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The use of geosynthetics as reinforcement for the base layer of flexible pavement 

systems has grown steadily over the past thirty years. In spite of the evidence that 

geosynthetic reinforcements can lead to improved pavement performance, the specific 

conditions or mechanisms that enable and govern the reinforcement are unclear, largely 

remaining unidentified and unmeasured. The appropriate selection of design parameters 

for geosynthetics is complicated by the difficulty in associating their relevant properties 

to the improved pavement performance.  In addition, pavement structures deteriorate 

under the combined effects of traffic loading and environmental conditions, such as 

moisture changes.  However, these factors have not been studied together in the 

evaluation of the overall performance of pavement systems. Consequently, this research 

focused on the assessment of the effect of geosynthetics on the pavement structural 

section's ability to support traffic loads and to resist environmental changes. Accordingly, 

the primary objectives of this research were: (i) to determine the governing mechanisms 

and relevant properties of geosynthetics that contribute to the enhanced performance of 

pavement systems; (ii) to develop appropriate analytical, laboratory and field methods 

that are capable of quantifying the above properties for geosynthetics; and (iii) to enable 

the prediction of pavement performance depending on the various types of geosynthetics 
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used. To fulfill these three objectives, an evaluative, laboratory and field study was 

performed. The improved performance of pavements due to addition of geosynthetics 

was attributed to the ability of geosynthetics to laterally restrain the base course material, 

thereby providing a confinement effect to the pavement. A parameter to quantify the soil-

geosynthetic interaction at low displacement magnitudes based on the solution of an 

analytical model for geosynthetics confined in pullout box was proposed. The pullout 

tests were then conducted on various geosynthetics to obtain the proposed parameter for 

various geosynthetics.  The quantitative magnitude of the parameter value from the 

laboratory tests was compared with the qualitative performance observed in the field test 

sections. Overall, a good agreement was obtained between the laboratory and field 

results, thereby providing confidence in the ability of the proposed analytical model to 

predict the governing mechanism for geosynthetic reinforced pavements. 
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Chapter 1: Introduction  

“If you think education is expensive, try ignorance!” 

Derek Bok 

1.1 RESEARCH MOTIVATION 

The objective of this research is to provide a better understanding of the 

mechanisms governing the performance of geosynthetic reinforced pavements. During 

the course of this research, a literature review revealed that numerous studies have been 

conducted to quantify the effectiveness of geosynthetics in pavements (Al-Qadi 1997; 

Berg et al. 2000; Fanin 1996; Perkins and Ismeik 1997). Through empirical observations 

these studies concluded that geosynthetic reinforced base course and subgrade layers 

enhanced pavement performance. However, the actual mechanisms governing the 

contribution of geosynthetics to pavement stability have not been clearly identified. 

While geosynthetics have been used in pavements for the past thirty years, there is 

still a lack of test methods to quantify the benefits of geosynthetics and the variables 

governing their design. Furthermore, the proliferation of geosynthetic products and the 

aggressive marketing by the manufacturers have made it difficult for designers to identify 

the appropriate geosynthetic to be used in a specific project. Also, in projects that have 

used different geosynthetics in the field, results from the post-construction evaluation of 

the performance of these systems are controversial, thus making it difficult to determine 

design guidelines for future projects.  

This research includes a reevaluation of existing design methodologies, a process 

that involved obtaining data to quantify the performance response of geosynthetic 

reinforced pavement sections. The overall goal of this research is to identify the 

mechanism governing geosynthetic reinforced flexible pavement and then to develop the 

appropriate tools to measure it with a laboratory tests. The results obtained from the 

laboratory setup were then verified against the performance of geosynthetic reinforced 

test sections constructed in the field environment, thereby combining these approaches in 

a unified framework. 



  

2 

1.2 BENEFITS OF USING GEOSYNTHETICS IN FLEXIBLE PAVEMENTS 

There are two main benefits of using geosynthetics in the form of geogrids and 

geotextiles in the base course layer of flexible pavements. For a given cross-section of the 

pavement, addition of geosynthetic leads to an increase in serviceability life and 

reduction in the maintenance cost of the pavement as shown in Figure 1.1a and 1.1b 

respectively. This alternative is feasible when the maintenance and replacement costs 

during the service life of the pavement are offset by the high initial cost of using the 

geosynthetic for a given project (Perkins and Ismeik, 1997). Also, if the pavement is 

designed for same serviceability life as an unreinforced pavement, addition of 

geosynthetic may results in the reduction in the thickness of the base course layer. This 

alternative is feasible if the cost of the geosynthetic is less than the combined cost of the 

replaced base course material and any construction related costs associated with a 

reduced base thickness (Perkins and Ismeik, 1997). Both of the above alternatives are 

desirable, as part of the design process involves minimizing the total cost of the pavement 

structure, including initial costs plus maintenance costs. The savings of 10-20% of total 

project cost have been estimated by combining these benefits (Berg et al., 2000).   

 

 

Figure 1.1 Conceptual life-cycle cost illustration for reinforced and unreinforced 

pavements (adapted from Perkins et. al, 2005) 



  

3 

The aforementioned benefits are primarily related with the ability of geosynthetic 

reinforcement to resist traffic loads. However, the pavement structures deteriorate as a 

result of the combined effects of traffic and environment-related damage. An additional 

use of geosynthetics in flexible pavement to resist environmental loads has been proposed 

recently (Zornberg and Gupta, 2009). The benefits involve the mitigation of longitudinal 

cracks when pavements are constructed over expansive subgrades. The construction of 

roadways over these subgrades (which are common in central and eastern Texas) have 

lead to significant volume changes during subsequent cycles of seasonal wetting and 

drying due to moisture fluctuations. These volume changes induce vertical movements, 

accelerate the degradation of pavement materials, and ultimately shorten the service life 

of the roadway. The specific problem addressed in this research included the occurrence 

of longitudinal cracks that develop due to above environmental loading on pavements 

constructed over such expansive subgrades. 

In summary, the current research focuses on evaluating the benefits of using 

geosynthetics in improving pavement performance under traffic loads and preventing 

longitudinal cracks over expansive subgrades due to environmental loads.  

1.3 METHODS TO INVESTIGATE GEOSYNTHETIC BEHAVIOR IN FLEXIBLE PAVEMENTS 

According to Zornberg (1994), “In the geosynthetic reinforced structures, practice 

often leads theory, so the optimum design methods incorporating performance prediction 

criteria which help in fully understanding the behavior of structure may not exist.” Also, 

the study of geosynthetic reinforced pavement involves a complex interaction between its 

various components which cannot be fully characterized using a single method. 

Therefore, numerical modeling, laboratory testing and instrumentation of field structures 

are generally used together to understand the principles of soil reinforcement interaction 

and the mechanism that characterize their behavior. The research needs for this study 

were addressed using all the above methods to understand the behavior of geosynthetic 

reinforced pavements. 
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 The research included an analytical treatment of the governing mechanisms 

responsible for pavement performance when geosynthetics were used as reinforcements.  

Then, laboratory testing in the form of pullout tests was conducted to quantify the 

mechanisms at low displacements, taking into account the interaction of the geosynthetic 

with surrounding soil under applied confinement at low displacement magnitudes.  To 

fully understand the effectiveness of geosynthetics in flexible pavement, full scale 

pavement test sections with different geosynthetics were constructed and monitored. 

Finally, the laboratory pullout test results based on analytical model were validated 

against the performance of field test sections reinforced with various geosynthetics 

thereby combining all the research components in a unified framework. 

1.4 RESEARCH OBJECTIVES 

The specific objectives of this study are the following: 

• Identify the governing mechanism involved in geosynthetic reinforced pavement 

design to resist environmental and traffic loads; 

• Identify the soil-geosynthetic interaction parameters governing these mechanisms; 

• Develop an analytical model to quantify these soil-geosynthetic interaction 

parameters realistically; 

• Develop laboratory testing procedures based on analytical model for 

quantification of soil-geosynthetic interaction under confinement at low 

displacements magnitudes; 

• Establish a unified framework for providing a consistent basis of comparison for 

predicting the performance of various geosynthetics (geotextiles and geogrids) 

using laboratory tests; and 

• Validate the findings of the laboratory tests against the performance of field 

sections for these geosynthetics. 
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1.5 DISSERTATION OUTLINE 

This dissertation is organized into six chapters. After this introductory chapter, the 

background information on the use of geosynthetics as reinforcement in flexible 

pavements is provided in Chapter 2. It summarizes the existing pavement design 

methodologies for incorporating the use of geosynthetics as reinforcement. This chapter 

also includes a review of the literature on the field, laboratory and numerical methods 

being used to quantify the performance of the geosynthetic reinforced pavement system. 

Based on the review of the literature presented in Chapter 2, the laboratory test 

method to quantify the governing mechanism for geosynthetic reinforced pavement is 

established. The pullout test method and its application to reinforced pavement design are 

discussed in Chapter 3. This discussion is followed by the development of an analytical 

model to quantify the soil-geosynthetic interaction behavior under pullout test conditions. 

The model assumptions and its applicability for predicting the performance of various 

geosynthetics is then discussed.  

The validation of model using laboratory pullout tests is described in Chapter 4. 

This involves the development of new laboratory equipment for conducting tests on 

geosynthetics to evaluate the model assumptions. This is followed by a series of pullout 

tests on various types of geosynthetics and obtaining the model parameter to compare 

their performance under confined conditions to represent the field conditions realistically. 

A field investigation study to evaluate the performance of geosynthetic reinforced 

test sections for environmental and traffic loads is presented in Chapter 5.  The details of 

the field study involving thirty two test sections with post construction monitoring in the 

form of moisture monitoring using sensors, FWD testing and visual inspection is 

provided. The results of field performance of geosynthetic reinforced sections are then 

compared with parameter obtained from laboratory tests. 

A summary of the conclusions drawn from each research component conducted as 

part of this dissertation is finally presented in Chapter 6.  
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Chapter 2: Geosynthetic Reinforced Pavements – An Evaluative Study  

“Common sense in an uncommon degree is what the world calls wisdom.” 

Samuel Taylor Coleridge 

2.1 INTRODUCTION 

Soil reinforcement involves the placement of a material in a given soil layer 

where the presence of the material causes a redistribution of stresses and strains in the 

soil favorable to the purpose at hand (Palmeira, 1987).  Currently, soil reinforcement is 

most commonly performed with geosynthetics, leading to an increase in the strength and 

a decrease in the compressibility of the composite material. In other words, the addition 

of geosynthetic reinforcement in regions of tensile strain helps to inhibit the stresses in 

the soil, thereby increasing the shearing characteristics of the composite material (Jewell, 

1981).  The common usage for soil-geosynthetic reinforcement includes the construction 

of roads, retaining walls, foundations and embankments, as shown in Figure 2.1. The 

current research focused on the application of geosynthetic reinforcement in the base-

course layer of flexible pavements. The review of work completed is described in this 

chapter. 

 

 

Figure 2.1 Typical examples of soil reinforcement application (Palmeira, 1987) 
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2.2 PHILOSOPHY OF GEOSYNTHETIC REINFORCED FLEXIBLE PAVEMENTS  

To highlight the significance of the current research, a literature review centered 

on flexible pavements, geosynthetics, and the function of geosynthetics in these 

pavements is provided below.  

2.2.1 Flexible pavements 

According to Huang (1993), “Flexible pavements are layered systems with better 

material on top where intensity of stress is high and inferior materials on the bottom 

where the intensity is low. Adherence to this design principle makes possible the use of 

local materials and usually results in a most economical design. This is particularly true 

in regions where high quality materials are expensive but local materials of inferior 

quality are readily available.” 

 A typical flexible pavement system is composed of four distinct layers: asphalt 

concrete, base course, subbase, and subgrade as shown in Figure 2.2. The surface layer is 

typically asphalt concrete which is composed of a bituminous hot-mix aggregate (HMA) 

obtained from distillation of crude petroleum. The asphalt concrete is underlain by a layer 

of base course, typically consisting of 6 to 12 inches of unbound coarse aggregate. An 

optional subbase layer generally composed of lower quality crushed aggregate can be 

placed down before the base course to achieve cost savings or reduce capillary action of 

moisture under the pavement. The constructed layers are placed directly onto a prepared 

subgrade which is generally graded and compacted natural in-situ soil.  

 

Figure 2.2 Cross-section of flexible pavement system (Muench, 2006) 
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2.2.1.1 Critical points in pavement design 

Flexible pavements are constructed so that traffic loads are distributed from the 

contact surface to the underlying layers. The pavement flexes under the load, resulting in 

a conical stress distribution that spreads the load over a greater area than that of the actual 

tire footprint. Consequently, stresses imparted by the wheel load are effectively 

dissipated with depth as shown in Figure 2.3. The flexible pavement design is checked 

for two critical strain points. The horizontal tensile strain at the bottom of asphalt layer is 

used as a design parameter to prevent fatigue cracking which occurs due to repeated 

traffic loading. On the other hand, the vertical stress on the top of subgrade is an 

important factor in the design in order to prevent permanent deformations, which occur 

due to the accumulation of stress during the service life of the pavement. 

 

 

Figure 2.3 Stress distributions with depth in a flexible pavement (a) high stress area 

directly under wheel load; (b) reduced load at subgrade level 

A pavement's function is to reduce the vertical stress on the subgrade so that 

detrimental pavement deformations do not occur. The allowable vertical stress on a given 

subgrade depends on the shear strength of the subgrade. The effect of stress and strength 

is combined together in a form of allowable vertical compressive strain, which is used as 

design criteria. Therefore, according to Yoder and Witczak (1975), “the basic concept of 

granular base flexible pavements is to provide a base thickness such that the vertical 

compressive subgrade stress is reduced to some limit value less than the allowable 

distress level developed from the relevant criteria.”  
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2.2.1.2 Type of pavement distress 

During its lifetime, a flexible pavement can experience two different types of 

failure modes. Structural failure leads to the collapse of the pavement, thereby making it 

incapable of sustaining the loads imposed upon its surface. Functional failure, on the 

other hand, renders the pavement incapable of carrying out its intended function, causing 

discomfort to the passenger. Subsequently, structural failure requires a complete 

rebuilding of the pavement whereas functional failure can be remedied by the regular 

maintenance of the pavement. 

The above distress conditions may develop due to two main reasons: traffic loads 

and environmental conditions. Traffic loads result from the high repetition of loads and 

from high tire pressure, which can cause either structural or functional failure. Secondly, 

climatic conditions, such as extreme variations in temperature and moisture values at the 

site, as well as environmental loading, cause surface irregularities and structural 

weaknesses in the pavement. The wetting and drying, or the freezing and thawing of the 

pavement causes base course materials to breakdown generating fines in the subgrade 

which lead to the development of cracks. Furthermore, construction practices also affect 

pavement distress conditions. For example, the use of unclean aggregates and inadequate 

inspection lead to rapid pavement deterioration. Finally, according to Yoder and Witczak 

(1975), “pavement distress is also a function of maintenance or more correctly, lack of 

maintenance.” Therefore, sealing cracks and joints at proper intervals and maintaining the 

shoulders help improve pavement performance. 

 Based on the above discussion, it can be seen that pavement distress is a 

combination of different factors. Therefore, when designing a pavement, it is not only 

necessary to build into the design the pavement's resistance against structural failure, it is 

also imperative to ensure that the pavement will carry out its intended function. 

Ultimately, a pavement's intended longevity represents a calculated decision on the part 

of the engineer who balanced increased initial construction costs against increased 

maintenance costs during the design process. 
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2.2.2 Geosynthetics 

Geosynthetics can be defined as planar products manufactured from polymeric 

material, which are used with soil, rock or other geotechnical engineering related material 

as an integral part of a man-made project, structure or system (ASTM, 1995). 

Geosynthetics are manufactured in factory-controlled environments and widely used in 

many geotechnical and transportation applications. Geosynthetics have numerous 

material properties which are important during their manufacturing, quality control 

process and use in design. The material properties related to the manufacture and quality 

control of geosynthetics are generally referred to as index properties while those that are 

related to the design are known as performance properties.  

Considering their different properties, several geosynthetic products can perform 

different functions and, consequently, they should be designed in order to satisfy the 

minimum criteria needed to adequately perform these functions. The main functions of 

geosynthetics used in soil reinforcement are: separation, reinforcement, filtration, 

drainage, infiltration barrier, and protection. The geosynthetics typically used for 

reinforcement are as shown in Figure 2.4. Among these products, geotextiles and 

geogrids have been used in pavement applications for reinforcement purposes and are the 

focus of this study.  

 

Figure 2.4 Geosynthetics used as reinforcement (a) woven geotextile (b) non-woven 

geotextile (c) geogrid (d) geocells (adapted from Bathurst, 2007) 
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2.2.2.1 Geogrids 

Geogrids constitute a category of geosynthetics that are designed primarily to 

fulfill a reinforcement function. They have found numerous applications in transportation 

projects (Zornberg and Christopher, 2000; Zornberg et al., 2001). Geogrids have a 

uniformly distributed array of apertures between their longitudinal and transverse 

elements. The openings allow direct contact between soil particles on either side of the 

installed sheet, which increases the interaction between the geogrid and the backfill soil.  

Geogrids are composed of polypropylene, polyethylene, polyester, or coated 

polyester. The polyester geogrids and coated polyester geogrids are flexible, and their 

junctions are typically woven, knitted or laser bonded. Coating is generally performed 

using PVC or acrylics to protect the filaments from construction damage. The 

polypropylene and polyethylene geogrids are rigid, and either extruded or punched sheet 

drawn. These geogrids have in- plane ribs with integral junctions. Geogrids are classified 

by whether they can provide resistance to in-plane loads in one direction (uniaxial) or any 

direction (biaxial) as shown in Figure 2.5. Uniaxial geogrids are often appropriate for 

walls and slopes, but biaxial geogrids are preferred for base reinforcement in pavements. 

 

 

Figure 2.5 Geogrid reinforcements (adapted from Zornberg et.al, 2008) 
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2.2.2.2 Geotextiles 

Geotextiles are defined as a permeable geosynthetic made of textile materials. 

Among the different geosynthetic products, geotextiles are the ones that present the 

widest range of properties (Zornberg and Christopher, 2006) and can be used to fulfill 

variety of functions for many different geotechnical, and transportation applications. 

 The polymers used in the manufacture of geotextile fibers include the following: 

polypropylene (≈85%), polyester (≈12%), polyethylene (≈2%), and polyamide (≈1%). 

The most common types of filaments used in the manufacture of geotextiles include 

monofilament, multifilament, staple filament and slit-film. Figure 2.6a shows a number 

of typical geotextiles. Woven geotextiles are manufactured using traditional weaving 

methods and a variety of weave types: plain weave, basket weave, twill weave and satin 

weave. Non-woven geotextiles are manufactured by placing and orienting the filaments 

or fibers onto a conveyor belt, which are subsequently bonded by needle punching or by 

melt bonding. Common terminology associated with geotextiles includes machine 

direction, cross machine direction, and selvage as shown in Figure 2.6b. Machine 

direction refers to the direction in the plane of the fabric in line with the direction of 

manufacture. Conversely, cross machine direction refers to the direction in the plane of 

fabric perpendicular to the direction of manufacture. The selvage is the finished area on 

the sides of the geotextile width that prevents the yarns from unraveling. 

 

 

Figure 2.6 Geotextiles (a) woven and non-woven (b) nomenclature (adapted from 

Zornberg et.al, 2008) 
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2.2.3 Reinforcement function 

The typical functions of geosynthetics used in the construction of roadways 

include reinforcement, separation, filtration, lateral drainage and sealing (Koerner, 2005). 

The purpose of using a geosynthetic in its reinforcement capacity is to increase the 

structural or load-carrying capacity of a pavement system by transferring the load to the 

geosynthetic material. When performing its separation function, a geosynthetic prevents 

the subgrade soil from intruding into the aggregate base or sub-base. The potential for the 

mixing of soil layers is greatest when the base course is compacted over the subgrade 

during construction and secondarily, during the operation of traffic. Additionally, a 

geosynthetic performs a filtration function by restricting the movement of soil particles 

while allowing water to move from the filtered soil to the coarser soil adjacent to it over 

the lifespan of the structure's performance. The need for filtration is strongly dependent 

on the fines content of the base course and subgrade soils and on the plasticity limit of the 

subgrades. Finally, the lateral drainage function, i.e. the transmissivity function of a 

geosynthetic, allows the lateral movement of water within the plane of the geosynthetic. 

Besides these four functions, geosynthetics can perform secondary functions like the 

mitigation of crack propagation by sealing the asphalt layer when used in the overlay of 

the pavement. 

 Certain geosynthetic products can perform different functions while, similarly, 

the same function can often be performed by different types of geosynthetics. Geogrids, 

however, are generally used for only one primary function (reinforcement) in pavement 

design. Geotextiles, however, can also perform one or more secondary functions, which 

must also be considered when selecting the geotextile material for optimum performance. 

For example, a geotextile can provide for the separation of two dissimilar soils (for 

example, the separation of gravel from clay in a road), but it may also provide a 

secondary function of filtration by minimizing the buildup of excess pore water pressure 

in the soil beneath the separator. 
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 This research effort focused on quantifying the reinforcement function of 

geosynthetics in flexible pavements. Reinforcement is the synergistic improvement of the 

pavement created by the introduction of a geosynthetic into a pavement layer. While the 

function of reinforcement has often been fulfilled by geogrids, geotextiles have been used 

extensively as reinforcement inclusions in transportation applications (Bueno et al. 2005, 

Benjamin et al. 2007). The stress distribution at the level of subgrade layer for an 

unreinforced flexible pavement is generally higher than that for a geosynthetic reinforced 

pavement as shown in Figures 2.7a and 2.7b respectively. The addition of geosynthetic 

for reinforcement purposes generally involves placing it at the interface between the base 

and sub-base layers or the interface between the sub-base and subgrade layers.  This leads 

to stress redistribution at the subgrade layer, causing reduced vertical deformations and 

improved performance of the pavement.   

     

 

Figure 2.7 Relative load magnitudes at subgrade layer level for: (a) unreinforced flexible 

pavement and (b) geosynthetic-reinforced flexible pavement 

The improved performance of the pavement due to geosynthetic reinforcement 

has been attributed to three main mechanisms (Giroud and Noiray, 1981; Giroud et al., 

1984; Perkins and Ismeik, 1997; Holtz et al., 1998). Specifically, the reinforcement 
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function performed by a geosynthetic is thought to be achieved primarily through: (1) 

lateral restraint; (2) increased bearing capacity; and (3) the tensioned membrane effect 

produced by the geosynthetic when it is placed within the base course or subgrade layers 

or when it is placed as the interface between these two layers as shown in Figure 2.8. The 

theory behind these three phenomena or mechanisms was originally based on 

observations and analyses done for unpaved roads. The relevance of these mechanisms 

for paved roads (flexible pavements) is discussed. 

 

 

Figure 2.8 Reinforcement mechanisms induced by geosynthetics (Holtz et. al, 1998): (a) 

Lateral restraint; (b) Increased bearing capacity; and (c) Membrane-type 

support 
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2.2.3.1 Lateral Restraint 

 The primary mechanism associated with the reinforcement function is lateral 

restraint or confinement (Bender and Barenberg, 1978) for paved flexible pavements as 

shown in Figure 2.8a. The name is misleading as lateral restraint is developed through 

interfacial friction between the geosynthetic and the aggregate, thus the mechanism is one 

of a shear-resisting interface (Perkins, 1999). When an aggregate layer is subjected to 

traffic loading, the aggregate tends to move laterally unless it is restrained by the 

subgrade or geosynthetic reinforcement.  Interaction between the base aggregate layer 

and the geosynthetic transfers shear load from the base layer to a tensile load in the 

geosynthetic. The geosynthetic has high tensile stiffness and limits the extensional lateral 

strains in the base layer. Furthermore, a geosynthetic layer confines the base course layer 

thereby increasing its mean stress and leading to an increase in its shear strength. Both 

frictional and interlocking characteristics between the soil and the geosynthetic are 

necessary to realize this mechanism. For a geogrid, this implies that the geogrid apertures 

and base soil particles must be sized properly. A geotextile with good frictional 

capabilities can also provide tensile resistance to lateral aggregate movement.  

2.2.3.2 Increased bearing capacity 

As shown in Figure 2.8b, the increased bearing capacity mechanism leads to soil 

reinforcement when the presence of a geosynthetic causes the potential bearing surface 

failure plane to develop at an alternate, higher shear strength surface. This forced 

initiation of the potential failure surface along an alternate plane, with modified 

configuration, provides a higher total resistance. The geosynthetic reinforcement can 

decrease the shear stresses transferred to the subgrade and provide vertical confinement 

outside the loaded area. The bearing failure mode of the subgrade is expected to change 

from punching failure without reinforcement to general failure with ideal reinforcement.  
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2.2.3.3 Tensioned membrane effect 

The theory of tensioned membrane type of support of the wheel loads as shown in 

Figure 2.8c. In this case, the reinforcement provides a vertical component of reaction to 

the applied wheel load. This tensioned membrane effect develops as a result of vertical 

deformations creating a concave shape in the geosynthetic. This tensioned membrane 

effect develops as a result of vertical deformations creating a concave shape in the 

geosynthetic. The tension developed in the geosynthetic helps support the wheel load and 

reduce the vertical stress on the subgrade, but significant rut depths are necessary to 

realize this effect. Generally, higher deformation is required for the mobilization of 

tensile membrane resistance as the stiffness of the geosynthetic decreases. In order for 

this type of reinforcement mode to be significant, there is a consensus that the subgrade 

CBR should be less than 3 (Barksdale et al., 1989). 

2.2.4 Discussion 

The three mechanisms require different magnitudes of deformation in the 

pavement system to occur in the field. Since the early study of geosynthetic 

reinforcement of base course layers focused on unpaved roads where rut depths in excess 

of 25 mm were tolerable, the increased bearing capacity and tensioned membrane support 

mechanisms were included for paved roads, too. However they exceed the serviceability 

requirements of paved roads (flexible pavements). Thus, when the flexible pavement is 

loaded, lateral restraint is generated due to the development of interface shear stresses 

and the interlocking between geosynthetics and aggregate, leading to the transfer of the 

load from the aggregate to the geosynthetics, thereby governing its performance.  

The current research focused on quantifying the primary mechanism of lateral 

restraint provided by geosynthetics in flexible pavements for reinforcement purposes 

which is developed at very low displacement magnitudes. Section 2.3 discusses the 

various design methodologies currently adopted for design of geosynthetic reinforced 

flexible pavements.  
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2.3 DESIGN METHODOLOGIES FOR GEOSYNTHETIC REINFORCED FLEXIBLE PAVEMENTS 

The basic philosophy of flexible pavement systems was originally envisioned by 

the Romans and it continues to form the basis of flexible pavement design today.  This 

approach involves providing a protected layer over the subgrade, thereby ensuring the 

serviceability of the pavement under given traffic and environmental loading. Figure 2.9 

shows the evolution of road design methods from the 1930s until today.  

Use what works

Experience CBR Cover Design Method

Experience

Subgrade CBR AASHTO Method

Linear M-E Method

MEPDG
SN
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ESAL

ESG
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sophistication
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Figure 2.9 Evolution of pavement design methods (adapted from Reck, 2009)  

After the great depression in the 1930s, the Cover Based Design Method was 

developed. It required a single input in terms of the California Bearing Ratio (CBR), but 

it still involved a significant amount of engineering judgment. Following the American 

Association of State Highway Officials (AASHO) Road Test, which was popularized in 

the 1960s, a series of design methods were proposed that were more sophisticated than 

the Cover Based Method and that required greater number of design inputs.  For example, 

in the 1970’s, the linear mechanistic-empirical (M-E) design method was proposed by 

researchers from South Africa. Since the early 1990s, the focus has shifted to 

mechanistic-empirical design methods that incorporate features from purely empirical 

methods to sophisticated finite element non-linear mechanized methods. Attempts have 

been made to incorporate the geosynthetic reinforcement into AASHO and M-E design 

methods. The advantages and limitations of these approaches for designing geosynthetic 

reinforced flexible pavements are discussed. 
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2.3.1 AASHTO Guide (1993) 

Published in 1993, the American Association of State Highway and 

Transportation Officials’ (AASHTO) guide for design of pavement structures is one of 

the most widely used methods for flexible pavement design in North America. The 

AASHTO guide uses empirical equations developed from the AASHO road tests, which 

were conducted in the late 1950s. The method considers the pavement to be a multi-layer 

elastic system with an overall structural number (SN) that reflects the total pavement 

thickness and its resiliency to repeated traffic loading. The required SN is selected such 

that the pavement will support anticipated traffic loads and experience a loss in 

serviceability no greater than that allowed based on the requirements for the pavement. 

The SN is determined using a nomograph that solves the following equation: 
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where W18 is the anticipated cumulative 18-kip Equivalent Single-Axle Loads (ESALs) 

over the design life of the pavements, ZR is the standard normal deviate for reliability 

level, SO is the overall standard deviation, ∆PSI is the allowable loss in serviceability, and 

MR is the resilient modulus (stiffness) of the underlying subgrade. Once the required 

overall SN has been determined, the individual layers can be designed according to 

Equation 2.2 through a series of iterations: 
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               (2.2) 

where, 

a = coefficient of relative strength,  

d = thickness in inches of each layer,  

m= modifier accounting for moisture characteristics of the pavement 
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The purpose of geosynthetic reinforcement in flexible pavements is to extend a 

pavement’s lifespan or to enable the construction of a pavement with a reduced quantity 

of base course material without sacrificing pavement performance. The early design of 

reinforced flexible pavements focused at modifying Equations 2.1 and 2.2 to reflect the 

benefit achieved by the addition of geosynthetics to its structure. These improvements to 

the pavement system provided by geosynthetic reinforcement have been measured in 

terms of ratios and expressed in design equations as shown below. 

2.3.1.1 Traffic Benefit Ratio 

Traffic Benefit Ratio (TBR), as per Berg et al. (2000), is defined as the ratio of 

the number of load cycles on a reinforced section (NR) to reach a defined failure state (a 

given rut depth) to the number of load cycles on an unreinforced section (NU), with the 

same geometry and material constituents, to reach the same defined failure state. 

  

U

R

N

N
TBR =           (2.3) 

 

While designing a pavement using TBR, the extended life of pavement is 

estimated as follows: 

 

W18 (reinforced) = TBR * W18 (unreinforced)      (2.4) 

 

TBR is sometimes referred to as the traffic improvement factor (TIF). The TBR is 

commonly used to relate the long-term performance of reinforced and unreinforced 

pavements. As shown in Figure 2.10, it is also used to calculate the number of traffic 

passes that a reinforced pavement can withstand as compared to unreinforced pavement 

for the same rut depth. For most geotextiles, the range in TBR value lies between 1.5 and 

10, and for geogrids between 1.5 and 70, as reported by Shukla (2002).  
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Figure 2.10 Typical TBR values for an unreinforced and reinforced pavement to reach a 

given rut depth (Shukla, 2002)  

2.3.1.2 Base Course Reduction 

Base course reduction (BCR) is defined as the percent reduction in the base-

course or sub-base thickness layer due to an addition of geosynthetic reinforcement (TR) 

when compared with the unreinforced thickness (TU) of the flexible pavement with the 

same material constituents, to reach the same defined failure state. 
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BCR is sometimes referred to as the layer coefficient ratio (LCR). A modifier is 

applied to the SN of the pavement, as shown in Equation 2.6. 
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While designing a pavement using BCR, the reduced depth of the base course can 

be estimated as follows: 
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where dbase,(R) is the reduced base course thickness due to reinforcement and SNu is the 

structural number corresponding to the equivalent W18 for the unreinforced pavement.  

BCR has been determined from the laboratory and field tests. Anderson and 

Killeavy (1989) constructed test sections with different base course thicknesses within an 

access road and truck staging area. The study showed that geotextile reinforced section 

with 350 mm base layer performed similar to unreinforced section with 450 mm thick 

base layer. Miura et al. (1990) constructed field test sections of road that contained 50 

mm less of base course than the unreinforced section and were observed to perform better 

than the control sections for all the rut depths. Furthermore, for a subgrade with CBR of 

8, Webster (1993) showed that a section containing a geogrid with 150 mm thick base 

had equivalent performance to an unreinforced section with 250 mm thick base. Thus, 

base course reductions in the range of 20% to 40% have been reported in the literature 

with greater percentage reduction for the stronger subgrade materials.  

2.3.1.3 Limitations 

The AASHTO design method is empirical in nature and does not directly consider 

the mechanics of the pavement structure, climatic effects, or changes in traffic loading 

and material properties over the design-life of the pavement. The correlation to CBR and 

the Texas Triaxial Test are used to determine appropriate layer coefficients which 

provide the strength of material at failure whereas the stiffness at low displacement is key 

for pavement design. Moreover, when this design methodology is extended to 

geosynthetic reinforced pavements they are limited in their application to the specific 

product, material, geometry, failure criteria and load used in the tests to quantify their 

values. Thus, they lack a generic approach and cannot be easily transferred from one site 

to another.  
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Moreover, the method above is not capable of providing a consistent base for 

performance comparison between various geosynthetics. In addition to this drawback, 

it is difficult to incorporate these ratios into the design for a particular project if the goal 

of geosynthetic reinforcement is to provide both functions, i.e. to increase the pavement’s 

performance life and to reduce the base course thickness. Therefore, every time a design 

has to be done using geosynthetics, one needs to assess the applicability of these 

proposed ratios to project-specific criteria. Although research conducted to date has 

supported some of the suggested procedures, long-term performance information of 

projects designed based on this method is not available at this time such that confidence 

limits can be established.  

2.3.2 NCHRP Mechanistic-Empirical Guide (2004) 

The National Cooperative Highway Research Program (NCHRP) developed a 

guide for mechanistic-empirical design of new and rehabilitated pavement structures in 

2004. The method uses mechanistic principles and detailed data input to minimize design 

reliance on empirical observations and correlations which may or may not be applicable 

for a specific application. The mechanistic-empirical (M-E) method is an attempt to 

improve design reliability, reduce life-cycle costs, better characterize the effects of 

drainage and seasonal moisture variations, and to help predict susceptible failure modes 

to prevent premature failures (Olidis and Hein, 2004).  

The M-E Design Method is a road performance prediction method that has two 

key components, which are mechanistic and empirical, and interdependent. The 

calculation models require input parameters in terms of pavement layers, traffic 

conditions, climatic conditions and materials used. The output generated is then measured 

against the original design hypothesis and if it fails, the design is modified using an 

iterative process and then re-evaluated. The flowchart of the various components in the 

design method is as shown in Figure 2.11. 
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Figure 2.11 Flowchart for M-E Design (NCHRP, 2004)  

According to Finnefrock (2008), “The primary parameters used in M-E method 

are the mechanistic properties of each pavement layer, which include poisson’s ratio () 

and resilient modulus (MR). Poisson’s ratio is the ratio of lateral strain to axial strain 

exhibited in response to axial loading and typically ranges from 0.15-0.5 for materials 

used in pavement design. The MR is a representation of the Modulus of Elasticity (E) 

after cyclic loading,” and is given by: 

 

r

d
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ε

σ
=               (2.8)  

 

where σd is the cyclic deviator stress (or cyclic principal stress difference) and εr is the 

recoverable (elastic) strain. Thus, MR and E represent the strain response of the material 

to applied stress, but are not considered the same due to different load application rates as 

shown in Figure 2.12. Furthermore, the value of E refers to the initial deformation (with 

some permanent component) of the material, whereas MR refers to the elastic 

deformation of the material after cyclic loading. 
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Figure 2.12 Comparison of Resilient Modulus, MR, and Modulus of Elasticity, E. 

(adapted from Abusaid, 2006) 

The M-E method uses a hierarchical approach to design, based on the importance 

of the project and available information. Level 1 is the highest confidence level, typically 

reserved for research or very high volume roads. Level 2 is moderate confidence level, 

intended for routine pavement design. Level 3 is the lowest confidence level, typically 

reserved for low-volume roads. Based on the design level selected, the material properties 

are determined using the specific materials to be used in the field, or are estimated from 

the correlations using routine tests or by using default values from the database. 

The mechanistic properties of pavement materials are used to estimate stresses 

and displacements under loading. These estimates are in turn converted into pavement 

surface distresses using regression models of the Long Term Pavement Performance 

(LTPP) program database, which contains comprehensive data from field-scale road test 

sections. Surface distresses are broadly classified into three groups: fracture, deformation, 

and degradation. These surface distresses can be used to evaluate performance, estimate 

life cycle and anticipate failure modes of the pavement.  
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2.3.2.1 Applicability to geosynthetic reinforced pavement design 

Designing pavement using the M-E approach involves measuring the traffic load 

cycles to achieve a limited level of surface distress. This check can be applied to 

geosynthetic reinforced pavement and its response against damage contribution can be 

measured. The M-E design approach is better suited to include geosynthetic benefits as it 

requires inputs from the user to define the local materials, thus helping to provide a 

consistent basis for evaluation of geosynthetic properties.  

In the mechanistic model, the contribution of a thin geosynthetic material has 

been defined in terms of equivalent resilient modulus and Poissons’ ratio. Furthermore, in 

the empirical design, calibrating the equivalent damage model in terms of subgrade 

rutting has not provided similar results for thin and thick asphalt geosynthetic reinforced 

flexible pavements. In thin asphalt pavement the geosynthetic contribution has been 

included in base course layer, whereas in thick asphalt pavement it has been simulated as 

equivalent delay in the onset of fatigue cracking when compared to an unreinforced 

pavement section. Thus, the performance benefits of geosynthetics cannot be easily 

defined in M-E design. 

2.3.2.2 Limitations 

The mechanistic-empirical design approach is a more appropriate method for 

estimating field behavior of flexible pavements than the multi-layered elastic analysis 

because it provides a more rigorous and adaptable design method (Al-Qadi, 2006). 

However, the practicality of the method is limited in that a significant amount of 

information and test data are required to characterize the pavement and its anticipated 

performance (Finnefrock, 2008). Few test agencies are capable of performing the 

complex tests required to determine properties such as MR, and even when they are, the 

associated costs could be too high to justify a materials testing program on a typical road 

project. Finally, when used in practice, the M-E approach often relies heavily on 

correlations to material properties (like the AASHTO 1993 method).  
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2.3.3 Discussion 

The prediction of the behavior of flexible pavements is complicated as it depends 

on a number of factors. Pavement is composed of multiple layers with different 

construction materials and the overall performance being controlled by  numerous 

factors, including load magnitude, subgrade strength, layer thickness, interlayer mixing, 

material degradation, cracking and rutting, and seasonal and climactic fluctuations 

(WsDOT, 2007; Dougan, 2007; and Al-Qadi, 2006). Geosynthetic reinforcement further 

complicates the understanding by introducing a whole new set of variables, including 

reinforcement mechanism, geosynthetic type and stiffness, tensile strength, aperture size 

and optimal placement location. Therefore, due to uncertainty in quantifying the 

mechanisms of geosynthetic reinforcement, neither the AASHTO (1993) nor the MEPDG 

(2004) design approaches allow the direct consideration of the effects of specific 

geosynthetic properties on pavement performance.  

The design of geosynthetic reinforced pavements is still heavily based on 

empirical results which have been calibrated for unpaved roads. However, the flexible 

pavements are restricted to smaller rutting depths, and are subjected to high-volume low-

intensity traffic loading rather than low-volume high-intensity loading typical of unpaved 

roads. Giroud and Han (2004) developed a procedure for the design of geogrid reinforced 

unpaved roads, which considers stress distribution at depth, base course resilient 

modulus, and degradation of material stiffness with repeated loading. Unfortunately, 

there is little or no published literature investigating the applicability of this approach for 

flexible pavements.  

There is a lack of theoretical design procedure available for considering the effect 

of geosynthetic reinforcement in flexible pavements. Consequently, there has been 

numerous research studies performed to better understand the geosynthetic reinforced 

pavement behavior, using field-scale testing, laboratory-scale testing and numerical 

simulations. The important findings of these procedures are discussed. 
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2.4 PERFORMANCE DATA FOR GEOSYNTHETIC REINFORCED FLEXIBLE PAVEMENTS  

The methods for collecting pavement performance data are field scale testing, 

laboratory testing, and numerical simulations. These three methods not only differ 

widely, but lead to the collection of significantly different performance data as well, as 

shown in Figure 2.13. Ultimately, the quality of pavement performance data generated 

depends on the cost and the method being used for collection (Reck, 2009). 

 

 

Figure 2.13 Interrelationship between different facets of pavement design (adapted from 

Hugo et. al, 1991) 

Full-scale tests include field studies and accelerated pavement tests that simulate 

actual pavement behavior. In both of these cases, the cost of testing is high and fairly 

limited tests can be done as a consequence. Thus, the test matrix and its scope are 

generally expanded by undertaking smaller scale laboratory studies or numerical 

simulations. Laboratory tests are generally cheaper than field tests and can be performed 

under controlled conditions. However, it is difficult to replicate the true behavior of the 

system using laboratory tests, which are further limited by the instrumentation used 

during the given test. For this reason, numerical simulations can be useful in developing 

models based on field and laboratory tests to perform parametric studies. Thus, these 

three approaches to data collection can be combined to develop a comprehensive design 

methodology. The important developments pertinent to geosynthetic reinforced pavement 

design in each of these three areas are discussed in Section 2.4.1.2.  
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2.4.1 Field tests 

2.4.1.1 Types of test tracks 

Full-scale field tests have been performed on public roadways and in-service 

roads.  Vehicular loading on public roadways is typically applied by random patterns of 

actual traffic. Constructed test sections provide a valuable opportunity to better 

understand the as-built properties of the pavement and the realistic quantification of 

mechanism controlling how the pavement system performs as a unit. However, in recent 

years complex design processes have been developed which require data for calibration 

and validation purposes (Watts and Blackman, 2009).  The monitoring of the in-service 

roads has thus become a time consuming process. Therefore, recently useful data has 

been generated using accelerated pavement testing (APT). 

APT consists of test tracks in a facility, which may be either indoor or outdoor, as 

shown in Figure 2.14. It employs the use of an automated one or two axle, single wheel 

load that is repeatedly run over the surface of the test track. It provides a good simulation 

of the performance of in-service pavements and can give a rapid indication of pavement 

performance under more severe conditions. The summary of research done using test 

tracks, i.e. roadways, and APT for geosynthetic reinforced sections and the important 

distress modes studied are presented in the next section. 

 

(a) (b)
 

Figure 2.14 APT test facilities (a) ATLAS at the Illinois Center for Transportation, USA; 

(b) a pavement fatigue carousel at LCPC, France 



  

30 

2.4.1.2 Types of distress measurement techniques 

There are several ways to evaluate and compare pavement performance in field-

scale test sections. In flexible pavements, the two most common failure modes are 

surface deflection and cracking (including longitudinal, transverse and fatigue). While 

measuring the performance of a field test section, surface deflections are measured using 

instruments and cracking is documented using visual inspection and condition surveys.  

Surface deflections are the most common performance criterion for both reinforced and 

unreinforced pavements in the field. There are two ways to evaluate distress in the field. 

The already existing surface deflections are measured in term of the rutting depth. On the 

other hand, the response of the pavement for a given load is measured in terms of surface 

deflection to determine its structural capacity. 

Rutting occurs because of permanent deformation in any of the pavement layers 

or the subgrade caused by the lateral movement of the material due to traffic loads. 

Rutting is generally measured in square meters of surface area for a given severity level, 

based on rut depth with a dipstick profiler at 15m (50ft) intervals. Measurements of 

rutting depth are easy to obtain as they are taken at the pavement surface and provide a 

simple method of comparing pavement performance against multiple test sections. 

Rutting depth is also often correlated with the traffic benefit ratio (TBR) and base course 

reduction (BCR) values during the design of geosynthetic reinforced pavements.  

