acting on the 

interwedge surfaces 
= resultant of the vertical pore pressures acling 00 the 

passive wedge 
= effecxive force normal to the failure plane of the 

active wedge 
= dry Unit weight of the cover soiS. 
= saturated unit weight oftbe coyer soil 
= thickness of Murated cover soil (measured 

perpendicular to skq~$ 

it should be noted lhat for the case of parallel-TV-slope seepage build- 
up, the ratio of b.,,h c-an be defined by the parallel sub~geoce ratio, PRS. 

Proposedstability analysis methodology 
Soong & Koerner (19951 conkkx a graDUlar cover soti W-m .e.-__ 

angle of 4, and in the consideration of seepagv forces this is satkfactof~. IO 
addition, the interface shear strength between the upper geosynthetic and the 
cover suil is only representid by a friction angle (6). In an attempt to make this 
approach more generic, the effect of a cover soil with cohesion (cc) and ap 
interface with a cohesioo bwcopt of q the equations have been rewritten to 
in&de these terms, The-Lkclusioa Of these parameiefs Will Chge the b Mid C 
terms in the quadratic equation as follows: 

Further, the stress normal fu the inte;rface us4 in G caicu!ation of the 
geosythetic tensile forcle IEquation 83 should tak account of +&e piezometric 
surface. This equation DOW becomes: 

Equation 14 

It is proposed that the stabiliry of a cover soil over several layers of 
geosynthctics together wiih the tension derrefoped in the geosynthetics can be 
established as follows: 

1. Calculate the factor of safety against cover soil sliding using the 
approach of Soong & Kcem~ (1995), modified to allow for c and a 

2. Calculate -i.he mubiii teasion in the upper geoqnthetic using 
I. Bourdeau ef nl, (1993) with the modification f0r ySti and yd. 
. 3. Calculate the mobilized 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 COV~F soil resting on a non- 
woven geatextile protection over a lmm thick ‘&&XII EIljPB’geome&ane, A 
blinding layer of sand has ken placed beneath the geomembrane. The 
maximum slope height is 20 m and the slope gradient is 1:3 (18.4’). The 
following intcmaI strengths and interface shear strengths (obtahed from Tables 
1, 2 arId 3) 3p&: 

.--ICI---.------ --IIc---- 

Cover soil: 4=359,c=0kPa 

i... Cover soillgeotextile: 6=35*, a=OkPa 
Geotextile/smocith geomemhrane: 6 = lO”+ cI = 0 kPa 

- : Smooth geomembmadsand: 6=27q,u=OkPa 

The cover soil has 8 dry unit %Gght of 18 kWm3, and a saturated unit weight of 
21 Kim’, Consider a case of a parallel submersiqn ratio of 0.25. 

?,‘ . . . j- ._ 
” 

The length of the slope is given by: 

Also, the height of water in &he cwcr soil (perpendic~~~ to the slope) is: 
h, = PSXxlt= 0.25x1.0 = 0.25m . . 
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* t Geotechnical engineering of landfilk ‘. 

* .a 

1, Calculate the factor of safely against sliding 

Fit calculate the. constants: ! 

- I 
w, = 

~8(1.0-O.~S)(ix2Dc~l18,4-(I.O-tD.25))~-21x0.25~2x28cm18.4-0~) 

sinj2xl8.4) 1 
w, = 

495.52 -t-l 97.95 
cl.599 I 

ZZ 1157.71 la 

wp = 
18(12 - 0.252)+ 21~0.25~ 

1 
= 30.36 kN 

0.599 
L 

u, = 
[ 

10n0.25~18.4(2n20cos:B.4-0.25) 
0.599 1 = 14g 32 ~ . 

1OxO.252 
1 Uh = 

2 
= 0.31 Ia 

Na = 1157.71~0~18.4 + 0.31sin18,4 - 149.32= 949.30 kN . . 
0.31 u* = - 

tau18.4 
= 0.93 Id-4 

From Equ&n 9: . 
a = 1157.7Isinl8.4cos18.4 - 0.31cos2HM + 0.31 
a = 346.78 

From Equation 12: 
b = - [l 157.71sinz18.4tan35] + [~.3IsinlI.Jcos18.4~5~ 

-7--.-.----- -..---~ _____--_- -_.------“.u--li 
- [{30.36 - 0,93)Ml35] - [O] 

b = - 732.03 

From Equation 13: 
c = sin1 B.rtktn35[0+ 949.3Otan35] 
c = 146.91 

2. Calculate moldised tension ia upper geosyntietic (geotextile) 

From Equation 14: 
T = 

T = 218.84 kEd 

It is uatikely that the tensile strength of a non-woven geotextile will withstand 
this tension and it wilf bad to failure of the geotexkile in tension anind sliding of 
the cover soil sod geotextile on the geomembrane, There will rherefore nut be 
any tension in the geomembrane since failure will occur &ovc it. 

