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Determination and Modeling of Shear Strength Behavior 

of Soil – Geosynthetic Interface 

 

Abstract 

In this study, engineering parameters affecting the interfaces between different soils 

and geomembrane (GM) were examined under various conditions such as curing 

liquid, curing time, and normal stress level. Besides, in designs where multiple 

geosynthetics (GSs) are used together, such as landfill sites, potential shearing 

surfaces may occur in interfaces formed between GSs. For this reason, the study 

aimed to investigate the interface behaviors between GMs and geotextiles (GTXs). In 

the first stage, the engineering parameters of the GSs and soils to be used were 

determined by laboratory experiments. In the second stage, medium-scale direct 

shear experiments were carried out to determine the shear strength parameters of 

soils. In the third stage, the shearing behavior of soil samples with GM interfaces 

was examined under changing conditions. Most of the variables in here were related 

to the geotechnical properties of the soils and the physico-chemical properties of the 

GMs such as tensile strength, elongation at break, static puncture resistance, yield 

strength etc., and these variables included the effect of parameters not studied in the 

literature. These parameters were morphological properties, grain size, and normal 

stress levels. HDPE, LDPE, PVC, and TPO with different chemical properties are 

GMs that are commonly used in our country and their thicknesses were examined in 

experiments. To reflect the actual field conditions, tap water, salt water at 0.5 

molarities, and synthetic waste leachate (acidic mine drainage leachate, coal 



iv 

 

combustion product leachate, municipal solid waste leachate) were used as pore 

liquid. GMs were kept in different pore liquids in the curing pool for 4, 8, and 16 

months, and their aging effects were examined. In the fourth stage, interfaces 

between different GMs and geotextiles were created and the shear behavior of the 

surface was examined. The surface deformations and roughness of the geosynthetics 

used in the experiments were examined by Scanning Electron Microscope (SEM) 

and Optical Profilometer (OPM) analyses. So, the effect of soil properties, pore 

liquids, aging, and normal stress on the geosynthetic surface could be investigated. 

The experiments carried out in the last stage were modeled with a finite element 

software (Plaxis 2D) and the results were compared. As a result of the experiments, 

all interface friction angles were lower in terms of internal friction angle. The 

interface friction angle of more angular and coarser grain soils was higher. The 

interface friction angles decreased as the curing time increased for all curing liquids. 

The most damaging leachate of GMs to the interface friction angle was acidic mine 

drainage, while the minimal damage was the coal combustion product. The results of 

Plaxis 2D, OPM, and SEM analysis were compatible with the interface direct shear 

test results and the results from the experiments were supported by these analyzes. 

 

Keywords: Geomembrane, geosynthetic, geotextile, interface shear strength, 

leachate curing  
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Zemin – Geosentetik Arayüzey Kayma Dayanımı 

Davranışının Belirlenmesi ve Modellenmesi 

 

Öz 

Bu çalışmada, farklı zeminler ve geomembranlar (GM) arasındaki arayüzleri 

etkileyen mühendislik parametreleri, kür sıvısı, kür süresi ve normal gerilme sınıfı 

gibi çeşitli koşullar altında incelenmiştir. Ayrıca depolama sahaları gibi birden çok 

geosentetiğin (GS) bir arada kullanıldığı tasarımlarda, GS’ler arasında oluşan 

arayüzeylerde de potansiyel kayma yüzeyleri oluşabilir. Bu nedenle, bu çalışmada 

aynı zamanda GM ve geotekstiller arasındaki arayüzeyler de araştırılmıştır. İlk 

aşamada, GS’lerin ve zeminlerin mühendislik parametreleri laboratuvar deneyleri ile 

belirlenmiştir. İkinci aşamada, zeminlerin kayma dayanımı parametrelerini 

belirlemek amacıyla orta ölçekli direkt kesme deneyleri gerçekleştirilmiştir. Üçüncü 

aşamada, değişen koşullar altında, zeminlerin GM’ler ile oluşturdukları 

arayüzeylerin kayma davranışı incelenmiştir. Buradaki değişkenlerin çoğu, 

zeminlerin geoteknik özellikleri ve GM'lerin fiziko-kimyasal özellikleri ile ilgilidir 

ve literatürde çalışılmayan parametreleri içerir. Bu parametreler morfolojik 

özellikler, dane boyu ve normal gerilme sınıfıdır. Farklı kimyasal özellikteki HDPE, 

LDPE, PVC ve TPO ülkemizde en çok kullanılan GM türleridir ve bu çalışmada aynı 

zaman kalınlıkları da incelenmiştir. Gerçek saha koşullarını yansıtabilmek amacıyla, 

direkt kesme deneylerinde boşluk suyu olarak çeşme suyu, 0.5 molaritede tuzlu ve 

laboratuvarda sentetik olarak hazırlanmış atık sızıntı sıvıları (asidik maden drenajı 

sızıntısı, kömür yanma ürünü sızıntısı, kentsel katı atık sızıntısı) kullanılmıştır. 
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GM’ler bu boşluk sıvıları içerisinde 4, 8 ve 16 ay bekletilmiş, böylece yaşlandırma 

etkisi incelenmiştir. Dördüncü aşamada GM – geotekstil arayüzeyleri oluşturulmuş 

ve kayma davranışları incelenmiştir. Geosentetiklerin yüzeyinde oluşan 

deformasyonlar ve pürüzlülükleri Taramalı Elektron Mikroskopu (SEM) ve Optik 

Profilometre (OPM) analizleri ile incelenmiştir. Böylece, GS arayüzeyleri üzerinde 

zemin özelliklerinin, boşluk sıvısının, yıllandırmanın ve normal gerilmenin etkileri 

belirlenmiştir. Son aşamada, deneyler, bir bilgisayar yazılımı olan Plaxis 2D ile 

modellenmiş ve elde edilen sonuçlar karşılaştırılmıştır. Deneylerin sonucunda, tüm 

arayüz sürtünme açılarının içsel sürtünme açılarında daha düşük olduğu tespit 

edilmiştir. Köşeli ve iri daneli zeminlerin arayüzey sürtünme açıları daha yüksek elde 

edilmiştir. Tüm kür sıvıları için kür süresi arttıkça arayüzey sürtünme açıları 

azalmıştır. GM'lerin arayüzey sürtünme açılarına en çok zarar veren sızıntı sıvısı 

asidik maden drenajı iken minimum hasar yaratan ise kömür yanma ürünüdür. Plaxis 

2D, OPM ve SEM analizlerinin sonuçları arayüzey direkt kesme deneyleri sonuçları 

ile uyumludur ve deneylerden elde edilen sonuçlar bu analizlerle desteklenmiştir. 

 

Anahtar Kelimeler: Arayüzey kayma dayanımın, geomembran, geosentetik, 

geotekstil, sızıntı sıvısı kürü 
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Chapter 1 

1 Introduction 

Geosynthetics (GSs) are artificial synthetic materials in the form of sheets, strips, or 

three-dimensional structures made of natural or polymeric materials. They are easy 

to prepare and transport, and they help green construction projects. The use of GSs in 

civil engineering applications has been steadily increasing in recent years [1–5]. 

When used in construction, they serve five critical functions: separation, 

reinforcement, filtration, drainage, and containment [6]. GSs are divided into nine 

categories: Geotextile, Geonet, Geogrid, Geomembrane, Geocell, Geosynthetic Clay 

Liner, Geocomposite, Geopipes, and Geofoam [7]. Some geosynthetics can serve 

multiple functions simultaneously. 

According to ASTM D4439, a geomembrane (GM) can be defined as “A very low 

permeability synthetic membrane liner or barrier used with any geotechnical 

engineering related material to control fluid or gas migration in a human-made 

project, structure, or system” [8]. GMs are used to ensure impermeability for many 

engineering branches such as geotechnical, hydraulic, environment, and 

transportation, which provide advantages in terms of operating speed, ease of access, 

and economy [9–12]. There are many different types of GMs according to the 

production method and polymer type. Some of these are high density polyethylene 

(HDPE), linear low density polyethylene (LLDPE), polyvinyl chloride (PVC), 

ethylene propylene diene monomer (EPDM), reinforced polypropylene (RPP), 

reinforced polyethylene (TRP), and thermoplastic polyolefin (TPO). The types of 

GMs used in this thesis are PVC, HDPE, and TPO.  The reason for choosing these 

GM types is that PVC and HDPE are some of the most used GM types in the world. 

In Figure 1.1, the total number of GM types used in 237 dams in different parts of the 

world are shown [13]. The reason why TPO is preferred is that it is more 
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environmentally friendly during its production than other GM types, although not 

much information is known about the new ones.  

 

 

Figure 1.1: Type of geomembranes used in dam projects worldwide [13] 

 

Polyvinyl chloride (PVC) GMs are used for bundling in the foundation base and 

insulation on roofs. High density polyethylene (HDPE) GMs are used for sealing in 

projects such as mine waste landfills, tank fields, municipal solid waste landfills, acid 

tanks, ponds, and irrigation canals. Thermoplastic polyolefin (TPO) GMs are 

synthetic waterproofing membrane reinforced with fiberglass felt, used in basic 

bundling, green roof, metal roof, and inverted roof insulation, which is resistant to 

atmospheric conditions and UV rays, does not age or harden over time. It is also 

called FPO (flexible polyolefin) in the literature. Since it does not contain PVC or 

plasticizer in its content, it does not emit harmful substances into the environment, so 

it is a very environmentally friendly product. 

According to ASTM D4439, a geotextile (GTX) can be defined as “A permeable GS 

comprised solely of textiles. GTXs are used with foundation, soil, rock, earth, or any 

other geotechnical engineering-related material as an integral part of human-made 

project, structure, or system” [8]. GTXs are fabrics used in geotechnical applications 

such as road and rail embankments, earthen embankments, and coastal protection 

PVC
LLDPE
HDPE
IIR, PIB, EPDM
In situ
CSPE
PP
CPE
Prefabricated
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structures, designed to perform one or more essential functions such as filtration, 

drainage, separation of soil layers, reinforcement, or stabilization [14]. GTX fabrics 

come in three basic forms: non-woven GTXs, woven GTXs (needle punched), or 

heat bonded GTXs (structural woven). The type of GTX used in this study is 

nonwoven GTX. Nonwoven GTXs are permeable GSs made of nonwoven materials 

used with soil, rock, or other geotechnical-related material as an integral part of a 

civil engineering project, structure, or system [15]. 

The utilization of GTX and GM coatings in engineering structures serves as a robust 

shield against leakage and environmental elements, although the interaction with the 

soil may create a potential surface for shearing. Aside from the potential shearing 

plane, other drawbacks include the possibility of tears or ruptures occurring on the 

GM surfaces when subjected to high vertical stresses. To safeguard the GM surfaces 

from damage, they are covered with a different type of GS called GTX. 

Consequently, in addition to the soil – GM interface, new shear planes emerge 

between GM – GTX and soil – GTX. Therefore, while the proper application of GSs 

offers numerous advantages, neglecting the aforementioned factors can lead to 

adverse situations. To address these issues and ensure safe designs during the design 

phase, it is essential to have a thorough understanding of the shearing behavior at the 

interfaces of GS – soil and GS – GS. 

1.1 Aim and Scope 

The aim of this study is to examine the interface shear behavior between soils and 

GSs. In this context, six different soil types, three different GM types, and one GTX 

(nonwoven) type were used. The soil types are low plasticity clay (LC), 

sand/bentonite mixture (SB), crushed sand (CS), river sand (RS), crushed gravel 

(CG), and river gravel (RG). The GM types are polyvinyl chloride (PVC), high 

density polyethylene (HDPE), and thermoplastic polyolefin (TPO). Two different 

thicknesses of PVC, 1.5 and 3.0 mm, were used. HDPE with two different surface 

roughnesses, textured and smooth, was used. Interface friction parameters were 

determined by direct shear test under low, medium, and high normal stress levels. All 

these parameters reflect the aims of the thesis. These aims are used to investigate the 
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effect of soil particle size, soil particle shape, GS type, GM roughness, GM 

thickness, and normal stress on the interface friction behavior. 

In addition, the shear strength behavior between different GMs and non-woven 

GTXs and normal stress level effect was also investigated. 

Another aim of the thesis is to investigate the interface friction behavior of GMs 

aged in certain liquids. For this purpose, for GMs used in areas close to the coastline, 

GMs were immersed in 0.5M salt water for 4, 8, and 16 months and then interface 

direct shear tests were performed. Also, GMs were kept in synthetically prepared 

acidic mine drainage for 4, 8, and 16 months in order to revive the mining 

exploration facilities or the storage facilities where metal wastes are collected. 

Likewise, GMs were cured for 4, 8, and 16 months in synthetically prepared coal 

combustion product leachate to revive the facilities where coal wastes are stored, and 

in the synthetically prepared municipal solid waste leachate to revive the municipal 

solid waste storage facilities. 
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Chapter 2 

2 Previous Studies 

There are some studies in the literature on the shear strength behavior of the 

interfaces formed between different GM types and different soils. In the literature, it 

has been observed that the number of studies on the shearing behavior of the 

interfaces between many different GMs and different soil types in this study is quite 

limited. In addition, there are no studies in which GMs are cured in salt water and 

leachates and then subjected to interface direct shear tests. The former studies are 

summarized in detail. 

2.1 Effect of soil type on interface shear behavior of 

soil – geosynthetic 

Numerous studies in the literature focus on investigating the impact of soil type on 

the shear strength behavior of the soil – GS interface. Fleming et al. (2006) 

conducted research on the interface shear behavior between soil and GM, specifically 

using smooth GM and unsaturated soil. The GM utilized was HDPE with a thickness 

of 1.5 mm. They employed three different soil types: Ottawa sand, Ottawa 

sand/bentonite mixture, and silty sand. To measure shear behavior, a modified direct 

shear test apparatus was used, with a miniature pore pressure transducer placed 

within the shear box. This allowed for the measurement of excess pore water 

pressure, and the results were interpreted in terms of both total and effective stresses. 

The test results revealed that the internal friction angles of Ottawa sand and silty 

sand were 35.5⁰ and 31.8⁰, respectively. Lower interface friction angles were 

observed with higher water content during placement, while higher interface friction 

angles were obtained at higher dry densities during placement. Under saturated 
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conditions, the interface friction angles for silty sand and sand/bentonite mixture 

were 14.1⁰ and 21.0⁰ for total stress, and 13.8⁰ and 21.2⁰ for effective stress. Under 

unsaturated conditions, the interface friction angles for silty sand and sand/bentonite 

mixture were 21.4⁰ and 19.8⁰ for total stress, and 23.6⁰ and 21.5⁰ for effective stress. 

The authors explained the decrease in friction angle by citing slide and scratch at low 

normal stress, as well as plowing at high normal stress [11]. Vangla and Gali (2016) 

investigated the influence of particle size and morphology on the interface shear 

behavior between soil and GM. They used three sandy soils with different particle 

sizes (fine, medium, coarse) but the same morphology to examine the particle size 

effect. Additionally, two sands with the same size but different morphologies (coarse 

sand, angular coarse angular sand) were used to determine the morphology effect. 

All soils were classified as poorly graded sand. The study also explored the influence 

of normal stress on the interface shear behavior. A smooth HDPE GM with a 

thickness of 1.5 mm was employed, and the experiments were conducted using a 

large-scale direct shear test apparatus with dimensions of 300x300x85 mm. The soil 

samples were prepared in a zero moisture state and at 70% relative density. The GM 

surface roughness was measured using a 3D optical profilometer, while the sand 

morphologies were analyzed through image analysis. The study concluded that the 

peak friction coefficient decreases as the normal stress increases until reaching a 

critical normal stress, which was determined to be approximately 53 kPa. Surface 

changes intensified gradually from a normal stress of 22 kPa to the critical normal 

stress of 53 kPa. Beyond this point, the normal stress was high enough to cause 

damage to the GM surface. The internal friction angles of the fine, medium, coarse, 

and angular coarse soils were measured at 40.4⁰, 40.7⁰, 40.8⁰, and 36.5⁰, respectively, 

while the interface friction angles were observed at 22⁰, 22.2⁰, 18.7⁰, and 27.1⁰, 

respectively. The coarse-grained sand exhibited the most negative effect, and it was 

determined that angularity had a positive impact on the interface friction angle [16]. 

2.2 Effect of geosynthetic type on interface shear 

behavior of soil – geosynthetic 

In addition to the effect of the soil type on the interface shear strength behavior, 

studies investigating the effect of the GS type also exist in the literature. Feng and 
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Cheng (2014) conducted a series of laboratory experiments that were performed to 

obtain the interface shear strength between soil – GM and GM – GTX. These 

experiments were repeated more than once under various normal stresses. Nonwoven 

GTX with a mass per unit area of 400 g/m2 and 1.5 mm thick textured HDPE GM 

was used. The soil used in this study was classified as silty clay with silty sand. The 

shear strength experiments were conducted with a large-scale direct shear apparatus 

whose dimensions are 400x600 mm and the shear rate was 1 mm/min. For GM – 

GTX interface experiments, three samples were tested three times under constant 

normal stress of 50, 100, and 200 kPa to determine the reduction of shear strength of 

the interface. One sample was tested under increasing normal stress with the order of 

50, 100, and 200 kPa. For GM – soil interface experiments, five specimens were 

examined three times under constant normal stress of 20, 50, 100, 200, and 300 kPa. 

One sample was sheared three times at increasing normal stress from 50 to 100 and 

200 kPa. The GM – GTX interface friction angle values were obtained 19.8⁰, 18.07⁰, 

and 17.45⁰ for the 1st, the 2nd, and 3rd repeat, respectively. Generally, interface 

contacts reach maximum shear strength at a higher strain when they were sheared for 

the first time. The maximum shear strength was reached at a much smaller strain for 

the second and third time shearing tests. The GM – soil interface friction angle 

values were obtained 10.67⁰, 9.07⁰, and 9.00⁰ for the 1st, 2nd, and 3rd repeat, 

respectively [17]. Also, the researchers investigated the effect of both GS type and 

thickness on the interface shear behavior. Chai and Saito (2016) investigated the 

interface shear strength parameters of clayey soil – GM using a large-scale direct 

shear test device. Bentonite and quartz powder were mixed with a clayey soil of 

3/10. Three different types of GMs were used: polyethylene (PE), PVC, and HDPE. 

The dimension of the upper part of the large-scale direct shear device was 

200x450x100 mm and the lower part was 200x200x70 mm. In the experiments, 50, 

80, and 100 kPa normal stresses were applied. The test results showed that maximum 

adhesion value was obtained between a clayey mixture and PVC. The interface 

friction angles between bentonite and GMs were quite small (3 - 4⁰). For all 

specimens, the interface shear strength was achieved to approximately 55% smaller 

than the own shear strength of the soil [18]. Effendi (2011) presented the interface 

shear strength of various GMs and Ottawa sand. Smooth HDPE, smooth very LDPE, 

and PVC GMs were used. Their thicknesses were 2.03, 1.52, and 1.52 mm, 

respectively. The interface shear behavior was determined with the ring shear test. 
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The shear rate was 2.4 mm/min and the normal stresses changed between 50 kPa and 

200 kPa. At the end of the tests, it was obtained that the efficiency ratio (E) was 

equal to tanδ/tanϕ. The very stiff and smooth surface of the HDPE showed the lowest 

interface friction changing from 34 to 45% (E = 0.34 to 0.45) of the internal friction 

angle of the Ottawa sand (ϕaverage = 28.8°). A higher interface friction angle between 

44 to 59% of that of the Ottawa sand was mobilized in the tests with the relatively 

softer surface VLDPE. For PVC, which was the softest material used in this study, 

the interface friction angle of 70 to 97% of the Ottawa sand at normal stress from 50 

kPa to 223 kPa. In conclusion, the interface strength of these smooth GMs was found 

to be dependent on normal stress levels: the PVC was most dependent, and the 

smooth HDPE was the least dependent [19]. Stark and Santoyo (2017) investigated 

the interface shear strength behavior between ten GMs and two soils. Seven GMs are 

smooth, three are textured and their thickness varies between 0.75 and 1.5 mm. The 

types of GMs used are PVC, HDPE, LLDPE, coated woven polyethylene, and TPO. 

The types of soil used were clayey glacial till and Ottawa fine sand. The interface 

shear strength parameters were measured with a torsional ring shear apparatus and 

the shear rate was 0.015 mm/min. The results of the experimental study showed that 

textured GMs have a larger interface friction angle than smooth GMs. According to 

clayey glacial till soil tests, the maximum interface friction angle (46⁰) was obtained 

tenth GM (textured, 1.5 mm, HDPE). The minimum interface friction angle (14⁰) 

was obtained ninth GM (smooth, 1.5 mm, HDPE). According to the test on the 

Ottawa sand soil, the maximum interface friction angle (31⁰) was obtained tenth GM 

(textured, 1.5 mm, HDPE). The minimum interface friction angle (15⁰) was obtained 

second GM (smooth, 1.5 mm, LLDPE). Also, the glacial till – GM interfaces 

exhibited higher interface friction angles than the Ottawa Sand – GM interfaces [20]. 

2.3 Effect of both geosynthetic and soil type on 

interface shear behavior of soil – geosynthetic 

When examining studies that investigate the combined effects of GS and soil type, 

Frost et al. (2012) explored the influence of soil angularity, GM surface roughness, 

and normal stress on the behavior of interface shear strength. The researchers 

conducted direct shear tests in multiple series. The first series involved testing 
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rounded sand with three different levels of GM roughness under a normal stress of 

100 kPa. The second series included testing angular sand with two different GM 

roughness levels under the same normal stress. Two additional series were carried 

out using rounded and angular sands under a normal stress of 300 kPa to study the 

effects of normal stress. The experiments utilized a modified direct shear test device 

with dimensions of 100x100x38 mm, and the shear rate was set at 0.25 mm/min. The 

soil specimens were placed into the shear box using the pluviated method with a 

relative density of 80%. The findings revealed that the displacement required for 

rough GM (1.5 mm) to reach the peak state was greater than that for smooth GM (0.3 

mm). Additionally, the peak and residual interface friction angles exhibited 

significant increases with changes in roughness until reaching a critical roughness 

value (approximately 1.35), after which they remained constant. The interface 

friction angle increased as roughness increased. Normal stress did not have an 

impact, and angularity had a positive effect on the interface friction angle [21]. 

Punetha et al. (2017) aimed to comprehend the shearing mechanism at the soil – GS 

interface and investigate the effects of various parameters on interface behavior. 

They utilized two types of GS: smooth HDPE GM and nonwoven GTX. Two sands 

with different grain size distributions were employed as the soil. The parameters of 

the sand, including degree of saturation, mean particle size, relative density, as well 

as testing conditions such as shearing rate and normal stress, were examined. The 

experiments were conducted using a large-scale direct shear apparatus with 

dimensions of 300x300x300 mm. To interpret the test results, the authors determined 

the coefficient of friction (μ), which represents the ratio of shear strength to normal 

stress (τ/N). According to the test results, the coefficient of friction decreased as the 

normal stress increased for both GM and GTX. However, after reaching a specific 

value of normal stress (100 kPa), the coefficient of friction remained relatively 

constant. Three different degrees of saturation (0, 50, 100%) were considered to 

assess the saturation effect, and it was observed that the coefficient of friction 

decreased with increasing degree of saturation. The mean particle size (0.21 mm, 

0.44 mm) was found to have a minimal effect on the coefficient of friction. As the 

relative density (40, 60, 80%) increased, the coefficient of friction also increased. 