 Deflection measurements are made using non-destructive testing (NDT) devices 

on pavement to evaluate their structural capacity and to calculate the elastic moduli of 

various pavement components. The most widely used device to measure pavement 

deflections is the Falling Weight Deflectometer (FWD) as shown in Figure 2.15a. It 

applies an impulse force on the pavement. The device is trailer-mounted and driven to the 

desired test location. A loading plate is hydraulically lowered to the pavement surface, 

after which an impulse force is applied to the pavement by dropping a weight from a 

known height onto the loading plate. The magnitude of the load is measured using the 

load cell while deflections are measured using the seven velocity transducers. A new tool, 

known as a Rolling Dynamic Deflectometer (RDD), was developed recently developed 
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for assessing the conditions of pavements and determining pavements’ continuous 

deflection profiles (Bay and Stokoe, 1998). A picture of the RDD is shown in Figure 

2.15b. Unlike FWD testing method, the RDD performs continuous rather than discrete 

deflection measurements. The ability to perform continuous measurements makes RDD 

testing very effective in quickly characterizing large sections of pavement while 

simultaneously providing a comprehensive picture of the pavement condition. It applies 

sinusoidal dynamic forces to the pavement through specially designed loading rollers. 

The resulting deflections are measured by rolling sensors designed to minimize the 

influence of noise caused by rough pavement surfaces. The Dynatest FWD device and 

RDD was used in the current research to monitor the structural performance of the 

pavement. 

 

 

Figure 2.15 Non-destructive testing methods used in the current research study include: 

(a) a Falling Weight Deflectometer, and (b) a Rolling Dynamic 

Deflectometer  
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2.4.1.3 Discussion 

Field tests employing full-scale road sections have been performed to evaluate the 

effect of geosynthetic reinforcement in flexible pavement systems. Perkins and Ismeik 

(1997) compared results from nine such studies, out of which four were constructed on 

indoor test tracks, three on outdoor test tracks, one on a public roadway and one in field 

truck-staging area. The indoor test tracks used a single moving wheel as load on the test 

sections and were constructed by Brown et al. (1982), Barksdale et al. (1989), Collin et 

al. (1996), Moghaddas-Nejad and Small (1996). The outdoor test tracks constructed by 

Barker (1987) and Webster (1993) also had a single moving wheel, whereas the track test 

constructed by Halliday and Potter (1984) used a two-axle, dual wheel truck to load the 

pavement. Anderson and Killeavy (1989) used loaded truck traffic whereas Miura et al. 

(1990) used daily traffic to load the pavement test sections.  

Recently, Cancelli and Montanelli (1999), Perkins (2002), Perkins and Cortez 

(2005), Al-Qadi et Al. (2008), and Reck et al. (2009) have reported studies on 

geosynthetic reinforced base course test sections using APT equipment. The review of 

these test sections indicated rut development with given load cycles as the most common 

method to evaluate the pavement distress. All of the nine test sections and the four APT 

sections reported results from profilometer readings at the end of design loading cycles. 

However, FWD tests were conducted only at four field sections and at one APT section.  

The method chosen to quantify the performance of a given test section determines 

the perceived level of improvement achieved by reinforcing a pavement with a 

geosynthetic. The test results indicated that the geosynthetic reinforced test sections had 

less rut depth than the unreinforced sections. The improved performance was attributed to 

the interlocking ability of the geogrid and its role in preventing lateral spreading of the 

base layer soil. Overall, the field results suggest that both geogrids and geotextiles 

significantly reduce surface deformations in flexible pavements. 
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2.4.2 Laboratory tests 

A number of laboratory tests have been proposed to quantify the lateral restraint 

mechanism that governs the performance of geosynthetic reinforcement in flexible 

pavements. When the lateral restraint mechanism is mobilized, the geosynthetic develops 

additional tensile stresses under given loading thereby providing confinement to the 

surrounding aggregates as shown in Figure 2.16. This degree of confinement has been 

attributed to the effect of interface shear provided by geotextiles and dynamic 

interlocking provided by geogrids when used in the base course layer of the pavement. 

 

 

Figure 2.16 Additional forces due to soil-geosynthetic interaction when a lateral restraint 

mechanism occurs in a pavement (adapted from Perkins, 1999) 

The primary objective of laboratory tests has been to predict these soil-

geosynthetic interaction mechanisms in flexible pavement system either by measuring the 

index properties of geosynthetics or by replicating the field conditions. Based on the 

approach adopted, the tests reported in the literature have been divided into two main 

categories i.e., unconfined and confined tests. In unconfined tests, the geosynthetic 

properties are generally measured in-air, independent of the site soil. On the other hand, 

in the confined tests the geosynthetic is placed within the soil and confinement is applied 

at the interface. The advantages and limitations of the various tests in each of these two 

categories are presented in Section 2.4.2.1.  
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2.4.2.1 Unconfined tests 

As the name suggests, unconfined tests are generally done on the geosynthetic 

specimen in isolation, i.e. without the soil used in the pavement project. The primary 

advantages of these tests are that they are quick, easy and cost effective. They can be run 

in short durations of time using simple devices, thus allowing for the test to be repeated a 

large number of times. The repeatability of the test helps to eliminate discrepancies 

between test results due to any variations in the geosynthetic properties of a given 

specimen roll, which may occur during the manufacturing process. However, a 

correlation is required to interpret the index property reported by these test results with 

the actual field performance of the geosynthetic.  The four main tests in this category are 

wide-width tensile test, biaxial loading test, junction efficiency test, and torsional rigidity 

test. While the wide-width tensile test can be used for any geosynthetic product (both 

geogrid and geotextiles in this study), the other three tests are limited to only geogrids. 

The tensile strength of the geosynthetic material is its single most important 

property as all the field projects involving reinforcement application require it for design. 

According to Wartman et.al (2005), “The current state of practice for measuring the 

tensile properties of a geosynthetic involves placing the material within a set of clamps, 

positioning this assembly in a mechanical testing machine, and stretching the 

geosynthetic in tension until failure occurs. The test is generally performed without 

confinement at a constant strain rate.” Currently, there are two ASTM standards for these 

tests, which are ASTM D4632 and D4595. The grab tensile test (D4632) is used for 

manufacturing quality control but due to the narrow width of the specimen, the results 

obtained are influenced by Poisson ratio effects. Therefore, a wide-width tensile test 

(D4595) is currently used for most design applications. The wide-width tensile testing 

load frame with roller grips is as shown in Figure 2.17. The test is conducted to obtain 

tensile stiffness at different strain values (1%, 2%, and 5%), as well as the ultimate tensile 

strength of a given geosynthetic. 
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Figure 2.17 Wide-width tensile frame with roller grips at the University of Texas at 

Austin 

The methods proposed for unpaved road design require tensile stiffness at 5% to 

be used as a design parameter. Based on full scale model studies for the paved roads, 

Berg et.al (2000) reported accumulated in-service tensile strain of 2% in the geosynthetic 

and thus recommended the tensile stiffness at this strain level to be used as a design 

value. However, the correct strain level to report tensile stiffness of geosynthetics and its 

correlation to the field performance has still not been established in the literature. Also, 

Bray and Merry (1999) showed that in reality the stress and strain conditions in these 

tests vary across the specimen from plane-strain, biaxial near the grips, to a uniaxial 

stress state near the center of the specimen. Thus, there is a misconception that the test 

measures geosynthetic behavior under plane strain conditions as is the case in most field 

applications.  

To address the concerns of the tensile test, a uniaxial performance based test 

known as the “junction strength test” was developed. It is conducted as per the procedure 

recommended in GRI-GG2 specifications and involves gripping the cross member of a 

geogrid rib on both sides of the junction with a clamping device. Load is then applied 

until the junction breaks. The force required to do so is defined at the junction strength of 

the geogrid. Since junctions of the geogrid provide stability during the installation of the 

pavement and its subsequent performance under traffic load, geogrids’ ability to transfer 
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stress at low strains is an important consideration for design. However, the junction 

stiffness requirements for pavement projects have not been defined. Also, this test is 

limited in scope as it was developed when geogrids with integral junctions were only 

used. Therefore, it does not incorporate the newer geogrids with entangled fibers or those 

with heat bonded or laser welded junctions. 

The above two methods are uniaxial index based (wide-width) and performance 

based (junction strength) tests. According to McGown et al. (2005), “Most geogrids 

tested by these methods suffer severe distortion, non-uniform stressing particularly at the 

junctions, premature specimen rupture and problems with clamping of the specimens.” 

Therefore, Kupec and McGown (2004) suggested a biaxial test method which was 

primarily focused on geogrids and allowed characterization of the combined strength of 

tensile ribs and junctions in a single test.  The test specimen was prepared with 5 ribs in 

each direction and so 25 junctions within the central section of the test specimen as 

shown in Figure 2.18 were tested. The loads were applied to the test specimens under 

isotropic rate of deformation conditions of 1 mm/min. Deformations were measured at 

the clamps by means of linear vertical displacement transducers. The results indicated 

that the biaxial load-strain time behavior is markedly different from the uniaxial 

behavior. The increase in biaxial stiffness was related to the behavior of junctions under 

tensile stresses in the principal direction, due to Poisson ratio effect and re-orientation of 

the molecules in the junction areas. 

 

 

Figure 2.18 Geogrid specimens for biaxial testing (McGown et al., 2005) 
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The torsional rigidity test was developed by Kinney and Yuan (1995) to measure 

the in-plane rotational stiffness of the geogrids. It was done to correlate the performance 

of large scale geogrid reinforced paved road tests conducted by the US Army Corps of 

Engineers at the Waterways Experiment Station with the relevant laboratory property of 

geogrids for base reinforcement. This test was an initial attempt to quantify the 

interlocking capacity of the geogrid. However, the relationship between geogrid torsional 

rigidity and the performance of the geogrid reinforced road sections could not be 

established. Further, this test method also demonstrated a substantially higher torsional 

rigidity for stiff geogrids as compared to flexible geogrids. A study conducted by the 

Texas Research Institute (TRI) in 2001, reported that there was no correlation between 

torsional rigidity and confinement performance of the geogrids. 

 

 

Figure 2.19 Torsional rigidity tests (Kinney and Yuan, 1995) 

In general, it is difficult to replicate field conditions using the unconfined tests 

described above. Moreover, a geosynthetic is loaded under confinement provided by the 

surrounding aggregate generating a plane-strain biaxial or isotropic biaxial rather than a 

uniaxial state of stress in the field. In other words, the geosynthetic behavior observed in 

the laboratory from these tests has to be correlated with the field application, which has 

different loading and boundary conditions. Therefore, engineers have used these tests as 

an index but not for the actual design of the geosynthetic reinforced flexible pavements. 
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2.4.2.2 Confined tests 

Geosynthetics used for base reinforcement are subjected to dynamic loading such 

as traffic loading and confinement by soil in the pavement layer, which cannot be 

simulated by unconfined test methods. According to Han et al. (2008), “Geosynthetic-soil 

confinement depends not only on the macro-structure and index properties of 

geosynthetics but also on the properties of soil and most importantly on the interaction 

between geosynthetics and soil particles.” This interaction between soil and geosynthetic 

under confinement, specifically the confined stress-strain properties of the geosynthetics, 

has been focus of research for the past twenty five years. Based on a Federal Highway 

sponsored study regarding the review of the existing confined test for geosynthetics, Elias 

et al. (1998) concluded that the unconfined response is overly conservative and that the 

confined response should significantly improve the characterization of geosynthetic 

materials in engineering applications. Recently, a number of confined tests have been 

proposed, out of which five tests have specifically focused on characterizing field 

behavior of geosynthetic reinforced flexible pavements. This section discusses the 

features of these five tests, namely the cyclic plate load test, cyclic triaxial test, cyclic 

pullout test, bending stiffness test and the modified pavement analyzer test. 

The cyclic plate load test was designed for the purpose of conducting large scale 

laboratory experiments on reinforced and unreinforced pavement sections (Al-Qadi et al., 

1994; Cancelli et al., 1996; Has, 1988; Miura et al., 1990; and Perkins, 1999). The test 

setup designed by Perkins (1999) consisted of a 2m wide and 1.5m high reinforced 

concrete tank, as shown in Figure 2.20. The model pavement section was constructed 

with a geosynthetic at the interface of the base course and subgrade layers. The load was 

applied by a pneumatic actuator in the form of a trapezoidal wave pulse, which generated 

a maximum load of 40kN with an equivalent surface pressure of 550 kPa on the 

pavement. The corresponding force and displacement response was measured using a 

load cell and eight surface lvdt’s. 
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Figure 2.20 Cyclic plate load test (Perkins, 1999) 

Based on the studies conducted using the cyclic plate load test, TBRs ranging 

from 1 to 70 and BCRs ranging from 20% to 50% were obtained for test sections 

consisting of geotextiles and geogrids (Hsieh and Mao, 2005). Therefore, these tests have 

been successfully used to evaluate geosynthetic confinement effects with soil under 

dynamic loading in a large box. However, facilities in which cyclic plate loading can be 

conducted are not readily available, thus limiting the application of this test to 

universities and research institutes. In addition, the cyclic plate loading test has a major 

drawback as the test procedure is tedious and slow and cannot simulate rolling wheel 

loads (Han et al., 2008).  

The cyclic triaxial test, as shown in Figure 2.21, is used to measure the ability of 

the soil to endure the shearing stresses induced in it due to cyclic loading (ASTM D5311, 

2004). The resilient modulus, Mr, of the soil aggregates computed using this test is used 

as an input in the mechanistic empirical design (NCHRP Project 1-28A, 2000). The 

above test was modified by Perkins et al. (2004), to obtain the change in resilient 

modulus and permanent deformation behavior due to the addition of a geosynthetic to the 

aggregate layer of the pavement. The results from cyclic triaxial tests indicate that the 

addition of reinforcement does not affect the resilient modulus of the aggregates but it has 

appreciable effect in reducing pavements’ permanent deformation properties. Also, the 
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reinforcement was observed to increase the stiffness of aggregate layer in the zone above 

and below it which was equal to the radius of the specimen (150 mm in this case). 

However, relatively poor repeatability in the test results was observed such that it was 

difficult to make a distinction between different geogrid products. Also, the appreciable 

effect on permanent deformation was not observed until a mobilized friction angle of 30
0
 

was reached. This test has similar drawbacks as the cyclic plate load test where it is 

incapable of simulating wheel loads on the soil-geosynthetic system. 

 

 

Figure 2.21 Cyclic triaxial test (a) Test equipment (Perkins et al., 2004); (b) Schematic of 

test setup (Tutumluer, 2004) 
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Cyclic pullout test were conducted by Cuelho and Perkins (2005) by modifying 

the standard pullout test (ASTM D6706) to resemble the loading protocol used in a cyclic 

triaxial test as shown in Figure 2.22. The cyclic shear load cycles (100-300 in number) 

were applied at each confinement level beginning with seating load of 51 kPa until 

pullout failure was reached. Based on test results obtained, a parameter known as 

geosynthetic-soil resilient interface shear stiffness (Gi) was defined to describe the 

reinforcement-aggregate interaction under cyclic loads and was given as: 

 

i

i

iG
∆

=
τ

              (2.9) 

 

where, ∆i is the relative displacement between the aggregate and reinforcement and τi is 

the shear stress applied to the interface. The units of Gi were kN/m
3
. The parameter, Gi 

was assumed to closely resemble Mr as both were dependent on shear load and 

confinement. Therefore, three parameter log-log equations developed in NCHRP project 

1-28A for Mr was modified and used to calibrate Gi for a given soil-geosynthetic 

interface, given as: 
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where σi is the normal stress on the interface, pa is the normalized atmospheric pressure, 

Pa is the atmospheric pressure per unit length, k1, k2 and k3 are the dimensionless material 

constants. The purpose of this test was to provide a parameter to be used as an input for 

interface shear moduli into finite element model for M-E design guide. However, the 

pullout tests conducted on six geosynthetics indicated that the correlations between the 

predicted and measured values were erratic. The results were sensitive to small changes 

in displacement magnitudes. Also, the shear load was cycled while normal load was kept 
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constant which is not representative of field conditions. Thus, additional research is still 

needed to improve the test equipment and to establish specific test protocol.      

 

(a)

(b)

(c)

 

Figure 2.22 Cyclic pullout test (a) Plan view (b) Side view (c) Loading protocol (adapted 

from Cuelho and Perkins, 2005) 
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Bending stiffness test was developed by Sprague et al. (2004) as a small scale 

index test procedure for predicting the behavior of different geosynthetics used as 

reinforcing material in pavements. The test apparatus was a modified version of the 

multi-axial tension test for geomembrane (ASTM D 5617) as shown in Figure 2.23a and 

2.23b. The details of the test procedure are provided in Abusaid (2006) and Finnefrock 

(2008). In brief, a uniform vacuum pressure of 100psf was applied on the soil-

geosynthetic sandwich to simulate confinement under pavement conditions. Then, 

uniform air pressure cycles were applied to the soil-geosynthetic system and the center-

point deflection was measured by a dial gauge to quantify systems response. 

 A property named as bending stiffness (BS) was obtained from test results and 

was defined as the ratio of the deviator stress (σd) to the recoverable deformation (∆r) as 

shown in Figure 2.23c. Specifically, bending stiffness is defined as the slope of the curve 

when the inflation pressure is plotted versus the resulting center-point deflection.  

 

r

dBS
∆

=
σ

                                   (2.11) 

 

The bending stiffness value is reported in units of pounds per square inch for one 

inch of deflection, similar to resilient modulus, Mr, and thus is not a measure of strength 

but rather of the stiffness of the system. As the test results reported by Finnefrock (2008) 

calculated reinforcement benefits of 20% to 25% in terms of BS ratio, the results indicate 

a clear distinction between the performances of geogrid reinforced and unreinforced 

specimens. However, the comparison between the relative performances of different 

geogrid products could not be obtained due to variability of test results. The theoretical 

analysis conducted by Yuan (2005) indicated significant influence of edge shear 

resistance on the test results. The tests performed on geotextile reinforced base course 

sections did not indicate any benefit over control sections.  
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(a)

(b)

(c)

 

Figure 2.23 Bending stiffness test (a) Actual test apparatus (b) Schematic of the test (c) 

Deviator stress and recoverable deformation plots for a typical test (adapted 

from Abusaid, 2006) 
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Han et al. (2008) proposed a test method to use asphalt pavement analyzer (APA) 

to evaluate the benefit of geosynthetic reinforcement in the base course layer of the 

pavement, as shown in Figure 2.24a. APA is originally a multifunctional wheel-loaded 

test device used for evaluating permanent deformation, fatigue cracking, and moisture 

susceptibility of both hot and cold asphalt mixes, as shown in Figure 2.24b. For 

conducting the test on the base course, this machine is modified to include a box to hold 

soil with or without geosynthetics. The loaded wheel is then made to move back and forth 

on the surface of base course as shown in Figure 2.24c through 2.4h. A relationship is 

established between the measured rut depths after a certain number of passes for a given 

section. The values obtained can be compared for geosynthetic-reinforced layer with the 

unreinforced base layer to evaluate the confinement effect of geosynthetics.  Besides 

evaluating TBR for the given sections, the authors proposed a parameter known as rut 

reduction ratio (RRR), which was defined as the ratio of the rut of the reinforced base to 

that of the unreinforced base at the same service life (8000 cycles). It was argued that 

geosynthetic with lower RRR value is better in terms of performance improvement.  

The tests were conducted on four different geosynthetics (three geogrids and one 

geotextile) with two different base course materials. Based on the tests conducted on 

three geosynthetics, the TBR values ranging from 1 to 36 and RRR values of 0.3 to 1.2 

were obtained. Furthermore, the test results indicated that geotextiles that had an 

unconfined tensile strength higher than the geogrids at 5% strain demonstrated lower 

improvement factor under confined conditions. When a surcharge was applied to the soil-

geosynthetic system to simulate confinement in the field, lower rut depths were observed 

as compared to no confinement tests for a similar setup. Thus, based on the experimental 

study, it was shown that the proposed test method had repeatability of test results and 

could reasonably distinguish the effect of geosynthetic soil-confinement among all the 

geosynthetics investigated. However, the test did not provide a parameter or model to be 

used with proposed M-E design of geosynthetic reinforced pavements. 
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Figure 2.24  Modified pavement analyzer test (a) schematic of the test (b) APA testing 

machine (c) modified box (d) geosynthetic placed in the middle of the box 

(e) base course layer over the geosynthetic (f) test with loaded wheels (g) rut 

observed at the end of test (h) rut measurement using dial gauge (adapted 

from Han et al., 2008) 
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2.4.2.3 Discussion 

Laboratory methods used to quantify the behavior of geosynthetics acting as 

reinforcement in flexible pavements were studied, and two main categories of tests were 

identified: unconfined and confined.  The unconfined tests were found to be easy, 

economical and quick to execute in the laboratory but independent of the site soil. Also, 

these tests only provided an index for the real mechanism, which had to be then 

correlated with actual field performance. Moreover, in some field studies the 

performance trend observed was opposite to what had been predicted by the unconfined 

tests. Thus, based on the current assessment of literature, these tests are not recommended 

for performance based design of geosynthetic reinforced pavements.  

The confined test methods for the design of geosynthetic reinforced pavements 

were also reviewed and a comparison of the important features of each test is presented in 

Table 2.1  

Table 2.1 Features of confined tests  

Features 

Cyclic 

plate 

load test 

Cyclic 

triaxial 

test 

Cyclic 

pullout 

test 

Bending 

stiffness 

test 

Modified asphalt 

pavement 

analyzer 

Loading type Cyclic Cyclic Cyclic Cyclic Moving wheel 

Design property TBR Mr Gi BS RRR 

Suitable design method AASHTO M-E M-E AASHTO AASHTO 

Ease of running test Difficult Difficult Moderate Moderate Easy 

Control section Yes Yes No Yes Yes 

Repeatability of test results - No No No Yes 

Ability to distinguish among 

various geosynthetics 
- No No No Yes 

 

The tests provided actual quantification of the soil-geosynthetic interaction 

behavior but were expensive and time consuming to run. The tests reported the 

performance in the form of reduced deflections (TBR, BS, and RRR) or increased 

interaction or confinement modulus (Mr and Gi).  These performance indexes could be 
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used as an input in design methods discussed earlier, with ratios for AASHTO design and 

resilient modulus for M-E design of flexible pavements. The results obtained from above 

tests indicated improvement over control sections (i.e. sections without geosynthetics). 

However, three main drawbacks were identified with the current confined testing 

approach. Firstly, all of the tests required specialized equipment. Secondly, the results 

were found to be sensitive displacement measurements, thereby making it difficult to 

reproduce them for a given geosynthetic. Finally, the variability in the test results was 

high, such that it was difficult to distinguish between the performances of various 

geosynthetics. All of the above design parameters involved measurements for their 

computation, which were sensitive to small changes in cyclic load level. Overall, the 

confined testing approach was considered as a more accurate way to assess geosynthetic 

reinforced pavement performance than the unconfined testing method. 

The current research focused on quantifying the geosynthetic performance in 

flexible pavements using laboratory confined tests. Based on the above discussion, it can 

be concluded that a reasonable test method should include the following features: (a) the 

ability to capture the mechanism of lateral restraint; (b) parameters for mechanistic-

empirical design; (c) provides good repeatability of test results; (d) utilize a parameter 

that distinguishes between the performance of various geosynthetics; (e) be sensitive to 

low displacement magnitudes; and (f) be easy to conduct in the laboratory. Based on this 

conclusion, it was decided to conduct a confined test with monotonic loading in order to 

reduce the variability in test results and allow for the realistic measurement of the 

interface mechanisms.  

The two common soil-geosynthetic interface tests which have above features are 

modified direct shear test and pullout test as shown in Figure 2.25. Both the tests involve 

placing a geosynthetic between the required soils and moving the assembly at constant 

rate of displacement. While in the direct shear box the top soil layer is moved relative to 

the clamped geosynthetic, on the other hand, in the pullout test the geosynthetic is moved 

relative to the soil. This principle difference in these two test methods mobilizes 

contrasting mechanisms at the soil-geosynthetic interface. In the direct shear test, the 



  

49 

primary mechanism is the mobilized interface friction as the goal is to characterize the 

interface shear strength between the soil and geosynthetic at the peak displacement. 

However, in pullout test due to movement of the geosynthetic relative to the soil, tensile 

stresses are developed in it along with interaction mechanism at the interface in terms of 

shear for geotextiles and interlocking for geogrids. Therefore, for application of 

laboratory test to reinforcement pavement design where lateral restraint between soil and 

geosynthetic is to be quantified, pullout tests were considered more suitable than a 

modified direct shear test. 

 

(a) (b)
 

 Figure 2.25 Soil-geosynthetic interface test (a) Modified direct shear test (b) Pullout test 

(adapted from Palmeria, 2008) 

For the current research, it was decided to conduct monotonic load pullout tests 

with a focus on characterizing the soil-geosynthetic interaction at low displacement 

magnitudes. Although these pullout tests did not simulate the exact traffic load condition, 

they reproduced the similar interface mechanisms between the soil and geosynthetic as in 

real pavements. An analytical model was proposed to predict the confined load-strain 

characteristics of soil-geosynthetic system at these low displacement magnitudes from 

results obtained from pullout test. The predicted performance of geosynthetics was then 

compared with field test section performance constructed as part of this research. Thus, a 

new performance-based test method that has all the necessary features in the form of a 

pullout test was proposed to effectively evaluate the geosynthetic-soil confinement.  
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2.4.3 Numerical methods 

The flexible pavement design involves understanding the behavior of and the 

interaction between various materials (namely, the asphalt, base course, subgrade, 

geosynthetic reinforcement layers). The current design methods are empirical in nature 

and do not provide an opportunity to predict the behavior of the flexible pavement under 

actual traffic loads. However, numerical methods are currently being used to provide 

insight into the mechanics of this system. The two most common numerical methods 

currently in use are finite element method (FEM) and discrete element method (DEM).  

2.4.3.1 Finite element method 

This section provides a review of finite element studies conducted to simulate the 

behavior of geosynthetics used as reinforcement in the base course layer of flexible 

pavements. Most of these studies were performed in addition to laboratory or field test 

sections so that a comparison between model predictions and experimental results could 

be made. The comparison of important features of these studies is shown in Table 2.2. 

Table 2.2 FEM studies for geosynthetic reinforced flexible pavement design 

References 
Type of 

analysis 

Geosynthetic 

constitutive 

model 

Geosynthetic 

element type 

Interface element 

type 
Load type Validation 

Burd and 

Houlsby, 1986 
Plane strain 

Isotropic linear-

elastic 
Membrane None Monotonic None 

Barksdale et al., 

1989 

Axi-

symmetric 

Isotropic linear 

elastic 
Membrane 

Linear elastic 

perfectly plastic 
Monotonic 

Field 

results 

Burd and 

Brocklehurst, 

1990 

Plane strain 
Isotropic linear- 

elastic 
Membrane None Monotonic None 

Miura et. al, 

1990 

Axi-

symmetric 

Isotropic linear 

elastic 
Truss 

Linear elastic 

joint element 
Monotonic 

Field 

results 

Dondi, 1994 
Three-

dimensional 

Isotropic linear- 

elastic 
Membrane 

Elasto plastic 

Mohr-Coulomb 
Monotonic None 

Wathugala et 

al., 1996 

Axi-

symmetric 

Isotropic elasto-

plastic 

Solid 

Continuum 
None 

Single 

cycle 
None 

Perkins, 2001 
Three-

dimensional 

Anisotropic elasto-

plastic 
Membrane 

Mohr-Coulomb 

friction  

Multiple 

cycles 

Lab and 

test 

tracks 

Kwon et.al, 

2005 

Axi-

symmetric 

Isotropic linear-

elastic 
Membrane Linear-elastic Monotonic 

Test 

tracks 
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The results from the studies mentioned above were generally reported in the form 

of surface deformation of the given system under the applied load. The comparison was 

then made between the magnitude of surface deformation for unreinforced and reinforced 

case. The finite element model for the flexible pavement developed by Perkins (2001) is 

shown in figure 2.26a. It indicated a reduction of lateral strain at the bottom of the base 

and a reduction of shear in the top of the subgrade due to the addition of the geosynthetic 

reinforcement, as shown in Figure 2.26b. However, further work is still required to make 

computationally efficient models that can simulate actual wheel loading.  

 

Unreinforced

Rigid reinforcement

Geosynthetic reinforcements 

(with different  properties)

(a)

(b)

       

Figure 2.26 Flexible pavement (a) Finite element model (b) Horizontal stress vs. strain 

profile for various cases (adapted from Perkins and Edens, 2002) 
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2.4.3.2 Discrete element method 

DEM has been recently used to model soil-geosynthetic interaction, specifically 

geogrid interlock with the base course material. The method has advantages over FEM as 

it captures the interaction between geogrid and soil more realistically in terms of load 

transfer mechanism and deformation behavior. The pullout test was simulated by 

Konietzky et.al (2004) to model interlocking effect of geogrids under static and cyclic 

loading whereas McDowell et.al (2006) used a biaxial geogrid to determine the effect of 

ratio of geogrid aperture size to soil particle size on the pullout resistance as shown in 

Figure 2.27.  DEM model for a low volume road with geogrid reinforcement was 

developed by Kwon et.al (2008). The results indicated that the addition of a geogrid led 

to locked-in stresses during placement, compaction, and in-service loading leading to 

stiffer soil layer above the geogrid. However, further research is still required to establish 

a linkage between DEM results for pullout tests and actual field mechanisms. 

 

 

Figure 2.27 Discrete element model (a) pullout test with cubic clumps (b) pullout test 

with embedded geogrid (c) aperture of geogrid (d) detailed view at node 

(adapted from McDowell et al., 2006) 
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2.4.3.3 Discussion 

Geosynthetic reinforced pavement design involves an interaction between various 

materials that can be successfully understood using numerical methods. FEM response 

models have recently been proposed to be used in mechanistic empirical design of such 

pavements. However, limited success has been achieved as the models developed use 

geosynthetics as a structural element directly included in the surrounding materials 

without consideration to the interface conditions. Also, due to computational effort 

required to simulate realistic traffic load, it is often applied as a single static load cycle, 

which does not mobilize the representative governing mechanisms in these pavements. 

This leads to results which underestimate the benefit of geosynthetic reinforcement when 

compared with the field performance (Perkins and Ismeik, 1997). To account for this 

discrepancy, the finite element models end up using a higher normal stiffness for the 

geosynthetics. These values are generally larger than an order of magnitude greater for 

geogrids than that obtained from the actual laboratory tests. A new method in the form of 

DEM has been recently suggested to better represent the interaction characteristics of 

soil-geosynthetic interface. The models developed under this approach account for the 

geosynthetic contribution in terms of locked-in stresses experienced during the service 

life of flexible pavement. The results have indicated that the benefit of the addition of the 

geosynthetic to the pavement structure is the stiffening of the base course layer. 

 Mechanistic response models have been proposed by Perkins and Svanø (2004) 

to account for compaction and trafficking stages of pavement design separately to 

compare with empirical damage models. According to Kwon et al. (2008), “These are 

rational but complex ways of showing the benefit of geogrid reinforcement and 

evaluating their performance in base-reinforced pavements.” Attempts are still being 

made to improve DEM and FEM based models so they can be implemented in M-E 

design methods to account for the lateral confinement mechanism of geosynthetics in 

flexible pavements.  
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2.5 CONCLUSIONS OF THE LITERATURE REVIEW 

Geosynthetics have been successfully used as base reinforcement for flexible 

pavements for the past 30 years. The results of experimental studies conducted in the 

form of field, laboratory and numerical tests have demonstrated the benefit of using 

geosynthetics to reduce the permanent deformation of the subgrade by stiffening the 

overlying base course layer in the flexible pavement system. Nevertheless, the 

appropriate selection criterion for the geosynthetic to be used in the design of reinforced 

pavements has been a major limitation for these projects. The purpose of this chapter was 

to provide a review of published material and to identify gaps in the current research 

related to the suitability of geosynthetics for reinforced pavement projects that need to be 

addressed. 

According to Perkins et al. (2005), “From the body of literature as it stands today, 

a reasonable understanding exists in empirical sense, of how geosynthetics should be 

used for base reinforcement. Basic rules of thumb are available that may serve as a guide 

for designing flexible pavements with geosynthetic reinforcement. However, state 

transportation agencies have clearly indicated that geosynthetics are not used for base 

reinforcement because a cost-benefit analysis has not been established and because 

acceptable design solutions are not available.” Attempts are currently being made to 

develop design models to be used in AASHTO and M-E design guides. The TBR and 

BCR ratios have been used in AASHTO design but they are limited in scope as both are 

specific to the product and test conditions under which they are calibrated. Thus, M-E 

methods due to their generic approach are more suitable for incorporating the 

geosynthetics in current design. However, due to the complex nature of flexible pavement 

involving interaction between various material layers, it has not been possible to fully 

calibrate geosynthetic response and damage models to be used in M-E design. Due to a 

lack of adequate performance data for such pavements, the current research emphasizes 

conducting laboratory and field tests to understand the underlying mechanisms. 
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There is experimental evidence that for the case of base course reinforcement, the 

mechanical properties of the geosynthetics are improved under the confinement provided 

by the soil.  Based on the study of the interaction between geosynthetics and soils under 

confinement and traffic loads, it was found that the improved performance of 

geosynthetic reinforced pavements can be attributed to lateral restraint. Attempts have 

been made to quantify the lateral restraint in terms of the interface shear stiffness 

property of the soil-geosynthetic system. The field test sections constructed to evaluate 

this behavior showed improved performance in the reinforced sections over the 

unreinforced sections in terms of reduced surface deflections. However, the influence of 

this property on overall pavement performance has not been explicitly examined. 

 A number of laboratory confined tests were developed recently that focus on 

quantifying the interface shear stiffness of the soil-geosynthetic system. Most of these 

tests have applied cyclic loading to the soil-geosynthetic system in an attempt to simulate 

moving wheels. Since the measurements are sensitive to small changes in displacements, 

however, there has been great variability in the test results, thereby reducing the 

repeatability of the tests for given geosynthetics and making it difficult to distinguish 

between the performance of different geosynthetics. The current research focused on a 

confined test with monotonic loading to quantify the interface mechanism between the 

soil and geosynthetic.  

Research is needed to develop and validate a transfer function wherein full-scale 

tests can be replicated in the laboratory setting for parametric study and then used to 

calibrate numerical models, which in turn provide a comprehensive design methodology 

for geosynthetic reinforced flexible pavement design.  Finally, due to the increasing 

emphasis on constructing geosynthetic reinforced pavements with indigenous soils as 

subgrade and base course material, current needs go beyond the fundamental 

understanding of the problem and require the formulation of a consistent design 

methodology to encompass all the required factors. 
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Chapter 3: Geosynthetic Reinforced Pavements – An Analytical Study  

“If everybody is thinking alike, somebody is not thinking.”- George S. Patton 

3.1 INTRODUCTION 

The performance of geosynthetic reinforced pavement relies on the interaction 

between the soil and the reinforcement. The degree of interaction developed between the 

soil and the reinforcement is a function of soil type, reinforcement type and how they 

bond with each other. In fact, these factors are linked and the uncoupling of these factors 

is not straight forward.  Thus, laboratory testing conditions which incorporate the various 

components must be chosen to realistically quantify the interaction mechanisms between 

the soil and the reinforcement.  Although various test procedures have been developed to 

compute the soil-geosynthetic interaction mechanisms, the testing procedures under 

plane-strain monotonic-loading conditions are generally preferred, as discussed in 

Chapter 2. As shown in Figure 3.1, these testing procedures can be used to represent the 

governing mechanisms of lateral restraint for geosynthetic reinforced pavements under 

field working conditions. 

 

 

Figure 3.1 Geosynthetic reinforced pavement (a) Mechanism of lateral restraint in field 

under traffic loads (b) Replicating field behavior with laboratory plane- 

strain test using pullout device 
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The increasing use of geosynthetics in flexible pavements requires the evaluation 

of soil-geosynthetic reinforcement interface parameters. The performance of the 

geosynthetic reinforced pavement depends on the interaction between the soil layer and 

the geosynthetic inclusions. The two most common soil-reinforcement interaction testing 

methods currently used are direct shear and pullout tests.  

The direct shear tests can be used to quantify the friction characteristics of both 

geogrids and geotextiles, whereas pullout tests help with the understanding of the 

interaction behavior of soil-geosynthetic system. The pullout tests are useful not only to 

study interface characteristics of geosynthetics but are especially helpful in characterizing 

the interlocking properties between bearing members of geogrids and surrounding soil. 

Furthermore, in case of pullout tests, the extensibility of reinforcement can be accounted 

for and boundary conditions can be chosen such that the interpretation of the test results 

is more realistic than in the case of direct shear tests (Palmeira, 1987).  Therefore, pullout 

tests were conducted as part of this research to evaluate the interaction behavior of 

geosynthetics when used as reinforcement in the flexible pavements as explained in 

Chapter 2.  

This chapter provides a review of the various methods proposed to conduct 

laboratory pullout tests and analyze the obtained data for determining the soil-

geosynthetic interaction. This is followed by a discussion on the test procedure adopted 

for pullout tests in this research. The materials used in this testing phase consisted of two 

geogrids confined within base course and subgrade soil similar to one used in field test 

sections that will be discussed in Chapter 5. The aim for this initial phase of laboratory 

pullout tests was to address the underlying concepts and current method of analysis 

adopted to quantify soil-geosynthetic interaction. Based on the analysis of the results 

obtained, the limitation of this approach for applicability to geosynthetic reinforced 

pavements is subsequently discussed. Finally, a new analytical method is proposed to 

analyze pullout test data. The aim of the analytical model is to characterize the small 

displacement behavior of soil-geosynthetic interface using pullout tests, so they can be 

used  for design of geosynthetic  reinforced pavements. 
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3.2 PULLOUT TESTING OF GEOSYNTHETICS 

3.2.1 Mechanisms involved 

A reinforced soil mass is somewhat analogous to reinforced concrete in that the 

mechanical properties of the mass are improved by reinforcement inclusions placed 

parallel to the principal strain direction to compensate for soils’ lack of tensile resistance 

(Elias et al., 2001).  The improvement in the tensile resistance of the system results from 

the interaction between the reinforcement and the soil. When the reinforcements are 

distributed regularly throughout the soil mass, stress transfer between the soil and 

reinforcement takes place continuously along the reinforcement thereby improving the 

characteristics of the composite system. The two main mechanisms by which stress 

transfer between soil and reinforcement occurs is either friction or passive resistance 

depending on the reinforcement geometry. The friction mechanism is developed when 

there is a relative shear displacement corresponding to shear stresses between the soil and 

the reinforcement surface. On the other hand, the passive resistance mechanism is 

developed due to bearing type of stresses occurring on the transverse reinforcement 

surface which is normal to the direction of soil and reinforcement movement. 

Geotextiles and geogrids are two commonly used geosynthetic types for pavement 

reinforcement application. Pullout tests are relevant for the study of the soil-

reinforcement interaction characteristics of both these geosynthetics. Pullout resistance of 

geotextile reinforcement is provided mainly by friction resistance along the soil-

geotextile interface as shown in Figures 3.2a and 3.2b. On the other hand, the pullout 

resistance of a geogrid is the result of not only its soil frictional resistance but also the 

coupled effect of tensile strength of longitudinal ribs and passive bearing resistance 

provided by its transverse members, as shown in Figures 3.2c and 3.2d.  Tensile stresses 

are mobilized in the longitudinal reinforcing elements when they cross shear planes 

developed due to soil extension. 
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Figure 3.2 Soil reinforcement interaction mechanisms when geosynthetic is subjected to 

pullout force (a) cross- section of geotextile specimen (b) forces on 

geotextile (c) cross-section of geogrid specimen (d) forces on geogrid 

(adapted from Elias et al., 2001) 

Pullout resistance of the reinforcement is mobilized through one or a combination 

of the two basic soil-reinforcement interaction mechanisms. The compositional 

characteristics of the geosynthetics such as its type, geometry, configuration and those of 

confining soil such as its grain size distribution and void ratio have significant effect on 

the results obtained from a pullout test. The interpretation of pullout test results is further 

complicated due to dilation of the soil and change in reinforcement load-strain-time 

characteristic during the tests due to applied confinement and displacement of the system. 

Therefore, it is important to quantify soil dilation behavior (generally with triaxial tests) 

and geosynthetics strength characteristics (wide width tensile test and creep tests) and 

account it in the final procedure adopted for analysis of test data. 
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The measured pullout resistance is influenced by the details of testing equipment 

and procedures. Specifically, the test results are highly influenced by the boundary 

conditions adopted during the pullout test for a given soil-geosynthetic system. 

According to Palmeira (2008), “While conducting the pullout tests one has to consider 

the influence of the boundary conditions on the test results, as the test is not standardized 

throughout the world.” A thorough understanding is thus required to properly quantify 

the above effect while interpreting the test results obtained from a pullout test and is 

discussed in Section 3.2.2. This is followed by a discussion on the current limit 

equilibrium methods available to interpret the pullout test results. 

3.2.2 Effect of boundary conditions 

The interaction between the soil and the walls of the pullout box can affect test 

results significantly. The boundary conditions in the pullout test include the friction 

caused due to side walls when normal pressure is applied to the system. Also the 

interaction of the frontal wall with the geosynthetic needs to be accounted while 

conducting a pullout test. 

 Soil confinement during a pullout test is usually applied by means of flexible air 

bags to insure uniform distribution of normal stresses along a plane on the top of the 

specimen (Christopher et al., 1985; Palmeira and Milligan, 1989; Ingold, 1983; Farrag et 

al., 1993). The applied confining stress is partially carried out by the side wall friction 

causing a reduction in the normal pressure applied at the reinforcement level. Lubricated 

membranes have been used in an attempt to reduce the friction and provide a smooth 

boundary surface (Jewell, 1981; Farrag et al., 1993; Ferreira et al., 2008). Alternatively, 

for non-lubricated side wall test apparatus, the specimen-width to box-width ratio has 

been modified to minimize the effects of friction (Farrag et al., 1993). The theoretical and 

experimental studies conducted by Hayashi et al. (1996) and Ghionna et al. (2001) have 

shown that for geosynthetic specimens having a width smaller than the pullout box, the 

soil tends to dilate producing a three-dimensional confining effect. This leads to stress 

increases on the top of the specimen thereby causing an increase in the measured pullout 
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resistance. Therefore, for a non-lubricated side wall pullout box generally the specimen 

dimensions are adjusted such that the effect of soil dilatancy and side wall friction 

compensate each other thereby providing the required normal pressure at the top of the 

soil-geosynthetic interface. Also, the specimen length used in a pullout box affects the 

test results. Experiments conducted by Moraci and Recalcati (2005) indicated that longer 

geosynthetic specimens tend to experience extensibility effects. This leads to higher peak 

pullout resistance values obtained from longer specimens when compared with shorter 

specimens tested using the same pullout equipment. 

The interaction between the reinforcement soil system and the rigid front wall can 

also influence the test results. As the reinforcement is pulled out of the box, the lateral 

earth pressure developed on the front face causes an increase in the pullout resistance 

(Palmeira, 1987; Palmeira and Milligan, 1989; Johnston and Romstad, 1989; Farrag et 

al.., 1993; Lopes and Ladeira, 1996; Raju, 1995; Sugimoto et al. 2001). Various 

alternatives to minimize possible influences of the box frontal face have been adopted. 

These include the use of sleeves around the pullout slot to transfer the point of 

application of the pullout load far behind the rigid front wall (Christopher et al. 1985; 

Wilson-Fahmy et al. 1994; Perkins and Cuelho, 1999) or using a flexible front face made 

of air-pressure bags (Williams and Houlihan, 1987) or a movable frontal face (Sugimoto 

et al., 2001).   

