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Abstract 39 

 40 

Movement of fluids in the unsaturated zone plays an important role in many geoenvironmental 41 

engineering problems.  Examples include cover and basal liner systems for waste containment 42 

facilities where geosynthetics are widely used and soil remediation processes, amongst many other 43 

examples. This paper highlights the importance of assessing the unsaturated characteristics of 44 

geosynthetics and their influence on the behaviour of engineered systems where soils and 45 

geosynthetics interact under unsaturated conditions. It includes information on the water retention 46 

curve and hydraulic conductivity function of geosynthetics such as geotextiles and geosynthetic 47 

clay liners (GCLs) with particular focus on capillary barriers, liner performance under elevated 48 

temperatures, and interface friction respectively. Effect on soil remediation is also discussed.  49 

Mechanisms involved in the development of capillary barriers are evaluated to explain the storage 50 

of water at the interface between materials with contrasting hydraulic conductivity (e.g. a fine-51 

grained soil and a nonwoven geotextile). Potential desiccation of GCLs is explained in the light of 52 

an application in a liquid waste impoundment. 53 

 54 
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1. INTRODUCTION 69 

 70 

Geosynthetics are defined as planar products manufactured from polymeric materials, which are 71 

used with soil, rock or other geotechnical engineering related material as an integral part of a man-72 

made project, structure, or system (ASTM 1995). There are significant number of geosynthetic 73 

types and geosynthetic applications in geotechnical and geoenvironmental engineering (Bouazza et 74 

al. 2002). They can be used to fulfil most of the geosynthetics functions including containment as part 75 

of the liner systems of landfills and mining containment facilities and soil remediation, these functions 76 

can include: 77 

 Separation: the material is placed between two dissimilar materials so that the integrity and 78 

functioning of both materials can be maintained or improved, 79 

 Reinforcement: the material provides tensile strength in materials or systems that lacks sufficient 80 

tensile capacity, 81 

 Filtration: the material allows flow across its plane while retaining the fine particles on its 82 

upstream side, 83 

 Drainage: the material transmits fluid within the plane of their structure, 84 

 Hydraulic/Gas Barrier: the material is relatively impervious and its sole function is to contain 85 

liquids or gasses, and 86 

 Protection: the material provides a cushion above (or below) geomembranes in order to prevent 87 

damage by punctures during placement of overlying materials. 88 

 89 

Geosynthetics may also serve multiple functions, in this case two or more individual materials are 90 

laminated, bonded or needle punched together. They are referred to as geocomposites and are used 91 

in drainage of fluids or waterproofing applications amongst others applications.  92 

 93 



In most cases, geosynthetics are placed above the groundwater table where soils are under 94 

unsaturated conditions. Engineering properties of unsaturated earthen systems combining soils and 95 

geosynthetics can be significantly influenced by the water storage characteristics of both the soil 96 

and the geosynthetic component.  Exacerbating the problem further is the hydrophobicity of 97 

geosynthetics due to their manufacturing process. When embedded in soils, they can influence 98 

significantly the movement of water and give rise to a redistribution of the water content profile. 99 

Furthermore, it is well known that the principles of water flow through unsaturated geomaterials 100 

(i.e., soils or geosynthetics) are more complex than those for water through saturated media. This is 101 

partly because the most important variable that governs the rate of water flow through geomaterials 102 

(i.e., the hydraulic conductivity) is not constant with varying water content. Instead, the hydraulic 103 

conductivity under unsaturated conditions varies with the level of water content (or suction) within 104 

the geomaterial. Consequently, relative amounts of water and air in the geomaterial highly influence 105 

its hydraulic behaviour. Key to the understanding of this phenomenon is the assessment of water 106 

flow and storage in porous geomaterials (e.g., soils, geosynthetics) under unsaturated conditions. 107 

 108 

This paper includes an evaluation of the hydraulic properties of geosynthetics under unsaturated 109 

conditions that are relevant to waste containment liners and soil remediation. These properties 110 

include the water retention curve and the hydraulic conductivity function and will focus particularly 111 

on porous geosynthetics and geocomposite materials. Specific applications are discussed to 112 

illustrate new opportunities that may result from a better understanding of the unsaturated hydraulic 113 

properties of geosynthetics. Finally, linkages between the unsaturated hydraulic properties of 114 

geosynthetics and soils and their mechanical interface behaviour are discussed.  115 

 116 

   117 



2. HYDRAULIC PROPERTIES OF UNSATURATED GEOTEXTILES 118 
 119 

 120 

Among the various types of geosynthetics, geotextiles have been used in geotechnical and 121 

geoenvironmental engineering applications to fulfil the widest range of functions (Bouazza et al., 122 

2002, Koerner 2005, Zornberg and Christopher 2007). This includes separation between different 123 

soil layers and filtration and drainage from surrounding soil amongst many other functions.  124 

Geotextiles are able to meet these requirements despite their small thickness (e.g., 2.5 mm) partly 125 

due to their high porosity (typically about 0.9), which is greater than that of most soils. Geotextiles 126 

have a uniform pore size compared to most soils (Palmeira and Gardoni 2002, Aydilek et al. 2007). 127 

There are two types of geotextiles: woven geotextiles and nonwoven geotextiles. Woven geotextiles 128 

are manufactured using traditional weaving methods and are extensively used for reinforcement 129 

purposes. Nonwoven geotextiles are manufactured by needle punching or melt bonding and are 130 

extensively used for drainage, filtration, protection, and separation.  131 

 132 

The water storage of soil and geosynthetics is typically quantified using the relationship between 133 

volumetric water content and suction, referred to as the Water Retention Curve (WRC).  Figure 1 134 

shows the WRCs for different geotechnical materials.  The coarser materials (sand and geotextile) 135 

show a highly nonlinear response, with a significant decrease in water content (or degree of 136 

saturation) within a comparatively narrow range of suction.  The fine-grained soil shows instead a 137 

more gradual decrease in water content with increasing suction. The nonlinearity observed in these 138 

relationships is partly caused by the range of pore size distributions in these materials.   139 