Finally, the coefficient of friction decreased as the shearing rate increased (0.314 

mm/min, 0.502 mm/min, 2.54 mm/min) [3].   
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2.4 Effect of other parameters on interface shear 

behavior of soil – geosynthetic 

With the increasing use of GSs in many fields, studies examining the different 

parameters affecting the interface shear strength have also increased. Studies are 

investigating the effects of many parameters such as water content, aging, and 

different interface on the interface shear strength behavior. Vaid and Rinne (1995) 

examined the effect of the soil angularity and GM surface texture on the interface 

shear strength of the soil – GM. The medium quartz sand with rounded and angular 

grains was used as a soil specimen to investigate the angularity effect. The PVC, 

smooth, and rough HDPE were used to determine the texture effect. Their surface 

roughness (Ra) was 1.3, 1.1, and 2.3 μm, respectively. The interface friction angles 

were obtained with the ring shear test apparatus and the shear rate ranged between 5 

and 8.3 mm/min. The soil specimen was placed in the box pluviated method, and the 

relative density was obtained from 30 to 35%. The interface friction angle of PVC 

and rough HDPE were very close to each other for rounded sand. The interface 

friction angle of the smooth HDPE was quite low compared to the others. The same 

was true for the angular sand sample, but this time the interface friction angle of the 

smooth HDPE was closer to the others [10]. Stark et al. (1996) analyzed the interface 

shear behavior of GM – GTX, and GM – geocomposite. Six different GMs were 

used: Coextruded textured GM (Co-GMX, Co-GMX1, Co-GMX2), laminated 

textured GM (Lam-GMX), impingement textured GM (Imp-GMX), smooth GM 

(GM). All these GMs had a thickness of 1.5 mm. A drainage geocomposite created 

by placing the HDPE between the heat bond and the two nonwoven GTXs was used. 

Five types of GTXs were used: 540 g/m2 polypropylene staple filament (GT1), 540 

g/m2 polyester single filament (GT2), 270 g/m2 polypropylene single filament (GT3), 

540 g/m2 polypropylene single filament (GT4), 540 g/m2 polypropylene staple 

filament calendered (GT5). Torsional ring shear tests with a shear rate of 0.37 

mm/min were conducted. The test results showed that textured HDPE GMs afford an 

increase in interface shear strength over smooth HDPE GMs. Nonwoven GTX – 

textured HDPE interface failure envelopes could be nonlinear. The nonwoven GTX – 

textured HDPE interface shear resistance showed to be independent of fiber type, 

mass per unit area, and fabric style. A nonwoven GTX mass per unit area of 270 
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g/m2 showed to result in higher peak interface strengths than a 540 g/m2 GTX at 

normal stresses greater than 100 kPa.  If the texturing is not damaged from the 

laminated product, laminated, and coextruded textured GMs exhibit similar peak 

interface shear strength. Nonwoven GTX or drainage geocomposite – textured HDPE 

interfaces demonstrated a post-peak strength loss of 50 – 60% (22). Islam and Rowe 

(2007) predicted the antioxidant depletion time of GMs. Three HDPE GMs of 1.5, 

2.0, and 2.5 mm thickness were used. GMs were aged in synthetic leachate at 

different temperatures (22, 55, 70, 85⁰C) conditions. The antioxidant depletion time 

was measured with the oxidative induction time (OIT) test. The synthetic leachate 

was constituted by mixing surfactant, trace metals, and reducing agents in distilled 

water and was changed every two weeks. The test results showed that the predicted 

antioxidant depletion times of 1.5 mm GM were 47, 9.5, and 2.3 years for 20, 40, and 

60⁰C, respectively. The predicted antioxidant depletion times of 2.0 mm GM were 

62, 13, and 3.1 years for 20, 40, and 60⁰C, respectively. The predicted antioxidant 

depletion times of 2.5 mm GM were 71, 15, and 3.6 years for 20, 40, and 60⁰C, 

respectively. So, the antioxidant depletion time decreased with temperature 

increasing and thickness decreasing [23]. Eid (2011) investigated the shear strength 

behavior of the composite liner and cover systems of the municipal solid waste 

landfill. The composite cover system occurred in textured GM, unreinforced 

geosynthetic clay liner (GCL), and sand, respectively. The composite liner system 

occurred in textured GM, reinforced GCL, and silty clay, respectively. The shear 

strength tests were performed with a torsional ring shear apparatus. The shear rate 

was 0.015 mm/min. The specimen was prepared at optimum moisture content and 

maximum dry unit weight. Liner system test results showed that failure occurred 

along the soil – GCL nonwoven GTX side at normal stresses of 17, 25, 50, and 75 

kPa. The shear failure surface moved to the GM – GCL woven GTX side at normal 

stresses of 100, 150, 200, and 250 kPa. For specimens sheared at a normal stress of 

300 kPa or higher, failure occurred through shearing the GCL internally. Their 

friction angles were obtained 24.5⁰, 22⁰, and 13⁰, respectively. Cover system test 

results showed that this occurred at the GCL smooth GM backing – sand interface 

for specimens with bentonite water contents of 11 and 34%. For specimens with 

higher water contents, the shear surface was located between the textured GM and 

the hydrated bentonite. Their friction angles were obtained at 26.9⁰ and 16⁰, 

respectively [24]. Monteiro et al. (2013) studied the interface shear strength behavior 
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of soil – GM for different types of GMs and degrees of saturation. Three types of 

GMs of the same thickness (1.0 mm) were used; PVC, smooth HDPE, and textured 

HDPE. Soil samples were prepared in eight different degree of saturation ranging 

from 5.5 to 66%. The interface friction angle values were determined with ramp and 

direct shear tests. The peak interface friction angles ranged from 55 to 65% of the 

internal friction angle for rounded sand, and from 65 to 90% for the angular sand. 

The peak interface friction angle was attributable directly to the resistance of the 

smooth HDPE surface to scouring. Rough HDPE and the much softer, smooth PVC 

GM both showed interface friction angles equal to the internal friction angle of the 

contacting sand. The normal stress values in the direct shear test were 25, 55, and 

150 kPa. The results of the direct shear and ramp tests were very close. The highest 

interface friction angles were obtained in textured HDPE, while the lowest interface 

friction angles were obtained in smooth HDPE. It was also observed that as the 

degree of saturation increased, the interface friction angle also increased [25].  Cen et 

al. (2018) investigated the interface shear strength behavior of soil, concrete, and 

GSs. The interfaces examined in the study were GM – fine sand, GM – sandy gravel, 

GM – GTX, GM – ordinary concrete, and GM – no fine concrete. The tests were 

carried out with a large-scale direct shear test device (300x300x180 mm). Two 

different HDPE GMs, 2 mm thick, rough, and smooth, were used. When the 

experimental results are compared, it is determined that the interface friction angles 

of rough GMs for all interfaces are higher than those of smooths. Coarse grained soil 

has a larger interface friction angle than fine grained soil. Ordinary concrete gave 

higher results than no fine concrete. The maximum (32.72⁰) and minimum (11.61⁰) 

interface friction angles were obtained at the interface of GM (rough) – sandy gravel 

and GM (smooth) – GTX, respectively [26]. 

The soil type, GM thickness and type, test method, normal stress values, and shear 

rates used in the literature studies mentioned in Sections 2.1, 2.2, 2.3, and 2.4 are 

summarized in Table 2.1. 
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Table 2.1: Parameters used in the literature studies 

Study Soil type GM type Thickness Normal stress (kPa) 
Shear 

rate 
Test device 

Vaid and Rinne, 1995 

[10] 

Quartz sand (rounded 

and angular) 

PVC, HDPE(S), 

HDPE(T) 
- - 

5.0 

mm/min 

Torsional ring 

shear 

Stark et al., 1996 [22] - HDPE(S), HDPE(T) 1.5mm 100-200-300 
0.37 

mm/min 

Torsional ring 

shear 

Fleming et al., 2006 [11] 
Ottawa sand, 

Sand/bentonite, Silty 

sand 

HDPE 1. mm 5-12-24-30 
0.833 

mm/min 

Direct shear 

(100x100mm)  

Effendi, 2011 [19] Ottawa sand HDPE, PVC, VLDPE 
2.03-1.52-

1.52mm 

25-50-100-150-200-

250-300-400 

2.4 

mm/min 

Torsional ring 

shear 

Eid, 2011 [24] Bentonite HDPE  1.5mm 
17-25-50-75-100-150-

200-250-300-350-400 

0.015 

mm/min 

Torsional ring 

shear 

Frost et al., 2012 [21] 
Round and angular 

sand 
HDPE(S), HDPE(T) 1.5mm 100-300 

0.25 

mm/min 

Direct shear 

(100x100mm) 

 Monteiro et al., 2013 [25] Sandy soil 
PVC, HDPE(S), 

HDPE(T) 
1.0mm 25-55-150  - 

Direct shear 

(100x100mm) 

test Feng and Cheng, 2014 

[17] 
Clayey soil PE, PVC, HDPE(S) - - - 

Direct shear 

(200x200mm) 

Chai and Saito, 2016 [18] Silty clay, silty sand HDPE(T) - 50-100-200-300 
1.0 

mm/min 

Direct shear 

(400x600mm) 

Vangla and Gali, 2016 

[16] 

Angular sand (fine, 

medium, coarse) 
HDPE(S) 1.5mm 22-37-53-68 

1.0 

mm/min 

Direct shear 

(300x300mm) 

Punetha et al., 2017 [3] River sand HDPE(S) 1.5mm 50-100-150-200 
0.2 

mm/min 

Direct shear 

(300x300mm) 

Stark and Santoyo, 2017 

[20] 

Clayey glacial till, 

Ottawa fine sand 

PVC(S), PVC(T), 

LLDPE, TPO, HDPE 

0.75-1.0-

1.5mm 
17-50-100-200-400 

0.015 

mm/min 

Torsional ring 

shear 

Cen et al., 2018 [26] Fine sand, sandy gravel HDPE(S), HDPE(T) 2.0mm 50-100-150-200 
1.0 

mm/min 

Direct shear 

(360x360mm) 
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2.5  Aging and surface roughness of geomembranes 

Adamska (2019) conducted research to determine the shear strength at the interface 

between HDPE GMs and fly ash. The experiments utilized a conventional direct 

shear test device with a cylindrical box. Two HDPE GMs, one with a rough surface 

and the other with a smooth surface, both measuring 1.5 mm in thickness, were 

employed. The fly ash was placed into the box at the optimum moisture content and 

maximum dry unit weight according to the Standard Proctor energy. Additionally, 

the water content values (wopt±2.5 and wopt±5) were varied to assess the effect of 

water content on the interface shear strength. The test results revealed that water 

content had a negligible impact on the interface shear strength for smooth GMs. 

However, the lowest interface shear strength was observed at the highest water 

content for rough GMs. Furthermore, it was observed that rough GMs exhibited a 

larger interface friction angle compared to smooth GMs [27]. Abdelaal et al. (2014) 

investigated the effect of leachate constituents on the OIT and physical properties of 

GM. The leachate was obtained by mixing various chemicals in the laboratory to 

represent municipal solid waste leachate. The GMs were kept in glass pools 

containing these leachates for about 108 months at different temperatures (22, 40, 55, 

70, 85⁰C). Melt index, stress-crack resistance, and OIT tests were performed on the 

samples that completed the curing period. At the end of 4 months, the OIT value 

decreased by 98% at 85⁰C and by 40% at 55⁰C. There was a decrease in melting 

index at 55 ⁰C to reach almost 0.8 (from 1.0) after 25 months and then the values 

increase with time to the initial values after 75 months of incubation. Similar trends 

were obtained at other temperatures. On the other hand, a sharp decrease was 

observed in the stress-crack resistance at the end of 80 months at 55⁰C, 40 months at 

70⁰C, and 12 months at 85⁰C [28]. Rowe et al. (2010) performed accelerated aging 

tests to evaluate the depletion of antioxidants from an HDPE. The effects of high 

pressure, temperature, and continuous leachate circulation on the aging of GMs in 

composite liner systems were investigated. The antioxidant depletion rates (0.05, 

0.19, and 0.41 month−1 at 55, 70, and 85°C, respectively) obtained for the simulated 

landfill liner under normal stress of 250 kPa are lower than those obtained from 

conventional leachate immersion tests on the same GM (0.12, 0.39, and 1.1 month−1 

at 55, 70, and 85°C). This difference leads to a significant increase in antioxidant 

depletion times at a typical landfill temperature (35⁰C), with an estimated 40 years 
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based on data from landfill liner simulators tests compared to the 15 years predicted 

for the same GM based on leachate immersion tests. In these tests, the crystallinity 

and tensile yield stress of the GM increased during the early stages of aging and 

subsequently remained relatively constant throughout the test period. There was no 

significant change in other GM properties during the test period [29]. Gulec et al. 

(2005) examined the effect of acidic mine drainage (AMD) leachate on the 

mechanical properties of HDPE. The geosynthetic materials were immersed in tanks 

containing synthetic AMD at 20, 40, or 60°C over 22 months. According to 

mechanical test results, that is no temporal changes in wide-strip tensile, puncture, 

and tear strength are evident, regardless of the temperature or leachate [30]. Similar 

results have been reported by Mitchell (1990) and Grubb et al. (1999) for other GMs 

exposed to AMD [31,32]. Sun et al. (2019) analyzed the long-term behavior of 

HDPE GMs under field conditions using analytical and mechanical testing as well as 

geoelectric leak location. The aging information obtained together with site-specific 

meteorological and hydrogeological data and landfill design parameters was then 

used in LandSim and HELP models to make quantitative analyzes of environmental 

impacts on leachate production, emissions, and groundwater. The results showed that 

HDPE GMs reached their service life after 8 years of landfill operation, where the 

hydraulic performance started to decline rapidly. This resulted in an increase in 

leachate seepage from the initial 0.05 – 0.6 m3/d to a long-term range of 27.4 – 37.6 

m3/d. This has been accompanied by changes in the impact on groundwater, with the 

impact scope expanding from 50 to 1000 m, and the probability of pollution 

increasing from "almost impossible" to "almost certain" [33]. 
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Chapter 3 

3 Geosynthetics 

GSs are essential components of a system or structure used to fulfill various 

engineering designs or purposes. GS products are generally produced from polymeric 

materials. Many different polymers are used in the production of GSs. These are 

high-density polyethylene, linear low-density polyethylene, polypropylene, polyvinyl 

chloride, polyester, expanded polystyrene, chlorosulphonated polyethylene, ethylene 

propylene diene terpolymer, and thermoplastic polyolefin. There are many different 

types of GSs according to the production method and the type of polymer used. 

These are geotextiles, geogrids, geonets, geomembranes, geosynthetic clay liners, 

geopipe, geofoam, and geocomposites. Some of the uses of GSs are reinforcement, 

separation, filtration, drainage, and water barrier. GSs are mostly used in civil 

engineering applications related to highways, railways, dams, hydraulics, retaining 

walls, canals, marine structures, foundations, embankments, etc.  

The soil reinforcement function makes the soil more stable against loading. 

Increases normal loading and reduces disturbing shear forces. As a result, steep 

slopes can be built, or a high embankment can be built on soft soil that would 

otherwise not be possible. For example, the geogrid element used for reinforcement 

in a retaining wall moves the shear wedge away from the wall, thus ensuring the 

stability of the wall (Figure 3.1). 
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Figure 3.1: Reinforcement function of geosynthetics 

 

GSs are useful for separating different types of soils. The separator helps prevent 

poor soil from mixing with quality granular materials when the structure is subjected 

to surface loading. It acts as a barrier against the migration of particles between two 

different soils, which is a necessity in many applications such as graded filters, 

pavements, linings in landfills, and clay covers [34] (Figure 3.2). 

 

 
Figure 3.2: Separation function of geosynthetics 

 

GSs, such as GTXs used for filtration purposes, hold the soil upward while allowing 

fluid to move along the plane of the GTX. To achieve this, the material must meet 

both adequate permeability, which requires an open fabric structure, and dirt 
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retention, which requires a small aperture size. Long-term soil – GTX flow 

compatibility is also important, as the filter must not become excessively clogged 

during its lifetime. The filtration function of GTXs is widely used in geotechnical 

engineering. For example, GTXs are used to prevent soil particles from seeping and 

migrating into drainage aggregates or pipes while maintaining the normal operation 

of drainage systems; laying GTXs and other protective materials under the riprap 

protective layer can prevent soil erosion and riverbank subsidence (Figure 3.3). 

 

 
Figure 3.3: Filtration function of geosynthetics 

 

The drainage function of GSs ensures the flow in the GS plane. GSs used as 

drainage channels must have water conductivity properties. Therefore, the most 

suitable GSs for drainage are GTXs, geonets, and drainage composites. In GTXs, the 

water in the soil structure can be collected and slowly discharged through the GTX 

(Figure 3.4).  
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Figure 3.4: Drainage function of geosynthetics. 

 

GMs and GTXs from GSs are used for barrier purposes. The barrier function of 

bitumen-coated GMs and GTXs is useful in many applications to minimize fluid and 

vapor flow. They are used in many applications such as canal linings, municipal 

waste landfills, dams, and liquid impoundment (Figure 3.5).  

 

 
Figure 3.5: Barrier function of geosynthetics. 

 

3.1 Geomembranes 

GMs are impermeable GS materials composed of thin continuous polymer layers. As 

they are impermeable layers, they prevent the leakage of dangerous chemicals and 

harmful pollutants into the surrounding environment. It is also used as an anti-

seepage barrier, conserving water for potable water and irrigation storage 

requirements. GMs, along with other GSs, are also used to control and contain fluid 

movement in projects related to sewage treatment, mining, and canal construction. 

GM production begins with the production of raw materials containing polymer resin 

and various additives. These raw materials are then formed into GM sheets of 

various widths and thicknesses by three different methods. These methods are 



20 

 

extrusion, calendaring, and spreading coating. There are several different types of 

GMs, depending on the polymer resin and additives used. The commonly employed 

GMs include high-density polyethylene (HDPE), low-density polyethylene (LDPE), 

polyvinyl chloride (PVC), ethylene propylene diene monomer (EPDM), and 

thermoplastic polyolefin (TPO). 

HDPE stands as the predominant choice among GMs, finding extensive usage across 

various applications. This thermoplastic polymer is derived from petroleum and 

possesses a generalized chemical formula (C2H4)n. The formula of HDPE highlights 

its repeating monomer unit, ethylene, which forms a molecular chain of 

polyethylene. One notable distinction of HDPE from other polyethylene variants lies 

in its lower frequency of side chain branching. This particular GM garners preference 

for coating projects owing to its remarkable durability, robust UV resistance, and 

relatively affordable cost. 

LDPE is produced from gaseous ethylene under very high pressures and high 

temperatures in the presence of oxide initiators. These processes yield a polymer 

structure with both long and short branches. LDPE is a very flexible material because 

the branches prevent the polyethylene molecules from being tightly packed in solid, 

rigid, crystalline arrangements. Since LDPE GMs are more flexible than HDPE, they 

are suitable for providing impermeability in plumbing projects. It is resistant to low 

temperatures and ultraviolet as it is made of untreated polyethylene resins. 

TPO is a new technological product that offers a long service life thanks to its 

resistance to sun rays, atmospheric conditions, and plant roots as well as high 

puncture, tear, and abrasion resistance. It draws attention with its rapid growth 

potential, and economic and environmentally friendly nature in the roof and 

waterproofing sector. Olefin compound is composed of hydrogen and carbon-

containing one or more pairs of carbon atoms bonded by a double bond. Olefins are 

examples of unsaturated hydrocarbons. They are classified in one or both of the 

following ways: as cyclic or acyclic olefins in which the double bond is located 

between the carbon atoms forming part of a cyclic or an open chain. As mono 

olefins, diolefins, triolefins, etc., where the number of double bonds per molecule is 

one, two, three, or any other number, respectively.  
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It is a thermoplastic waterproofing material made from PVC, vinyl, plasticizers, and 

stabilizers. Poly(vinyl chloride) (PVC) is a synthetic resin made from vinyl chloride 

and is a member of a large family of polymers commonly referred to as "vinyl". The 

chemical formula for vinyl chloride is H2C=CHCl and for PVC the formula is (H2C–

CHCl)n, where n is the degree of polymerization. This polymer is one of the most 

widely used commercial thermoplastic materials. PVC is one of the oldest 

manufactured polymers and is currently one of the three most produced synthetic 

polymers. 

EPDM is a copolymer of ethylene, propylene, and a small amount of unconjugated 

diene monomers (3 – 9%) and provides crosslinking sites for vulcanization (rubber 

curing). EPDM rubber is a class M synthetic rubber; an M classification consisting of 

elastomers with a saturated chain of the polyethylene type. It can withstand, as a GM, 

punctures, and extreme weather conditions. It has a rubber-like texture and is very 

resistant to UV rays. 

3.2 Geotextiles 

GTX consists of two terms, 'geo' and 'textile', the word 'Geo' means 'earth' in Greek. 

Therefore, GTXs can be defined as permeable textile materials used with soil or any 

other civil engineering material. It is a special type of polymer fabric with very small 

openings. GTXs are typically used to improve soil properties before constructing 

embankments, pipelines, roads, and soil retention structures. GTXs have various 

functions such as drainage, filtration, cushioning, reinforcement, waterproofing, and 

separation. Two types of fibers, natural and synthetic, are used in the production of 

GTXs. Natural fibers are obtained from plants (leaves, seeds, bark, etc.), animals, 

minerals, and similar natural structures. They have properties such as toughness, 

strength, durability, good covering ability, and biodegradability. However, natural 

fibers are no longer used as widely in GTX making. GTXs made using various 

polymers are synthetic. The most commonly used polymer types are polyester, 

polypropylene, polyethylene, polyamide, and PET. There are several different types 

of GTXs, depending on the type of polymer used and the method of manufacture. 

These are woven, nonwoven, knitted, spunbonded, and braided GTXs.  
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Woven GTXs are used for the separation process and to increase the strength of the 

soil. Since the yarn strength of its warps is very high, its tensile strength is high and 

thus it can carry much more load. There are different types of woven GTXs these are 

woven monofilament, woven multifilament, woven slit film monofilament, and slit 

film multifilament (Figure 3.6a). 

The tensile strength is not very high in nonwoven GTXs, but the drainage, 

separation, and filtration properties are better than others. They are permeable GSs 

usually made of synthetic fibers and production methods are thermal and chemical 

bonding. There are various types of nonwoven GTXs these are continuous filament 

needle punched, continuous filament heat bonded, resin bonded, and staple needle 

punched (Figure 3.6b). 

 

 

Figure 3.6: Physical appearances of GTX a) nonwoven, b) woven 

 

Knitted GTXs have good flexibility and are more economical. Although its use is 

less, it is frequently used in drainage and soil erosion control. Knitted GTXs are 

made using knitting technology, while in some cases weaving is used to make these 

products. 

The spunbonded process has the fastest production method among nonwovens. 

During the process, the extruded filaments are cut into belts, rolled, and the rolls are 

heated and held together. In the industrial sector, they are used as waterproofing rolls 
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for the roof, reinforced material, polishing materials, filter materials, insulation 

materials, and cement bags. 

