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ABSTRACT: The purpose of this paper is to review and present recent results of research pertinent to various 
applications of geosynthetics for reinforcement of roadway pavements. Applications discussed include sub-
grade stabilization, base reinforcement and asphalt reinforcement. Particular emphasis is placed on the
mechanisms in operation for each application, a demonstration of pavement performance and benefit from the 
reinforcement layer in full-scale tests, and geosynthetic material properties and tests pertinent to the applica-
tion. A discussion of performance tests, such as beam tests, wheel tracking tests and cracking tests, for asphalt
reinforcement is presented. Recent activities in the area of numerical modeling and design of pavements are
discussed. Models that fall within the category of mechanistic-empirical methods are highlighted.  

1 INTRODUCTION

In this paper, applications of geosynthetics for rein-
forcement of roadway pavements are reviewed and 
discussed. These applications include subgrade sta-
bilization, base reinforcement and asphalt rein-
forcement. Subgrade stabilization refers to situations 
where geosynthetics are placed on weak subgrade 
prior to the placement of an aggregate layer. The re-
inforced unpaved road may be used as is or may 
serve as a construction platform for a permanent 
paved road. Base reinforcement is used for perma-
nent paved roads and is typically applicable for low 
volume roads founded on weak subgrade. Rein-
forcement placed within asphalt layers are used to 
reduce fatigue, thermal and reflective cracking, con-
trol rutting and mitigate the effects of frost heave.  

For each application, full-scale field trials have 
demonstrated the benefit of the reinforcement. Given 
the multitude of high-quality field trials performed, 
only a sampling are presented in this paper to pro-
vide for adequate demonstration.  

For purposes of design and specification, geosyn-
thetic properties and the tests needed to define those 
properties are of great importance. A review of these 
properties and test methods is presented. Many of 
these tests have recently been developed to match 
the needs of these particular applications. 

In the end, field demonstrations and test methods 
are of little use without tools with which engineers 
can use for design. Significant work has recently oc-
curred in the development of design methods based 
on rigorous numerical models. These models and re-
sulting design methods are presented and discussed. 

2 SUBGRADE STABILIZATION 

Geosynthetics are placed on weak, often saturated 
subgrades in combination with a granular layer to 
stabilize the subgrade and to provide a working plat-
form for construction of unpaved roads and either 
flexible or rigid pavement systems.  The granular 
layer may be the base or subbase component of the 
pavement system or it may be additional gravel re-
quired to support initial construction and not consid-
ered as part of the pavement section. Soft, weak sub-
grade soils provide very little lateral restraint. When 
roadway aggregate moves or shoves laterally, verti-
cal deformation occurs and ruts develop on the ag-
gregate surface. A geogrid with good interlocking 
capabilities or a geotextile with good frictional ca-
pabilities can provide reinforcement in the form of 
tensile resistance to lateral aggregate movement. The 
reinforcement provides lateral restraint and initiates 
increased horizontal stress on the aggregate, thus re-
ducing the mobilization of the soil and reducing 
plastic deformations (i.e., reduced rutting).  The geo-
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synthetic also increases the system bearing capacity 
by forcing the potential bearing surface under the 
wheel load to develop along an alternate, longer mo-
bilization path and thus higher shear strength sur-
faces.

Other functions of the geosynthetic play an equal-
ly, if not more important, role in this application. 
The geosynthetic must provide separation to prevent 
intermixing of the granular material and the sub-
grade. Only a small amount of fines penetrating into 
the granular layer will negatively affect its structural 
characteristics (i.e., reduced shear strength, lowered 
permeability and increased frost susceptibility).  
Separation is provided directly by geotextiles or by 
composite geosynthetics. Geotextiles perform this 
function by preventing penetration of the aggregate 
into the subgrade (localized bearing failures) and 
prevent intrusion of subgrade soils up into the base 
course aggregate. Geogrids can also prevent aggre-
gate penetration into the subgrade, depending on the 
ability of the geogrid to confine and prevent lateral 
displacement of the base/subbase.  However, the 
geogrid does not prevent intrusion of subgrade soils 
up into the base/subbase course and the granular 
layer used with the geogrid must provide this func-
tion or a geotextile must be used in combination 
with the geogrid.

The subgrade soils in this application are fine 
grained soil with a high water content. The geotex-
tile, whether the primary stabilization geosynthetic 
or a separation layer used with a geogrid, must also 
provide filtration to allow excess pore water pressure 
to dissipate into the aggregate base course and, in 
cases of poor-quality aggregate, through the geotex-
tile plane itself.  In the case of geogrids, the granular 
layer supported by the geogrid must have a grada-
tion that is compatible with the subgrade, based on 
standard geotechnical graded granular filter criteria.  
It is the reinforcement, separation, filtration and 
drainage functions that combine to provide the me-
chanical stabilization for weak subgrade soils (Holtz, 
et al., 2008). 

Geosynthetics are primarily used in stabilization 
applications to facilitate construction. Even if the 
finished roadway can be supported by the subgrade, 
it may be virtually impossible to begin construction 
of the embankment or roadway without some form 
of stabilization.  Geosynthetics offer a cost-effective 
alternative to other expensive foundation stabiliza-
tion methods such as dewatering, demucking, exca-
vation and replacement with select granular materi-
als, utilization of thicker stabilization aggregate 
layers, or chemical stabilization. This mechanically 
stabilized layer also enables contractors to meet 

minimum compaction specifications for the first two 
or three aggregate lifts.   

While the stabilization application is primarily 
used for initial construction, geosynthetics also pro-
vide long-term benefits and improve the perform-
ance of the road over its design life. The geosyn-
thetic continues to perform by maintaining the 
roadway design section and the base course material 
integrity by preventing the aggregate from penetrat-
ing the subgrade.  In addition, the separation func-
tion provided by geotextiles, geogrid/geotextile geo-
composites or geogrids with appropriately designed 
filter aggregate prevent the migration of fines into 
base/subbase materials, especially into open graded 
bases, maintaining the support and drainage charac-
teristics of the base over the life of a pavement sys-
tem.  In essence, the geosynthetic improves the reli-
ability of the pavement system performance, 
especially during overload and/or seasonally weak 
subgrade conditions. Thus, the geosynthetic should 
ultimately increase the life of the roadway. 

2.1 Mechanisms of reinforcement

The two primary mechanisms with this application 
are increased bearing capacity and lateral restraint, 
both of which significantly contribute to load-
carrying capacity.  When an aggregate layer is 
loaded by a vehicle wheel or dozer track, the aggre-
gate tends to move or shove laterally and is re-
strained by the subgrade or geosynthetic reinforce-
ment, a pavement reinforcement mechanism (Figure 
1a).  Components of this mechanism include:  (i) re-
straint of lateral movement of base, or subbase, ag-
gregate (confinement); (ii) increase in modulus of 
base aggregate due to confinement; (iii) improved 
vertical stress distribution on subgrade due to in-
creased base modulus; and (iv) reduced shear strain 
along the top of the subgrade.   In addition, the geo-
synthetic reinforcement forces the potential bearing 
capacity failure surface below the wheel load, which 
is analogous to a footing on foundation soil, to fol-
low an alternate higher strength path as shown in 
Figure 1b.  This tends to increase the bearing capac-
ity of the subgrade soil.