 140 

The WRC for a given material is not only sensitive to the pore size distribution, but also to the soil 141 

mineralogy (for the case of soils), polymeric material (for the case of geosynthetics), density, and 142 

pore structure (Hillel 1988, Bouazza et al. 2006a, 2006b).  The WRC can show significantly 143 

different wetting and drying paths, a phenomenon referred to as hysteresis (Topp and Miller 1966, 144 



Kool and Parker 1987, Bouazza et al. 2006a).  During drying, the largest pores drain first, followed 145 

by the smaller pores.  During wetting, the smaller pores fill first, but the presence of large pores 146 

may prevent some of the small pores from filling.  Also, wetting of a dry geomaterial often leads to 147 

entrapment of air in the larger pores, preventing saturation of the media unless positive pressure is 148 

applied to the water.  Air entrapment causes the wetting path to be relatively flat for high suction, 149 

with a steep increase in volumetric water content at lower suctions. Figure 2 shows the WRC of 150 

three geotextiles illustrating the significant hysteresis in their response to wetting and drying 151 

(Bouazza et al. 2006b). Recent experimental results highlighted also the impact on hysteresis of the 152 

direction of flow measurement (Nahlawi 2009). In particular, it was found that the volumetric water 153 

content of geotextiles along the cross-plane direction differed from that obtained along the in-plane 154 

direction for the same suction head. Several techniques have been developed to determine 155 

experimentally the WRC of soils (Wang and Benson 2004, Klute et al. 1986). These techniques 156 

have been recently adapted to obtain experimentally the WRC of geotextiles. Two main groups of 157 

techniques that have been used to define the WRC include physical techniques and thermodynamic 158 

techniques; these have been summarized in details in Zornberg et al. (2010). The reader is referred 159 

to this reference for further information.  160 

 161 

The WRC of geomaterials is typically quantified by fitting experimental data to power law, 162 

hyperbolic, or polynomial functions (Brooks and Corey 1964, van Genuchten 1980, Fredlund and 163 

Xing 1994).  Although the Brooks and Corey (1964) model is able to represent a sharp air entry 164 

suction, the van Genuchten (1980) model has been most commonly used in numerical analyses 165 

because it is differentiable for the full suction range.  The van Genuchten (1980) model is given by: 166 

 167 
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where r is the residual water content, s is the saturated water content (porosity), and  (units of 169 

kPa-1) and N (dimensionless) are fitting parameters.  Preliminary estimates of the WRC have been 170 

obtained using databases that rely on the granulometric distribution of soils (Fredlund and Xing 171 

1994). The functions used to fit experimental data from WRC have also been proven to be useful 172 

for the case of geotextiles (Bouazza et al. 2006b, Nahlawi et al. 2007). 173 

 174 

The relationship between hydraulic conductivity and suction, also referred to as the K-function, 175 

provides a measure of the increased impedance to water flow with decreasing water content. 176 

Conventional methods used to define the K-function may be costly, time consuming, and prone to 177 

error due to experimental issues involved in the control of water flow through unsaturated 178 

geomaterials.  Accordingly, K-functions (e.g. such as those in Figure 3) are often predicted based on 179 

the information obtained using theoretical derivations based on the measured WRC. Specifically, 180 

the K-function obtained using the parameters from the van Genuchten-Mualem model (van 181 

Genuchten 1980). Other predictive relationships for the K-function are given by Burdine (1953), 182 

Brooks and Corey (1964) and Fredlund and Xing (1994) among others. Nahlawi et al. (2007a) 183 

noted that the K-functions for geotextiles were better estimated by the van Genuchten WRC 184 

equation because it is continuous. It is interesting to note from Figure 2 that the predictive hydraulic 185 

conductivity functions indicate that the three geotextiles require suctions between 0.8 kPa and 1.2 186 

kPa to induce a rapid drop in hydraulic conductivity. This indicates that the geotextiles will be able 187 

to drain/filter water at very low suctions (i.e., less than 1.2 kPa), whereas an  increase in suction will 188 

result very rapidly in a much lower water drainage/ filter capacity.    The partially saturated 189 

condition of geotextiles under relatively low suction has important implications to the hydraulic 190 

performance of geotextiles. A consequence of low hydraulic conductivity of the geotextile is the 191 

creation of a capillary barrier which can be beneficial if it was designed with this intention in mind. 192 

However, if the inclusions of geotextiles reduce the ability for moisture to migrate as planned; then 193 

they may not be accomplishing their intended purpose and, could even worsen rather than improve 194 



the earth system performance. Iryo and Rowe (2005) noted that the formation of geosynthetic 195 

capillary barrier may lead to unexpected behavior in the leak-detection or secondary leachate 196 

collection system below a landfill composite liner. They concluded that the time at which leakage 197 

occurs from primary landfill liner systems may be seriously overestimated.  198 

 199 

3. GEOTEXTILES AND UNSATURATED SOILS 200 

Many design applications involving earth structures have geotextiles placed in contact with 201 

unsaturated soils, in some cases for much of their design life.  In this respect, quantification of the 202 

hydraulic performance of the geotextiles and their interaction with the surrounding soils is crucial to 203 

the serviceability and maintenance these structures. Equally important is the assessment of the 204 

unsaturated hydraulic characteristics of the soils in direct contact with the geotextiles.   Considering 205 

the differences in both materials, it should be expected that their unsaturated hydraulic properties to 206 

affect the overall hydraulic performance of earthen systems because of the possible redistribution of 207 

the water content profile. 208 

Two soils were used in the testing program reported by McCartney et al. (2005), Bouazza et al. 209 

(2006b) and Zornberg et al. (2010).  A low plasticity clay was used as a relatively low hydraulic 210 

conductivity material (ks = 1.23×10-6 m/s).  For all tests, the clay was statically compacted to a 211 

relative compaction of 75% in relation to the maximum dry density of 1902 kg/m3. A coarse sand 212 

was used for comparison with geosynthetic drainage layers as it has a high hydraulic conductivity 213 

material (ks = 5.3×10-4 m/s), representative of conventional drainage layers.  In all tests, the sand 214 

was placed at a void ratio corresponding to a relative density of 50% (emax = 0.78, emin = 0.56).  215 

