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��������: A numerical model to estimate the tensile strains (loads) of the geomembrane liner in 

the waste containment facility due to waste settlement is presented. A centrifuge test of the 

geomembrane2lined landfill is used to validate the numerical model. The calculated surface 

settlement at the centre of the landfill and the geomembrane tensile strains on intermediate 

benches are generally in good agreement with the measured data. Parametric analyses associated 

with foundation shear strength, interface shear strength and stiffness, and geomembrane stiffness 

are performed. The influence of geometric nonlinearity on the geomembrane tensile strains is 

also examined. The numerical analyses indicate that the maximum geomembrane tensile strain 

occurs at the crest of the side slope near the intermediate bench for the cases and conditions 

examined. The lessons learned are likely to be useful to landfill design engineers using numerical 

models to aid in the design of the geosynthetic liner system for the waste containment facilities.  

���	������ Waste settlement; Geomembrane tensile strain; Geosynthetic liner system; Waste 

containment facility; Numerical modeling; FLAC  
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Modern waste containment facilities generally have a barrier system at the base of the facility to 

minimize the potential impacts of contaminants in the facilities on the surrounding environment 

and human health. Typically, a barrier system is comprised of two components (Rowe 2005; 

Rowe et al. 2014): (a) a highly permeable leachate collection system to collect and remove 

leachate for treatment and (b) a low permeability liner system to reduce the leachate leakage 

through the liner into groundwater and surface water. The performance of leachate collection 

systems in the field scale has been numerically examined by Rowe and Yu (2012, 2013b, 2013c) 

and Yu and Rowe (2013) using a sophisticated biogeochemical model (Yu and Rowe 2012) 

calibrated using laboratory mesocosm tests (Rowe and Yu 2013a). A practical design method 

was also proposed by Rowe and Yu (2013c) to estimate the service life and to optimize the 

design of leachate collection systems. Also much recent work has been done on the performance 

of geosynthetic clay liners (GCLs; e.g., Bannour et al. 2016; Chai et al. 2016; Malusis and 

Daniyarov 2016; Shackelford  et al. 2016; Lu et al. 2017; Bouazza et al. 2017; Setz et al. 2017; 

Rowe et al. 2017; Saheli et al. 2017) and geomembranes (e.g., Abdelaal et al. 2014a; Gallagher 

et al 2016; Saheli and Rowe 2016; Yang et al. 2017; Kavazanjian et al. 2017; Rowe and Shoaib 

2017; Eldesouky and Brachman 2018) including some on the interaction between the various 

components of the barrier system (Rentz et al. 2016; Rowe et al. 2016; McWatters et al. 2016; 

Touze2Foltz et al. 2016) and strains in the geomembrane associated with  the leachate collection 

and protection layers (Rowe et al. 2013; Abdelaal et al. 2014a; Ewais et al. 2014). However, the 

performance of geosynthetic liner systems, and especially the strains induced in the 

geomembrane commonly used in the waste containment facilities due to waste settlement is still 

not well understood. 
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Based on field observations from the Kettleman Hills Landfill (a Class I hazardous waste 

treatment and storage facility in Kettleman City, California, USA), it was reported that the 

failure developed by sliding along interfaces of the underlying liner system beneath the waste fill 

and that this resulted in tears of the geomembrane liner on the side slopes during waste filling 

and a slope failure of the waste with lateral displacements of up to 10.7 m and surface 

settlements of up to 4.3 m (Mitchell et al. 1990). Factors influencing the performance of 

geosynthetic liner systems under waste which exhibits significant settlement with time include 

the interface shear strength between dissimilar materials, the stiffness and strength of each 

component in the geosynthetic liner system, and the thickness of waste lifts during waste filling. 

To understand the performance of geosynthetic liner systems below waste, field2scale tests are 

generally required. However, conducting field2scale tests are not feasible in most situations due 

to the major practical difficulties of doing so and the consequent cost and time needed to perform 

these tests.   

An alternative to the field2scale testing is centrifuge modeling using scaled models and 

increasing the body stresses by centrifugal acceleration (e.g., Schofield 1980; Taylor 1995). 