A third possible geosynthetic reinforcement func-
tion is membrane-type support of wheel loads, as 
shown conceptually in Figure 1c.  In this case, the 
wheel load stresses must be great enough to cause 
plastic deformation and ruts in the subgrade.  If the 
geosynthetic has a sufficiently high tensile modulus, 
tensile stresses will develop in the reinforcement, 
and the vertical component of this membrane stress 
will help support the applied wheel loads.  As tensile 
stress within the geosynthetic cannot develop with-
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out some elongation, wheel path rutting (in excess of 
100 mm as determined by Giroud and Noriay, 1981) 
is required to develop membrane-type support.  
Therefore, this mechanism is generally limited to 
temporary roads or the first aggregate lift in perma-
nent roadways, if significant rutting can be tolerated. 
These reinforcement mechanisms were originally 
described by Bender and Barenberg (1978) and later 
elaborated on by Kinney and Barenberg (1982) for 
geotextile-reinforced unpaved roads.  

Figure 1. Possible reinforcement functions provided by geosyn-
thetics in roadways:  (a) lateral restraint, (b) bearing capacity 
increase, and (c) membrane tension support (Holtz et al, 2008, 
after Haliburton, et al., 1981). 

The influence of each reinforcement mechanism 
will diminish with stronger subgrade conditions and 
as additional layers of base and the pavement system 
are placed. The effect of the reinforcement also in-
creases with increasing acceptable deformation (rut-
ting). As previously indicated, when little or no rut-
ting of the subgrade occurs, the membrane tension 
support does not exist.  Also, with stronger sub-
grades, bearing capacity is not an issue and lateral 
movement of the gravel under construction equip-
ment diminishes.  Research indicates that stabiliza-
tion for construction is generally no longer required 
for subgrade soils with a soaked CBR value ap-
proximately greater than three to four (CBR < 3 to 
4), shear strengths greater than approximately 90 to 
120 kPa, and resilient modulus greater than ap-
proximately 30 to 40 MPa.  From a foundation engi-

neering point of view, clay soils with undrained 
shear strengths of 2000 psf (90 kPa) or higher are 
considered to be stiff clays (Terzaghi and Peck, 
1967) and are generally quite good foundation mate-
rials.  Simple stress distribution calculations show 
that for static loads, such soils will readily support 
reasonable truckloads and tire pressures, even under 
relatively thin granular bases. 

As the thickness of the gravel layer increases or 
stiffer components of the pavement section are 
added, the stress at the geosynthetic decreases to a 
point where there is little or no geosynthetic defor-
mation and correspondingly little or no reinforce-
ment.  The actual thickness where this occurs is re-
lated to the subgrade strength, the type and 
magnitude of the wheel load, and the number of ve-
hicle passes.  Thus design solutions should evaluate 
each of these elements.  

Again, the reinforcing function can be compro-
mised if separation and filtration are not provided.   
Several case histories have documented poor per-
formance of reinforcements, when the separation 
function was not achieved.   For example, the US 
Army Corps of Engineers District in Baltimore 
documented a subgrade restraint failure due to sepa-
ration problems in a test strip pilot study to evaluate 
optimal subgrade stabilization (US Army Corps of 
Engineers, 1999).  Severe rutting and localized bear-
ing failures were attributed to intermixing between 
the subgrade soils and a well graded granular base in 
a test section where a geogrid was placed directly on 
the subgrade.  Separate test strips under the same 
conditions found that a stabilization geotextile per-
formed adequately with some rutting and a geogrid 
over a separation geotextile performed with minimal 
rutting.  Another indication of the importance of 
these functions is the number of research studies that 
have identified varying performance by different 
geosynthetics as discussed in the next section on full 
scale performance.   

2.2 Full Scale Performance 

The use of geotextiles for subgrade stabilization to 
solve problems encountered in constructing unpaved 
and paved (both flexible and rigid pavements) roads 
over soft, wet subgrades was well established inter-
nationally in the 1970s.  The performance of geosyn-
thetics used in stabilization applications in low-
volume roads have been well documented in numer-
ous case histories, full-scale laboratory experiments, 
and instrumented field studies, some of which in-
clude Steward et al. (1977), Bender and Barenberg, 
(1978), Haliburton and Barron (1983), Haas et al. 
(1988), Austin and Coleman (1993), Tsai (1995), 
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Fannin and Sigurdsson (1996), Knapton and Austin 
(1996), Hayden et al. (1999), Gabr et al. (2001), 
Leng and Gabr (2002), Tingle and Webster (2003), 
Hufenus et al. (2004), Watts et al. (2004), Christo-
pher and Lacina (2008), and Christopher and Perkins 
(2008).  Summaries of much of this research is con-
tained in Berg et al. (2000), Christopher et al. 
(2001), Watn et al. (2005) and in the European study 
Cost 348 WG1 (2004). 

As indicated in the previous section, the results of 
these studies vary in terms of the performance of dif-
ferent geosynthetic types.  For example, in some 
studies geogrids were found to perform better than 
geotextiles (e.g., Barksdale et al., 1989); in some 
studies, geotextile and geogrid performance has been 
found to be essentially the same (e.g., Fannin and 
Sigurdsson, 1996 and Hayden et al. 1999); in others, 
geotextiles were found to perform better than 
geogrids (Al-Qadi et al., 1994 and Christopher and 
Lacina, 2008); and in all cases, where composite 
geogrid/geotextile systems were used, they always 
performed the best (Fannin and Sigurdsson, 1996, 
Christopher and Perkins, 2008, and Christopher and 
Lacina, 2008).  Recent work by Christopher et al. 
(2009) has found that these varying results may be 
due to pore water pressure development in the sub-
grade and the ability for the pore water pressure to 
dissipate during loading.

In full scale laboratory tests performed to evalu-
ate geosynthetics used in both stabilization and base 
reinforcements on a number of different geosynthet-
ics in several separate studies (Perkins et al., 2004, 
Christopher and Lacina, 2008, and Christopher et al., 
2009) have observed the development and increase 
of pore water pressure measured in the wet, nearly 
saturated subgrade during cyclic loading.  As indi-
cated in these references and the representative re-
sults shown in Figure 2 and Figure 3, the pore water 
pressure measurements in most of the tests were 
found to directly correspond to the performance of 
the geosynthetic.  The largest amount of deformation 
per cycle was found to occur in the tests with the 
highest developed pore pressure (e.g., the control 
tests in Figure 2) and the best performing tests (least 
amount of rutting under the same number of cycles) 
were in the sections with the lowest measured pore 
pressure (e.g., see Figure 2).  The full scale studies 
found that the reinforcement action of an open 
geogrid positively results in lower pore water pres-
sure development than measured in control tests 
(i.e., with no geosynthetics) performed on the same 
subgrade (e.g., GGex and GGw in Figure 2). The ad-
dition of a nonwoven geotextile to the reinforcement 
geogrid provides additional separation and filtration 
features that further limit the development of excess 

pore water pressure and significantly further reduces 
rutting (e.g., Figure 3).  These results also indicate 
that geotextiles with better filtration and drainage 
characteristics (e.g., GTw2 and GTw3 in Figure 2) 
tend to perform better with wet silt and clay type 
soils than geotextiles with low permeability or per-
mittivity (e.g., GTw1 in Figure 2) as well as open 
geogrids, where separation performance was ques-
tionable.