Coarse gravel with high hydraulic conductivity (ks = 1.3×10-4 m/s) was used as a foundation layer.  216 

The geocomposite drainage layer used in this study consists of a geonet sandwiched between two 217 

nonwoven geotextiles (ksGT = 1.93×10-3 m/s). The grain size distribution for the clay and sand are 218 

shown in Figure 4, along with the apparent opening size (AOS) of the nonwoven geotextile 219 

component (GT3) of the geocomposite material.  This figure indicates that the clay material has a 220 



wide range of particle sizes and should retain significant volume of water even when unsaturated. 221 

The sand is poorly graded, with a large fraction of coarse particles, suggesting that it will drain 222 

rapidly.  According to Carroll’s criterion (AOS < 2.5d85), the geotextile is an acceptable filter for 223 

both the silt and the sand (Koerner, 2005 224 

 225 

Although the study involved infiltration into dry soil following the wetting-path of the soil water 226 

retention curve, the drying-path defined in their work can still be used to highlight important 227 

hydraulic differences between the materials.  Figure 5 shows the water retention data of the three 228 

materials along with the best-fit water retention curves defined using the SWRC model proposed by 229 

van Genuchten (1980).  The hydraulic conductivity functions shown in Figure 6 were defined using 230 

the water retention curve parameters and the saturated hydraulic conductivity (ks) values obtained 231 

from flexible wall permeameter tests for both the clay and the sand. The geotextile saturated 232 

hydraulic conductivity was based on the permittivity measurement as supplied by the geocomposite 233 

manufacturer. The results in Figure 6 indicate that as suction increases, the hydraulic conductivity 234 

values of the three materials decrease at different rates.   235 

 236 

 The k-functions in Figure 6 indicate that a capillary break is likely at the interface between the clay 237 

and the nonwoven geotextile, as well as between the sand and the clay.   While suction at an 238 

interface between two materials is the same, Figure 6 highlights that the three tested materials may 239 

have different hydraulic conductivities for a given value of suction, except when their curves 240 

intersect.  Specifically, in vertical, downward flow through an initially dry (high suction) 241 

horizontally layered system, a capillary break will occur when the underlying layer has significantly 242 

lower hydraulic conductivity than the overlying layer.  Water will not flow into the lower layer until 243 

the suction decreases to the value at which the conductivity of both layers is the same.  This is the 244 

case for the interface between the clay and the sand or between the clay and the geotextile 245 

component of the geosynthetic drainage layer.  Figure 5 indicates that as suctions increases from 1 246 



to 10 kPa, the geotextile and sand become highly unsaturated while the clay maintains a high degree 247 

of saturation.  Likewise, Figure 6 indicates that the hydraulic conductivity values of the geotextile 248 

and sand decrease sharply with increasing suction, while that of the silt decreases more gently, 249 

intersecting the other two curves at suctions of about 1 and 4.5 kPa, respectively.   250 

  251 

3.1 Practical implication: Capillary break phenomenon  252 

 253 

Geosynthetic drainage layers are commonly used in geotechnical engineering applications as a 254 

drainage material for saturated soils.  They typically consist of a combination of geosynthetics with 255 

the objectives of providing the functions of filtration, in-plane drainage, and a separation or 256 

protection layer.  They are being increasingly used as alternatives to conventional sand or gravel 257 

drains in landfills, roadway subgrades, mechanically stabilized walls, and dams.  The geosynthetic 258 

drainage layer configuration consists of a geonet for drainage sandwiched between nonwoven 259 

geotextile filters. The in-plane flow through geotextiles and geonets can be reasonably defined if the 260 

soil overlying the geosynthetic drainage layer is saturated. However, the overlying soil is often 261 

under unsaturated conditions and, in this case, a capillary break may develop within the soil layer, 262 

as discussed in the previous section.  Understanding of this mechanism is relevant in aspects such as 263 

quantification of the impinging flow used in the design of drainage layers, performance evaluation 264 

of systems used for quantifying percolation through alternative landfill covers, and interpretation of 265 

the information gathered in leak detection systems.  Consequently, nonwoven geotextiles and 266 

drainage geocomposites were evaluated experimentally using infiltration tests involving 267 

geosynthetic-soil columns and compared to infiltrations tests in clay-sand columns (McCartney et 268 

al. 2005).  269 

 270 

A capillary break is evidenced as a cease in movement of the wetting front (the depth to which 271 

water has infiltrated), and storage in the overlying material of moisture in excess of the amount that 272 



would be stored when draining under gravity.  When a critical suction is reached, the conductivity 273 

of the two materials reaches the same value, and water breaks through the interface.  This critical 274 

suction is referred to as the breakthrough suction.  In order to quantify the unsaturated interaction 275 

between conventional and geosynthetic drainage layers with low hydraulic conductivity soils, 276 

geosynthetic-soil profiles were constructed using different soil and geosynthetic materials 277 

horizontally layered in cylindrical tubes with a relatively large diameter (20 cm).  Figure 7 shows a 278 

schematic view of two profiles that have been tested as part of the work reported by McCartney et 279 

al. (2005) and Zornberg et al. (2010).   280 

Column 1 includes a conventional drainage layer, consisting of clay placed over a sand layer.  A 281 

150 mm layer of sand was pluviated to reach the target relative density of 50%.  A 300 mm layer of 282 

clay was placed in 50 mm lifts over the sand layer using static compaction to the target dry unit 283 

weight of 75% of the maximum dry unit weight based on the standard proctor and a gravimetric 284 

moisture content of 8% (volumetric moisture content of 12%). Profile 2 includes a geosynthetic 285 

drainage layer involving clay placed over a geocomposite, which in turn rests on a gravel 286 

foundation layer.  A 300 mm clay layer was placed in 50 mm lifts using the same procedures as for 287 