A list of pullout boxes with various features developed by research centers is 

shown in Table 3.1 below. For the laboratory tests conducted in this study, the side and 

frontal wall clearances were adopted as per recommendations specified by the current 

ASTM D 6706 (2001) standard on pullout testing of geosynthetics. A side wall clearance 

of 150 mm (6 inches) between the specimen and the equipment boundary was 

maintained. Also, to minimize the effect of front wall friction, a steel sleeve 75 mm (3 

inches) long with frontal aperture opening of 25mm (1 inch) was used.  Both these 

clearances helped to minimize the influence of boundary condition on the final pullout 

test results. 
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Table 3.1 Main features of pullout boxes developed in various pullout studies 

Research center Reference 

Dimensions of 

box 

L X W X H 

(mm) 

Volume 

(m
3
) 

Frontal wall Side wall 
Clamping 

system 

California DOT Chang et al..,1977 1300 X 910 X 510 0.60 Removable plates - - 

Oxford University Palmeira and Milligan, 

1989 

1000X 1000 X 1000  

1.00 

 

Different 

roughness of front 

wall 

Perpex Side wall - 

Kyushu University Ochiai et al.., 1992 600 X 400 X 400 0.10 - Lubricated inside walls - 

Louisiana State University Farrag et al.., 1993 1520 X 900 X 760 1.04 Metal sleeves at 

front wall 

- Inside the box 

University of British Columbia Fanin and Raju, 1993; 

Raju, 1995 

1300 X 640 X 600 0.50 Aluminum front 

and rear wall 

Side wall glued with 

glass sheet 

Outside the box 

Saga University Alfaro et al.., 1995 1600 X 600 X 500 0.48 Metal sleeves Lubricated Rubber 

membrane 

Inside the box 

University of Porto Lopes and Ladeira, 1996 1530 X 1000 X 800 1.2 Metal sleeves Revetment of the 

internal walls 

Outside the box 

University of Sao Paulo, Sao 

Carlos 

Teixeira, 1999 

 

1500 X 700 X 500; 

 

0.53 

 

Metal sleeves Silicon grease on the 

walls 

Outside the box 
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Research center Reference 

Dimensions of 

box 

L X W X H 

(mm) 

Volume 

(m
3
) 

Frontal wall Side wall 
Clamping 

system 

Montana State University, 

Bozeman 

Perkins and Cuelho, 

1999 

1250 X 900 X 1100 1.24 Two sleeves 

at front wall 

Lubrication layer and 

low adhesion silicon 

grease 

Outside the box 

Asian Institute of Technology Voottipruex et al., 2000 1270 X 762 X 508 0.50 Metal sleeves  Outside the box 

 

Nagota University of 

Technology 

Sugimoto et al..; 2001 680 X 300 X 625 0.12 Flexible and rigid 

front wall 

Side walls in acrylic 

material 

Outside the box 

University of Sao Paulo, Sao 

Carlos 

Teixeira, 2003 

 

300 X 250 X 150 

 

0.01 

 

Sleeves at front 

wall 

Silicon grease to reduce 

friction 

Outside the box 

University of Reggio, Calabria Moraci et al., 2004 1700 X 600 X 680 0.70 Sleeves at front 

wall 

Lubricated wall by 

means of adhesive and 

Teflon film 

Outside the box 

University of Texas, Austin Zornberg and Kang, 

2005 

1520 X 610 X 280 0.26 Sleeves at front 

wall 

Lubricated inside wall Outside the box 

PUC, Rio de Janeiro, Brazil Sieira et al., 2009 1000 X 1000 X 1000 1.0 Sleeves at front 

wall 

- Outside the box 
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3.2.3 Limit equilibrium methods  

The pullout resistance of geosynthetics is an important parameter for the design of 

reinforced structures. Currently used pullout resistance parameters were developed in 

early soil-reinforcement interaction studies as part of the internal stability evaluation of 

mechanically stabilized earth (MSE) walls (Holtz et al., 1998). In such structures, the 

design of soil-reinforcement system requires that the pullout capacity of the geosynthetic 

to be greater than the working tensile forces that develops under working stress 

conditions. The Federal Highway Administration (FHWA) recommends a single 

normalized approach for pullout evaluation of all reinforcement systems (Elias et al., 

2001), which defines the pullout resistance per unit width of reinforcement, Pr as: 

 

evor LCFP ⋅⋅⋅⋅= '* σα             (3.1) 

 

where F* is the pullout resistance factor, α is the scale effect correction factor (generally 

1.0 for metallic reinforcements), σ'
vo is the effective vertical stress at the soil-

reinforcement interface, C is the reinforcement effective unit perimeter (e.g., C=2 for 

metallic strips, geogrids and geotextiles), and Le is the embedment length in the resisting 

zone behind the failure surface. In theory, the pullout resistance factor F* is defined as 

sum of pullout contributions by passive resistance and frictional resistance mechanisms 

in geosynthetics and is given as follows: 

 

ραβ tan.* += qFF          (3.2)   

 

where Fq is the embedment bearing capacity factor, αβ is bearing factor for the passive 

resistance of geosynthetic and ρ is the soil-reinforcement interface friction angle. In case 

of geotextiles the passive resistance component is zero and pullout resistance factor is 

directly proportional to the frictional resistance at the interface, whereas in case of 

geogrids both frictional resistance and passive resistance are significant to determine the 



65 

 

ultimate pullout capacity of the reinforcement. However, the parameters needed to 

estimate the pullout resistances using the equation above are difficult to estimate in 

absence of site specific calibration. 

 Large scale pullout tests are thus conducted to estimate the extent of interaction 

between the soil and reinforcement to determine project specific properties. A simplified 

approach is followed to interpret pullout test results, which lumps all the interaction 

mechanisms together and is a modified form of Equation 3.1, which is given as follows; 

 

'tan.'.2max φσ voie CLP ⋅⋅=          (3.3) 

 

where Ci is the coefficient of interaction based on ultimate pullout resistance, Pmax from 

the pullout test and φ’ is the effective friction angle of the confining material.  The above 

equation can also be written as:  

'tan

'tan

'tan

'..2

max

φ

δ

φ

σ
== voe

i

L

P

C         (3.4)  

 

where δ’ is the apparent angle of interaction between the geosynthetic and the confined 

material and is given as: 

 

voeL

P

'..2
'tan max

σ
δ =          (3.5) 

 As part of the initial research effort, a series of pullout tests were conducted on 

the geosynthetics used in field test sections with base-course and subgrade soils at 

comparatively low normal pressures, which are expected under pavement working 

conditions. The results of 16 pullout tests (two geogrids tested in two principal directions 

with two different soils at two different normal pressures) were analyzed in terms of Pmax 
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and Ci for these biaxial geogrids. This approach was chosen for preliminary evaluation of 

the soil-geosynthetic interaction and the results obtained were compared with values 

reported in the literature for the uniaxial geogrids used for MSE walls. This analysis 

helped in determining limitation of current pullout test evaluation methods developed for 

MSE walls to geosynthetic reinforced pavement design. Based on the lessons learnt, a 

new analytical model was proposed to interpret the test results, as will be discussed in 

Section 3.6. The properties of geosynthetics and soils used in testing are presented in 

Section 3.3.2. 

3.3 MATERIALS USED 

3.3.1 Properties of soils used 

The two main soil types of interest were the base-course and subgrade soil. These 

were used in the field test sections to construct the pavement. On-site soil, described as 

black clay, was used as subgrade soil whereas the base course material was obtained from 

a local quarry. A suite of geotechnical tests were conducted on these two soils to 

characterize their properties which were used in analysis of pullout test results. 

3.3.1.1 Subgrade soil 

The FM2 clay which will be referred to as “Subgrade soil” was obtained from the 

construction site in May 2005. The soil was excavated with a backhoe from a depth of 

approximately 5 feet near the station 184 close to the lane K6 on FM2 road as explained 

in Chapter 5. The soil was then transported to the laboratory in two 55 gallon plastic 

drums. It was dried by placing it on metal trays in a temperature controlled room at a 

temperature of 49
0
C for 48 hours. The dried soil was then broken down with a hammer 

and passed through a soil crushing machine. The soil was then sieved and particles 

passing No. 10 sieve were set aside for index testing. The grain size distribution curve 

obtained by sieve analysis conducted on subgrade soil is shown in Figure 3.3. 
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Figure 3.3 Grain size distribution for subgrade soil 

According to ASTM D2488 (2001), the subgrade soil classifies as gray clay with 

high plasticity (CH), high dry strength, and no dilatancy. Atterberg limits in terms of 

liquid limit and plasticity index were determined according to ASTM D4318 (2001) for 

subgrade soil and the values obtained are 33 and 39 respectively (Figure 3.4). Standard 

proctor compaction tests were performed on the subgrade soil as per ASTM D698 (2001). 

The maximum dry unit weight for subgrade soil was 15.5 kN/m
3
 with optimum water 

content at 32 % (Figure 3.5).  
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Figure 3.4 Plasticity chart for subgrade soil 
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Figure 3.5 Standard Proctor compaction test for subgrade soil 

A one-dimensional oedometer test was performed on a soil specimen compacted 

at the optimum moisture content. The vertical effective stress-strain relationship is as 

shown in Figure 3.6. As the specimen tested was obtained from remolded soil, a clear 

preconsolidation pressure value could not be obtained. Further, the sample swelled 

instead of shrinking until the effective vertical stress was increased beyond 500 kPa. 
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Figure 3.6 Effective vertical stress-strain curve for subgrade soil 
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Hydraulic conductivity test on FM 2 clay specimens prepared using standard 

proctor mould were conducted in a flexible wall permeameter. The saturated hydraulic 

conductivity values for the specimens prepared at different compaction water contents is 

shown in Figure 3.7. The saturated hydraulic conductivity of subgrade at optimum water 

content of 32% was obtained as 2 X 10
-09

 cm/s.  
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Figure 3.7 Hydraulic conductivity of subgrade soil 

The geotechnical properties of subgrade soil are summarized in Table 3.2. 

Table 3.2 Properties of subgrade soil  

Test Index Parameter Value ASTM Standard 

Soil Classification  CH D 2488 

Specific Gravity Specific Gravity, Gs 2.7 D 854 

Particle size analysis 

D10 , mm 0.1 D 422 

D30 ,  mm 0.3 D 422 

D60 ,  mm 0.7 D 422 

Uniformity coefficient, Cu 7  

Coefficient of gradation, Cc 1.3  

Atterberg limits 

Liquid limit, LL (%) 33 D 4318 

Plastic limit, PL (%) 72 D 4318 

Plasticity index, PI (%) 39 D 4318 

Standard Proctor 

Compaction 

Optimum water content, % 32 D 698 

Maximum dry unit weight, γd (kN/m
3
) 15.5 D 698 
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3.3.1.2 Base course 

The “Base-course” used on the FM 2 site was obtained from the contractor’s yard 

in Navasota, Texas. The base course was transported from the contractor’s yard to the 

geotechnical testing laboratory in two plastic drums of 55 gallon each. As per ASTM D 

2488 (2001), the base course was classified as silty gravel with sand (GM). The results of 

sieve analysis conducted on the material are as shown in Figure 3.8.  
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Figure 3.8 Grain size distribution curve for base course material  

Standard proctor compaction tests were performed on the base course material as 

per ASTM D698 (2001) and the results obtained are shown in Figure 3.9. The base 

course had maximum dry density of 22.5 kN/m
3
 and optimum water content of 8%. This 

was significantly lower than the optimum water content obtained for the subgrade soil. In 

the field conditions, generally the compaction requirements for base course require the 

achieved density of 95-98% of maximum density obtained from the standard proctor test 

for the base course material. 
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Figure 3.9 Standard Proctor Compaction curve for base course material 

The relevant geotechnical properties of base course are summarized in Table 3.3. 

Table 3.3 Properties of base course material  

Test Index Parameter Value 
ASTM 

Standard 

Soil Classification  GM-ML D 2488 

Specific Gravity Specific Gravity, Gs 2.6 D 854 

Particle size analysis 

D10 , mm 0.6 D 422 

D30 ,  mm 6.0 D 422 

D60 ,  mm 10.8 D 422 

Uniformity coefficient,  Cu 18.0  

Coefficient of gradation, Cc 5.6  

Standard Proctor 

Compaction 

Optimum water content, % 7.5 D 698 

Maximum dry unit weight,  

γd (kN/m
3
) 

22.0 D 698 
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3.3.2 Characteristics of geosynthetics used 

The geosynthetics used in this testing phase consisted of two biaxial geogrids as 

shown in Figure 3.10. Geogrid 1 (G1) is a biaxial polypropylene geogrid manufactured 

by Tensar and marketed as BX-1100 as shown in Figure 3.10a. Geogrid 2 (G2) is a 

biaxial polyethylene geogrid with a protective PVC coating manufactured by Mirafi and 

marketed as BasX-11 as shown in Figure 3.10b. The average index properties of these 

geosynthetics as reported by the manufacturers in both machine direction (MD) and 

cross-machine direction (XD) are shown in Table 3.4. A series of index test were 

conducted to quantify the project specific properties of these geosynthetic which included 

percent open area, rib thickness and single rib tensile test. Finally, junction efficiency test 

and wide-width tensile test were conducted as discussed in Section 2.4.2.1 for 

determining baseline properties of these geosynthetics to be compared with pullout tests. 

(a) (b)
 

Figure 3.10 Geosynthetics used in pullout test (a) G1 (b) G2 

Table 3.4 Manufacturer’s specification for the geogrids 

Index properties            Units 
G1 G2 

MD XD MD XD 

Aperture dimensions mm 25.0 33.0 25.4 25.4 

Tensile strength at 2% strain kN/m 4.1 6.6 7.3 7.3 

Tensile strength at 5% strain kN/m 8.5 13.4 13.4 13.4 

Ultimate tensile strength kN/m 12.4 19.0 29.2 29.2 
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3.3.2.1 Percent open area 

The percent open area for a given geogrid is defined as the ratio of empty area to 

the total covered area (values reported in percentage).  The value of percent open area for 

both geogrids was measured using digital image analysis. The geogrid specimen was 

placed over a scanning table and then a camera was used to take picture of the 

representative area as shown in Figure 3.11 below. The percent open area obtained for 

geogrid G1 was 75% where as that for geogrid G2 was 70%.  

 

Figure 3.11 Percent open area of geogrid (Source: TxDOT Laboratory, Austin) 

3.3.2.2 Rib thickness 

The rib thickness of both the geogrids in machine and cross machine direction 

was measured using a vernier caliper. The average value, based on five readings for rib 

thickness for both geogrids are 0.76 mm for G1 and 1.0 mm for G2.  

3.3.2.3 Single rib tensile test 

Single rib tensile testing was conducted for two geogrids in accordance with 

ASTM D6337 (2009). The specimens consisted of a single rib of the geogrid with five 

junctions. The junctions were clamped at the ends using the serrated jaw grip to prevent 

slipping and crushing of the specimen. The grips were then attached to the load frame 

such that one rib had three junctions in the direction of concern. The tests were conducted 

using a constant rate of extension testing machine to pull a single rib to failure by moving 

at a rate of 50 mm/minute. Five tests were conducted for both geogrids in machine and 

cross machine direction. 
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The results obtained for both geogrids are as shown in Figure 3.12. In geogrid G1, 

the tensile properties were different in both the directions. In the machine direction, the 

specimen maintained an approximately constant maximum tensile strength once peak was 

attained as shown in Figure 3.12a, whereas in cross-machine direction the specimen had 

brittle failed once the peak tensile force was reached during the test as shown in Figure 

3.12b. The geogrid G2 showed an S-shaped tensile curve in both machine and cross-

machine direction.  

The response of geogrid G2 in terms of tensile force was however different for the 

given strain level than that of the geogrid G1 in both the directions. It was found that for 

strain values less than 1%, the slope of the tensile force versus strain curve was steeper 

than for higher strain levels in both machine and cross machine direction for geogrid G2. 

The geogrid G2 had lower strength in machine direction as shown in Figure 3.12c than 

cross machine direction as shown in Figure 3.12d. When the ultimate tensile strength for 

both the geogrids was compared, it was found that the geogrid G1 had lower tensile 

strength as compared to geogrid G2 in both machine and cross-machine directions.  
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Figure 3.12 Single rib tensile test results for geogrids: (a) G1-machine, ( b) G1-cross 

machine, (c) G2-machine, (d) G2-cross machine direction  
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Finally, based on the single rib tensile tests the average maximum rib tensile 

strength and average geogrid tensile strength for each geogrid was calculated as follows: 
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where Trib is the average maximum tensile strength (kN), Ti is the maximum rib tensile 

strength (kN) of i
th 

specimen, Tgrid is the average geogrid tensile strength (kN/m), n is the 

total number of test specimens and nrib is the number of ribs per meter length of the 

specimen. Also, the average secant modulus at 2% strain (M2%) was calculated based on 

T2% which is the tensile strength of the i
th 

specimen at 2% elongation as follows: 
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The average values for tensile strength and modulus of the two geogrids are 

reported in Table 3.5. The geogrid G1 had lower ultimate tensile strength than geogrid 

G2. When the secant modulus at 2% strain was compared, both the geogrids showed 

comparable value in cross machine direction, however G1 had twice as high value of 

tensile modulus in the machine direction than G2. This indicated that geogrid G1 was 

stiffer at low strain magnitudes, though it had lower ultimate tensile strength than geogrid 

G2. 
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Table 3.5 Single rib tensile testing results for the geogrids 

Properties            Units 
G1 G2 

MD XD MD XD 

Number of ribs,                 nrib ribs/meter 39 25 30 36 

Ultimate tensile strength, Tgrid kN/m 24.6 18.6 22.0 57.9 

Secant modulus,                M2% kN/m 631 439 354 590 

Strain at failure % 10 7.5 7.7 11.6 

3.3.2.4 In-isolation junction strength test 

The in-isolation junction strength was conducted on the geogrids by pulling a 

longitudinal rib away from its transverse ribs junction. The test is referred to as in-

isolation test since there is no normal stress on the junction and thus does not represent 

the performance conditions of the geogrid under confined conditions (Koerner, 2005). 

The junction strength of both geogrids was tested using a tensile testing machine capable 

of moving at a constant rate of extension of 50 mm/minute. The specimens were prepared 

by cutting the junctions from each side of the geogrid to allow for the maximum amount 

of transverse ribs on each side of the junction to be tested. The specimen was mounted so 

that the center “T” was attached to the rib clamp and the transverse rib was attached on 

both sides of the junction to the junction clamp as shown in Figure 3.13. 

 

 

Figure 3.13 Single rib tensile testing of geogrids: (a) Specimen clamped at the grips (b) 

Specimen after the test (Source: TxDOT Laboratory, Austin) 
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The geogrids G1 and G2 were tested in the laboratory in machine and cross- 

machine direction using above procedure for the junction strength. The results obtained 

are shown in Figure 3.14. The geogrid G1 had higher junction strength in machine 

direction (Figure 3.14a) as compared to cross machine direction (Figure 3.14b). 

Furthermore, the geogrid G1 had higher junction strength as compared to geogrid G2 in 

both machine (Figure 3.14c) and cross machine direction (Figure 3.14d).   

 

(a) (b)

(c) (d)
 

Figure 3.14 Junction strength test results for geogrids: (a) G1-machine (b) G1-cross 

machine (c) G2-machine (d) G2-cross machine direction  
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The average maximum junction tensile strength was calculated as:  
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where Jrib is the average maximum junction tensile strength (kN), Ji is the maximum 

junction tensile strength of ith specimen (kN), n is the total number of test specimens, Jgrid 

is the average geogrid junction strength (kN/m) and njunction is the number of junctions per 

meter length of the geogrid. The above sets of data i.e. ultimate rib strength and junction 

strength were then used to obtain a junction strength efficiency value. The junction 

strength efficiency (Ejunction) was calculated as: 
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rib

rib

junction
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J
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The ultimate tensile strength and junction efficiency values obtained for both 

geogrids are listed in Table 3.6. The test results indicated that G1 has higher junction 

efficiency than G2 in both machine and cross-machine direction.  

Table 3.6 Junction efficiency results for the geogrids 

Properties            Units 
G1 G2 

MD XD MD XD 

Ultimate tensile strength kN/m 24.6 18.6 22.0 57.9 

Junction strength kN/m 24 15.3 5.7 7.0 

Junction efficiency % 100 82.6 26.0 12.2 
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3.3.2.5 Wide width tensile testing 

An important unconfined property of a geosynthetic is its tensile strength. Wide 

width tensile test were conducted on both geogrids in accordance with ASTM D4595 

(2001), which uses a 200 mm (8 in) wide specimen which is 100 mm (4in) long. The 

basic idea of a tensile strength test is to place the geosynthetic within a set of clamps or 

jaws, and stretch the assembly in a mechanical testing machine at constant rate of 

extension as shown in Figure 3.15. In this study, the geosynthetics were tested in both 

machine and cross machine direction. Further the effect of rate of testing, on the tensile 

strength of these geosynthetics was evaluated by testing them at 1%, 5%, 10% and 20% 

strain rate per minute.  A series of five tests were conducted at each of the four strain 

rates thereby making total of 20 tests in each direction for a given geosynthetic. 

 

 

Figure 3.15 Wide width tensile test setup for (a) Geogrid G1 (b) Geogrid G2 

The averages of the series of five tests conducted at each strain level for each 

geosynthetic direction are shown in Figure 3.16. The geogrid G1 had lower ultimate 

tensile strength in machine direction (Figure 3.16a) as compared to cross machine 

direction (Figure 3.16b). Further, the geogrid G2 also had lower ultimate tensile strength 

in machine direction (Figure 3.16c) as compared to cross machine direction (Figure 

3.16d). The results also indicated that the tensile strength of geogrids at low strains (1%) 

was independent of the strain rate at which test was conducted and there was slight 

increase in strength at higher strain levels of 5% and 10%.  

 



80 

 

 

Figure 3.16 Wide width tensile test results for geosynthetics: (a) G1-machine (b) G1-

cross machine (c) G2-machine (d) G2-cross machine direction  

The information gained from wide width tension tests on a geosynthetic includes: 

the tensile strength at which the test specimen fails, the tensile elongation at which the 

test specimen fails i.e., its failure strain, the tensile stress at different elongations prior to 

specimen failure i.e., stress at 1%, 2%, 5% strain and the tensile modulus taken from the 

initial portion of the strength-versus-elongation curve. The average tensile stiffness 

obtained at rate of testing of 10 % for the two geosynthetics is shown in Table 3.7. The 

test results indicated that both the geogrids were stiffer in the cross-machine direction as 

compared to the machine direction. Furthermore, geogrid G1 had higher stiffness at 5% 

strain than geogrid G2, which is the criterion generally adopted for design of unpaved 

roads as discussed in Chapter 2. The values of tensile strength obtained using wide width 

tensile test showed good agreement with those obtained using the single rib tensile test as 

reported in Table 3.5. 
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Table 3.7 Wide width tensile tests results for the geogrids 

Properties      Units 
G1 G2 

MD XD MD XD 

Stiffness at 1% strain kN/m 368 531 527 579 

Stiffness at 2% strain kN/m 287 437 379 446 

Stiffness at 5% strain kN/m 199 323 278 282 

Stiffness at 10% strain kN/m 132 232 300 316 

Stiffness at maximum load kN/m 97 226 289 366 

Strain at maximum load % 14 10 12 13 

3.3.3 Discussion 

The tests discussed above helped in determining the index properties of soils and 

geosynthetics used in the pullout testing scheme. The unconfined tensile strength of the 

geosynthetic was compared with the confined stiffness of the geosynthetics obtained 

from pullout tests as explained in Chapter 4. The soil properties were used to understand 

the moisture flow pattern below the pavement as discussed in Chapter 5. Thus, these 

properties were useful for analysis throughout the course of this research study. 

3.4 COEFFICIENT OF INTERACTION 

3.4.1 Test Matrix 

The laboratory pullout tests to evaluate the coefficient of interaction (Ci) for 

geogrids G1 and G2 when confined in base course and subgrade soils obtained from FM 

2 site were conducted as part of this study. A total of 16 pullout tests were conducted 

which consisted of two geosynthetics (G1 and G2) in two principal directions (machine 

and cross-machine) at two confining pressures (7 kPa and 21 kPa) using two soils (base 

course and subgrade soil) as confining materials. A list of tests conducted using above 

combination of materials is listed in Table 3.8 below.  
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Table 3.8 Testing matrix for pullout test to determine coefficient of interaction 

S.No Geosynthetic 

type 

Confining 

material 

Test 

direction 

Normal pressure 

(kPa) 

Abbreviation 

1 

G1 

Base course 

MD 
7 G1-BC-MD-07 

2 21 G1-BC-MD-21 

3 
XD 

7 G1-BC-XD-07 

4 21 G1-BC-XD-21 

5 

Subgrade 

MD 
7 G1-SG-MD-07 

6 21 G1-SG-MD-21 

7 
XD 

7 G1-SG-XD-07 

8 21 G1-SG-XD-21 

9 

G2 

Base course 

MD 
7 G2-BC-MD-07 

10 21 G2-BC-MD-21 

11 
XD 

7 G2-BC-XD-07 

12 21 G2-BC-XD-21 

13 

Subgrade 

MD 
7 G2-SG-MD-07 

14 21 G2-SG-MD-21 

15 
XD 

7 G2-SG-XD-07 

16 21 G2-SG-XD-21 

* BC-Base course    SG –Subgrade   MD –Machine Direction    XD- Cross Direction  

3.4.2 Test Apparatus 

The pullout equipment used to conduct the tests (Figure 3.17) consisted of a box 

with internal dimensions of 1.5 m (60 inches) length, 0.6 m (24 inches) width and 0.3 m 

(12 inches) height. The box dimensions satisfied the criterion as specified by ASTM 

standard D6706 (2003) for conducting standard pullout test.   

 

Figure 3.17 Pullout test setup  
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The various components of test apparatus are shown in Figure 3.18. The original 

equipment design consisted of a hydraulic system wherein an airflow pump system 

(Figure 3.18a) was used to push the oil through cylindrical pistons. This action generated 

the required force to pull the specimen out of the box during the test. The direction of 

piston movement was regulated using a three way ball valve. A flexible pneumatic device 

in the form of rubber membranes was used to apply and maintain a uniform normal stress 

over the entire pullout box area. The normal pressure was applied on the surface of the 

soil sample from the reaction force generated by inflating the air bags (Figure 3.18b), 

placed between the soil surface and the cover of the box made of the steel plates. An 

extension road (Figure 3.18c) was used with a vibratory hammer (Figure 3.18d) to 

compact the base course and subgrade soil in the pullout box. The instrumentation used 

during this test composed of a load cell and linear variable displacement transducers 

(LVDTs) as shown in Figure 3.18e.  

 

Figure 3.18 Pullout test apparatus: (a) Air flow pump; (b) Rubber membrane; (c) Wide-

plate compaction rod; (d) Vibratory hammer; (e) LVDT’s 
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3.4.3 Test Preparation 

The pullout test specimen preparation consisted of cutting the geogrid specimen 

to the required dimensions from the roll, moisture conditioning the soil, attaching the tell 

tales to the geogrids, clamping the geogrid to the grips and then finally compacting the 

soil in the pullout box. Based on the clearance requirements, the specimen was prepared 

with a confined length and width of 0.6m and 0.45m, respectively. For uniform 

compaction of soil throughout the pullout box, it was decided to compact soil in four 

layers of three inch thickness each. The first two layers of soil were compacted using a 

vibratory hammer as shown in Figure 3.19a. Then the geogrid was placed on top of the 

second layer. The front end of the geogrid was attached to the grips to maintain slight 

tension to ensure its horizontal position on the surface of second layer as shown in Figure 

3.19b. Then the tell tales were attached at the required junctions (at distance of 0.1m, 

0.3m and 0.6m) from the front end of the geogrid specimen in staggered pattern as shown 

in Figure 3.19c. Then the top two layers of the soil were compacted using the vibratory 

hammer as shown in Figure 3.19d. The rubber membrane was then placed at the top of 

the compacted soil layer and enclosed by steel plates as shown in Figure 3.19e. Special 

care was taken while fastening the bolts and nuts on top of steel plates, to maintain the 

uniform air pressure and prevent leaks at high air pressures. Finally, the air pressure line 

was connected to the valve on the top of the rubber membrane to apply the required 

normal pressure. 

(a) (d)(b) (c) (e)

2

1

3

 

Figure 3.19 Pullout test preparation: (a) Compaction of bottom half of box; (b) Attaching 

the geosynthetic specimen to the grips; (c) Attaching tell tale wires to the 

specimen; (d) Compacting top half of the box; (e) Assembling normal 

pressure system 



85 

 

3.4.4 Testing Procedure 

The pullout test was started by supplying air pressure to the rubber membrane. 

The air control valve was adjusted to the required pressure reading so that the top of 

specimen had the normal pressure value as required for the test. Once the required 

pressure level was reached, the system was allowed to equilibrate for thirty minutes. 

Then the load cell and the LVDT’s were connected to the data acquisition system ports. 

A program was written using Labview 7.0 software developed by National Instruments 

(NI) and was used to acquire data from the instruments during the test. The pullout tests 

were conducted using a constant rate of displacement of 3mm/minute. Therefore, the 

flow valves on the two cylinders were adjusted to provide the constant rate of piston 

movement of 3 mm/minute for the entire duration of the test. The test was continued until 

the geogrid failed in pullout or tension mode. Pullout mode of failure was assumed to 

occur when displacements of all the three LVDT’s became equal with no further change 

in frontal force or the last LVDT moved more than 25 mm (1 inch). Tensile mode of 

failure was assumed to occur if the geogrid slipped at the clamping end or the unconfined 

portion of the geogrid ruptured as shown in Figures 3.20a and 3.20b respectively. The 

test was stopped after failure and the top plates were removed. The soil was then stored in 

buckets to prevent the loss of moisture for future tests. The specimen was carefully 

removed and the soil layer was examined for slippage at the interface. 

 

(a) (b)  

Figure 3.20 Tensile mode of failure due to: (a) slippage at the clamping grips; (b) rupture 

of the specimen at the end of the test 
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3.4.5 Results  

The data obtained from pullout tests consisted of frontal pullout force readings 

from the load cell and the displacement profiles at three points from the LVDT’s for a 

given time during the test. Typical results for a given pullout test are shown in Figure 

3.21 for geogrid G2 in cross-machine direction with subgrade as the confining material at 

normal pressure of 7 kPa (G2-SG-XD-07). The maximum pullout force reported in this 

case was 11.8kN/m.  
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Figure 3.21 Typical pullout test load-displacement curve for a given geogrid  

The maximum pullout force for all the 16 tests was then obtained as shown in 

Table 3.9.  The variation of maximum pullout force with confining pressure for both 

geogrids G1 and G2 in machine and cross-machine direction for both subgrade and base 

course material are shown in Figures 3.22a through 3.22d. It was observed that the 

maximum pullout force increased with the increase in the confining pressure. The 

confining soil type also had an effect on the maximum pullout resistance of these 

geogrids. At low confining pressure of 7 kPa, both the geogrids had higher pullout 

resistance when confined in subgrade soil as compared to base course material. However, 

at higher confining pressure no such trend was observed as the pullout resistance was 

equal to the maximum tensile strength of the geosynthetics. 
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Figure 3.22 Variation of maximum pullout force with confining pressure and soil type for 

geogrids: (a) G1 -MD (b) G1-XD (c) G2-MD (d) G2-XD 

The coefficient of interaction was computed for each test using Equation 3.4 as 

discussed in Section 3.2.3. For design purposes, the maximum value of coefficient of 

interaction is limited to 1.0, as theoretically friction angle of the interface between the 

soil and the geosynthetic cannot exceed the friction angle between soil-soil interfaces. 

The calculated values and design values of Ci for each test are listed in Table 3.9 below. 

The minimum value of Ci obtained was 0.7 and for most cases it was equal to the 

maximum value of 1.0.  The value of Ci was in the range specified for most of the 

geogrids, which is generally between 0.65-1.0. Based on the results obtained no clear 

criteria for distinguishing the performance of both the geogrids could be established 

(either in terms of soil type or direction of testing or confining pressure). Therefore, this 

method was not found suitable for application to the reinforced pavement design. 
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Table 3.9 Coefficient of interaction obtained from the pullout tests 

S.No Test Maximum 

pullout force 

Maximum      

tensile strength 

Coefficient of 

interaction, Ci 

Failure mode 

kN/m kN/m Calculated Design 

1 G1-BC-MD-07 7.0 12.4 1.24 1.0 Pullout 

2 G1-BC-MD-21 11.0 12.4 0.65 0.7 Pullout 

3 G1-BC-XD-07 6.0 18.9 1.06 1.0 Pullout 

4 G1-BC-XD-21 14.0 18.9 0.82 0.8 Tensile 

5 G1-SG-MD-07 11.5 12.4 2.4 1.0 Pullout 

6 G1-SG-MD-21 13.4 12.4 0.9 0.9 Pullout 

7 G1-SG-XD-07 12.2 18.9 2.5 1.0 Pullout 

8 G1-SG-XD-21 13.5 18.9 0.9 0.9 Pullout 

9 G2-BC-MD-07 7.0 29.1 1.24 1.0 Pullout 

10 G2-BC-MD-21 25.0 29.1 1.47 1.0 Tensile 

11 G2-BC-XD-07 5.0 29.1 0.88 0.9 Pullout 

12 G2-BC-XD-21 26.2 29.1 1.77 1.0 Tensile 

13 G2-SG-MD-07 11.9 29.1 2.5 1.0 Pullout 

14 G2-SG-MD-21 24.0 29.1 1.7 1.0 Pullout 

15 G2-SG-XD-07 11.8 29.1 2.4 1.0 Pullout 

16 G2-SG-XD-21 24.6 29.1 1.7 1.0 Pullout 

 
 

3.4.6 Limitations 

The conventional pullout tests are analyzed to obtain the coefficient of interaction 

corresponding to the peak pullout force as explained above. This conventional analysis is 

based on limit equilibrium approach and focuses on ultimate loading conditions which 

occur under large displacements. Furthermore, this method is incapable of taking the 

effect of geosynthetic geometry, length, extensibility, and the amount of soil confinement 

into account while predicting its performance of various geosynthetics. For pavement 

design, the quantification of soil-geosynthetic interface stiffness at comparatively low 

displacements is critical. The above test is sensitive to boundary conditions and test 

apparatus used such that the measured soil-geosynthetic behavior at the regime of low 

displacement is usually not reliable. Therefore, a better analysis technique and testing 

equipment is required to capture the soil-geosynthetic behavior at low displacement 

magnitudes reliably. 

An analytical model which can be obtained using pullout test data without making 

any unrealistic assumptions is proposed as part of this research. This model was used to 

predict the soil-geosynthetic interface stiffness at low displacements magnitude.  This 

stiffness values can be used as an index to compare the performance among various 

geosynthetics. Furthermore, the existing pullout equipment was upgraded to meet the 

testing requirements of the proposed model, as discussed in Chapter 4. 
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3.5 ANALYTICAL MODEL FOR PULLOUT TEST 

Various theoretical and empirical procedures have been developed in order to 

model the soil-geosynthetic interface mechanism during pullout. These procedures can be 

grouped into two broad categories, limit equilibrium method and analytical methods. The 

limit equilibrium methods neither give sufficient information on the pullout force nor 

displacement and strains developed in the reinforcements prior to failure (Rowe and 

Mylleville, 1994). On the other hand, analytical methods can be used to predict 

displacement, strains and force generated in the reinforcement during the deformation as 

well as failure (Sugimoto and Alagiyawanna 2003).  

Analytical solutions to interpret and analyze data obtained by pullout test have 

been proposed by Juran and Chen (1988), Yuan and Chua (1991), Abramento and 

Whittle (1995), Sobhi and Wu (1996), Alobaidi et al. (1997), Madhav et al. (1998), 

Perkins and Cuelho (1999), Palmeira (2004), Teixeira et al. (2007). These models vary in 

their assumptions with respect to the constitutive material properties, the load transfer 

mechanism at the interface, and the shape of the load-strain curve during pullout (see 

Section 3.5.1). In general, these analytical models are used to predict the load-

displacement curve of soil-geosynthetic system under confinement.  

The analytical models for pullout test interpretation were developed for MSE wall 

design and focus on predicting the maximum pullout force magnitudes. Since, the focus 

of current analytical solutions is prediction of failure conditions; the displacement profile 

from frontal LVDT is the only displacement value used to predict the response of the 

geosynthetic for given load magnitude. However, the primary goal of pullout tests in the 

present research is the initial stiffness of the soil geosynthetic interface and it required a 

model which could capture small displacement behavior for application to reinforced 

pavement design.  

This section describes the differential equation governing the behavior of soil-

geosynthetic interaction in the pullout test. Then, the methods proposed by current 

analytical models to solve this equation are listed. Finally, the limitations of these 

solutions for their applicability to reinforced pavement design are discussed.  
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3.5.1 Governing differential equation 

A pullout test is conducted by sandwiching a geosynthetic of known length L and 

width W between two soil layers inside the pullout box. Normal pressure is then applied 

on the top of the soil-geosynthetic interface to represent the field conditions under which 

geosynthetic is expected to perform. Finally, the geosynthetic is clamped at the loading 

grips and is pulled out of the box assembly at a constant rate of displacement and the 

required force is measured. The pullout force F measured during the pullout test is 

generally reported as a normalized value per unit width of the specimen and has units of 

force per unit width (i.e. kN/m). The same convention was used throughout this analysis.  

Geosynthetics are categorized as extensible and inextensible reinforcements 

depending on strain magnitude required in mobilizing the maximum tensile strength. For 

inextensible geosynthetics the peak strain values range between 2%-5% whereas for 

inextensible geosynthetics they are greater than 10%.  McGown et al. (1978) reported 

different load-deformation response for these reinforcements as shown in Figure 3.23. In 

this study, the initial displacement behavior of geosynthetics was analyzed and 

geosynthetics were assumed to be inextensible in the range of strain mobilized due to 

these movements. 

 

 

Figure 3.23 Axial load-strain relationship for various reinforcements with soil (adapted 

from McGown et al., 1978) 
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3.5.1.1 Shear stress-confined force relationship 

Consider a geosynthetic element of length ∂x, confined inside the pullout box and 

subjected to force F in the pullout direction. Then the shear stress τ(x) is mobilized along 

its surface, such that the force is dissipated along its length. Assuming no extensibility of 

reinforcement, the free body diagram for points A and B on the either side of the element 

can be given as shown in Figure 3.24 below. 

F F-dF

τ.dx

τ.dx

A B

 

Figure 3.24 Free body diagram for geosynthetic element of length ∂x in pullout test 

The force equilibrium can then be written in differential form as follows: 

dxxxdFxFxF ).(.2))()(()( τ=−−                     (3.12) 

dx

xdF
x

)(
.

2

1
)( =τ                        (3.13) 

3.5.1.2 Confined force-strain relationship 

Let us assume that strain ε(x) develops in the element of length dx due to the 

change in confined force (dF) between two points. Then, the confined force and strain are 

related through confined stiffness Jc of the geosynthetic and is given as, 

 

)(.)( xJxF c ε=                       (3.14)  
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3.5.1.3 Strain-displacement relationship 

The strain developed in the geosynthetic element of length dx can then be related 

to the displacement in the reinforcement, dwr as: 

 

x

xw
x r

∂

∂
=

)(
)(ε                     (3.15) 

 

By substituting Equation 3.15 into Equation 3.14,  
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Differentiating above equation with respect to x, gives 
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Substituting Equation 3.17 into Equation 3.12 gives, 
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The above expression is a second-order differential equation governing the soil-

geosynthetic interface behavior during the pullout test. The equation relates the 

displacement wr(x) with the shear stress τ(x) developed at the soil-geosynthetic interface 

in terms of confined stiffness Jc, for geosynthetic element of length ∂x in the pullout test. 
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3.5.2 Assumptions involved  

The expression derived in Section 3.5.1 was used to predict the behavior of the 

soil-geosynthetic interface in a pullout test is a second-order differential equation. The 

solution to the governing equation requires defining three relationships. The first relation 

defines shape of force-strain curve for the given geosynthetic element for computing the 

value of confined stiffness Jc. The second relation defines the value of the relative 

displacement wr of the reinforcement in relation to the soil. Finally, the distribution of 

shear stress τ(x) for given displacement wr (x) for an element of length dx, needs to be 

defined. Perkins and Cuelho (1999) developed the solution for the governing equation of 

geosynthetic element in a pullout test using assumptions related to each of the above 

relationships. The three assumptions were related to: 

a) Geosynthetic load-strain relationship 

b) Absolute movement of soil surrounding the geosynthetic 

c) Relationship to describe shear stress-displacement  response 

Based on the assumptions made, the governing equation can then be solved by 

incorporating appropriate boundary condition for a given pullout force measured during 

the test, to obtain the distribution of displacement along the length of the geosynthetic 

and quantify the soil-geosynthetic interface. 

3.5.2.1 Geosynthetic load-strain relationship 

An assumption is required for predicting the confined stiffness of the geosynthetic 

during the pullout test. It has been modeled as linear (Wilson-Fahmy et al., 1994), non-

linear (Perkins and Cuelho, 1999) or equal to unconfined stiffness of the geosynthetic 

obtained from the wide-width in air tensile test (Ochiai et al. 1996, Sierra et al. 2009).  

In the solution proposed in this study, the force-strain relationship for a given 

geosynthetic was assumed linear and proportional to the confined stiffness of the soil-

geosynthetic system. It differs from the current models which assume a linear relation 

based on the stiffness of the geosynthetic obtained from the unconfined tensile test to 

predict the behavior under confinement. Due to interlocking in geogrids or impregnation 
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of geotextiles with the surrounding soil, the transverse ribs or fibers are mobilized leading 

to additional components which help in load dissipation throughout the length of the 

geosynthetic. This is not captured by the stiffness value of the geosynthetic obtained from 

isolated unconfined tensile tests in uniaxial direction. This assumption better represents 

the response of geosynthetics under pullout test conditions as shown in Figure 3.25. 

Therefore, under confinement, geogrids mobilize the junctions of longitudinal and 

transverse ribs which do not happen under unconfined loading conditions. 

 

Unconfined force response

(a) (b)

(c) (d)

Confined force response

 

Figure 3.25 Response of geosynthetic: (a) Unconfined force (b) Confined force (c) 

Longitudinal ribs mobilized under unconfined loads (d) Both longitudinal 

and transverse ribs mobilized under confined loading conditions 

 The entire geosynthetic is mobilized as a response for applied force under 

confinement for a given soil-geosynthetic system. Accordingly, the longitudinal ribs 

develop less strain for the similar magnitude of force. Thus, value of confined stiffness of 

the geosynthetic is greater than the unconfined stiffness of the geosynthetic as shown in 

Figure 3.26. 
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Figure 3.26 Difference between confined and unconfined stiffness of a geosynthetic 

3.5.2.2 Absolute movement of soil surrounding the geosynthetic 

The differential movement ∂w at a point along the reinforcement is sum of two 

components ∂ws and ∂wr. According to Sobhi and Wu (1996), “The component ∂ws is 

defined as the displacement due to shear strain at the soil-geosynthetic reinforcement and 

∂wr is defined as the displacement due to tensile elongation of reinforcement.” For the 

present analysis ∂ws was considered to have zero magnitude and ∂wr was considered 

equal to the total displacement measured during the test. In other words, the soil is 

assumed stationary and all the displacement measured during the test is assumed to occur 

in the geosynthetic reinforcement which equals the displacement at the interface. Sobhi 

and Wu (1996) assumed no slippage occurs at the soil-reinforcement interface and the 

displacement undergone by the soil and reinforcement in a bonded manner is negligible. 