(a) deformation response for geosynthetics on silt subgrade 

(b) pore water pressure measurements in subgrade

Figure 2. Representative results from full scale laboratory sta-
bilization tests with subgrade pore pressure measurements 
(Christopher and Lacina, 2008) 

These results indicate that the performance of the 
geosynthetics varies with both the subgrade type and 
conditions (i.e., a geosynthetic may perform well in 
one condition and not so well under other condi-
tions).  Geosynthetics could influence the develop-
ment and magnitude of pore water pressure through: 
1) a reduction in stress in the subgrade (Berg et al., 
2000); 2) separation, which would reduce point 
stress and corresponding pore pressure developed 
from gravel penetration into subgrade layers (Chris-
topher and Lacina, 2008); and/or, 3) pore pressure 
dissipation in the plane of some geosynthetics when 
the in plane permeability is greater than the perme-
ability of the base layer (e.g., poorly draining base 
layers containing fine grained soils) (Holtz et al., 
2008).
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(a) deformation response for geogrids on silt subgrade 

(b) pore water pressure measurements in subgrade

Figure 3.  Representative results from full scale laboratory sta-
bilization tests on geogrids and silt type subgrade with pore 
pressure measurements (Christopher and Perkins, 2009) 

Most of these studies are focused on short-term 
(i.e., during construction and initial traffic) perform-
ance.  Several studies are currently underway to 
monitor long-term performance.  Full scale test sec-
tions constructed by the Maine DOT had several test 
sections using stabilization geotextiles for compari-
son with the geogrid base reinforcement test sections 
(Hayden et al. 1999). Stabilization aggregate re-
quired in the control section was eliminated in all of 
the geosynthetic test sections.  Monitoring of a 
Washington DOT pavement test section in which 
separation/stabilization geotextiles were used is an-
ticipated to be continued over the full pavement de-
sign life (Black and Holtz 1997).  Al-Qadi and Ap-
pea (2003) also reported on an eight year study 
investigating the effects of geogrid and geotextile re-
inforcement placed between the base course and 
subgrade. In the first eight years of performance, 
only the thinnest, 100 mm thick base course has re-
alized a measurable increase in service life and 
pavement quality.  A stabilization research project is 
currently being conducted by the University of Wis-
consin in cooperation with the Wisconsin DOT, in 
which geosynthetic stabilization test sections are be-
ing compared with sections stabilized using fly ash 
and bottom ash (Woon-Hyung et al., 2005). The 
geosynthetic sections are instrumented, strain gages 
are mounted on the geosynthetics and a control sec-
tion was installed.   The Geosynthetic Research In-
stitute (GRI) has an ongoing study to monitor test 

sections where geosynthetics have been used as se-
parators (GRI, 2001).  Although the study is focused 
on the long-term benefits of geotextile separators, in 
many of the projects that are being monitored, geo-
synthetics were initially used for subgrade stabiliza-
tion. A database of full-scale field test sites has been 
developed and is maintained at GRI. Monitoring is 
proposed for up to 20 years. 

2.3  Geosynthetic Material Properties and Tests 

As with any geosynthetic application, the material 
properties required for design are based on: 1) the 
properties required to perform the primary and sec-
ondary function(s) for the specific application over 
the life of the system, and 2) the properties required 
to survive installation.  The separation and filtration 
functions are related to opening characteristics and 
are determined based on the gradation of the adja-
cent layers (i.e., subgrade, base and/or subbase lay-
ers).  Some strength is, of course, required for the re-
inforcing function, which is based on the 
requirements in the specific design approach.  If the 
roadway system is designed correctly, then the stress 
at the top of the subgrade due to the weight of the 
aggregate and the traffic load should be less than the 
bearing capacity of the soil times a safety factor, 
which is generally a relatively low value compared 
to the strength of most geosynthetics.  However, the 
stresses applied to the subgrade and the geotextile 
during construction may be much greater than those 
applied in-service.  Therefore, the strength of the 
geotextile or geogrid in roadway applications is usu-
ally governed by the anticipated construction 
stresses and the required level of performance.  This 
is the concept of geosynthetic survivability -- the 
geosynthetic must survive the construction opera-
tions if it is to perform its intended function.  In fact, 
for subgrade stabilization, the geosynthetic surviv-
ability tends to control the strength requirements and 
not the reinforcement function. 

In the US, the Federal Highway Administration 
(FHWA) (Holtz et al, 2008) and the American Asso-
ciation of Highway and State Transportation Offi-
cials (AAHSTO) (AASHTO M288, 2006) provide 
tables specifically for stabilization applications that 
relate geosynthetic index properties defined by the 
American Society for Testing and Materials (i.e., 
grab strength, CBR puncture resistance, and tear re-
sistance for geotextiles; and, wide width strength 
and strength for geogrids) to survivability of geosyn-
thetics.  The geosynthetics are classified as High 
(Type 1), Moderate (Type 2) and Low (Type 3) sur-
vivability geosynthetics and the types are matched to 
specific installation conditions.  Opening character-
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istics for geogrids based on the relation to the granu-
lar layer particle size and for geotextiles based on 
separation and filtration requirements are also in-
cluded in the tables plus permittivity requirements 
are specified for geotextiles. 

A similar approach has been developed in the 
Nordic countries of Finland, Sweden and Norway 
through the establishment of the NorGeoSpec sys-
tem in 2002 (Moe, 2008).  This is a certification 
scheme (specification and control) for geotextiles 
used for separation, filtration and stabilization in 
roads.   The system includes five specification pro-
files based on several characteristics measured with 
test methods defined by the Central European Nor-
malization (CEN) and the International Standards 
Organization (ISO). Classification of the geotextiles 
in a specific profile is based on test values and toler-
ances for the following characteristics: tensile 
strength, tensile strain, strain energy index, static 
puncture, dynamic perforation resistance, character-
istic opening size and permeability.  

In Denmark, the road design procedure equally 
requires that the geosynthetic be flexible and strong 
enough to withstand stresses from the surrounding 
gravel or rocks without being damaged.  The re-
quirement for the geotextiles could be based on a de-
sign model such as that proposed by Steen (2004).  

Other properties, such as stiffness, aperture size 
and interlock effect, may be required for the specific 
design method as discussed in Section 5.2.  Almost 
no correlations have been developed between prop-
erties and field performance of geosynthetics in sub-
grade stabilization applications.  In order to develop 
such correlations, Berg et al, 2000 has recommended 
that the following properties of interest be provided 
with any future full scale studies or long-term pave-
ment studies:  2% & 5 % secant moduli, Coefficient 
of Pullout Interaction, Coefficient of Direct Shear, 
Aperture Size, and Percent Open Area. A proposal 
for guidelines for reinforcement in road structures in 
Norway emphasizes the necessity of linking the rein-
forcement function to the dominating deterioration 
mechanisms. The required reinforcement properties 
are then given based on an evaluation of different 
deterioration mechanisms. Generally the required 
properties can be grouped into strength and stiffness, 
interaction properties with surrounding material and 
survivability (Øiseth and Hoff, 2006). 

3 BASE REINFORCEMENT 

In this paper, base reinforcement refers to the 
placement of geosynthetics within the unbound ag-
gregate base layer of a paved flexible pavement for 
the purpose of improving the permanent deformation 

(rutting) and fatigue cracking performance of the 
pavement during its operational life. While the 
mechanisms and benefits of base reinforcement oc-
cur in unpaved roads, the focus of the material pre-
sented in this section is on paved roads.

The application of a vehicular load to a flexible 
pavement results in dynamic stresses within the 
various pavement components. The stiffness of these 
components dictates the magnitude of the dynamic 
strains and displacements, which are small in a well-
designed pavement. As vehicular loads are repeat-
edly applied, permanent strain is induced and accu-
mulates as traffic passes grow, which leads to rutting 
of the pavement surface. Fatigue cracking of the as-
phalt concrete layer also results from repeated cycles 
of tensile lateral strain in the bottom of the layer.  