Although the dimensions of the centrifuge model are scaled down from those of the prototype, 

the shear strength and unit weight together with the stress2strain relationship of materials from 

the prototype are kept unchanged in the centrifuge model. Thusyanthan et al. (2007) conducted 

the centrifuge study of tension in geomembranes on landfill slopes under both static and 

earthquake loading. Kavazanjian and Gutierrez (2017) reported a large2scale centrifuge test of 

the geomembrane2lined landfill with benches on side slopes similar to a typical canyon landfill 

subject to waste settlement and seismic loading. These centrifuge tests are very valuable in terms 

of improving our understanding of the performance of geosynthetic liner systems under field2
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scale stress conditions. Although performing the centrifuge tests are more feasible than 

performing the field2scale tests, there is still very little published data from centrifuge tests 

addressing this issue. The design engineers must rely on other tools to estimate the performance 

of geosynthetic liner systems under waste settlement and to gain confidence when designing 

these systems.  

Liu and Gilbert (2003) proposed a simplified method to calculate the geosynthetic loads 

in the liner system on side slopes during waste filling. While very useful for considering some 

loading conditions, this simplified method does not fully capture the interaction between the 

dissimilar materials and is unable to fully consider the waste settlement during and after waste 

filling. Numerical methods such as the finite element method (FEM) and finite difference 

method (FDM) are still the only practical tools available to aid in design of geosynthetic liner 

systems. Examples of the use of the FEM are Villard et al. (1999) and Filz et al. (2001),  while 

Jones and Dixon (2005), Fowmes (2007), Fowmes et al. (2008), Arab (2011), Sia and Dixon 

(2012), Wu (2013), and Zamara et al. (2014) have used the FDM. While all of these cited papers 

have moved the field forward, the numerical models that have been validated using physical 

performance data are still limited to a simple landfill geometry. For example, Fowmes et al. 

(2008) developed a numerical modelling technique for a two2layered lining system (with a 

geomembrane liner and an overlying geotextile protection layer) on a vertical slope, and 

validated the model based on the measured relative interface shear displacements and 

geomembrane tensile loads at the anchorage from the large2scale laboratory tests. The magnitude 

of geomembrane (and geotextile) tensile strains and the influence of FLAC large2 and small2

strain modes on the numerical results were not reported by Fowmes et al. (2008). Furthermore, 

the numerical models associated with benches on side slopes reported by Fowmes (2007) and 
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Wu (2013) were not validated using physical testing results. Thus more research is needed in 

terms of development and validation of a numerical model using physical performance data at 

the end of waste placement from the field2scale and centrifuge tests with benches on side slopes 

for a typical canyon landfill, and to improve the understanding of the performance of 

geosynthetic liner systems subject to waste settlement. 

The primary objective of this paper is to develop a numerical model using the FDM 

program FLAC (Itasca 2011) for a liner system in a waste containment facility subject to waste 

settlement and to validate the numerical model using physical performance data from a large2

scale centrifuge test of the geomembrane2lined landfill (Kavazanjian and Gutierrez 2017) with 

benches on side slopes. The secondary objective is to use the numerical model to perform a 

parametric analysis of the effects of material and interface properties, and to examine the 

influence of FLAC large2 and small2strain modes on the numerical results.            

	

�	����������	����	

The centrifuge model examined in this paper was described in detail by Kavazanjian and 

Gutierrez (2017). The geometry of the centrifuge model cross section is shown in Figure 1. The 

foundation was simulated using the lightly cemented sand which was a mixture of Nevada sand 

and 4% Portland cement by weight (Kavazanjian and Gutierrez 2017). The waste was simulated 

using a 3:1 (by weight) peat2sand mixture (Kavazanjian and Gutierrez 2017). The geomembrane 

liner was a thin (0.051 mm) perfluorosulfonic acid (PFSA) membrane. To maximize the tension 

generated in the PFSA membrane, a thin low density polyethylene (LDPE) membrane was 

placed below the PFSA membrane on the side slopes. The top of the LDPE membrane was 

lubricated such that the interface shear strength between the PFSA membrane and the LDPE 
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membrane was negligible. The slopes on the left and right sides of the model had a horizontal to 

vertical ratio of 2H:1V and 1H:1V, respectively. The model was subjected to a centrifuge 

acceleration of 60 g (where g is the standard acceleration due to gravity). More details about the 

centrifuge model are provided by Kavazanjian and Gutierrez (2017). 