The above assumption can be expressed in the mathematical form using the following 

equations: 

)()()( xwxwxw rs ∂+∂=∂            (3.20)  

0)( =∂ xws             (3.21) 

 

)()( xwxw r∂=∂            (3.22) 
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3.5.2.3 Shear stress- relative displacement relationship at the interface 

Juran and Chen (1988) indicate that modeling of the load transfer mechanism 

generated in a pullout test requires an appropriate interaction law to relate the shear stress 

mobilized at any point of the interface to the reinforcement displacement. In previous 

studies, the distribution of shear stress has been assumed constant (Sobhi and Wu, 1996), 

linear (Abdelouhab et al., 2008), bi-linear (Juran and Chen 1988, Madhav et al. 1999), 

non-linear (Perkins and Cuelho, 1999) or hyperbolic (Gurung and Iwao, 1998) with 

increasing geosynthetic displacement magnitude. Also, Sugimoto and Alagiyawanna 

(2003) showed that the direct evaluation of the interface properties from the ultimate state 

may not be appropriate to simulate the actual geosynthetic behavior in reinforced soil 

masses before failure in a pullout test.  Sobhi and Wu (1996) defined limit shear stress for 

pullout test which was lower than the maximum shear stress and a function of overburden 

pressure applied to the soil-geosynthetic interface. They showed results from finite 

element analyses indicating development of uniform shear stress independent of the 

frontal pullout force magnitude and length of the geosynthetic. 

The analyses in this study assumes a parameter called as yield shear stress (τy), 

which is assumed to be uniform over the active length of the reinforcement (explained in 

Section 3.5.3). The yield shear stress is a key parameter for a given soil-geosynthetic 

system subjected to normal pressure and is independent of the displacement at a point 

along the confined length of geosynthetic as shown in Figure 3.27. It is computed based 

on the movement of LVDT’s used in the test as explained in Section 3.6.2 and has lower 

magnitude than that obtained from maximum pullout conditions (τmax). In principal, the 

yield shear stress is a parameter which accounts for shear, bearing and passive 

mechanisms experienced by the geosynthetic in the pullout box at small displacements. 

 The above assumptions can be used to solve the governing differential equation 

for the pullout test of a geosynthetic. The solution can be used to obtain the displacement, 

strain and force at any point x along the length of the geosynthetic. Derivation of the 

governing differential equation is discussed in Section 3.5.3. 
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Figure 3.27 Shear stress distribution as a function of displacement at a given point 

3.5.3 Displacement distribution along geosynthetic length 

Assuming that the shear stress is constant and equal to the yield shear stress τy, 

and substituting ∂w for ∂wr as derived in Equation 3.22, the governing differential 

Equation 3.19 at any given time t for a given frontal pullout force,  can be written as, 

 

c

y

Jx

xw τ.2)(
2

2

=
∂

∂
           (3.23) 

 

The two model parameters are τy and Jc. Since both these parameters are assumed 

to have a unique value for a given pullout test, the right hand side of Equation 3.23 can be 

replaced by another constant β, such that Equation 3.23 can be written in simplified form 

as,  

β
τ

=
c

y

J

.2
            (3.24) 

 

where β is a constant. Substituting Equation 3.24 into Equation 3.23, 
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β=
∂
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2
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x
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Integrating both sides, we obtain 

 

1.
)(

Cx
x

xw
+=

∂

∂
β           (3.26) 

 

Then the strain at any confined point x can be expressed as shown in Equation 

3.26 and can be written as: 

 

1.)( Cxx += βε           (3.27) 

 

Then the force at any point x can be given by substituting the Equation 3.27 in 

Equation 3.14,  

 

)..()(.)( 1CxJxJxF cc +== βε         (3.28) 

 

Further integrating both sides of Equation 3.26, leads to 

 

21

2 ..
2

1
)( CxCxxw ++= β          (3.29) 

 

where C1 and C2 are constants whose values can be estimated using boundary conditions. 

The expressions derived in Equations 3.27, 3.28 and 3.29 above can be used to predict 

the strain, force and displacement profile at any point x within the pullout box in terms of 

model parameters τy and Jc  provided C1 and C2 are known.  
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3.5.4 Boundary conditions 

The governing differential equation for the pullout test is of the second-order form 

and requires values of two coefficients for complete solution. These coefficients are 

required to obtain the distribution of the displacement profile for a given force along the 

length of the geosynthetic as shown in Equation 3.29. The coefficient values are 

computed based on the boundary conditions adopted by a given model while proposing a 

solution to the governing equation. The boundary conditions involve knowing two 

quantities at a given instant of time. These are generally force at pullout end and 

displacement at other end of the specimen. Therefore, a known force value at one 

boundary and known displacement value at other boundary at any given instant of time 

can be used to solve for both the coefficients.  

For the force boundary condition, the force at pullout end of the specimen is 

known at any given time and can be used to solve for one coefficient (C1 in this case). 

Since the analytical solutions for pullout test were developed in previous studies to assess 

the collapse of MSE walls, the focus has to be modeling of the failure conditions. 

Therefore, the displacement boundary condition in these solutions was based on the 

mobilization of the entire length of the geosynthetic. It was assumed that when maximum 

pullout force was reached in a given test, the entire length of the geosynthetic is 

mobilized and displacement at the embedded end is zero. This condition was then used to 

solve for second coefficient (C2 in this case). The magnitudes of these coefficients were 

finally used for predicting the displacement distribution for the entire geosynthetic length 

at failure. 

However, the applicability of pullout tests to reinforced pavement design involves 

understanding of the soil-geosynthetic interface stiffness developed at low displacement 

magnitudes. The solution is thus required to model the entire frontal force and 

displacement curve for a pullout test with emphasis on capturing the initial displacement 

mobilized at the interface. In other words, the solution requires a displacement boundary 

condition such that it can be solved for increment of frontal pullout force value 

throughout the test and not the maximum pullout force alone. The displacement values 



100 

 

for a given frontal force can be obtained by integrating the strain profile over the entire 

length of the geosynthetic. Consequently, solutions for second coefficient have involved 

assuming a strain distribution and solving it to predict the subsequent displacement 

profile for the entire geosynthetic length.  

Two methods have been proposed in the literature to solve the coefficient for 

second boundary condition in regards with strain distribution. The first approach involves 

solving the displacement boundary by assuming constant strain distribution over the 

entire length of the geosynthetic. The second approach involves assuming a linear 

distribution of strain and substituting the value for the coefficient from another test like 

wide width tensile test or direct shear test. This solution is then used to predict 

displacement profile along the length of the geosynthetic.  Thus, these models proposed 

in the literature utilize the force boundary condition at the pullout end and assume one of 

the possibilities listed above to substitute for the second boundary condition. The 

limitations of these methods to solve for displacement boundary condition are discussed 

in Sections 3.5.4.1 and 3.5.4.2. 

3.5.4.1 Constant strain distribution 

A constant strain distribution assumes the uniform strain between two 

measurement points. Then the average strain between these points is calculated based on 

the displacement measurements made using LVDT’s during the test. This approach was 

proposed by Ochiai et al., (1996) and the strain throughout the entire length of the 

geosynthetic was assumed as a step function.  

The above assumption is illustrated in Figure 3.28. Consider a geosynthetic of 

confined length L subjected to pullout force Fp at a given time t, as shown in Figure 

3.28a. Then let x1, x2 and x3 be three points on the geosynthetic such that the distance 

between 1 and 2 is L1 and 2 and 3 is L2. Also, the displacements for given force are d1, d2 

and d3 at these three points. Then using the above assumption of constant strain, its value 

can be calculated. The resulting strain and displacement profile predicted based on above 

assumption is shown in Figure 3.28b and 3.28c respectively.  



101 

 

 

Pullout 

force end

Confined 

length end

L1 L2

d1

d2 d3

εx

dx

x

x

x1 x2 x3

x1 x2 x3

x1 x2 x3

Actual

Predicted

Actual

Predicted

FP, at any time t

1

21
12

L

dd −
=ε

2

32
23

L

dd −
=ε

(a)

(b)

(c)

 

Figure 3.28 Predictions based on constant strain distribution: (a) Schematic of 

displacement profile for given pullout force (b) actual vs. predicted strain 

distribution (c) actual vs. predicted displacement  

Based on model assumptions it can be seen that strain is a linear function whereas 

displacement is a quadratic function over the length of the geosynthetic for given frontal 

pullout force (as shown in Equation 3.27 and 3.29). However, the assumption of constant 

strain leads to linear distribution of displacement along the length of the geosynthetic. 

i.e., value for second coefficient is assumed zero. The equation for displacement 

distribution can be obtained for the given geosynthetic under pullout conditions by 

integration of the strain relationship. The actual strain profile is not a series of discrete 
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values but a continuous function along the entire length of the geosynthetic whose 

magnitude decreases from pullout end to the embedded end. 

This approach under predicts the strain magnitude at points closer to the pullout 

end and over predicts the strain at point closer to the embedded end of the geosynthetic. 

Furthermore, based on pullout test results conducted as part of this research it was 

observed that the actual displacement profile along the length of the geosynthetic is 

parabolic in shape rather than linear as predicted by this analysis. Therefore, this 

assumption leads to error in displacement prediction which cannot be used to model the 

interface behavior at low strain magnitudes for reinforced pavement application. 

3.5.4.2 Linear strain distribution 

This assumption involves modeling the strain distribution as a continuous 

function over the mobilized length of the geosynthetic. The solutions incorporating 

boundary condition based on this hypothesis represent the model conditions realistically.  

Two approaches have been reported in the literature to model this behavior. 

The first approach involves assuming the strain distribution under confined 

conditions in the reinforcement equals that under unconfined conditions. In other words, 

these models assume confined stiffness equal to the unconfined stiffness of the 

geosynthetic. Then knowing the frontal force, the strain magnitude is calculated as shown 

in Equation 3.28. Once the strain magnitude is known, the displacement value can be 

calculated by integrating Equation 3.27. Sierra et al. (2009) proposed a load transfer 

model to predict force-displacement relationship of the geogrid under pullout conditions 

by subdividing it into rheological units but used load–elongation curves from tensile tests 

on the geogrids.  

The other approach involves developing the entire solution and then calibrating 

the second coefficient from a test other than the pullout test. Sobhi and Wu (1996) 

proposed a model to predict pullout force and displacement at a point under confined 

conditions but it required another test as proposed by Ling et al. (1992) to calibrate the 

model. The drawback of this approach is that the strain levels used to calibrate the 
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parameter are different from one observed in the pullout test. This leads to test results 

which are sensitive to small changes in value of the assumed parameter. Furthermore, this 

approach does not utilize all the displacement data obtained using various LVDT’s across 

the length of the geosynthetic but uses only frontal LVDT to match the results. 

3.5.5 Discussion 

The current analytical solutions either incorporate the limited data obtained from 

the pullout test or use other tests to predict the model parameters. The assumptions made 

in the current models with regards to second boundary condition leads to errors which are 

critical when predicting behavior of soil-geosynthetic interface at regime of low 

displacements. However, the primary goal of pullout tests in the present research was its 

application to reinforced pavement design. To avoid any unrealistic assumptions, the 

proposed model in this research suggests a new approach to compute the second 

boundary condition. The data obtained from LVDT’s at various points along the length of 

the geosynthetic is taken into account to model the soil-geosynthetic behavior 

realistically.  

3.6 SOIL-GEOSYNTHETIC INTERACTION MODEL 

The solution for governing differential equation of the pullout test involves two 

coefficients. The first coefficient can be computed by using the force boundary condition 

at the pullout end of the geosynthetic. The second coefficient is computed using 

assumption regarding strain distribution within the geosynthetic for a given force level. 

The limitations of this approach were discussed in the section 3.5.5. A new model called 

soil-geosynthetic interaction (SGI) model is proposed as part of this research which 

involves a different approach in terms of displacement rather than strain values to 

compute the second boundary condition for the pullout test. 

Specifically, rather than assuming the strain distribution for a given geosynthetic, 

the incremental distance travelled by increase in frontal pullout force through the 

confined geosynthetic specimen length during the test is monitored. In other words, the 
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length of geosynthetic mobilized for a given frontal pullout force value is computed.  

This concept was proposed by Sobhi and Wu (1996) and called active length of 

reinforcement where the force is zero within the embedded geosynthetic for a given 

magnitude of frontal pullout force. The similar definition for active length (L’) of the 

geosynthetic was adopted in the present model. However, it is different from the total 

length (L) of geosynthetic specimen used in the pullout test which is a fixed quantity and 

does not vary with frontal pullout force during the test.  The active length increases with 

increasing frontal pullout force and becomes equal to the total length only when the entire 

geosynthetic is mobilized.  

The SGI model uses this concept of active length to define the second boundary 

condition during the pullout test. The active length of the geosynthetic for a given frontal 

pullout force value is the point where the force front has just been reached. Since the 

geosynthetic is in equilibrium, the force and displacement at any location in the confined 

geosynthetic beyond this point beyond is zero.  Thus, a boundary condition can be 

defined at this point where the displacement magnitude is known (zero for the given 

case).  This boundary will move towards the embedded end of the geosynthetic from the 

pullout end as the frontal pullout force increases during the test. 

The boundary condition is based on evaluating the equilibrium of the mobilized 

geosynthetic length for a given pullout force magnitude. Rather than monitoring the 

conditions at the far end of the geosynthetic at maximum pullout force, the conditions at 

this moving boundary are analyzed at every increment of frontal pullout force during the 

test. This additional boundary condition in terms of known displacement magnitude is 

then utilized to obtain the solution for the governing differential equation of the pullout 

test for a geosynthetic. 

3.6.1 Proposed solution 

As described above, the active length of reinforcement Lʹ is a boundary condition 

where the displacement equals zero. Then, the frontal boundary condition where frontal 

pullout force Fp is known along with displacement boundary condition at point Lʹ can be 
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used to solve for Equation 3.29 to obtain displacement distribution for the given 

geosynthetic as shown below.  

Applying the boundary conditions to solve for coefficients C1 and C2 at a given 

frontal force magnitude as derived in Equation 3.29,  

 

At x=0,  F(x=0)  = FP    (Measured frontal pullout force)               (3.30) 

 

At x=-L’,  w (x=-L’)  = 0 (Moving boundary condition)     (3.31) 

 

To obtain the value of C1 Equation 3.28 can be solved by using boundary 

conditions as shown in Equation 3.30. Then,  
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Furthermore, solving Equation 3.29, using boundary conditions as shown in 

Equation 3.31, and substituting C1 from Equation 3.32, we get C2 as follows; 
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Now substituting the values of C1, C2 and β in the Equation 3.29 we obtain the 

expression for displacement w(x) at any confined point x for a given frontal pullout force 

Fp in terms of τy, Jc, and L’ as, 
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Rearranging,  
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To obtain the strain distribution, the above equation can be differentiated with 

respect to x, the strain ε(x) at any point can be given as, 

 

].2[
1)(

)( xF
Jx

xw
x yP

C

τε +=
∂

∂
=        (3.36) 

 

Then the force at any point x can be given by substituting the expression above in 

Equation 3.15,  

 

xFxJxF yPc τε .2)(.)( +==         (3.37)  

 

Furthermore, for a given pullout force Fp, the force at point L’ i.e. at the end of 

the boundary is zero, thus substituting for x = -L’ in Equation 3.37, we obtain 

 

0'..2)'( =−=−= LFLxF yP τ        (3.38) 
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Thus the point L’ where the force front has just been reached for a given frontal 

pullout force can be calculated knowing the yield shear stress parameter. Substituting the 

above expression for L’ in Equation 3.35, the displacement distribution can be obtained 

in terms of model parameters τy and Jc as, 
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Thus, using the Equations 3.35, 3.36 and 3.40, strain ε(x), force F(x) and the 

displacement w(x) at a point x can be calculated for a given frontal pullout force Fp in 

terms of yield shear stress, τy and confined stiffness Jc of the geosynthetic.  

3.6.2 Parameter for geosynthetic reinforced pavement  

The boundary conditions used to solve the governing differential equation for the 

pullout test was explained in Section 3.6.1. However as discussed in Section 2.4.2.3, the 

focus of conducting the pullout tests was to quantify the soil-geosynthetic interaction at 

low displacement magnitudes and there subsequent application to geosynthetic reinforced 

pavement design. Therefore, a parameter was defined based on the solution of the pullout 

test equations developed above, which is considered representative of the stiffness of the 

system. This parameter was used to quantify the governing mechanism of lateral restraint 

for reinforced pavement design. It can also be used as an index for comparing 

performance of various geosynthetic under confined condition and is explained in the 

Chapter 4. 

Conventional analysis of pullout test as discussed in Section 3.2.3 has been 

limited to defining the relation between frontal pullout force and LVDT displacement 

obtained at the points located inside the pullout box. Where this approach is suited to 

characterizing the failure conditions, it does not provide insight into the interactions 

developed between soil and geosynthetic at low displacement magnitudes. For capturing 

the interface behavior realistically, it is necessary to compute force values where the 

displacements are being measured during the pullout test. The relationship thus 

developed can be used to determine the response of geosynthetic for given displacement 

increment. This can then be translated to quantify the soil-geosynthetic response to obtain 

a measure for lateral restraint mechanism developed in the reinforced flexible pavements 

by using pullout test data. Thus, equations were solved to obtain the relation between 

confined force and displacement in terms of model parameters as shown below. 

Replacing Fp in Equation 3.40 with Equation 3.37, we get 
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This is the governing equation for the soil-geosynthetic interaction in the pullout 

test at each point on the geosynthetic. It suggests that the displacement at a point is 

related to square of the force at that point through parabolic relation and the constant is 

given by Equation 3.43. The force and displacement at any given point x throughout the 

geosynthetic can be related by model parameters i.e., yield shear stress, τy and confined 

stiffness Jc of the soil-geosynthetic system. The solution proposed here is similar to one 

proposed by Bergado et al. (2008) which assumed the parabolic function between 

displacement w(x) and distance x.  

The above model parameters can be lumped into a single constant, called 

coefficient of  soil geosynthetic interaction (KSGI) which can be directly estimated using 

the pullout test  and is given as, 

 

cySGI JK ..4τ=           (3.44) 

 

Then Equation 3.43 can be written as: 

)(.)( 2
xwKxF SGI=           (3.45) 
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According to Bonaparte et al. (1987), “There are two important soil-reinforcement 

interaction characteristics for design: soil reinforcement interface shear behavior and the 

influence of soil confinement on tensile characteristics of the reinforcement.” Therefore, 

constant KSGI allows for combing both these characteristics in a unified approach and 

evaluating them quantitatively. The parameter KSGI can be used as an index for 

comparison of performance for various geosynthetic in the pullout test. For a geotextile, 

it is typically expected that the yield shear stress would be higher whereas the confined 

stiffness would be lower than that obtained for a geogrid using the same soil and 

confining pressure in a given pullout test. Since the above constant is function of both 

interface shear and confined stiffness of the system, it can be used to compare the 

performance of both geogrids and geotextiles using the same criteria. Moreover, it can be 

calibrated using the data obtained only from the pullout test as explained in Section 3.6.3 

thereby eliminating the need to use other tests. 

 The current pavement design methodologies require a modulus as an input for 

design. Thus, while designing a geosynthetic reinforced pavement, the effect of 

geosynthetic cannot be directly input using KSGI value. Therefore based on above model, 

an equivalent confined modulus MSGI at a given displacement w(x) was calculated as, 
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In other words, confined modulus MSGI is defined as the ratio of the confined 

force F(x) to the displacement w(x) at a given point x. The units of confined modulus are 

that of stress (kN/m
2
). According to Edil et al. (2007), inclusion of geosynthetic to a 

flexible pavement provides a zone of increased confinement estimated to be 150 mm (6 
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inches) on top and bottom of the reinforcement. When designing the pavement if the 

displacements magnitudes expected in the field are known, then the corresponding 

modulus value for geosynthetic can be computed using Equation 3.47. This value can be 

assigned to this zone in the flexible pavement to quantify the geosynthetic benefit. This 

would help in defining the zone of influence of a geosynthetic in the pavement. The 

analysis can then be performed for the modified pavement structure with a higher 

stiffness layer which incorporates the effect of geosynthetics in reinforced pavement 

design. However, it should currently be used as an approximate estimate as further testing 

would be required to correlate the obtained MSGI value with actual pavement modulus.  

The analysis of pullout tests to obtain coefficient of soil-geosynthetic interaction 

(KSGI) which can be used to quantify the low displacement interface behavior of soil-

geosynthetic system was described. Based on discussion it was shown that KSGI is a better 

index for geosynthetic reinforced pavement design (quantifying the lateral restraint 

mechanism at low displacements) and the coefficient of interaction (Ci) is better for 

defining the ultimate loading conditions which can be used for designing MSE walls at 

large displacement magnitudes. 

3.6.3 Parameter estimation using pullout tests 

The SGI model involves estimating constant KSGI for a given soil-geosynthetic 

system under confinement. KSGI is a product of two parameters which are confined 

stiffness Jc of the reinforcement and yield shear stress τy of soil-geosynthetic interface. 

They can be estimated based on the data obtained by conducting a pullout test. This 

involves analyzing the equilibrium of the soil-geosynthetic system for an increment in 

frontal pullout force (at each time step) and solving the system of equations derived 

above. The steps followed to obtain the parameters are illustrated by solving a 

hypothetical pullout test as described below. 

Consider a geosynthetic specimen of known dimensions (e.g., 0.6 m confined 

length and 0.45 m width as per ASTM standards) placed in a standard soil in a pullout 

box. The normal pressure is applied at the top of the specimen to simulate the 
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confinement load similar to one expected in field conditions. Furthermore, the frontal 

pullout force value at any given time can be measured by means of a load cell attached to 

the front of the box. A number of linear variable differential transducers (LVDT’s) are 

attached along the length of the specimen at known distances from the front to the 

embedded end of the specimen. The test is performed by pulling out the specimen at 

constant rate of displacement. The data obtained consists of the force reading from the 

load cell and the displacement readings of the confined points obtained from various 

LVDT’s. 

For analysis of the results, let us consider a point at distance xi from the front end 

of the specimen on which pullout test is performed as shown in Figure 3.29a. Then, the 

distribution of the frontal pullout force with displacement at xi is given as shown in 

Figure 3.29b. The frontal pullout force Fp,t increases with time as the test progresses till it 

reaches maximum pullout force value. This curve is similar to one shown in Figure 3.21 

used for estimating coefficient of interaction Ci for the given soil-geosynthetic system. 

The magnitude of maximum pullout force obtained during the test is designated as Fmax. 

 

w(x)

xiF(p)

F(p)

xi moves at ti

Fp,t

Fmax

Front of the box

(a)

(b)  

Figure 3.29 Pullout test model for hypothetical point xi: (a) Location inside the pullout 

box (b) Assumed frontal force vs. displacement profile at any given time t 

Let us assume an LVDT is attached to point xi such that the displacement w(xi,t) 

with increase in frontal pullout force Fp,t at any given time t can be measured. Then, the 
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distribution of force and displacement at point xi for given magnitude of frontal pullout 

force Fp at any given time t, can be divided into three categories as shown in Figure 

3.30a. The graph can then be expressed in mathematical form as follows: 

 

For    t < ti,     F (xi,t ) = 0  and   w (xi,t) =0     (3.48)  

 

At   t = ti,   F (xi,t) = 0
+ 

 and  w (xi,t) =0
+
               (3.49)  

 

For    t > ti,   F (xi,t) > 0  and   w (xi,t) > 0    (3.50) 

 

Using the above equations displacement w(x) and force F(x) can be computed for 

point xi.  The resulting profile for force and displacement at any time t at xi are shown in 

Figures 3.30b and 3.30d as, 

 

 

t < ti t = ti t > ti

xxi

(c)

(a)

w(x)

x
F(x)

Fp, (t > ti)

Fp,ti
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F(p)

xi

Fp (t < ti)

(b)

Lvdt location

x

 

Figure 3.30 Distribution for  hypothetical point xi based on the proposed model: of  (a) 

Frontal force Fp, (b) Displacement, w(x), (c) Confined force F(x), at any 

given time t. 
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The step-wise procedure for parameter estimation based on the proposed model is 

as follows: 

(a) Compute yield shear stress  

Let the force front just reaches the point xi at time ti as shown in Equation 3.49 

above. 

 

  Then, t = ti,   F (xi,t) = 0        (3.51) 

 

As shown in Equation 3.37, the force at any confined point xi at time t, is given as 

 

iytPti xFxF τ.2)( ,, +=         (3.52) 

 

Substituting Equation 3.51 in Equation 3.52 above, yield shear stress at each point 

can be computed as follows; 
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If more than one LVDT is used during the test, then the value of τy can be 

calculated at each LVDT point and the average value can be used for the analysis.  Also, 

as a first approximation τy value can be estimated knowing the maximum pullout force 

Fmax and total length of confined specimen, L; 
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 The value of τy obtained using Equation 3.54 is generally higher than one 

calculated based on Equation 3.53 as the pullout force increases even after the entire 

length of the geosynthetic has been mobilized. 
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(b) Calculating confined force F (xi,t) at a point xi 

At any time t > ti, the confined force at the point xi is greater than zero. It can be 

calculated using Equation 3.52; since yield shear stress τy and frontal pullout force Fp,t are 

known;    

 

iytPti xFxF τ.2)( ,, +=  

 

Since an LVDT is attached to the point xi, the displacement w (xi,t) for a given 

frontal pullout force Fp,t is known. Then the results can be combined to plot the calculated 

confined force F (xi,t) vs. measured displacement w (xi,t) as shown in Figure 3.31a.  

 

(c) Estimating confined stiffness, Jc  

Since the force and displacement at point xi are known and also yield stress τy is 

computed, the Jc value can be directly obtained as shown in Figure 3.31b. It can be also 

calculated based on Equation 3.43,   
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Figure 3.31 Based on proposed model, for hypothetical point xi: (a) F (xi) vs. w (xi), (b) 

KSGI, at any given time t  
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(d) Computing coefficient of soil geosynthetic interaction, KSGI and equivalent confined 

modulus at a given displacement, MSGI 

Knowing Jc and τy, KSGI value is calculated as follows: 

cyiSGI JxK ..4)( τ=          (3.57) 

Then for any given displacement w (xi) (generally 1mm for simplicity) MSGI can 

be calculated as follows: 
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The above procedure can be repeated for any instrumented point to obtain the 

coefficient of soil geosynthetic interaction from a pullout test.  

 

 (e) Check the estimated parameters 

Let us assume another point xj inside the pullout box such that an LVDT is 

attached to it. Then the value of w (xj) for a given Fp,t is known throughout the test. As τy 

and Jc were estimated from point xi, they can be used to predict the displacement profile 

at point xj using the Equation below. 
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Then the measured and predicted value of w (xj) can be compared to check the 

accuracy of estimated parameters; τy and Jc.  

 

 (f) Using regression analysis  

The data obtained from the pullout test can be used in a linear regression model to 

estimate the value of KSGI. The regression model can be setup by applying transformation 

to Equation 3.59 for all the LVDT’s as follows: 
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332211 ...)( XXXXY βββ ++=          (3.59) 

 

In the above model, Y(X) is the independent variable, X1, X2, X3 are the 

dependent variables and β1,, β2, β3 are the coefficients such that, 
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The analytical model assumptions allow for regression analyses on data obtained 

during the test until maximum pullout force is reached. The inverse of coefficient β3 then 

gives the value of KSGI. This analysis helps to estimate bounds and confidence intervals 

on estimated value of KSGI. Furthermore, it can be compared with the value of KSGI 

obtained based on analytical solution proposed above. 
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3.6.4 Repeatability of the estimated parameter 

Section 3.6.3 detailed the procedure to estimate the model parameters τy and Jc 

based on pullout test data. Specifically, it involved monitoring the frontal pullout force 

and displacement at a confined point inside the pullout box. The above analysis can be 

extended to any point inside the pullout box and the two model parameters can be 

obtained to compute the value of KSGI. This section discusses the repeatability of model 

parameters and KSGI for a given soil-geosynthetic system tested at given confining 

pressure in the pullout test. In other words, the value of KSGI is independent of the 

location of LVDT where displacement measurements are made during the pullout test.  

Let us assume three instrumented points x1, x2 and x3 on a geosynthetic confined 

inside the pullout box as shown in Figure 3.32a. Then, Fp,t  is the pullout force at any 

given time t and the maximum pullout force at the end of the test is Fmax. The variation of 

frontal pullout force with displacement at each instrumented point is as shown in Figure 

3.32b. Based on the location of three points, the force front reaches them at different 

times. The point x1 being the closest to the pullout force end, experiences force and 

displacement earlier than x2 which is followed by x3. As the force front reaches the points 

x1, x2 and x3, they begin moving at times t1, t2 and t3 respectively. After the entire length 

of the geosynthetic is mobilized the peak pullout force magnitude Fmax is reached and 

there is no further change in the frontal pullout force with increase in the displacement of 

the points x1, x2 and x3. 

 

Fp,t1

F(p)

w(x)
x1 moves at t1

x2 moves at t2

x3 moves at t3

x1
x2 x3

F(p)

Fp,t3

Fp,t2

Fmax

(b)

(a)

  

Figure 3.32 Pullout test on a geosynthetic: (a) Instrumented points at distance x1, x2 and 

x3 (b) Frontal pullout force vs. displacement profile for three points 
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Then the data obtained from the pullout test can be analyzed based on the  

proposed model to obtain the displacement and force profile at any given time t for the 

entire length of the geosynthetic as shown in Figures 3.33a and 3.33b respectively.  

 

w(x)

x

F(x)

x

Fp,t3

At t1

At t2

At t3

x1 x2 x3

Fp,t2

x1 x2 x3

Fp,t1

(a)

(b)  

Figure 3.33 Based on analysis of pullout test data, profiles at three points for any given 

time t: (a) Displacement with length (b) Force with length  

Then the information obtained above can be combined to plot the individual 

confined force vs. displacement profile at points x1, x2 and x3 as shown in Figure 3.34.  
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Figure 3.34 Confined force vs. measured displacement profile at point: (a) x1 (b) x2 (c) x3 

Furthermore, by solving the equations developed for the proposed model, the 

values of both the parameters τy and Jc can be calculated at each of the three points x1, x2 

and x3. Then the curves can be combined to get confined force vs. displacement 

relationship for the soil-geosynthetic system as shown in Figure 3.35a. Finally, as shown 

in Figure 3.35b, the value of soil-geosynthetic interaction coefficient for the entire test 

can be obtained. This value of KSGI appears to be unique for a given soil-geosynthetic 

system at a given confining pressure. Test results that show evidence of this behavior are 

discussed in Chapter 4. Hence, it can be used as a parameter for predicting the 

performance of geosynthetics under confinement at low displacements as in the case of 

geosynthetic- reinforced pavements. 



120 

 

F(x)

w(x)
F(x)2

w(x)(b)

(a)

KSGI

1

 

Figure 3.35 Plot for given soil-geosynthetic system at known confining pressure for all 

LVDT’s used during a test: (a) Confined force vs. displacement (b) KSGI  

3.6.5 Discussion 

The interpretation of the pullout test results based on an analytical model requires 

an accurate evaluation of the displacement and force distribution throughout the 

geosynthetic specimen at any time during the test. Section 3.6.4 listed the features of 

proposed analytical model to characterize the soil-geosynthetic interface properties at low 

displacements under confined conditions. Based on the analysis of the pullout test data a 

unique parameter KSGI can be calculated to quantify this behavior.  

The proposed approach has advantages over available models as it uses only the 

pullout test data and makes realistic assumptions in solving the governing differential 

equation. Further it allows for calculating a single value which can be used as the basis 

for comparing performance of two different types of geosynthetics i.e., geogrids and 

geotextiles or similar products placed under same working conditions in the field. It can 

be applied to reinforced pavement design as it better characterizes the low displacement 

interaction behavior of soil-geosynthetic interface.   
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3.7 CONCLUSIONS 

The performance of the geosynthetic reinforced pavement depends on the 

interaction between the soil matrix and the geosynthetic inclusions. The currently 

available analytical models were developed for MSE walls and focused on maximum 

pullout force conditions. Therefore, the soil-geosynthetic interface model (SGI) was 

proposed to quantify the low displacement interaction behavior of the soil-geosynthetic 

system. The model is based on two parameters: yield shear stress (τy) and confined 

stiffness (Jc) of the system.  

Based on the model, the equilibrium of geosynthetic specimen was analyzed at 

each time step for known frontal pullout force. The concept of active length of 

reinforcement during pullout testing was introduced which helped in establishing the 

displacement boundary condition. The governing differential equation was then solved 

thereby providing a continuous function to predict displacement, strain and force at each 

point along the length of the geosynthetic. Unlike analytical models proposed in the 

literature, there were no additional tests involved while back calculating the magnitudes 

of these parameters. They were estimated exclusively from the data obtained by 

conducting the pullout test. Further, an alternate approach based on the regression 

analysis was proposed to obtain the parameters. The advantage of this method was its 

ability to incorporate the data obtained from all LVDT’s to be used in parameter 

calculation. Furthermore, when the results from all the LVDT locations were combined 

based on the proposed model, a unique confined force-displacement relationship for a 

given soil-geosynthetic system could be predicted for the applied normal pressure on the 

interface. 

 The coefficient of soil-geosynthetic interaction (KSGI) was then computed which 

combined both the parameters in a single framework. Finally, this constant was used as 

an index for comparing the performance of various geosynthetics. The suitability of the 

proposed SGI model for the analysis of the geosynthetic reinforced pavements was 

evaluated by conducting pullout tests and is discussed in the Chapter 4. 
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Chapter 4: Geosynthetic Reinforced Pavements - A Laboratory Study  

“Give a man a fish and you feed him for a day. Teach him how to fish and you feed him 

for a lifetime.”- Lao Tzu 

4.1 INTRODUCTION 

Pullout tests for geosynthetics were developed to support the design of MSE walls 

to calculate maximum force required for internal stability calculation. In this case, the 

stability of the system at ultimate or limit state was of concern. The pullout tests 

described in Chapter 3 were conducted on geogrids and results were reported in terms of 

coefficient of interaction (Ci). However, the present research focused on application of 

pullout tests for quantifying soil-geosynthetic interaction in reinforced pavement design. 

For this function, the performance of geosynthetics at low displacement magnitudes is 

important. 

 An analytical model was proposed to assess the performance of soil-geosynthetic 

interaction. Based on the model, a new parameter to quantify soil-geosynthetic 

interaction (KSGI) was defined. This parameter is a function of yield shear stress and 

confined stiffness of the geosynthetic which can be obtained from pullout test. The 

quantification of this new parameter required test equipment which would be able to 

define the low displacement behavior of interfaces. The available pullout box described 

in Chapter 3 is capable of predicting the ultimate pullout force but requires long testing 

times, lack of adequate instrumentation and slippage at grips. Thus it could not to be used 

for computing the new parameter directly. Therefore, the original pullout box was 

modified to allow testing geosynthetics for reinforced pavement application.  

This chapter describes the development of new pullout test equipment. Also, a 

testing program of geosynthetics conducted to calibrate the proposed parameter based on 

analytical model for reinforced pavement design.  Finally, comparison is made of the new 

parameter value for various geosynthetics tested using the new equipment. 
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4.2 PULLOUT TEST EQUIPMENT 

Pullout tests were originally conducted on the geosynthetics to calculate the 

coefficient of interaction (Ci). The present research involved computation of the new 

parameter, i.e., coefficient of soil-geosynthetic interaction (KSGI) based on the proposed 

model. This required certain modifications of the original design of the pullout equipment 

as the focus was low-displacement rather than limit-displacement behavior of 

geosynthetics in the pullout test. 

 The pullout test equipment consisted of a steel box with internal dimensions of 

1.5 m (length) X 0.6 m (width) X 0.3 m (height). The front end of the box had an opening 

of 50 mm and had two sleeves of 75 mm length to minimize the influence of frontal box 

wall on pullout test results. The original pullout box was modified to adapt it to the 

testing needs for the present research. The pullout box, load cell, hydraulic pistons and 

steel plates from the original box were retained in the modified design.  

Development of the new pullout system was guided by lessons learned from 

evaluation of preliminary pullout characterization tests. Specifically, issues such as the 

use of appropriate clamping system and normal pressure system were evaluated in 

conventional tests to better develop the pullout box. Also, emphasis was placed in design 

to have uniform rate of testing throughout the test. Instrumentation in the pullout box was 

changed to incorporate better devices for quantifying soil-geosynthetic interaction 

precisely. The motivation for this research component was to enable straightforward, 

repeatable interpretation of instrumentation results, boundary conditions, and data to 

determine the low displacement behavior of the soil-geosynthetic interface. Also, 

conducting a large scale pullout test on geosynthetics is a labor intensive and time 

consuming process. Therefore, the goal was to decrease the time required to setup the test 

as compared to the original design. The five major areas where modifications were done 

included normal pressure system, rate of testing, clamping system, displacement 

measurement system and data acquisition system. 
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4.2.1 Rate of testing 

In the original equipment, an air flow pump was used to push the two hydraulic 

cylinders located on either side of the pullout box. This mechanism generated the 

required force to push the geosynthetic specimen out of the box for a given test. The use 

of air flow pump led to pressure drop at high pullout force magnitudes, resulting in 

reduction of the speed of piston movement during the test. In the modified system, air 

flow pump was replaced by an electric flow pump. Due to inbuilt self compensating 

system, it prevented the reduction in pressure thereby generating a constant force through 

the hydraulic pistons as they moved out of their core during the test. The new system 

helped in obtaining a constant rate of testing throughout the test. To adjust the speed of 

hydraulic piston movement, a flow regulating valve was connected to this electric pump 

system. Also, a needle valve was attached at each piston end. The needle valve was 

adjusted to regulate the flow of oil volume entering the piston from the pump. The flow 

valve and needle valves were adjusted to obtain rate of testing from 0.1mm/minute to 10 

mm/minute. Finally, a three way ball valve was attached to the electric flow pump to 

control the direction of piston movement during the test. The hydraulic system with all 

components is as shown in Figure 4.1.  

 

 

Figure 4.1 Hydraulic system for controlling rate of pullout testing   



125 

 

4.2.2 Normal pressure system 

The normal pressure in the original pullout box was applied by inflating a rubber 

membrane which was sandwiched between confining soil and steel plates placed on top 

of the pullout box. The system had drawbacks as it was difficult to generate and maintain 

low confining pressures as required for the present research to simulate the geosynthetic 

conditions under pavement realistically. Furthermore, the assembly of this system was 

complicated as it required lifting the heavy steel plates manually to the top of the 

specimen and tightening of thirty-six bolts to maintain proper contact between the steel 

plates and the rubber membrane. The rubber membrane repeatedly developed leaks as it 

punctured while reacting against the angular soil particles. This also led to reduction in 

normal pressure during the test.  

The new design for normal pressure system consisted of a rigid assembly as 

opposed to flexible assembly used in original design. The modified system consisted of 

three wooden plywood sheets placed on top of the confining soil. Then, six air cylinders 

were placed on top of the last board as shown in Figure 4.2a. The steel plates were 

mounted on top of the cylinders and supported using all-thread rods as shown in Figure 

4.2b. These plates were lifted using an automated hoist attached to an external frame as 

shown in Figure 4.3. An air pressure valve was attached to the main line which was then 

connected to all the six cylinders. The air cylinders had pistons which reacted against the 

steel plates to generate the uniform normal pressure on the entire pullout box area. The 

cylinders were calibrated to compute the force generated by them for a given air pressure. 

 The system was easy to assemble and reduced the test setup time considerably. 

Also, the sources of leakage were minimized as compared to the original design. Normal 

pressure magnitudes ranging from 7 to 100 kPa (1 to 15 psi) could be applied at the top of 

the specimen by changing the number of cylinders and their location in the given system. 

This normal pressure system could also be used to conduct reduced volume test by 

changing the area of pullout box used for a given test. 
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(a)

(b)

 

Figure 4.2 Normal pressure system (a) Air cylinders on top of compressed plywood (b) 

Top plates acting as the reaction system  

 

 

Figure 4.3 Automated hoist system used to assemble the reaction frame 
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4.2.3 Clamping system  

The grips required to clamp the geosynthetic specimen play an important role 

during the test. The original clamping system for the pullout test equipment consisted of 

two plastic sheets which were epoxied with the specimen as shown in Figure 4.4a. The 

sheets and the geosynthetic specimen were then cured for 24 hours to allow for bond to 

develop between the materials. These were then bolted to two L-shaped angle iron plates 

in front of the pullout box which were finally attached to the hydraulic pistons during the 

test. This system had drawbacks as it delayed the test due to long curing time. 

Furthermore, slippage at the grips was common at high pullout force level especially 

when geogrids with thick junctions were used during the test.  

To avoid the above problems, a roller grip mechanism was designed to clamp the 

geosynthetic specimen to the pullout box as shown in Figure 4.4b. It consists of a steel 

cylinder with a slit where the specimen could be attached and bolted using screws to 

main system. The grip was supported on a trolley system independent of the pullout box 

to prevent additional extension of the geosynthetic specimen. The roller grip design 

helped to prevent the stress concentration at a single plane throughout the specimen by 

distributing it uniformly over a wider area. This mechanism prevented the development 

of tensile failure in the unconfined portion of the geosynthetic specimen during testing. 

The new design required no curing time and the specimen could be directly attached to 

the grips. 

 

Figure 4.4 Clamping system (a) Original design consisting of plastic sheets (b) Modified 

design with roller grips 
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4.2.4 Displacement measurement system 

The displacement occurring at low strain levels within the geosynthetic during the 

pullout test was an important input parameter for computation of KSGI. The original 

displacement measurement system consisted of linear variable displacement transducer 

(LVDT) with a hollow cylindrical core. The displacement was measured as the change in 

voltage generated due to movement of rod inside the core. The rod was in turn attached to 

the geosynthetic by a thread which was passed through a thin cylindrical pipe.  This 

design had drawbacks as the rod was not fixed inside the LVDT thereby causing slippage 

during the test. Also, the thread tended to lose tension and developed slack if it was not 

properly attached to the geosynthetic thereby providing erroneous readings at low 

displacement magnitudes. 

 In the modified design, new LVDT’s (LX-PA sensors from Unimeasure) were 

installed which consisted of a cable and spring assembly. The spring helped in 

maintaining a constant pull back tension on the cable as shown in Figure 4.5a. The 

moving part of the sensor was attached to the cable while the spring was fixed to the 

main body of the LVDT. The cable movement led to pull on the spring which was 

attached to the potentiometer in a Wheatstone bridge circuit. The change in cable length 

causes changes in resistance which was used to compute the required displacement. The 

system minimized the development of slacks as it was pre-tensioned. Also the pull back 

speed of the cable was limited by the torque which could be applied to the spring, thereby 

preventing abrupt movements in connecting wire during the test. 

The thread in the original design to connect the LVDT cable to the appropriate 

geosynthetic point inside the pullout box was replaced by orthodontic wires 

(manufactured by Lancer Corporation). These wires are 5 mm thick and essentially 

inextensible for pullout force magnitudes used in the present testing. The geosynthetic 

and wire connection was improved by sliding a metal bracket at their junction and 

crimping the assembly in place. This helped in preventing the slippage of the wire at the 

connection and minimized the errors in measurement which could occur due to slack in 

the system. Finally, an LVDT support system was installed using a steel angle piece and 
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attached to the back of the pullout box as shown in Figure 4.5b. This helped in preventing 

the differential movement between the pullout box and the LVDT’s during the test.  

 

 

Figure 4.5 Displacement measurement system: (a) spring loaded LVDT (b) support 

system for attaching LVDT to the pullout box 

4.2.5 Data acquisition system 

To validate the proposed model discussed in Section 3.6.4, the tests were 

conducted using seven LVDT’s and a load cell. Five LVDT’s were placed at the end of 

the box to monitor displacement measurements at various locations along the length of 

the geosynthetic during the test. The other two LVDT’s one on each piston was attached 

to monitor the rate at which test was conducted. Also, a load cell was attached in the front 

of the box to measure the frontal pullout force during the test. 