Relatively small dynamic strains and the accumu-
lation of permanent strain points to several important 
considerations when using geosynthetics for rein-
forcement. Small-strain stiffness as opposed to 
strength at large levels of strain is important for 
characterizing the geosynthetic. Many applications 
developed for large strain failure analysis, so this has 
caused a shift in thinking and testing.  

3.1 Mechanisms of Reinforcement 
The overriding mechanism of reinforcement is one 
in which the reinforcement prevents lateral move-
ment of the base aggregate through shear interaction 
between the base and the geosynthetic. This has the 
effect of increasing the confinement or mean stress 
in the aggregate in the vicinity of the geosynthetic. 
Aggregate materials have a resilient modulus that is 
mean stress dependent, meaning that as the con-
finement increases, the stiffness of the aggregate in-
creases.  

Lateral restraint of the aggregate occurs during 
both construction of the roadway and during traffic 
loading. During construction, heavy compaction 
equipment applies large compressive stresses to the 
granular layers. The motion of aggregate during 
compaction is complex yet involves a significant 
component in the lateral direction. For unreinforced 
aggregate, Mooney and Reinhart (2009) showed 
compressive vertical strain and horizontal extension 
in the direction of travel of a drum roller (Figure 4), 
where stresses and strains are due to the compactor 
and relative to the geostatic condition. The horizon-
tal extension strain in the direction of drum travel is 
similar in shape to that seen when a vehicular wheel 
load is applied and is explained by heavy direct 
loading in the vertical (z) direction, moderate con-
finement in the direction perpendicular to drum 
travel (y) and light confinement in the direction of 
drum travel (x). Horizontal strain in the direction 
perpendicular to drum travel was seen to be very 
small, indicating that nearly plane strain conditions 
exist beneath the roller during compaction.  
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Figure 4. Stresses and strains induced in compacted aggregate 
beneath a drum roller (Mooney and Reinhart 2009). 

Residual stress in the lateral direction of the com-
pacted aggregate is locked in. Several studies have 
shown locked-in horizontal stress as high as 35 kPa 
due to compaction and application of wheel loads 
(Uzan 1985, Selig 1987 and Barksdale & Alba 
1993).  D’Appolonia et al. (1969) showed values of 
the coefficient of earth pressure at rest (Ko) in terms 
of static locked-in horizontal stresses due to vibra-
tory compaction, to be between 0.8 and 1.1 and in-
creased with increasing compaction passes. Duncan 
and Seed (1986) and Duncan et al. (1991) also dis-

cussed and modeled locked-in horizontal stress. 
Brandl et al. (2005) and Mooney and Reinhart 
(2009) showed that in unreinforced aggregates, static 
passes resulted in locked-in horizontal stresses while 
vibratory passes tend to release these stresses.  

When reinforcement is present, lateral restraint of 
aggregate occurs through shear interaction between 
the aggregate and the geosynthetic as aggregate ex-
periences lateral extensional strain. During compac-
tion, Figure 4 shows that lateral extensional strain 
occurs principally in the longitudinal (x) direction, 
which implies that the stiffness of the reinforcement 
in this same direction is of most importance. During 
traffic loading when extensional strains are greatest 
in the transverse (y) direction, reinforcement stiff-
ness in this direction will be more important. Rein-
forcement may also be effective in preventing the re-
lease of locked-in horizontal stress during vibratory 
compaction.  

Konietzky et al. (2004) used a discrete element 
modeling (DEM) method with a 3D particle flow 
code to numerically describe locked-in horizontal 
stresses due to compaction and traffic loading. The 
DEM method has advantages to continuum based 
numerical methods in that it has the potential to de-
scribe complex interactions between discontinuous 
combinations of aggregate and geosynthetics. The 
method was used to apply a vertical consolidation 
pressure, representing a compaction load, to a col-
umn of aggregate with a geogrid layer. The horizon-
tal stress in the aggregate was determined after the 
consolidation pressure was removed and was shown 
to be approximately twice as large as compared to a 
case where no geogrid was present. The application 
of shear load between the geogrid and the aggregate 
also resulted in additional locked-in horizontal 
stress.

DEM studies have provided a numerical means of 
confirming experimental results discussed above, 
have provided additional evidence for the mecha-
nism of lateral restraint, and have supported earlier 
mechanistic-empirical design methods proposed by 
Perkins et al. (2004) and described in Section 5 of 
this paper, which rely upon the mechanism of lateral 
restraint. The complexity of the DEM method and 
the long run times associated with the computations 
limit it presently to use for fundamental research, 
which are anticipated to provide guidance for antici-
pated levels of locked-in stresses predicted and used 
in design based numerical models for reinforced 
pavements.  

Lateral restraint of aggregate also occurs during 
traffic loading. Similar to the operation of compac-
tion equipment, vehicular loads applied to the road-
way surface create a lateral spreading motion of the 
base course aggregate as illustrated schematically in 
Figure 5.  Extensional lateral strains are created in 
the base below the applied load as base material 
moves down and out away from the load centerline. 
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Figure 6 shows data from instrumented pavement 
box tests illustrating extensional lateral strain out to 
a radius of approximately 200 mm, where after com-
pressive strains are seen.   

Figure 5. Mechanisms of reinforcement 

Figure 6. Permanent lateral strain at the bottom of base aggre-
gate in an unreinforced test section (Perkins 1999). 

The motion of aggregate illustrated in Figure 5 
and Figure 6 results in tensile load being transferred 
to the geosynthetic by shear interaction between the 
aggregate and the geosynthetic.  This in turn results 
in a tensile strain distribution in the geosynthetic as 
schematically shown in Figure 5, which has been 
shown experimentally in several pavement studies 
(Haas et al. 1988, Miura et al. 1990, Perkins et al. 
1998a,b and Perkins 1999) and is shown in Figure 7 
for the Perkins (1999) study. The data shows perma-
nent tensile strain out to a radius of approximately 
250 mm and shows the strain to grow with increased 
trafficking of the section. 

The thickness of aggregate over which lateral re-
straint occurs is important from the standpoint of 
understanding how much of the aggregate layer re-
ceives a stiffening effect from the reinforcement. 
Using results from DEM studies, Kwon et al. (2008) 
conclude that approximately 150 mm of aggregate is 
influenced for pure vertical loading and 50 mm for 
pure shear loading. Eiksund et al. (2004) conducted 
large-scale repeated load triaxial tests on aggregate 

with a layer of reinforcement and showed that lateral 
strain was restrained within a zone of 150 mm above 
the reinforcement. 

Figure 7. Geosynthetic strain distribution  (Perkins 1999). 

Once lateral restraint of aggregate occurs and a 
stiffening of the aggregate is seen, the pavement lay-
ers respond by mechanisms further illustrated in 
Figure 5. Compressive stress is reduced on the sub-
grade. Shear stress transmitted from the base course 
to the subgrade decreases as shearing of the base 
transmits tensile load to the reinforcement.  Less 
shear stress, coupled with less vertical stress results 
in a less severe state of loading (Houlsby and Jewell, 
1990) leading to lower vertical strain in the sub-
grade. Finally, reduced vertical strain in the base and 
subgrade results in less surface deflection, which re-
sults in less dynamic tensile strain in the bottom of 
the asphalt concrete layer and a greater fatigue life. 