 

 	!�������	����	���	"�������	#�����	

3.1 Prototype geometry and FDM numerical model 

Figure 2 shows the prototype geometry and FDM numerical grid. The prototype for the 

centrifuge model at the 60 g acceleration had an maximum and minimum foundation thicknesses 

of 24 and 6 m, respectively. Both the left and right benches were 5 m wide. The maximum 

thickness of the waste was 31 m. The prototype dimension of the PFSA membrane used in the 

model was 3 mm. A total of 11240 zones (elements) were used for modelling the foundation and 

waste. The PFSA membrane was modeled using 374 beam elements with both left and right 

membrane ends anchored. Both left and right boundaries of the prototype were fixed in x 

direction only (smooth rigid). The bottom of the prototype was fixed in both x and y directions 

(rough rigid).  

 

3.2 Cemented sand parameters 

The cement sand was modeled using a nonlinear elastic2plastic model with Mohr2Coulomb 

failure criterion developed by Yu et al. (2016). The nonlinear elastic part of this model has a 

nonlinear elastic tangent modulus (Et) and an unloading2reloading elastic modulus (Eur) from 

Duncan et al. (1980) and a bulk modulus (B) from Selig (1988) as:  
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 (3) 

 

where Rf = failure ratio, ϕf = soil friction angle, σ1 = major principle stress, σ3 = minor principle 

stress, cf = soil cohesion, Ke = soil elastic modulus number, pa = atmospheric pressure, n = soil 

elastic modulus exponent, Kur = unloading2reloading modulus number (Kur = 1.2Ke; Duncan et al. 

1980), Bi = initial tangent bulk modulus, ɛu = asymptotic value of the volumetric strain at large 

stresses, and σm = mean stress [i.e., σm = (σ1 + σ2 + σ3)/3], Bi and ɛu = intercept and inverse of the 

slope from a plot of σm/ɛvol versus σm, respectively, in an isotropic compression test (ɛvol = 

volumetric strain).  

Due to the restriction of the Poisson’s ratio within 020.49 in this investigation, the range 

of the soil bulk modulus in Equation (3) is given as: 

 

��3	1 − 2(�,%$*� ≤ # ≤ ��3	1 − 2(�,%�,� (4) 

 

where vt,min = minimum tangent Poisson’s ratio (vt,min = 0 in this investigation), and vt,max = 

maximum tangent Poisson’s ratio (vt,max = 0.49 in this investigation). 
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The base case parameter values for the cemented sand are listed in Table 1. Figure 3 

shows the measured and calculated stress2strain response of the cemented sand from the reported 

triaxial compression tests. Two sets of shear strength parameters (i.e., the friction angle and 

cohesion) were considered. The calculated stress2strain responses from the first set (i.e., ϕf = 34° 

and cf = 28 kPa; the base case) of shear strength parameters agreed well with the triaxial tests at 

the confined pressures of σ3 = 100 and 250 kPa, but over2predicted the triaxial results when σ3 = 

500 kPa. The second set (ϕf = 29° and cf =18 kPa) was taken from Kavazanjian and Gutierrez 

(2017) with good agreement between the calculated and measured data at σ3 = 500 kPa, while 

under2predicted the measured data when σ3 = 100 and 250 kPa.  

Figure 4 shows the calculated and measured stress2strain responses of the cemented sand 

from one2dimensional (1D) compression tests. The two sets of shear strength parameters 

predicted the similar stress2strain responses under 1D compression conditions and over2estimated 

the axial strains for the vertical stress σ1 between 10 and 100 kPa when compared with the 

measured data. It should be noted that even for the two 1D laboratory tests under the same 

testing conditions the differences in measured axial strains from Kavazanjian and Gutierrez 

(2017) were also observed. 

 

3.3 Sand2peat mixture parameters 

The sand2peat mixture was modeled (Table 2) using a modified Cam2Clay model available in 

FLAC constitutive model library. The calculated and measured stress2strain responses of the 

sand2peat mixture from one2dimensional compression test were in good agreement (Figure 5). 