 To meet the present instrumentation requirements, a new data acquisition system 

was added to the pullout box. The new design consisted of a National Instrument NI-

USB-6211 card capable of supplying constant input voltage of ±5 Volts as shown in 

Figure 4.6a.  The five displacement LVDT’s were attached to this box which was 

programmed to measure the required output from these instruments. The frontal load cell 

had output voltage response is in range of milli-volts. Therefore, a data acquisition 

system consisting of a NI chassis with terminal block SCXI-1520 attached to module 

SCI-1314 was used as shown in Figure 4.6b. The chassis was in turn connected to the 

PCI-6221 card on the mother board of the computer using a connector block NI-1349 by 
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a 68 pin cable SHC-68-68-EPM. The system was programmed to supply a constant 

voltage of 10 Volts and read an input from sensor which had sensitivity range of ± 3 mV. 

Finally a program was written in Labview software version 8.0 developed by the National 

Instruments (NI) to read the input from the sensors during testing at 1 second intervals.  

 

 

 Figure 4.6 Data acquisition system (a) USB-device (b) Frontal unit with a chassis 

4.2.6 Discussion 

The schematic layout of the large-scale pullout testing equipment developed as 

part of this study is shown in Figure 4.7.  The side view of the pullout box includes the 

details of the reaction frame system with wooden boards and air cylinders used for 

applying normal pressure on the specimen (Figure 4.7a). Further, the roller grips and its 

support trolley designed to avoid stress concentration at the geosynthetic reinforcement 

are shown. The top view of the pullout (Figure 4.7b) includes the two hydraulic pistons 

used to apply pullout force on the specimen.  Also, the five LVDT’s used in the test along 

with the support frame to attach them to the main pullout box are illustrated. 
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Figure 4.7 Large scale pullout testing equipment: (a) Side view; (b) Top view  

The modified pullout box system with all the accessories is shown in Figure 4.8. 

The reaction frame system was found to reliable means of applying uniform normal 

pressure on top of the geosynthetic specimen. Roller grips were found to be suitable 

means of clamping different kinds of geosynthetics used during the test. Further, the use 

of new electric pump enabled better control over the rate of testing which could be 

independently controlled using the flow valve attached to it. Displacement transducers 

were attached to new system enabling faster data acquisition. The above changes led to 

reduction in test preparation time, better control over test procedure thereby providing 

repeatability among similar tests and reducing variability in test conditions for different 

geosynthetics. Overall, these modifications led to better equipment design capable of 

accurately characterizing low displacement soil-geosynthetic interface properties in the 

pullout box to be used for analysis using the proposed analytical model. 
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Figure 4.8 Large scale pullout box testing equipment 
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4.3 DESCRIPTION OF PULLOUT TESTING PROGRAM 

The experimental component of this study aimed at validating the analytical 

approach to analyze the pullout test results and determine the coefficient of soil-

geosynthetic interaction (KSGI) (Chapter 3). The testing philosophy and assumptions 

involved in pullout testing were described in Section 3.2. Modifications were done to the 

original equipment used in preliminary testing phase to develop new equipment with 

capability of measuring low displacement soil-geosynthetic interaction.  

The tests conducted on various geosynthetics along with test setup used for 

running a given pullout test are discussed. This is followed by explanation of the 

procedure followed to interpret results obtained from a given test to estimate the model 

parameters. The testing matrix incorporated four different geosynthetics (one geotextile 

and three geogrids). Two geogrids G1 and G2 from the initial testing in Chapter 3 were 

used along with a geotextile (G3) and another biaxial geogrid (G4) as explained in 

Section 4.3.1. Finally, the rationale for their selection and typical results for each one of 

them are described. 

4.3.1 Testing Matrix 

The pullout testing program was developed to establish a procedure to compute 

the KSGI value for geosynthetics.  Two major concerns were highlighted based on the 

review of literature as discussed in Chapter 2 for laboratory confined test procedures. 

First of all, it was found difficult to establish repeatability of test results for a soil-

geosynthetic system subjected to a given normal pressure. Secondly, the variability in test 

results was found to be high enough where to distinguish between the performances of 

different geosynthetics. The present pullout testing scheme was planned to address these 

two issues. Therefore, preliminary set of tests were conducted on a geosynthetic to 

determine the capability of the present equipment to produce repeatable test results. Then 

the variability in the value of KSGI for a given test was established. After this initial 

calibration, various geosynthetics were tested to obtain the KSGI values under similar 

testing conditions and values obtained were compared. To incorporate these features, the 
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overall large pullout testing scheme was grouped into three main series. A total of twenty 

large-scale pullout tests were conducted using four different kinds of geosynthetics as 

listed in Table 4.1.  

According to Palmeira (2008), “The geosynthetic reinforcements are generally 

modeled as linear elastic materials to match the model predictions. When simplifying 

assumptions are made, it is possible to make predictions fit reasonably well with the 

measurements for the geotextiles. However, in case of geogrids, if it is assumed as an 

equivalent rough planar reinforcement, predictions may deviate from measurements, 

depending on its geometrical characteristics and soil type.”  Therefore while planning the 

pullout tests it was decided to conduct an initial series of tests using geotextile 

reinforcement.  

In the first series, a total of eight tests were conducted. The baseline test I-1 was 

conducted on geotextile specimen (G3) with sand as confining soil as explained in 

Section 4.4. The data analysis procedure adopted for interpreting results to compute 

model parameters (τy and Jc) and subsequently KSGI value for this test were explained.  

The next test I-2 was conducted to establish the repeatability of test results for the same 

soil-geosynthetic system as used in Test I-1. The results were analyzed to establish 

bounds on values of KSGI obtained from analysis of results for these two tests. The next 

three tests (I-3, I-4, and I-5) were conducted to quantify the effect of change in specimen 

dimensions (from that specified by ASTM standards) on the value of KSGI. In testes I-3 

and I-4, the length of specimen was changed whereas the width was kept same as the 

initial specimen. In the test I-5, the width of the specimen was decreased. These tests also 

helped in quantifying the effect of boundary conditions on the results. Then the effect of 

normal pressure on KSGI was evaluated by conducting a test at lower (I-6) and higher 

normal pressure (I-7) than used in Test I-1. Finally, the effect of specimen dimension was 

evaluated by running the test in machine direction (I-8) than cross-machine direction as 

used in the test I-1. The first series of tests helped in understanding various components 

which could influence KSGI value obtained from the pullout test for a given soil-

geosynthetic system. 
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The second series of pullout tests consisted on eight tests conducted on two 

geogrid products (G1 and G4) manufactured using the same material. Based on the 

manufacturing process it was established that one product had slightly better performance 

properties than the other geogrid. The main objective of this phase of testing was to 

obtain KSGI values for both the products and check if the predicted values reflected same 

performance order as expected based on their manufacturing quality. Three tests at 

normal pressure of 7 kPa, 21 kPa and 35 kPa were conducted on geogrid G1 (II-1, II-2, 

II-3) and geogrid G4 ((II-4, II-5, II-6) similar to the baseline test (I-6, I-1 and I-7). Then 

two more tests, one for each geosynthetic were conducted in machine direction (II-7 and 

II-8). The results obtained were used to compare the performance of products of known 

properties under pullout test conditions. Furthermore, these tests helped in verifying the 

applicability of proposed model and parameter to pullout results on geogrid 

reinforcements. 

 In the third series, four tests were conducted on a geogrid (G2) obtained from 

different manufacturer. Tests III-1, III-2, and III-3 were conducted at normal pressure of 

7 kPa, 21 kPa and 35 kPa respectively. The test III-4 was conducted in different direction 

from the principal direction in test III-2. The objective of this series of testing was to 

compare the performance of the geosynthetics manufactured using different material 

from those used in series II. 

 Overall, the aim of the pullout testing scheme was to establish evidence for 

capability of proposed parameter to compare performance of various geosynthetics in the 

laboratory setting. The geosynthetics G1, G2 and G3 were also used in the field test 

sections. The performance predicted in terms of KSGI value from pullout test results for 

these geosynthetics was compared qualitatively with field measurements and is discussed 

in the Chapter 5. 

 



136 

 

Table 4.1 Testing matrix for large scale pullout testing  

Series 
Test 

No. 
Geosynthetic  Type Direction 

Normal 

pressure 
Length Width 

Testing 

rate Test 

abbreviation 

Test 

characteristics 
Comments 

kPa m m mm/min 

I 

1 Geotextile G3 XD 21 0.60 0.45 1.0 G3-XD-21 Baseline 

Test to calibrate the 

equipment and proposed 

model 

2 Geotextile G3 XD 21 0.60 0.45 1.0 G3-XD-21-RP Repeatability 

3 Geotextile G3 XD 21 0.90 0.45 1.0 G3-XD-21-LI Effect of length 

4 Geotextile G3 XD 21 0.30 0.45 1.0 G3-XD-21-LR Effect of length 

5 Geotextile G3 XD 21 0.30 0.28 1.0 G3-XD-21-WR Effect of width 

6 Geotextile G3 XD 7 0.60 0.45 1.0 G3-XD-07 Normal pressure 

7 Geotextile G3 XD 35 0.60 0.45 1.0 G3-XD-35 Normal pressure 

8 Geotextile G3 MD 21 0.60 0.45 1.0 G3-MD-21 Direction 

II 

1 Geogrid G1 XD 7 0.60 0.45 1.0 G1-XD-07 Normal pressure 

Test conducted to 

compare performance of 

two geogrids from same 

material. 

2 Geogrid G1 XD 21 0.60 0.45 1.0 G1-XD-21 Normal pressure 

3 Geogrid G1 XD 35 0.60 0.45 1.0 G1-XD-35 Normal pressure 

4 Geogrid G4 XD 7 0.60 0.45 1.0 G4-XD-07 Normal pressure 

5 Geogrid G4 XD 21 0.60 0.45 1.0 G4-XD-21 Normal pressure 

6 Geogrid G4 XD 35 0.60 0.45 1.0 G4-XD-35 Normal pressure 

7 Geogrid G1 MD 21 0.60 0.45 1.0 G1-MD-21 Direction 

8 Geogrid G4 MD 21 0.60 0.45 1.0 G4-MD-21 Direction 

III 

1 Geogrid G2 XD 7 0.60 0.45 1.0 G2-XD-07 Normal pressure Test conducted to predict 

the performance of 

geosynthetics made of 

different material. 

2 Geogrid G2 XD 21 0.60 0.45 1.0 G2-XD-21 Normal pressure 

3 Geogrid G2 XD 35 0.60 0.45 1.0 G2-XD-35 Normal pressure 

4 Geogrid G2 MD 21 0.60 0.45 1.0 G2-MD-21 Direction 

G1-Tensar BX1100 G2-Mirafi Bas X11  G3-Mirafi HP570 G4-Tenar BX1200 

XD- Cross Direction        MD-Machine Direction        RP-Repeat             LI-Length Increase           LR-Length reduced  WR-Width reduced 

7, 21, 35 are the normal pressure magnitudes (in kPa) applied during the test   
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4.3.2 Soil 

Monterey No. 30 sand (Figure 4.9) was used for the initial baseline series of large 

scale pullout testing of geosynthetics. The reason for this selection was the commercial 

availability of the soil and existing geotechnical database available to characterize the 

given soil. Furthermore, the volume of soil required to run a full scale pullout test was 

large, therefore the ease of handling of Monterey No. 30 sand in sample preparation and 

post-processing phase of the test made it a suitable choice.  

 

 

Figure 4.9 Monterey No. 30 sand bags  

Monterey No. 30 sand is clean uniformly graded sand classified as SP in the 

unified system and gradation curve of the soil is as shown in Figure 4.10. The particles 

are rounded to sub rounded consisting predominantly of quartz with a smaller amount of 

feldspar and other minerals (Zornberg, 1994).  

 

 

Figure 4.10 Gradation curve of Monterey No. 30 sand (Li, 2005) 
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The properties of Monterey No. 30 sand (Yang, 2009) are listed in Table 4.2. 

Table 4.2 Soil properties of Monterey No. 30 sand  

Soil Type Monterey No. 30 sand 

D50 (mm) 0.4 

Uniformity coefficient, Cu 3.0 

Coefficient of gradation, Cg 1.1 

Specific gravity, Gs 2.65 

Soil classification SP 

Max. dry unit weight, γd, max (kN/m
3
) 16.7 

Min. dry unit weight, γd, min (kN/m
3
) 14.76 

Maximum void ratio, emax 0.76 

Minimum void ratio, emin 0.56 

 

The shear strength of the soil is reported based on large scale triaxial tests 

performed by Li (2005). The specimens had a diameter of 152 mm (6 inches) and a 

height of 304 mm (12 inches). The specimens were prepared at a relative density of 48% 

and 65%. The test results indicated decrease in strain at peak deviatoric stress with 

increasing relative density of the soil. The mechanical properties for Monterey No. 30 

sand are reported in Table 4.3. The stress-strain curves obtained from triaxial tests are as 

shown in Figure 4.11. At the relative density of 65%, peak friction angle of sand was 35
0
 

and residual friction angle was 31
0
. 

Table 4.3 Mechanical properties of Monterey No. 30 sand (Li, 2005) 
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Figure 4.11 Results of triaxial compression test on Monterey No.30 sand: (a) deviatoric 

stress and axial strain; (b) volumetric and axial strain; and (c) compression 

and volumetric strain, (Yang, 2009) 
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4.3.3 Test setup 

The basic test preparation method adopted for the pullout test was similar to the 

one used for evaluating maximum pullout resistance as described in Section 3.4.3. This 

involved cutting the geosynthetic specimen to the required dimensions from the roll, 

attaching the inextensible orthodontic wires to it and finally clamping it to the roller 

grips. The test soil was prepared for a given pullout test by moisture conditioning it to the 

required water content (2% in case of Monterey No. 30 sand). 

The initial step for the pullout test involved compaction of the soil to required 

relative density in the box. For uniform compaction of soil throughout the pullout box, it 

was decided to compact soil in four layers of 75mm thickness each. The first layer of soil 

was placed at the bottom of the pullout box and was compacted using hand compactors as 

shown in Figure 4.12a. Then the second layer of soil was compacted such that the total 

thickness of 150mm was obtained and the soil layer was at the same height as the frontal 

opening of the pullout box as shown in Figure 4.12b. The geosynthetic specimen was 

then passed through the slit and attached to the roller grips as shown in Figure 4.12c. 

Then, the geosynthetic specimen was attached to the roller grips in the front of the box 

and the confined length of the specimen was adjusted to meet the test requirements. The 

inextensible thin steel wires were hooked at the marked distances from the front end of 

the geosynthetic as shown in Figure 4.12d. Then two more layers of soil were compacted 

on top of the geosynthetic specimen so that the total thickness of 150 mm as shown in 

Figure 4.12e was attained.  

To apply the required normal pressure, the three layers of plywood were placed 

on top of the soil layer as shown in Figure 4.12f. The air cylinders were then placed on 

the marked location and the steel reaction frame was assembled as shown in Figure 4.12g 

and 4.12h respectively. The air pressure was then applied to the cylinders so that the 

piston stroke could react with the steel plates thereby applying force on the plywood and 

generating the required normal pressure on the top of the specimen.  
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(a) (b) (c) (d)

(e) (f) (g) (h)
 

Figure 4.12 Pullout test setup (a)First layer of soil (b) Compaction to slit level (c) 

Placement of the geosynthetic (d) Attaching the LVDT’s (e) Compacting the 

soil on top of specimen (f) Placing the plywood boards (g) Installing air 

cylinders (h) Assembling reaction frame 

The instrumentation including seven LVDT’s and a load cell was attached to the 

data acquisition system. The test was started by operating the flow pump and adjusting 

the needle valve such that a constant displacement rate of 1mm/min could be applied to 

the frontal clamp of the pullout box.  The readings obtained from two LVDT’s attached 

to the piston were observed during the test to monitor the rate at which test was being 

conducted. The needle valves were adjusted to prevent the differential movement of 

greater than 0.5mm between both the pistons at any stage during the test.  

The frontal pullout force data was obtained using the load cell which reacted 

against the clamp system as the specimen was being pulled out of the box. The five 

LVDT’s attached at various points along the geosynthetic length were used to monitor 

the displacement response for the given test. The test was terminated when all the 

LVDT’s moved such that there was no increase in pullout force with further increase in 

displacement.  The results obtained for various tests conducted based on above procedure 

are discussed in the Section 4.4. 
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4.4 TESTS ON GEOSYNTHETICS USING PULLOUT EQUIPMENT 

4.4.1 Series I: Tests conducted to calibrate the model 

The material used in the first series of pullout tests was geotextile (G3). It is a 

polypropylene woven geotextile manufactured by Mirafi and branded as HP-570 (Figure 

4.13a).  Wide width tensile test were conducted on the geotextile specimens similar to 

those conducted on both geogrids as explained in Section 3.3.2.5. In accordance with 

ASTM D4595 (2001), a 200 mm (8 in) wide and 100 mm (4in) long specimen of 

geotextile was prepared from the geosynthetic roll for the given test and attached to the 

load frame as shown in Figure 4.13b. The geotextile was tested in machine and cross 

machine direction at four different rates of testing (1%, 5%, 10% and 20% strain rate per 

minute).  

 

(a) (b)  

Figure 4.13 Geosynthetic used for baseline tests (a) Geotextile (G3); (b) specimen used in 

wide-width tensile test 

The average results obtained from a series of five tests conducted at each of the 

four strain rates are shown in Figure 4.14. The average tensile stiffness obtained at rate of 

testing of 1 % for the two directions of the geotextile is shown in Table 4.4. The test 

results indicated that the geotextile was stiffer in cross-machine direction than machine 

direction. Furthermore, the tensile strength of geotextile was dependent on strain rate 

adopted for the test. It increased with increase in strain rate used in the test. The results of 

pullout tests conducted using the geotextile are discussed in Section 4.4.1.1.  
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(a) (b)
 

Figure 4.14 Wide width tensile test results for geotextile at different strain rates (a) 

Machine direction (b) Cross-Machine direction 

Table 4.4 Wide width tensile tests results for the geotextile  

Properties Units 
1% strain per minute 

MD XD 

Stiffness at 1% strain kN/m 618 825 

Stiffness at 2% strain kN/m 595 697 

Stiffness at 5% strain kN/m 469 487 

Stiffness at 10% strain kN/m 426 383 

Stiffness at maximum load kN/m 389 307 

Strain at maximum load % 20 20 

4.4.1.1 Baseline test 

The test I-1 as shown in Table 4.1 is designated as the baseline test for calibrating 

the proposed analytical model. The specimen for geotextile (G3) was prepared with 

dimensions of 0.6m length and 0.45m width as per the guidelines described in ASTM 

D6706 (2003) for conducting pullout test. Five LVDT’s were used at the horizontal 

spacing of 100 mm, 200 mm, 300 mm, 450 mm and 600 mm from the front end of the 

specimen as shown in Figure 4.15. The advantage of having five LVDT’s was that the 

displacement profile throughout the length of the geosynthetic could be monitored. 

Furthermore, the readings from three LVDT’s could be used to calibrate the model 

parameters and the other two LVDT’s could be used to verify them. However, for the 

present analysis all the five LVDT’s were used for parameter estimation.   
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Figure 4.15 Location of LVDT’s on geosynthetic specimen for test I-1 with dimensions 

of 0.6m confined length and 0.45m width (All dimensions in millimeters) 

Monterey No. 30 sand was used as the confining soil. The normal pressure 

applied at the top of the specimen was 21 kPa (3psi). The displacement rate of testing 

was set to 1mm/min. The value of frontal pullout force (Fp) for displacement measured at 

location of five LVDT’s was obtained from the given test as shown in Figure 4.16. The 

maximum pullout force value for the given test was 14.5 kN/m. 
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Figure 4.16 Frontal pullout force vs. displacement curve for each LVDT 
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After completion of the test, the data was analyzed to obtain the two parameters 

yield shear stress (τy) and confined stiffness (Jc) proposed in the analytical model. The 

yield shear stress (τy) could be obtained either graphically or using equations proposed by 

the model. For computation of τy graphically, data obtained from pullout test in terms of 

frontal pullout force and displacement at each LVDT were plotted as  a function of time 

from the start of the test as shown in Figure 4.17a. This plot helped to determine the 

magnitude of frontal pullout force when each LVDT just started to move (Fp,t1 through 

Fp,t5). That is, the magnitude of frontal pullout force corresponding to the active length of 

reinforcement was defined.  Then, these values were plotted against the location of each 

LVDT on the geosynthetic specimen as shown in Figure 4.17b.  
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Figure 4.17 Computation of yield shear stress parameter graphically (a) Frontal pullout 

force and displacement as function of time from start of test; (b) Frontal 

pullout force vs. active length of the reinforcement 
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The line was then fitted through these points and its slope was determined. Since 

shear stress is mobilized on top and bottom of the specimen, it value was half of the value 

obtained from slope of the curve. The yield shear stress (τy) for the given soil-

geosynthetic system was calculated as 10.5 kN/m
2
.  

Alternatively, the magnitude of frontal pullout force at which each individual 

LVDT starts moving can be determined from the test data. At this frontal pullout force 

the active length of reinforcement is known and is equal to the location where LVDT was 

placed before the start of test. So the value of yield shear stress can be calculated using 

Equation 3.53 as shown in Table 4.5. 

Table 4.5 Computation for yield shear stress 

LVDT 

Number 

Location from 

front end, L′  

Time to start of 

displacement 

Force 

Fp 

Yield Shear 

ττττy=Fp/2L′    

mm seconds kN/m kN/m
2
 

1 100 466 3.0 15 

2 200 562 5.5 13 

3 300 669 6.8 11 

4 450 820 9.19 10 

5 600 1014 12.22 11 

 

The present model assumed a constant value of τy throughout the geosynthetic 

specimen for the given test. However in the above analysis, the first LVDT had higher 

shear stress value and last two LVDT’s have lower values than those obtained from 

middle LVDT’s. Thus, it can be seen that yield shear stress was influenced by the 

boundary conditions. For calculation purposes an average value of τy was assumed for the 

entire test for a given soil-geosynthetic system subjected to known normal pressure. 

To compute the value of confined stiffness (Jc), it was necessary to obtain the 

confined force and displacement response at each LVDT. Therefore, after computing the 

yield shear stress τy, the confined force F(x) at LVDT point xi, for a given frontal pullout 

force Fp was  estimated as shown in Equation 3.52 as, 
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iyPi xFxF τ.2)( +=  

 

The confined force F(x) and displacement w(x) at each of the five LVDT points is 

shown in Figure 4.18. The LVDT’s 2 and 3 which are in the middle of the geosynthetic 

specimen were least influenced by the boundary conditions and had similar confined 

force and displacement response. This trend was as hypothesized by in the development 

of the analytical model, where it was suggested that the confined force and displacement 

response is unique for a given soil-geosynthetic system. 
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Figure 4.18 Confined force vs. displacement curve for baseline test 

The next step in the analysis involved determining the magnitude of the confined 

stiffness (Jc) for the given system. It could be estimated graphically by plotting the square 

of the confined force at a point vs. displacement at that point as shown in Figure 4.19.  

Then, the slope of this curve directly gives the value of constant KSGI, which can be used 

to back-calculate the value of Jc for a given average value of  τy using Equation 5.1.  This 

graphical method was used in the present analysis to estimate this parameter.  
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Alternatively, Jc could be computed by using Equation 3.56 shown below for a 

given value of confined force and displacement at a point.  
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The average value of confined stiffness based on the data obtained from LVDT 2 

(at 1 mm displacement) was estimated at 590 kN/m.  
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Figure 4.19 Estimating KSGI graphically 
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Alternatively, after computing the value of two model parameters (knowing the τy 

and Jc magnitude mathematically), the value of KSGI could be obtained using Equation 

3.57. For the given test, KSGI was estimated at 24990 kN
2
/m

3
 (or 24.9(kN/m)

2
/mm). The 

above value of KSGI can also be converted to equivalent modulus MSGI at 1 mm 

displacement using the Equation 3.58 and was given as, 

 

2/5000
1000/1

24990
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)( mkN
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iSGI ≅==      (5.2) 

 

Finally, the prediction of the pullout force and displacement based on estimated 

parameters τy and Jc were compared with that measured during the test at all the five 

locations using the Equation 3.59.  
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The curve showing the predicted vs. measured displacement is shown in Figure 

4.20. Good agreement was obtained between the measured and predicted values of frontal 

pullout force and LVDT displacements at five LVDT locations in terms of two model 

parameters. 

The regression analysis was conducted on the data obtained from the pullout test 

to directly obtain the KSGI value as discussed in Section 3.6.3. Furthermore, the upper and 

lower bounds on the estimates of KSGI were established as shown in Table 4.6. Based on 

these results it was estimated that the variation in KSGI value for a given test is within 

1000 (kN/m)
2
/m for 95% upper and lower bound interval.    
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Figure 4.20 Comparison of measured and predicted data for frontal pullout force vs. 

displacement for the baseline test 

Table 4.6 Regression analysis to obtain KSGI 

KSGI   24663   (kN/m)
2
/m 

Upper 95% 25840   (kN/m)
2
/m 

Lower 95% 23991   (kN/m)
2
/m 

Observations 619 

R Square 0.995 

t Stat 55.51 

P-value 6.7E-242 

Standard Error 9.16E-07 

 
 

 

The procedure detailed above was used for data analysis of tests conducted using 

large scale pullout system to estimate the model parameters (τy and Jc). These parameters 

were used to compute coefficient of soil-geosynthetic interaction (KSGI) for given system. 

The results for tests listed in Table 4.1 for test series-1 are presented to calibrate the 

model and the average value of KSGI obtained in each case is reported. 
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4.4.1.2 Repeatability 

To check the repeatability of tests for given soil-geosynthetic system with the 

pullout apparatus, Test I-2 was setup under similar conditions as Test I-1. A new 

specimen of geotextile (G3) was tested with Monterey No.30 sand at 21 kPa normal 

pressure. The rate of testing during both the tests was maintained at 1 mm/minute. The 

frontal pullout force vs. displacement of first LVDT for both the tests is shown in Figure 

4.21a. The value of maximum pullout force obtained in test I-2 was 12.1 kN/m as 

compared to 14.5 kN/m for Test I-1. Furthermore, the yield shear stress obtained based 

on analysis of test I-2 was 10.3 kN/m
2
 as compared to 10.5 kN/m

2
 for test I-1 as shown in 

Figure 4.21b. 
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Figure 4.21 Test conducted for repeatability: (a) Frontal pullout force vs. displacement 

for LVDT 1 in Test I-1 and Test I-2 (b) Yield shear stress for test I-2 



152 

 

Based on the magnitude of τy, confined force values at each LVDT point were 

calculated to compute Jc. The values of confined force vs. displacement for LVDT’s 1 

and 2 for both the test are shown in Figure 4.22a and 4.22b respectively. The LVDT 2 

readings for both the tests showed better match specifically at low displacement 

magnitudes (till 1 mm) as compared to LVDT 1 due to less effect of boundary conditions 

on it. Thus LVDT 2 was used in case 2 to compute the confined stiffness Jc value. 
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Figure 4.22  Comparison of confined force vs. displacement profile for test I-1 and test I-

2:  (a) LVDT 1 (b) LVDT 2 
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Using the above values of F(x) and w(x), KSGI value was calculated for test I-2. 

The comparison of slope for the curve obtained by plotting square of confined force with 

displacement for LVDT 2 for both tests is shown in Figure 4.23. The value of KSGI was 

slightly lower than that obtained in test I-1. However, the slope of the curve showed good 

agreement at the low displacement magnitudes (less than 1mm) which is the area of 

concern for current analysis. 
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Figure 4.23 Comparison of KSGI values obtained for test I-1 and I-2 graphically 

The average values of each parameter for both the tests are reported in Table 4.7.   

The results obtained from both the tests indicated less variability in the model parameters 

obtained at small displacements compared to pullout test parameters obtained at large 

displacements for the two tests. Also the value of KSGI from both tests were comparable 

and within the range of confidence intervals as determined in the previous case. 

Table 4.7 Repeatability of test results 

Test Specimen dim. Pullout parameters Model parameters Constant 

 
 L W  Fmax ττττmax Jc ττττy KSGI MSGI,1mm 

 

m m kN/m kN/m
2
 kN/m kN/m

2
 (kN/m)

2
/m kN/m

2
 

I-1 0.60 0.45 14.5 12.1 590 10.5 24780 4978 

I-2 0.60 0.45 12.1 10.1 570 10.3 23484 4846 
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4.4.1.3 Effect of specimen length 

The effect of change in specimen length was quantified by conducting tests at two 

different specimen lengths of 0.9m and 0.3m from the baseline specimen length of 0.6m. 

The width of specimen in all these tests was 0.45m. The LVDT’s were relocated on both 

the specimens in test I-3 (0.9 m long) and test I-4 (0.3 m long) as shown in Figure 4.24a 

and 4.24b respectively. The tests were conducted by applying a normal pressure of 21 

kPa on the top of soil-geosynthetic specimen. 

 

(a)

(b)

 

Figure 4.24 LVDT location for test I-3 and test I-4 of specimen width of 0.45 m and 

confined length: (a) 0.9 m; (b) 0.3 m (All dimensions in millimeters) 
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The frontal pullout force values corresponding to displacements for the four tests 

(Test I-1, I-2, I-3 and I-4) are plotted for LVDT locations 1 and 2 as shown in Figure 

4.25a and 4.25b. Based on the results obtained from these tests it was observed that the 

maximum pullout force increased with the increase in the length of the specimen for the 

same width. 
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Figure 4.25 Frontal pullout force vs. displacement for test I-1, I-2, I-3 and I-4 at location: 

(a) LVDT 1 (b) LVDT 2 
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The results were used to compute the value of the yield shear stress for test I-3 

and test I-4 as shown in Figure 4.26a and 4.26b respectively. In test I-3, due to increase in 

the length of the test specimen, the front of the specimen  was stretched (extensibility) 

before the force reached its back end, thereby causing non-uniform yield shear stress 

distribution in the specimen close to maximum pullout resistance value.  Thus the model 

assumptions were not valid in this range of pullout force. This can be seen for LVDT 5 in 

Test I-3 which moved at lower shear stress value that the rest of the specimen. Thus, it 

was not used to compute τy value. Further, this also indicated there is limiting value of 

specimen length for which model assumptions are valid at a given confining pressure. 
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Figure 4.26 Yield shear stress for (a) test I-3, (b) test I-4 

Extension of 

specimen 



157 

 

The value of yield shear stress obtained from each test was used to calculate the 

confined force values for each LVDT location as shown in Figure 4.27 The results were 

used to compute the KSGI value for test I-3 and test I-4.The results of confined force and 

displacement at LVDT location 2 for the four tests are as shown in Figure 4.28. 
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Figure 4.27 Confined force vs. displacement for test I-1, I-2, I-3 and I-4 at point x2 
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Figure 4.28 Comparison of KSGI value obtained for test I-1, I-2, I-3 and I-4 

The values of confined stiffness, Jc and constant KSGI based on analysis of data 

obtained for the tests are shown in Table 4.8. Based on the results, it can be concluded 

that the change in the length of specimen does not affect the confined stiffness of the 

geosynthetic significantly (I-1, I-2, I-3 and I-4). Furthermore as the specimen length 

decreases, the yield shear stress decreases thereby reducing the corresponding value of 

KSGI. 
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Table 4.8 Effect of specimen length on KSGI 

Test  Specimen dim. Pullout parameters Model parameters Constant 

 
 L W  Fmax ττττmax Jc ττττy KSGI MSGI,1mm 

 

m m kN/m kN/m
2
 kN/m kN/m

2
 (kN/m)

2
/m kN/m

2
 

I-1 0.60 0.45 14.5 12.1 590 10.5 24780 4978 

I-2 0.60 0.45 12.1 10.1 570 10.3 23484 4846 

I-3 0.90 0.45 16.9 9.4 575 12.0 27600 5254 

I-4 0.30 0.45 7.4 12.3 585 4.0 9360 3059 

  

4.4.1.4 Effect of specimen width 

The effect of specimen width on model parameters was evaluated by conducting a 

reduced width test on the geotextile. The test I-5 was setup under similar conditions as 

Test I-4 but with a specimen width of 0.28m instead of 0.45m. The new locations of 

LVDT’s for specimen dimension of 0.3m length and 0.28 m width are as shown in Figure 

4.29. The specimen was confined in Monterey No. 30 sand and normal pressure of 21 

kPa was applied at the top of soil-geosynthetic interface. The rate of testing was 

1mm/minute. 

 

 

Figure 4.29 LVDT locations for test I-5 with confined length of 0.3m and width of 0.28m 

(All dimension in millimeters) 
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The comparison of results obtained for frontal pullout force from LVDT 1 for test 

I-4 and I-5 is shown in Figure 4.30. The maximum pullout force magnitude obtained in 

test I-5 had a value of 8.7 kN/m which was greater than value of 7.4 kN/m obtained for 

Test I-4. Thus, reducing the width of the geosynthetic specimen for similar test 

conditions in a pullout box lead to its stiffer response in term of pullout resistance. 
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Figure 4.30 Comparison of frontal pullout force vs. displacement response for test I-4 and 

I-5 

  Similar observations were made by theoretical and experimental studies carried 

out by Hayashi et al. (1996) and Ghionna et al. (2001). They showed that for geosynthetic 

specimens having a width smaller than the pullout box, a three-dimensional soil dilatancy 

effect develops. The non-dilating zones in the soil surrounding narrower geosynthetic 

specimen (i.e., zone a in Figure 4.31a) behaves as a restraint against soil dilatancy in the 

dilating zone (i.e., zone b).  This leads to generation of additional shear stresses at the 

border between the two zones thereby increasing the effective normal stress on the soil–

geosynthetic interface and, consequently, an increase of pullout resistance. When a wider 

specimen is used, the soil dilatancy effect from the edges is reduced as shown in Figure 

4.31b because the soil area that blocks the dilatancy decreases. Therefore, it is 

recommended to use the geosynthetic specimen with width comparable to that of the 

pullout box used for testing it. 
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(a) (b)
 

Figure 4.31 Dilation mechanisms for narrow and wide specimens in pullout test (adapted 

from Ghionna et al., 2001) 

The yield shear stress based on the test data was calculated as shown in Figure 

4.32.  The value of yield shear stress in this case was 15.3 kN/m
2
 which was greater than 

4 kN/m
2
 obtained in Test 4 and 10.5 kN/m

2
 obtained in the baseline test I-1. The results 

confirm the above hypothesis of the influence of soil dilatancy leading to increase in the 

yield shear stress value when the specimen width is smaller than the box dimensions. 
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Figure 4.32 Yield shear stress calculation for test I-5 
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The value of τy was used to compute the confined force at all the LVDT locations. 

The comparison of KSGI value for tests I-4 and test I-5 is as shown in Figure 4.33. It can 

be observed that the response of the geosynthetic is stiffer in test I-5 when compared to 

that of test I-4.  

 

0

10

20

30

40

50

0.0 0.5 1.0 1.5 2.0 2.5

C
o

n
fi

n
ed

 F
o

rc
e 

F
(x

)2
,[

 k
N

/m
]2

Displacement w(x),mm

0.3 m L X 0.25 m W (Test I-5)

0.3 m L X 0.45 m W (Test I-4)

 

Figure 4.33 Comparison of KSGI values for test I-4 and test I-5 

The above plot was used to compute the values of Jc and KSGI for test I-5. The 

comparison of test results for test I-4 and test I-5 is shown in Table 4.9. It can be seen 

that reducing the width of the specimen led to increase in the value of yield shear stress 

and KSGI significantly (> 250%). 

Table 4.9 Effect of specimen width on KSGI 

Test  Specimen dim. Pullout parameters 
Model 

parameters 
Constant 

 
 L W  Fmax ττττmax Jc ττττy KSGI MSGI,1mm 

 

m m kN/m kN/m
2
 kN/m kN/m

2
 (kN/m)

2
/m kN/m

2
 

I-4 0.30 0.45 7.4 12.3 585 4.0 9360 3059 

I-5 0.30 0.25 8.7 14.5 550 15.0 33000 5745 

% Increase -44 18 18 -6 275 250 88 
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4.4.1.5 Effect of normal pressure 

Test I-1 was established as the baseline test and conducted at normal pressure of 

21 kPa. To evaluate the effect of normal pressure same test setup and specimen 

dimensions as used in test I-1 were adopted. The normal pressure on the top of the 

specimen was changed from 21 kPa in test I-1 to 7 kPa in test I-6 and 35 kPa in test I-7. 

The frontal pullout forces vs. displacement curve for each test were obtained as shown in 

Figure 4.34.  The maximum pullout force obtained in test I-6 was 11 kN/m and for test I-

7 was 22 kN/m indicating the increase in normal pressure on the soil-geosynthetic 

interface led to increase in the maximum pullout resistance of the system. 
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Figure 4.34 Frontal pullout force vs. displacement for test I-1, I-6 and I-7 for LVDT 2 

The yield shear stress based on the test data was calculated for both the tests as 

shown in Figure 4.35. The value of yield shear stress for tests I-6 and I-7 was 4.5 kN/m
2
 

and 14.5 kN/m
2
 respectively. These were then used to compute Jc and KSGI values. The 

confined force and displacement plots for all three tests for LVDT 1 and LVDT 2 are as 

shown in Figure 4.36. These were used to compute the KSGI value for each test. The 

comparison of KSGI value obtained from LVDT 2 for all the three tests is as shown in 

Figure 4.37.  



163 

 

y = 12x

R² = 0.97

0

1

2

3

4

5

6

7

8

9

10

0.00 0.10 0.20 0.30 0.40 0.50 0.60

F
ro

n
ta

l p
u

ll
o

u
t f

o
rc

e,
 F

P
(k

N
/m

)

Mobilized length,L' (m)

LVDT 1 LVDT 4LVDT 3LVDT 2 LVDT 5

Equation for trendline

Yield shear stress

τy = 12/2 = 6 kN/m2

y = 29.01x

R² = 0.99

0

5

10

15

20

25

0.00 0.10 0.20 0.30 0.40 0.50 0.60

F
ro

n
ta

l p
u

ll
o

u
t f

o
rc

e,
 F

P
(k

N
/m

)

Mobilized length,L' (m)

LVDT 1 LVDT 4LVDT 3LVDT 2 LVDT 5

τy = 29/2 = 14.5 kN/m2

Equation for trendline

Yield shear stress

(a)

(b)

 

Figure 4.35 Yield shear stress for (a) Test I-6 at 7 kPa (b) Test I-7 at 35 kPa normal 

pressure 

0

5

10

15

20

25

0 5 10 15 20 25

C
o

n
fi

n
ed

 f
o

rc
e 

F
1

(k
N

/m
)

Displacement w(x1) mm

21 kPa (Test I-1)

7 kPa (Test I-6)

35 kPa  (Test I-7)

0

5

10

15

20

25

0 5 10 15 20 25

C
o

n
fi

n
ed

  f
o

rc
e 

F
2

(k
N

/m
)

Displacement w(x2) mm

21 kPa (Test I-1)

7 kPa (Test I-6)

35 kPa  (Test I-7)

(a)

(b)

 

Figure 4.36 Confined force vs. displacement for Test I-1, I-6 and I-7 (a) LVDT 1 (b) 

LVDT 2 
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Figure 4.37 Comparison of KSGI for test I-1, I-6 and I-7 to quantify effect of normal 

pressure 

The above plot for LVDT 2 was used to compute the KSGI and Jc. value for test I-6 

and I-7. The comparison for average value of parameters based on all the LVDT’s for 

three tests conducted at normal pressure of 7, 21 and 35 kPa are as shown in Table 4.10. 

The results indicated that increasing the normal pressure led to increase in the stiffness 

response of the soil-geosynthetic system.  The higher the normal pressure applied to the 

specimen during the test, the higher was the value of both τy and Jc for that test. . Also, it 

was observed that value of τy was less than the value of τmax calculated based on the 

maximum pullout force. Finally, based on the test results it was concluded that the 

increase in the normal pressure led to increase in the KSGI value of the system. 

Table 4.10 Effect of normal pressure on KSGI 

Test  Specimen dim. 
Normal 

pressure 

Pullout 

parameters 

Model 

parameters 
Constant 

 
 L W NP  Fmax ττττmax Jc ττττy KSGI MSGI,1mm 

 

m m kPa kN/m kN/m
2
 kN/m kN/m

2
 (kN/m)

2
/m kN/m

2
 

I-6 0.60 0.45 7 11.0 9.2 500 6.0 12000 3464 

I-1 0.60 0.45 21 14.5 12.1 590 10.5 24780 4978 

I-7 0.60 0.45 35 22.0 18.3 773 14.5 44834 6696 
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4.4.1.6 Effect of orientation 

The geosynthetic has two principal directions i.e., longitudinal or machine and 

transverse or cross-machine direction. The testing direction of a geosynthetic in the 

pullout test is one in which force is applied, similar to conducting a tensile test on it. 

Therefore one pullout test was run to evaluate the interaction properties of change in 

orientation by pulling the specimen in the longitudinal (or machine) direction.  

The test results were used to characterize and compare the properties of 

geosynthetic G3 with the baseline test I-1. The effect of change in specimen direction 

was quantified by conducting a test similar to the baseline test, but reversing the principal 

directions of the specimen. The specimen was prepared for confined length of 0.6m and 

width of 0.45m and then subjected to a normal pressure of 21 kPa. The frontal pullout 

force values corresponding to displacements for the five LVDT locations were obtained. 

The comparison for the frontal pullout force values obtained from LVDT 2 for test I-1 

and test I-8 are shown in Figure 4.38a. The maximum pullout force value obtained in test 

I-8 was 18 kN/m as compared to value of  14.5 kN/m obtained for test I-1.  Furthermore, 

the yield shear stress value was obtained for this tests based on LVDT movement was 16 

kN/m as shown in Figure 4.38b. Finally, using the yield shear stress value, the KSGI value 

for the test was computed as shown in Figure 4.38c. 

 The average values of parameters obtained for both the tests are shown in Table 

4.11. The value of KSGI was lower in test 8 than that obtained in Test I-1 as the area of 

stronger longitudinal ribs was reduced when specimen was tested in machine direction.   

Table 4.11 Effect of specimen direction on KSGI 

Test  Specimen dim. 
Pullout 

parameters 

Model 

parameters 
Constant 

 
 L W  Fmax ττττmax Jc ττττy KSGI MSGI,1mm 

 

m m kN/m kN/m
2
 kN/m kN/m

2
 (kN/m)

2
/m kN/m

2
 

I-1 0.60 0.45 14.5 12.1 590 10.5 24780 4978 

I-8 0.60 0.45 18.5 15.4 220 16.0 14500 3808 
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Figure 4.38 Comparison of tests (I-1 and I-8) conducted to evaluate effect of specimen 

direction on parameters: (a) Maximum pullout force (b) Yield shear stress 

(c) KSGI 
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4.4.1.7 Discussion  

The test conducted under series-I helped to calibrate the proposed model using the 

new pullout equipment. A standardized procedure was established for conducting the 

pullout test for geosynthetics and the data obtained from these tests was interpreted to 

obtain model parameters τy and Jc. The value of soil-geosynthetic interaction coefficient 

(KSGI) was calculated for each test and it was shown that the proposed constant was able 

to quantify the low displacement interaction behavior of the geosynthetics.  

The tests were conducted to establish the repeatability of data obtained from the 

equipment. Based on the test results, it was found that the model parameters were less 

sensitive to geosynthetic specimen and soil used as compared to maximum pullout force. 

They could be obtained in consistent manner for a given soil-geosynthetic system 

subjected to normal pressure in the pullout box equipment. Furthermore, bounds on value 

of KSGI were calculated. For values to be in 95% interval, the upper and lower bounds 

were in the range of ±1000 (kN/m)
2
/m interval of the mean value. 