3.2 Full-Scale Performance 
Construction, traffic loading and monitoring of full-
scale base-reinforced test sections has been critically 
important for demonstrating the feasibility of the 
technology, understanding the conditions under 
which reinforcement benefit is seen, describing the 
magnitude of this benefit, understanding the mecha-
nisms by which reinforcement occurs and providing 
data to which research and design models can be 
compared. The construction of base-reinforced test 
sections has been an on-going activity for nearly 30 
years and has taken many forms ranging from labo-
ratory-based test sections to demonstration projects 
constructed on public roadways. Several synthesis 
reports have been prepared (Berg et al. 2000, Chris-
topher et al. 2002, Al-Qadi et al. 2009), which de-
scribe work performed in this area.  

Paved roads are considered to be inoperable once 
large surface deformations are seen. Most studies 
have therefore focused on paved road performance 
and improvements offered by geosynthetics for 
pavement deformation less than 25 mm. A number 
of studies have demonstrated that the service life of 
the pavement, as defined by the number of load 
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repetitions carried by the pavement to reach a par-
ticular permanent surface deformation, can be in-
creased by a factor ranging from just over one to in 
excess of 100 by the inclusion of a geosynthetic in 
the base aggregate layer. Studies have also shown 
that base course thickness can be reduced by up to 
50 % by the inclusion of a geosynthetic. Most stud-
ies have quantified benefit in terms of rutting. Bene-
fit defined in terms of increased fatigue life of the 
asphalt concrete layer has been more difficult to 
demonstrate experimentally and is needed to verify 
these benefits predicted by reinforced pavement de-
sign models discussed in Section 5.1. 

Berg et al. (2000) have given a comprehensive 
review of available studies, where the variables in-
volved in the studies and the type and magnitude of 
benefit derived by the geosynthetic has been summa-
rized. This document was used as the basis for an 
AASHTO standard (AASHTO 2001) providing a 
recommended practice for the use of geosynthetics 
as reinforcement in flexible pavements. 

Two full-scale accelerated pavement tests have 
been conducted with a Heavy Vehicle Simulator 
(HVS) in Finland (Kangas et al. 2000) and one in 
Sweden (Pihlajamäki et al.2002) with the base layer 
reinforced with steel grid. The main objective of the 
tests was to find out the effect of the reinforcement 
on rutting.

The HVS test results showed that the depth of the 
rut can be remarkably reduced by using steel grids in 
unbound base (Korkiala-Tanttu et al. 2003a). On av-
erage, this reduction was between 40 – 60 %, which 
results in an increase of service life between 50 - 
100 %.

The efficiency of the reinforcement depended on 
the conditions where it is used. The reinforcement 
worked best in cases where the bearing capacity of 
the pavement is low. If the bearing capacity of the 
pavement is high, reinforcement did not have much 
of an effect on rutting (Korkiala-Tanttu et al. 2003a).

Steel grids are commonly used in Finland and 
Sweden to reduce cracking caused by frost heaving. 
A steel grid prevents the development of longitudi-
nal frost cracks in the reinforced area according to 
the test results reported by Kivikoski et al. (2002) 
and over twenty years of field experience with rein-
forced and unreinforced structures (Sandberg and 
Björnfot 2004). The longitudinal cracks usually 
move to the shoulder of the road where grid rein-
forcement ends. Steel grid also mitigates transverse 
frost cracking by curtailing the width of the cracks 
and by preventing the development of small cracks. 

To prevent frost cracking the grid must be in-
stalled in the whole width of the road. No overlap-
ping of the steel grid is needed in longitudinal direc-
tion to prevent frost cracks. On the contrary the 
space between adjacent grids can be up to 500 mm, 
if the frost heave is less than 100 mm (Kivikoski et 
al. 2002). If the frost heave is larger than 100 mm, 

the grids should be installed with an edge joint 
(close to each other with no space between them). 

Test sections show that the frost heave differen-
tials in the cross section can be reduced with steel 
grids (Kivikoski et al. 2002). The Reflex project 
recommends (Gustafson et al. 2002) that at least a 
50 mm asphalt layer should be spread upon the steel 
grid.

Even though many field and full-scale tests show 
that reinforcement clearly improves the performance 
of a pavement, it has been difficult to show benefit 
with Falling Weight Deflectometer (FWD) meas-
urements (Korkiala-Tanttu et al. 2003a). The surface 
moduli of a reinforced pavement measured with 
FWD were usually only slightly greater than the 
moduli of an unreinforced pavement, yet the differ-
ence between service lives showed significant im-
provement.  

3.3 Geosynthetic Material Properties and Tests 
Geosynthetic material properties and their corre-
sponding test methods are critical for design and 
specification of reinforcement geosynthetics for base 
reinforcement. This is especially true for generic 
specifications and non-proprietary design methods, 
particularly those that involve mechanistic-empirical 
principles.

In general, it is recognized that tensile load-strain 
properties of the geosynthetic itself and geosyn-
thetic-aggregate shear interaction properties are im-
portant for assessing the performance of the base-
reinforced pavement. This follows from an under-
standing of reinforcement mechanisms described in 
Section 3.1, which imply that good interaction prop-
erties are necessary to transfer load from the aggre-
gate to the reinforcement and that good load-strain 
properties of the geosynthetic are required to limit 
lateral movement of the aggregate. While engineer-
ing material properties describing load-strain and in-
teraction behavior are important, Tang et al. (2008) 
has shown the problems associated with an attempt 
to correlate a single material parameter to rein-
forcement performance. In particular, Tang et al. 
(2008) showed an absence of clear correlation be-
tween index properties (including ultimate strength, 
tensile strength at 2 % strain, junction strength, aper-
ture area and flexural rigidity) with performance of 
small-scale accelerated pavement tests. The study 
showed some correlation between interaction prop-
erties and performance. This indicates that no one 
single parameter can define performance and that 
parameters work together or against each other in 
determining how the reinforcement will benefit the 
pavement. In addition, tests traditionally carried out 
at large strains are not necessarily appropriate for 
this application, which involves small strains.  

Material properties may be broadly classified as 
those needed for design and those needed for speci-
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fication. For design purposes, the focus of this paper 
is on material properties that are pertinent to mecha-
nistic-empirical design methods of the type de-
scribed in Section 5.1. This method uses an axi-
symmetric finite element model for the mechanistic 
response model. This model requires input proper-
ties for the reinforcement load-strain material model 
and the geosynthetic-aggregate shear-displacement 
interaction model.

Load-strain material models for the reinforcement 
should be similar in complexity to material models 
used for the other pavement components and consis-
tent with the capabilities of an axi-symmetric model. 
The above is accomplished by using a simple iso-
tropic linear elastic model for the reinforcement, 
which requires specification of an elastic tensile 
modulus and Poisson’s ratio describing the elastic 
stress-strain behavior of the reinforcement. Geosyn-
thetic reinforcement products, however, generally 
have a tensile modulus that is different in the two 
principal directions of the product. This implies that 
an orthotropic elastic model (a direction dependent 
model) is better suited to describe the reinforcement. 
This type of model, however, is not compatible with 
an axi-symmetric finite element model, which is di-
rection independent within a horizontal plane occu-
pying the reinforcement layer.  

Perkins and Eiksund (2005) devised a method to 
convert orthotropic elastic properties of a reinforce-
ment layer to an isotropic elastic modulus, E, for an 
assumed isotropic Poisson’s ratio of 0.25 (Equation 
1). Orthotropic properties include an elastic tensile 
modulus in the two principal directions of the mate-
rial (Em, Exm), an in-plane Poisson’s ratio ( ) and an 
in-plane shear modulus (G). In this equation, the 
constants a and b are 0.35 and 0.035. Three material 
tests are therefore required to determine these prop-
erties.