 

3.4 PFSA membrane parameters 
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Based on the laboratory tensile load tests (Kavazanjian and Gutierrez 2017), the PFSA 

membrane reached its tensile strength Ty = 2.0 kN/m at the tensile strain εy = 6% (Figure 6). The 

decrease in tensile load after reaching the peak value was not considered in this investigation. A 

linear elastic behaviour was considered in this paper for a tensile strain ε < 6% resulting a PFSA 

membrane stiffness J = Ty/εy = 2.0/0.06 = 33.3 kN/m (Figure 6; Table 3). Under the centrifuge 

acceleration 60 g, the membrane tensile strength and stiffness scale to Ty = 2.0 × 60 = 120 kN/m 

and J = 33.3 × 60 = 2000 kN/m at prototype scale (Table 3). The PFSA membrane was assumed 

to have no compressive stiffness and hence no stress when in compression. The moment of 

inertia was assumed to be zero (Table 3) for PFSA membrane beam elements. 

 

3.5 Interface parameters 

The interaction between the dissimilar materials was modeled using zero2thickness interface 

elements with base case properties given in Table 4. The friction angle between the 

geomembrane (PFSA membrane) and the waste (sand2peat mixture) was ϕgw = 27° (Kavazanjian 

and Gutierrez 2017). Kavazanjian and Gutierrez (2017) indicated that the friction angle between 

the geomembrane (PFSA membrane) and the foundation (cemented sand) was greater than that 

between the geomembrane (PFSA membrane) and waste (sand2peat mixture). The friction angle 

of the foundation (cemented sand) given by Kavazanjian and Gutierrez (2017) was ϕf = 29°. The 

interface friction angle between the geomembrane (PFSA membrane) and the foundation 

(cemented sand) was assumed to be ϕgf = 29° (base case) based on ϕgf ≤ ϕf. A lower friction angle 

ϕgf = 20° was also examined in the parametric study. The friction angle of the interface between 

the PFSA membrane and the HDPE membrane was taken to be ϕgg = 0 because the top of the 

PFSA membrane was lubricated (Kavazanjian and Gutierrez 2017). No dilation and cohesion 
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strength were considered at any interface in this investigation (i.e., dilatancy angle ψi = 0 and 

cohesion ci = 0). All interfaces had a normal stiffness value of kn = 100 MPa/m and a shear 

stiffness value of ks = 1 MPa/m based on Yu and Bathurst (2017). The influence of other 

interface normal and shear stiffness values on the numerical results were also examined. Zamara 

et al. (2014) numerically examined the performance of a geomembrane liner with an overlying 

geotextile protection layer in the field using both strain2softening and non2strain2softening 

interface models, and found that both interface models were unable to predict the measured 

geomembrane strains. They further suggested the use of a non2strain2softening interface model 

with reduced shear strength if the geosynthetics were exposed to the sun for an extended period 

of time. However, since strain softening was not anticipated in the centrifuge model test, the 

strain2softening behavior of geosynthetic interfaces (i.e., the displacement2dependent interface 

shear strength) was not modelled in this paper. 

 

3.6 Modeling of centrifugal acceleration 

The centrifuge model was prepared in a reduced scale and subjected to its own gravity initially 

(i.e., 1 g). The reduced2scale model was then accelerated to 60 g (Kavazanjian and Gutierrez 

2017). The numerical modeling presented in this paper was performed for the prototype and 

hence full loading (1g) at prototype scale corresponds to 60g in the model test.  

From the published papers, it appears that previous studies by Fowmes (2007), Fowmes et al. 

(2008) and Wu (2013) modelled the generation of down2drag load on the geomembrane in the 

laboratory and field using a full gravity loading approach (1g) when each waste layer was added 

to the model to simulate the waste settlement under its self2weight and external applied loading. 