Knitting is often used to crosswise interlace three or more bundles of fibers and 

threads to produce narrow thread-like materials. The topology of yarn helices in 

braided structures is like that of woven structures. It increases the bearing capacity of 

the soil in structures to be built on soft and weak soils. It is used as a reinforcement 

layer on roads due to its low elongation under high tensile force. It protects the 

bearing capacity by preventing the sub-base material from mixing with the soil. 

Especially geogrid reinforced structures are recommended for slope stability but 

knitted GTXs can also be used. This practice prevents soil loss during floods. 
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Chapter 4 

4 Materials and Methods 

4.1 Materials 

4.1.1 Soils 

Six types of soils, namely low plasticity clay (LC), sand/bentonite (SB) mixture, 

crushed sand (CS), river sand (RS), crushed gravel (CG), and river gravel (RG), have 

been used in this study. While LC was obtained during a reclamation study on the 

coastline of Mavişehir district in İzmir province, CS, CG, RS, RG, and SB were 

purchased commercially. Thus, a case study of the soil – GS interface shear strength 

parameters used in the structures built close to the Mavişehir coastline (Figure 4.1) 

was also carried out.  

 

 
Figure 4.1: Location of Mavişehir district on the map 
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Crushed soils have angular particles and river soils have rounded particles, so the 

effect of morphology on soil – GS interface shear strength behavior was investigated.  

In addition, the particle size and plasticity effect was investigated on the shear 

strength parameters of soil – GS interface since soils with different grain sizes are 

used from bentonite to gravel. The minimum and maximum grain sizes of soils are 

listed in Table 4.1. The physical appearances of the soils used are shown in Figure 

4.2. 

 

 

Figure 4.2: Physical appearance of soils; a) LC, b) SB, c) CS, d) RS, e) CG, f) RG 

 

 

10 mm 10 mm 

10 mm 10 mm 

10 mm 10 mm 



26 

 

Table 4.1: Minimum and maximum grain size of soils 

Soil Minimum grain size (mm) Maximum grain size (mm) 

SB 0.002 2.0 

LC 0.002 5.0 

CS 0.075 2.0 

RS 0.075 2.0 

CG 0.425 10.0 

RG 0.425 10.0 

 

4.1.2 Geosynthetics 

4.1.2.1 Geomembrane 

In this study, three different types of GMs, PVC, HDPE, and TPO, were used. In 

order to examine the effect of GM thickness on the interface shear strength, PVC 

thicknesses of 1.5 and 3.0 mm were selected. The thicknesses of HDPE and TPO are 

1.5 mm. A textured and smooth HDPE was chosen to examine the effect of GM 

roughness on the interface shear strength. The surfaces of PVC and TPO are smooth.  

PVC is a protective layer made of synthetic raw materials and used for liquid and 

thermal insulation. PVC is a symbol created from the abbreviation of Poly-Vinyl-

Cholride. It is a type of polymer produced from oil and salt in petrochemical plants. 

They are produced by mixing the PVC raw material with softeners, stabilizers 

(strengtheners), and various additives in a mixer, processing it with the help of an 

extrusion system at the appropriate temperature, and shaping it homogeneously. PVC 

GMs were supplied by the BTM company and technical features are given in Table 

4.2. 
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Table 4.2: Technical features of PVC GM 

Essential characteristics Unit Value 

Thickness mm 1.5 3.0 

Linearity mm/m 75 75 

Resistance to tearing N 150 300 

Shear resistance of joints N/5cm* 800 1000 

Tensile strength N/mm2 15 15 

Elongation at break % 250 250 

Water tightness - Fully Fully 

Artificial aging – water tightness - Fully Fully 

Chemical resistance – water tightness - Fully Fully 

Resistance to impact mm 1500 1500 

Resistance to static loading kg 20 20 

Reaction to fire - Class E** Class E** 

*According to the results of the shear resistance of joints test performed with a 5 cm wide and 1 m 

long sample. 

** Reaction to fire classifications; A1 No contribution to fire, A2 No noticeable contribution to fire, B 

Little or no contribution to fire, C Limited contribution to fire, D Contributes to fire, E Major 

contribution to fire, F Not within classes A1-E 

 

HDPE is a GS liner that is formed as a result of the extrusion of high-density 

polyethylene and shaped homogenously by a calendar system. Polyethylene (PE) 

takes the name of ethylene which is in the form of a monomer. Ethylene becomes 

polyethylene with several methods of polymerization. It is used to ensure 

impermeability in projects such as municipal solid waste landfill sites, mine waste 

landfill sites, acid tanks, ponds, tank fields, and irrigation channels. HDPE was 

supplied by Geoplas company and technical features are given in Table 4.3. 
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Table 4.3: Technical features of HDPE GM 

Essential characteristics Unit 
Value 

Smooth Textured 

Thickness mm 1.5 1.5 

Tensile stress at break N/mm2 >26 >26 

Elongation at yield % >12 >12 

Elongation at break % >700 >700 

Yield strength N/mm2 >16 >16 

Static puncture resistance N 3700 7200 

Resistance to weathering % <25 <25 

Oxidation strength % <25 <25 

Stress crack resistance h >200 >200 

Water permeability m3/m2d <10-6 <10-6 

 

TPO is a technological waterproofing cover produced from thermoplastic polyolefin 

raw material and applied by sewing with hot air sources. This technology, which was 

developed in the 80s, is now the fastest-growing GM in the roofing and 

waterproofing industry. Compared to other GMs, TPO does not contain any toxic or 

harmful substances and therefore is an environmentally friendly product and has 

advantageous features that provide high energy saving thanks to its heat-retardant 

feature. In addition, TPO is recyclable, so their impact on the environment is very 

low, but one of the best features is that TPO does not use plasticizers to gain 

flexibility like PVC. It provides both very high durability and high elasticity 

advantages throughout its life, thanks to its polyolefin structure. TPO GMs were 

supplied by the BTM company and technical features are given in Table 4.4. 
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Table 4.4: Technical features of TPO GM 

Essential characteristics Unit Value 

Visible length - Excellent 

Impermeability - Impermeable 

Reaction to fire - E class 

Peel the strength of the joints N/50 mm ≥ 300 

Shear strength of the joints N/50 mm ≥ 800 

Tensile strength N/50 mm ≥ 1100 

Breaking elongation % ≥ 20 

Impact strength mm ≥ 700 

Resistance to the static charge kg ≥ 20 

Resistance to tearing N ≥ 300 

Resistance to the plant toots - Resistant 

Dimensional determination % ≤ 1 

Elasticity in cold °C ≤ - 30 

UV resistance - Resistant 

Resistance to water and chemical liquids - Resistant 

Resistance to hail stones m/s ≥ 20 

 

4.1.2.2 Geotextile 

The GTX used in this study is a nonwoven polypropylene GTX with a density of 200 

g/m3. This GTX is resistant to chemical wastes and has the highest bearing capacity. 

It also has protection, separation, and filtration properties. The most important 

properties of GTXs are flexibility, permeability, and durability. The nonwoven GTX 

was supplied by Geoplas company and technical features are given in Table 4.5. 
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Table 4.5: Technical features of nonwoven GTX 

Essential characteristics Unit Value 

Thickness mm 1.5 

Weight g/m2 200 

Tensile strength kN/m 11 – 13  

Elongation 5 50 – 80  

Static puncture N 250 

Dynamic puncture mm 24 

Water tightness m/s 0.07 

Opening mm 0.13 

 

4.1.3 Synthetic leachates and saltwater  

Since GMs are used for insulation purposes, they are exposed to various chemicals 

during their life. In order to reflect this condition, GMs are aged in 0.5M salt water 

and various leachates. Leachates were not taken from their natural environment and 

were synthetically prepared in the laboratory. The reason for this is to aim for the 

experiments to be performed with leachates with the same characteristics. 

4.1.3.1 Acidic mine drainage leachate (AMD) 

Mine drainage is a metal-rich fluid formed from the chemical reaction between water 

and sulfur-containing mineral rocks. The resulting runoff is usually acidic, occurring 

in areas where coal or ore mining activities have exposed rocks containing pyrite, a 

sulfur-containing mineral. Drainage may also occur in metal-rich mineralized areas 

without mining activities [35]. 

Acidic mine drainage (AMD) is the formation and movement of highly acidic water 

rich in heavy metals. This acidic water is formed by the chemical reaction of surface 

water (rainwater, snowmelt, pond water) and shallow groundwater with sulfur-

containing mineral rocks. The resulting fluids can be highly toxic and have harmful 

effects on humans, animals, and plants when mixed with groundwater, surface 

waters, and soil [36–38].  



31 

 

The amount of AMD released depends on the volume of the ore, the exposed surface 

area, the concentration, and the type of sulfides it contains. The formation and 

discharge of AMD continue not only during the mining activity but also after the 

mining is stopped and poses serious dangers to the ecological systems. The most 

important source of AMD in the world comes from many abandoned mines that are 

left untreated. For example, Roman gold mine sites in Romania still cause acid mine 

drainage after over 2000 years (Rosia Montana mine, Figure 4.3) [39–41]. 

 

 

Figure 4.3: Rosia Montana gold mine sites, Romania 

 

In mining waste storage facilities, HDPE GMs are used to prevent leachate from 

mixing with groundwater. In addition, the use of TPO GMs for insulation purposes 

has become widespread recently. Therefore, in this study, the HDPE and TPO GMs 

were kept in the AMD leachate for 4, 8, and 16 months, then the interface direct 

shear tests were carried out. The AMD leachate used in this study was produced 

synthetically in the laboratory by mixing various chemical compounds in distilled 

water (Table 4.6). The content of the AMD liquid was selected by reviewing the 

composition of the twelve AMDs for metallic mine waste mentioned in the literature. 

In this mixture, the most abundant metals (Fe, Zn, Cu, and Ca) in AMD, their 

relative concentrations, and their types were determined [42]. The pH measurements 

were taken on the day the leachate was prepared and at 4, 8, and 16 months. The 
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measurements were 0.95, 0.97, 1.12, and 1.29, respectively. Electric potential and 

viscosity values were also measured, respectively, 308 mV and 2.02 centipoise (cP)  

were obtained.  

 

Table 4.6: Chemical composition of AMD leachate 

Chemical name Chemical formula Amount (mg/l) 

Copper (II) sulfate CuSO4 88 

Zinc Sulphate Heptahydrate ZnSO4.7H2O 864 

Sulfuric Acid H2SO4 886 

Iron (II) sulfate heptahydrate FeSO4.H2O 4076 

Calcium sulfate CaSO4 681 

 

4.1.3.2 Coal combustion product leachate (CCP) 

Coal is a non-renewable fossil fuel that has been used since ancient times and is still 

one of the most important energy sources today. Coal production and use cause 

various operational and environmental problems. One reason is that most of the high-

quality coal has already been mined and the remaining coal contains high humidity 

and ash. In addition, the environmental problems associated with coal burning are 

multifaceted, threatening the sustainability of coal use, mostly in power generation 

and gasification [43]. 

Coal combustion products (CCPs), also called coal combustion residues (CCRs) or 

coal combustion wastes (CCWs), are categorized into four groups based on their 

physical and chemical forms, according to coal combustion methods and emission 

controls: Fly ash, flue-gas desulfurization, bottom ash, and boiler slag. These are 

generally used as the binder for cement, structural fills, land reclamation, grouts, and 

masonry product, while the unused portion is landfilled in solid waste disposal areas. 

According to Coal 2022, the IEA's annual market report on the industry, global coal 

use increased by 1.2% in 2022 to exceed 8 billion tons [44]. Also, according the 
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2021 CCP Production & Use Survey Report of the American Coal Association, it has 

been shown that the coal combustion product released in a year in the world is 780 

million tons. While this amount is 77 million tons in the USA, only 60% of them is 

reused and the rest is stored in landfills [45]. For this reason, the storage of these 

wastes is very important for the environment. If impermeability is not successfully 

achieved in landfills, it may cause various environmental damages. For example, at a 

landfill near the Gavin Power Plant in Ohio, USA, CCP leachates caused soil 

contamination (Figure 4.4). 

 

 

Figure 4.4: Gavin Power Plant in Ohio, USA  

 

In CCP waste storage facilities, HDPE GMs are used to prevent leachate from 

mixing with groundwater. In addition, the use of TPO GMs for insulation purposes 

has become widespread recently. Therefore, in this study, the HDPE and TPO GMs 

were kept in the CCP leachate for 4, 8, and 16 months, then the interface direct shear 

tests were carried out. The CCP leachates used in this study were identified through 

analysis of a database containing leachate data from 33 CCP disposal sites compiled 

by the Electric Power Research Institute (EPRI) [46]. The database includes 

concentrations of major cations and anions, ionic strength, the relative abundance of 

monovalent and polyvalent cations, pH, and electrical conductivity (EC). It was 
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determined that CCP leachate was slightly alkaline (pH 7.67) as a result of pH 

measurements. The pH measurements were repeated at the 4th, 8th, and 16th months 

and the results were obtained as 7.67, 7.70, and 7.81. Electric potential and viscosity 

values were also measured, respectively, 26 mV and 1.68 cP were obtained. The 

chemical contents of the CCP leachate are listed in Table 4.7. 

 

Table 4.7: Chemical composition of CCP leachate 

Chemical name Chemical formula Amount (mg/l) 

Potassium sulfate K2SO4 161 

Sodium chloride NaCl 51 

Calcium chloride CaCl2 58 

Sodium sulfate Na2SO4 722 

Calcium sulfate CaSO4 987 

Magnesium sulfate MgSO4 146 

 

4.1.3.3 Municipal solid waste leachate (MSW) 

Municipal solid waste (MSW), commonly known as garbage or rubbish, consists of 

everyday items that we use and then dispose of, such as product packaging, 

clippings, clothing, grass, leftovers, furniture, tools, bottles, paint, newspapers, 

batteries, and the like. According to the Global Waste Statistics of What a Waste 2.0, 

the world produced 2.01 billion tons of MSW in 2022 and this is expected to increase 

by roughly 70% to 3.4 billion tons by 2050. Worldwide, approximately 40% of 

MSW is disposed of in landfills, approximately 19% is recovered through 

composting and recycling, and 11% is processed through modern incineration 

(Figure 4.5:) [47]. 
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Figure 4.5: Global waste treatment and disposal [47] 

 

HDPE GMs can be used in MSW landfills to ensure slope stability and prevent 

leakage of leachate from mixing with groundwater. In addition, the use of TPO GMs 

for insulation purposes has become widespread recently. However, in storage 

facilities designed to serve for many years, GMs may be damaged over time due to 

the chemicals in the leachate and become unable to function. Therefore, in this study, 

the HDPE and TPO GMs were kept in the MSW leachate for 4, 8, and 16 months, 

then the interface direct shear tests were carried out. The MSW leachate used in this 

study was produced synthetically in the laboratory by mixing various chemical 

compounds in distilled water (Table 4.8). The content of the MSW was taken from 

the study of Hrapovic and Rowe (2002) [48]. Prepared MSW leachate is a suitable 

medium for the growth and maintenance of acetogenic, methanogenic, and 

sulfidogenic bacteria involved in the mineralization stage of anaerobic degradation. 

Also, the mixture containing only three volatile fatty acids has been used as a very 

similar variation of possible storage leachate [48–51]. The pH measurements were 

taken on the day the leachate was prepared and at 4, 8, and 16 months. The 

measurements were 1.73, 1.76, 1.77, and 1.82, respectively. Electric potential and 

viscosity values were also measured, respectively, 280 mV and 1.89 cP were 

obtained.  
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Table 4.8: Chemical composition of MSW leachate  

Chemical name Chemical formula Amount (per 1 L) 

Acetic acid CH3COOH 7 mL 

Propionic acid CH3CH2CO2H 5 mL 

Butyric acid C4H8O2 1 mL 

Dipotassium phosphate K2HPO4 30 mg 

Potassium bicarbonate KHCO3 312 mg 

Potassium carbonate K2CO3 324 mg 

Sodium chloride NaCl 1440 mg 

Sodium nitrate NaNO3 50 mg 

Bicarbonate of Soda NaHCO3 3012 mg 

Calcium chloride CaCl2 2882 mg 

Magnesium chloride hexahydrate MgCl2.6H2O 3114 mg 

Magnesium sulfate MgSO4 156 mg 

Ammonium bicarbonate NH4HCO3 2439 mg 

Urea CO(NH2)2 695 mg 

Trace metal solution* - 1 mL 

Sodium sulfide nonahydrate Na2S.9H2O Eh-120-180 mV 

Sodium hydroxide NaOH pH 5.8-6.0 

Distilled water H2O To make 1 L 

*Chemical composition of trace metal solution 

Ferrous sulfate FeSO4.7H2O 2000 

Boric acid H3BO3 50 

Zinc sulfate heptahydrate ZnSO4.7H2O 50 

Cupric sulfate pentahydrate CuSO4.5H2O 40 

Manganous sulfate monohydrate MnSO4.H2O 500 

Ammonium molybdate tetrahydrate (NH4)6Mo7O24.4H2O 50 

Aluminum sulfate 16-hydrate Al2(SO4)3.16H2O 30 

Cobaltous sulfate heptahydrate CoSO4.7H2O 150 

Nickel (II) sulfate NiSO4.6H2O 500 

Sulphuric acid H2SO4 1 
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4.1.3.4 Saltwater (SWt) 

In areas where the groundwater level is high, GM is laid under the foundations to 

prevent the foundation from being exposed to groundwater. If the built structures are 

close to coastal areas, there may be a significant amount of salt in the groundwater. 

This salt in the groundwater or seawater which is infiltrated from the sea to the 

foundation can damage the GM after many years, and this may cause the foundation 

to come into contact with water and lose its strength. A building whose foundation is 

damaged may collapse over time or as a result of an earthquake, which can cause 

many losses of life and property. Therefore, it is extremely important to have 

information about the behavior of GMs exposed to saltwater. In this study, PVC and 

TPO GMs were kept in 0.5 molar (M) salt water for 4, 8, and 16 months, and then 

they were subjected to the interface direct shear tests. The reason for the preparation 

of salt water 0.5 M is that the salt ratio of the Aegean Sea water, which is the region 

where LC soil is taken, is 0.5 M. The reason for using only TPO and PVC GMs is the 

use of these GM types for bundling in building foundations. The 0.5M saltwater was 

obtained by mixing 1 liter of distilled water with 29.22 g of NaCl. The pH 

measurements were taken on the day the salt water was prepared and at the 4th, 8th, 

and 16th months. The measurements were 8.12, 8,08, 8.07, and 8.06, respectively. 

Electric potential and viscosity values were also measured, respectively, -77 mV and 

1.58 cP were obtained. In Figure 4.6, which GM is cured in which liquid is 

summarized. 
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Figure 4.6: Schematic demonstration of the curing liquid information 

 

4.2 Methods 

In this section, laboratory tests performed to determine the geotechnical index 

properties and shear strength parameters of the soils used in the experiments are 

given. The method of direct shear tests with the soil – GM (uncured and cured) and 

GM – GTX interface is also given. In addition, the applied methods of microscopic 

image acquisition, image processing, surface roughness, and Plaxis 2D analyses are 

given in details. 

4.2.1 Geotechnical index properties 

In order to determine the geotechnical index properties of the soils, wet and dry sieve 

analyses, hydrometer analysis, specific gravity test, Standard Proctor test, pH meter 

test, and liquid and plastic limit tests were carried out. All experiments were 

performed in accordance with American Society for Testing and Materials (ASTM) 

standards (Table 4.9). 
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Table 4.9: ASTM standards used in laboratory experiments 

Experiment ASTM Standard 

Sieve analysis ASTM D422 [52] 

Hydrometer analysis ASTM D7928 [53] 

Specific gravity test ASTM D854 [54]/ASTM C127 [55] 

Liquid and plastic limit test ASTM D4318 [56] 

Standard Proctor test ASTM D698 [57] 

pH measurement ASTM D4972 [58] 

  

4.2.1.1 Sieve analysis 

In this study, wet and dry sieve analysis was performed according to the ASTM 

D422 standard to determine the grain size distribution of the soils [52]. Total 1 kg of 

sample was first washed through a No. 200 (0.074 mm) sieve and the sample 

remaining on the sieve was thrown into the oven and kept at 105°C for 24 hours and 

completely dried. The percentage of silt and clay was obtained by subtracting the 

weight of the sample dried after washing from the initial weight. Then, the grain size 

distribution graph was obtained by performing dry sieve analysis with the material 

remaining on the No.200 sieve. The sieve no and sieve openings used are shown in 

Figure 4.7. Experiments were carried out separately for all types of soils. 
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Figure 4.7: Number and sizes of sieves 

 

4.2.1.2 Hydrometer analysis 

Hydrometer analysis is an experiment to find the particle size distribution of fine 

grained soils (<0.074 mm). For silt and clay soils, approximately 50 g, and for soils 

with high sand content, approximately 100 g of completely dried sample is prepared. 

The dry sample is placed in a 250 ml glass container and 125 ml of sodium 

hexametaphosphate solution (Na8P3O10) is poured over it. The solution is obtained by 

placing 40 g of sodium hexametaphosphate into 1.0 liter of distilled water. This 

chemical liquid is mixed with the soil and left to stand for 24 hours. The well-mixed 

suspension is poured into a graduated glass container containing approximately 100 

ml of distilled water. On top of this, pure water is added to ensure that the suspension 

in the glass container is 1000 ml. Hydrometer is slowly placed into the hydrometer 

suspension with two fingers without creating turbulence. Insertion of the hydrometer 

should be done within 5-6 seconds. After the hydrometer is immersed in the 

suspension, readings are taken at the 15th, 30th, and 120th seconds without removing 

the hydrometer from the suspension. At the end of the first two minutes, the 

hydrometer is removed from the suspension and slowly placed in a measuring tape 

Pan 
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containing distilled water at the same temperature as the suspension. The temperature 

of the soil-water suspension is measured and recorded after each hydrometer reading. 

About 20 seconds before the reading times, the hydrometer is carefully placed into 

the suspension and the hydrometer readings are taken at the 5th, 10th, 15th, 30th, 

60th, 240th, and 1440th minutes [53]. The graduated cylinder and type 151H 

hydrometer used are shown in Figure 4.8. After all the hydrometer analysis readings 

are taken, the suspension in the glass container is poured into a large porcelain 

container and placed in the oven. After drying for 24 hours, the dry weight of the soil 

is determined as Ws. The particle diameter distribution is determined using Equation 

4.1 and Equation 4.2. In equations; R: hydrometer readings, t: time, N: viscosity of 

water at test temperature, Gs: specific gravity of soil, Gw: specific gravity of water, L: 

effective depth, a: ratio of soil specific gravity to constant 2.65. 

𝐺𝑟𝑎𝑖𝑛 𝑠𝑖𝑧𝑒 (𝑚𝑚) =  √
30 ∗ 𝑁 ∗ 𝐿

980 ∗ (𝐺𝑤 − 𝐺𝑠) ∗ 𝑡
 (4.1) 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑝𝑎𝑠𝑠𝑖𝑛𝑔 (%) =  
𝑎 ∗ 𝑅

𝑊𝑠
∗ 100 

(4.2) 

 

Figure 4.8: Graduated cylinder and type 151H hydrometer 
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4.2.1.3 Specific gravity test 

Specific gravity is defined as the ratio of the weight of solid particles of soils to the 

weight of water as much as the volume of solid particles. In this study, the specific 

gravity value was determined according to the ASTM D854 standard for the soils of 

SB, LC, CS, and RS [54]. The 500 ml pycnometer was filled halfway with distilled 

water, and the vacuum was applied for 15 minutes (Figure 4.9a), then it was filled up 

to the meniscus line and the vacuum was applied with a vacuum pump for 15 

minutes (Figure 4.9b). Thus, a pycnometer + weight of water was obtained (W1). 