1

Material laboratory tests used to describe proper-
ties of the reinforcement or properties of shear inter-
action between the reinforcement and aggregate 
should be capable of accounting for the small-
strain/displacement and repetitive load conditions 
present in base-reinforced pavements. Cuelho et al. 
(2005) proposed a cyclic in-air tension test to de-
scribe the elastic tensile modulus of the reinforce-
ment in its two principal directions and as a function 
of a set permanent strain. This was accomplished by 
statically loading a wide-width tensile specimen to a 
prescribed axial strain, followed by the application 
of 1000 load cycles where the axial strain varied be-
tween prescribed limits of +/- 0.1 % of the pre-
scribed static strain.  This was followed by applying 
additional static load to the specimen to bring it to a 
new and higher prescribed static strain, then fol-

lowed by the cyclic load sequence. These steps were 
then repeated for a total of 6 steps as illustrated in 
Table 1. The tests performed in this way were cyclic 
stress-relaxation tests, in that load was allowed to 
decrease as the strain was cycled between set limits. 

Table 1. Loading steps for cyclic in-air tension tests. 
Step Static Strain 

(%)
Cyclic Strain 

(%)
1 0.5 0.2 
2 1.0 0.2 
3 1.5 0.2 
4 2.0 0.2 
5 3.0 0.2 
6 4.0 0.2 

Figure 8 illustrates representative results for a test 
performed on a biaxial geogrid. This material is 
listed as geosynthetic E in Table 2. From this type of 
test, the tensile modulus is determined as the slope 
of the load-strain curve at the end of cyclic loading 
for each step. Figure 9 shows a summary of tensile 
modulus values for 3 geotextiles and 4 geogrids 
tested in the machine direction, where these products 
are listed in Table 2. The three geotextiles show an 
increase in modulus with increasing permanent 
strain level whereas the geogrids tested show a rela-
tively constant value of modulus at all strain levels. 
Similar trends were observed for these materials 
when tested in the cross-machine direction. These 
results suggest that geotextiles of the type tested re-
quire some permanent strain, and hence rutting, be-
fore a stiff tensile response is seen.

Figure 8. Cyclic in-air tension results for a biaxial geogrid 
(geosynthetic E). 

The cyclic in-air tension test described above has 
been proposed as an ASTM standard (Determining 
Small-Strain Tensile Properties of Geogrids and 
Geotextiles by In-Air Cyclic Tension Tests) and is 
currently in the final stages of balloting. The stan-
dard calls for a strain rate during all phases of testing 
of 10 %/minute in order to conform to existing wide-
width tension testing standards (ASTM 4595 and 
6637). Further research is needed to evaluate the ef-
fect of cyclic strain rates more in line with those an-
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ticipated in base-reinforcement applications, which 
may be as high as 500 to1000 %/min. 

Table 2. Geosynthetic materials used for cyclic in-air tests 

Geosynthetic 
Type

Manufacturer & 
Brand Name 

Generic 
Name 

Polymer Type / 
Structure 

Amoco 
ProPex 2006 

A PP / woven 

Synthetic Industries 
Geotex 3×3 

B PP / woven Geotextile 

Ten Cate Nicolon 
Geolon HP570 

C PP / woven 

Colbond 
Enkagrid Max 20 

D PP / welded grid 

Tensar 
BX1100 

E
PP / biaxial, 

punched, drawn 

Tensar 
BX1200 

F
PP / biaxial, 

punched, drawn 

Geogrid 

Tenax 
MS220b 

G
PP / extruded, 

multi-layer 
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Figure 9. In-air tension results for 7 geosynthetics, machine di-
rection. 

  Biaxial tension tests similar to those described 
by McGown and Kupec (2004) can be used to de-
termine Poisson’s ratio. Hangen et al. (2008) noted 
several problems and solutions for the test proposed 
by McGown and Kupec (2004). Perkins et al. (2004) 
proposed equations for evaluating Poisson’s ratio ( )
from biaxial tests performed as equal rate of loading 
tests (Equation 2) and as equal rate of strain tests 
(Equation 3). 

2

3

where:
Exm-U  =  modulus in cross-machine direction from a         

uniaxial test 

Em-U  =  modulus in machine direction from a uni-
axial test 

Exm-B  =  modulus in cross-machine direction from a 
biaxial test 

Em-B  =  modulus in machine direction from a biax-
ial test 

Use of Equations 2 or 3 is essentially a comparison 
of moduli between biaxial and uniaxial loading. This 
implies that the modulus values given in Equations 2 
and 3 should be determined from specimens tested 
in the same device and should be determined at the 
same strain level, where this strain level should be 
relatively small. Currently, this requires that the bi-
axial device be used to test three specimens, two in 
uniaxial tension in each principal direction and one 
in biaxial tension. Further work is needed to deter-
mine if one specimen can be used for all three tests 
by applying relatively small loads in each successive 
test.

The in-plane shear modulus, G, is an elastic pa-
rameter needed for the input of elastic constants into 
a finite element response model for reinforced pave-
ments. This parameter describes the in-plane stiff-
ness of the geosynthetic to in-plane shearing forces. 
These forces may be caused by twisting or torque. 
Since most reinforcement materials are discontinu-
ous within their plane, G is expected to be relatively 
small for all geosynthetics, however it is expected 
that stiff geogrids will have higher values than flexi-
ble materials such as woven geotextiles and 
geogrids.

For geogrids, the aperture stability modulus test 
(reference) is currently used to determine G accord-
ing to a solution proposed by Perkins et al. (2004). 
In this solution, the aperture stability modulus 
(ASM) test was analyzed using elastic solutions to 
arrive at a simple relationship between G and ASM
(Equation 4). 

4

where G has units of kPa when ASM has units of N-
mm/degree.

Geosynthetic-aggregate shear stress-displacement 
interaction for base-reinforcement design is also best 
described in terms of an interaction model of similar 
complexity to material models for the other pave-
ment components. Since pavement response models 
are essentially resilient elastic models, shear interac-
tion should also be described in terms of an elastic 
interface shear modulus. Like a resilient modulus for 
unbound aggregate, the interface shear modulus 
should be expected to be normal (bulk) stress and 
shear stress dependent.

Cuelho and Perkins (2005) have proposed a test 
that determines a geosynthetic-aggregate interface 
shear modulus as a function of normal stress con-
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finement and applied shear stress. This test has re-
cently become an ASTM standard (ASTM 7499, 
Measuring Geosynthetic-Soil Resilient Interface 
Shear Stiffness). The test is conducted as a cyclic 
pullout test on normal width specimens but where 
the embedment length is relatively short (2 apertures 
for geogrids). This is done to encourage uniform 
shear and displacement conditions across the speci-
men during cyclic loading.  

The test is performed like a resilient modulus test 
on unbound aggregate in that a conditioning step is 
first applied by a series of cyclic loads under a given 
normal stress and constant cyclic pullout load ampli-
tude. A number of load steps are then carried out 
under different combinations of constant normal 
stress and cycles of constant cyclic pullout load. For 
each load step, the interaction shear modulus, Gi, de-
fined as the cyclic interface shear stress divided by 
the resilient interface shear displacement and having 
units of stress per distance or force per cubic dis-
tance, is determined as an average for the last 10 
load cycles. This results in a single value of Gi for 
each combination of normal stress and cyclic shear 
stress.