The tests were conducted to quantify the effect of specimen dimensions on the 

model parameters. It was found that the increasing the length of the specimen from that 

used in the baseline test led to extensibility of the geosynthetic when high pullout force 

(close to maximum force) were mobilized during the tests. On the other hand reducing 

the length of the specimen led to significant drop in yield shear stress value as the 

specimen was mobilized fully at low magnitudes of frontal pullout force. Also, the effect 

of specimen width on the pullout results was evaluated. It was found that reducing the 

width of specimen in a comparison to the box dimensions led to development of dilatancy 

at the soil-geosynthetic interface. This led to increase in the pullout resistance of the 

specimen. The yield shear stress of the soil-geosynthetic system also increased whereas 

the confined stiffness of the geosynthetic did not change significantly with change in 

specimen width. 
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Both the model parameters had different response to change in specimen 

dimensions i.e. length and width. Where the yield shear stress was sensitive to change in 

the specimen dimension, the confined stiffness value was found independent of these 

changes. However, change in either of them led to change in the value of KSGI for the 

given soil-geosynthetic system. Therefore, to provide a common basis for comparison of 

performance, the dimension adopted for baseline test were used for pullout tests 

conducted on different geosynthetics in later part of the study.  

The effect of change in normal pressure on the response of soil-geosynthetic 

system was evaluated by conducting two tests. The normal pressure was changed by ±14 

kPa from that used in the baseline test. It was found that increase in the normal pressure 

led to increase in the maximum pullout resistance of the system. Both the model 

parameters also had higher value for higher pressure used in the test. Thus, KSGI value 

was found to be a function of normal pressure for the soil-geosynthetic system.  

The effect of orientation of specimen was evaluated by conducting the test similar 

to the baseline test but reversing the principal specimen direction. It was found that the 

ribs perpendicular to the pullout force direction had significant effect on the interaction 

properties of the geosynthetic. The value of model parameters for the same normal 

pressure was different in both the tests. For pavement application, loading conditions are 

multi-dimensional in nature. The tires travel direction is parallel to the machine direction 

of the geosynthetic when a vehicle is driven over a roadway. This leads to localized shear 

forces in the cross-machine ribs of the geosynthetic causing mobilization of lateral 

restraint mechanism in the system. The cross-machine direction response is considered 

critical for geosynthetic reinforced pavement application. However, tests were done in 

both machine and cross-machine direction for geosynthetics tested in the study as it was 

found that the combined response and interaction between junctions of geogrids would 

govern the final performance of the reinforced pavement system. The results of tests 

conducted on geogrids are discussed in 4.4.2. 
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4.4.2 Series II: Comparison between two geogrids of same material 

4.4.2.1 Materials used 

The two geogrid products used in this test series (Tensar BX-1100 (G1) and 

Tensar BX-1200 (G4), Figure 4.39) were obtained from Tensar Earth Technologies. 

Geogrid G1 was used in the preliminary series of the testing program as described in 

Chapter 3. It was decided to compare its performance with another geogrid product which 

had similar physical properties but was reportedly used for conditions that require better 

performance. Therefore, geogrid G4 was obtained from the same manufacturer to 

evaluate the properties of both geosynthetics under pullout conditions to validate the 

proposed model. These geogrids are marketed for the pavement reinforcement purposes, 

with geogrid G4 being considered superior in performance to G1. Evaluation of the KSGI 

value for these a product reportedly of better performance (G4) was expected to lead to a 

higher value of KSGI. 

 

 

Figure 4.39 Geogrids: (a) Tensar BX-1100 (G1); (b) Tensar BX 1200 (G4) (adapted from 

Finnefrock, 2008) 

The two geogrids have similar physical properties. Both these geogrids are 

integrally formed, punched-and-drawn polypropylene (PP) grids featuring raised 

protrusions at each rib intersections to provide a structural abutment when placed 

between soil layers. They have similar physical dimensions i.e., aperture size and rib 
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shape. The major difference between the two geogrids is the unconfined tensile strength, 

with the BX-1200 having a higher tensile strength in both machine and cross-machine 

directions than BX-1100. The index values of both the products as reported by Tensar 

(2002) are listed in Table 4.12. 

Table 4.12 Properties of geogrids G1 and G4 (Tensar, 2002) 

Property Test Method Units G1 G4 

Rib Shape Observation N/A Rectangular  Rectangular  

Rib Thickness Calipers mm 0.76 1.27 

Nominal Aperture Size I.D. Calipers mm 25   33 

Junction Efficiency GRI-GG2-87 % 93 93 

Flexural Rigidity ASTM D1388-96 
mg-

cm 
250,000 750,000 

Aperture Stability Modulus 

at 20 cm-kg (2.0 m-N) 
Kinney (2001) 

m-

N/deg 
0.32 0.65 

Minimum True Initial 

Modulus  
ASTM D6637-01    

-  MD  kN/m 250 410 

-  XD  kN/m 400 620 

Tensile strength at 5% 

strain   
    

-  MD  kN/m 7 13 

-  XD  kN/m 11 19 

 
 

4.4.2.2 Scope of testing program 

A total of eight tests were conducted in this series of pullout testing as shown in 

Table 4.1. Each test was setup similar to the test I-1 in terms of specimen dimensions i.e., 

0.6 m confined length and 0.45 m width, LVDT locations i.e., 100 mm, 200 mm, 300 

mm, 450 mm and 600 mm from the front end of the specimen and soil used i.e., 

Monterey No.30 sand. Each geosynthetic was tested in the cross-machine direction at 

three normal pressures of 7 kPa, 21 kPa and 35 kPa and in machine direction at normal 

pressure of 21 kPa. The comparison of results obtained for both the geogrids at each 

applied normal pressure magnitude are discussed in Section 4.4.2.3.  
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4.4.2.3 Pullout Test results 

The tests II-1, II-2 and II-3 were done on geogrid G1 and II-4, II-5 and II-6 were 

done on geogrid G4 in cross-machine direction at normal pressure of 7, 21 and 35 kPa on 

the top of the specimen as listed in Table 4.1. The frontal pullout forces vs. displacement 

curve for each test are as shown in Figure 4.40. Based on the results, it was observed that 

at each normal pressure level the value of maximum pullout force obtained for geogrid 

G4 was greater than that for geogrid G1.  

 

0.0

2.5

5.0

7.5

10.0

12.5

15.0

17.5

20.0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

F
r
o
n

ta
l 
p

u
ll

o
u

t 
fo

r
c
e
, 
F

p
 (

k
N

/m
)

Displacement, w(x1), mm

7 kPa

Test II-1 (G1)

Test II-4 (G4)

0.0

2.5

5.0

7.5

10.0

12.5

15.0

17.5

20.0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

F
r
o
n

ta
l 
p

u
ll

o
u

t 
fo

r
c
e
, 
F

p
 (

k
N

/m
)

Displacment, w(x1),mm

21 kPa

Test II-2 (G1)

Test II-5 (G4)

0.0

2.5

5.0

7.5

10.0

12.5

15.0

17.5

20.0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

F
r
o
n

ta
l 
p

u
ll

o
u

t 
fo

r
c
e
, 
F

p
 (

k
N

/m
)

Displacment, w(x1),mm

35 kPa

Test II-3 (G1)

Test II-6 (G4)

(a)

(b)

(c)

 

Figure 4.40 Frontal pullout force vs. displacement for G1 and G4: (a) 7kPa; (b) 21kPa; 

(c) 35 kPa  
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The model parameters τy and Jc were calculated based on these tests.  The 

comparison of yield shear stress value obtained at given normal pressure for both the 

geogrids is shown in Figure 4.41. It was observed that the geogrid G4 had higher yield 

shear stress than G1 at each normal pressure. This is primarily attributed to the higher 

thickness of ribs in G4 than G1. This led to better shear stress development at its surface 

during the pullout test when compared with geogrid G1. 
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Figure 4.41 Yield shear stress for G1 and G4: (a) 7kPa; (b) 21kPa; (c) 35 kPa  
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The test results were used to compute the KSGI value for each test by plotting the 

square of confined force value with displacement at LVDT 2. The comparison of KSGI 

value for each normal pressure level for two geogrids is shown in Figure 4.42. It was 

observed that G4 had higher KSGI value at each normal pressure level than G1. The 

difference in performance was greatest at low confining pressure, but the differences 

were less significant for higher normal pressure. For reinforced pavement, the 

performance under low normal stresses is the most important, so G4 was consider better 

suited than G1 for pavement reinforcement. 
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Figure 4.42 KSGI for G1 and G4: (a) 7kPa; (b) 21kPa; (c) 35 kPa  
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The values of Jc were back calculated for all the tests as shown in Table 4.13.  

Based on the results it was observed that an increase in normal pressure leads to 

increasing values of Jc for both the geogrids. Furthermore, for each normal pressure, G4 

showed higher Jc value than G1 indicating better performance under confined conditions. 

This trend was similar to that observed for unconfined tensile strength of these geogrids, 

where G4 had higher strength than G1 in the cross-machine direction. 

Table 4.13 Effect of geogrid type on KSGI  

Test  Abbreviation Specimen dim. 
Normal 

pressure 

Pullout 

parameters 

Model 

parameters 
Constant 

  

 L W NP  Fmax ττττmax Jc ττττy KSGI MSGI,1mm 

  

m m kPa kN/m kN/m
2
 kN/m kN/m

2
 (kN/m)

2
/m kN/m

2
 

II-1 G1-XD-7 0.60 0.45 7 5.0 4.2 188 2.0 1501 1225 

II-2 G1-XD-21 0.60 0.45 21 12.2 10.2 594 6.3 14974 3870 

II-3 G1-XD-35 0.60 0.45 35 15.5 12.9 745 11.5 34306 5857 

II-4 G4-XD-7 0.60 0.45 7 7.5 6.3 500 3.0 6007 2451 

II-5 G4-XD-21 0.60 0.45 21 12.7 10.5 796 7.0 22315 4723 

II-6 G4-XD-35 0.60 0.45 35 17.5 16 872 12.6 43969 6630 

  

The tests II-7 and II-8 were done on geogrid G1 and G4 in machine direction at 

normal pressure of 21kPa on the top of the specimen as listed in Table 4.1. The frontal 

pullout forces vs. displacement curve for each test are as shown in Figure 4.43a. 

Furthermore, the yield shear stress value was computed for both the geogrids as shown in 

Figure 4.43b. Finally, the results obtained were used to compute the KSGI value for each 

test as shown in Figure 4.43c. The values of Jc were then back calculated for all the tests 

and are as shown in Table 4.16.  

Table 4.14 Effect of geogrid testing orientation on KSGI 

Test  Abbreviation Specimen dim. 
Normal 

pressure 

Pullout 

parameters 

Model 

parameters 
Constant 

  

 L W NP  Fmax ττττmax Jc ττττy KSGI MSGI,1mm 

  

m m kPa kN/m kN/m
2
 kN/m kN/m

2
 (kN/m)

2
/m kN/m

2
 

II-7 G1-MD-21 0.60 0.45 21 11.5 9.6 660 7.6 20145 4488 

II-8 G4-MD-21 0.60 0.45 21 14 10.0 690 8.5 23500 4850 
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Figure 4.43 Comparison of tests conducted to evaluate effect of specimen orientation on 

parameters for geogrid G1 and G4: (a) Maximum pullout force (b) Yield 

shear stress (c) KSGI 

 

Based on the results, it was observed that the geogrid G4 had slightly higher value 

for KSGI than geogrid G1 in the machine direction. The contrast in performance properties 

of both geogrids was not as significant as observed for tests in cross-machine direction. 

This trend was compared with physical properties of both geogrids and it was found that 

both geogrids had similar properties in machine direction whereas different properties in 

cross-machine direction, thereby establishing accuracy of the proposed method to predict 

confined properties of these geogrids. 
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4.4.2.4 Discussion  

The pullout tests conducted under series-II as explained in Section 4.4.1.4 helped 

to compare the properties of geogrids with similar physical properties but slightly 

different tensile strengths. The procedure established for pullout testing of geosynthetics 

as explained in test series-1 was adopted. The tests helped in establishing the applicability 

of SGI model to predict performance of geogrids.  

The pullout test results where the unconfined properties of the geogrids were 

known were analyzed based on this model. The order of performance predicted based on 

the KSGI value was similar to that predicted by laboratory and field studies conducted on 

these geosynthetics earlier. The behavior predicted based on these tests showed good 

agreement with the physical characteristics of these products. Specifically, G4 

consistently had higher coefficient value than G1 at the three confining pressure levels 

and in both directions of testing. This indicated that G4 would perform better than G1 

under confined conditions for reinforced pavement application.  

4.4.3 Series III: Test on geogrid made of different material  

4.4.3.1 Material used 

Field test sections were constructed to monitor the performance of geosynthetics 

as described in Chapter 5. The geosynthetics G1, G2 and G3 were used in these sections. 

The geogrid G2 used in initial phase of testing as described in Chapter 3 was thus 

evaluated in this phase of pullout tests. This helped in assessing the quantitative 

performance of geosynthetics predicted based on the laboratory pullout tests to 

qualitative performance of geosynthetics in the field study.  

The geosynthetic G2 is a Mirafi BasX-11 geogrid as shown in Figure 4.4 with 

index properties as explained in Chapter 3.  The geogrid has an aperture size of 25 mm in 

both machine and cross-machine direction. The manufacturer reported similar tensile 

strength in the machine and cross-machine direction for geogrid G2 (29 kN/m).  The 

manufacturing process involved in this geogrid is different from geogrids used in test 

series-II of this research. 
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Figure 4.44 Geogrid G2 with machine and cross-machine direction 

The geogrid G2 differs from geogrid G1 as it has no distinct protrusions at the 

junction of longitudinal and transverse ribs. The geogrid G2 has similar properties in both 

principal directions whereas G1 had stronger cross-machine direction than machine 

direction. However, the unconfined tensile strength of geogrid G2 was greater than G1 in 

both directions. The similar array of pullout tests was done on this geogrid as G1 and is 

discussed in Section 4.4.3.2. 

4.4.3.2 Scope of testing program 

A total of four tests were conducted in this series of pullout testing as shown in 

Table 4.1. Each test was setup similar to the test I-1 in terms of specimen dimensions i.e., 

0.6 m confined length and 0.45 m width, LVDT locations i.e., 100 mm, 200 mm, 300 

mm, 450 mm and 600 mm from the front end of the specimen and soil used i.e., 

Monterey No.30 sand. The geosynthetic was tested in the cross-machine direction (III-1, 

III-2, and III-3) at three confining pressures of 7 kPa, 21 kPa and 35 kPa and in machine 

direction (III-4) at confining pressure of 21 kPa. The results obtained for the geogrid at 

each confining pressure are discussed in Section 4.4.3.3.  
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4.4.3.3 Test results  

The tests III-1, III-2, and III-3 were conducted in cross-machine direction at 

normal pressure of 7, 21 and 35 kPa on geogrid G2 as listed in Table 4.1. The frontal 

pullout forces vs. displacement curve for each test are as shown in Figure 4.45a. 

Furthermore, the yield shear stress value was computed at each normal pressure level for 

the geogrid as shown in Figure 4.45b.  Finally, the results obtained were used to compute 

the KSGI value for each test as shown in Figure 4.45c. The values of Jc back calculated for 

each test and are listed in Table 4.15.  Based on the test results, it is observed that an 

increase in normal pressure leads to increasing value of these parameters. 

 

0.0

2.5

5.0

7.5

10.0

12.5

15.0

17.5

20.0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

F
r
o

n
ta

l 
p

u
ll

o
u

t 
fo

r
ce

, 
F

p
 (

k
N

/m
)

Displacement, w(x1), mm

Test III-1 (7 kPa)

Test III-2 (21 kPa)

Test III-3 (35 kPa)

y = 4.7x

y = 14.7x

y = 26.0x

0.0

2.5

5.0

7.5

10.0

12.5

15.0

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60

F
ro

n
ta

l p
u

ll
o

u
t 

fo
rc

e,
 F

p
 (

k
N

/m
)

Mobilized length, L' (m)

τy = 4.7/2= 2.3 kN/m2

Test III-1 (7 kPa)

τy = 14.7/2 = 7.3 kN/m2

Test III-2 (21 kPa)τy = 26/2 = 13 kN/m2

Test III-3 (35 kPa)

KSGI = 1.271  (kN/m)2/mm

KSGI = 5.5027 (kN/m)2/mm

KSGI = 14.482 (kN/m)2/mm

0

1

2

3

4

5

6

7

8

9

10

0.0 0.5 1.0 1.5 2.0 2.5

C
o
n

fi
n

ed
 f

o
rc

e 
, 

F
(x

2
)2

, 
(k

N
/m

)2

Displacement, w(x2), mm

Test III-1 (7 kPa)

Test III-2 (21 kPa)

Test III-3 (35 kPa)

(a)

(b)

(c)

 

Figure 4.45 Tests conducted to evaluate effect of confining pressure on parameters for 

geogrid G2 in cross machine direction: (a) Maximum pullout force (b) Yield 

shear stress (c) KSGI 
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Test III-4 was conducted in machine direction at normal pressure of 21 kPa using 

geogrid G2. The test helped to quantify the effect of change in specimen direction on 

model parameters. This test was conducted in similar manner as Test III-2, but by 

reversing the principal directions of the specimen. The frontal pullout force values 

corresponding to displacements for the five LVDT locations were obtained. The test 

results were analyzed to obtain the parameters as described in SGI model and is listed in 

Table 4.15. 

Table 4.15 Results for geosynthetic G2 testing 

Test  Abbreviation Specimen dim. 
Normal 

pressure 

Pullout 

parameters 

Model 

parameters 
Constant 

  

 L W NP  Fmax ττττmax Jc ττττy KSGI MSGI,1mm 

  

m m kPa kN/m kN/m
2
 kN/m kN/m

2
 (kN/m)

2
/m kN/m

2
 

III-1 G2-XD-7 0.60 0.45 7 5.1 4.3 159 2 1271 1127 

III-2 G2-XD-21 0.60 0.45 21 12.0 10.0 189 7.3 5502 2345 

III-3 G2-XD-35 0.60 0.45 35 15.5 12.9 279 13 14482 3805 

III-4 G2-MD-7 0.60 0.45 7 17 14 185 14.5 10751 3275 

 
 

 The comparison of results for tests III-2 and III-4 are shown in Figure 4.46. The 

frontal pullout force obtained from LVDT 2 for test III-2 and test III-4 is shown in Figure 

4.46a. The geogrid (G3) shows higher pullout resistance in machine direction than cross-

machine direction. The average yield shear stress value calculated based on initial 

displacement of five LVDT’s for both tests is shown in Figure 4.46b. The specimen has 

twice the yield shear stress in cross-direction when compared with machine direction for 

same applied normal pressure. This was attributed to manufacturing of the geogrid, where 

the longitudinal ribs are thicker when compared to transverse ribs. 

The comparison between KSGI values for both the tests was conducted and is 

shown in Figure 4.46c.  Based on the results shown in this figure, Jc values for both the 

tests were back calculated as shown in Table 4.15. It was observed that the specimen had 

similar Jc values in both the directions. This was similar to the unconfined tensile strength 

characteristics of this geosynthetics where it had same strength in both directions.   
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Figure 4.46 Comparison of tests conducted to evaluate effect of specimen direction on 

parameters for geogrid G2: (a) Maximum pullout force (b) Yield shear stress 

(c) KSGI 

4.4.3.4 Discussion 

The pullout tests conducted in Series III as explained in Section 4.4.3.3 helped to 

obtain the confined properties for geogrid G2 which was also used in the field test 

sections as discussed in the Chapter 5. The data obtained from these tests was interpreted 

to obtain KSGI value for each test. This geogrid was manufactured using a different 

process as compared to the geogrids G1 and G4. Therefore, it had better confined 

properties in machine direction as compared to cross-machine direction, which was 

opposite of what was observed for geosynthetics G1, G3 and G4.  Finally, the results 

obtained were useful in comparing the performance of this geosynthetics with other 

geosynthetics tested in series I and II. 
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4.5 DISCUSSION OF RESULTS FROM PULLOUT TESTS ON GEOSYNTHETICS 

The pullout tests were conducted on four geosynthetics and results were analyzed 

based on SGI model developed in Chapter 3. Out of these geosynthetics, G3 was a 

geotextile whereas G1, G2 and G4 were geogrids. Geogrids G1 and G4 were 

manufactured using polypropylene (PP) whereas G2 was manufactured using 

polyethylene (PET). Three of these geosynthetics G1, G2 and G3 were also used in the 

field test sections, as explained in Chapter 5. The unconfined tensile strength of all these 

geosynthetics was evaluated in machine and cross-machine directions.  

This section describes the comparison of model parameters and KSGI values for 

these four geosynthetics. A total of eight tests, four in each direction (machine and cross-

machine) are compared, as they were conducted using the same specimen dimensions and 

confining soil at normal pressure of 21 kPa. In other words, two tests one in machine and 

cross machine direction for the four geosynthetics are discussed. Also, comparison is 

made between the unconfined stiffness of these geosynthetics at 5 % strain with confined 

stiffness parameter value calculated based on the SGI model. Finally, the applicability of 

the present model to reinforced pavement design is discussed. 

4.5.1 Machine direction  

The four tests in machine direction for geosynthetics G1, G2, G3 and G4 at 21 

kPa as listed in Table 4.1 were test numbers II-7, III-4, I-8 and II-8 respectively. The 

comparison was made based on data obtained from pullout test for maximum pullout 

force, yield stress, and KSGI values for these tests as shown in Figure 4.47a, 4.47b and 

4.47c respectively. The value of confined stiffness Jc was back calculated from the KSGI 

values for each of these tests. The value of these parameters for four tests is listed in 

Table 4.16. 
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Figure 4.47 Comparison of tests conducted in machine direction for geosynthetics G1, 

G2, G3 and G4: (a) Maximum pullout force (b) Yield shear stress (c) KSGI 
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Table 4.16 Comparison of KSGI for geosynthetics in machine direction 

Test  Abbreviation Specimen dim. 
Normal 

pressure 

Pullout 

parameters 

Model 

parameters 
Constant 

  

 L W NP  Fmax ττττmax Jc ττττy KSGI MSGI,1mm 

  

m m kPa kN/m kN/m
2
 kN/m kN/m

2
 (kN/m)

2
/m kN/m

2
 

II-7 G1-MD-21 0.60 0.45 21 11.5 9.6 660 7.6 20145 4488 

III-4 G2-MD-21 0.60 0.45 21 17 14 185 14.5 10751 3275 

I-8 G3-MD-21 0.60 0.45 21 18.5 15.4 220 16.0 14500 3808 

II-8 G4-MD-21 0.60 0.45 21 14 10.0 690 8.5 23500 4850 

 
 

Based on the results it was concluded that the geosynthetic G3 had the maximum 

pullout resistance (see Fmax in Table 4.10) followed by geosynthetic G2, G4 and then G1 

in decreasing order. However, the focus of the present research is to characterize the 

interaction behavior under low displacement of soil-geosynthetic systems. Therefore, 

KSGI values of these geosynthetics were compared and it was found that G4 had highest 

value of all the geosynthetics followed by G1, G3 and then G2.  The difference in KSGI 

values for these geosynthetics can be explained by examining the model parameter (τy 

and Jc) values for these geosynthetics. It was observed that products G1 and G4 

(geosynthetics with same material) had higher confined stiffness Jc and lower yield shear 

stress τy when compared to G2 and G3 (geosynthetics from another manufacturer) for 

similar testing conditions. The geotextile G3 showed the highest value of yield shear 

stress when compared to other three geosynthetics (geogrids). Therefore, G3 would be 

product of choice if only the shear stress of the system was of concern as is the case for 

tensioned membrane effect in unpaved roads which is mobilized at high displacement 

magnitudes. The flexible (paved) pavements require that the geosynthetic be mobilized 

under low displacements, as lateral restraint is the governing mechanism. Thus, not only 

shear stress but also confined stiffness of the geosynthetics is important. Therefore, 

geosynthetic G4 which had the highest value of KSGI was considered the best suited 

geosynthetic, among those tested in this study, for this application. 

 In summary, the proposed model allowed the dissimilar properties of these 

geosynthetics to be combined into a single framework and used for comparing their 

performance at low displacements using the KSGI value.  
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4.5.2 Cross-Machine direction  

The four tests in cross-machine direction for geosynthetics G1, G2, G3 and G4 at 

21 kPa as listed in Table 4.1 were test numbers II-2, III-2, I-1 and II-5 respectively. The 

comparison was made based on data obtained from pullout test for maximum pullout 

force, yield stress, and KSGI values for these tests as shown in Figure 4.48a, 4.48b and 

4.48c respectively.  The value of these parameters for four tests is listed in Table 4.17. 

Table 4.17 Comparison of KSGI for geosynthetics in cross-machine direction 

Test  Abbreviation Specimen dim. 
Normal 

pressure 

Pullout 

parameters 

Model 

parameters 
Constant 

  

 L W NP  Fmax ττττmax Jc ττττy KSGI MSGI,1mm 

  

m m kPa kN/m kN/m
2
 kN/m kN/m

2
 (kN/m)

2
/m kN/m

2
 

II-2 G1-XD-21 0.60 0.45 21 12.2 10.2 594 6.3 14974 3870 

III-2 G2-XD-21 0.60 0.45 21 12.0 10.0 189 7.3 5502 2345 

I-1 G3-XD-21 0.60 0.45 21 14.5 12.1 590 10.5 24780 4978 

II-5 G4-XD-21 0.60 0.45 21 12.7 10.5 796 7.0 22315 4723 

 
 

 

Based on the results it may be concluded that the geosynthetic G3 (geotextile) has 

the maximum pullout resistance and yield shear stress values in cross-machine direction 

as compared to the other geosynthetics (geogrid). This trend is similar to that observed in 

machine direction for these geosynthetics. The yield shear stress value for three geogrids 

was in the range of 6-7.5 kN/m
2
. Therefore, their performance could be distinguished by 

comparing the confined stiffness directly. Based on this parameter it is observed that 

geogrid G4 performed better than G1 followed by G2.  

When KSGI values for all the four geosynthetics was compared, similar trend in 

performance was observed for three geogrids (G4>G1>G2) as in the machine direction. 

However, in cross-machine direction the geotextile G3 had the highest KSGI value. This 

may be attributed to stronger cross-machine direction fibers than machine direction fibers 

for this geosynthetic. When the confined stiffness value of G3 was compared with 

geogrids, it had value which was lower than that obtained for G4, equal for G1 and higher 

for G2 in this case. 
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Figure 4.48 Comparison of tests conducted in cross-machine direction for geosynthetics 

G1, G2, G3 and G4: (a) Maximum pullout force (b) Yield shear stress (c) 

KSGI 
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4.5.3 Unconfined and Confined stiffness  

The unconfined tensile stiffness (Ju) was determined based on wide-width tensile 

tests conducted on three geosynthetics. The comparison was made between unconfined 

tensile stiffness obtained using wide width tensile test at 5% strain (Ju) with confined 

stiffness parameter (Jc) obtained using pullout test for the four geosynthetics used in this 

study. The difference in values of unconfined tensile stiffness with confined stiffness of 

these geosynthetics in machine-direction (MD) and cross-machine direction (XD) is 

shown in Table 4.18 

Table 4.18 Comparison of unconfined and confined stiffness of geosynthetics 

 Unconfined stiffness at 5% strain, (Ju) Confined stiffness from model, (Jc) 

Geosynthetic 
MD XD MD XD 

kN/m kN/m kN/m kN/m 

G1 194 323 660 594 

G2 278 282 185 189 

G3 469 487 220 590 

G4 260 380 690 796 

 

The data shown in Table 4.18 indicates higher values for Jc as compared to Ju for 

three geosynthetics (G1, G3 and G4). These results support the model assumption 

(Section 3.5.2.1) that use of geosynthetics under confined conditions leads to the increase 

in their stiffness.  When a geosynthetic is subjected to loads under confinement, the 

interaction between the soil particles and the geosynthetics helps in activating additional 

mechanisms. Specifically, the ribs perpendicular to the loading direction get mobilized 

thereby sharing the applied load and leading to lesser strains in the parallel ribs for the 

same force magnitude under unconfined conditions (Figure 3.25). 

For geotextile G3, the primary mechanism affecting its performance for flexible 

pavement is yield shear stress. When the performance of geogrids G1, G2 and G4 were 

compared in terms of model parameters they had similar yield shear stress values 

(Section 4.5.2). Also these geogrids had comparable unconfined tensile stiffness (±100 

kN/m) in both machine and cross-machine direction (Table 4.18). However, when 
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confined stiffness values for these geosynthetics were compared, it was observed that G2 

showed no improvement in confined stiffness whereas the geogrids G1 and G4 had 

higher confined stiffness values. This improved performance in geogrids G1 and G4 was 

attributed to the strength of the junctions at crossing of their longitudinal and transverse 

ribs The ability of geosynthetic to perform (interlock) under confined conditions does not 

depend solely on its unconfined stiffness but also on the ability of its junction to transfer 

load from one direction to another at low strains thereby mobilizing the entire 

geosynthetic under given traffic load. 

4.5.4 Discussion 

The SGI model provided a methodology to interpret the results of pullout tests for 

various geosynthetics under a single framework. Based on the comparison of results for 

four geosynthetics, it was concluded that geogrids G1 and G4 had similar properties in 

both directions under confined conditions. The geogrid G4 had slightly higher confined 

stiffness value than G1. When compared with geogrid G2, both geogrids G1 and G4 

consistently showed better KSGI value in machine and cross machine direction. However, 

when results were compared with geotextile G3, it had contrasting properties in both 

directions. In machine direction it had lower value whereas in cross- machine direction it 

had higher value for KSGI than these geogrids.  

The actual stress developed in pavement under wheel loading is biaxial in nature. 

Thus, it was assumed that geosynthetic which can work as a combined unit would 

perform better under these circumstances rather than products which had preferential 

direction of improved performance. Based on the analysis it was concluded that 

performance in descending order for the four geosynthetics would be G4 followed by G1, 

then G3 and finally G2. This performance order for geosynthetics was obtained for tests 

on Monterey No. 30 sand and thus is preliminary in nature. For actual pavement design, 

the geosynthetics are recommended to be tested in the project specific soil to determine 

the constant KSGI .  
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4.6 CONCLUSIONS 

 The suitability of the SGI model proposed in Chapter 3 for the analysis of the 

geosynthetic reinforced pavements was evaluated by conducting pullout tests. In the 

initial phase, pullout test equipment was designed with capability of measuring small 

displacement magnitudes at low normal pressures. A series of pullout tests were carried 

out using a geotextile and sand as baseline materials to calibrate the equipment. The 

consistency in the test results was established by running tests under similar conditions. 

The effect of model assumptions on the calculated constant was investigated by 

performing a parametric study of relevant variables. These studies included effect of 

specimen dimensions, normal pressure, and specimen direction on the parameter 

magnitude.  

A good agreement was obtained between the proposed model and the 

experimental results. The good agreement included the uniform distribution of shear 

stress throughout the geosynthetic specimen and unique force-displacement relation for a 

given system. Moreover, the boundary conditions were found to affect the results from 

displacement LVDT’s placed close to the specimen edges.  Based on the results obtained 

a standardized procedure was established for the future testing.  

The prediction of the performance was evaluated by comparing the pullout tests 

results of various geosynthetics. An extensive testing program was performed in order to 

evaluate the KSGI value for the geosynthetics in machine and cross machine direction at 

various confining pressures. The current state of practice involves evaluating the 

unconfined tensile strength of the geosynthetic and using it as a design input. It is 

assumed that the higher the unconfined tensile strength of the geosynthetic the better it 

will perform under confinement. Contrary to the current design assumption, it was shown 

that the geosynthetic capable of interlocking with soil and mobilizing its junctions and 

transverse ribs at low displacements would perform better in pullout tests (under 

confinement), independent of its unconfined tensile strength. 
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The results showed that the pullout testing is a useful tool to investigate the soil-

geosynthetic interaction mechanisms for the reinforced pavements. In this particular 

study, pullout testing provided much needed evidence that the soil-geosynthetic 

interaction under low displacements can be adequately captured in the laboratory setup. 

However, additional testing would be required with project specific soils and measured 

against the field performance of geosynthetics to establish the validity of the approach 

proposed in this chapter.  
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Chapter 5: Geosynthetic Reinforced Pavements - A Field Study 

“By three methods we may learn wisdom: First, by reflection, which is noblest; second, 

by imitation, which is easiest; and third by experience, which is the bitterest.”  

-Confucius- 

5.1 INTRODUCTION 

 According to Zornberg (1994), “Field case studies involving instrumentation and 

monitoring of structures to evaluate their performance are vital to the practice of 

geotechnical engineering. This is in contrast to the most other branches of engineering in 

which people have greater control over the materials with which they deal. Although 

adequate field instrumentation is costly, examination of the performance of full-scale 

structures constitutes the only true confirmation that the design of reinforced soil 

structures is, in fact, satisfactory.” This chapter discusses the evaluation of field 

performance of geosynthetics used in a flexible pavement with primary function of 

reinforcement. The aim of this field study was to correlate the field performance of test 

sections with the laboratory test results obtained in Chapter 4. 

Geogrids and geotextiles have been used for more than 30 years as reinforcement 

in the base course layer of flexible pavements. Based on the review of field case histories 

as reported in Chapter 2, it was found that the primary aim of field studies until now has 

been to characterize behavior of reinforced pavements under traffic loads. The 

advantages are generally quantified in terms of reduction in base course thickness for 

same design life or extended service life for same structural composition of the pavement. 

However during its lifetime the pavement has to resist the stresses applied to it due to 

combined effect of traffic and environmental loading in the field conditions. Therefore, 

while setting up the field test sections in the present study, effort was made to quantify 

the pavement distress when subjected to environmental and traffic loading conditions. 

Thus the aim of this study was to obtain a realistic measure of pavement improvement by 

evaluating its behavior for traffic and environmental loads when geosynthetics were used 

to reinforce it. 
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5.2 TYPES OF DISTRESS IN FLEXIBLE PAVEMENTS 

The field case study evaluated as part of this research was conducted with 

assistance from Texas Department of Transportation (TxDOT) at a Low Volume Road 

(LVR). Since LVR’s are constructed in rural areas, they are also known as Farm to 

Market (FM) roads. They are characterized by thin asphalt seal-coat layer and generally 

carry low-volume high-intensity traffic. These roads develop distress conditions due to 

two main reasons which are traffic loads and environmental conditions as discussed in 

Chapter 2. The thin pavement structure leads to severe cracking under traffic loads. Due 

to their location (rural/agricultural areas of Texas), they are also subjected to 

environmental loads caused by extreme variations in temperature and moisture values at 

the pavement site. Along with above two factors the construction practices adopted also 

influence the distress in these pavements during their service life. 

The primary goal for conducting this study was to obtain information regarding 

the field performance of various geosynthetics and compare it with their laboratory 

obtained coefficient values as discussed in previous chapter. The initial discussion in this 

research focused on understanding lateral restraint mechanism developed in reinforced 

pavements with specific application to traffic loads. Along with this benefit, as the part of 

the present research new application of geosynthetic reinforcement was studied for 

improving pavement performance when subjected to environmental loading.  

The subgrade soils in Texas are generally clays of high plasticity, which 

experience volumetric expansion and shrinkage due to moisture fluctuation below the 

pavement. This leads to longitudinal cracks over thin pavement sections (FM roads) 

constructed over these soils.  Geosynthetics were used with the purpose of mitigating the 

development of longitudinal cracks in these pavements. As discussed in Section 5.2.1, it 

is shown that the primary criteria governing the geosynthetic performance is similar to 

that for traffic loading i.e. its ability to develop lateral restraint and thus prevent crack 

propagation when subjected to bottom-up loading due to environmental factors. 
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5.2.1 Mechanism of longitudinal crack development 

The construction of pavements over expansive clays in regions such as central 

Texas has often led to distress due to the development of longitudinal cracks induced by 

moisture fluctuations. Environmental loading such as that caused by moisture 

fluctuations are rarely evaluated as part of the design of pavements, where central focus 

is on traffic conditions. Yet, volumetric changes associated with seasonal moisture 

variations have led to pavement heave during wet seasons and shrinkage during dry 

seasons. The mechanisms leading to the development of the longitudinal cracks are 

eatributed to tensile stresses induced by flexion of the pavement due to settlements 

caused during dry seasons. Figure 5.1 illustrates the envisioned mechanism that leads to 

the development of longitudinal cracks (Gupta et.al 2008).  

 

Shrinkage of clay 
subgrade in shoulder Original ground profile

Swelling of clay 
subgrade in shoulder

CL

a)

b)

: Possible location of longitudinal cracks  

Figure 5.1 Mechanisms of pavement deflection over expansive clay subgrades: (a) 

settlements during dry season, (b) heave during wet season. 

During the dry season, there is decrease in the moisture content of the soil in the 

vicinity of the pavements shoulder (Figure 5.1a). This leads to settlements in the shoulder 

area, but not in the vicinity of the central line of the pavement, where the moisture 

content remains approximately constant throughout the dry season. On the other hand, 

during the wet season, the moisture content in the soil in the vicinity of the shoulder 
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increases (Figure 5.1b). In this case, heave occurs in the vicinity of the shoulder area, but 

not in the vicinity of the pavement central line. As shown in Figure 5.1, the cracks are 

developed in the region where the moisture front advancing and retreating from the 

shoulders reaches its maximum penetration under the pavement.  

Longitudinal cracks have been reported to occur towards the end of dry seasons, 

which is consistent with this envisioned mechanism. The development of a longitudinal 

crack on a farm-to-market road (a low traffic volume road) in central Texas is shown in 

Figure 5.2. This pattern of cracking is typical of volumetric changes associated with 

expansive clays found thorough the state of Texas.  

 

 

Figure 5.2 Typical longitudinal crack developed on pavements over expansive clays 

5.2.2 Remedial measures adopted  

The experience within TxDOT has indicated that the cyclic movements caused 

due to moisture fluctuation led to considerable damage in the form of longitudinal cracks. 

Stabilization of the pavements over such subgrades in Texas has often been remediated 

using lime-treatment of the soils and more recently by reinforcing the base course layer 

with geosynthetics. 

 Lime stabilization has often been used to mitigate such longitudinal cracking in 

expansive soils. The addition of lime to the subgrade or base course layer helps to reduce 

the swelling potential of the soil and stiffening the pavement thereby improving its 

resistance against potential crack development. However, they are not effective in 

subgrades having high sulphates content, as it inhibits the reactivity of the lime thereby 
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reducing its impact. Furthermore, homogeneity of treatment is difficult and the lime 

stabilization method tends to wear out before the pavement service life is over thereby 

either requiring costly maintenance or resulting in severe distress in term of cracks 

thereby reducing the serviceability of the road.  

Recently, geosynthetic reinforcement has been used in combination with lime-

treatment o provide a solution for the problem of longitudinal cracking in pavements. A 

typical cross-section of a geosynthetic reinforced and lime stabilized pavement system as 

used by the TxDOT in the case of expansive clay sub grades is shown in Figure 5.3.   

 

 

 

 

 

 

Figure 5.3 Typical pavement cross-section of a low-volume road in Central Texas using 

reinforcement for mitigation of cracks induced by expansive subgrades  

The addition of geosynthetic helps in preventing the propagation of cracks 

developed in the subgrade into the base course layer thereby maintaining integrity of the 

pavement structure. The tensile stresses are induced in the geosynthetic when this 

environmental load is applied to it and its ability to laterally restraint the base course 

movement helps in preventing the crack propagation in the top layers. Therefore, 

governing criteria for geosynthetic performance under these loading conditions is similar 

to one required for resisting traffic loads i.e. ability to interlock with base material 

(develop lateral restraint).  A field study was thus setup to monitor the pavement 

performance for both traffic and environmental loading conditions.  

 

 

Geosynthetic 

reinforcement

Flexible base course (8 in)

Asphalt coating (1 in)

Subgrade 

(High Plasticity clay)
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5.2.3 Discussion 

Pavements are subjected to traffic and environmental loading during their service 

life. For adequate performance, the pavement should be able to resist stresses due to both 

these loading conditions. The distress caused under both of these loading condition 

influences the performance of pavement. For example, the moisture fluctuation below the 

pavements due to environmental loading leads to weakening of the subgrade thereby 

causing the longitudinal cracks. This distress affects the pavements ability to perform 

under traffic loads. It is difficult to isolate pavement performance under one of these 

loading conditions in field setting. Therefore, in the present field study the attempt was 

made to monitor the pavement performance and measure the distress cause under field 

conditions from both factors. 

 Cracking or distress caused due to traffic and environmental loads can be 

minimized in pavements by reinforcing them with geosynthetics. The primary 

mechanism governing the performance of geosynthetic reinforced pavements for both 

these loading conditions is their ability to contribute to lateral restraint. Therefore, the 

qualitative measurement of response obtained from field sections can be compared with 

quantitative measure obtained in the laboratory for measuring the confinement (in terms 

of lateral restraint) provided by geosynthetics in both cases. 

Various remedial measures can be adopted to prevent distress due to the 

combined effect of traffic and environmental loads in the field. These include 

constructing pavement using geosynthetic-only, lime-only and combined (geosynthetic 

and lime) sections. However, currently the performance of these sections has neither been 

compared among each other nor against a control section. Therefore, in the present field 

study test sections were constructed (control, geosynthetic only consisting of two 

geogrids and a geotextile, lime only, geosynthetic and lime combined) to quantify 

performance of a flexible pavements. The relative performance of these test sections was 

compared and the best alternative was suggested. 

The present research study included a survey of TxDOT projects to determine the 

present state of practice on use of geosynthetics as reinforcement. Based on the responses 
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obtained, the three case studies which were most relevant to the present research were 

selected for future monitoring.  The case studies provided insight not only into the 

mechanism of longitudinal cracking but also the deficiencies in the current methods used 

to evaluate the performance of the geosynthetic reinforced pavements. Then based on the 

lessons learned from these case histories, a full scale field instrumentation and 

monitoring study was conducted to evaluate the performance of geosynthetic reinforced 

pavement having test sections which involved various combinations of lime stabilization 

and geosynthetic reinforcement. The performance evaluation of these test sections was 

done for their response under environmental and traffic loads. A qualitative analysis was 

then conducted for their field response and compared with the laboratory test results for 

geosynthetics, as discussed in the previous chapter. Overall this field study provided 

evidence for the effectiveness of geosynthetics in improving the pavement performance 

and it also provides preliminary basis for validating the laboratory method used for 

comparing various geosynthetics.  

5.3 CASE STUDIES 

A survey of TxDOT projects was conducted to determine the state of practice 

among various districts of Texas on use of geosynthetics as reinforcement. The survey 

was written in such a manner that it complemented the information on use of 

geosynthetics as reinforcement in flexible pavements with their use to prevent 

longitudinal cracking. The survey form was distributed to the district engineers associated 

with relevant projects. Survey responses for 35 projects were obtained from 16 TxDOT 

districts. The districts which responded to survey are shown in Figure 5.4. Analysis of the 

survey responses indicated important gaps in the current state of practice for the 

geosynthetic reinforced pavement design in Texas, as summarized in Table 5.1. 
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Figure 5.4 Map showing usage of geosynthetics in Texas based on districts which 

responded to the survey 

Table 5.1 Summary of survey response of TxDOT districts 

 Yes No 

Cracking problems were observed on 

pavements over high PI subgrades 

 

88% 12% 

Additional problems were observed due 

to the low bearing capacity 

 

   94%        6% 

Geosynthetic reinforcements were used in 

recent projects or repairs 

 73.5%   26.5% 

 

Based on the survey responses obtained, it was found that most of the subgrade 

soils in Texas that proved problematic consisted of high PI clays (PI > 25). Longitudinal 

cracking was the major source of distress for pavements constructed over such soils. The 

field district engineers attributed most of the cracking in pavements to the low bearing 

capacity of the subgrade. Geosynthetics had been effectively used to delay the onset of 

such cracking. Both geogrids and geotextiles had been used; though geogrid were more 

widely used as compared to geotextiles.  
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For the majority of the projects, the geosynthetics were placed in the pavement 

during construction and no post-construction performance evaluation was conducted 

making it difficult to quantify the benefits of the use of geosynthetics in pavements.  The 

geosynthetic products used uniaxial geogrids, biaxial geogrids (from various 

manufacturers), woven geotextiles and glass fiber grids. The geosynthetics were also 

used at various locations within the pavement (i.e. at the base-subgrade interface, within 

the base and within the asphalt). The engineers only had specifications on conducting rib 

tensile strength for geogrids to be used in pavement for reinforcement purposes, but no 

such specification existed for geotextiles. Based on the comments received on the survey 

forms, it was found that there was no standard practice for designing a geosynthetic 

reinforced road. Therefore, it was concluded from the survey that even though there was 

a significant experience with usage of geosynthetics in pavements within the TxDOT, 

there was no clear design methodology or post-construction performance evaluation 

procedure which could be adopted in the field for this application.  

