
CHAPTER 11 SHEAR STRENGTH OF GEOSYNTHETIC INTERFACE IN LANDFILL 

FROM NUMERICAL SIMULATIONS 

 

The main objectives of this chapter are to clarify the recommendations for the design of 

geosynthetic-lined landfill liner slopes presented by Stark and Choi (2004). This discussion does 

not relate to possible slope instability that may develop in soils underlying a waste containment 

facility or through the waste materials.    

The selection of the interface shear strength that should be used for the design of the system 

is important because it affects the disposal capacity of a waste containment facility. The usual 

design objective for waste containment facilities is to maximize storage capacity. Thus, it is 

important to design and construct sideslopes as steeply as possible. The steep design increases the 

waste compacity with less space. However, the steep design will cause extra shear displacement 

along the specific interfaces. Therefore, the shear strength of the interface would keep decreasing 

as relative shear displacement increases until it reaches the constant minimum shear strength which 

is called residual shear strength. 

Many researchers, e.g., Bove (1990), Dove and Frost (1999), Koerner et al. (1986), Martin 

et al. (1984), Mitchell et al. (1990), Negussey et al. (1989), O’Rouke et al. (1990), Saxena and 

Wong (1984), Stark and Poeppel (1994), Stark et al. (1996), Takasumi et al. (1991), Williams and 

Houlihan (1987), and Yegian and Lahlaf (1992), have shown that the residual interface shear 

resistance can be as much as 50 to 60% lower than the peak interface shear resistance. Thus, using 

a residual strength in design results in substantially flatter slopes, smaller disposal capacity, and 

decreased revenue. However, several case histories (Byrne et al. 1992; Seed and Boulanger 1991; 

Seed et al. 1990; Stark 1999) show an overestimate of the geosynthetic/geosynthetic interface 

shear resistance can lead to slope instability and substantial remediation costs.  

The residual strength can be mobilized for many reasons, including waste settlement or 

creep that leads to shear displacements along specific interfaces (Long et al. 1995), waste 

placement activities (Yazdani et al. 1995), lateral movement or bulging of waste (Stark et al. 2000), 

construction activity of the liner system (McKelvey 1994), thermal expansion/contraction of the 

geosynthetics, stress transfer between the waste on the sideslope and the landfill base that is acting 

as a buttress (Stark and Poeppel 1994), strain or displacement incompatibility between the waste 



and geosynthetic interface of interest (Eid et al. 2000), and/or earthquake induced displacements. 

These shear displacements may lead to the mobilization of the residual strength of a sideslope and 

at least a small portion of the base of a bottom liner system, which can result in the progressive 

failure of landfills. (Byrne 1994; Filz et al. 2001; Gilbert and Byrne 1996; Reddy et al. 1996; Stark 

and Poeppel 1994). Therefore, the author runs a series of numerical analysis and provide a general 

guide of the mobilized interface strength in the landfill bottom liner interface based on the length 

and steepness of the sideslope and length of the base. 

The geometry investigated in the study represents the construction of a landfill with waste 

placed across the full width of the liner system shown in the red line of Figure 1. The average 

waste element size is around 1m×1m. The waste is placed in lifts of around equal thickness. The 

two-dimensional model of the landfill cross-section used in this study is shown in Figure 1, with 

an assumption of plane-strain conditions. The left and right boundaries were fixed without any 

displacement in both horizontal and vertical directions. Time-dependent degradation and creep 

settlements that occur during post-closure are not included. Therefore, the outputs from the 

analyses consider only part of the waste-life deformation and hence lining system response, 

although the trends will be indicative. The interaction between the lining components was modeled 

using two interfaces: textured geomembrane against compacted clay; and textured geomembrane 

against drainage composite (GMX/GDC); The shear strength-displacement behavior of 

GMX/GDC interfaces was measured in a laboratory testing program in Figure 2.  

 

Figure 1 General model of landfill with 3H:1V side slope 

 

The thin red layer shows the structural element which represents the geomembrane. The 

geomembrane was attached to the clay layer and GDC layer by two interface layers. Each interface 



exhibits strain-softening behavior, which was incorporated into the numerical model using the 

approach developed by Fowmes et al. (2006,2008). The two interfaces on the bases and side slopes 

were divided into 300 to 350 elements, which depending on the model size. The interface models 

also incorporate strain-softening behavior. The geomembrane and geotextile were fixed in both 

the vertical and horizontal directions at the crest of the slope, which models an anchor trench with 

no slippage allowed, producing maximum possible tensile forces and strains in the geosynthetics. 