Then, 50 g of sample (W2) was placed in an empty pycnometer, and pycnometer was 

filled halfway with distilled water, and the vacuum was applied for 15 minutes 

(Figure 4.9c), then it was filled up to the meniscus line and the vacuum was applied 

with a vacuum pump for 15 minutes (Figure 4.9d). Thus, the pycnometer + water + 

sample weight was found (W3). Specific gravity value was obtained by substituting 

these values in Equation 4.3. 

 

 

Figure 4.9: Steps of specific gravity test for LC, SB, CS, and RS 

 

𝐺𝑠 =  
𝑊2

𝑊2 + 𝑊1 − 𝑊3
 (4.3) 

                                                 

The specific gravity value was determined according to the ASTM C127 standard for 

the soils of CG and RG. Firstly, a 2 kg sample was completely dried in the oven 

(W1). It was then wetted so that it was completely covered with water and left in this 
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way for 3 hours. The water remaining on the surface was dried with a cloth and then 

weighed (W2). A 4-liter glass beaker was filled with water and weighed (W3) (Figure 

4.10a). Then the wet sample was placed in the same beaker and was filled with water 

and weighed (W4) (Figure 4.10b). Specific gravity value was obtained by substituting 

these values in Equation 4.4. 

𝐺𝑠 =  
𝑊1

𝑊2 + 𝑊3 − 𝑊4
 (4.4) 

 

Figure 4.10: Steps of specific gravity test for CG and RG 

 

4.2.1.4 Liquid and plastic limit test 

Since only SB and LC are not nonplastic among the soil types used in the study, 

consistency limit tests were applied for these soil types. Liquid and plastic limits 

were determined according to ASTM D4318 [56]. The Casagrande test was 

conducted to obtain the liquid limit of SB and LC soil samples. For the test, the 

sample was sieved through a No.40 (0.425 mm) sieve. Samples were prepared in 

certain water contents and placed in the Casagrande mold. A slit was made in the 

middle of the sample with the help of a special spoon. Then, the device made two 

drops per second, and the number of drops where the closure in the slit was 13 mm 

was recorded. This process was repeated 5 times by adding water each time (Figure 

4.11). A semi-logarithmic graph was drawn with the drop values and water contents 

obtained as a result of the experiment, and the water content corresponding to 25 

drops on the line was found as the liquid limit value. 
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Figure 4.11: Casagrande liquid limit test device 

 

For the plastic limit test, some water was added to the sample sieved through a No.40 

(0.425 mm) sieve and mixed. Some of this mixture was taken and the sample was 

palm rolled on a smooth glass surface. The experiment was terminated when 

capillary cracks were observed when the sample reached 3 mm in diameter and the 

plastic limit value was determined by calculating the water content (Figure 4.12). 

This process was repeated two more times and the water content of the samples was 

determined. The average water content value obtained represents the plastic limit 

value of the soil. 

 

 

Figure 4.12: Plastic limit determination with the hand-rolling method 



45 

 

 

4.2.1.5 Standard Proctor test 

The Standard Proctor tests were conducted to determine the maximum dry unit 

weight and optimum moisture content of soil samples according to ASTM D698 

[57]. Method A was applied for LC, SB, CS, and RS soil samples, method B was 

applied for CG and RG soil samples. A cylindrical Standard Proctor mold with a 

diameter of 101.6 mm and a 24.5 N hammer was used in both methods (Figure 4.13). 

Soil samples under a 4.75 mm sieve for method A and under a 9.5 mm sieve for 

method B were used. In both methods, the sample was placed in the mold in 3 layers 

and 25 blows to each layer. The experiment was repeated at least 5 times for 

different water contents and results were obtained. The results obtained were used 

when preparing samples for the medium scale direct shear experiment. 

 

 

Figure 4.13: Standard Proctor mold and hammer 

 

4.2.1.6 pH determination test 

The pH measurements were made with Ohaus Starter 300 brand pH meter according 

to ASTM D4972 standard [58]. 40 g of sample, which was sieved through a No.10 

(2.0 mm) sieve and completely dried, was mixed with 40 g of distilled water and left 

to stand for 1 hour. Then, the electrode of the pH meter was submerged in the upper 

liquid part in such a way that it would not touch the solids, and the pH measurement 
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was taken (Figure 4.14). The same process was repeated 3 times and the average of 

the three measurements was determined as the pH value. 

 

 

Figure 4.14: Measurement of pH with a digital pH meter 

 

4.2.2 Direct shear test 

Conventional direct shear tests were conducted to determine the internal friction 

angle and cohesion values of soil samples according to ASTM D3080 [59]. The 

dimensions of the medium scale shear box used in the experiments were 100x100x40 

mm. The reason why the shear box is defined as the medium scale is that in previous 

studies in the literature, shear boxes with this and similar dimensions are called 

medium scale [60–63]. Direct shear tests were carried out with ELE brand computer-

controlled fully automatic direct shear device (Figure 4.15). In order to prevent 

excess pore water pressure formation in fine grained soils (LC, SB), the shear rate 

was set as 0.1 mm/min. Because of the high permeability of coarse grained soils (CS, 

RS, CG, RG), the shear rate was determined as 0.5 mm/min. The samples were 

prepared at optimum water content and placed directly inside the shear box at 

maximum dry unit weight density. The experiment was carried out under three 

different levels of normal stress, these are low (12.25, 24.5, 49 kPa), medium (49, 98, 

196 kPa), and high (196, 392, 784 kPa). 

 



47 

 

 

Figure 4.15: Computer-controlled automatic direct shear test device 

 

4.2.3 Interface direct shear test of uncured GM and GTX 

In order to obtain the interface shear strength parameters between GMs and GTXs, 

GM – GTX interface direct shear tests were carried out. Molds with the same 

dimensions as the lower and upper parts of the direct shear box were produced 

(Figure 4.16a).  GM was placed at the bottom of the mold (Figure 4.16b), then the 

concrete prepared according to the C30 recipe was poured into the mold (Figure 

4.16c). It was cured for 24 hours for the concrete to set. Then, GM adhered to the 

concrete block was placed at the bottom of the shear box and GTX was placed at the 

top of the GM, and soil was placed on the GTX (Figure 4.17a). In addition, in order 

to examine whether the soil at the top of the direct shear box affects the GM – GTX 

interface, the interface direct shear test was carried out by using concrete instead of 

the soil at the top (Figure 4.17b). Interface direct shear tests were carried out between 

nonwoven GTX and HDPE(T) under three different normal stress levels with a shear 

rate of 0.5 mm/min. A total of 18 experiments were carried out at this stage with six 

(five types of soils and concrete) interfaces and three normal stress levels. At the end 

of the tests interface friction angle (δ) values of GM – GTX interfaces. 
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Figure 4.16: Concrete block production stages poured with geomembrane 

 

 

Figure 4.17: Schematic representation of interfaces a) GM – GTX interface with soil, 

b) GM – GTX interface without soil 

 

As with the GM – GTX interface, first GM or GTX was placed under the mold, then 

concrete was poured on it and left to set for 24 hours (Figure 4.18a). Then, GM or 

GTX, which is attached to the concrete block, was placed on the lower part of the 

shear box (Figure 4.18b), and the soil was placed on the upper part (Figure 4.18c). 

The schematic representation of the interfaces is shown in Figure 4.19. 
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Figure 4.18: Interface direct shear test sample preparation steps 

 

 

Figure 4.19: Schematic representation of soil – GM interface 

 

To determine the interface shear strength parameters between GMs and soils, as well 

as GTXs and soils, interface direct shear tests were conducted following ASTM 

D5321 [64]. In all experiments, the soil was prepared at its optimum moisture 

content and placed inside the box at its maximum dry unit weight. Prior to each 

experiment, the samples were immersed in water for one hour to achieve 100% 

saturation. After each experiment, the water contents were checked, and it was 

observed that the saturation degree varied between 96 and 98%. Medium-scale direct 

shear tests were conducted under the influence of three different normal stress 

categories to investigate the behavior of GMs under varying normal stress values. 

These normal stress categories were classified as low (12.25 kPa, 24.5 kPa, 49 kPa), 

medium (49 kPa, 98 kPa, 196 kPa), and high (196 kPa, 392 kPa, 784 kPa). The shear 

rate applied was set at 0.5 mm/min for CS, CG, RS, RG interfaces, and 0.1 mm/min 

for LC and SB interfaces. At the conclusion of the tests, the interface friction angle 

(δ) values for uncured GM – soil and uncured GTX – soil interfaces were 

determined. A total of 36 interfaces and three normal stress categories resulted in a 

total of 108 medium-scale interface direct shear tests conducted at this stage. The 

interfaces established during this phase are summarized in Figure 4.20.  
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Figure 4.20: Interfaces of uncured direct shear experiments 

 

4.2.4 Interface direct shear test of 4 months cured GM 

In order to determine the effects of the curing liquid on the interface shear behavior 

of GM, PVC, and TPO were immersed in salt water (SWt), HDPE and TPO were 

immersed in leachates for 4 months. The curing process was carried out in airtight 

containers. It was cured by placing it on perforated platforms so that the GMs do not 

come into contact with each other, and the curing liquid contacts all parts of the GM. 

The curing liquid was re-prepared every month, and pH and electrical potential 

values were measured for control purposes. GMs that completed the curing process 

were removed from the liquid, dried, and subjected to the same procedures in the 

uncured interface direct shear tests. At this stage, the experiments were carried out 

only under the medium normal stress level (49, 98, 196 kPa). In addition, RG was 

excluded from the study as of the next part of the thesis, since the results obtained 

from the uncured tests were not sufficiently consistent and it was not a preferred soil 

type in the projects. Because HDPE is generally used in solid waste storage facilities 

to ensure the impermeability of leachate, SB, CS, RS, and CG soils were used with 

HPDE(S) and HDPE(T) GMs. Since PVC and TPO have more general usage areas, 

they were used with all soil types in interface direct shear tests. All interfaces created 
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are summarized in Table 4.10. A total of 23 interfaces, four curing liquids, and one 

normal stress level, 54 medium scale interface direct shear tests were carried out at 

this stage. 

 

Table 4.10: Interfaces used in the direct shear experiments for 4 months cured 

Curing liquid SWt SWt, leachates Leachates Leachates 

GM type PVC(1.5) PVC(3.0) TPO HDPE(S) HDPE(T) 

Soil type Interfaces 

SB x x x x x 

CS x x x x x 

CG x x x x x 

RS x x x x x 

LS x x x   

 

4.2.5  Interface direct shear test of 8 months cured GM 

At this stage of the study, the GMs were cured for 8 months in SWt and leachates 

using the same method. However, this time, the interface direct shear tests were 

carried out under three normal stress levels (low, medium, high) in order to make 

comparisons with uncured samples. In addition, RS was excluded from the study as 

of the next part of the thesis, since the results obtained from the uncured and 4 

months cured samples were not sufficiently consistent and it was not a preferred soil 

type in the projects. All interfaces created are summarized in Table 4.11. A total of 

18 interfaces, four curing liquid and three normal stress level, 126 medium scale 

interface direct shear tests were carried out at this stage. 
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Table 4.11: Interfaces used in the direct shear experiments for 8 months cured  

Curing liquid SWt SWt, leachates Leachates Leachates 

GM type PVC(1.5) PVC(3.0) TPO HDPE(S) HDPE(T) 

Soil type Interfaces 

SB x x x x x 

CS x x x x x 

CG x x x x x 

LS x x x   

 

4.2.6 Interface direct shear test of 16 months cured GM 

At this stage of the study, the GMs were cured for 16 months in SWt and leachates 

using the same method. Experiments were carried out only under the medium normal 

stress level, just like the samples cured for 4 months. All interfaces created are 

summarized in Table 4.12. A total of 18 interfaces, four curing liquid and one normal 

stress level, and 42 medium scale interface direct shear tests were carried out at this 

stage. With the completion of this stage, a total of 345 interface direct shear tests 

were conducted and this stage of the thesis was reached. 

 

Table 4.12: Interfaces used in the direct shear experiments for 16 months cured 

Curing liquid SWt SWt, leachates Leachates Leachates 

GM type PVC(1.5) PVC(3.0) TPO HDPE(S) HDPE(T) 

Soil type Interfaces 

SB x x x x x 

CS x x x x x 

CG x x x x x 

LS x x x   
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4.2.7 Surface properties 

The situation of surface wear of GMs has been studied by many researchers [65–69]. 

Surface deformations, along with the fracture of GMs during interface shear 

experiments, are considered an indicator of post-peak strength reduction [70–73]. 

Therefore, measuring the surface roughness of GMs and explaining the deformation 

of the surface of the GM after peaking is very important to investigate the 

contribution of the GM – soil interface to the shear behavior. Previous studies have 

reported various methods to obtain GM surface profiles. One of them, Stylus 

profilometers, is used to obtain 2D interface information of the entire profile line 

[74,75]. But this method has the same problems such as limited vertical movement 

and possible damage to the surface of the GM by probe [76]. The other method is 

image analysis. Clear images were obtained by image analysis on the GM profile 

[71,77]. Another method is image analysis which is performed directly on the GM 

surface by non-contact digital imaging techniques such as optical microscopy, 

scanning electron microscopy, and atomic force microscopy. This method can avoid 

the limitations of the above measurement methods and different roughness 

parameters can be used to evaluate the surface roughness of interfaces between GM – 

soil [78–80]. 

In this study, the surface deformations of GMs, which were cured for 16 months and 

then subjected to interface direct shear tests, were investigated. Firstly, microscopic 

images (500x magnification) of the GM samples curing 16 months in SWt and 

leachates were taken from the Nikon Eclipse LV150N device (Figure 4.21) to prove 

this effect physically and images were processed with Clemex Vision Lite software. 

Microscopic images were analyzed with image processing techniques in ImageJ 

software (black and white treshold). The ratio of black areas to white areas was 

calculated using the ImageJ software. Black areas represent deformed areas, while 

white areas represent undeformed areas. In addition, the roundness of the deformed 

areas was calculated and thus it was aimed to establish a relation with the angularity 

of the soil particles. 
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Figure 4.21: Upright metallurgical LED microscope 

 

Secondly, the surface roughness of the samples was measured with an optical 

profilometer (OPM) after direct shear tests to determine the damage caused by the 

leachates on the surface of the GMs. A profilometer is a measuring instrument used 

to measure a surface's profile, in order to quantify its roughness. Critical dimensions 

such as step, curvature, and flatness are computed from the surface topography. The 

OPM analysis was conducted in TOTOMAK A.Ş. with a Mahr profilometer device 

(Figure 4.22). The measurements were made by dividing the diagonal of the GM by 

three and the average of the three values obtained was taken. In the measurements, 

both maximum (Rmax) and average (Ra) roughness values were obtained (Figure 

4.23). The OPM analyzes were carried out with PVC(1.5), PVC(3.0), HDPE(S), 

HDPE(T), and TPO GMs cured for 16 months. Surface roughness measurements 

were made after the interface direct shear tests with LS, SB, CS, and CG soils.   
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Figure 4.22: Profilometer device 

 

 

Figure 4.23: Area and direction of the profilometer measurement 

 

4.2.8 Finite element method analysis 

In the last stage of the thesis, it was desired to verify the results obtained from the 

interface direct shear experiments by establishing a numerical model. For this 

purpose, only experiments with 16 months of cured samples were modeled using 

Plaxis 2D software. The experiments were modeled as a slope stability analysis to 

represent solid waste storage facilities.  
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The interface direct shear tests were tried to be modeled as a slope stability analysis. 

For this purpose, a compactible clay liner was placed at the bottom, and the soils 

(LC, SB, CS, CG) used in this study was placed on the top. The cohesion of the 

compactible clay liner used is 35 kPa, the internal friction angle is 15° and the 

permeability is 10-6 mm/s. The properties of the soil on the GM were obtained from 

the soil – soil interface direct shear tests. Different GMs (PVC(1.5), PVC(3.0), 

HDPE(S), HDPE(T), TPO) were placed between the two soil layers created. Elastic 

behavior was selected as GM material and stiffness (EA) values obtained from 

factory data were entered. The EAs of TPO, HDPE, PVC(1.5), and PVC(3.0) are 

3000, 3715, 6000, and 8000 kN/m, respectively. A positive interface assigned 

between the soil in the upper layer and the GM (Figure 4.24). A soil with the 

parameters (δ, α, Rint) obtained from the interface direct shear tests is assigned to this 

positive interface so that the experiment is exactly modeled. Rint is obtained by 

dividing the tangent of the interface friction angle by the tangent of the internal 

friction angle (Rint = tanδ/tanϕ). 

 

 

Figure 4.24:  Plaxis 2D model of interface direct shear tests as a slope model 

 

Figure 4.25 presents a summary of the parameters investigated in the thesis, 

including soil type, GS type, normal stress level, curing liquid, and curing time.
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Figure 4.25: Summary of the parameters (soil type, GS type, normal stress level, curing liquid, curing time)
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Chapter 5 

5 Results and Discussions 

5.1 Geotechnical index and shear strength properties  

The grain size distributions of the soils obtained from sieve and hydrometer analysis 

are shown in Figure 5.1. While there was a uniform distribution in fine grained soils, 

there was no uniform distribution in coarse grained soils.  

 

 

Figure 5.1: Grain size distributions of LC (Low plasticity clay), SB (Sand/Bentonite), 

CS (Crushed sand), RS (River sand), CG (Crushed gravel), and RG (River gravel) 
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The geotechnical index properties obtained from laboratory tests are listed in Table 

5.1. The soil classes determined using the Unified Soil Classification System (USCS) 

system according to the ASTM D2487 [81] standard are also shown in Table 5.1. 

 

Table 5.1: Geotechnical index parameters of soils 

Property LC* SB* CS* RS* CG* RG* 

Specific gravity, Gs 2.60 2.46 2.68 2.67 2.56 2.47 

Liquid limit, LL (%) 30.7 60.7 - - - - 

Plastic limit, PL (%) 21.1 30.2 NP NP NP NP 

Max. dry unit weight, γdry,max (kN/m3) 19.0 17.5 17.3 17.2 17.1 17.0 

Opt. moisture content, wopt (%) 1.3 13.2 11.2 11.7 6.5 4.7 

D10 - - 0.19 0.11 1.29 1.10 

D30 0.023 0.20 0.69 0.19 2.77 1.90 

D60 0.21 1.50 1.70 0.50 5.95 3.64 

Coefficient of uniformity, Cu - - 8.95 4.55 4.61 3.31 

Coefficient of curvature, Cc - - 1.47 0.66 1.00 0.90 

USCS CL SC SW SP GW GP 

pH 8.8 9.3 8.1 7.8 8.7 7.9 

*LC: Low plasticity clay, SB: Sand/Bentonite, CS: Crushed sand, RS: River sand, CG: Crushed 

gravel, RG: River gravel 

 

Mohr – Coulomb (MC) failure envelopes were drawn to determine the internal 

friction angles. MC envelopes were drawn separately for each normal stress level, as 

well as a single envelope for all normal stress levels. MC envelopes for all normal 

stress levels separately are shown in Figure 5.2. In addition, the internal friction 

angles obtained from all envelopes are listed in Table 5.2.  
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Figure 5.2:  Mohr – Coulomb failure envelopes of soils 

 

Table 5.2: Internal friction angles of soils 

Soil 
Normal stress level 

One envelope 
Low Medium High 

LC 31.5 34.9 28.2 29.2 

SB 15.7 22.8 19.2 22.6 

CS 32.4 34.7 31.6 34.9 

RS 35.3 27.6 26.8 33.5 

CG 57.5 42.1 34.8 44.0 

RG 48.0 36.2 32.6 40.6 

 

Table 5.2 shows that soils with coarse and angular grains have higher internal 

friction angles than soils with fine and rounded grains. It is a known fact that the 

shear strength parameters of coarse and angular grained soils are higher than fine and 

rounded grained soils [82–84]. Simoni and Houlsby (2006) showed that the shear 

strength, constant volume strength, and maximum expansion ratio of the samples 

were higher even at low gravel fractions (10.2%) compared to 87 large-scale direct 

shear tests on sand – gravel mixtures for pure sand at the same density [83]. To the 
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same conclusion, Liu et al. (2006) have reached their conclusion by performing 

reverse direct shear, ring shear, and triaxial compression experiments with samples 

with gravel content ranging from 0 to 40% by weight [84]. Prakasha and 

Chandrasekaran (2005) found that sand particles in clay – sand mixtures reduce the 

void ratio, and increase friction and pore pressure response, resulting in a decrease in 

undrained shear strength [82]. Studies in the literature have also accepted that 

particle shape is an important factor affecting the shear strength behavior of soils 

[85–87]. Studies have shown that increasing angularity and decreasing roundness and 

sphericity lead to an increase in maximum (emax) and minimum (emin) void ratios 

[88,89]. Flat particles in soils, namely clay particles, cause a decrease in density, 

stiffness, and constant volume strength, while angular particles have the opposite 

effect [89–91]. Also, in coarse grained soils (CS, RS, and CG), the internal friction 

angle decreased as the normal stress level increased. The reason for this is that under 

high normal stresses, coarse grains break and break into finer grains, and also the 

grains are mobilized. In addition, it was determined that the internal friction angles 

increased as the grain size and angularity increased according to the single envelope 

internal friction angles. This is in parallel result with the previously mentioned shear 

strengths. 

5.2 Direct shear test results of HDPE(T) – GTX 

interfaces 

GTX is usually placed on the GMs used for sealing purposes in solid waste storage 

areas and as a drainage layer. The type of GTX used is usually nonwoven and 

textured HDPE is used as GM in order to better adhere to the GTX surface. In this 

section, direct shear test results of the HDPE(T) – GTX interface have been 

summarized. At the bottom of the direct shear box were the GM attached to the 

concrete block, the GTX at the top, and the soil above it (Figure 4.17a). In addition, 

in order to examine whether there was any effect of the soil on the upper part, an 

interface test was also carried out with the GM adhered to the concrete block at the 

bottom and this time with the GTX adhered to the concrete block at the upper part 

(Figure 4.17b). The shear stress – strain graphs of HDPE(T) – GTX interface with 

soils are shown in Figure 5.3. All results are very close to each other in HDPE(T) – 



62 

 

GTX(soil) interfaces. In other words, the conclusion drawn here is that the soil used 

on the GTX in such interfaces does not affect the interface shear behavior. However, 

the friction angle of the HDPE(T) – GTX(concrete) interface is quite high compared 

to the others (Table 5.3). The reason for this is that the concrete is much more rigid 

than the soil and increases the interface friction forces due to the pressure it exerts on 

the GTX with normal stress. 