Profile 1.  Volumetric moisture content values were continuously measured throughout the vertical 288 

soil profiles using time domain reflectometry technology (TDR).  Figure 7 shows the location of the 289 

TDR probes in both columns.  In Column 1, four TDR probes were used.  Probes were placed 2 cm 290 

above and below the interface between the clay and the sand to measure the behaviour at the 291 

interface.  In Column 2, three probes were used; including a probe located 2 cm above the 292 

geocomposite.  A peristaltic pump was used to apply a relatively constant flow rate of 0.4 cm3/s to 293 

the top surface of the clay.  This corresponds to a Darcian velocity of 2.06 × 10-7 m/s. The flow rate 294 

was selected to be less than the saturated hydraulic conductivity of the clay to ensure unsaturated 295 

conditions. 296 

Figure 8 shows the change in water content at four depths in profile 1 (Column 1).   This figure 297 

indicates that the sand is initially very dry, at a volumetric moisture content of approximately 5%.  298 



At this moisture content, the sand has low hydraulic conductivity.  The clay soil is initially at a 299 

volumetric moisture content of approximately 12% throughout the entire thickness of the profile.  300 

The volumetric moisture content measured by TDR 1 (near the soil surface) increases to 301 

approximately 25% as the moisture front advances through the clay. Similarly, the volumetric 302 

moisture content measured by TDR 2 increases to 25% after a period of about 5000 minutes.  The 303 

volumetric moisture content measured by TDR 3 increases to 25%, similar to TDRs 1 and 2. 304 

However, TDR 3 shows a continued increase in moisture content to approximately 38%.  Also, after 305 

approximately 7000 minutes TDR 2 begins to show an increase in a similar fashion as TDR 3.  This 306 

behaviour suggests that the wetting front reached the sand interface, but moisture accumulated 307 

above the interface instead of flowing directly into the sand layer.  After the clay reached a 308 

volumetric moisture content of 38% at the interface, the volumetric moisture content in the sand 309 

layer measured by TDR 4 increased rapidly to 26%. The timing of the increase in volumetric 310 

moisture content in the sand layer was consistent with the collection of outflow at the base of the 311 

profile, which occurred after approximately 9000 min. The performance of profile 1 is consistent 312 

with the development of a capillary break, and indicates that the clay layer has a volumetric 313 

moisture content of approximately 36% at breakthrough.  The clay water retention curve shown in 314 

Figure 5 indicates that this volumetric water content corresponds to a suction of approximately 5 315 

kPa.  This suction is consistent with the breakthrough suction value at which the k-functions of the 316 

clay and sand intersect, as shown in Figure 6. 317 

Figure 9 shows the change in volumetric water content at three depths in the clay in profile 2 318 

(Column 2).  Although similar behaviour as profile 1 is noted, the wetting front progresses faster 319 

through profile 2.  This is because of a clog that was noted in the water supply tube to Profile 1 after 320 

the first 300 minutes of testing.  However, comparison between the two profiles is still possible.  321 

The volumetric moisture content in the clay in profile 2 is 12% at the beginning of testing.  The 322 

volumetric moisture content recorded by TDR 5 (near the soil surface) increases to approximately 323 

25% after 2000 minutes.  After approximately 3500 minutes, the volumetric moisture content 324 



measured by TDR 6 also increases to approximately 25%.  Unlike the other two TDRs, the 325 

volumetric moisture content measured by TDR 7 (near the geocomposite) shows a continued 326 

increase in moisture content to approximately 40%.   After TDR 7 shows an increase in volumetric 327 

moisture content, the volumetric moisture content recorded by TDRs 5 and 6 also increase from 25 328 

to 40%.  This behaviour suggests that a capillary break and storage of water over the geosynthetic 329 

interface also occurs in profile 2.  Outflow from profile 2 was detected after 8180 min, indicating 330 

that the breakthrough of the capillary break occurred at a volumetric moisture content of 331 

approximately 40%.  The clay water retention curve shown in Figure 5 indicates that this 332 

corresponds to a suction of about 3 kPa.  This suction value is consistent with the intersection of the 333 

k-functions for the clay and the geotextile given in Figure 6.  334 

The results in Figures 8 and 9 indicate that similar behaviour can be expected from both 335 

conventional granular drains and geosynthetic drainage layers overlain by unsaturated soil.  The 336 

moisture front advance was indicated by an increase in volumetric moisture content within the 337 

profile to approximately 25% (the moisture content associated with the impinging flow rate).  338 

However, as the wetting front reached the interfaces, the unsaturated drainage material created a 339 

barrier to flow, and water accumulated above the interfaces as indicated by an increase in 340 

volumetric moisture content to values ranging from 35 to 40%.  Further, the soil above the interface 341 

began to store water to a height of at least 250 mm, indicated by an increase in volumetric moisture 342 

content measured by upper TDRs from 25% to approximately 35 to 40%.   Although suction was 343 

not monitored, the shape of the water retention curve for the clay indicates that the suction can 344 

change significantly with small changes in moisture content near saturation. Accordingly, even 345 

though moisture remained relatively constant above the interface about 1000 minutes before 346 

breakthrough in both profiles, the suction was likely decreasing. 347 

 348 

The above findings were implemented in the design and construction of alternative covers for 349 

the Rocky Mountain Arsenal, a Superfund site located near Denver, Colorado (USA). In particular, 350 



nonwoven geotextiles were utilized as capillary barrier material underlying a fine grained 351 

unsaturated soil layer (see Zornberg et al. 2010, Williams et al. 2010, 2011).   352 