Thus a difference between the previous modelling and that conducted here for a centrifuge 

acceleration of 60g was the need to adopt an incremental gravity loading procedure whereby 
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gravity in the prototype simulation was increased progressively 60 loading steps to 1g to capture 

the stress2path and nonlinear material behavior as well as possible. The first step was to activate 

the foundation and waste zones with linear elastic material models under g/60 where g = 10 

kN/m
3
 with material parameter values in Table 5. Also activated in the first step were the PFSA 

membrane beam elements. The model was then solved to reach the force equilibrium. Thereafter 

the foundation was modeled using a nonlinear elastic2plastic model (Table 1) and the waste was 

modeled using a Mohr2Coulomb model (Table 5). After the model reached the force equilibrium, 

the Cam2Clay model was applied to the waste (Table 2). In the next 59 loading steps, gravity was 

incremented by g/60 at each step until 1 g gravity in the prototype was achieved. Force 

equilibrium was reached at each step before moving to the next step. The use of the incremental 

gravity loading procedure in the prototype has been used by Zeng and Lim (2002) to model the 

centrifugal acceleration. 

 

$	!�������	%������	

4.1 Base case 

The magnitude of the landfill surface settlements varies along the landfill top surface. As shown 

in Figures 1 and 2, the centrifuge model and corresponding porotype are non2symmetrical, and 

the centre of the landfill top surface is on the left side of the centre of the landfill base. The final 

deformed mesh under 1 g gravity in the prototype using the base parameter values and FLAC 

large2strain mode (Figure 7) corresponded to a calculated maximum surface settlement of 4.7 m 

at the landfill top surface vertically above the centre of the landfill base (see Figure 7). The 

calculated surface settlement at the centre of the landfill top surface was about 4.5 m (Figure 7), 

which was in reasonable agreement with the measured 4.2 m reported by Kavazanjian and 
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Gutierrez (2017). The modeling indicated that the foundation settlement was negligible and the 

waste settlement was due to the high compressibility of the waste itself. 

As the waste settles, while the foundation remains practically unchanged, tensile loads 

and strains develop within the geomembrane (PFSA membrane). For the base parameters and 

using FLAC large2strain mode, the maximum tensile load and strain on either left or right side of 

the landfill occurred at the crest of the side slope near the intermediate bench (Figures 8 and 9). 

The calculated tensile loads of the PFSA membrane (Figure 9a) were near zero on the top left 

surface of the foundation and increased to between 0.8 and 22.2 kN/m on the upper left side 

slope. On the left intermediate bench, the calculated tensile loads were between 12.6 and 103.5 

kN/m. The maximum calculated tensile load was about 120 kN/m (i.e., reaching the PFSA 

membrane peak tensile strength) at the crest of the lower left side slope. However, this doesn’t 

mean that the PFSA membrane failed (or tore) during the physical test. The current numerical 

model does not consider a reduction in the tensile load after the PFSA membrane reaches the 

peak tensile load (i.e., the current model does not capture the post peak behavior evident in the 

physical test on the PFSA membrane shown in Figure 6). The calculated tensile loads of the 

PFSA membrane on the flat base were much less than the maximum tensile loads on the side 

slopes and of no practical concern in design. On the right side of the model there was a 

somewhat similar trend to the left side with the peak tensile strength of the PFSA membrane 

(120 kN/m) being reached at the crest of the lower right side slope. The calculated tensile loads 

were between 0 and 71.9 kN/m on the right intermediate bench and between 0 and 7.5 kN/m on 

the right upper side slope. 

 The calculated PFSA membrane strains (Figure 9b) were between 0.04% and 1.1% on 

the upper left side slope. On the left intermediate bench, the strains were estimated to be between 
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0.6 and 5.2% which bracketed the two measured stains of 4.524.6% reported by Kavazanjian and 

Gutierrez (2017). The calculated maximum tensile strain of 13.8% occurred at the crest of the 

lower left side slope (no reported measured data at this location). On the flat base, the calculated 

stains of the PFSA membrane were less than 0.7% were of no practical concern in terms of 

geomembrane strains. On the right side of the model, the calculated maximum strain was 12.2% 

at the crest of the lower right slope. The strains were calculated to be between 0 and 3.6% on the 

right intermediate bench which bracketed the measured strain of 3.3% (Kavazanjian and 

Gutierrez 2017). A higher measured strain value (4.7%) on the right bench was not considered in 

this paper because the settlement sensor above this strain gauge slipped from its seat 

(Kavazanjian and Gutierrez 2017) which may have interfered the strain gauge reading. The 

calculated strains on the upper right side slope were less than 0.4%. Thus for the case and 

conditions examined the maximum geomembrane tensile load and strain due to waste settlement 

occurred at the crest of the lower side slope near the intermediate bench on both sides of the 

waste containment facility. 