 

11.1 SHEAR STRENGTH OF THE GEOSYNTHETIC INTERFACE FROM DIRECT SHEAR 

TESTS AND RING SHEAR TESTS 

Torsional ring shear tests using a modified Bromhead device (Stark and Eid, 1993) were 

conducted to measure the shear strength of geosynthetic/geosynthetic, geosynthetic/soil interfaces. 

The Bromhead ring shear apparatus is based on the design presented by Bromhead (1979) and is 

manufactured by Wykeham-Farrance Ltd., Slough, U.K. The specimen container can 

accommodate an annular specimen with an inside diameter of 40 mm, an outside diameter of 100 

mm, and a thickness of 2mm.  

The shear area of the ring shear apparatus doesn’t change with shear displacement under 

shear, unlike the direct shear apparatus, where theoretically, the shear displacement could be 

unlimited. However, the ring shear test is unsuitable for multiple layered geosynthetic material 

testing due to its small size. The shear direction differs from the manufacturing direction since the 

ring shear test shears the sample rationally instead of in one direction (Stark et al. 1996). The 

sample preparation for the ring shear test can be found in Stark et al. 1996. Figure 2 shows the 

shear stress displacement curves of ring shear tests and direct shear tests under the same effective 

normal stress of (a) 48 kPa, (b) 96 kPa, (c) 192 kPa, and (d) and 285 kPa. 

The ring shear tests tend to measure a higher peak strength and lower large displacement 

strength than those obtained from direct shear tests, as shown in Figure 2. Figure 2 also shows that 

a higher peak strength was observed using the ring shear test. This could be attributed to the equally 

distributed applied effective normal stress on the interface provided by weight transferred by the 

level arm. However, the effective normal stress in the direct shear test was applied using the air 

bladder, which doesn’t apply the effective normal stress equally over the interface area. Different 

applied effective normal stress is because the actual applied stress on the corners is less than that 



at the center of the interface due to insufficient air pressure over the large size of the direct shear 

box. Therefore, the actual average effective normal stress was not fully mobilized, causing a lower 

peak shear strength in the direct shear test compared to the ring shear test. The large displacement 

strength from both tests is comparable. The direct shear tests yield a slightly higher large 

displacement strength than the ring shear tests. This could be attributed to two possible reasons, 

(1) The geomembrane surface was polished in the ring shear test faster than in the direct shear test 

because the effective normal stress was applied uniformly on all the interface area from the 

beginning of testing in the ring shear device. (2) In the direct shear test, untested areas of 

geomembrane is constantly being introduced and sheared with further shear displacement due to 

the moving lower shear box half, unlike the ring shear test, where the same interface area is being 

sheared from the start to the end of the test. This will provide more resistance for the direct shear 

test post the peak shear resistance. 

 

Figure 2 Shear stress displacement curves from ring shear tests and direct shear tests under 

effective normal stress of (a) 48 kPa, (b) 96 kPa, (c) 192 kPa, and (d) 285 kPa. 



The direct shear tests were extrapolated to around 1,000 mm in Figure 3Error! Reference 

source not found.. The extrapolated stress displacement curve considered the peak strength from 

direct shear tests and residual shear strength from ring shear tests. The extrapolated stress 

displacement curve provided the basic strength displacement curve used as the interface parameter. 

The initial stiffness of the interface model was determined by simulating the results of the direct 

shear tests on the GMX/DC. Fowmes (2007) concludes that a lower shear stiffness causes a lower 

peak shear strength, as shown in yellow line in Figure 4. Consequently, a higher relative shear 

displacement will be calculated with a lower interface shear stiffness before the interface 

approaches an LD condition. Reversely, a higher interface stiffness results in less relative shear 

displacement. The shear stiffness of 6.28 Mpa/m was selected based on the result in Figure 4. The 

secant shear stiffness was applied when the relative displacement passed the peak shear strength. 