 

 

Figure 5.3: Shear stress (τ) – strain (ε) graphs of GM – GTX interface with soils 
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Figure 5.3 (continued): Shear stress (τ) – strain (ε) graphs of GM – GTX interface 

with soils 

 

MC envelopes were drawn to determine the interface friction angles. MC envelopes 

for all normal stress levels separately are shown in Figure 5.4. In addition, the 

internal friction angle values obtained from the envelopes are listed in Table 5.3.  
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Figure 5.4: Mohr-Coulomb failure envelopes of GM – GTX  

 

Table 5.3: Friction angles of GM – GTX interfaces 

Interface 
Normal stress level 

One envelope 
Low Medium High 

GM – GTX(LC) 31.5 24.8 21.6 23.4 

GM – GTX(SB) 32.4 27.9 22.0 23.3 

GM – GTX(CS) 29.5 26.1 21.3 24.3 

GM – GTX(RS) 32.4 29.1 18.1 20.1 

GM – GTX(CG) 31.0 29.5 24.8 26.7 

GM – GTX(Concrete) 31.5 26.9 27.3 31.9 

 

As seen in both Figure 5.4 and Table 5.3, the friction angles of all interfaces were 

obtained very close to each other. This is because the upper soil does not affect the 

GM – GTX interface. The reason why the soil has no effect is that the density and 

thickness of the nonwoven GTX are high and dampen the effect of the soil from 

above on the GTX surface. However, since the density and stiffness of the concrete 
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are very high compared to the soil and GTX, the concrete block placed on the GTX 

caused an increase in the interface friction angle. The reason why the interface 

friction angle decreases as the normal stress increases is that the notches of HDPE(T) 

GM adhere to the GTX surface without being damaged at low normal stresses, thus 

increasing the interface friction force. At high normal stress values, the notches on 

the surface of HDPE(T) GM are crushed and the GM becomes almost smooth. 

5.3 Direct shear test results of uncured GM – soil 

interfaces 

The shear stress – strain graphs of uncured PVC(1.5) – soil interface are shown in 

Figure 5.5. The maximum capacity of the load cell of the direct shear device used in 

the experiments is 5000 N. For this reason, the test was stopped manually in the 

samples whose shear force exceeded 5000 N during the test. The black crosses in the 

graphs are samples with this condition. When the shear strength values for all types 

of surfaces are arranged from lowest to highest, the situation is as follows: LC, SB, 

RS, CS, RG, and CG. Relatively larger particles require a greater amount of 

frictional force in order to reach a state of sliding and to continue rolling once the 

interlocking is released [59]. In comparison to fine and rounded grained soils, coarse 

and angular grained soils have less spherical, less rounded, and less regular particles. 

These angular particles are capable of forming deeper grooves and exerting a higher 

interface friction angle by plowing through the surface [16, 21, 26, 98]. Several 

studies conducted by Fleming et al. [11], and Adamska [27] have reported that higher 

values of interfacial friction angles are achieved at higher void ratios of soils. The 

void ratio values of LC, SB, RS, CS, RG, and CG are 0.218, 0.339, 0.437, 0.514, 

0.549, and 0.562. This is attributed to the increased contact area between the soil 

grains and the surface of the GM (presumably a material or substrate), leading to 

enhanced interface shear strength. The findings of this study align with the 

aforementioned conclusions. 
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Figure 5.5: Shear stress (τ) – strain (ε) graphs of PVC(1.5) – soil interface 
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Figure 5.5 (continued): Shear stress (τ) – strain (ε) graphs of PVC(1.5) – soil 

interface 

 

MC envelopes for all normal stress levels separately are shown in Figure 5.6. In 

addition, the interface friction angle values obtained from the envelopes are listed in 

Table 5.4 
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Figure 5.6: Mohr – Coulomb failure envelopes of PVC(1.5) – soil  

 

Table 5.4: Friction angles of PVC(1.5) – soil interfaces 

Interface 
Normal stress level 

One envelope 
Low Medium High 

PVC(1.5) – LC 34.2 19.9 13.7 15.7 

PVC(1.5) – SB 27.4 26.3 18.3 20.4 

PVC(1.5) – CS 37.0 35.3 33.3 33.9 

PVC(1.5) – RS 34.3 34.6 35.0 33.1 

PVC(1.5) – CG 34.2 34.7 43.7 39.0 

PVC(1.5) – RG 33.4 33.6 41.9 33.1 

 

The shear stress – strain graphs of uncured PVC(3.0) – soil interface are shown in 

Figure 5.7. 
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Figure 5.7: Shear stress (τ) – strain (ε) graphs of PVC(3.0) – soil interface 
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Figure 5.7 (continued): Shear stress (τ) – strain (ε) graphs of PVC(3.0) – soil 

interface 
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MC envelopes for all normal stress levels separately are shown in Figure 5.8. In 

addition, the interface friction angle values obtained from the envelopes are listed in 

Table 5.5. 

 

 

Figure 5.8: Mohr – Coulomb failure envelopes of PVC(1.5) – soil 

 

Table 5.5: Friction angles of PVC(3.0) – soil interfaces 

Interface 
Normal stress level 

One envelope 
Low Medium High 

PVC(3.0) – LC 28.1 20.6 14.9 15.3 

PVC(3.0) – SB 33.8 32.2 19.4 21.7 

PVC(3.0) – CS 35.3 34.2 32.9 32.6 

PVC(3.0) – RS 28.2 28.7 29.6 29.7 

PVC(3.0) – CG 34.8 41.3 42.2 40.8 

PVC(3.0) – RG 36.4 36.7 37.2 33.5 
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The shear stress – strain graphs of the uncured HDPE(S) – soil interface are shown in 

Figure 5.9. 

 

 

Figure 5.9: Shear stress (τ) – strain (ε) graphs of HDPE(S) – soil interface 
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Figure 5.9 (continued): Shear stress (τ) – strain (ε) graphs of HDPE(S) – soil 

interface 
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MC envelopes for all normal stress levels separately are shown in Figure 5.10. In 

addition, the interface friction angle values obtained from the envelopes are listed in 

Table 5.6 

 

 

Figure 5.10: Mohr – Coulomb failure envelopes of HDPE(S) – soil 

 

Table 5.6: Friction angles of HDPE(S) – soil interfaces 

Interface 
Normal stress level 

One envelope 
Low Medium High 

HDPE(S) – LC 25.6 20.8 17.9 18.6 

HDPE(S) – SB 21.0 20.3 17.6 19.3 

HDPE(S) – CS 34.6 31.4 27.6 28.1 

HDPE(S) – RS 27.5 26.4 26.0 25.1 

HDPE(S) – CG 35.8 33.8 28.1 29.5 

HDPE(S) – RG 29.4 28.3 27.3 28.6 
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The shear stress – strain graphs of the uncured HDPE(T) – soil interface are shown in 

Figure 5.11. 

 

 

Figure 5.11: Shear stress (τ) – strain (ε) graphs of HDPE(T) – soil interface 
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Figure 5.11 (continued): Shear stress (τ) – strain (ε) graphs of HDPE(T) – soil 

interface 
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MC envelopes for all normal stress levels separately are shown in Figure 5.12. In 

addition, the interface friction angle values obtained from the envelopes are listed in 

Table 5.7. 

 

 

Figure 5.12: Mohr – Coulomb failure envelopes of HDPE(T) – soil 

 

Table 5.7: Friction angles of HDPE(T) – soil interfaces 

Interface 
Normal stress level 

One envelope 
Low Medium High 

HDPE(T) – LC 28.9 28.1 23.7 25.3 

HDPE(T) – SB 28.5 26.1 18.7 22.5 

HDPE(T) – CS 38.2 35.5 29.1 32.8 

HDPE(T) – RS 36.3 29.4 27.5 30.6 

HDPE(T) – CG 49.4 42.6 41.1 43.3 

HDPE(T) – RG 33.8 32.9 30.0 32.1 
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The shear stress – strain graphs of the uncured TPO – soil interface are shown in 

Figure 5.13.  

 

 

Figure 5.13: Shear stress (τ) – strain (ε) graphs of TPO – soil interface 
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Figure 5.13 (continued): Shear stress (τ) – strain (ε) graphs of TPO – soil interface 
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MC envelopes for all normal stress levels separately are shown in Figure 5.14. In 

addition, the interface friction angle values obtained from the envelopes are listed in 

Table 5.8. 

 

 

Figure 5.14: Mohr – Coulomb failure envelopes of TPO – soil 

 

Table 5.8: Friction angles of TPO – soil interfaces 

Interface 
Normal stress level 

One envelope 
Low Medium High 

TPO – LC 19.4 20.0 20.4 23.1 

TPO – SB 18.7 21.8 15.0 18.2 

TPO – CS 32.9 33.8 34.3 33.9 

TPO – RS 23.1 30.7 30.9 30.8 

TPO – CG 34.8 39.1 41.3 39.5 

TPO – RG 24.1 29.5 30.4 33.4 
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When the shear stress – strain curves are examined, it is seen that the shear stresses 

peak at very small deformation values, then either increase very little or remain 

constant. While this situation is more prominent in coarse grained soils, fixation in 

fine grained soils is observed at larger displacement values. This is because, at low 

normal stresses, shear is the leading shear mechanism for the soil – GM interface 

[92]. At elevated normal stresses, the shear stress-strain curves exhibit a steep initial 

slope, which is subsequently followed by a reduction in slope leading up to the peak. 

Beyond the peak, there is a decline in shear stress that eventually reaches a constant 

value. The initial steep slope is attributed to the activation of friction between the 

coarser and angular grains in contact with the GM. Following the initial steep slope, 

the slope decreases due to both the mobilization of friction and the plastic indentation 

of particles on the GM surface. As the normal stress increases, the tension on each 

particle at the interface intensifies, reaching a point where this stress surpasses the 

yield stress of the polymer [93]. The augmentation of normal stress induces the 

formation of an indentation on the polymer surface. As a consequence of this 

indentation, a substantial shear force is necessary to initiate the shearing of the GM 

surface and facilitate the displacement of particles. The attainment of the peak shear 

stress value signifies the initiation of particle-induced movement on the GM surface. 

[21]. The alteration in shearing mechanism at higher normal stress levels gives rise to 

a corresponding variation in the shear stress response in relation to the normal stress 

[3]. In addition, while this situation is most evident in PVC, this situation is not so in 

HDPE. In TPO, on the other hand, there is a situation between the two. The reason 

for this is that the softest GM is PVC, and the hardest GM is HDPE. Because, in 

order for the above-mentioned mechanism to take place, the GM  must be softer.  

Furthermore, to examine the difference between the soil – GM interface and the soil 

– soil interface more effectively, an efficiency (E) value was obtained. The efficiency 

value is equal to the ratio of tanδ/tanϕ. The E coefficients determined based on the 

angles obtained from a one envelope are listed in the Table 5.9. As seen, all E 

coefficients were obtained to be less than 1. This means that the soil – GM interface 

can potentially form a shearing surface. Additionally, the lowest E coefficient was 

obtained for the LC – PVC(3.0) interface, indicating that extra attention should be 

paid when using PVC GM in designs involving low plasticity clay. 
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Table 5.9: Efficiency coefficients of uncured GM – soil interfaces 

Soil PVC(1.5) PVC(3.0) HDPE(S) HDPE(T) TPO 

LC 0.54 0.52 0.64 0.87 0.79 

SB 0.90 0.96 0.85 1.00 0.81 

CS 0.97 0.93 0.81 0.94 0.97 

RS 0.99 0.89 0.75 0.91 0.92 

CG 0.89 0.93 0.67 0.98 0.90 

RG 0.82 0.83 0.70 0.79 0.82 

 

5.4 Direct shear test results of cured GM – soil 

interfaces 

In this section, the interface direct shear test results of GMs cured in SWt, AMD, 

CCP, and MSW synthetic liquids for 4, 8, and 16 months are summarized. 

5.4.1 Direct shear test results of 4 months cured GM – soil interfaces 

In this section, the interface direct shear test results of GMs cured in SWt, AMD, 

CCP, and MSW synthetic liquids for 4 months are summarized. MC failure 

envelopes of 4 months SWt cured PVC(1.5) – soil, PVC(3.0) – soil, and TPO – soil 

interfaces are shown in Figure 5.15, Figure 5.16, and Figure 5.17. In addition, the 

interface friction angle values obtained from the envelopes are listed in Table 5.10. 

In order to see the decrease in the δ with curing, the δ of the uncured GMs in the 

medium normal stress level are also given in Table 5.10. 
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Figure 5.15: Mohr-Coulomb envelopes of 4 months SWt cured PVC(1.5) – soil 

 

 

Figure 5.16: Mohr-Coulomb envelopes of 4 months SWt cured PVC(3.0) – soil 
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Figure 5.17: Mohr-Coulomb failure of 4 months SWt cured TPO – soil  

 

Table 5.10: Friction angles of 4 months SWt cured PVC(1.5) – soil, PVC(3.0) – soil, 

and TPO – soil interfaces 

Soil 
SWt curing 

PVC(1.5) PVC(3.0) TPO 

LC 14.5 19.8 18.1 

SB 25.6 28.4 21.0 

CS 32.9 33.4 30.5 

RS 29.2 27.7 29.6 

CG 33.7 40.3 37.9 

 

The reductions in the δ of PVC(1.5) cured in SWt for 4 months were 27.1, 1.9, 6.8, 

15.6, and 2.9% for LC, SB, CS, RS, and CG, respectively. The average amount of 

decrease is 11%. The reductions in the δ of PVC(3.0) cured in SWt for 4 months 

were 3.9, 11.8, 2.3, 3.5, and 2.4% for LC, SB, CS, RS, and CG, respectively. The 

average amount of decrease is 4.8%. The reductions in the δ of TPO cured in SWt for 

4 months were 9.5, 3.7, 9.8, 3.6, and 3.1% for LC, SB, CS, RS, and CG, respectively. 

The average amount of decrease is 5.9%. When the average decreases are compared, 
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the highest decrease was in PVC(1.5), while the least decrease was in PVC(3.0). This 

is because PVC(3.0) is thicker than the other GMs. When TPO and PVC(1.5) are 

compared with the same thickness, TPO is harder and fibrous. While the highest 

amount of decrease was observed at the PVC(1.5) – LC interface, the lowest amount 

of decrease was observed at the PVC(3.0) – CS interface. That is, in areas that will 

be exposed to SWt, 4 months curing results have shown that 1.5 mm thick PVC GM 

and low plasticity clay are not suitable. 

MC failure envelopes of 4 months AMD cured HDPE(S) – soil, HDPE(T) – soil, and 

TPO – soil interfaces are shown in Figure 5.18, Figure 5.19, and Figure 5.20. In 

addition, the interface friction angle values obtained from the envelopes are listed in 

Table 5.11. 

 

 

Figure 5.18: Mohr-Coulomb envelopes of 4 months AMD cured HDPE(S) – soil  
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Figure 5.19: Mohr-Coulomb envelopes of 4 months AMD cured HDPE(T) – soil 

 

 

Figure 5.20: Mohr-Coulomb envelopes of 4 months AMD cured TPO – soil  
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Table 5.11: Friction angles of 4 months AMD cured HDPE(S) – soil, HDPE(T) – 

soil, and TPO – soil interfaces 

Soil 
AMD curing 

HDPE(S) HDPE(T) TPO 

LC - - 19.0 

SB 18.0 19.3 21.9 

CS 30.1 32.2 32.8 

RS 25.6 28.7 29.0 

CG 30.4 41.2 38.7 

 

The reductions in the δ of HDPE(S) cured in AMD for 4 months were 11.3, 4.1, 3.0, 

and 10.1% for SB, CS, RS, and CG, respectively. The average amount of decrease is 

7.1%. The reductions in the δ of HDPE(T) cured in AMD for 4 months were 26.1, 

9.3, 2.4, and 3.3% for SB, CS, RS, and CG, respectively. The average amount of 

decrease is 10.3%. The reductions in the δ of TPO cured in AMD for 4 months were 

5.0, -0.5, 3.0, 5.5, and 1.0% for LC, SB, CS, RS, and CG, respectively. The average 

amount of decrease is 2.8%. When the average decreases are compared, the highest 

decrease is in HDPE(T) while the least decrease is in TPO. This may be because 

AMD, with its high acid content, damaged the needle-like roughness of HDPE(T). 

While the highest amount of decrease was observed at the HDPE(T) – SB interface, 

the lowest amount of decrease was observed at the TPO – SB interface. That is, in 

areas that will be exposed to AMD leachate, 4 month curing results have shown that 

textured HDPE GM and sand/bentonite mixture are not suitable. 

MC failure envelopes of 4 months CCP cured HDPE(S) – soil, HDPE(T) – soil, and 

TPO - soil interfaces are shown in Figure 5.21, Figure 5.22, and Figure 5.23. In 

addition, the interface friction angle values obtained from the envelopes are listed in 

Table 5.12. 
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Figure 5.21: Mohr-Coulomb envelopes of 4 months CCP cured HDPE(S) – soil  

 

 

Figure 5.22: Mohr-Coulomb envelopes of 4 months CCP cured HDPE(T) – soil 
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Figure 5.23: Mohr-Coulomb envelopes of 4 months CCP cured TPO – soil  
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in HDPE(S) while the least decrease is in TPO. While the highest amount of decrease 

was observed at the HDPE(T) – SB interface, the lowest amount of decrease was 

observed at the TPO – LC interface. That is, in areas that will be exposed to CCP 

leachate, 4 months curing results have shown that textured HDPE GM and 

sand/bentonite mixture are not suitable. 

MC failure envelopes of 4 months MSW cured HDPE(S) – soil, HDPE(T) – soil, and 

TPO - soil interfaces are shown in Figure 5.24, Figure 5.25, and Figure 5.26. In 

addition, the interface friction angle values obtained from the envelopes are listed in 

Table 5.13. 

 

 

Figure 5.24: Mohr-Coulomb envelopes of 4 months MSW cured HDPE(S) – soil 
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Figure 5.25: Mohr-Coulomb envelopes of 4 months MSW cured HDPE(T) – soil  

 

 

Figure 5.26: Mohr-Coulomb envelopes of 4 months MSW cured TPO – soil  
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Table 5.13: Friction angles of 4 months MSW cured HDPE(S) – soil, HDPE(T) – 

soil, and TPO – soil interfaces 

Soil 
MSW curing 

HDPE(S) HDPE(T) TPO 

LC - - 19.9 

SB 21.2 24.3 21.0 

CS 30.7 35.3 32.0 

RS 25.8 27.7 30.2 

CG 32.7 41.7 38.2 

 

The reductions in the δ of HDPE(S) cured in MSW for 4 months were -4.4, 2.2, 2.3, 

and 3.3% for SB, CS, RS, and CG, respectively. The average amount of decrease is 

0.8%. The reductions in the δ of HDPE(T) cured in MSW for 4 months were 6.6, 0.6, 

5.8, and 2.1% for SB, CS, RS, and CG, respectively. The average amount of decrease 

is 3.8%. The reductions in the δ of TPO cured in MSW for 4 months were 0.5, 3.7, 

5.3, 1.6, and 2.3% for LC, SB, CS, RS, and CG, respectively. The average amount of 

decrease is 2.7%. When the average decreases are compared, the highest decrease is 

in HDPE(T) while the least decrease is in HDPE(S). While the highest amount of 

decrease was observed at the HDPE(T) – SB interface, the lowest amount of 

decrease was observed at the HDPE(S) – SB interface. That is, in areas that will be 

exposed to MSW leachate, 4 months curing results have shown that textured HDPE 

GM and sand-bentonite mixture are not suitable. 

5.4.2 Direct shear test results of 8 months cured GM – soil interfaces 

MC envelopes were drawn separately for each normal stress level, as well as a single 

envelope for all normal stress levels. MC failure envelopes of 8 months SWt cured 

PVC(1.5) – soil, PVC(3.0) – soil, and TPO – soil interfaces for all normal stress 

levels separately are shown in Figure 5.27, Figure 5.28, and Figure 5.29. In addition, 

the interface friction angle values obtained from the envelopes are listed in Table 

5.14. In order to see the decrease in the δ with curing, the δ of the uncured GMs in 

the medium normal stress level are also given in Table 5.14. 
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Figure 5.27: Mohr-Coulomb envelopes of 8 months SWt cured PVC(1.5) – soil 

 

 

Figure 5.28: Mohr-Coulomb envelopes of 8 months SWt cured PVC(3.0) – soil  
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Figure 5.29: Mohr-Coulomb envelopes of 8 months SWt cured TPO – soil  
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The reductions in the δ of PVC(1.5) cured in SWt for 8 months were 28.6, 11.0, 7.4, 

15.9, and 4.9% for LC, SB, CS, RS, and CG, respectively. The average amount of 

decrease is 13.6%. The reductions in the δ of PVC(3.0) cured in SWt for 8 months 

were 9.7, 0.3, 3.5, 4.2, and 7.0% for LC, SB, CS, RS, and CG, respectively. The 

average amount of decrease is 4.9%. The reductions in the δ of TPO cured in SWt for 

8 months were 10.0, 23.4, 12.7, 0.7, and 6.4% for LC, SB, CS, RS, and CG, 

respectively. The average amount of decrease is 10.6%. When the average decreases 

are compared, the highest decrease is in PVC(1.5), while the least decrease is in 

PVC(3.0). While the highest amount of decrease was observed at the PVC(1.5) – LC 

interface, the lowest amount of decrease was observed at the PVC(3.0) – SB 

interface. That is, in areas that will be exposed to SWt, 8 months curing results have 

shown that 1.5 mm thick PVC GM and low plasticity clay are not suitable. 

MC failure envelopes of 8 months AMD cured HDPE(S) – soil, HDPE(T) – soil, and 

TPO – soil interfaces for all normal stress levels separately are shown in Figure 5.30, 

Figure 5.31, and Figure 5.32. In addition, the interface friction angle values obtained 

from the envelopes are listed in Table 5.15. 

 

 

Figure 5.30: Mohr-Coulomb envelopes of 8 months AMD cured HDPE(S) – soil  
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Figure 5.31: Mohr-Coulomb envelopes of 8 months AMD cured HDPE(T) – soil  

 

 

Figure 5.32: Mohr-Coulomb envelopes of 8 months AMD cured TPO – soil  
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Table 5.15: Friction angles of 8 months AMD cured HDPE(S) – soil, HDPE(T) – 

soil, and TPO – soil interfaces 

Interface 
Normal stress level 

One envelope 
Low Medium High 

HDPE(S) – SB 18.9 17.5 16.8 19.7 

HDPE(S) – CS 31.4 26.9 26.7 27.0 

HDPE(S) – RS 28.7 24.9 24.3 26.3 

HDPE(S) – CG 32.7 28.7 28.7 29.4 

HDPE(T) – SB 20.0 18.6 9.2 11.7 

HDPE(T) – CS 40.1 31.3 29.9 31.6 

HDPE(T) – RS 29.6 28.6 28.3 29.0 

HDPE(T) – CG 41.2 38.9 38.5 40.5 

TPO – LC 24.1 18.0 14.1 16.5 

TPO – SB 22.5 21.1 17.1 18.1 

TPO – CS 29.5 30.0 32.1 32.8 

TPO – RS 26.2 26.9 28.5 28.1 

TPO – CG 37.5 38.6 41.1 38.1 

 

The reductions in the δ of HDPE(S) cured in AMD for 8 months were 13.8, 14.3, 5.7, 

and 15.1% for SB, CS, RS, and CG, respectively. The average amount of decrease is 

12.2%. The reductions in the δ of HDPE(T) cured in AMD for 8 months were 28.7, 

11.8, 2.7, and 8.7% for SB, CS, RS, and CG, respectively. The average amount of 

decrease is 13.0%. The reductions in the δ of TPO cured in AMD for 8 months were 

10.0, 3.2, 11.2, 12.4,  and 1.3% for LC, SB, CS, RS, and CG, respectively. The 

average amount of decrease is 7.6%. When the average decreases are compared, the 

highest decrease is in HDPE(T) while the least decrease is in TPO. While the highest 

amount of decrease was observed at the HDPE(T) – SB interface, the lowest amount 

of decrease was observed at the TPO – CG interface. That is, in areas that will be 

exposed to AMD leachate, 8 months curing results have shown that textured HDPE 

GM and sand-bentonite mixture are not suitable. 
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MC failure envelopes of 8 months CCP cured HDPE(S) – soil, HDPE(T) – soil, and 

TPO – soil interfaces for all normal stress levels separately are shown in Figure 5.33, 

Figure 5.34, and Figure 5.35. In addition, the interface friction angle values obtained 

from the envelopes are listed in Table 5.16. 