Based on the data available form the centrifuge test it appears that the model gave 

encouraging agreement with observed behaviour. 

 

4.2 Influence of foundation (cemented sand) parameter values  

Figure 10a shows the influence of foundation (cemented sand) parameter values on the PFSA 

membrane tensile loads. The numerical results showed that the two sets of cemented sand 

parameter values considered in this investigation resulted in the similar distribution of the PFSA 

membrane tensile loads. For the PFSA membrane tensile strains as shown in Figure 10b, the 

maximum tensile strain was about 11.4% when using the cemented sand parameter values from 
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Kavazanjian and Gutierrez (2017) which was lower than 13.8% from the base case parameter 

values. The difference in maximum PFSA membrane tensile strain in Figure 10b was due to the 

different stress2strain responses of the two sets of cemented sand parameters shown in Figure 3. 

However, the two different sets of cemented sand parameter values predicted the similar tensile 

strains on each intermediate bench where measured data were available. The maximum tensile 

force was 120 kN/m in both cases because the geomembrane had yielded at 120 kN/m and was 

deforming plastically.  As a similar situation exists in the cases below but will not be explicitly 

discussed. 

   

4.3 Influence of interface shear strength between PFSA membrane and foundation (cemented 

sand)  

Figure 11 shows the influence of interface shear strength between the PFSA membrane and 

foundation (cemented sand) on the PFSA membrane tensile loads and strains. The numerical 

analysis indicated that the PFSA membrane2foundation interface shear strength (ϕgf) between 20° 

and 29° had negligible influence on both the PFSA membrane tensile loads and strains. 

 

4.4 Influence of interface normal and shear stiffness 

The influence of interface shear stiffness on the PFSA membrane tensile loads and strains is 

shown in Figure 12. Increasing the interface shear stiffness value from ks = 1 to 10 MPa/m 

slightly decreased the tensile loads and strains on the intermediate benches when other 

conditions were kept same. The maximum tensile strain was reduced from 13.8% to 12.9% when 

increasing the interface shear stiffness from ks = 1 to 10 MPa/m (Figure 12b). 
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Figure 13 shows the influence of both interface shear and normal stiffness on the PFSA 

membrane tensile loads and strains. Increasing the interface shear stiffness from ks = 1 to 100 

MPa/m and normal stiffness from kn = 100 to 1000 MPa/m resulted in a slight decrease in 

maximum tensile strain from 13.8% to 13.1% (Figure 13b). 

The results from both Figures 12 and 13 indicated that the interface shear stiffness 

between ks = 1 and 100 MPa/m and normal stiffness kn = 100 to 1000 MPa/m can predict the 

similar tensile loads and strains for the case and conditions examined. 

 

4.6 Influence of FLAC large2 and small2strain mode 

The influence of large2 and small2strain mode on the PFSA membrane tensile loads and strains 

using base case parameter values is shown in Figure 14. The calculated strains on the left 

intermediate bench were between 1.2 and 4.3% when using the small2strain mode (versus 

calculated values between 0.6 and 5.2% using the large2strain mode and measured values of 4.52

4.6% from Kavazanjian and Gutierrez 2017). On the right intermediate bench, the calculated 

strains using the small2strain mode were between 0.02 and 3.25% (compared to calculated values 

between 0 and 3.6% using the large2strain mode and measured value of 3.3% from Kavazanjian 

and Gutierrez 2017). Figure 14b also shows that the calculated tensile strains near the centre of 

each bench were between the calculated minimum and maximum tensile strains on each bench. 

The strain measurements reported by Kavazanjian and Gutierrez (2017) were taken at the centre 

region of each bench. The numerical results also showed that the small2strain mode predicted 

higher tensile loads and strains on both left and right upper side slope than did the large2strain 

mode. However, the maximum tensile strain was 9.6% when using the small2strain mode which 
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was lower than 13.4% when using the large2strain mode. It is the maximum geomembrane 

tensile strain that is a practical concern when designing the geomembrane liner.  