Now consider the same case as above but this time the smooth geomembraue is 
replaced by a textured geomembmne. The relevant iwzface shear sbwglh 
parameters are: 
Gsorextileitextured gomembrane: 6 = 26’; o[ = 7 kPa 
Textured geomembrane/san& 5=.27O,cc=7kPa 

Since the upper geosyntheric remaius the same, the c&~&ted factor of safety 
remains the same. The tension in the ge0rextile is Dbtained from Equation 14: 

T = 1(0 - 7)+ 17.79(s- tan Bj63.36 - 

Since T is negative, the shear strength of the lowa ink&x is greater than the 
mobili& shear stress on the upper interface and there is no tension in the 
geotextile. The mobiked shear S~RXS is thus transferred from the geotextife to 
the pmembrane with no tension induced in the gedextile. Now check if there 
is any tension in the geomembrane: . 

T = ~[Lj+17.79(n2=&+6336 .f. 1.89. .I,@. ..‘$ ; _-. 

T = I-3.30 - 4.47163.36 
T = -492.30 kN 

_^_--___-_----- --------_-_-----_-_________ ._ . . ,. . . _. I . . : : :, : ,: . . *.. . . . :. ..I.r 
HencR the geomembrane c.an also transfer the shear stress to the sand below 
w&out any tension. 
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a 6 Geotechnical engineering of landfills 

Di%Xl&Xl 
lnterfaoe shear strength 

.I 
5 

8 . 
3 . . 
5 

The interface shear strmgth parameters given in this paper have been taken from 
technical papers available in the literature, in-house testing carried out by Golder 
f&&at&s in north America and testing carried out at The Nottingham Tienr 
University. TIE testing was generally carried out in direct shear apparatus of 
varying size, rogetba with ring &ear testing to obtain some of the residual shear 
strengtfi parameters. The geosyntietks and soils used in the testing vary tidily 
and caution should be exercised when using the data presented in Tables 1 to 3. 
It is suggeskcl that these values may lx used in preliminary designs, however the 
authors stress the importanti of site specific performanti testing. In particular, 
the mean values of friction angle and cohesion intercept presented are taken 
from lests canied out aI normal st.mses owr a range up to 600 kPa The values 
presented in this paper may not be reliable for the &sign of landfill capping 
systems and other applications 4th !DW normal stresses. 

The friction angle and cob&on intercept obtained from any interface 
shear strength testing are simply parameters tiat describe the failure envelope 
for the range of normal stresses us&l. lla other words, they dtibe the position 
of the best fit fine through the data. A reported cohesion inkrcept does not 
necessarily imply that there is a shear streagth undeE zero narmal loti, although 
some interfaces, e.g. texulred geomembraneInon-woven geotextile and internal 
stmngib of geocomposites, wili have an act~l strength ai zero load due to either 
the mingling of geotextile fiks within the asperities of the geomembmne or 
from bonding between various layers of a geocomposite. It is up to the 
judgment of the engineer as to what allowance is made for the; cohesion 
intmpt in a design situation. 

- - - . . “ . - . - . . .  - - - - - - - - .  h - - h - - - . - - - . - - - - - - - .  

The method presented in this paper expands on the work of others as dmcrhd 
above. It may be for the case of capping systems that this simple limiting 
equilibrium method will give satisfactory results. In the case of a landfill side 
slope, however, the settlement of the waste will induce displacements at the 
interfaces. In order to mod4 these conditions, numerical techniques can be usfxl 
(lone-s, 1998) to quantify the mobilis& shear stresses in the system. If such 
analyses cannot be jupaified then the authors would recommend that the &sip 
engineer -uses .peak ifit&=. shw-strength valm o&the. base sn 4~. kndfil1 
only, end that co&deration should be given to using residual shear strengths 

. along the side siopes. 
^_--___L__-__ L~----~ --- _. - .i:.. . . . ,~ -. .: :;.: - ---- 7---------7 ..,.. . . . . . . . . . -- ., .,:.. . . . _.. I ., . 
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Waste Licence Application : Environmental impact Statement 

Lands at Blessington, Co. Wicklow 
Remediation of Unauthorised Landfill Sites 
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., ., ., 
SITE: Proposed Engineered Landfill, Blessington 