 

Figure 3 Combined Shear stress displacement curves from ring shear tests and direct shear tests 

under effective normal stress of (a) 48 kPa, (b) 96 kPa, (c) 192 kPa, and (d) 285 kPa. 



 

 

Figure 4:  Simulation of direct shear test results with FLAC and Fowmes (2007) 

interface model at a normal stress of 47.9 kPa. 

 

 

11.2 DESIGN OF LANDFILL LINER SYSTEMS  

Stark and Poeppel (1994) present a design approach that uses a combination of the peak 

and residual for the design of landfill liner systems. This recommendation is based on the interface 

testing and back analysis of the slope instability in the Kettleman Hills Hazardous Waste Facility 

with liner systems composited of smooth geomembrane and geotextile interface.  

Chapter 10 analyzes the landfill failure, including a modified interface model using FLAC 

7.0. and shows residual shear strength mobilized on the sideslope and the short base of the critical 

failure surface. The paper also further studied the effect of base length, side slope steepness and 

side slope length of simplified geometry to verify the mobilized shear strength on the side slope.  

Twenties scenarios of the landfill were simulated, as shown in Table 1. Scenarios 1- 4 uses 

base length of 61 m, 91 m, 122m, and 152 meters with constant slope steepness of 3H:1V and a 



constant slope length of 80 meters. Similarly, scenarios 5 - 8 vary the base length from 61 m to 

152 meter and fixes the steepness to 3H:1V with a constant slope length of 160 meters. Scenarios 

9- 12 uses base length of 61 m, 91 m, 122m, and 152 meters with constant slope steepness of 

3H:1V and a constant slope length of 240 meters. Scenarios 12 – 24 set a constant the base length 

of 152 m. Scenarios 13 – 16 have a slope length of 80 m with steepness varying from 3H:1V to 

6H:1V. Scenarios 17 – 20  and 21 – 24 also have slope steepness that varies from 3H:1V to 6H:1V 

and have a slope length of 160 m and 240 m, respectively. All the simulated cases described above 

are shown in Table 1.  

Table 1 Simulated Scenario 

Scenario Base Length (m) Slope Steepness 

Horizontal  Length of Slope 

(m) 

1 61 

3H1V 

80 

2 91 80 

3 122 80 

4 152 80 

5 61 160 

6 91 160 

7 122 160 

8 152 160 

9 61 240 

10 91 240 

11 122 240 

12 152 240 

13  3H1V 80 



14 122 

 

 

 

 

 

122 

4H1V 80 

15 5H1V 80 

16 6H1V 80 

17 3H1V 160 

18 4H1V 160 

19 5H1V 160 

20 6H1V 160 

21 3H1V 240 

22 4H1V 240 

23 5H1V 240 

24 6H1V 240 

 

11.2.1 Base length resistance 

At the beginning of the study, the slope length was fixed to 80 meters with 3H:1V steepness 

to check the displacement along the interface when the base length varies from 61 m to 152 m 

shown in Scenarios 1 - 4. The displacement over the interface element is shown in Figure 5. The 

horizontal base almost has no relative shear displacement and mobilize peak shear strength. 

However, the side slope also shows few displacements, around 1.5 cm regardless of the base length, 

which means the shear strength reaches the post-peak condition and not at large displacement 

condition. Because of the short slope length, the fixed anchor near the crest limits the relative 

displacement between GMX and NWGT over side slope. The waste near the base area also 

provides the back support to prevent waste over side slope from moving downward which reduces 

the displacement over the side slope. For a slope has a short slope height (<80m) and a long base 

(>61m), the base can be designed with peak strength, but the side slope should be in post-peak 

shear strength. The interface shear strength at 1.5 cm or 2 cm should be used for analysis to prevent 

the overestimation of interface strength. 



  

Figure 5 displacement over slope for different base length for short slope length model 

 

When the slope length doubled to 160 meter in Scenarios 5 - 8, the authors tried to control 

the maximum depth of the waste in the model to be less than 50 which is closed to that in the short 

slope model. The maximum waste filling depth in the model is at the deflection point from base to 

sideslope as shown in Figure 1. However, due to the increasing heights of the side slope, the total 

waste filled into the model was increased approximately twice. The displacement over the interface 

is shown in Figure 6. The displacement of the side slope increases significantly from that shown 

in the short slope length model in Figure 5. All models show an increase in relative shear 

displacement over the side slope in Figure 6. Half of the node near the side slope reaches more 

than 75 mm shear displacement which suggests the strength from conventional direct shear tests 



may be unconservative for design since shear strength from the direct shear tests stops at 75 mm. 