 

&	�����������	

A numerical model was developed in this investigation using the finite different program FLAC 

(Itasca 2011) to predict the performance of a geomembrane liner subject to the waste settlement 

within a waste containment facility. The model was used to examine a large2scale centrifuge test 

of the geomembrane2lined landfill reported by Kavazanjian and Gutierrez (2017). Parametric 

analyses were performed regarding the foundation shear strength and the interface shear strength 

and stiffness. Both FLAC large2 and small2strain modes were considered to examine the 

influence of geometric nonlinearity on geomembrane tensile strains. For the conditions and cases 

reported in this paper, it is concluded that: 

�� The calculated surface settlement at landfill centre and geomembrane tensile strains on 

the intermediate benches were in encouraging agreement with the measured data from the 

centrifuge test when using base case parameter values and FLAC large2strain mode. 

�� The calculated maximum geomembrane tensile strain occurred at the crest of the side 

slope near the intermediate bench.  

�� The estimated maximum geomembrane tensile strain from FLAC small2strain mode 

(without modelling geometric nonlinearity) was lower than that from FLAC large2strain 

mode.   

�� The numerical results show that the geomembrane with axial tensile stiffness J = 2000 

kN/m (in the prototype) yielded and the maximum geomembrane tensile load reached the 

tensile strength Ty = 120 kN/m (in the prototype). 
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(�����	�) Centrifuge model geometry (based on Kavazanjian and Gutierrez 2017). 

(�����	�) Prototype geometry and FLAC numerical grid. 

(�����	  ) Calculated and measured stress2strain response of foundation (cemented sand) from 

triaxial compression tests.  

(�����	 $) Calculated and measured stress2strain response of foundation (cemented sand) from 

one2dimensional compression tests.  

(�����	&) Calculated and measured stress2strain response of waste (sand2peat mixture with 3:1 

by mass) from one2dimensional compression test.  

(�����	 *) Geomembrane (PFSA membrane) tensile load2strain relationship. Note: PFSA 

membrane tensile strength and stiffness under 60g in the prototype are Ty = 2.0×60 = 120 kN/m 

and J = 33.33×60 = 2000 kN/m, respectively.  

(�����	+) Initial and calculated final prototype geometry using base case parameter values and 

FLAC large2strain mode. Note: At prototype scale, the measured surface settlement at the 

landfill centre was 4.2 m (Kavazanjian and Gutierrez 2017); the calculated maximum surface 

settlement was 4.7 m at the landfill top surface vertically above the centre of the landfill base; the 

calculated surface settlement at the centre of the landfill top surface was 4.5 m. 

(�����	,) Distribution of PFSA membrane tensile loads and strains from the FLAC model using 

base case parameters and large2strain mode. 

 

(�����	 -) PFSA membrane (a) tensile loads and (b) tensile strains calculated using base case 

parameters and large2strain mode.	Measured tensile strains are from Kavazanjian and Gutierrez 

2007). 

(�����	 �.) Influence of foundation (cemented sand) parameter values on PFSA membrane (a) 

tensile loads and (b) tensile strains. 

(�����	 ��) Influence of interface shear strength between PFSA membrane and foundation 

(cemented sand) on PFSA membrane (a) tensile loads and (b) tensile strains. 

(�����	 ��) Influence of interface shear stiffness on PFSA membrane (a) tensile loads and (b) 

tensile strains. 

(�����	� ) Influence of interface shear and normal stiffness on PFSA membrane (a) tensile loads 

and (b) tensile strains. 

(�����	�$) Influence of FLAC large2 and small2strain mode on PFSA membrane (a) tensile loads 

and (b) tensile strains. 
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�������� Parameter values of foundation (cemented sand). 