 

 

Figure 5.33: Mohr-Coulomb envelopes of 8 months CCP cured HDPE(S) – soil  
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Figure 5.34: Mohr-Coulomb envelopes of 8 months CCP cured HDPE(T) – soil  

 

Figure 5.35: Mohr-Coulomb envelopes of 8 months CCP cured TPO – soil  
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Table 5.16: Friction angles of 8 months CCP cured HDPE(S) – soil, HDPE(T) – soil, 

and TPO – soil interfaces 

Interface 
Normal stress level 

One envelope 
Low Medium High 

HDPE(S) – SB 21.0 19.6 14.7 15.4 

HDPE(S) – CS 31.7 29.7 29.4 32.7 

HDPE(S) – RS 27.2 26.0 25.6 26.1 

HDPE(S) – CG 35.1 31.2 28.1 30.0 

HDPE(T) – SB 25.1 24.4 16.7 20.8 

HDPE(T) – CS 37.3 36.2 25.2 31.9 

HDPE(T) – RS 32.4 27.1 27.0 28.7 

HDPE(T) – CG 42.5 41.0 40.2 35.4 

TPO – LC 25.7 19.7 17.1 18.5 

TPO – SB 22.5 20.8 12.2 15.2 

TPO – CS 30.4 31.3 36.9 36.7 

TPO – RS 28.1 28.5 30.1 29.8 

TPO – CG 38.0 38.6 39.2 48.7 

 

The reductions in the δ of HDPE(S) cured in CCP for 8 months were 3.4, 5.4, 1.5, 

and 7.7% for SB, CS, RS, and CG, respectively. The average amount of decrease is 

4.5%. The reductions in the δ of HDPE(T) cured in AMD for 8 months were 6.5, -

2.0, 7.8, and 3.8% for SB, CS, RS, and CG, respectively. The average amount of 

decrease is 4.0%. The reductions in the δ of TPO cured in AMD for 8 months were 

1.5, 4.6, 7.4, 7.2, and 1.3% for LC, SB, CS, RS, and CG, respectively. The average 

amount of decrease is 4.4%. When the average decreases are compared, the highest 

decrease is in HDPE(S) while the least decrease is in HDPE(T). While the highest 

amount of decrease was observed at the HDPE(T) – RS interface, the lowest amount 

of decrease was observed at the HDPE(T) – CS interface. That is, in areas that will 

be exposed to CCP leachate, 8 months curing results have shown that textured HDPE 

GM and round sand are not suitable. 
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MC failure envelopes of 8 months MSW cured HDPE(S) – soil, HDPE(T) – soil, and 

TPO – soil interfaces for all normal stress levels separately are shown in Figure 5.36, 

Figure 5.37, and Figure 5.38. In addition, the interface friction angle values obtained 

from the envelopes are listed in Table 5.17. 

 

 

Figure 5.36: Mohr-Coulomb envelopes of 8 months MSW cured HDPE(S) – soil  
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Figure 5.37: Mohr-Coulomb envelopes of 8 months MSW cured HDPE(T) – soil  

 

 

Figure 5.38: Mohr-Coulomb envelopes of 8 months MSW cured TPO – soil  
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Interface 
MSW curing 

Low Medium High One envelope 

HDPE(S) – SB 24.4 20.3 10.8 14.3 

HDPE(S) – CS 37.6 29.7 29.3 31.9 

HDPE(S) – RS 26.6 25.3 25.2 24.6 

HDPE(S) – CG 33.1 32.3 32.1 30.9 

HDPE(T) – SB 24.9 18.7 18.2 16.0 

HDPE(T) – CS 42.3 28.9 27.2 33.3 

HDPE(T) – RS 34.9 26.9 26.7 28.3 

HDPE(T) – CG 42.5 40.8 36.1 31.6 

TPO – LC 32.3 17.6 15.2 20.4 

TPO – SB 25.2 20.2 14.2 16.5 

TPO – CS 31.3 31.9 32.3 36.2 

TPO – RS 28.1 28.3 29.2 29.2 

TPO – CG 36.1 36.2 36.7 46.4 

 

The reductions in the δ of HDPE(S) cured in MSW for 8 months were 0.0, 5.4, 4.2, 

and 4.4% for SB, CS, RS, and CG, respectively. The average amount of decrease is 

3.5%. The reductions in the δ of HDPE(T) cured in MSW for 8 months were 28.4, 

18.6, 8.5, and 4.2% for SB, CS, RS, and CG, respectively. The average amount of 

decrease is 14.9%. The reductions in the δ of TPO cured in MSW for 8 months were 

12.0, 7.3, 5.6, 7.8, and 7.4% for LC, SB, CS, RS, and CG, respectively. The average 

amount of decrease is 8.0%. When the average decreases are compared, the highest 

decrease is in HDPE(T) while the least decrease is in HDPE(S). While the highest 

amount of decrease was observed at the HDPE(T) – SB interface, the lowest amount 

of decrease was observed at the HDPE(S) – SB interface. That is, in areas that will 

be exposed to MSW leachate, 8 month curing results have shown that textured 

HDPE GM and sand/bentonite mixture are not suitable. 
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5.4.3 Direct shear test results of 16 months cured GM – soil interfaces 

MC failure envelopes of 16 months SWt cured PVC(1.5) – soil, PVC(3.0) – soil, and 

TPO – soil interfaces are shown in Figure 5.39, Figure 5.40, and Figure 5.41. In 

addition, the interface friction angle values obtained from the envelopes are listed in 

Table 5.18. In order to see the decrease in the δ with curing, the δ of the uncured 

GMs in the medium normal stress level are also given in Table 5.18. 

 

 

Figure 5.39: Mohr-Coulomb envelopes of 16 months SWt cured PVC(1.5) – soil  
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Figure 5.40: Mohr-Coulomb envelopes of 16 months SWt cured PVC(3.0) – soil  

 

 

Figure 5.41: Mohr-Coulomb envelopes of 16 months SWt cured TPO – soil  
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Table 5.18: Friction angles of 16 months SWt cured PVC(1.5) – soil, PVC(3.0) – 

soil, and TPO – soil interfaces 

Soil 
No curing SWt curing 

PVC(1.5) PVC(3.0) TPO PVC(1.5) PVC(3.0) TPO 

LC 19.9 20.6 20 14.1 18.2 19.1 

SB 26.3 32.2 21.8 18.8 23.2 19.8 

CS 35.3 34.2 33.8 32.0 32.1 25.0 

CG 34.7 41.3 39.1 32.7 37.6 34.5 

 

The reductions in the δ of PVC(1.5) cured in SWt for 16 months were 29.1, 28.5, 9.3, 

and 5.8% for LC, SB, CS, and CG, respectively. The average amount of decrease is 

18.2%. The reductions in the δ of PVC(3.0) cured in SWt for 8 months were 11.7, 

28.0, 6.1, and 9.0% for LC, SB, CS, and CG, respectively. The average amount of 

decrease is 13.7%. The reductions in the δ of TPO cured in SWt for 16 months were 

4.5, 9.2, 26.0, and 11.8% for LC, SB, CS, and CG, respectively. The average amount 

of decrease is 12.9%. When the average decreases are compared, the highest 

decrease is in PVC(1.5), while the least decrease is in TPO. While the highest 

amount of decrease was observed at the PVC(1.5) – LC interface, the lowest amount 

of decrease was observed at the TPO – LC interface. That is, in areas that will be 

exposed to SWt, 16 month curing results have shown that 1.5 mm thick PVC GM 

and low plasticity clay are not suitable. 

MC failure envelopes of 16 months AMD cured HDPE(S) – soil, HDPE(T) – soil, 

and TPO – soil interfaces are shown in Figure 5.42, Figure 5.43, and Figure 5.44. In 

addition, the interface friction angle values obtained from the envelopes are listed in 

Table 5.19. 
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Figure 5.42: Mohr-Coulomb envelopes of 16 months AMD cured HDPE(S) – soil 

 

 

Figure 5.43: Mohr-Coulomb envelopes of 16 months AMD cured HDPE(T) – soil  
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Figure 5.44: Mohr-Coulomb envelopes of 16 months AMD cured TPO – soil  

 

Table 5.19: Friction angles of 16 months AMD cured HDPE(S) – soil, HDPE(T) – 

soil, and TPO – soil interfaces 

Soil 
No curing AMD curing 

HDPE(S) HDPE(T) TPO HDPE(S) HDPE(T) TPO 

LC 20.8 28.1 20 - - 17.0 

SB 20.3 26.1 21.8 16.7 17.2 17.1 

CS 31.4 35.5 33.8 25.3 24.1 21.4 

CG 33.8 42.6 39.1 27.1 38.1 31.5 
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is 25.6%. The reductions in the δ of TPO cured in AMD for 16 months were 15.0, 

21.6, 36.7, and 19.4% for LC, SB, CS, and CG, respectively. The average amount of 

decrease is 23.2%. When the average decreases are compared, the highest decrease is 

in HDPE(T), while the least decrease is in HDPE(S). While the highest amount of 
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decrease was observed at the TPO – CS interface, the lowest amount of decrease was 

observed at the HDPE(T) – CG interface. That is, in areas that will be exposed to 

AMD, 16 month curing results have shown that TPO GM and angular sand are not 

suitable. 

MC failure envelopes of 16 months CCP cured HDPE(S) – soil, HDPE(T) – soil, and 

TPO – soil interfaces are shown in Figure 5.45, Figure 5.46, and Figure 5.47. In 

addition, the interface friction angle values obtained from the envelopes are listed in 

Table 5.20. 

 

 

Figure 5.45: Mohr-Coulomb envelopes of 16 months CCP cured HDPE(S) – soil  
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Figure 5.46: Mohr-Coulomb envelopes of 16 months CCP cured HDPE(T) – soil  

 

 

Figure 5.47: Mohr-Coulomb envelopes of 16 months CCP cured TPO – soil  
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Table 5.20: Friction angles of 16 months CCP cured HDPE(S) – soil, HDPE(T) – 

soil, and TPO – soil interfaces 

Soil 
No curing CCP curing 

HDPE(S) HDPE(T) TPO HDPE(S) HDPE(T) TPO 

LC 20.8 28.1 20 - - 19.4 

SB 20.3 26.1 21.8 19.4 23.7 20.4 

CS 31.4 35.5 33.8 27.6 35.8 27.5 

CG 33.8 42.6 39.1 31.4 40.8 36.5 

 

The reductions in the δ of HDPE(S) cured in CCP for 16 months were 4.4, 12.1, and 

7.1% for SB, CS, and CG, respectively. The average amount of decrease is 7.9%. 

The reductions in the δ of HDPE(T) cured in CCP for 16 months were 9.2, -0.8, and 

4.2% for SB, CS, and CG, respectively. The average amount of decrease is 4.2%. 

The reductions in the δ of TPO cured in CCP for 16 months were 3.0, 6.4, 18.6, and 

6.6% for LC, SB, CS, and CG, respectively. The average amount of decrease is 

8.7%. When the average decreases are compared, the highest decrease is in TPO, 

while the least decrease is in HDPE(T). While the highest amount of decrease was 

observed at the TPO – CS interface, the lowest amount of decrease was observed at 

the HDPE(T) – CS interface. That is, in areas that will be exposed to CCP, 16 

months curing results have shown that TPO GM and angular sand are not suitable. 

MC failure envelopes of 16 months MSW cured HDPE(S) – soil, HDPE(T) – soil, 

and TPO – soil interfaces are shown in Figure 5.48, Figure 5.49, and Figure 5.50. In 

addition, the interface friction angle values obtained from the envelopes are listed in 

Table 5.21. 
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Figure 5.48: Mohr-Coulomb envelopes of 16 months MSW cured HDPE(S) – soil 

 

 

Figure 5.49: Mohr-Coulomb envelopes of 16 months MSW cured HDPE(T) – soil  
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Figure 5.50: Mohr-Coulomb envelopes of 16 months MSW cured TPO – soil  

 

Table 5.21: Friction angles of 16 months MSW cured HDPE(S) – soil, HDPE(T) – 

soil, and TPO – soil interfaces 

Soil 
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30.2, and 14.6% for LC, SB, CS, and CG, respectively. The average amount of 

decrease is 17.8%. When the average decreases are compared, the highest decrease is 

in HDPE(T) while the least decrease is in HDPE(S). While the highest amount of 
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decrease was observed at the TPO – CS interface, the lowest amount of decrease was 

observed at the HDPE(T) – CG interface. That is, in areas that will be exposed to 

MSW, 16 month curing results have shown that TPO GM and angular sand are not 

suitable. 

In order to learn more about the shear behaviors of the interfaces, the shear stress – 

axial strain graphs were examined under normal stress of 196 kPa (medium normal 

stress level). For this purpose, the strain value (ε50) in which fifty percent of the shear 

strength, which occurs under 196 kPa normal stress for each interface, was 

determined as the percentage of the total strain (100%). The ε50 values of the SWt 

cured soil – PVC(1.5), soil – PVC(3.0), and soil – TPO interfaces are shown in 

Figure 5.51, Figure 5.52, and Figure 5.53. The ε50 values of the AMD cured soil – 

HDPE(S), soil – HDPE(T), and soil – TPO interfaces are shown in Figure 5.54, 

Figure 5.55, and Figure 5.56. The ε50 values of the CCP cured soil – HDPE(S), soil – 

HDPE(T), and soil – TPO interfaces are shown in Figure 5.57, Figure 5.58, and 

Figure 5.59. The ε50 values of the MSW cured soil – HDPE(S), soil – HDPE(T), and 

soil – TPO interfaces are shown in Figure 5.60, Figure 5.61, and Figure 5.62. 

 

 

Figure 5.51: The ε50 values of the SWt cured soil – PVC(1.5) interface 

 

0 5 10 15 20 25 30 35
ε50 (%)

SOIL - PVC(1.5)_16m

SOIL - PVC(1.5)_8m

SOIL - PVC(1.5)_4m

SOIL - PVC(1.5)_0m

SOIL - SOIL

in SWt



115 

 

 

Figure 5.52: The ε50 values of the SWt cured soil – PVC(3.0) interface 

  

Figure 5.53: The ε50 values of the SWt cured soil – TPO interface 

 

Figure 5.54: The ε50 values of the AMD cured soil – HDPE(S) interface 
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Figure 5.55: The ε50 values of the AMD cured soil – HDPE(T) interface 

 

Figure 5.56: The ε50 values of the AMD cured soil – TPO interface 

 

Figure 5.57: The ε50 values of the CCP cured soil – HDPE(S) interface 
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Figure 5.58: The ε50 values of the CCP cured soil – HDPE(T) interface 

 

Figure 5.59: The ε50 values of the CCP cured soil – TPO interface 

 

Figure 5.60: The ε50 values of the MSW cured soil – HDPE(S) interface 
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Figure 5.61: The ε50 values of the MSW cured soil – HDPE(T) interface 

 

Figure 5.62: The ε50 values of the MSW cured soil – TPO interface 
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AMD and MSW cured samples. So, AMD and MSW curing reduces the toughness of 

the soil – HDPE and soil – TPO interfaces. 

5.5 Image analysis and surface roughness 

The OPM analyses were carried out with PVC(1.5), PVC(3.0), HDPE(S), and TPO 

GMs cured for 16 months. Surface roughness measurements were made after the 

interface direct shear tests with LC, SB, CS, and CG soils. Average (Ra) and 

maximum (Rmax) roughness values of PVC(1.5), PVC(3.0), and TPO cured in SWt 

are shown in Figure 5.63 and Figure 5.64. When Figure 5.63 and Figure 5.64 were 

examined, it was seen that Ra and Rmax values increase as the grain size and grain 

angularity increase. This proves that angular and coarse grains are embedded in the 

GM surface and increase the interface friction angle. In addition, it was observed that 

the surface roughness after the direct shear test of TPO was higher than PVC. The 

reason for this is that PVC with a soft surface exhibits elastoplastic behavior and 

some of the deformations that occur are not permanent. TPO, on the other hand, 

showed plastic behavior and its deformations were permanent. 

 

 

Figure 5.63: Average roughness values of 16 months SWt cured GM – soil interfaces 

after direct shear tests 
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Figure 5.64: Maximum roughness values of 16 months SWt cured GM – soil 

interfaces after direct shear tests 
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the GM. Therefore, both sliding and plowing can contribute to the overall frictional 

force when shearing granular soil – GM interfaces [98]. However, the same is not 

true for cohesive soils. Even under high normal stresses, they only slide, not plow. 

Therefore, the Ra and Rmax values of CS and CG soils are higher than that of LC and 

SB soils. 

 

 

Figure 5.65: Average roughness values of 16 months leachate cured HDPE(S) – soil 

interfaces after direct shear tests 
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Figure 5.66: Maximum roughness values of 16 months leachate cured HDPE(S) – 

soil interfaces after direct shear tests 

 

 

Figure 5.67: Average roughness values of 16 months leachate cured TPO – soil 

interfaces after direct shear tests 
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Figure 5.68: Maximum roughness values of 16 months leachate cured TPO – soil 

interfaces after direct shear tests 
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Figure 5.69: Deformed area and roundness of 16 months SWt cured PVC after direct 

shear tests 
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Figure 5.70: Microscopic images of 16 months SWt cured PVC after direct shear 

tests 
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reason for this is the embedding of the particles on the soft surface of PVC, and the 

sliding movement of the particles on the hard surface of HDPE without embedding. 

 

 

Figure 5.71: Deformed area and roundness of 16 months leachate cured HDPE(S) 

after direct shear tests 
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Figure 5.72: Microscopic images of 16 months leachate cured HDEP(S) after direct 

shear tests 

 

A comparison of deformed areas with roundness values and microscopic images for 
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Figure 5.73 and Figure 5.74. When microscopic images were examined, fine grained 

soils created scratches on the GM surface, while coarse grained soils formed deep 

cavities on the GM surface. The cavities are more pronounced in PVC and TPO, 

which are relatively soft on the surface, while less pronounced in HDPE, which has a 

hard surface. 

 

 

Figure 5.73: Deformed area and roundness of 16 months leachate and SWt cured 

TPO after direct shear tests 
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Figure 5.74: Microscopic images of 16 months leachate and SWt cured TPO after 

direct shear tests 
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Figure 5.74 (continued): Microscopic images of 16 months leachate and SWt cured 

TPO after direct shear tests 
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respectively. The analysis results of the soil – PVC(1.5), soil – PVC(3.0), and soil – 

TPO interfaces cured in SWt are shown in Figure 5.75, Figure 5.76, and Figure 5.77. 

 

 

Figure 5.75: The Plaxis 2D analysis results of the 16 months SWt cured PVC(1.5) – 

soil interface 

 

 

Figure 5.76: The Plaxis 2D analysis results of the 16 months SWt cured PVC(3.0) – 

soil interface 

 

FS=1.04 FS=1.40 

FS=1.69 FS=1.72 

LC-PVC(1.5)-SWt SB-PVC(1.5)-SWt 

CS-PVC(1.5)-SWt CG-PVC(1.5)-SWt 

LC-PVC(3.0)-SWt 

CS-PVC(3.0)-SWt 

SB-PVC(3.0)-SWt 

CG-PVC(3.0)-SWt 

FS=1.22 FS=1.56 

FS=1.72 FS=1.79 



132 

 

 

Figure 5.77: The Plaxis 2D analysis results of the 16 months SWt cured TPO – soil 

interface 

 

The analysis results of the soil – HDPE(S) and soil – TPO interfaces cured in AMD 

are shown in Figure 5.78 and Figure 5.79. 

 

 

Figure 5.78: The Plaxis 2D analysis results of the 16 months AMD cured HDPE(S) – 

soil interface 
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Figure 5.79: The Plaxis 2D analysis results of the 16 months AMD cured TPO – soil 

interface 

 

The analysis results of the soil – HDPE(S) and soil – TPO interfaces cured in CCP 

are shown in Figure 5.80 and Figure 5.81. 

 

 

Figure 5.80: The Plaxis 2D analysis results of the 16 months CCP cured HDPE(S) – 

soil interface 
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Figure 5.81: The Plaxis 2D analysis results of the 16 months CCP cured TPO – soil 

interface 

 

The analysis results of the soil – HDPE(S) and soil – TPO interfaces cured in MSW 

are shown in Figure 5.80 and Figure 5.81. 

 

 

Figure 5.82: The Plaxis 2D analysis results of the 16 months MSW cured HDPE(S) – 

soil interface 
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Figure 5.83: The Plaxis 2D analysis results of the 16 months MSW cured TPO – soil 

interface 

 

From Figure 5.75 through Figure 5.83, the FS values of all slopes with GM interface 

are lower than the FS values of the slopes without GM. This result showed that when 

designing a waste storage facility when only the shear strength parameters of the soil 

are used, a very risky structure can be built. Therefore, not only the shear strength 

parameters of the soil but also the shear strength parameters of the interface formed 

between the soil and the GM should be considered. All FS values from Plaxis 2D 

analyses are listed in Table 5.22. 

 

Table 5.22: FS values of all interfaces obtained from Plaxis 2D analysis 

Soil  

type 

AMD CCP MSW SWt 

HDPE(S) TPO HDPE(S) TPO HDPE(S) TPO PVC(1.5) PVC(3.0) TPO 

LC 0.99 1.07 1.25 1.20 1.05 1.22 1.04 1.03 1.16 

SB 1.11 1.19 1.50 1.13 1.40 1.56 1.34 1.08 1.19 

CS 1.54 1.20 1.73 1.15 1.69 1.72 1.51 1.73 1.71 

CG 1.59 1.83 1.82 1.78 1.72 1.79 1.82 1.83 1.81 

 

FS=1.13 FS=1.20 

FS=1.15 FS=1.78 

CS-TPO-MSW 

LC-TPO-MSW SB-TPO-MSW 

CG-TPO-MSW 
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According to the Plaxis 2D analysis results, in AMD cured samples, LC – HDPE(S) 

has the lowest FS value, while CG – TPO has the highest FS value. That is, it would 

be risky to use smooth HDPE GM with a low plasticity clay in mine waste storage 

facilities. It may be recommended to use TPO GM with crushed gravel instead. In 

MSW cured samples, SB – TPO has the lowest FS value, while CG – HDPE(S) has 

the highest FS value. That is, it would be risky to use TPO GM with a sand-bentonite 

mixture in municipal solid waste facilities. It may be recommended to use smooth 

HDPE GM with crushed gravel instead. In CCP cured samples, LC – HDPE(S) has 

the lowest FS value, while CG – HDPE(S) has the highest FS value. That is, it would 

be risky to use smooth HDPE GM with a low plasticity clay in coal waste storage 

facilities. It may be recommended to use smooth HDPE GM with crushed gravel 

instead. In SWt cured samples, LC – TPO has the lowest FS value, while CG – TPO 

has the highest FS value. That is, it would be risky to use TPO GM with a low 

plasticity clay in areas close to the coastline. It may be recommended to use TPO 

GM with crushed gravel instead.  