 353 

4. UNSATURATED BEHAVIOUR OF GEOSYNTHETIC CLAY LINERS  354 

 355 

Waste containment facilities form part of critical infrastructure that provides essential community 356 

services. In many global population centres this vital infrastructure is designed to ensure negligible 357 

long-term environmental and human health impact. To achieve these aims, construction is required 358 

of barrier systems which effectively separate the waste and the associated leachate and biogas from 359 

the groundwater system and the atmosphere, respectively. One conventional approach to barrier 360 

systems has been to construct a “resistive barrier” composed of a capping liner that reduces water 361 

ingress into the facility and controls biogas escape into the atmosphere, as well as base liner having 362 

a low saturated hydraulic conductivity which minimises leachate migration out of the facility. Over 363 

the past two decades, geosynthetic clay liners (GCLs) have become one of the dominant 364 

construction materials in waste containment facilities and have gained widespread acceptance for 365 

use in liner systems, (Bouazza 2002, Rowe 2005, Bouazza and Bowders 2010). GCLs are typically 366 

comprised of a thin layer of bentonite sandwiched between two layers of geotextile with the 367 

components being held together by needle-punching or stitch bonding (Figure 10). The primary 368 

function of the bentonite layer in a GCL is to create impedance to the flow of migrating liquids 369 

(e.g., water), dissolved chemical species and gases or vapours (Gates et al. 2009). This is achieved 370 

by its very low permeability when it is fully hydrated after the GCL placement, from the underlying 371 

or overlying soil.  372 

However, these GCLs may be subjected to variable hydration states both during initial hydration 373 

(since they are typically constructed at a low moisture content and need to be hydrated to moisture 374 

content in excess of 100% to function adequately as a barrier to fluids ), during thermal cycles, such 375 

as may occur during wet-dry cycles or if exposed to solar radiation, and elevated temperatures at the 376 



base liner which can be caused by the degradation of municipal solid waste (Rowe and Hoor 2009, 377 

Bouazza et al. 2011) or mining liquors (Hornsey et al. 2010) . Hence, understanding of their water 378 

potential is essential to ensure their long term durability under adverse conditions. As a fundamental 379 

constitutive relationship, a water retention curve (WRC) can be used to examine their unsaturated 380 

behaviour. 381 

A limited number of studies have been carried out over the last decade, on water retention 382 

behaviour of GCLs using different suction measurement techniques. As the key component of GCL, 383 

the bentonite represents the strongest influence on the WRC. Generally, one suction measurement 384 

method cannot cover the entire WRC curve, due to limits in the accuracy of each method. Different 385 

direct and indirect suction measurement techniques have been used alone or in various 386 

combinations to gain GCL WRC in previous studies. Daniel et al. (1993) used a vapour equilibrium 387 

technique (VET).  Barroso et al. (2006) used a filter paper method and obtained reasonable 388 

agreement with the results of Daniel at al. (1993). Southen and Rowe (2007) used a pressure plate 389 

and pressure membrane extractors to assess the relationship between the degree of saturation and 390 

suction in GCLs for a range of suctions between 10 and 10,000 kPa. They also examined the effect 391 

of overburden pressure together with the relationship between suction and bulk GCL void ratio.  392 

 393 

Beddoe et al. (2010) combined high capacity tensiometer (HCT) with capacitive relative humidity 394 

sensor measurements to measure the WRC of a GCL. They used a 500 kPa high air entry value 395 

(HAEV) porous stone HCT to measure low suction range (up to 500 kPa) and used the capacitive 396 

relative humidity sensor for the range of 10,000 kPa to 350,000 kPa. Their results could not cover 397 

the range between 500 kPa to 10,000 kPa.  398 

 399 

The complexity of GCL, with its geotextile-bentonite-geotextile sandwich pattern, in comparison 400 

with a uniform material makes measurement and interpretation of WRC complex. Therefore, the 401 

point of measurement, quality of measurement and device-sample contact were investigated in 402 



previous studies from the perspective of obtaining the WRC of the whole material rather than just 403 

the geosynthetic or the bentonite component. Barroso et al. (2006) investigated the effect of filter 404 

paper position in relation to the GCL using the filter paper test. They concluded that the filter paper 405 

position does not influence GCL suction measurement between gravimetric water contents of 10% 406 

and 115%. Unlike Barroso et al. (2006), the study by Southen and Rowe (2007) which used an axis 407 

translation technique, had considerably large scatter because of loose contact between GCL sample 408 

and porous filter. Beddoe et al. (2010) installed HCT into the bentonite part of a GLC to avoid 409 

contact problems during measurement. Abuel-Naga and Bouazza (2010) recommended a new 410 

modified triaxial apparatus which allowed control of the wetting path water content using an 411 

attached needle system in the conventional cap. They adopted a silica gel desiccator cell system 412 

presented by Lourenco et al. (2007) for drying path measurements. The new triaxial system 413 

combined dual suction measurement techniques of thermocouple psychrometer and a relative 414 

humidity sensor. 415 

 416 

Figure 11 presents a compilation of the volumetric water content against suction for different 417 

type of GCLs on the wetting path from Abuel Naga and Bouazza (2010) and Beddoe el al. (2011). 418 

GCL 2 specimen tested by Beddoe et al. (2011) is a thermally treated needle punched GCL with a 419 

scrim reinforced nonwoven geotextile as the carrier (material beneath the bentonite) and a 420 

nonwoven cover geotextile. It is similar to the GCL specimen tested by Abuel Naga and Bouazza 421 

(2010). GCL 1 is a similar product but with a woven geotextile as a carrier.  422 

 423 

     The measurements in Figure 11 indicate that the similar GCLs have lower water uptake capacity 424 

compared to GCL1. The lower water uptake capacity can be attributed to their internal structure 425 

(thermally treated and scrim reinforced) thus restricting their swelling potential.   The slight 426 

difference in water uptake observed at higher suctions levels (>10,000 kPa) between the two similar 427 

GCLs can be attributed to the confining stresses applied during the water retention tests (2 kPa for 428 