Three sites were selected for post-construction field monitoring based on the 

preliminary survey conducted above, to establish their performance Zornberg et al.., 

(2008). The location of three sites (i.e., FM 542, FM 1774 and FM 1915) relative to 

Austin, Texas is shown in Figure 5.5. In the first project, immediately after construction 

of the geogrid reinforced pavement, the longitudinal cracks were observed even before it 

was open to traffic. In second project, contrastingly different performance was observed 

after using two different geosynthetic products selected using project-specific 

specifications. The third project showed consistently good performance in various 

sections, but the good performance was not consistent with the results of dynamic field 

monitoring tests. The observations from these field studies indicated discrepancies in 

current design methods for geosynthetic reinforced pavements. 
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Figure 5.5 Map showing location of the three site a) FM 542 b) FM 1744 c) FM 1915 

5.3.1 Case History 1 

FM 542 is located in Leon county of Bryan district, Texas. In March 2005, the 

main section of the road was closed for reconstruction and the shoulder road was used as 

an alternative route for traffic. For this, the shoulder was constructed using lime 

stabilized subgrade, flexible base and one course of surface treatment with a layer of 

geogrid provided at the subgrade-base interface as shown in Figure 5.6. 

 

Drainage 

ditchSubgrade (Medium Plasticity clay)

CL

New base course (3 in)

Geosynthetic reinforcement

Lime stabilized subgrade (5 in)

Asphalt coating (1 in)

 

Figure 5.6 Typical cross-section of pavement at FM 542 
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Longitudinal cracks were observed in the pavement section even before it was 

open to the traffic. Accordingly a forensic investigation of the site was conducted to 

establish the reasons for premature failure of the road. This involved visual inspection of 

the site followed by trenching with a backhoe at the location of crack propagation. 

Longitudinal cracks, 50 mm (2 inches) wide were observed close to the junction of the 

recently constructed shoulder and previous main road section. The backhoe was then 

used to excavate the top portion and expose the cracked portion of the pavement. It was 

observed that there was no geogrid below the cracked portion of the pavement. Most of 

the cracks were observed at the junction of the unreinforced and reinforced section as 

shown in Figure 5.7  

 

 

Figure 5.7 Longitudinal cracks in the unreinforced section of FM 542 pavement 

The geogrid rolls supplied by the manufacturer were 3m (9.8 ft) wide but the 

proposed lane was 4.2 m (14 ft) wide. The contractor had placed only one roll of the 

geogrid below the pavement which left 1.2 m (4.2 ft) of the pavement unreinforced. 

While the section consisting of the geogrid reinforcement was performing adequately, the 

cracks developed in the unreinforced section of the pavement. This case study provides 

field evidence that the geogrid reinforced pavements in expansive subgrade soils are less 

susceptible to cracking induced due to environmental loads than the unreinforced 

pavements. 
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5.3.2 Case History 2 

FM 1774 is located in Grimes county of Texas. In August 2002 as part of 

restoration of existing road, 9.120 miles (14.68 km) of the FM 1774 road from SH 90 to 

FM 2445 i.e., from station 993+34 to 1474+90 was reconstructed. During construction, 

the existing road was excavated and leveled in order to install 10 inches (0.25 m) of 

cement and lime stabilized subgrade, 7 inches (0.18 m) of flexible base and one course of 

surface treatment. Site investigation and soil testing indicated presence of clay of high 

plasticity (PI=40) from stations 1289+00 to 1474+90. To reinforce the pavement at these 

locations an additional layer of geogrid was provided at subgrade-base interface. Two 

different geogrid types available in the market were found to satisfy the project 

specifications. To evaluate the field performance both the geogrids were used i.e. geogrid 

type 1 (polypropylene) from station 1299+58 to 1315+42 and geogrid type 2 (polyester) 

from station 1362+94 to 1474+90. The typical section of the geogrid reinforced pavement 

constructed at site was as shown in Figure 5.8. 

 

Cement-Lime stabilized 

subgrade (10 in)

Drainage ditch

Subgrade (High Plasticity clay PI=40)

CL

Flexible base course (7 in)

Geosynthetic reinforcement

Asphalt coating (1 in)

 

Figure 5.8 A typical geogrid reinforced pavement section at FM 1774 

During the 2004 summer, longitudinal cracks were observed in section reinforced 

with geogrid type 2 while the sections reinforced with geogrid type 1 did perform well. 

After excavating the cracked road sections of the pavement reinforced with geogrid type 

2, it was found that there was no longer bond between the longitudinal and transverse 

elements of the geogrid (at the junction of geogrids). Longitudinal cracks and slippage at 
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junction of geogrids in section reinforced with geogrid 2 are as shown in Figures 5.9a and 

5.9b respectively. The material properties of both the grids were evaluated and compared 

with the project recommended specifications. These are as listed in Table 5.2. 

 

 

Figure 5.9 (a) Longitudinal crack on the pavement reinforced with geogrid type 2 (b) 

Slippage between longitudinal and transverse ribs at junction of geogrid 

type 2  

Table 5.2 Comparison of Geogrid (type 1 and 2) properties with project specifications 

given by TxDOT 

 Geogrid A Geogrid B Recommended 

Aperture size, mm  35 43 25-50 

% Open area 75 % 74 % 70% min. 

Tensile Modulus at 2% strain,  kN/m 

 

215 

 

385 200-300 

 

Ultimate strength,  MD, kN/m 

 

 

26 

 

44 

 

- 

CMD, kN/m 

 

21 25 - 

Junction, kN/m 

 

22.5 11 - 

Junction efficiency 93 % 35 % 70% min. 
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Geogrid type 2 had higher strength in machine and cross machine direction but 

lower strength of the junctions when compared to geogrid type 1. TxDOT specifications 

for geogrid products include both index properties (e.g., aperture size, % open area) and 

performance properties (e.g. tensile modulus, junction efficiency, ultimate strength in 

machine and cross-machine direction). A preliminary review of geogrid test results in 

well performing section showed junction efficiency (i.e., the ratio between the strength of 

the junction and the rib tensile strength) of 94% while the geogrid test result in a poorly-

performing section shows a junction efficiency of only 50 %. Since current specifications 

require 90% junction efficiency, the inadequate junction efficiency value could be 

inferred as being the potential cause for the difference in pavement performance.     

Closer inspection of the available test results indicated that the tensile modulus (at 

2% strain) in the poorly-performing section is approximately twice as high as that in the 

well-performing section. Since the tensile modulus is a key property in current design 

methods, the need for additional material characterization to provide insight into the 

actual causes of the differences in pavement performance is required. For example, the 

tensile modulus in the cross-machine direction is rarely specified, but it is not less 

relevant than the tensile modulus in machine direction which is typically specified. Also 

the time -dependent response of polymeric material may lead to different results if tensile 

tests are conducted at different strain rates. The results from this case study emphasized 

the need for having additional laboratory tests that will capture the geosynthetic 

mechanism and provide independent verification of its properties that can better predict 

its performance in the field. 

5.3.3 Case History 3 

FM 1915 is located in Milam County, Texas. In 1996, longitudinal cracks were 

observed in the pavement section starting from Little River Relief Bridge to 2.5 miles (4 

km) west of it. The subgrade in the entire pavement section had plasticity index in excess 

of 35. Accordingly, the pavement was reconstructed such that all sections had 10 inches 

(0.25 m) of lime treated subgrade with a seal coat at top. Due to presence of clays of high 
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plasticity at site, the pavement was reinforced with a layer of geogrid at the base and 

subgrade interface. The effect of base course thickness was evaluated on this pavement 

by constructing three different pavement cross-sections as shown in Figure 5.10.  

 

 

Figure 5.10 Project details and cross section of test sections at FM 1915 site  

Thus, to evaluate the geogrid performance, two geogrid reinforced sections were 

constructed such that Section 1 had a base course thickness of 8 inches (0.20 m) and 

Section 2 had a base course thickness of 5 inches (0.127 m) along with a control section 

having base course thickness of 8 inches (0.20 m). The length of each section along with 

the plasticity index of subgrade for each test section is listed in Table 5.3. 
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Table 5.3 Details of test section at FM 1915 

 Section 1 Control section Section 2 

Reinforcement 

 

Geogrid No Geogrid Geogrid 

Base course thickness, m 

 

0.20 0.20 0.127 

PI 49 37 37 

 

Total length of section, km 1.26 1.34 1.31 

 
 

In July 2001, TxDOT performed falling weight deflectometer (FWD) testing on 

the entire 2.5 miles (4 km) of the pavement section. The tests were conducted at every 

100 ft (30.48 m) interval starting from Section 1. The FWD deflection data thus obtained 

was analyzed using the Modulus 6.0 software program developed by the Texas 

Transportation Institute (Scullion, 2004) and the elastic modulus for each pavement 

section layer was then back calculated. Table 5.4 summarizes the average values of 

modulus obtained for pavement layers of each section. 

Table 5.4 Mean values for pavement modulus obtained using Modulus 6.0, for various 

pavement layers of the three test sections at FM 1915 

MODULUS 

(MPa)

Section 1 Control Section 2

Mean Mean Mean

Seal coat 2068 2063 2020

Base course 1724 1660 1451

Sub base 443 380 302

Sub grade 139 134 132
 

The results from the FWD testing showed higher values of the modulus for the 

base-course and subgrade layer when geogrid reinforcement was used with 8 inches (0.20 

m) thick flexible base course as compared to the control section.  But the third section 

having geogrid reinforcement with 5 inches (0.127 m) base course thickness had lower 

base and sub base modulus as compared to the other two sections. These results lead to 

conclusion that the geogrid reinforcement would improve the performance of the 
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pavement when used over the same base course thickness but the benefits would not be 

realized if the base course thickness was reduced. 

 When the FWD results were compared with the field visual assessment of the 

pavement, longitudinal cracks were observed in the control section. On other hand the 

two geogrid reinforced sections were found to be performing well without any surface 

cracking of pavement. The anomaly between the field observations and FWD testing is 

mainly due to the current pavement analysis procedures for FWD loading which do not 

appropriately consider the effects of geogrid reinforcement layer. Presently the analysis is 

done by neglecting the geogrid layer and directly computing the modulus values for 

various pavement layers in the given section. These values are then compared to the 

modulus values for various pavement layers of a control section. The increase in the base 

course, sub base course and subgrade modulus is attributed to the presence of the geogrid 

layer for a reinforced section when compared with a control section. This method of 

analysis can quantify the benefits for the same base course thickness but can be 

misleading if the base course thickness is varied. The case study pointed out the 

drawbacks in current methods and emphasized the need for a better analysis method to 

quantify the benefits of geogrid reinforcement in the pavement which can adequately 

predict its field performance.  

5.3.4 Discussion  

The three case studies discussed above provided insight into the current state of 

practice with geosynthetic reinforced pavement design in Texas. In the first study, 

forensic investigation conducted at a newly constructed pavement on FM 542 was 

reported. The longitudinal cracks were observed in the geogrid reinforced pavement 

before it was open to traffic. But when site was excavated near the cracks, no geogrid was 

found below the pavement section. Further investigation revealed that the contractor had 

laid 9.8 ft (3 m) roll of geogrid and the pavement being 14 ft (4.2 m) long, remaining 4.2 

ft (1.28 m) section was unreinforced and was cracked. This study showed that use of 

geogrid can prevent cracking in the pavements.  
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Field performance of two geogrid reinforced pavement consisting of subgrade 

having clay of high plasticity were reported. The pavement had two different types of 

geogrid. Both the geogrids meet the project specifications set by TxDOT. Although one 

section reinforced with geogrid type 1 (polypropylene) was found to be performing well, 

the other section reinforced with geogrid type 2 (polyester) showed longitudinal cracking. 

The review of the material properties lead to the preliminary conclusion that poor 

performance in the geogrid type 2 sections is due to inadequate junction efficiency but 

closer inspection indicated the higher tensile modulus of geogrid in this section. Since 

tensile modulus is an important property of geogrid, the need for better material 

characterization is stressed to predict the actual cause of difference in field performance. 

In the third pavement, three sections were constructed. The two geogrid 

reinforced sections i.e., section 1 and 2 had base course thickness of 8 inches (0.20 m) 

and 5 inches (0.127 m) respectively; whereas control sections (no geogrid reinforcement) 

had 8 inches (0.20 m) thick base course layer. FWD testing showed higher pavement 

modulus for the geogrid reinforced section with 8 inches (0.20 m) thick base course layer 

over the control section whereas lower modulus value were predicted for geogrid 

reinforced section having 5 inches (0.127 m) thick base course layer . This indicates 

better performance for the section 1 and poor performance of section 2 when compared 

with the control section. But field visual assessment showed cracking in the control 

section and the two geogrid reinforced section were performing well. The geogrid 

reinforced sections outperform the unreinforced sections though the FWD testing 

indicates otherwise. This shows the inadequacy in the present analysis technique for non 

destructive testing to quantify the geogrid benefit in pavements. 

In summary, there is good field evidence that the geosynthetic reinforcement 

provides benefits by stabilizing pavement over clays of high plasticity. But still there is 

need for new laboratory tests which can provide insight into field performance of these 

reinforced pavement sections. Furthermore, new methods for the analysis of FWD testing 

need to be developed which can better predict the field performance of geogrid reinforced 

and unreinforced section.  
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5.4 FIELD TEST SECTION 

The lessons learned from the field case studies, formed the basis for a field 

monitoring program to evaluate the performance of geosynthetic reinforced pavements in 

Texas. As part of a highway maintenance and rehabilitation project, TxDOT supervised 

the construction of a geosynthetic reinforced farm-to-market road (FM-2) which was a 

low volume road in Bryan district of Texas.  

For comparative evaluation, the reinforced pavement was reconstructed using 8 

different reinforcement schemes (i.e. 3 reinforcement products and unreinforced control 

section, with/without lime stabilization). Furthermore to account for variation in field due 

to environmental, construction and site factors, a total of 4 repeats of each test section 

were constructed at the site. Therefore, a total of 32 test sections (4 reinforcement types x 

2 stabilization approaches x 4 repeats) were constructed in FM-2. Significant features of 

the field monitoring program were: 

 

1. Test sections with different geosynthetic types i.e. geogrid and geotextiles 

2. Test sections with two different type of geogrids  

3. Control sections with no geosynthetic to provide baseline for the study 

4. Test sections having lime and no lime treatment 

5. Multiple test sections with similar construction materials and geosynthetics  

 

Due to unique characteristics of this field study, the reinforced pavement was 

considered experimental and an extensive program of instrumentation for monitoring its 

post construction performance was implemented. In addition, instrumentation in the form 

of thirty-two moisture sensors was implemented in order to characterize the patterns of 

moisture migration under the pavement. A total of eight horizontal moisture and vertical 

moisture sensor profiles each containing an array of four sensors was installed below the 

pavement.  

Field monitoring involving visual inspection, surveying and falling weight 

deflectometer was conducted before reconstruction and immediately after reconstruction 
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of the road. The final construction of the reinforced pavement was completed in January 

2006 and performance evaluation of the newly reconstructed road was conducted on 

regular basis for the next three years.  The results obtained from the field study provided 

understanding of the underlying fundamental mechanisms governing the performance of 

the geosynthetic reinforced pavement in field. Furthermore, they helped in quantify the 

mechanisms of longitudinal cracking and effectiveness of the geosynthetic 

reinforcements in mitigating such distresses. 

5.4.1 Site Details 

Texas Farm-to-Market Road No.2 (FM 2) is located in the Grimes County (i.e. in 

southeast part of Texas). Figure 5.11a below shows FM 2 relative to major metropolitan 

areas in Texas. The total length of the road is 6.4 miles of which 2.4 miles lie towards the 

west of State Highway 6 (SH 6) at Courtney and rest 4 miles continues eastward and ends 

at FM 362 as shown in Figure 5.11b. The test sections were constructed in the portion of 

the road lying between SH6 and FM 362.  

 

 

Figure 5.11 (a) Location of FM 2 relative to Houston and Austin; (b) Layout of FM 2 
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5.4.2 Average Annual Daily Traffic 

Based on the traffic information provided by the TxDOT for the FM 2 road, the 

average daily traffic (ADT) was 800 in 2002 and is expected to increase to 1300 vehicles 

by 2022. Of this, trucks account for 6.6 percent of the ADT. The expected total number 

of equivalent 18-kip single axle load (ESAL) is 91,000 in one direction of the flexible 

pavement for a 20 year period from 2002 to 2022. The speed limit on FM 2 was 55 miles 

per hour. 

5.4.3 Weather Conditions 

FM 2 is located on the outskirts of the city of Navasota in the Grimes county of 

Texas. The closest weather station to the site for which weather information is available 

for 2004 is located in College Station, Bryan district of Texas. Weather conditions at the 

site and surrounding areas, the weather information was gathered for this station. The 

record for the average monthly temperature and precipitation for last 30 years in 

Navasota (WSI Corporation, 2005) were obtained and are as shown in Table 5.5.  

Table 5.5 Navasota 30 Year Climate Averages and Records 

 
Month 1 2 3 4 5 6 7 8 9 10 11 12

Temp. High (°F) 58 63 71 79 85 91 95 96 89 81 71 62

Temp. Low (°F) 37 40 48 57 64 69 72 71 66 56 48 39

Record High (°F) 88 90 99 95 101 104 108 110 106 100 91 85

Record Low (°F) 9 16 19 30 42 52 56 55 43 28 21 3

Mean Temp. (°F) 48 52 60 68 75 80 83 84 78 69 60 51

Rainfall (in.) 3 2.9 3 3.1 4.5 3.9 2.3 2.8 4.8 3.7 3 2.9
 

 

 Based on the climate data, two dry periods can be observed at the site in a year, 

with two wet seasons as shown in Figure 5.12. That is on an average, the site had two 

annually occurring wet-dry cycles.  
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Figure 5.12 Wet and dry season at the site based on 30 year average climate data 

5.4.4 Pre-construction field evaluation 

Before reconstruction of the FM 2 road, a field survey was conducted in January 

2005 to evaluate the structural section of the in-situ pavement. This survey is aimed at 

quantifying the existing damage by documenting the type of cracking present due to 

environmental and traffic loading at the site. Furthermore, it allowed assessment of the 

improvement in the pavement after construction. Finally, the condition of the subgrade, 

the existing base course and the asphalt layer were assessed with the aim of choosing a 

site for field test sections over similar ground conditions.  

The first step in the site characterization was the placement of markers at the edge 

of the pavement. The markers, (wooden pegs) were placed every 0.5 miles starting from 

the west end of the road (FM 362). GPS marking were then made for notable features 

such as traffic signs, culverts and minor roads close to the site. As shown in Figure 5.13, 

the important features are marked for a section of pavement close to FM-362 end of the 

FM-2 road. These identified points of interest were used as reference for non-destructive 

testing before and after construction of the pavement. The nature and extent of vegetation 

adjacent to the pavement was also noted. 

 



212 

 

 

Figure 5.13 GPS marking for FM 2 road close to FM-362 end 

Non- destructive testing was done using Rolling Dynamic Deflectomer (RDD) 

and Falling Weight Deflectomer (FWD) on FM-2 road. A total of 3.84 miles of section of 

west bound lane, also labeled as K6 was tested starting from FM-362 end of the road and 

going towards SH-6. FWD testing was performed at 300 feet intervals using four load 

levels of 6, 8, 11 and 15 kip.  Simultaneously, RDD testing was done using two static 

load levels of 8 kips and 13 kips. The data obtained by FWD testing was processed using 

Modulus 6.0 software to obtain equivalent modulus of the existing pavement. The 

average deflection values obtained by RDD testing and equivalent modulus obtained by 

FWD methods are plotted as shown in Figure 5.14.  

 

 

Figure 5.14 Preliminary results of non-destructive testing at FM 2 
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Both the tests showed similar behavior in terms of pavement performance. 

Specifically, the sections with high deflection during RDD test showed lower equivalent 

modulus as obtained by FWD test, thereby indicating the weak spot in the pavement. The 

results obtained by these tests were used to plan the layout of the test sections. This was 

done to minimize the bias from the test sections in terms of their location on the site 

assuming uniform construction procedures were followed throughout the project. Finally, 

a field visual inspection of the site in accordance with FHWA distress identification 

manual (Miller and Bellinger, 2003) starting from FM-362 westward to SH-6 was 

conducted. Based on the visual survey, the pavement was classified as severely distressed 

and thus in need of immediate repair and maintenance. 

The soil at the edge of the pavement was excavated and the samples were 

collected up to a depth of 2 feet. These samples were not found to be representative of the 

actual subgrade soil as they contained debris which was a mixture of asphalt and other 

construction material left at site from previous rehabilitation and maintenance operations. 

Accordingly, in order to characterize the site cores of the pavement cross section were 

obtained from the middle of the pavement.  Based on the data collected it was established 

that the pavement had an asphalt seal coat layer 1.0 inch thick followed by a base course 

layer with an average thickness of 15 inches above the clay subgrade as shown in Figure 

5.15. 

 

 

Figure 5.15 Cross section of the FM 2 pavement before reconstruction 
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5.4.5 Reconstruction of FM-2 site 

During reconstruction the original pavement layer was scarified, such that the top 

10 inches of existing base course layer were removed. The material that was removed 

during this process was re-compacted to relative compaction of 95% of the standard 

proctor density. For treated sections, this material was stabilized with lime to act as the 

sub-base layer for the new pavement.  An additional new base course layer 7 inches thick 

was then placed on the recompacted over sub-base layer followed by 1.0 inch thick 

asphalt layer at the top of the pavement. The cross section of the scarified pavement is 

shown in Figure 5.16. 

 

Existing base course 

(5 inches thick)

Subgrade (Black Clay)

Asphalt (Seal coat 1 inch)
CL

Drainage 

ditch

Depth of scarification (10 inches)

12 feet 6 feet

1.5 feet

 

Figure 5.16 Cross section of the FM-2 pavement during scarification 

For the field monitoring study, the following four basic test section as shown in 

Figure 5.17 were proposed. 

(a) Unreinforced section without lime stabilization, (Figure 5.17a), to act as a 

control section.  

(b) Unreinforced section in which the scarified existing base course is lime 

stabilized (Figure 5.17b), to evaluate effect of lime –treatment only. 

(c) Geosynthetic reinforced section in which the scarified existing base course is 

not lime stabilized (Figure 5.17c), to evaluate effect geosynthetic 

reinforcement only. 

(d) Geosynthetic reinforced section in which the scarified existing base course is 

lime stabilized (Figure 5.17d), to evaluate combined effect of both treatments. 
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Figure 5.17 Pavement test sections at FM- 2: (a) Unreinforced without lime stabilization; 

(b) Unreinforced with lime stabilization; (c) Reinforced without lime 

stabilization; (d) Reinforced with lime stabilization 

The unreinforced section with no reinforcement was labeled as G0.The reinforced 

sections consisted of one of the three types of geosynthetic reinforcements i.e., geogrid 

type 1 (G1) or geogrid type 2 (G2) or a geotextile (G3). The properties of geosynthetics 

were discussed in the previous chapter. Further, each of the above sections would be 

constructed over lime-treated and non lime-treated base course as listed in Table 5.6. The 

numbers 1 to 4 represent sections with no-lime treatment whereas 5 to 8 represent 

sections with lime treatment.  Therefore, 8 such profiles were constructed in the field 

using four reinforcement combinations along with two stabilization options. 

Table 5.6 Profiles used in field monitoring study at FM-2 

Profile No. Stabilization Reinforcement type Reinforcement Label 

1 

No-lime treatment 

No reinforcement G0 

2 Geogrid 1 G1 

3 Geogrid  2 G2 

4 Geotextile G3 

5 

Lime Treatment 

No reinforcement G0 

6 Geogrid 1 G1 

7 Geogrid  2 G2 

8 Geotextile G3 
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5.4.6 Layout of Test Sections 

The field layout and the numbering system adopted to distinguish various test 

sections is as shown in Table 5.7. The four repeats were constructed at the site for each of 

the eight profiles (Table 5.8). Therefore, to provide a unique identity to each profile, they 

were further divided based on the driving lane (east bound, E or west bound, W) and their 

occurrence in each lane based on their distance from FM362 end (a or b).Thus, each of 

the eight profiles had four prefixes (Ea, Eb, Wa or Wb). For example, the section 2Ea 

indicated profile type 2 as listed in Table 5.6 in east bound lane with first repeat which is 

closer to FM 362 end of the pavement. 

Table 5.7 Numbering system adopted to identify individual test section 

Section No. Profile type Lane Repeat Test Section 

1 1 

K1- East Bound (E) 

a 

1Ea 

2 2 2Ea 

3 3 3Ea 

4 4 4Ea 

5 5 5Ea 

6 6 6Ea 

7 7 7Ea 

8 8 8Ea 

9 1 

b 

1Eb 

10 2 2Eb 

11 3 3Eb 

12 4 4Eb 

13 5 5Eb 

14 6 6Eb 

15 7 7Eb 

16 8 8Eb 

17 1 

K6- West Bound 

(W) 

a 

1Wa 
18 2 2Wa 

19 3 3Wa 

20 4 4Wa 

21 5 5Wa 

22 6 6Wa 

23 7 7Wa 

24 8 8Wa 

25 1 

b 

1Wb 

26 2 2Wb 

27 3 3Wb 

28 4 4Wb 

29 5 5Wb 

30 6 6Wb 

31 7 7Wb 

32 8 8Wb 
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The reconstruction of FM-2 involved constructing a 30 feet wide pavement with 

two lanes of 15 ft width each. The east bound lane was labeled as K1 and west bound 

lane as K6. Further, based on the contract restrictions the research team was given 

permission to construct test sections between stations 223+39 and 162+83, and stations 

98+19 and 78+35. Thus, to incorporate the above requirements it was decided to 

construct 450 ft (~150 m) long test sections with first set of 24 test sections between 

station 221+00 and 167+00 and the second set of 8 test sections between stations 98+00 

and 80+00. The details of each test section with their labels and location of moisture 

sensors as discussed in previous table are shown in Figure 5.18. The field test sections 

were successfully constructed as per the layout detailed below in January 2006. 

  

 

Figure 5.18 Schematic layout of the test section as per station number on FM 2 site 
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5.4.7 Post-construction field evaluation 

The field test sections were constructed using the layout (as shown in Figure 5.18) 

and the geosynthetics were placed at the interface of sub-base and base course layer. 

After the rehabilitated road was reopened to traffic a field monitoring program was 

implemented to document the pavement response under traffic and environmental 

loading. Various techniques including moisture sensors, visual inspection and falling 

weight deflectometer were used to measure its performance. The weather conditions at 

the site were monitored from a new weather station installed at a distance 5 miles from 

the site in January 2006 at Hempstead, Texas as shown in Figure 5.19. The weather data 

from this station was used for day-to-day assessment of the environmental conditions at 

the FM-2 site. Furthermore, the information obtained from this weather station was used 

to calibrate and check the response measured by the moisture sensors installed in the field 

test sections. 

 

FM 2

~ 5 miles

Hempstead 

Weather Station
 

Figure 5.19 Distance of weather station from the site 

 The precipitation data for the year 2006 and 2007 obtained from the weather 

station is as shown in Figure 5.20a. This figure indicates that periods of intense rain 

occurred between October and February of 2006, while periods of little rainfall were 

observed in the late spring and late summer of the year 2007. The temperature and 

relative humidity at Hempstead are shown in Figure 5.20b.  This figure indicates that the 

relative humidity fluctuates between 50 and 92%, while the temperature ranges from 0 to 

31 °C.   
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Figure 5.20 Data collected from Hempstead weather station for (a) Precipitation (b) 

Relative humidity and temperature  

The bore hole sampling was conducted at the site to characterize the subgrade 

soil. The samples were obtained from locations close to the installed moisture stations 

184 and 199. The steps involved in taking a borehole specimen at station 184 are shown 

in Figure 5.21. The bore-hole rig was placed at the marked location (Figure 5.21a). Then 

the auger and the sampling tube were assembled (Figure 5.21b) and driven into the 

ground (Figure 5.21c). Finally, the split spoon sampler was retrieved (Figure 5.21d) and 

the continuous sample was obtained till the required depth. The top 5 feet of sample 

obtained at station 184 consisted of black clay (Figure 3.21e) followed by another 3 feet 

of similar clay and 2 feet of sandy clay (Figure 5.21f). 
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Figure 5.21 Details of borehole sampling operation (a) Rig placed at marked location (b) 

Auger and split spoon being assembled (c) Auger driven into the soil (d) 

Sampler retrieved from the borehole (e) 0-5 feet of sample obtained (f) 5-10 

feet of sample obtained consisting of black clay followed by sand clay 

The borings were conducted at similar locations in January and August 2006 to 

determine the in-situ water content profiles at these times of the year.  The gravimetric 

water content profiles for Station 184 and 199 for the above months in year 2006 are as 

shown in Figure 5.22a and 5.22b respectively.  The top soil had relatively dry surface 

layer as it was exposed to the atmosphere. The moisture profile at Station 184 indicated 

change in moisture content below a depth of 1m wherein the water content increased 

from January to August 2006. Similarly for station 199, the moisture profile showed 

increase in water content from January to August 2006. However, no significant change 

in field moisture content was observed for the two sites below the depth of 2m for both 

the stations. This data indicated that the zone of moisture fluctuation was limited to the 

top 1m of the subgrade layer. The moisture profiles from January 2006 were 

representative of relatively dry conditions, while the profiles from August were 

representative of relatively wet conditions.  This observation from the borehole moisture 

profiles matched the data obtained from the weather station for the same duration. 
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Figure 5.22 Gravimetric water content profiles from the boreholes for January and 

August 2006 at: (a) Station 184; (b) Station 199  

The cores obtained from the borehole sampling above were also used to obtain the 

shrinkage curve of the soil. This was done by air drying the core in the lab and 

calculating the volume of the sample over time till no further change was observed. Then, 

based on the water content reading taken at the beginning and end of the test, the 

shrinkage limit of the soil was computed. The shrinkage limit for this soil was found to 

be 13% at void ratio of 0.46 as shown in Figure 5.23. The value of shrinkage limit of the 

soil obtained using this method is approximate because as the sample dried, it cracked 

leading to higher total volume than actually expected in field. 
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Figure 5.23 Shrinkage limit of the soil based on drying of cores 

The typical soil profile for the site based on borehole investigation indicated a top 

soil zone of 0.2 m followed by subgrade clay layer of 2.7 m thickness with plasticity 

index between 35 to 50 (PI > 25, highly plastic soil) and a layer of sandy clay with 

thickness of 0.1 m as shown in Figure 5.24a. Then, the elevation survey at the site was 

conducted using total station immediately after construction. The results indicated a 

steeper slope on the east side as compared to the west side of the pavement as shown in 

Figure 5.24b. The effect of this feature on the pavement performance is discussed in 

Section 5.6. Finally, the data from borehole survey was combined with the elevation 

survey to obtain a representative profile at Station 184.  

 

 

Figure 5.24 Profile at FM-2 for (a) subgrade cross-section based on borehole survey (b) 

pavement cross-section based on elevation survey 
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5.4.8 Discussion 

A field study to investigate the performance of geosynthetic reinforced pavement 

was designed based the lessons learned from the survey of already constructed pavements 

in Texas. The site had a control section and three different geosynthetic reinforced 

sections which were either lime stabilized or non-lime stabilized. A total of 32 test 

sections were constructed with four repeats for each of the eight profiles. The site 

conditions were investigated during its rehabilitation and immediately after construction 

to obtain the baseline data for future investigation. This included non-destructive testing 

in form of FWD and RDD tests, borehole coring at two locations and elevation survey of 

the site. The environmental conditions were monitored using a weather station located at 

a distance of 5 miles from the site. 

During the service life of a pavement it is subjected to both environmental and 

traffic loads. It is difficult to separate one effect from another as they are interrelated and 

distress caused by one form of loading influences performance under another other form 

of loading. Therefore, a comprehensive plan for post construction field monitoring was 

drawn which incorporated both of these factors.  

The effect of environmental loading was monitored in terms of moisture variation 

below the pavement. The monitoring of moisture migration below pavement involved 

installing the sensors with an onboard data logger to store the data. In addition to this, to 

evaluate the effect of traffic loading, FWD tests were planned to be conducted at regular 

intervals such that they coincided with extreme environmental conditions i.e., peak in 

summer season or after a heavy rainfall event at the site. Finally, the field visual 

inspection survey was conducted at the end of these wet and dry seasons wherein the site 

was inspected for longitudinal cracks. Thus the data collected from these sources allowed 

for a comparison of the performance of the different tests sections and thus the 

effectiveness of geosynthetics in their role of mitigating the environmental and traffic 

loads. 
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5.5 EVALUATION OF MOISTURE SENSOR INFORMATION 

The seasonal moisture variation below the pavement leads to longitudinal cracks 

on its shoulders. These cracks occur parallel to the roadway and can extend a significant 

distance, as explained in Section 5.2. These cracks are undesirable, as they provide a 

pathway for moisture infiltration and increased ease of base course particle migration, 

ultimately accelerating the roadway degradation.  

A mechanism of longitudinal cracking relevant to flexible pavements atop 

expansive clay subgrades was envisioned earlier which involved differential volume 

change across the width of the roadway. This differential movement between the 

shoulders and the centerline of the road often leads to longitudinal cracks that are closer 

to the edge of the pavement. As this mechanism is independent of vehicle loading, it may 

be used to explain several pavement failures observed by TxDOT before opening to 

traffic. An improved understanding of the migration of moisture in highway subgrades 

will enhance implementation of strategies for prevention of longitudinal cracking in 

pavements. 

A strong correlation between moisture migration and longitudinal cracking has 

not been well established in the literature. Accordingly, it was decided to investigate the 

migration of moisture under the pavement in order to assess the likelihood of differential 

shrinkage and swelling between the center and edges of the pavement. Thus, four 

horizontal and vertical profiles of moisture sensors were installed below the subgrade 

during the rehabilitation of FM-2 road.  

This section describes the details of the moisture sensor used, the calibration and 

installation procedure adopted and then presents result from moisture sensors installed 

into the subgrade component of several pavement profiles at FM-2. Finally the trends in 

the moisture data useful for investigation of the mechanism of longitudinal cracking are 

evaluated.  
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5.5.1 Moisture sensor details 

The moisture sensors used in this study to infer the gravimetric water content at 

particular locations in the subgrade were ECH20 sensors, obtained from Decagon, Inc., as 

shown in Figure 5.25a below. They were attached to the Decagon EM50 data logger 

which was powered by standard alkaline batteries as shown in Figure 5.25b. 

 

 

Figure 5.25 Instruments used in field study (a) Moisture sensor (b) Data logger  

These sensors consist of a capacitor circuit embedded within a protective resin. 

The sensors measure the time required for the capacitor to charge upon application of a 

potential difference (Decagon, 2006). The soil acts as the dielectric material between the 

capacitor plates, so the time required to charge the capacitor is sensitive to the dielectric 

permittivity of the soil. Changes in the relative amounts of air and water in the soil during 

wetting and drying, as well as changes in density during shrinkage/swelling, result in 

changes in dielectric permittivity. The charge time of the capacitor is correlated with the 

gravimetric water content of the soil, as this parameter is only sensitive to changes in the 

mass of water (assuming that the mass of solids is constant). The ECH20 sensors have 

low power requirements compared to other moisture sensors (time domain reflectometry, 

neutron gauge), are relatively small, are inexpensive, and can be used with conventional 

data loggers such as the Decagon EM50 or the HOBO data loggers.   
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5.5.2 Moisture sensor calibration 

The moisture sensors were calibrated for subgrade soil or FM-2 clay in the 

laboratory. A rectangular mould which could accommodate the shape of the sensor was 

constructed to act as the calibration chamber as shown in Figure 5.26a.  The mould was 

designed to provide a clearance of 30 mm on each side of the sensor to avoid the 

interference of signal due to reflection from the side walls of the chamber. A bellofram 

piston compactor as shown in Figure 5.26b was used to control the energy imparted to the 

soil during compaction. A total of four lifts each 30mm in height were used to compact 

the soil and the moisture sensor was placed at the end of first two lifts. A barrel of 

subgrade soil was dried in the lab and several 3 kg samples were conditioned to a range 

of gravimetric water contents expected in the field (5 to 35%).  The specimens of the 

subgrade soil were compacted to dry density of 15.5kN/m
3
 in a rectangular mold using a 

piston compactor. After compaction, a measurement was made with the moisture sensor 

to obtain a correlation between the sensor voltage output and gravimetric water content. 

 

 

Figure 5.26 Devices used for calibration of moisture sensors (a) Rectangular mould (b) 

Piston compactor 

The relationship between the gravimetric water content of the remolded subgrade 

soil and the sensor reading is shown in Figure 5.27. The observed calibration curve was a 

straight line parallel to the 45
0
 line. It was assumed that this calibration will not provide 

the exact water content for the clay after swelling or shrinkage occurs, but will give an 

indication of the preliminary estimate of the water content in the subgrade.   
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Figure 5.27 Moisture sensor calibration for subgrade soil 

5.5.3 Moisture sensor installation 

The moisture fluctuation below the pavement cross-section was quantified by 

installing moisture sensors below the pavement during its construction. The low 

hydraulic conductivity of the asphalt seal coat (<10
-9

 m/s) indicated that the precipitation 

falling onto the pavement surface will runoff into the drainage ditch. Therefore, the 

drainage ditch was assumed to be the primary infiltration pathway into the subgrade. 

Furthermore, the secondary source of water entry into the subgrade was identified as the 

seepage through the slope of the pavement during runoff. Both these sources of water 

entry along with cross-section of pavement are shown in Figure 5.28a.  

 Based on above sources, four possible pathways of moisture migration into the 

subgrade were envisioned as: (1) Horizontal seepage through the slope, (2) vertical 

seepage through the slope, (3) horizontal seepage through the pheratic surface and, (4) 

vertical seepage through the ditch in the ponded water as shown in Figure 5.28b. Thus, it 

was decided to install horizontal and vertical moisture profiles along the pavement cross 

section to capture the above pathways. The horizontal array of sensors would be useful to 

assess the lateral migration of water under the pavement, while the vertical array would 

be useful to assess moisture fluctuations in the soil profile without the influence of the 

pavement boundary.   
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The seepage through the slope both in horizontal and vertical direction was 

assumed as the flux boundary condition whereas the flow through the ditch was assumed 

as a constant head boundary condition. Furthermore, the centre line of the pavement was 

assumed as the no flow boundary condition for design purposes. Thus it was decided to 

limit the horizontal array of sensors to the center line of the pavement and the vertical 

array of sensors to the depth of two feet below the pavement. The procedure adopted to 

install horizontal and vertical moisture sensors are explained in the subsequent section. 

 

 

Figure 5.28 Moisture migration below pavement (a) Sources of water entry (b) Flow 

boundary conditions  
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5.5.3.1 Horizontal moisture sensor installation 

An array of four moisture sensors was installed at a given cross-section below the 

pavement. The moisture sensors were placed at a distance of 2m from each other 

beginning from the center of the pavement leading towards the edge of the pavement. A 

typical horizontal moisture sensor profile below the pavement at Station 84 is shown in 

Figure 5.29 below. The sensors were placed at a distance of 150mm below the subgrade 

layer in remolded clay layer which had calibration curve consistent with the one obtained 

in the laboratory. 

 

Figure 5.29 Horizontal array of moisture sensors  

For this location, a trench perpendicular to the direction of the road was excavated 

through one of the lanes using a backhoe (Figure 5.30a).  Care was taken to separate the 

base course and the subgrade layer by placing them on different sides of the excavation, 

for their later replacement in the road section (Figure 5.30b).  The soil was then leveled at 

the sensor locations (Figure 5.30c). Using the saw blade and rubber mallet (Figure 

5.30d), a slit was made on the exposed edge of the subgrade soil (Figure 5.30e). The saw 

blade was carefully removed as to cause minimum disturbance to the surrounding soil. 

Then the moisture sensor was inserted into the slit (Figure 5.30f), and soil was backfilled 

over the sensor end. The subgrade was then backfilled into the hole and compacted by 
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hand using the hammer (Figure 5.30g). The cables were connected to a data logger inside 

the mailbox containment system for easy access (Figure 5.30h). The sensor cables were 

passed through a corrugated plastic tube to a mailbox (Figure 5.30i). Similar procedure 

was followed at four locations along the pavement to install the array of horizontal 

moisture sensors. The data loggers were programmed to take moisture content reading 

every four hours. The moisture data was stored on-board of the logger and was retrieved 

using Decagon software and a laptop computer during the subsequent field visits. 

 

 

Figure 5.30 Horizontal Moisture sensor installation procedure: (a) Trenching; (b) 

Separation of base and subgrade layer; (c) Leveling of installation site; (d) 

Tools for insertion of sensor; (e) Pre-insertion slit into the subgrade; (f) 

Installed sensor; (g) Compaction near sensor head; (h) Data logger; (i) 

Protective tube and casing  for data logger 
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5.5.3.2 Vertical moisture sensor installation 

Vertical moisture sensors were installed in the ditch, close to the edge of the 

pavement.  An array of four moisture sensors was used at a given cross-section adjacent 

to the pavement which was placed at a distance of 150mm, 300mm, 450mm and 600mm 

below the pavement in the subgrade layer. A typical vertical moisture sensor profile 

below the pavement at Station 184 is shown in Figure 5.31 below.  

 

 

Figure 5.31 Vertical array of moisture sensors  

The moisture sensors in the vertical array at a given station were installed by 

digging a trench 0.75m (2 feet) deep (Figure 5.32a).  The four sensors with the wiring 

were passed through a protective tube (Figure 5.32b) at the marked locations.  A slit was 

made using a saw blade and rubber mallet on the edge of the trench (Figure 5.32c) and 

the sensors were inserted into it, while trying to minimize disturbance to the adjacent soil. 

The tube with the wiring was then lowered into the trench (Figure 5.32d) and the trench 

was recompacted using the excavated soil.  The data logger was then attached to the 

sensor wiring (Figure 5.32e) and placed on the top of the protective tube (Figure 5.32f) 

which was sealed using a top plastic cap to provide a secure encasement to the setup. The 

installation procedure discussed above was followed at four other locations along the 

pavement to install the array of vertical moisture sensors. The data loggers were then 

programmed to take moisture content reading every four hours. The moisture data was 

stored on-board of the logger and was retrieved using Decagon software and a laptop 
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computer during the subsequent field visits. Initially, the data logger was placed close to 

the ground surface. In subsequent field visit, ponding of water in the protective tubing 

was observed. Therefore, an additional length of protective tube was added thereby 

raising the level of the data logger. This was done to mitigate the potential damage which 

could be caused by water entry into the circuitry of the logger and also provide easy 

access to the data logger for data retrieval. 