5.7 Parameters affecting the interface friction angle 

In this study, the most important parameters whose effects on the interface friction 

angle were investigated are the curing liquid type and curing time. Therefore, a more 

detailed and clear examination and comparison of these effects is made in this 

section. In addition, a discussion was made on the effect of curing time and the type 

of curing liquid. 

5.7.1 Effect of curing period 

The effects of the SWt curing period on the interface friction angles of soil – 

PVC(1.5), soil – PVC(3.0), and soil – TPO is shown in Figure 5.84, Figure 5.85, and 

Figure 5.86. It was seen that the interface friction angle decreased as the curing time 

increased. A curing effect (CE) coefficient was derived as the ratio of the 16 months 

cured interface friction angle to the uncured interface friction angle to compare the 

results. When the average CE values of the samples were compared, 0.783, 0.827, 

and 0.864 were obtained for TPO, PVC(1.5), and PVC(3.0), respectively. Based on 

this, it has been determined that SWt has more damaging effects on the TPO. 
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Figure 5.84: Friction angle values of no cured and SWt cured PVC(1.5) – soil 

interface 

 

 

Figure 5.85: Friction angle values of no cured and SWt cured PVC(3.0) – soil 

interface 
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Figure 5.86: Friction angle values of no cured and SWt cured TPO – soil interface 

 

The effect of the AMD curing period on the interface friction angles of soil – 

HDPE(S), soil – HDPE(T), and soil – TPO is shown in Figure 5.87, Figure 5.88, and 

Figure 5.89. It was seen that the interface friction angle decreased as the curing time 

increased. When the average CE values of the samples cured for 16 months were 

compared, 0.690, 0.756, and 0.674 were obtained for TPO, HDPE(S), and HDPE(T), 

respectively. Based on this, it has been determined that AMD has more damaging 

effects on the HDPE(T).  Within the scope of the Regulation on the Waste Landfills 
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recommended to use HDPE(S), HDPE(T), and TPO with SB and LC together in 

mine tailing storage facilities according to these results. The soil – GM couple 
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recommended to be used in mine tailing storage facilities is CG – HDPE(T), which 

has the highest interface friction angle. 

 

 

Figure 5.87: Friction angle values of no cured and AMD cured HDPE(S) – soil 

interface 

 

Figure 5.88: Friction angle values of no cured and AMD cured HDPE(T) – soil 

interface 
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Figure 5.89: Friction angle values of no cured and AMD cured TPO – soil interface 

 

The effect of the CCP leachate curing period on the soil – HDPE(S), soil – HDPE(T),  

and soil – TPO interfaces friction angles are shown in Figure 5.90, Figure 5.91, and 

Figure 5.92. Contrary to AMD, CCP did not cause a significant decrease in the 

interface friction angle of the GM after 16 months of curing. Because AMD 

encountered in mine tailing storage systems have acidic contents and low pH, coal 

combustion leachate can have extreme pH and high ionic strength [100,101]. When 

the average CE values of the samples cured for 16 months were compared, 0.822, 

0.855, and 0.906 were obtained for TPO, HDPE(S), and HDPE(T), respectively. 

Based on this, it has been determined that CCP has more damaging effects on the 

TPO. As a result of the experiment, it was observed that all samples remained above 

the red line. In other words, all soil – GM pairs are suitable for use in coal 

combustion waste storage facilities. But also, CG gave the best results with 

HDPE(T). So, it may be recommended to use CG soil type in coal combustion waste 

storages with the HDPE(T). 
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Figure 5.90: Friction angle values of no cured and CCP cured HDPE(S) – soil 

interface 

 

 

Figure 5.91: Friction angle values of no cured and CCP cured HDPE(T) – soil 

interface 
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Figure 5.92: Friction angle values of no cured and CCP cured TPO – soil interface 

 

The effect of the MSW leachate curing period on the soil – HDPE(S), soil – 

HDPE(T), and soil – TPO interface friction angle is shown in Figure 5.93, Figure 

5.94, and Figure 5.95. It was determined that the effect of MSW on the friction angle 

of the GM was not as high as AMD and not as low as CCP. When the average CE 

values of the samples cured for 16 months were compared, 0.740, 0.809, and 0.769 

were obtained for TPO, HDPE(S), and HDPE(T), respectively. Based on this, it has 

been determined that MSW has more damaging effects on the TPO. As a result of 

accelerated aging experiments in the laboratory, Rowe et al. (2010) determined that 

the oxidative time was 35% reduced after 16 months in MSW, even at 50⁰C [29]. 

Therefore, the decrease in friction angles of the samples cured for 16 months at room 

temperature is in accordance with the results obtained in the literature.  The samples 

cured for 8 and 16 months at the SB – TPO interfaces remained below the red line. 

That is the use of LC – TPO couple in municipal solid waste storage facilities should 

be avoided. Also, it has been determined that CG – HDPE(T) couple is the most 

suitable GM – soil couple for municipal solid waste storage facilities.  
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Figure 5.93: Friction angle values of no cured and MSW cured HDPE(S) – soil 

interface 

 

 

Figure 5.94: Friction angle values of no cured and MSW cured HDPE(T) – soil 

interface 
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Figure 5.95: Friction angle values of no cured and MSW cured TPO – soil interface 

 

5.7.2 Effect of curing liquid type 

In order to compare the effect of different leachates on the friction angles of GMs, 

the correlation between D50 values and interface friction angles of 16 months cured 

samples under medium normal stress level are shown in Figure 5.96, Figure 5.97, 

and Figure 5.98. 
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Figure 5.96: Correlation between interface friction angle values of 16 months 

leachates cured HDPE(S) – soil interface and D50  

 

 

Figure 5.97: Correlation between interface friction angle values of 16 months 

leachates cured HDPE(T) – soil interface and D50 
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Figure 5.98: Correlation between interface friction angle values of 16 months 

leachates cured TPO – soil interface and D50 
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these changes may be the acidic conditions and high metal concentration of AMD. 

Previous studies have shown that acidic conditions cause slight strength losses in 

polymers in the structure of geosynthetics [104–106].  

When GMs are exposed to MSW for a long time, oxidative degradation begins. 

Viebke et al. (1994) and Hsuan and Koerner (1998) described oxidative degradation 

as a three-step process [102,107]. In stage I, there is no significant change in the 

engineering properties of the GM. Stage II is an induction time for degradation to 

begin and begins after the antioxidants are depleted. The end of the 2nd stage 

coincides with the time when the oxidation begins. In stage III, there are significant 

changes in physical and mechanical properties due to oxidation, which eventually 

leads to GM failure. Failure in this context refers to the reduction of an engineering 

property, e.g., stress-crack resistance and tensile-breaking stress, to a certain value 

[29]. 

Coal combustion products (CCP) are coal ash/residues and are produced when coal is 

burned to produce electricity or steam. CCPs include fly ash, bottom ash, flue gas 

desulfurization (FGD) materials, spray dryer ash, etc. is found [108]. CCP leachates 

are inorganic and can have a greater preponderance of polyvalent cations and higher 

ionic strength than MSW leachates [100,109]. It also has a much higher pH value 

than AMD. Therefore, the effect of CCP to damage the mechanical properties of the 

GM is very low compared to AMD and MSW. 

5.8 Comparison with the literature studies 

In order to determine whether the interface friction angles obtained in this study are 

compatible with previous studies in the literature, the friction angles obtained from 

many studies are summarized in Table 5.23 according to the GM and soil types used. 

As can be seen, both the friction angles obtained from the studies in the literature and 

the experiments obtained in this study are compatible with each other according to 

the interface types.  
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Table 5.23: The interface friction angle values from the literature studies 

Study Interface 
Interface friction 

angle, δ (°) 

Martin et al., 1984 [110] 

HDPE(S) – Ottawa sand 20.0 

HDPE(S) – Concrete sand 24.0 

PVC – Ottawa sand 27.0 

PVC – Concrete sand 25.0 

Saxena and Wong, 1984 [111] HDPE(S) – Ottawa sand 21.0 

Akber et al., 1985 [112] 
HDPE(S) – Sand 25.0 

PVC - Sand 34.0 

Weiss and Batereau, 1987 [113] PVC – Sand 27.0 

Williams and Houlihan, 1987 

[114] 

HDPE(S) – Ottawa sand 19.0 

HDPE(S) – Concrete sand 27.0 

PVC – Concrete sand 26.0 

Negussey et al., 1989 [115] 
HDPE(S) – Ottawa sand 18.0 

HDPE(S) – Concrete sand 24.0 

O’Rourke et al., 1990 [92] 
HDPE(S) – Ottawa sand 19.0 

PVC – Ottawa sand 30.0 

Lam and Tape, 1991 [116] PVC – Sand  42.0 

Lauwers, 1991 [117] PVC – Ottawa sand 24.1 

Izgin and Wasti, 1998 [118] 

HDPE(S) – Ottawa sand 16.5 

HDPE(S) – Crushed stone 23.5 

HDPE(T) – Ottawa sand 28.0 

HDPE(T) – Crushed stone 30.0 

Welker and Josten, 2005 [119] HDPE(S) – Clayey sand 19.0 

Fleming et al., 2006 [11] 

HDPE(S) – Ottawa sand 21.0 

HDPE(S) – Silty sand 15.4 

HDPE(S) – Sand/bentonite 21.1 

Bagci, 2007 [120] Geotextile – Silt 28.0 

Sharma et al., 2007 [121] HDPE(S) – Sand 14.1 
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Effendi, 2012 [19] 
HDPE(S) – Ottawa sand 13.6 

PVC – Ottawa sand 30.0 

Frost et al., 2012 [21] 

HDPE(S) – Ottawa sand 24.5 

HDPE(S) – Blasting  25.5 

HDPE(T) – Ottawa sand 38.0 

HDPE(T) – Blasting 37.2 

Monteiro et al., 2013 [25] 

HDPE(S) – Sand 29.6 

HDPE(T) – Sand 34.6 

PVC – Sand 32.6 

Feng and Cheng, 2014 [17] 
HDPE(T) – Geotextile 19.8 

HDPE(T) – Clay 10.7 

Bhowmik et al., 2016 [122] 
HDPE(T) – Clay 18.0 

HDPE(T) – Sand 30.0 

Vangla and Gali, 2016 [16] 
HDPE(S) – Angular sand 27.1 

HDPE(S) – Rounded sand 18.7 

Punetha et al., 2017 [3] 

HDPE(S) – River sand 23.7 

HDPE(S) – River sand 20.8 

Geotextile – River sand 33.8 

Geotextile – River sand 34.6 

Stark and Santoyo, 2017 [20] 

HDPE(S) – Glacial till 13.0 

HDPE(S) – Ottawa sand 20.0 

HDPE(T) – Glacial till 31.0 

HDPE(T) – Ottawa sand 32.0 

PVC – Glacial till 28.0 

PVC – Ottawa sand 26.0 

TPO – Glacial till 15.0 

TPO – Ottawa sand 25.0 

Cen et al., 2018 [26] 

HDPE(S) – Fine sand 29.0 

HDPE(S) – Sandy gravel 30.6 

HDPE(S) – Geotextile 11.6 
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HDPE(T) – Fine sand 32.7 

HDPE(T) – Sandy gravel 36.8 

HDPE(T) – Geotextile 20.9 

Markou and Evangelou, 2018 

[123] 

HDPE(S) – Rounded sand 17.0 

HDPE(S) – Sub-angular sand 32.5 

HDPE(T) – Rounded sand 25.6 

HDPE(T) – Sub-angular sand 36.6 

PVC – Rounded sand 28.1 

PVC – Sub-angular sand 39.8 

TPO – Rounded sand 26.3 

TPO – Sub-angular sand 33.8 

Ari, 2020 [124] 

HDPE(S) – River sand 22.0 

HDPE(S) – Crushed sand 25.0 

HDPE(S) – Crushed stone 31.0 

HDPE(T) – River sand 37.0 

HDPE(T) – Crushed sand 41.0 

HDPE(T) – Crushed stone 47.0 

Stoltz et al., 2020 [67] 
HDPE(S) – Geotextile 14.0 

PVC – Geotextile 16.7 

Zhou et al., 2020 [125] 

HDPE(S) – Sand 24.2 

HDPE(S) – Clay 18.8 

HDPE(T) – Sand 37.6 

HDPE(T) – Clay 25.2 

Araujo et al., 2022 [126] 
HDPE(S) – Angular sand 24.2 

HDPE(T) – Angular sand 30.3 

Rashed et al., 2022 [127] HDPE(S) – Sand 15.2 – 20.2 

Junior et al., 2023 [128] 
HDPE(T) – Silt-clay sand-1 30.2 

HDPE(T) – Silt-clay sand-2 40.2 
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Chapter 6 

6 Conclusions  

In this thesis, the shear strength parameters of soil – GM interfaces were examined. 

The interface direct shear parameters were determined with a medium scale direct 

shear apparatus. The experiments were conducted under three normal stress levels 

(low, medium, high) to designate the effect of the normal stress on the interface shear 

behavior. Six types of soils were used in the experiments to investigate the effect of 

particle size and particle angularity. To determine the effect of the GM type, 

thickness, and roughness, 1.5 and 3.0 mm PVC, 1.5 mm TPO, and 1.5 mm smooth 

and textured HDPE GM were used. Also, the GMs were cured in 0.5m SWt, AMD, 

CCP, and MSW for 4, 8, and 16 months to determine the effect of curing type and 

curing time on the interface shear strength behavior. Lastly,  to support the results 

obtained from the experiments, the surface roughness of the GMs cured for 16 

months was measured and their microscopic images were taken after the direct shear 

test. In addition, the interface was modeled as a slope stability problem in the Plaxis 

2D software by direct shear experiment, and the FS values of each interface were 

obtained and compared with the test results. The results of the examination and 

analysis are interpreted, and the results are summarized below: 

For uncured GM – soil interfaces; 

1. It was determined that the interface friction angle increased as the grain size 

and angularity increased for all GM types. 

2. For PVC and TPO, the interface friction angle decreased as the normal stress 

increased in relatively fine grained soils (LC and SB), while the interface 

friction angle increased as the normal stress increased in coarse grained soils 

(CS, RS, CG, and RG). 
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3. For HDPE(S) and HDPE(T), the interface friction angle increased as the 

normal stress increased in all soil types. 

 

For SWt cured GM – soil interfaces; 

1. It was observed that the interface friction angle decreased as the curing time 

increased for all GMs. 

2. In PVC(1.5) – soil interface tests, the CE coefficients were obtained for LC, 

SB, CS, and CG, respectively, of 0.71, 0.71, 0.91, and 0.94. 

3. In PVC(3.0) – soil interface tests, the CE coefficients were obtained for LC, 

SB, CS, and CG, respectively, of 0.88, 0.72, 0.94, and 0.91. 

4. In TPO – soil interface tests, the CE coefficients were obtained for LC, SB, 

CS, and CG, respectively, of 0.86, 0.91, 0.74, and 0.88. 

5. In general, the most adversely affected GM from the SWt cure was PVC(1.5), 

and the least adversely affected GM was PVC(3.0). This is because the 

thickness of PVC(1.5) and TPO is 1.5 mm, while the thickness of PVC(3.0) is 

3.0 mm. 

6. As for the interface, the most damaged is the LC – PVC(1.5) interface. 

Therefore, the use of PVC(1.5) GM for foundation insulation in structures to 

be built on a low plasticity clay soil in settlements close to coastal areas will 

be risky in terms of life and property safety. Instead, PVC(3.0) or TPO GM 

should be preferred. 

 

For AMD cured GM – soil interfaces; 

1. It was observed that the interface friction angle decreased as the curing time 

increased for all GMs. 

2. In HDPE(S) – soil interface tests, the CE coefficients were obtained for LC, 

SB, CS, and CG, respectively, of 0.82, 0.81, and 0.80. 

3. In HDPE(T) – soil interface tests, the CE coefficients were obtained for LC, 

SB, CS, and CG, respectively, of 0.66, 0.68, and 0.89. 
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4. In TPO – soil interface tests, the CE coefficients were obtained for LC, SB, 

CS, and CG, respectively, of 0.85, 0.78, 0.63, and 0.81. 

5. In general, HDPE(T) was the most adversely affected GM from AMD cure, 

and HDPE(S) was the least adversely affected GM. This is because HDPE(T) 

has fine needle-shaped roughnesses and highly acidic AMD can easily 

damage these roughnesses. 

6. As for the interface, it is the CS – TPO interface that is most adversely 

affected. For this reason, if crushed sand is to be used as a drainage layer 

when creating a waste pond in metal waste storage or mining exploration 

sites, the use of TPO as an insulation GM may pose a great risk to the 

environment. According to the results of this study, the optimum soil – GM 

pair suitable for use in such fields is textured HDPE GM with crushed 

gravel. 

 

For CCP cured GM – soil interfaces; 

1. It was observed that the interface friction angle decreased as the curing time 

increased for all GMs. 

2. In HDPE(S) – soil interface tests, the CE coefficients were obtained for LC, 

SB, CS, and CG, respectively, of 0.96, 0.88, and 0.93. 

3. In HDPE(T) – soil interface tests, the CE coefficients were obtained for LC, 

SB, CS, and CG, respectively, of 0.91, 0.99, and 0.96. 

4. In TPO – soil interface tests, the CE coefficients were obtained for LC, SB, 

CS, and CG, respectively, of 0.97, 0.94, 0.81, and 0.94. 

5. When examined in general, it was determined that the GM that was adversely 

affected by the CCP cure the most was TPO, and the GM that was least 

affected was HDPE(T). This is because polyolefin is a monomer composed of 

small alkenes, while polyethylene is an ethylene composed of these 

monomers. That is, while it is easier to damage the chemical bonds of TPO, 

polyethylene is easier. The reason why HDPE(T) does not damage its 

roughness as in other leachates is that CCP is not acidic. 

6. In the interface, the most damaged is the CS – TPO interface. Therefore, if 

crushed sand is to be used as a drainage layer in coal mine waste storage 
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facilities, it would be very dangerous to use TPO GM. The conclusion drawn 

from this study is that the optimum soil – GM pair in this type of facility is 

crushed sand and textured HDPE GM. 

 

For MSW cured GM – soil interfaces; 

1. It was observed that the interface friction angle decreased as the curing time 

increased for all GMs. 

2. In HDPE(S) – soil interface tests, the CE coefficients were obtained for LC, 

SB, CS, and CG, respectively, of 0.90, 0.86, and 0.89. 

3. In HDPE(T) – soil interface tests, the CE coefficients were obtained for LC, 

SB, CS, and CG, respectively, of 0.78, 0.72, and 0.93. 

4. In TPO – soil interface tests, the CE coefficients were obtained for LC, SB, 

CS, and CG, respectively, of 0.86, 0.88, 0.70, and 0.85. 

5. When examined in general, HDPE(T) is the most adversely affected GM due 

to MSW cure, and HDPE(S) is the least affected GM. This is because, just 

like AMD, the needle-shaped roughness of HDPE(T) is sensitive and easily 

damaged due to the high acid content of MSW. 

6. In particular, the interface that is most damaged from MSW curing is CS – 

TPO. Therefore, if crushed sand is used as a drainage layer in municipal 

solid waste landfills, TPO should not be used as an insulation GM. Instead, 

the optimum soil – GM pair to be used in such storage facilities is crushed 

gravel – textured HDPE. 