GCL 2 and 50 kPa for the GCL specimen tested by Abuel Naga and Bouazza (2010)). It is expected 429 

that a higher confining stress will restrict the GCL swelling potential further leading potentially to 430 

different water retention behaviour at lower suctions.  Based on the above, one can conclude that 431 

the method of manufacture governs the unsaturated behaviour of GCLs. However, further work is 432 

needed to investigate the effect of the bentonite components of GCLs especially in terms of 433 

mineralogy and grain size.  434 

From a practical view point, understanding the unsaturated behaviour of GCLs and the factors that 435 

control it will lead to much better prediction of their response when subjected to conditions 436 

involving thermal cycles, solar heating and wet-dry cycles typically encountered in waste 437 

containment facilities.  438 

4.1 Practical Implications: Potential Desiccation of GCLs 439 

 440 

Landfill monitoring has shown that the heat generated by municipal solid waste, can significantly 441 

increase the temperature on the underlying landfill liner.  Recent data indicate that landfill liner 442 

temperature can be expected to reach 30-45 oC under normal landfill operations (Yesiller et al. 443 

2005; Rowe 2005; Koerner and Koerner 2006).  With recirculation of leachate, the liner 444 

temperature tends to increase faster than under normal operating conditions (Koerner and Koerner 445 

2006). Higher temperatures (up to 70oC) may also occur at the base of landfills if there is a 446 

significant leachate mound (Yoshida et al. 1996). However, high temperatures (55 to 60 oC) were 447 

also observed in landfills without leachate mounding (Lefebvre et al. 2000) or in landfills where 448 

organic waste was predominant (Bouazza, et al. 2011).  Elevated temperatures are also present in 449 

lined mining facilities (e.g., heap leach pads, liquors ponds, etc.) due to the processes involved in 450 

extracting the different metals (Hornsey et al., 2010, Bouazza, 2010). Often the base barrier systems 451 

involve a composite barrier comprised of a geomembrane and either a compacted clay liner or a 452 

geosynthetic clay liner (GCL) with a low hydraulic conductivity. One potential consequence of the 453 

presence of elevated temperatures is the development of thermal gradients across the liner towards 454 



the cooler subgrade soil. A schematic of the conditions existing at the base of a containment facility 455 

where for example a GCL is used in combination with a geomembrane is shown in Figure 12. The 456 

presence of a thermal gradient can create a risk of outward moisture movement and possible 457 

desiccation of the GCL. The situation is exacerbated by the presence of an overlying geomembrane 458 

preventing rehydration of the GCL with moisture from above.  459 

Vapour migration through geomaterials is an important thermo-hydraulic coupling and critical to 460 

understanding the thermo-hydraulic behaviour of the majority of geoenvironmental engineering 461 

problems when temperature gradients are apparent such as in the case shown in Figure 12. This 462 

aspect has been recently assessed for an evaporation pond lined with a composite liner similar to the 463 

one shown in Figure 12. The pond is filled with saline water, at temperature up to 70oC, generated 464 

from coal seam gas production. It is lined with a composite liner consisting of a geomembrane and a 465 

geosynthetic clay liner resting on a fine grained subgrade. The GCL was installed at moisture 466 

content as received (i.e., GCL relatively dry) and the subgrade was compacted at optimum moisture 467 

content +2%. The groundwater is relatively deep. The scenario modelled assumed the filling of the 468 

pond to take place as soon as its construction was completed. The case (Figure 13) was analysed 469 

using a transient finite element code COMPASS (Code for Modelling Partially Saturated Soil) 470 

developed at the University of Cardiff, U.K. The governing equations for COMPASS are 471 

formulated from the primary variables, pore-water pressure, ul, temperature, T, pore-air pressure, ua, 472 

displacement, u, to describe the thermo-hydro- mechanical behaviour. In general terms the flow 473 

variables are formed into governing equations by consideration of the conservation of mass/energy 474 

and the mechanical formulation is formed by consideration of stress equilibrium, with more details 475 

of the THM model found in Thomas and He (1994) and Singh (2007). Pseudo 1D axisymmetric 476 

numerical analyses have been performed to investigate the heat transfer and moisture movement 477 

across the profile, shown in Figure 13, representing field conditions encountered at the site of the 478 

pond. A zero heat flux boundary condition was applied to the side of the domain. The water 479 

retention properties of the different materials were assessed in the laboratory. 480 



 481 

Figure 14 presents the variation of the degree of saturation across the liner and the subsoil. It can be 482 

observed that the degree of saturation in the GCL (lower part at 0.0095 m) increases rapidly at the 483 

beginning due to its higher suction compared to the subgrade suction. However, it peaked at around 484 

55% (reached within 27 days) indicating that the GCL reached only a partially hydrated state. The 485 

upper and the central parts of the GCL reached even lower degrees of saturation. Obviously with 486 

heat being present from the start of the filling process and rapidly reaching steady state, hydration 487 

of the whole GCL is not optimised since it is subjected to high temperatures from the start of the 488 

hydration process (Figure 15). A softening of the saturation, after the peak value was reached, is 489 

observed with a steady decrease occurring due to moisture being driven away by heat. The degree 490 

of saturation in the subgrade decreased from the beginning to the end of the simulation (10 years 491 

representing the design life of the pond). Initially moisture has been absorbed by the GCL to assist 492 

in its hydration then this was followed by the effect of the heat acting on the liner reaching steady 493 

state very quickly as indicated in Figure 15. The top layers of the vadose zone (within 5 m) 494 

experienced an increase in the degree of saturation due to moisture migrating from the GCL and the 495 

subgrade up to the stage where temperature started increase steeply, with temperatures reaching 496 

steady state moisture loses stated to take place leading to a softening of the saturation variation. 497 

Bottom layers of the vadose zone have continuous increase of moisture with time because they are 498 

being fed with the water from the top layers.  499 

The modelling indicates very clearly that the operation of the pond needs to be carefully planned to 500 

allow full hydration of the GCL to take place. There is a need to provide a time lag between 501 

completion of the construction of the pond and start of the filling process with saline water at 502 

elevated temperatures. Failure to do so will result in potential desiccation of the GCL which could 503 

be detrimental to the longevity of the pond.  504 

 505 



5. UNSATURATED SOIL-GEOSYNTHETIC INTERFACE SHEAR STRENGTH 506 

 507 

Waste containment cover or basal liner systems are often composed of several layers of 508 

geosynthetics and natural soils. They must not only provide a sound hydraulic/gas barrier but must 509 

also be structurally stable during all phases of a project (i.e., during construction, operation, and 510 

closure).  The interfaces between the different material layers composing a multi-layered lining 511 

system often represent potential slip surfaces that need to be considered  in slope stability analyses.  512 