Lining System Interface Stability 

a Input Parameters 

P 
H 
h 

4 
C 

Set 
act 

6% 
ati3 
sgs 
w 
6gs 
ags 
PRS 

Yd 
Ysat 
hw 
WA 

WP 

U” 

Uh 
N Aab 

Slope Angle 
Slope height 
Thickness of cover soils 
Friction angle of cover soil 
Cohesion of cover soil 
Interface friction angle StonelGeotextile interface 
Apparent cohesion of Stone/Geotextiie interface 
Interface friction angle Textile/Geomembrane interface 
Apparent cohesion of Textile/Geomembrane interface 
Interface friction angle GeomembranelGCL interface 
Apparent cohesion of Geomembrane/GCL interface 
Interface friction angle GCUClay interface 
Apparent cohesion of GCUClay interface 
Parallel Submerged Ratio 
Dry unit weight of cover soil 
Saturated weight of cover soil 
Thickness of saturated cover soil 
Weight of active wedge 
Weight of passive wedge 
Resultant pore water pressure perpendicular to slope 
Resultant pore water pressure on interwedge surface 
Effective force normal to failure plane of active wedge 
above impermeable layer 
Effective force normal to failure plane of active wedge 
below impermeable layer 
Resultant vertical pore water pressure acting on passive wedge 
Slope Length 

SoilslGeotextile Interface 
Quadratic Equation Parameters 

Factor of Safety Against Failure 
Tension in Protection Geotextile 

a 
b 
C 

Geotextile/Geomembrane Interface 
Quadratic Equation Parameters 

Factor of Safety Against Failure 
Tenslon in Geomembrane 

GeotextilelGeomembrane Interface 
Quadratic Equation Parameters 

a 
b 
C 

a 
b 
C 

Factor of Safety Against Failure 
Tenslon In Geomembrane 

Geomembranehbgrade Interface 
Quadratic Equation Parameters 

Factor of Safety Against Failure 

a 
b 
C 

0 

m 
m 
0 

kPa 
0 

kPa 
0 

kPa 
0 

kPa 
0 

kPa 

kN 
kN 
m 
kN 
kN 
kN 
kN 
kN 

Case 1 Case2 Case2 Case 3 Case 4 
18.60 18.60 18.60 18.60 18.60 
9.00 9.00 9.00 9.00 9.00 
0.50 0.50 0.50 0.50 0.50 

35.00 35.00 35.00 35.00 35.00 
0.00 0.00 0.00 0.00 0.00 
30.00 30.00 30.00 30.00 30.00 
0.00 0.00 0.00 0.00 0.00 
26.00 26.00 26.00 26.00 26.00 
7.00 7.00 7.00 0.00 0.00 
25.00 25.00 25.00 25.00 20.00 
2.00 2.00 0.00 0.00 0.00 

23.00 23.00 23.00 23.00 23.00 
2.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 
16.00 26.00 16.00 16.00 16.00 
18.00 18.00 18.00 18.00 18.00 
0.00 0.00 0.00 0.00 0.00 

219.12 219.12 219.12 219.12 219.12 
6.62 6.62 6.62 6.62 6.62 
0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 

207.67 207.67 207.67 207.67 207.67 

kN 207.67 207.67 207.67 207.67 207.67 

kN 0.00 0.00 0.00 0.00 0.00 
m 28.22 26.22 28.22 28.22 28.22 

kN 

66.24 66.24 66.24 66.24 66.24 
-133.88 -133.88 -133.88 -133.88 -133.88 

26.78 26.78 26.78 26.78 26.78 
1.80 1.80 1.60 1.80 1.80 

-233.09 -233.09 -233.09 -35.57 -35.57 
No Tension No Tension No Tension No Tension No Tension 

kN 

66.24 66.24 66.24 66.24 66.24 
-303.44 -303.44 -303.44 -116.24 -116.24 
66.73 66.73 66.73 22.62 22.62 
4.35 4.35 4.35 1.53 1.53 

-86.79 -86.79 -30.36 -31.65 -9.75 
No Tension No Tension No Tension No Tension No Tension 

kN 

66.24 66.24 66.24 66.24 66.24 
-165.51 -165.51 -112.02 -112.02 -91.88 

34.23 34.23 21.63 21.63 16.88 
2.27 2.27 1.47 1.47 1.17 

-111.33 -54.90 -67.60 -25.69 -39.98 
No Tension No Tension No Tension No Tension No Tension 

66.24 66.24 66.24 66.24 66.24 
457.28 -103.79 -103.79 -103.79 -103.79 

32.29 19.69 19.69 19.69 19.69 
2.15 1.35 2.35 1.35 1.35 

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