 

 

Figure 5.32 Vertical Moisture sensor installation procedure: (a) Trenching; (b) Placing 

sensors in protective tubing; (c) Pre-insertion slit into the soil; (d) Placing 

the protective tube in the trench; (e) Data logger; (f) Backfilling the trench 

5.5.4 Moisture sensor results 

The horizontal and vertical moisture sensor profiles were installed Section 5.5.3. 

The data logger for horizontal moisture profile at Station 84 started logging data on May 

26, 2005, which was before the roadway had been fully rehabilitated as construction 

finished in June 2005.  Horizontal moisture sensor arrays were also installed under the 

road at three other locations, but the installations were damaged by lawnmowers and 

rodents. Accordingly vertical arrays of sensors were installed in the drainage ditch at 

Stations 184 and 199 one year after the installation of the sensors at Station 84.  The data 

obtained from these profiles is discussed in Section 5.5.4.1. 
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5.5.4.1 Horizontal Moisture Profile Results from Sensors 

The monitoring results for the horizontal array of sensors at Station 84 are shown 

in Figure 5.33. The initial readings obtained from moisture sensors were discarded as 

immediately after its installation in May 2005, the data logger malfunctioned due to 

overheating and subsequent leaking of their batteries. The problem was fixed by cleaning 

the circuit board and replacing the batteries in July 2005. Based on the discussion with 

the construction manager it was found the site was relatively dry during construction in 

the summer of 2005. This dry period was reflected by the significant drop in gravimetric 

water content measured by sensor closest to the edge of the pavement i.e., sensor 34. 

After December 2005, the moisture sensor 34 showed significant fluctuations in water 

content, ranging from 16% to 46% whereas the water content inferred by the three 

sensors under the road did not vary and was close to 30%. A slight increase in water 

content was observed by the sensors under the pavement at the end of construction which 

was attributed to equilibration of gravimetric water content in the subgrade.  
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Figure 5.33 Time series of moisture data for each sensor at Station 84  

A comparison between the precipitation data obtained from the weather station 

close to the site and the gravimetric water content readings from sensor 34 at the shoulder 

of Station 84 are shown in Figure 5.34. The spikes in water content in the subgrade layer 

at the edge of the pavement were found to be consistent with the timing of rainfall events 

at Hempstead weather station located at distance of 5 miles from the site.  
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Figure 5.34 Comparison of data obtained from weather station and edge moisture sensor 

The isochrones were drawn for moisture time histories for all the four sensors as 

shown in Figure 5.35. This graph indicated that the moisture variation was limited to the 

edge of the pavement while the center of the pavement remained at the constant moisture 

content. The zone of moisture fluctuation was limited to the first 2 m close to the edge of 

the pavement.  
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Figure 5.35 Isochrones of moisture data for each sensor at Station 84  

Despite the difference in moisture fluctuations between the subgrade in the 

drainage ditch and that under the pavement, no longitudinal cracks were observed near 

the station location. As this location i.e., Section 6Eb was lime treated and reinforced 

with geosynthetic G1, the pavement was relatively stiff.  This indicated that reinforcing 

the pavement helped in mitigating the onset of longitudinal cracking due to moisture 

variation below the pavement. These results are correlated with field visual inspection 

survey and discussed in Section 5.6. 
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5.5.4.2 Vertical Moisture Profile Results from Sensors 

The vertical arrays of sensors were installed in the drainage ditch at Stations 184 

and 199 one year after the installation of the horizontal array of sensors at Station 84. 

These profiles were installed to measure the range of water contents in the field, as well 

as the rate of movement of wetting or drying fronts from the drainage ditch to the 

subgrade under the shoulder. The time series for the moisture sensors at Station 184 are 

shown in Figure 5.36. 
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Figure 5.36 Time series of gravimetric water content data for Station 184  

 The water content at this location was observed to vary between 26% and 43%. 

These results showed water content above the shrinkage limit of soil (13% as shown in 

Figure 5.23) thereby indicating wet conditions prevailed at the location for the duration of 

monitoring. All the sensors showed change in water content over time. Based on the 

results it was concluded that the depth of moisture fluctuation was greater than the depth 

of sensor installation at site. Therefore, the minimum depth of moisture fluctuation at site 

was assumed equal to depth of bottommost sensor (610 mm). When comparing results 

among the four installed sensors, it was observed that the topmost sensor had the 

maximum daily fluctuation in readings. This indicated that the surface of the soil had 

wider variation in water content than deeper profile of the soil.  
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The gravimetric water content time series for the vertical array of sensors at 

Station 199 is shown in Figure 5.37. All the sensors showed similar trend in gravimetric 

water content with time. The gravimetric water content was observed to vary between 

30% and 43%. This location had vegetation in form of trees and ponded water was 

routinely observed in the drainage ditch during most field trips to the site. This site had 

higher water content than station 184 which had no shade from trees, and so the water 

dried out due to exposure to sun leading to drier conditions.  
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Figure 5.37 Time series of gravimetric water content data for Station 199 

The isochrones of vertical array of sensors at station 184 and 199 were plotted as 

shown in Figures 5.38a and 5.38b respectively. The top two sensors located at 150 mm 

and 300 mm at both of these stations showed more variation in moisture readings when 

compared to the bottom two sensors located at 450 mm and 600 mm. This indicated that 

the top 300 mm (1feet) of the subgrade layer was more susceptible to moisture 

fluctuation than the bottom part. 
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Figure 5.38 Isochrones for vertical moisture sensor array at stations (a) 184 (b) 199 

A comparison between the gravimetric water content measured by the sensors 

closest to the ground surface in the drainage ditch at horizontal moisture stations 84 and 

the vertical moisture station 199 is shown in Figure 5.39.  Both the sensors indicated 

similar trend in the moisture variation, though they were installed at different locations.  

This data helped in verifying the accuracy of the installed sensors both in horizontal and 

vertical direction in predicting moisture fluctuation trends at the site. Furthermore, the 

magnitude of moisture variation was similar for the two sites, with large changes in 

gravimetric water content occurring over the period of several days indicating uniformity 

of weather conditions over the entire section of the pavement. 
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Figure 5.39 Comparison of top moisture sensors located at station 84 and 199 
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The daily changes in gravimetric water content for Stations 184 and 199 are 

shown in Figures 5.40a and 5.40b respectively. The positive increase of up to 14% in 

water content was observed during the course of a day during a heavy rainfall event 

which occurred after a relatively dry period, causing ponding of water at the site. 

However, no significant decreases in gravimetric water content were observed (i.e., less 

than 3% changes in water content was observed in a given day) which can be attributed to 

the lower hydraulic conductivity of unsaturated soils. This indicated that since the 

construction the site has maintained a baseline moisture profile and all the moisture 

gained due to rainfall events is subsequently lost over dry periods.  
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Figure 5.40 Change in water content of the surface sensor (152 mm): (a) Station 184; (b) 

Station 199 

Based on the graphs it can be seen that there was a relatively dry period from May 

to July 2006, followed by a wet season from July through November 2006. In the next 

year, the dry season continued till March, 2007 followed by rainfall event in April, 2007. 

Thus, data obtained from moisture monitoring indicated that the site was subjected to 

seasonal moisture fluctuation in this period.  
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5.5.5 Discussion 

Field moisture monitoring was performed by installing an array of sensors in 

horizontal and vertical direction below the pavement subgrade. The water content 

readings from the horizontal and vertical array of sensors indicated that the moisture 

variation occurred mostly near the edge of the pavement whereas the center of the 

pavement remained at a constant level. The zone of at least 1m below the pavement was 

susceptible to moisture change due to these seasonal fluctuations. These results obtained 

helped in understanding the moisture variation pattern below the pavement.  

Based on the field moisture migration study it was concluded that there is 

seasonal moisture fluctuation below the pavement, but it is primarily limited to the edge 

of the pavement. Further, the top 1m zone of the subgrade soil is critical for vertical 

moisture migration. Therefore, the edge of the pavement is the most stressed zone due to 

these horizontal and vertical moisture fluctuations. Extending the geosynthetic towards 

the edge can be an effective strategy to prevent the longitudinal cracking of pavements. 

5.6 FIELD MONITORING USING CONDITION SURVEY 

The moisture content variation below the pavement was found to be cyclic in 

nature causing it to crack in the longitudinal direction by concentrating the stress at the 

edges. The sensors installed to measure the water content below the pavement indicated 

the above pattern of moisture fluctuation. Then, to establish the linkage between the 

moisture content variation as shown by the moisture sensors and appearance of field 

longitudinal cracks, visual inspection of the pavement was done. The motivation for this 

component of the research study was to obtain field evidence for longitudinal cracking 

and also determine the difference in performance obtained by sections having lime 

stabilization and geosynthetic reinforcement compared to the control sections. 

5.6.1 Field surveying details 

The distress due to environmental loading on the pavement was visually 

documented using the field condition surveying. The field visual inspection surveying 
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procedure involved walking the entire length of the test sections with a distance 

measurement wheel and datasheet to track the nature of cracks on the pavement. The 

tools used during the field visual inspection were a measuring tape to know the distance 

of the crack from the shoulder white line and a measuring scale to establish the depth of 

crack as shown in Figure 5.41.  The photographs were taken using digital camera for each 

field trip and analyzed to understand the mechanism of crack formation, establish the 

origin of the crack and its propagation over the period of time. 

 

 

Figure 5.41 Tools used during field visual inspection of the FM-2 pavement: (a) 

Measurement devices, (b) Surveying datasheet 

A total of nine field condition surveys were performed since reconstruction of 

FM-2 road. The surveys were performed in August and November of 2006; February, 

May and November of 2007; April and August of 2008; May and August of 2009. There 

were no signs of major distress from the first survey, conducted in May 2006 to the fifth 

survey conducted in November 2007. This absence of longitudinal cracks in the 

pavement was attributed to its few exposures to seasonal moisture variation and its 

relatively new construction. However, since the survey in April 2008, incipient 

longitudinal cracks were noticed. Initially, the cracks developed in the unpaved portion of 

the pavement close to the shoulder region. Most of the cracks were of hairline thickness 

and widened over time. A typical progression of crack observed over the subsequent field 

trips is as shown in Figure 5.42. The nature of cracks formed in different test sections is 
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then discussed. Furthermore, the comparison is made between the progression of cracks 

in base line section when compared sections which had lime treatment or geosynthetic 

reinforcement or both. Finally, the nature of preferential cracking observed on one side of 

pavement and effect of location of test sections on crack formation is also discussed. 

 

 

Figure 5.42 Development of crack at a location over time (a) November 2006; (b) 

November 2007; (c) August 2008; (d) August 2009  

5.6.2 Performance of test sections 

The test sections were surveyed using visual inspection. The details of test section 

are described in Section 5.4.6. For the present performance evaluation, the thirty two test 

sections were divided into four main groups: control section (four in number), no 

reinforcement section with lime treatment (four in numbers), geosynthetic reinforced 

section with no lime treatment (twelve in number) and geosynthetic reinforced lime 

treated sections (twelve in numbers).  

During the field survey, preferential cracking was observed at east side of the 

pavement as compared to the west side. This was ascribed to the steeper slope of the 

pavement on this side. Furthermore, three test sections on east side (6Ea, 7Ea, and 8Ea) 
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showed severe distress, due to their location close to the culverts as shown in Figure 5.43.  

The cracks observed in these sections were considered independent of the parameters 

under scope of the present study i.e., lime treatment and geosynthetic reinforcement and 

are not discussed in this research.  

 

 

Figure 5.43 Continuous cracks through three section due to steep slope on east side of the 

pavement; (a) 6Ea (b) 7Ea, (c) 8Ea  

5.6.2.1 Control test section 

The control section consisted of no geosynthetic reinforcement or lime treatment. 

The location of four control sections (1Wa, 1Wb, 1Ea, 1Eb) is as shown in Figure 5.44. 
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Figure 5.44 Location of control section on FM-2 road 

The evidence of longitudinal cracking was seen in all the four control sections. 

The longitudinal cracks were observed to originate in the shoulder region of the 

pavement. Then, they spread such that the cracks ran parallel to the pavement or split into 

two or three branches. These cracks then ended up entering the main pavement structure 

and causing it to break as shown in Figure 5.45.    

 

 

Figure 5.45 Longitudinal crack in different stages in sections (a) 1Ea, (b) 1Eb, (c) 1Wa, 

and (d) 1Wb 
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Besides the longitudinal cracks observed in these sections, other forms of distress 

were also observed. The control section, 1Ea was observed to be severely distressed with 

secondary type of cracks which occur due to traffic loading as shown in Figure 5.46. The 

survey of this pavement section showed that the absence of reinforcement and lime-

treatment not only led to longitudinal cracking but rapid deterioration of the pavement 

under traffic loading. Also, the pavement response was linked. The poor performance 

under one form of loading led to deterioration under other form of loads.  

 

 

Figure 5.46 Type of distress observed in the control section (a) Bleeding; (b) Potholes; 

(c) Lane to shoulder drop off; (d) Raveling and weathering 

5.6.2.2 Lime treated unreinforced test sections 

The four unreinforced lime-treated test sections (5Wa, 5Wb, 5Ea, 5Eb) were 

located at stations as shown in Figure 5.47. The sections were surveyed for signs of 

longitudinal cracking in each field investigation. Based on the analysis of the field survey 

data, no major distress signs were observed in these sections till May 2009.  
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Figure 5.47 Location of lime treated no-reinforcement sections on FM-2 road 

In the field survey conducted in August 2009 minor cracks were observed in the 

pavement sections as shown in Figure 5.48.  Section 5Eb was found to have most distress 

of the entire four test sections as shown in Figure 5.49. Based on the observations, it was 

concluded that lime treatment is an effective method to mitigate cracking in the 

expansive subgrades but its depletion overtime reduces its effectiveness as a long term 

rehabilitation strategy. Furthermore, the non-uniform mixing of lime with the subgrade 

soil leads to localized failures when this method is adopted in the field. 
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Figure 5.48 Longitudinal crack in section 5Ea (a) No cracking till May 2009 (b) 

Appearance of cracks in August 2009 

 

 

Figure 5.49 Distress cracking in test section 5Eb 
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5.6.2.3 Reinforced non lime-stabilized test sections 

The twelve reinforced test sections with no lime treatment are as shown in Figure 

5.50. These sections consisted of geosynthetic reinforcements G1, G2 and G3 as 

explained in section 5.4.6 of this chapter. 

 

 

Figure 5.50 Location of no-lime treated geosynthetic reinforced sections on FM-2 road 

The sections were surveyed for signs of longitudinal cracking in each field 

investigation. Based on the analysis of the field survey conducted till May 2009, no major 

distress signs were observed in these sections. Most of the hairline cracks were observed 

parallel to the outer edge of the paved reinforced zone. These cracks were seasonal in 

nature i.e., opening in summer and closing in the rainfall. In the field survey conducted in 

August 2009, these minor hairline cracks were observed to enter in the pavement sections 

reinforced with geosynthetic reinforcements G2 and G3 whereas the sections reinforced 

with geosynthetic G1 were observed to perform well as shown in Figure 5.51.  In general, 

the performance of the geosynthetic reinforced sections was found to be satisfactory 

without any major evidence of severe distress cracking as observed in previous two test 

sections. 
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Figure 5.51 Performance of geosynthetic reinforced non-lime treated test sections (a) G1 

(b) G2 (c) G3 



249 

 

During the field survey conducted in August 2009, the edge of the geosynthetic 

reinforced sections was excavated to check for the integrity of the reinforced 

geosynthetics. The observations indicated that the geosynthetic G1 had the continuous 

longitudinal and transverse rib configuration and acted as a single unit as shown in Figure 

5.52a. Moreover, the integrity of junctions in geosynthetic G2 was compromised causing 

the longitudinal and transverse ribs to slip as shown in Figure 5.52b. Finally, the section 

reinforced with geosynthetic G3 was observed to have folds causing localized slacking of 

the reinforcement as shown in Figure 5.52c. This was attributed to the improper 

installation of the geosynthetic while constructing the pavement thereby reducing its 

effectiveness during working conditions.  Overall, the sections reinforced with 

geosynthetic G1 were found to perform better than those reinforced with geosynthetic G3 

followed by geosynthetic G2. 

 

 

Figure 5.52 Checking integrity of geosynthetic reinforced non-lime treated test sections 

(a) G1; (b) G2; (c) G3 
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5.6.2.4 Reinforced lime-stabilized test sections 

The twelve reinforced test sections with lime treatment and geosynthetic 

reinforcements (G1, G2 and G3) are as shown in Figure 5.53. The sections were 

performing satisfactorily, with no major signs of distress with exception of sections 6Ea, 

7Ea and 8Ea which showed preferential cracking due to their location as discussed 

earlier.  

 

Figure 5.53 Location of lime treated geosynthetic reinforced sections on FM-2 road 

Out of these twelve sections, six sections were located in between stations 185+00 

and 203+00 whereas the second series of section was located between stations 80+00 and 

98+00. The soil profiles at these locations based on the borehole survey are shown in 

Figure 5.54. Based on the borehole survey it was observed that the six sections (6Wb, 

7Wb, 8Wb, 6Eb, 7Eb and 8Eb) were located over clay of relatively low plasticity as 

compared to rest of the test sections. Therefore, for discussion purposes their 

performance was not compared with rest of the test sections. Thus, sections 6Wa, 7Wa 

and 8Wa were checked for sign of distress and no major cracking was observed till date.  
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(a) (b)  

Figure 5.54 Soil profiles at two lime treated geosynthetic reinforced sections based on the 

borehole survey (a) Station 84 (b) Station 199 

5.6.2.5 Comparison of test sections performance 

The performance of four categories of test sections was compared.  When the 

performance of non-lime treated unreinforced sections i.e., control sections was 

compared with non-lime treated reinforced sections a clear distinction in the crack 

propagation mechanism was observed as shown in Figure 5.55. In both cases, the cracks 

were observed to originate from the unpaved shoulder region of the pavement. In the 

unreinforced test sections these cracks were found to increase in size over subsequent 

seasonal cycles and eventually entering the paved portion of the pavement and causing it 

to develop distress. The major form of distress was observed in form of longitudinal 

cracks followed by secondary cracking in form of potholes, lane to shoulder drop off and 

bleeding of the pavement. In the geosynthetic reinforced pavements, these cracks either 

closed over subsequent seasons or ran parallel to the edge of the pavement at the 

boundary of unpaved and paved portion. Thus, geosynthetic reinforced test sections were 

observed to perform better than the unreinforced test sections.  

On the other hand, the lime treated sections with or without geosynthetic 

reinforcement performed adequately with signs of localized distress. This variability in 

the performance was attributed to non-uniform mixing of lime with field soils and its 

depletion with time leading to its reduced effectiveness. In general, the lime treated 

reinforced test sections performed better than unreinforced lime treated test section. 

When the performance of these sections was compared to the geosynthetic reinforced 
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section without any lime treatment, no significant reduction in cracks was observed. 

Therefore, given the difficulty of lime stabilizing the subgrade compared to installing the 

geosynthetics in the field, no clear advantage was observed in terms of performance for 

the lime stabilized test sections.  Overall, the control sections were found to have the 

highest severity of distress in terms of longitudinal cracks. The use of geosynthetic 

reinforcement and lime-treatment were observed to help in mitigating the development of 

such cracks into the main pavement section. 
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Figure 5.55 Stages in crack propagation (a) Unreinforced section (b) Reinforced section  
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5.6.3 Discussion 

The field visual inspection was carried out to document the cracking pattern 

(origin and spreading) at the site. The longitudinal cracks were observed to originate from 

the edge of the pavement. Furthermore, the increased evidence of longitudinal cracking 

was found in the summer seasons. It was envisioned that as the dry front progressed from 

the edge of the pavement towards the center, the water content in the subgrade below was 

reduced causing it to shrink thereby opening the cracks. The results obtained by field 

visual inspection were related with the field moisture data collected from the installed 

sensors. Both the methods indicated that the zone of one meter close to the pavement 

edge was exposed to the maximum moisture fluctuation, causing severe distress and its 

subsequent cracking. 

 The comparative analysis for various categories of test sections was done. It was 

observed that in unreinforced sections the longitudinal cracks travelled inside the 

pavement causing it to crack whereas they remained parallel to the boundary of unpaved 

and paved portion of the road in the geosynthetic reinforced test sections. The cracking in 

the unreinforced sections was observed primarily in the edge portion of the pavement 

whereas the center of the pavement remained intact. It was concluded that the presence of 

geosynthetic prevented the cracks to enter the pavement. In the test sections, where lime 

treatment was used satisfactory performance was observed with localized distress zones. 

This was attributed to the non-uniform mixing of lime during the construction of the 

pavement and its depletion over time.  

Therefore, based on the field visual inspection study it was concluded that there is 

seasonal moisture fluctuation below the pavement, but it is primarily limited to the edge 

of the pavement. Therefore, extending the geosynthetics towards the edge of the 

pavement was considered as a solution to prevent the spreading of such cracks. Finally, 

the geosynthetic reinforced test sections were found to be most effective in mitigating the 

longitudinal cracks than unreinforced and lime-stabilized test sections. 
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5.7 FIELD MONITORING USING FALLING WEIGHT DEFLECTOMETER 

The use of geosynthetics in the flexible pavements not only helps to mitigate the 

longitudinal cracking due to environmental factors but also helps to reduce the 

maintenance cost of the pavement by reinforcing it structurally against traffic loading. 

During field visual inspection, distress due to traffic loading was observed in control 

sections having no geosynthetic reinforcement. Therefore, an attempt was made to 

quantify the benefits achieved by addition of geosynthetics and lime-stabilization to 

prevent distress caused in the flexible pavements by traffic loads. The performance of the 

test sections was compared with control section against the measured deflection for a 

known load applied to it using falling weight deflectometer (FWD). Therefore, FWD 

tests were done periodically at the site and the test sections response in terms of total 

deflection was documented.  

Thus, this component of research study helped to obtain the field evidence in 

terms of difference in performance obtained by sections having lime stabilization and 

geosynthetic reinforcement compared to the control sections when they are subjected to 

traffic loads. 

 5.7.1 FWD testing details 

FWD testing was conducted at FM 2 site to monitor the structural deterioration of 

the pavement over time. A total of eight field surveys were conducted after construction 

of the pavement. The surveys were conducted in February 2006, August 2006, November 

2006, February 2007, April 2007, June 2007, May 2008, and February 2009. During each 

field trip all the test sections in both lanes of the pavement were tested. Each test section 

was 450 ft long and test was done at 50 ft interval thereby providing nine readings for 

each test section. Furthermore, the deflection readings were obtained for four load values 

of magnitude 6000 lbs, 9000 lbs, 11000 lbs and 15000 lbs at each point. These four 

readings were normalized to equivalent single axle load reading of 9000 lbs as shown in 

Figure 5.56a. The present analysis of the pavement was done assuming it as a linear 

system. The first deflectometer reading i.e., the deflection from the sensor closest to the 
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dropped weight is reported in the present analysis as it represented the response of the 

entire pavement section for the given load. The average readings for a group of four 

sections are as shown in Figure 5.56b. The section with lowest deflection for a give load 

was considered the stiffest and thus performing better than other sections. The details of 

the deflection profiles observed for different sections over time and their relative 

performance to each other are discussed.  
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Figure 5.56 Analysis procedure adopted for FWD data analysis of a given field trip (a) 

Four load levels used at a section (b) Average deflection value for a series of 

test sections used to compare their relative performance 
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5.7.2 Performance of test sections 

The response of the pavement sections for a given load in terms of deflection was 

measured using FWD tests. The details of test section were described in Section 5.4.6. 

During the field survey, preferential cracking was observed at east side of the pavement 

as compared to the west side of the pavement due to the location of the test sections. 

Furthermore, the sections located in the stations from 80+00 to 98+00 had different soil 

conditions than the main test sections located between stations 185+00 and 203+00.  The 

deflections observed in these sections were considered to be influenced by the parameters 

not under the scope of the present study i.e., lime treatment and geosynthetic 

reinforcement and are not discussed in this research.  

Therefore, for the present analysis, the performance of first eight sections i.e. 1Wa 

to 8Wa as shown in Figure 5.57 is discussed as they were supposed to have the uniform 

construction and traffic conditions.  The sections were divided into four main groups: 

control section, no reinforcement section with lime treatment (three in numbers), and 

geosynthetic reinforced section with no lime treatment and geosynthetic reinforced lime 

treated sections (three in numbers).  
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Lime treated section

(Lime stabilization only,  No Geosynthetic reinforcement)

Lime treated reinforced section

(Lime stabilization and Geosynthetic reinforcement)

 

Figure 5.57 Test sections used in FWD analysis 
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Finally, for discussion purposes the data obtained from the field trips conducted in 

February 2006, i.e., immediately after construction of the pavement and the latest one 

conducted in February 2009 are reported. The deflection profiles for all the above four 

categories of test section are shown in Figure 5.58a through 5.58d. The deflections 

increased for all the test sections in the span of three years indicating the structural 

deterioration of the pavement with time. The test sections where the lime-treatment was 

used along with geosynthetic reinforcement, no significant change in deflections was 

observed over the given duration. Thus, for the given pavement this was considered as 

the best remedial measure to prevent its deterioration due to traffic loading. The 

performances of test sections relative to each other are compared in subsequent sections. 

 

5

10

15

20

25

30

35

40

45

50

0 50 100 150 200 250 300 350 400 450

D
ef

le
ct

io
n

 p
er

 l
o

ad
 (
m

il
s/

 9
0

0
0

 lb
s)

Distance, feets

2006

2009

1Wa

5

10

15

20

25

30

35

40

45

50

450 900 1350 1800

D
ef

le
ct

io
n

 p
er

 lo
ad

 (
m

il
s/

 9
0

0
0

 lb
s)

Distance, feets

2006

2009

4 Wa3 Wa2 Wa

5

10

15

20

25

30

35

40

45

50

1800 1850 1900 1950 2000 2050 2100 2150 2200 2250

D
ef

le
ct

io
n

 p
er

 l
o

ad
 (
m

il
s/

 9
0

0
0

 lb
s)

Distance, feets

2006

2009

5Wa

5

10

15

20

25

30

35

40

45

50

2250 2700 3150 3600

D
ef

le
ct

io
n

 p
er

 lo
ad

 (
m

il
s/

 9
0

0
0

 lb
s)

Distance, feets

2006

2009

8 Wa7 Wa6 Wa

(a)
(b)

(c) (d)

 

Figure 5.58 Deflection profile in February 2006 and 2009 (a) Control (b) Geosynthetic 

reinforced non lime stabilized (c) Lime stabilized unreinforced (d) Lime 

stabilized geosynthetic reinforced test sections 
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5.7.3 Comparison of test sections 

The data obtained from the two field trip discussed above was compared among 

different test sections to quantify the benefit of using lime stabilization and geosynthetic 

reinforcement.  Each test section of 450 feets was divided into 50 feet segment and the 

nine readings for each test section were plotted on the same scale. Moreover, the three 

readings in the middle of a given test section from 150 to 300 feets were considered to be 

the most representative of the test section as they were away from the overlapping 

boundary between different test sections. This system was used for the comparative 

analysis throughout this section.  

5.7.3.1 Effect of lime stabilization 

The performance of control section (1Wa) and lime stabilized section with no 

reinforcement (5Wa) was compared for field trips conducted in February 2006 and 

February 2009 as shown in Figure 5.59a and 5.59b respectively. The data indicated that 

the deflection obtained for section 5Wa were lower than section 1Wa for both the field 

trips. This indicated effectiveness of lime treatment in stiffening the pavement thereby 

reducing the deflection under traffic loading as compared to the control section. 
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Figure 5.59 Deflection profile for control and lime stabilized unreinforced section for (a) 

February 2006 (b) February 2009 
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5.7.3.2 Effect of geosynthetic reinforcement 

The performance of three geosynthetic reinforced non-lime treated test sections 

was compared for field trips conducted in February 2006 and February 2009 as shown in 

Figure 5.60a and 5.60b respectively. The data indicated that the total deflection obtained 

for section 2Wa reinforced with geosynthetic G1 was consistently lower than that for 

section 3Wa and 4Wa reinforced with geosynthetics G2 and G3 for both the field trips. 

The preliminary results based on limited field data obtained for first three years of 

monitoring the site has shown that the three geosynthetics have performed differently for 

a given pavement under similar traffic conditions. Still, more field data in terms of FWD 

deflections is required to make a final assessment of performance for these three test 

sections and identify the governing distress mode.  
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Figure 5.60 Deflection profile for three geosynthetic reinforced and non- lime stabilized 

sections for (a) February 2006 (b) February 2009 

The notion of reinforcing pavement with any geosynthetic and achieving the 

desired benefits is incorrect. Furthermore, the field tests are expensive and time 

consuming, thus not conducted at regular basis in most of the reinforced pavement 

projects. Moreover, installing different geosynthetics and observing their performance for 

a year before constructing the pavement is not a feasible solution.  
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5.7.3.3 Effect of geosynthetic reinforcement and lime stabilization 

The performance of three geosynthetic reinforced and lime-treated test sections 

was compared for field trips conducted in February 2006 and February 2009 as shown in 

Figure 5.61a and 5.61b respectively. The data indicated that the deflection obtained for 

these sections was lowest for all the given test sections as discussed earlier. Furthermore, 

all the three test sections had similar deflection profile immediately after the construction 

in February 2006. This indicated that in the initial part of the project significant benefit 

can be obtained by lime treating the pavement. Over the span of three years, the 

deflection of the pavement increased as indicated by results obtained in February 2009.  
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Figure 5.61 Deflection profile for three geosynthetic reinforced and lime stabilized 

sections for (a) February 2006 (b) February 2009 

Furthermore, it was observed that the lime treated test section 6Wa reinforced 

with geosynthetic G1 had lower deflection than for section 7Wa and 8Wa reinforced with 

geosynthetics G2 and G3. The similar trend in the performance of three geosynthetics 

was observed when they were used without lime treatment as discussed in the previous 

section. However, as observed during the visual inspection the present results indicate 

that the lime treatment reduces in effectiveness over time and cannot be used as long term 

remediation strategy by itself. Thus, using lime stabilization along with geosynthetic 

reinforcement is an effective technique to increase the stiffness of the pavement thereby 

reducing its deflection under the traffic loads especially over expansive soils.  
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5.7.4 Discussion 

The FWD testing was carried out to quantify the pavement response when it is 

subjected to traffic loads for the duration of the field study. The results obtained from 

FWD test done immediately after construction of the pavement in February 2006 were 

used as the baseline and compared with the latest field test done in February 2009. The 

results indicated increase in deflection for all the test sections over the span of three 

years. This showed that the pavement had structurally deteriorated under traffic loads.  

The control section had the highest deflection of all the test sections. The lime-

treated sections were observed to have stiffer response than non-lime treated sections, 

immediately after construction. Further, the effect of lime treatment reduced over the 

three years and increase in deflections was observed, though they were still less than the 

control section. When the lime treatment was used with geosynthetic reinforcement, the 

lowest deflections were observed in these test sections indicating it to be a better strategy 

for reinforcing the expansive soils. In addition to the above study, effect of geosynthetic 

reinforcement on pavement response was also evaluated. The three geosynthetic 

reinforced test sections had dissimilar response. Based on preliminary evidences 

collected so far, it was observed that the test sections reinforced with geosynthetic 

reinforcement G1 performed better than G2 and G3 independent of the use of lime 

stabilization in these test sections. The similar order of performance was observed based 

on laboratory pullout tests reported in terms of coefficient of soil-geosynthetic interaction 

for these geosynthetics as reported in Chapter 4. 

Based on the field FWD testing it was concluded that there is deterioration of the 

pavement for traffic loading over the last three years. The lime stabilization may be used 

as a temporary measure but the geosynthetic reinforcement leads to increase in pavement 

stiffness over long duration of time. Moreover, different geosynthetics had different 

response and thus merely using reinforcement would not lead to desired results. 

Therefore, proper design is required while deciding to use lime stabilization or 

geosynthetic reinforcement or both for given traffic loads to increase the life span and 

reduce the maintenance cost for the flexible pavement. 



262 

 

5.8 CONCLUSIONS 

The effectiveness of geosynthetics when they are used as reinforcement in base 

course of flexible pavements was evaluated in the present research study. The use of 

geosynthetics was also evaluated for their potential to mitigate the longitudinal cracks 

induced in the expansive subgrades. In the initial part, a hypothesis for mechanism of 

longitudinal crack formation and subsequent stress zone due to seasonal moisture 

fluctuation was proposed. Specifically, it was envisioned that cyclic wetting and drying 

of the pavement caused the swelling and shrinkage of the subgrade. This volumetric 

strain then imposed tensile and bending stresses under the pavement. The zone of 

increased stress was concentrated from the shoulder of the pavement till the point beneath 

the pavement at which moisture does not fluctuate. Therefore, differential movement 

occurred between the shoulders and the center of the road leading to longitudinal 

cracking that was closer to the edge of the pavement. This mechanism was independent 

of traffic loading and result in several pavement failures before their opening to traffic.  

A comprehensive field investigation was done to gain evidence for the above 

proposed mechanism. A low volume farm to market road, FM-2 was used to construct 32 

test sections consisting of control section and three different geosynthetic reinforced 

sections with and without lime stabilization with four repeats for each profile. The site 

was monitored for both environmental and traffic loading in the post construction phase. 

The site moisture monitoring involved installing sensors below the pavement to 

document the seasonal moisture fluctuations which was considered as an environmental 

load on the pavement. Furthermore, to document the pavement response for the traffic 

loading periodic FWD testing was done at the site. The data obtained from these sources 

was combined with field visual inspection observations to obtain the comprehensive 

picture of the pavement performance.  

The results indicated a zone of 1m located both horizontally and vertically near 

the edge of the pavement which was most susceptible to the moisture fluctuation. 

Moreover, the cracks were observed to originate in the unpaved portion of the pavement. 

These cracks over the duration of three years slowly travelled towards the paved end of 
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the road. In case of unreinforced sections, they eventually entered the main pavement 

sections causing it to crack. For the geosynthetic reinforced sections these cracks were 

observed to remain parallel to the boundary of unpaved and paved portion. The lime 

stabilized sections also showed no significant signs of cracking. Furthermore, the FWD 

results indicated increased stiffness in all the lime stabilized sections when compared 

with the control section. Thus, lime treatment stiffened the pavement, but localized stress 

zones could still exist due to non-uniform mixing of the lime with the pavement soils. 

Since, it is easier to install geosynthetics in field than to place a lime-stabilized base 

course, it was considered as better alternative for improving pavements performance 

under traffic and environmental loading with same performance. 

The three geosynthetics used in the case study were observed to have different 

performance under the given traffic loading. Based on the preliminary data obtained, the 

pavement sections reinforced with geosynthetic G1 were observed to perform better than 

those reinforced with geosynthetic G2 and G3. A laboratory pullout test was proposed to 

evaluate the performance of geosynthetics under confined conditions in Chapter 4. The 

coefficient of soil geosynthetic interaction (KSGI) was evaluated for geosynthetics G1, G2 

and G3. The performance order indicated in terms of KSGI shows better correlation with 

preliminary field data than that predicted based on unconfined tensile strength values for 

these geosynthetics. The current state of practice when recommending a geosynthetic for 

pavement application involves evaluating its unconfined tensile strength. This practice 

does not necessarily quantify the geosynthetic performance under confined conditions in 

pavement.  Therefore it is recommended that the behavior of geosynthetics under 

confinement and its interactions with surrounding soil should be evaluated to get an idea 

of its field performance.   
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Chapter 6: Summary and Conclusions  

“If you want a happy ending, that depends, of course, on where you stop your story!” 

Orson Welles 

6.1 SUMMARY OF RESEARCH COMPONENTS 

The goal of this study was to evaluate the primary mechanism of lateral restraint 

provided by geosynthetics when used for reinforcement purposes in the base course layer 

of flexible pavements. Analytical, experimental and field studies were conducted as part 

of this investigation in order to understand the variables governing the behavior of 

geosynthetics in reinforced pavements. Each component of research provided lessons 

which were useful for evaluating the performance for geosynthetics in the flexible 

pavements. These components complimented each other in providing a good 

understanding of reinforced flexible pavements which would be difficult to characterize 

using a single method of analysis. 

Based on these research components, a new analytical model for determining the 

soil geosynthetic interaction at low displacement magnitudes and under pavement loading 

conditions was developed. This was followed by a new approach for conducting 

laboratory pullout test to measure soil-geosynthetic interface properties. The results of 

laboratory tests were then used to evaluate the proposed parameter values for various 

geosynthetics (geotextiles and geogrids). Finally, a field study was conducted to compare 

the performance of geosynthetics with the experimentally obtained parameter using the 

analytical model suggested in this research.  

This study is expected to contribute towards a better understanding for the use of 

geosynthetics in reinforced flexible pavements by capturing the governing mechanism 

realistically using laboratory tests to provide a reasonable estimate of their field 

performance. The specific objectives of this study stated in the introduction were 

achieved by conducting following research components: 
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• An evaluative study of geosynthetic reinforced pavements (Chapter 2), 

which allowed for, 

o Identification of governing mechanism for the their improved 

performance over unreinforced pavements 

o Compilation of current laboratory, field, and numerical methods 

conducted to quantify this governing mechanism 

o Identification of limitations of current flexible pavement 

methodologies for incorporating geosynthetic into their design  

 

• An analytical study of geosynthetic reinforced pavements (Chapter 3), 

which allowed for 

o Identifying a suitable test method to quantify the soil-geosynthetic 

interaction using a laboratory test 

o Compilation of current pullout test data interpretation techniques to 

quantify soil-geosynthetic interface properties 

o Development of a new simplified analytical model to predict soil-

geosynthetic interface properties at low displacement magnitudes 

using pullout test results  

 

• A laboratory study of geosynthetic reinforced pavements (Chapter 4), 

which allowed for, 

o Development of a new pullout test equipment capable of 

conducting test to obtain parameters as proposed by above model 

o Evaluation of assumptions made to derive the parameter for the 

analytical model using the new equipment 

o Evaluation of equipment boundary conditions and specimen 

dimensions on obtained value of parameters 

o Evaluation of parameter value for various type of geosynthetics 

(geotextile and geogrids) used for reinforcing pavements 
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• A field study of geosynthetic reinforced pavements (Chapter 5), which 

allowed for, 

o Evaluating the performance of geosynthetics used in laboratory 

study under actual field loading conditions 

o Comparison of field performance with laboratory predicted 

performance of these geosynthetics 

o Evaluation of benefit of using geosynthetics for preventing 

longitudinal cracking due to environmental loading along with 

their use as reinforcement for improving performance under traffic 

loading 

The specific background information for each research component was presented 

in the individual chapters. The main conclusions for each component of this study are 

summarized in the subsequent sections. 

6.2 CONCLUSIONS FROM EVALUATIVE STUDY 

The contribution of geosynthetics to flexible pavements improved performance have 

been attributed to lateral restraint provided by the geosynthetics against the movement of 

base particles under wheel loading. This mechanism of lateral restraint has been studied 

using laboratory unconfined and confined geosynthetic tests.  

• The unconfined tests do not take into account the soil interaction with the 

geosynthetic and were not recommended for use in the design of geosynthetic 

reinforced pavements. 

• The confined geosynthetic cyclic tests reproduced the field wheel loading, thus 

better represent the governing mechanism. However, these tests have not been 

able to distinguish the performance among geosynthetics due to lack of 

repeatability of test results for a given geosynthetic. Also the variability in test 

results is high such that it has been difficult to distinguish performance of one 

geosynthetic from another. 
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Based on this review, it was decided to focus the present research effort in the area of 

laboratory testing involving confined setting with monotonic loading to quantify the 

interface mechanism between soil and geosynthetic realistically and in repeatable manner 

for various geosynthetics. 

6.3 CONCLUSIONS FROM ANALYTICAL STUDY 

In this research, a new solution to the governing differential equation for a 

geosynthetic confined in pullout box was proposed to capture small displacement 

behavior for application to pavement design.  The model was called soil geosynthetic 

interface (SGI) model. 

• The model relies on two parameters which are the yield shear stress (τy) and 

confined stiffness (Jc) of the system.  

• The model predicts a unique confined force-displacement relationship for a given 

soil-geosynthetic system for the applied normal pressure on the interface.  

• A coefficient of soil-geosynthetic interaction (KSGI) was defined based on 

proposed model. The constant KSGI combined both the model parameters in a 

single framework. 

6.4 CONCLUSIONS FROM LABORATORY STUDY 

Laboratory pullout equipment was developed to validate the SGI model. The bounds 

on the value of KSGI value for a given soil-geosynthetic at a given normal pressure were 

established by conducting tests in the modified pullout box equipment. 

• KSGI value was dependent on the specimen length, specimen width, normal 

pressure and type of geosynthetic used in the pullout test. 

• Based on the pullout test results, performance order for the four geosynthetics 

tested using new pullout equipment was established.  

• Based on results it was shown that the laboratory pullout testing is a useful tool to 

investigate the soil-geosynthetic interaction mechanisms for the reinforced 

pavements.  
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6.5 CONCLUSIONS FROM FIELD STUDY 

To quantify the actual performance of geosynthetics, a comprehensive field 

investigation study was done to on a low volume farm to market road, FM-2 where 32 

test sections consisting of control section and three different geosynthetic reinforced 

sections with and without lime stabilization with four repeats for each profile were 

constructed. The site was monitored for both environmental and traffic loading in the post 

construction phase, in terms of moisture sensors, visual inspection and FWD testing. 

• The addition of geosynthetic in the pavement led to reduced deflections as 

observed from analysis of FWD test results conducted over span of three years. 

• The addition of geosynthetics led to reduction in longitudinal cracks based on 

visual inspection of unreinforced and reinforced sections. 

• It was found that lime treatment stiffened the pavement, but localized stress zones 

still existed due to non-uniform mixing of the lime with the pavement soils.  

• Based on the preliminary field investigations, the three geosynthetics used in the 

case study were observed to have different performance under the given traffic 

loading. The pavement sections reinforced with geosynthetic G1 were observed to 

perform better than those reinforced with geosynthetic G2 and G3. 

• The performance observed in the field testing was similar to that predicted based 

on the laboratory pullout testing in terms of KSGI value. 

 This provided evidence for validity of the laboratory pullout testing approach when 

accompanied with the analytical model to effectively quantify the governing mechanism 

of lateral restraint at low displacement magnitudes. 

6.6 RECOMMENDATIONS FOR FUTURE RESEARCH 

The findings from this research helped in establishing a laboratory method which 

can be used to quantify the governing mechanism of geosynthetic reinforced pavements 

based on the proposed analytical model. The quantitative laboratory performance of 

various geosynthetics was compared with the qualitative response obtained from the field 
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tests sections. The research which may be helpful to advance our understanding in these 

areas is as follows: 

1. An analytical model which can solve the differential equation with appropriate 

boundary conditions incorporating bi-linear shear stress distribution and non-

linear confined stiffness will be useful to represent the geosynthetic conditions 

under confinement realistically. 

2. The laboratory pullout tests should be carried out with actual pavement soils, 

specifically, base-course material to compute the parameter obtained in this 

research. Furthermore, a design methodology incorporating this parameter for 

flexible pavement design should be developed. 

3. New pullout test equipments which are smaller than the ASTM recommended 

size should be used to obtain the proposed parameter. This would help to 

reduce the testing time and use the test as an index for easy comparison of 

various geosynthetics to be in used in a project. 

4. Field test sections should be constructed for controlled loading conditions so 

the effect of geosynthetics under traffic loads can be quantified clearly. 

Similarly, attempts should be made to conduct moisture migration studies on 

geosynthetic reinforced pavements independent of the traffic loads. 

5. FEM and DEM models which can incorporate the mechanism of lateral 

restraint in pavements should be developed to better understand the soil-

geosynthetic interaction at low strain magnitudes. 
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