However, the shear strength keeps decreasing as shear displacement increases. When the base 

length is short as 61 meters, the relative shear displacement of the base reaches 1.5 cm. This 

indicates the post-peak shear strength should be applied to the base. The increasing displacement 

over the base was due to the short base length, causing less resistance force from the base. 

Therefore, the waste over side slope tends to move downward. This movement from the waste 

over the side slope pushes the waste on the base and transfers extra force to the interface layers 

below. Therefore, extra shear displacement was mobilized of the interface over the base. Due to 

insufficient resistance from the base of 61 m, more relative displacements tend to mobilize over 

the side slope shown in the magenta line in Figure 6. In short, when the base lengthis less than 

half of the slope length, the base should be designed with post-peak shear strength. Otherwise, the 

base will mobilize peak shear strength. Moreover, large displacement shear strength will be 

mobilized on the side slope. 

 

 

Figure 6 displacement over slope for different base length for medium slope length model 

 

When the slope length doubled to 240 meter in Scenarios 9 - 12, The displacement over 

the interface is shown in Figure 7. The displacement of the side slope increases significantly. Half 



of the node near the side slope reaches more than 220 mm shear displacement which means 

residuals shear strength should be applied on the side slope. When the base length is 152 m, the 

base/slope is grater than 0.5, the base still mobilize peak shear strength. When the base decreases 

to 122 m, the base/slope is about 0.5, the shear displacement over the base increases to 2 cm which 

indicates post peak shear strength is mobilized on the base. The base decreases to 91 m in scenario 

11. Around half of the node at the base displace about 4 cm, large displacement shear strength is 

mobilized on the base with base/slope of 0.4. When the base length is short as 61 meters, the 

relative shear displacement of the base passed 4 cm. This indicates the large displacement shear 

strength should be applied to the base. The increasing shear displacement over the base was due 

to the short base length, causing less resistance force from the base. Therefore, the waste over side 

slope tends to move downward. This movement from the waste over the side slope pushes the 

waste on the base and transfers extra force to the interface layers below. Therefore, extra shear 

displacement was mobilized of the interface over the base. Due to insufficient resistance from the 

base of 61, 91 m and 122 m, more relative displacements tend to mobilize over the side slope 

shown in the magenta, cyan and red line in Figure 7. In short, when the base/slope is around 0.5, 

the base should be designed with post-peak shear strength. When the base /slope is lower than 0.5, 

the large displacement should mobilized on the base, Otherwise, the base will mobilize peak shear 

strength. Moreover, residual shear strength will be mobilized on the side slope. 

Since the large displacement or residual shear strength is mobilized on the side slope. 

Extending the direct shear results should be used in the numerical simulation because the shear 

strength keeps decreasing as the shear displacement increases after peak condition. The extend 

direct shear test results help the computer to select right shear strength at right relative 

displacement to prevent the overestimating shear strength on the side slope. 



 

Figure 7 displacement over slope for different base length for long slope length model 

 

11.2.2 Slope steepness of simple geometry 

 

The effect of slope steepness has also been studied in this section with a constant base 

length of 152 m. The slope varied from 3H:1V to 6H:1V with three slope lengths of 80 m, 160 m 

and 240 m. The maximum waste filling depth was controlled to be 28m to limit the impact of waste 

filling height. However, the increased slope height will increase the amount of introduced waste 

as discussed before. Therefore, some extra amount of shear displacement will be introduced by 

filling more waste. The displacement over the interface for Scenarios 13 – 16 with a short slope 

length of 80 m and different side slope steepness was shown in Figure 8. The steeper slope induces 

more relative shear displacement as shown in Figure 8. The 3H:1V slope only shows a maximum 

displacement of 2 cm at post-peak conditions. When the slope steepness was less than 4H:1V, the 



displacement over side slope was less than 0.6 cm, the peak shear strength will mobilized on side 

slope.  