The shear strength of these interfaces  are assessed by conducting shear tests on the interfaces using 513 

direct shear box tests.  In most cases these parameters are measured under water-saturated (wet) or 514 

air-saturated (dry) conditions. Therefore, they are expressed in terms of total normal stresses rather 515 

than effective normal stresses at the interface. Typically, the soil component of a multi layered liner 516 

is unsaturated under normal working conditions (i.e., clay liner is installed at optimum moisture 517 

content at degree of saturation ranging between 80 to 90%). Therefore, the initial suction and its 518 

change during shearing might have an influence on the final value of the interface shear strength. 519 

 520 

It is well known in unsaturated soil mechanics that matric suction plays an important role in the 521 

inter-particle or effective stress state in unsaturated soils (Bishop 1959, Blight, 1967, Fredlund and 522 

Morgenstern 1977, Khalili et al. 2004, Lu and Likos 2006, Nuth and Laloui 2008, Lu et al. 2010). 523 

An increase in effective stress in unsaturated soils can lead to significant improvements in 524 

engineering properties including shear strength and stiffness of soils (Lu and Likos 2006) and soil-525 

geosynthetic interaction (Hamid and Miller 2009).  526 

 527 

The definition of effective stress in unsaturated soils has been a topic of some debate over the past 528 

50 years. While the use of two independent stress-state variables proposed by Fredlund and 529 

Morgenstern (1970) has led to some success in fitting constitutive models to experimental data, this 530 

approach has received criticism because it cannot be reconciled with classical saturated soil 531 



mechanics (Khalili et al. 2004, Nuth and Laloui 2008) and may require addition parameters to 532 

represent changes in strength (Gan et al. 1988, Vanapalli et al. 1996). Bishop (1959) developed one 533 

of the first equations to represent the effective stress ’ in unsaturated soils: 534 

 535 

’= ( - ua) + (ua – uw) [2] 

 536 

where  is the total stress, ua is the pore air pressure, uw is the pore water pressure, and  is the 537 

effective stress parameter. The value of  has been defined as the degree of saturation (Nuth and 538 

Laloui 2008), as an empirical relationship incorporating the air entry suction (Khalili and Khabbaz 539 

1998), and the effective saturation (Lu et al. 2010). Although the definition of effective stress by 540 

Bishop (1959) initially received criticism because the role of matric suction in the effective stress 541 

varies with the degree of saturation (Blight 1967) and in predicting collapse (Jennings and Burland 542 

1963), several recent studies have proposed practical ways to define the single-value effective stress 543 

variable (Khalili et al. 2004, Lu and Likos 2006, Nuth and Laloui 2008) and shown that it can be 544 

used to represent shear strength (Khalili and Khabbaz 1998, Lu and Likos 2008) and predict 545 

collapse (Khalili et al. 2004). A recent development in the equation for the effective stress was 546 

made by Lu et al. (2010), who assumed that Bishop’s  factor was equal to the effective saturation, 547 

which permits integration of the SWRC into Eq. 2.  548 

 549 

 
[3] 

 550 

where and n are the van Genuchten SWRC parameters. Lu et al. (2010) found that Eq. 3 can be 551 

used to interpret the shear strength of both unsaturated and saturated soils presented in the literature.  552 

 553 



Very few studies have been conducted on unsaturated soil-geosynthetics interfaces.  Only recently 554 

that the effects of suction on soil-geosynthetic interface shear strength started to be investigated 555 

(Sharma et al. 2007, Hatami et al. 2008, Hamid and Miller 2009, Khoury et al. 2010). These studies 556 

have incorporated a two stress-state variable approach to interpret the effects of suction as shown in 557 

Figures 16(a) and 16(c), but a reinterpretation of the data from a series of unsaturated direct shear 558 

tests involving unsaturated clay and a nonwoven geotexilte indicates that Eq. 3 is suitable to 559 

interpret their interface shear strength behaviour, as shown in Figure 16(d). The van Genuchten 560 

(1980) SWRC parameters for the soil from Figure 16(b) were used to define the effective stress at 561 

the interface using Eq. 3. The results in Figure 16 indicate that, similar to soils, greater effective 562 

stress associated with higher suctions leads to an improvement in soil-geosynthetic interaction.  563 

 564 

6. GEOSYNTHETICS FOR SOIL REMEDIATION 565 

 566 

Many sites are faced with the problem of near surface soil contamination. Remediation of these 567 

sites includes usually in situ treatment of the soil using different conventional remediation 568 

techniques (e.g., bioremediation, vacuum/air stripping, soil flushing, encapsulation, excavation and 569 

replacement of the contaminated soils with clean fill, etc.).  However, we have seen in the past few 570 

years the emergence of geosynthetics as part of the remediation process. Collazos et al., (2002, 571 

2003) investigated the possibility of incorporating prefabricated vertical drains, composite 572 

geosynthetic systems consisting of an inner core and a nonwoven geotextile outer filter jacket and 573 

typically measuring 100 mm in width and about 6 mm in thickness, into soil vapour extraction 574 

(SVE) systems to enhance their effectiveness.  Soil vapour extraction (SVE) uses an induced flow 575 

of air through the unsaturated zone to remove gases and vapours. In the most commonly practiced 576 

method of application, a vacuum source (e.g., a blower or vacuum pump) is connected to a well, 577 

which is screened across the contaminated interval of the unsaturated zone. The reduced pressure 578 

within the well bore induces air flow toward the well from the surrounding soils. As the air flows 579 



through the contaminated soils, the portion of volatile compounds present in the vapour phase, or 580 

gas flows toward the well and is removed through the well along with the extracted air. 581 