The most important conclusion to be drawn from this study is that the use of certain 

values as interface friction coefficient, for example, 2/3 (0.67), in projects designed 

with GM all over the world, presents quite risky situations. Because the results 

showed that a reduction of 0.67 in the internal friction angle is insufficient at some 

interfaces. For this reason, when designing with GMs that will be exposed to 

leachates, especially in landfills, the damages that will occur over time should also be 

considered and the design parameters should be selected accordingly. Otherwise, 

disasters that will lead to loss of life and property may occur. 
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Appendix A  

Graphical Representation of Interface 

Direct Shear Test Results  

Direct Shear Test Results of Soils 

 

Figure A. 1: Shear stress (τ) – strain (ε) graphs of LC 
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Figure A. 2: Shear stress (τ) – strain (ε) graphs of SB 

 

 

Figure A. 3: Shear stress (τ) – strain (ε) graphs of CS 
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Figure A. 4: Shear stress (τ) – strain (ε) graphs of RS 

 

 

Figure A. 5: Shear stress (τ) – strain (ε) graphs of CG 
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Figure A. 6: Shear stress (τ) – strain (ε) graphs of RG 

Interface Direct Shear Test Results for 4 Months SWt Curing 

PVC(1.5) – soil interfaces

 

Figure A. 7: Shear stress (τ) – strain (ε) graphs of 4 months SWt cured PVC(1.5) – 

LC interface 
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Figure A. 8: Shear stress (τ) – strain (ε) graphs of 4 months SWt cured PVC(1.5) – 

SB interface 

 

 

Figure A. 9: Shear stress (τ) – strain (ε) graphs of 4 months SWt cured PVC(1.5) – 

CS interface 
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Figure A. 10: Shear stress (τ) – strain (ε) graphs of 4 months SWt cured PVC(1.5) – 

RS interface 

 

 

Figure A. 11: Shear stress (τ) – strain (ε) graphs of 4 months SWt cured PVC(1.5) – 

CG interface 
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Figure A. 12: Shear stress (τ) – strain (ε) graphs of 4 months SWt cured PVC(1.5) – 

RG interface 

 

PVC(3.0) – soil interfaces 

 

Figure A. 13: Shear stress (τ) – strain (ε) graphs of 4 months SWt cured PVC(3.0) – 

LC interface 
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Figure A. 14: Shear stress (τ) – strain (ε) graphs of 4 months SWt cured PVC(3.0) – 

SB interface 

 

 

Figure A. 15: Shear stress (τ) – strain (ε) graphs of 4 months SWt cured PVC(3.0) – 

CS interface 
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Figure A. 16: Shear stress (τ) – strain (ε) graphs of 4 months SWt cured PVC(3.0) – 

RS interface 

 

 

Figure A. 17: Shear stress (τ) – strain (ε) graphs of 4 months SWt cured PVC(3.0) – 

CG interface 
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Figure A. 18: Shear stress (τ) – strain (ε) graphs of 4 months SWt cured PVC(3.0) – 

RG interface 

 

TPO – soil interfaces 

 

Figure A. 19: Shear stress (τ) – strain (ε) graphs of 4 months SWt cured TPO – LC 

interface 
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Figure A. 20: Shear stress (τ) – strain (ε) graphs of 4 months SWt cured TPO – SB 

interface 

 

 

Figure A. 21: Shear stress (τ) – strain (ε) graphs of 4 months SWt cured TPO – CS 

interface 
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Figure A. 22: Shear stress (τ) – strain (ε) graphs of 4 months SWt cured TPO – RS 

interface 

 

 

Figure A. 23: Shear stress (τ) – strain (ε) graphs of 4 months SWt cured TPO –CG 

interface 
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Interface Direct Shear Test Results for 4 Months AMD Curing 

HDPE(S) – soil interfaces 

 

Figure A. 24: Shear stress (τ) – strain (ε) graphs of 4 months AMD cured HDPE(S) – 

SB interface 

 

 

Figure A. 25: Shear stress (τ) – strain (ε) graphs of 4 months AMD cured HDPE(S) – 

CS interface 

0

20

40

60

80

100

0 2 4 6 8 10 12

S
h

ea
r 

st
re

ss
, 

τ
 (

k
P

a
)

Axial strain, ε (%)

SB-HDPE(S)_49 SB-HDPE(S)_98 SB-HDPE(S)_196

0

20

40

60

80

100

120

140

0 2 4 6 8 10 12

S
h

ea
r 

st
re

ss
, 

τ
 (

k
P

a
)

Axial strain, ε (%)

CS-HDPE(S)_49 CS-HDPE(S)_98 CS-HDPE(S)_196



183 

 

 

 

Figure A. 26: Shear stress (τ) – strain (ε) graphs of 4 months AMD cured HDPE(S) – 

CG interface 

 

 

Figure A. 27: Shear stress (τ) – strain (ε) graphs of 4 months AMD cured HDPE(S) – 

RS interface 
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HDPE(T) – soil interfaces 

 

Figure A. 28: Shear stress (τ) – strain (ε) graphs of 4 months AMD cured HDPE(T) – 

SB interface 

 

 

Figure A. 29: Shear stress (τ) – strain (ε) graphs of 4 months AMD cured HDPE(T) – 

CS interface 
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Figure A. 30: Shear stress (τ) – strain (ε) graphs of 4 months AMD cured HDPE(T) – 

CG interface 

 

 

 

Figure A. 31: Shear stress (τ) – strain (ε) graphs of 4 months AMD cured HDPE(T) – 

RS interface 
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TPO – soil interfaces 

 

Figure A. 32: Shear stress (τ) – strain (ε) graphs of 4 months AMD cured TPO – LC 

interface 

 

 

Figure A. 33: Shear stress (τ) – strain (ε) graphs of 4 months AMD cured TPO – SB 

interface 
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Figure A. 34: Shear stress (τ) – strain (ε) graphs of 4 months AMD cured TPO – CS 

interface 

 

 

Figure A. 35: Shear stress (τ) – strain (ε) graphs of 4 months AMD cured TPO – RS 

interface 
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Figure A. 36: Shear stress (τ) – strain (ε) graphs of 4 months AMD cured TPO – CG 

interface 

 

Interface Direct Shear Test Results for 4 Months CCP Curing 

HDPE(S) – soil interfaces 

 

Figure A. 37: Shear stress (τ) – strain (ε) graphs of 4 months CCP cured HDPE(S) – 

SB interface 
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Figure A. 38: Shear stress (τ) – strain (ε) graphs of 4 months CCP cured HDPE(S) – 

CS interface 

 

 

Figure A. 39: Shear stress (τ) – strain (ε) graphs of 4 months CCP cured HDPE(S) – 

RS interface 
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Figure A. 40: Shear stress (τ) – strain (ε) graphs of 4 months CCP cured HDPE(S) – 

CG interface 

 

HDPE(T) – soil interfaces 

 

Figure A. 41: Shear stress (τ) – strain (ε) graphs of 4 months CCP cured HDPE(T) – 

SB interface 
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Figure A. 42: Shear stress (τ) – strain (ε) graphs of 4 months CCP cured HDPE(T) – 

CS interface 

 

 

Figure A. 43: Shear stress (τ) – strain (ε) graphs of 4 months CCP cured HDPE(T) – 

RS interface 
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Figure A. 44: Shear stress (τ) – strain (ε) graphs of 4 months CCP cured HDPE(T) – 

CG interface 

 

TPO – soil interfaces 

 

Figure A. 45: Shear stress (τ) – strain (ε) graphs of 4 months CCP cured TPO – LC 

interface 
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Figure A. 46: Shear stress (τ) – strain (ε) graphs of 4 months CCP cured TPO – SB 

interface 

 

 

Figure A. 47: Shear stress (τ) – strain (ε) graphs of 4 months CCP cured TPO – CS 

interface 
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Figure A. 48: Shear stress (τ) – strain (ε) graphs of 4 months CCP cured TPO – RS 

interface 

 

 

Figure A. 49: Shear stress (τ) – strain (ε) graphs of 4 months CCP cured TPO – CG 

interface 
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Interface Direct Shear Test Results for 4 Months MSW Curing 

HDPE(S) – soil interfaces 

 

Figure A. 50: Shear stress (τ) – strain (ε) graphs of 4 months MSW cured HDPE(S) – 

SB interface 

 

 

Figure A. 51: Shear stress (τ) – strain (ε) graphs of 4 months MSW cured HDPE(S) – 

CS interface 
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Figure A. 52: Shear stress (τ) – strain (ε) graphs of 4 months MSW cured HDPE(S) – 

RS interface 

 

 

Figure A. 53: Shear stress (τ) – strain (ε) graphs of 4 months MSW cured HDPE(S) – 

CG interface 
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HDPE(T) – soil interfaces 

 

Figure A. 54: Shear stress (τ) – strain (ε) graphs of 4 months MSW cured HDPE(T) – 

SB interface 

 

 

Figure A. 55: Shear stress (τ) – strain (ε) graphs of 4 months MSW cured HDPE(T) – 

CS interface 
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Figure A. 56: Shear stress (τ) – strain (ε) graphs of 4 months MSW cured HDPE(T) – 

RS interface 

 

 

Figure A. 57: Shear stress (τ) – strain (ε) graphs of 4 months MSW cured HDPE(T) – 

CG interface 
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TPO – soil interfaces 

 

Figure A. 58: Shear stress (τ) – strain (ε) graphs of 4 months MSW cured TPO – LC 

interface 

 

 

Figure A. 59: Shear stress (τ) – strain (ε) graphs of 4 months MSW cured TPO – SB 

interface 
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Figure A. 60: Shear stress (τ) – strain (ε) graphs of 4 months MSW cured TPO – CS 

interface 

 

 

Figure A. 61: Shear stress (τ) – strain (ε) graphs of 4 months MSW cured TPO – RS 

interface 
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Figure A. 62: Shear stress (τ) – strain (ε) graphs of 4 months MSW cured TPO – CG 

interface 

 

Interface Direct Shear Test Results for 8 Months SWt Curing 

PVC(1.5) – soil interfaces 

 

Figure A. 63: Shear stress (τ) – strain (ε) graphs of 8 months SWt cured PVC(1.5) – 

LC interface 
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Figure A. 64: Shear stress (τ) – strain (ε) graphs of 8 months SWt cured PVC(1.5) – 

SB interface  

 

 

Figure A. 65: Shear stress (τ) – strain (ε) graphs of 8 months SWt cured PVC(1.5) – 

CS interface 

0

40

80

120

160

200

240

280

320

360

0 2 4 6 8 10 12

S
h

ea
r 

st
re

ss
, 

τ
 (

k
P

a
)

Axial strain, ε (%)

SB-PVC(1.5)_L_12.25 SB-PVC(1.5)_L_24.5 SB-PVC(1.5)_L_49

SB-PVC(1.5)_M_49 SB-PVC(1.5)_M_98 SB-PVC(1.5)_M_196

SB-PVC(1.5)_H_196 SB-PVC(1.5)_H_392 SB-PVC(1.5)_H_784

0

80

160

240

320

400

480

560

640

0 1 2 3 4 5 6 7 8

S
h

ea
r 

st
re

ss
, 

τ
 (

k
P

a
)

Axial strain, ε (%)

CS-PVC(1.5)_L_12.25 CS-PVC(1.5)_L_24.5 CS-PVC(1.5)_L_49

CS-PVC(1.5)_M_49 CS-PVC(1.5)_M_98 CS-PVC(1.5)_M_196

CS-PVC(1.5)_H_196 CS-PVC(1.5)_H_392 CS-PVC(1.5)_H_784



203 

 

 

 

Figure A. 66: Shear stress (τ) – strain (ε) graphs of 8 months SWt cured PVC(1.5) – 

RS interface 

 

Figure A. 67: Shear stress (τ) – strain (ε) graphs of 8 months SWt cured PVC(1.5) – 

CG interface 
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PVC(3.0) – soil interfaces 

 

Figure A. 68: Shear stress (τ) – strain (ε) graphs of 8 months SWt cured PVC(3.0) – 

LC interface 

 

 

Figure A. 69: Shear stress (τ) – strain (ε) graphs of 8 months SWt cured PVC(3.0) – 

SB interface 
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Figure A. 70: Shear stress (τ) – strain (ε) graphs of 8 months SWt cured PVC(3.0) – 

CS interface 

 

 

Figure A. 71: Shear stress (τ) – strain (ε) graphs of 8 months SWt cured PVC(3.0) – 

RS interface 
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Figure A. 72: Shear stress (τ) – strain (ε) graphs of 8 months SWt cured PVC(3.0) – 

CG interface 

 

TPO – soil interfaces 

 

Figure A. 73: Shear stress (τ) – strain (ε) graphs of 8 months SWt cured TPO – LC 

interface 
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Figure A. 74: Shear stress (τ) – strain (ε) graphs of 8 months SWt cured TPO – SB 

interface 

 

 

Figure A. 75: Shear stress (τ) – strain (ε) graphs of 8 months SWt cured TPO – CS 

interface 
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Figure A. 76: Shear stress (τ) – strain (ε) graphs of 8 months SWt cured TPO – RS 

interface 

 

 

Figure A. 77: Shear stress (τ) – strain (ε) graphs of 8 months SWt cured TPO – CG 

interface 
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Interface Direct Shear Test Results for 8 Months AMD Curing 

HDPE(S) – soil interfaces 

 

Figure A. 78: Shear stress (τ) – strain (ε) graphs of 8 months AMD cured HDPE(S) – 

SB interface 

 

 

 

Figure A. 79: Shear stress (τ) – strain (ε) graphs of 8 months AMD cured HDPE(S) – 

CS interface 
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Figure A. 80: Shear stress (τ) – strain (ε) graphs of 8 months AMD cured HDPE(S) – 

RS interface 

 

 

Figure A. 81: Shear stress (τ) – strain (ε) graphs of 8 months AMD cured HDPE(S) – 

CG interface 
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HDPE(T) – soil interfaces 

Figure A. 82: Shear stress (τ) – strain (ε) graphs of 8 months AMD cured HDPE(T) – 

SB interface 

 

 

Figure A. 83: Shear stress (τ) – strain (ε) graphs of 8 months AMD cured HDPE(T) – 

CS interface 
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Figure A. 84 : Shear stress (τ) – strain (ε) graphs of 8 months AMD cured HDPE(T) – 

RS interface 

 

 

Figure A. 85: Shear stress (τ) – strain (ε) graphs of 8 months AMD cured HDPE(T) – 

CG interface 
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TPO – soil interfaces 

Figure A. 86: Shear stress (τ) – strain (ε) graphs of 8 months AMD cured TPO – LC 

interface 

 

 

Figure A. 87: Shear stress (τ) – strain (ε) graphs of 8 months AMD cured TPO – SB 

interface 
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Figure A. 88: Shear stress (τ) – strain (ε) graphs of 8 months AMD cured TPO – CS 

interface 

 

 

 

Figure A. 89: Shear stress (τ) – strain (ε) graphs of 8 months AMD cured TPO – RS 

interface 
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Figure A. 90: Shear stress (τ) – strain (ε) graphs of 8 months AMD cured TPO – CG 

interface 

Interface Direct Shear Test Results for 8 Months CCP Curing 

HDPE(S) – soil interfaces 

 

Figure A. 91: Shear stress (τ) – strain (ε) graphs of 8 months CCP cured HDPE(S) – 

SB interface 
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Figure A. 92: Shear stress (τ) – strain (ε) graphs of 8 months CCP cured HDPE(S) – 

CS interface 

 

 

Figure A. 93: Shear stress (τ) – strain (ε) graphs of 8 months CCP cured HDPE(S) – 

RS interface 
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Figure A. 94: Shear stress (τ) – strain (ε) graphs of 8 months CCP cured HDPE(S) – 

CG interface 

HDPE(T) – soil interfaces 

 

Figure A. 95: Shear stress (τ) – strain (ε) graphs of 8 months CCP cured HDPE(T) – 

SB interface 
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Figure A. 96: Shear stress (τ) – strain (ε) graphs of 8 months CCP cured HDPE(T) – 

CS interface 

 

 

Figure A. 97: Shear stress (τ) – strain (ε) graphs of 8 months CCP cured HDPE(T) – 

RS interface 
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Figure A. 98: Shear stress (τ) – strain (ε) graphs of 8 months CCP cured HDPE(T) – 

CG interface 

 

TPO – soil interfaces 

 

Figure A. 99: Shear stress (τ) – strain (ε) graphs of 8 months CCP cured TPO – LC 

interface 
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Figure A. 100: Shear stress (τ) – strain (ε) graphs of 8 months CCP cured TPO – SB 

interface 

 

 

Figure A. 101: Shear stress (τ) – strain (ε) graphs of 8 months CCP cured TPO – CS 

interface 
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Figure A. 102: Shear stress (τ) – strain (ε) graphs of 8 months CCP cured TPO – RS 

interface 

 

 

Figure A. 103: Shear stress (τ) – strain (ε) graphs of 8 months CCP cured TPO – CG 

interface 
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Interface Direct Shear Test Results for 8 Months MSW Curing 

HDPE(S) – soil interfaces 

 

Figure A. 104 : Shear stress (τ) – strain (ε) graphs of 8 months MSW cured HDPE(S) 

– SB interface 

 

 

Figure A. 105: Shear stress (τ) – strain (ε) graphs of 8 months MSW cured HDPE(S) 

– CS interface 
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Figure A. 106: Shear stress (τ) – strain (ε) graphs of 8 months MSW cured HDPE(S) 

– RS interface  

 

 

Figure A. 107: Shear stress (τ) – strain (ε) graphs of 8 months MSW cured HDPE(S) 

– CG interface 
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HDPE(T) – soil interfaces 

 

Figure A. 108: Shear stress (τ) – strain (ε) graphs of 8 months MSW cured HDPE(T) 

– SB interface 

 

 

Figure A. 109: Shear stress (τ) – strain (ε) graphs of 8 months MSW cured HDPE(T) 

– CS interface 
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Figure A. 110: Shear stress (τ) – strain (ε) graphs of 8 months MSW cured HDPE(T) 

– RS interface 

 

  

Figure A. 111: Shear stress (τ) – strain (ε) graphs of 8 months MSW cured HDPE(T) 

– CG interface 
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TPO – soil interfaces 

 

Figure A. 112: Shear stress (τ) – strain (ε) graphs of 8 months MSW cured TPO – LC 

interface 

 

 

Figure A. 113: Shear stress (τ) – strain (ε) graphs of 8 months MSW cured TPO – SB 

interface 
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Figure A. 114: Shear stress (τ) – strain (ε) graphs of 8 months MSW cured TPO – CS 

interface 

 

 

Figure A. 115: Shear stress (τ) – strain (ε) graphs of 8 months MSW cured TPO – RS 

interface 
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Figure A. 116: Shear stress (τ) – strain (ε) graphs of 8 months MSW cured TPO – 

CG interface 

 

Interface Direct Shear Test Results for 16 Months SWt Curing 

PVC(1.5) – soil interfaces

 

Figure A. 117: Shear stress (τ) – strain (ε) graphs of 16 months SWt cured PVC(1.5) 

– LC interface 
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Figure A. 118: Shear stress (τ) – strain (ε) graphs of 16 months SWt cured PVC(1.5) 

– SB interface 

 

 

Figure A. 119: Shear stress (τ) – strain (ε) graphs of 16 months SWt cured PVC(1.5) 

– CS interface 
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Figure A. 120: Shear stress (τ) – strain (ε) graphs of 16 months SWt cured PVC(1.5) 

– CG interface 

 

PVC(3.0) – soil interfaces 

 

Figure A. 121: Shear stress (τ) – strain (ε) graphs of 16 months SWt cured PVC(3.0) 

– LC interface 
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Figure A. 122: Shear stress (τ) – strain (ε) graphs of 16 months SWt cured PVC(3.0) 

– SB interface 

 

 

Figure A. 123: Shear stress (τ) – strain (ε) graphs of 16 months SWt cured PVC(3.0) 

– CS interface 
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Figure A. 124: Shear stress (τ) – strain (ε) graphs of 16 months SWt cured PVC(3.0) 

– CG interface 

 

TPO – soil interfaces 

 

Figure A. 125: Shear stress (τ) – strain (ε) graphs of 16 months SWt cured TPO – LC 

interface 
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Figure A. 126: Shear stress (τ) – strain (ε) graphs of 16 months SWt cured TPO – SB 

interface 

 

 

Figure A. 127: Shear stress (τ) – strain (ε) graphs of 16 months SWt cured TPO – CS 

interface 
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Figure A. 128: Shear stress (τ) – strain (ε) graphs of 16 months SWt cured TPO – CG 

interface 

 

Interface Direct Shear Test Results for 16 Months AMD Curing 

HDPE(S) – soil interfaces

 

Figure A. 129: Shear stress (τ) – strain (ε) graphs of 16 months AMD cured 

HDPE(S) – LC interface 
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Figure A. 130: Shear stress (τ) – strain (ε) graphs of 16 months AMD cured 

HDPE(S) – SB interface 

 

 

 

Figure A. 131: Shear stress (τ) – strain (ε) graphs of 16 months AMD cured 

HDPE(S) – CS interface 
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Figure A. 132: Shear stress (τ) – strain (ε) graphs of 16 months AMD cured 

HDPE(S) – CG interface 

 

HDPE(T) – soil interfaces 

 

Figure A. 133: Shear stress (τ) – strain (ε) graphs of 16 months AMD cured 

HDPE(T) – LC interface 
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Figure A. 134: Shear stress (τ) – strain (ε) graphs of 16 months AMD cured 

HDPE(T) – SB interface 

 

 

Figure A. 135: Shear stress (τ) – strain (ε) graphs of 16 months AMD cured 

HDPE(T) – CS interface 
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Figure A. 136: Shear stress (τ) – strain (ε) graphs of 16 months AMD cured 

HDPE(T) – CG interface 

 

TPO – soil interfaces 

 

Figure A. 137: Shear stress (τ) – strain (ε) graphs of 16 months AMD cured TPO – 

LC interface 
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Figure A. 138: Shear stress (τ) – strain (ε) graphs of 16 months AMD cured TPO – 

SB interface 

 

 

Figure A. 139: Shear stress (τ) – strain (ε) graphs of 16 months AMD cured TPO – 

CS interface 
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Figure A. 140: Shear stress (τ) – strain (ε) graphs of 16 months AMD cured TPO – 

CG interface 

 

Interface Direct Shear Test Results for 16 Months CCP Curing 

HDPE(S) – soil interfaces 

 

Figure A. 141: Shear stress (τ) – strain (ε) graphs of 16 months CCP cured HDPE(S) 

– LC interface 
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Figure A. 142: Shear stress (τ) – strain (ε) graphs of 16 months CCP cured HDPE(S) 

– SB interface 

 

 

Figure A. 143: Shear stress (τ) – strain (ε) graphs of 16 months CCP cured HDPE(S) 

– CS interface 
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Figure A. 144: Shear stress (τ) – strain (ε) graphs of 16 months CCP cured HDPE(S) 

– CG interface 

 

HDPE(T) – soil interfaces 

 

Figure A. 145: Shear stress (τ) – strain (ε) graphs of 16 months CCP cured HDPE(T) 

– LC interface  

0

20

40

60

80

100

120

0 2 4 6 8 10 12

S
h

ea
r 

st
re

ss
, 

τ
 (

k
P

a
)

Axial strain, ε (%)

CG-HDPE(S)_49 CG-HDPE(S)_98 CG-HDPE(S)_196

0

30

60

90

120

150

0 2 4 6 8 10 12

S
h

ea
r 

st
re

ss
, 

τ
 (

k
P

a
)

Axial strain, ε (%)

LC-HDPE(T)_49 LC-HDPE(T)_98 LC-HDPE(T)_196



243 

 

 

 

Figure A. 146: Shear stress (τ) – strain (ε) graphs of 16 months CCP cured HDPE(T) 

– SB interface 

 

 

Figure A. 147: Shear stress (τ) – strain (ε) graphs of 16 months CCP cured HDPE(T) 

– CS interface 
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Figure A. 148: Shear stress (τ) – strain (ε) graphs of 16 months CCP cured HDPE(T) 

– CG interface 

 

TPO – soil interfaces 

 

Figure A. 149: Shear stress (τ) – strain (ε) graphs of 16 months CCP cured TPO – LC 

interface 
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Figure A. 150: Shear stress (τ) – strain (ε) graphs of 16 months CCP cured TPO – CS 

interface 

 

 

Figure A. 151: Shear stress (τ) – strain (ε) graphs of 16 months CCP cured TPO – SB 

interface 
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Figure A. 152: Shear stress (τ) – strain (ε) graphs of 16 months CCP cured TPO – 

CG interface 

 

 

Interface Direct Shear Test Results for 16 Months MSW Curing 

HDPE(S) – soil interfaces 

 

Figure A. 153: Shear stress (τ) – strain (ε) graphs of 16 months MSW cured 

HDPE(S) – LC interface 
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Figure A. 154: Shear stress (τ) – strain (ε) graphs of 16 months MSW cured 

HDPE(S) – SB interface 

 

 

Figure A. 155 : Shear stress (τ) – strain (ε) graphs of 16 months MSW cured 

HDPE(S) – CS interface 
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Figure A. 156: Shear stress (τ) – strain (ε) graphs of 16 months MSW cured 

HDPE(S) – CG interface 

 

HDPE(T) – soil interfaces 

Figure A. 157 : Shear stress (τ) – strain (ε) graphs of 16 months MSW cured 

HDPE(T) – LC interface 
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Figure A. 158: Shear stress (τ) – strain (ε) graphs of 16 months MSW cured 

HDPE(T) – SB interface 

 

 

Figure A. 159: Shear stress (τ) – strain (ε) graphs of 16 months MSW cured 

HDPE(T) – CS interface 
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Figure A. 160: Figure A. 161: Shear stress (τ) – strain (ε) graphs of 16 months MSW 

cured HDPE(T) – CS interface 

 

TPO – soil interfaces 

 

Figure A. 162: Shear stress (τ) – strain (ε) graphs of 16 months MSW cured TPO – 

LC interface 
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Figure A. 163: Shear stress (τ) – strain (ε) graphs of 16 months MSW cured TPO – 

SB interface 

 

 

 

Figure A. 164: Shear stress (τ) – strain (ε) graphs of 16 months MSW cured TPO – 

CS interface  
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Figure A. 165: Shear stress (τ) – strain (ε) graphs of 16 months MSW cured TPO – 

CG interface 
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