Property Value 

Density, ρf (kg/m
3
) 1660

 

  

	
������������������������
����
�
�  

Elastic modulus number, Ke (#) 440 

Unloading#reloading modulus number, Kur (#)� 528 

Elastic modulus exponent, n (#) 0.40 

Failure ratio, Rf (#) 0.95 

Initial tangent bulk modulus number, Bi/pa (#) 48.3 

Asymptotic volumetric strain value, εu (#) 0.06 

Tangent Poisson’s ratio, νt (#) 0−0.49 

Friction angle, ϕf (°) 34 

Cohesion, cf (kPa) 28 

Dilation angle, ψf (°) 0 

Atmospheric pressure, pa (kPa) 101.3 

	
����
a
 Selected parameter values are based on the sandy silt reported by Boscardin et al. (1990) with 

the similar stress#strain relationship as the cemented sand used by Kavazanjian and Gutierrez 

(2017). 

� �
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�������� Parameter values of waste (sand#peat mixture with 3:1 by mass). 

 

Property
 

Value 

Density, ρw(kg/m
3
)
�

830 
�  

�
�����������������
����  

Maximum elastic bulk modulus, Kmax (MPa) 100 

Poisson’s ratio, ν (#) 0.33 

Frictional constant, M (#) 1.2 

Slope of normal consolidation line, λ (#) 0.18 

Slope of elastic swelling line, κ (#) 0.05 

Reference pressure, p1 (kPa) 1 

Pre#consolidation stress, pc (kPa) 10 

Specific volume at reference pressure on 

normal consolidation line 
a
, υλ (#) 

3.34 

	
����
a
 Based on initial void ratio e0 = 2.0 and initial effective pressure p0 = 2.4 kPa. 

 

 

 

 

 

 

 

 

 

 

 

 

  

Page 26 of 40

https://mc06.manuscriptcentral.com/cgj-pubs

Canadian Geotechnical Journal



D
raft

�������� Geomembrane (PFSA membrane) parameter values in the prototype using FLAC beam 

elements. 

 

Beam element parameters
 

Value 

Axial stiffness, J (kN/m) 2000 

Moment of inertia, I (m
4
) 0 

Tensile strength, Ty (kN/m) 120 

Young’s modulus 
a
, Eg (MPa) 667 

Cross#sectional area 
b
, Ag (m

2
/m) 3×10

#3
 

Peak tensile yield strength 
c
 Sy (MPa) 40 

Residual tensile yield strength, Syr (MPa) 40 

	
�����
a 
Eg = J/Ag; 

b
 Based on 3#mm thick product per meter out#of#plane direction; 

c
 Sy = Ty/Ag. 

�

�

�

�������� Interfaces and corresponding parameter values for the base case. 

 

Interface and parameters Value 

Normal stiffness, kn (MPa/m) 100 

Shear stiffness, ks (MPa/m) 1 

Dilation angle, ψi (°) 0 

Cohesion, ci (kPa) 0 

  

��� ���������!�����"������������#�$�%�  

Friction angle, ϕgw (°) 27 

  

��� � ���������
$�����
�� "���������

����%�

 

Friction angle, ϕgf (°) 29 

  

��� ���������&'�(���������  

Friction angle, ϕgg (°) 0 

�

 

�

� �

Page 27 of 40

https://mc06.manuscriptcentral.com/cgj-pubs

Canadian Geotechnical Journal



D
raft

������ )� Initial parameter values of foundation (cemented sand) and waste (sand#peat mixture 

with 3:1 by mass). 

 

Property Value 

�
$�����
��"�������������%����������
���
��
�  

Young’s modulus, Ef (MPa) 30 

Poisson’s ratio, νf (#) 0.3 

  

*�����"������������#�$�%����������
���
��
�  

Young’s modulus, Ew (MPa) 2 

Poisson’s ratio, νw (#) 0.33 

  

*�����"������������#�$�%��
+��
$�
����
���
��
�  

Friction angle, ϕw (°) 30 

Cohesion, cw (kPa) 5 

Dilation angle, ψw (°) 0 

	
����
a
 Used to set up the initial stresses within the foundation; 

b
 Used to set up the initial stresses within the waste; 

c
 Used to remove the tensile mean stresses before applying the Cam#Clay model to the waste. 
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4.7 m

Initial surface

Calculated final surface
Maximum surface settlement

4.5 m

Surface settlement at landfill centre

120 kN/m (maximum tensile load)

13.8% (maximum tensile strain)
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