 

Figure 8 Displacement over the interface for different slope steepness with a slope length of 

80 m.  

 

The displacement over the interface for Scenarios 17 – 20 with a medium slope length of 

160 m and different side slope steepness was shown in Figure 9. When the slope length was 

doubled to 160 m, the displacement over the side slope significantly increased as shown in Figure 

9.  The steeper slope also induced more relative shear displacement. The 3H:1V slope only shows 

a maximum displacement of 10 cm with the majority of slope passing 4 cm displacement. 

Therefore, the slope reaches the large displacement condition. When the slope steepness was 

4H:1V, the shear displacement over side slope is closed to 4 cm which is corresponding to the 

boundary between post-peak and large displacement shear strength. The large displacement shear 

strength is suggested for the side slope with 4H:1V to secure the safety of the slope. When the 

slope steepness is 5H:1V or less, the mobilized displacement on the side slope is still higher than 

1.5 cm. Therefore, post-peak strength should be designed for side slope steepness equal to or less 

than 5H:1V with slope length between 80 to 160 meters.  

 



 

Figure 9 Displacement over interface for different slope steepness with slope length of 160 m 

 

 The displacement over interface for Scenarios 21 – 24 with long slope length of 240 m and 

different side slope steepness was shown in Figure 10. When the side slope length increased to 

240 m, the displacement over the side slope is shown in Figure 10. The steeper slope also induced 

more relative shear displacement than before. The 3H:1V slope only shows a maximum 

displacement of 28 cm, with approximately one third of the slope passing 24 cm displacement. 

Therefore, one third the slope reaches the residual condition. Almost all nodes in the slope pass 

the large displacement boundary of 4 cm. Therefore, residual shear strength can be designed for 

side slope. When the slope steepness was 4H:1V, the shear displacement over the side slope passed 

4 cm which means large displacement shear strength mobilized on the part of the side slope. Since 

the shear displacement over side slope is closed to the post-peak and large displacement strength 

boundary, the large displacement shear strength is suggested for the side slope with 4H:1V. If the 

slope steepness is 5H:1V or less, the mobilized displacement on the side slope is still higher than 

1.5 cm. Therefore, post-peak strength should be designed for side slope steepness equal to or less 

than 5H:1V with slope length between 160 to 240 meters. 



 

Figure 10 Displacement over interface for different slope steepness with slope length of 240 

m 

 

11.3 SUMMARY 

When the length of the base is more than half of the slope length, peak strength will 

mobilize on the base. Otherwise, post-peak shear strength should be applied on the base. The 

steeper the slope, the more displacement would mobilize on the side slope. Meanwhile, the slope 

length also impacts the mobilized shear displacement over the side slope. Generally, the longer the 

slope length, the more shear displacement mobilize over the side slope. The discussion was divided 

into three parts based on the slope length. If the slope length was equal to or less than 80 m, the 

side slope can be designed with post-peak shear strength with slope steepness of 3H:1V. When the 

slope steepness is less or equal to 4H:1V, peak strength will be mobilized on the side slope. The 



peak or post-peak shear strength on the side slope with a short slope length is due to the high 

constrain provided on the interface by the anchor near the crest. When the slope length is between 

80 m and 160 m, the shear strength on the side slope varies based on the slope's steepness. When 

slope steepness equals or is higher than 4H:1V,  large displacement shear strength will be 

mobilized on the side slope. When the slope steepness equals to or less than 5H:1V, the post-peak 

shear strength should be applied on side slope. The residual strength would be applied on the side 

slope when the slope length is higher than 160 m with a steepness of 3H:1V. The large 

displacement shear strength will be mobilized on the side slope with slope steepness equal to or 

slightly less than 4H:1V. When the slope steepness is lower than 5H:1V, post-peak shear strength 

would be mobilized on the side slope. In short, the filling of the waste and construction of the liner 

would trigger a certain amount of displacement over the interface. Therefore, the peak strength 

would never be mobilized on side slope. The landfill with a 3H:1V slope induced most shear 

displacement. Residual would be mobilized on the side slope when slope length is higher than 160 

m. Generally, the slope should be designed with large displacement shear strength except steepness 

is greater than 4H:1V. 
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