Equation 5 has been proposed to relate Gi to nor-
mal stress, i, and cyclic shear stress, i. This equa-
tion is modeled after the equation for resilient 
modulus of unbound materials from NCHRP project 
1-28a (NCHRP 2000). In this equation, Pa is taken 
as 101.3 kPa/m and is done to develop consistent 
units for Gi. The constants k1, k2, and k3 are cali-
brated by a comparison of the equation to test results 
and are geosynthetic and aggregate dependent.

 5  

A polyester geogrid and a coarse angular sand 
were used in a series of tests to evaluate Gi and the 
suitability of Equation 5 to describe results. In two 
tests, the applied maximum cyclic shear stress was 
held constant at 16 (Test 1) and 35 kPa (Test 2) for 
each test. The test was performed by applying 250 
cycles of shear load at a series of confinements start-
ing at 159 kPa and decreasing to 15.5 kPa. Meas-
urements of Gi for each combination of shear stress 
and confining stress are shown in Figure 10, where it 
is seen that Gi increases with increasing confine-
ment.  

A second series of tests was performed by main-
taining a constant confinement and increasing the 
applied maximum shear stress in a series of steps. 
This was repeated for three levels of confinement. 
Results for these two tests (Tests 3 and 4) are shown 
in Figure 11 where it is seen that Gi decreases with 
increasing cyclic shear stress.  
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Equation 5 was fit to the results presented in 
Figure 10 and Figure 11. The parameters k1, k2, and 
k3 are resulting from this calibration are given in 
Table 3. A data fit measure (R2) is shown, which 
provides a measure of fit between values predicted 
by Equation 5 and measurements from the test. It is 
seen that good values of R2 are obtained, meaning 
Equation 5 is well suited for describing the data. In 
addition, the values of k1, k2, and k3 are reasonably 
consistent between the different types of tests.

Table 3.  Parameters k1, k2, and k3 for cyclic pullout tests 
Test k1 k2 k3 R2

1 4.21E+07 0.707 -25.6 0.95 
2 4.82E+07 0.754 -23.6 0.96 
3 4.72E+07 0.622 -28.8 0.95 
4 4.95E+07 0.632 -24.7 0.98 

4 ASPHALT REINFORCEMENT 

4.1 Introduction
Asphalt reinforcement has been practiced in various 
parts of the world for more than three decades. Suc-
cesses have been reported on many occasions and 
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these have led to extensive use in certain types of 
pavement, for example those placed over very soft 
ground. Unfortunately there have also been a num-
ber of well publicized failures, most of which have 
been due to deficiencies during the construction 
process, and this has led to a certain amount of mis-
trust among highway engineers regarding what 
many consider to be a ‘black art’. 

Part of the reason for this is that asphalt rein-
forcement is most commonly used to combat reflec-
tive cracking, which is a notoriously difficult failure 
mode to predict, even without reinforcement, and 
existing methods of design do not generally include 
reflective cracking criteria. Reflective cracking is 
caused by repeated traffic loads, by one or more cy-
cles of thermal contraction, or by a combination of 
these two mechanisms. The critical situations are 
shown in Figure 12: bending mode (Figure 12b); 
shearing mode (Figure 12a and Figure 12c); exten-
sion mode (Figure 12d). The role of a reinforcement 
system to combat reflective cracking depends 
mainly on its components. In outline it may be: 

To take up the localized stresses in the vicinity of 
cracks and, hence, reduce the stresses and strains 
in the bituminous material in the region of the 
crack tip. This is true reinforcement and geogrids 
of polymer, steel or glass fiber can fulfill this 
role, depending on their mechanical, durability 
and interaction properties. 

To provide a layer that is able to deform horizon-
tally without breaking, in order to absorb the 
large movements taking place in the vicinity of 
cracks. This is the role of a SAMI (stress absorb-
ing membrane interlayer), often a bitumen-
impregnated non-woven geotextile. This role 
could also be described as “controlled debond-
ing”.

To provide a waterproofing function and keep the 
road structure waterproof even after reappearance 
of the crack at the road surface. This can also be 
achieved using a bitumen-impregnated non-
woven geotextile. 
De Bondt (1999) indicated that an optimum solu-

tion to mitigate reflective crack propagation in as-
phalt overlays depends on the magnitude of horizon-
tal and vertical movements of the underlying crack 
walls. Table 4, proposed by De Bondt, suggests dif-
ferent solutions based on qualitative levels of verti-
cal and horizontal crack wall movement (low and 
high).

In summary, therefore, there is a need to:  
a) quantify the effect of asphalt reinforcement on 

crack and rut development, 
b)develop relevant laboratory tests for the assess-

ment of reinforced asphalt, 

c) model the effect of asphalt reinforcement by com-
puter,

d)produce a usable design guide for reinforced as-
phalt roads. 
This section of the paper will address the situa-

tion with regard to points a) and b). 

Figure 12. Reflective cracking mechanisms 

Table 4. Recommendations De Bondt (1999) 
Horizontal crack movement Vertical crack 

movement Low High 
Low Thin overlay Thin overlay + SAMI 
High Thin overlay + 

reinforcement 
Thin overlay + modified 
binder + reinforcement 

4.2 A Review of Field Experience 
Over the past 30 years or so, a very large body of 
experience has been accumulated by those practitio-
ners who have either experimented with reinforced 
asphalt or, in some cases, adopted it as standard 
practice. Unfortunately, much of this experience 
cannot be directly quantified or compared to the un-
reinforced alternative but it is, none the less, useful 
in giving an indication of the performance of the ma-
terial.  

Geotextiles are frequently used beneath a wearing 
course layer in strengthening overlays. This should 
probably not be referred to strictly as ‘reinforce-
ment’, since the geotextile adds only limited strength 
or stiffness to the pavement. The interface created by 
the geotextile and the bituminous bond coat on 
which it is normally laid appears to form a crack 
barrier. Such treatments have been found to delay 
the development of reflective cracking from an un-
derlying cracked or jointed pavement. For example, 
Karam (1993) reported the use of a geotextile be-
neath a 40-50mm wearing course on the RN91 in 
Belgium, a fatigued asphalt pavement. This treat-
ment prevented cracking for six years, whereas the 

a) b) 

c) d) 
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adjacent unreinforced section had cracked ‘se-
verely’. He also reported two cases where semi-rigid 
pavements were treated in a similar way: the E42 in 
Belgium and the A64 in Spain. In both cases a con-
trol section had begun to fail after four years 
whereas the reinforced sections were still intact. Ta-
niguchi and Ikeda (1998) presented results from the 
Japanese Accelerated Test Track where a similar 
system had been used beneath a 50mm wearing 
course in a semi-rigid pavement. Their results indi-
cated that the rate of crack reflection was 30-50% of 
that in a control section. This result is also compati-
ble with the findings of Laurent and Serfass (1993), 
who found that a geotextile beneath a 40mm layer in 
a flexible composite pavement resulted in about 50% 
of the number of cracks found in a control section. 
Walsh (1993) showed that a geotextile beneath a 
50mm wearing course was also effective at delaying 
the occurrence of reflective cracks in an overlaid 
jointed concrete pavement. His results showed an 
approximately 50% reduction in cracking rate after 
three years. Karam (1993) also included an overlaid 
concrete pavement in his study, the RN427 in Bel-
gium, this time with a geotextile beneath 80mm of 
wearing course and basecourse. This had showed 
very little cracking after seven years, whereas the 
control section had cracked badly at every joint. A 
wider description of the Belgian experience was 
given by Decoene (1993) who reported on 13 sites, 
mainly overlaid concrete, all but one of which were 
said to be performing well. 