Prefabricated vertical drains were used to place “wells” at close spacing’s thus decreasing the travel 582 

time for air to pass through the soil and increasing the opportunity for interception of the 583 

contaminant.  The many vents or extraction points afforded by the drains provide more options for 584 

better control of the flow regime (Figure 17). 585 

 586 

Collazos et al., (2002, 2003) work showed that PVD enhanced soil vapour extraction systems were 587 

able to capture methane gas migrating laterally from a landfill. This was made possible by 588 

shortening the air flow path to expedite contaminant removal time. To maximise further the 589 

efficiency of the PVD enhanced systems Abuel-Naga and Bouazza, (2008) recommended the 590 

modification of the structure of PVD (cross-section area, core shape) to allow it to handle higher 591 

air/gas flow rates with minimum internal well resistance. Enhancing PVD flow efficiency will 592 

increase its flow rate and the radius of pressure influence under similar pressure-controlled 593 

extracting conditions. 594 

 595 

7. CONCLUSIONS 596 

 597 

This paper provides an insight into the interaction between soils and geosynthetics under 598 

unsaturated conditions and highlights the significance of the unsaturated properties of 599 

geosynthetics. The salient conclusions that can be drawn from this paper are: 600 

 601 

 The water retention curve of geotextiles shows a highly nonlinear response, with a significant 602 

decrease in water content (or degree of saturation) within a comparatively narrow range of 603 

suction similar to coarse grained materials.  604 



 The water retention curve of geosynthetic clay liners seems to be dependent on the 605 

manufacturing process. However at higher suctions, the bentonite component tends to govern 606 

the retention behaviour.   607 

 The hydraulic conductivity of unsaturated geomaterials with relatively large pores such as 608 

geotextiles (e.g. gravel, geotextiles) decreases faster than that of fine-grained soils. This 609 

phenomenon leads to the counterintuitive situation in which the hydraulic conductivity of 610 

unsaturated geotextiles can be significantly smaller than that of fine-grained soils. 611 

 Recent column studies have clearly shown the development of a capillary break at the interface 612 

between soils and an underlying nonwoven geotextile. Information from the water retention 613 

curve and hydraulic function of the components of a capillary barrier can be used to predict the 614 

breakthrough suction and water storage expected in the fine-grained component. 615 

 Their capillary break potential behaviour has potential implications on the design of landfill leak 616 

detection systems and performance evaluation of alternative cover systems for waste 617 

containment facilities. 618 

 The development of geosynthetic capillary barriers may benefit a number of geoenvironmental 619 

engineering applications. However, poor performance of earth structures involving nonwoven 620 

geotextiles may result from ignoring the capillary break effect.  621 

 The hydration of geosynthetic clay liners depends on the water retention curve of the geosynthetic 622 

clay liner.  623 

 The hydraulic performance geosynthetic clay liners in an engineered liner system subjected to 624 

elevated temperatures depends on the water retention curve of the geosynthetic clay liner. This 625 

needs to be taken into account in the planning and operation of containment facilities involving heat 626 

generated from waste.  627 

 Greater effective stress associated with higher suctions leads to an improvement in soil-628 

geosynthetic interaction 629 

 Geosynthetics can assist in accelerating soil remediation processes in unsaturated soils.  630 
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Figure 1. Typical WRCs for different geotechnical materials (after McCartney et al. 2005) 
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Figure 2.  Geotextile water retention curves. 
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Figure 3. Hydraulic conductivity functions of different geotextiles. 
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Figure 4. Comparison between the clay and sand grain size distributions with the apparent 
opening size of a nonwoven geotextile 
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Figure 5. Water retention curves for soils and geocomposites (note: VG=van Genuchten 
equation) 
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Figure 6. Predicted hydraulic conductivity functions (k-functions) of soils and geocomposites 
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Figure 7. Schematic view of infiltration columns 
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Figure 8. Volumetric moisture content with depth in Column 1 
 

 

0

5

10

15

20

25

30

35

40

45

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Time, minutes

V
ol

um
et

ri
c 

m
oi

st
ur

e 
co

nt
en

t, 
%

TDR 4 (13 cm from base in sand)

TDR 3 (17 cm from base in silt loam)

TDR 2 (25 cm from base in silt loam)

TDR 1 (40 cm from base in silt loam)

Outflow detected 
in minute 9000

TDR 2

TDR 3

TDR 4

Figure
Click here to download Figure: Figure 8.pdf

http://ees.elsevier.com/engeo/download.aspx?id=178752&guid=dacaa798-e46c-4c4e-bfcb-06e1794bdbb8&scheme=1


 

 

 

 

 

 

 

 

 

 

 

Figure 9. Volumetric moisture content with depth in Column 2 
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Figure 10. Geosynthetic clay liner under dry and fully hydrated conditions 
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Figure 11. Water retention of GCLs under wetting path. 

 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

1 100 10000 1000000

V
o
lu
m
e
tr
ic
 w
at
e
r 
co
n
te
n
t

Suction ( kPa)

Beddoe et al. (2011)‐GCL1

Beddoe et al. (2011)‐GCL2

Abuel Naga & Bouazza (2010)

Figure
Click here to download Figure: Figure 11.pdf

http://ees.elsevier.com/engeo/download.aspx?id=178755&guid=300bb333-d528-46e5-b82a-0daf715b9acf&scheme=1


 

 

 

 

Figure 12. Thermally induced multiphase fluid transport processes within and beneath a 
composite liner 
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Figure 13. Cross section of composite liner and soil profile for an evaporative pond.  
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Figure 14. Degree of saturation variation with time for a GCL, subgrade, and underlying soils 
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Figure 15. Temperature variation with time  
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                                              (a)                                                                                               (b) 

 

                                            (c)                                                                                          (d) 

Figure 16. Unsaturated interface shear strength from Khoury et al. (2010): (a) Shear strength 
of unsaturated soil; (b) SWRC for the soil; (c) Shear strength of soil-geosynthetic interface; 

(d) Shear strength of soil-geosynthetic interface reinterpreted using Eq. 3 
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Figure 17. (a) Vent and extraction PVDs (b) Flow path direction 
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