Geotextiles have also been used immediately be-
neath a surface dressing as reinforcement to a rela-
tively light duty pavement. Perrier (1989) described 
such a process directly on an unbound base, and re-
ported that it significantly enhanced the resistance of 
the pavement to deformation as well as surface 
break-up. Marchand (1993) also described experi-
ence with reinforced surface dressing on conven-
tional pavements, and stated that the treatments were 
successful, both as crack retarders and also in main-
taining the waterproofing function of the pavement. 

The use of a geogrid represents a larger financial 
investment than a geotextile, implying that the return 
on that investment has to be correspondingly large. 
Herbst et al (1993) presented an interesting set of 
data from an experimental site in Austria, where the 
comparative benefits of geogrids and geotextiles 
could be directly assessed. The site was a concrete 
road which had already been overlaid with 110-
130mm of asphalt, but which had subsequently 
cracked severely. Various treatments were carried 
out, involving the planing out of some or all of the 
asphalt and replacement by new materials. Whereas 
the section with 60mm of asphalt over polypropyl-
ene geogrid on a 30mm asphalt levelling course 
showed no cracking at all after nearly three years, 
7% of the cracks on the equivalent geotextile rein-
forced section had appeared on the surface. Even on 

a 120mm unreinforced overlay section, 2% of cracks 
had appeared. However, where the geogrid was used 
without the 30mm levelling course, 6% of cracks 
had appeared. A corresponding section with steel 
grid (also without levelling course) allowed 27% of 
cracks to appear, and even more where no prior 
‘seating’ treatment had been carried out. 

Elsing and Sobolewski (1998) state that, in their 
experience, a factor of 4 on the life of a pavement as 
a result of the inclusion of a polyester geogrid is to 
be expected. The same geogrid was reported by 
Kassner (1989) to be particularly effective at a depth 
of 100mm over jointed concrete subject to severe 
temperature variations (-20 to +60 C). The rein-
forced pavement was performing well after 9 years, 
whereas the control section had cracked after 4 
years. Schuster and Kuenzer (1989) described trials 
of both polyester and glass fibre geogrids laid under 
a wearing course layer over severe wheelpath crack-
ing. After 2 years the control section had cracked 
whereas the reinforced sections were undamaged. 
Huhnholz (1996) presented direct evidence that a 
polymer geogrid gave a life enhancement factor of at 
least 3. On the A23 in Germany, a severely cracked 
and rutted pavement was planed out to a depth of 
100mm and the grid fixed prior to 100mm of new 
asphalt being laid. After 7 years, no cracking had 
been reported where a previous similar unreinforced 
treatment had developed reflective cracking within 
two years. 

An interestingly different use of geogrid rein-
forcement has been reported by Johansson and Nils-
son (1998), where welded steel was successfully 
used beneath a wearing course to prevent cracking 
due to frost heave of the pavement. 

It is clear from this brief review that many practi-
tioners see significant benefit in using asphalt rein-
forcement across the range of products on the mar-
ket. However, discrimination between products and 
between differing applications is difficult. With this 
proviso, the following points emerge: 
a) One of the most effective uses for all the types of 

reinforcement is perceived as being for overlay-
ing a deteriorated thin asphalt pavement

b) The use of a geotextile laid on a bituminous tack 
coat beneath an asphalt overlay may typically 
reduce the incidence of reflective cracking from 
an underlying cracked or jointed pavement layer 
by 50%. 

c) Geogrid reinforcement is significantly more ef-
fective. It may typically increase the life of 
pavement by a factor of 4. 

HVS full-scale accelerated pavement tests were 
also performed to examine the effect of a geotextile 
on the performance of a rehabilitated steep-sloped 
pavement structure (Korkiala-Tanttu et al. 2003b). 
The reinforced structures had around 25 - 50 % 
smaller rut depths than unreinforced reference struc-
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tures. This corresponds to the lengthening of the ser-
vice life by at least 50 %. The tests showed also that 
steel grid delayed fatigue to some extent.   

Another HVS test with a reinforced asphalt layer 
were performed in the REFLEX project (Pihla-
jamäki et al.2002). According to the Reflex01 test 
with high pavement temperature (+40 °C) the ser-
vice life of the steel reinforced structure was 30 - 45 
% longer than the unreinforced structure with the 
same rut depth (Pihlajamäki et al. 2002). All the rut-
ting occurred above the steel grid level and none be-
low. Rutting occurred also in lower bituminous lay-
ers in unreinforced pavement.  

4.3 Traffic Simulation using Beam Tests 

The performance of a bitumen-impregnated geotex-
tile system was clearly observed in a research pro-
gram carried out at ITA (Aeronautical Institute of 
Technology, Brazil), where third-point flexure fa-
tigue tests were conducted – see

Figure 13. Without a geotextile crack growth was 
straightforward; in the geotextile-reinforced case the 
crack grew until it reached the geotextile and was 
then redirected horizontally due to the controlled 
debonding between the geotextile and the asphalt. 

Figure 13. Dynamic flexure specimens: a) unreinforced; b) 
with geotextile (Montestruque 1996) 

Research into polypropylene geogrid reinforce-
ment of asphalt has been carried out at Nottingham 
since 1981 (e.g. Brown et al, 1985). Much of this 
work involved supported beam tests, where a crack 
in an underlying pavement was simulated by means 
of a split support over which the geogrid and the as-
phalt specimen were placed. Repeated vertical load-

ing then led to the propagation of a crack upwards 
from the split in the support. The most important 
findings from these series of tests may be summa-
rised as follows: 
a) The geogrid did not affect the stiffness of the 

pavement to any significant degree. 
b) A geogrid at the base of an asphalt layer resulted 

in a factor of up to 10 increase in fatigue life. 
c) A grid at a shallow depth reduced rutting by a 

factor of about 3. 
d) A grid at the bottom of an asphalt overlay pro-

vided a significant reduction in reflective crack-
ing.

Parallel work was carried out to investigate the 
practicalities of paving over a reinforcing grid, since 
some installers had difficulty in ensuring that the 
grid remained in position during the paving process. 
Several different fixing systems were studied 
(Brown et al, 1989) and, as a result of this work and 
in recognition of installers’ difficulties, the concept 
of a geotextile-geogrid composite was developed.  

More recently Kim et al (1998) described beam 
tests which were very similar to those carried out at 
Nottingham. They investigated a number of crack 
inhibiting alternatives, including a glass fibre 
geogrid, which showed an improvement factor of 
between 4 and 8 on life (to an advanced state of 
cracking), depending on the asphalt mixture type in-
volved.

Coppens and Wieringa (1993) also tested beams 
reinforced with glass fibre. However, their tests were 
conventional dynamic four point bending tests with 
the grid at a depth of 60mm in an 80mm deep beam. 
They did not test to cracking failure but rather al-
lowed the beam to develop a permanent displace-
ment under repeated vertical (downwards only) load. 
The presence of the relatively stiff glass fibre grid 
slowed down the development of the displacement 
by a factor of about 10.

Sanders (2001) described a test intended to simu-
late the situation in a pavement as realistically as 
possible, that is with a degree of continuity in sup-
port. The arrangement is shown in  

Figure 14. A 10mm notch was cut in the base of 
the beam to ensure that the crack formed in a zone 
across which measurement devices were attached. 
An extensive series of tests was carried out at 20 C
and 5Hz, on roller-compacted beams containing 
various reinforcement types.  

Figure 14 gives the results in terms of the rate of 
crack growth, averaged for each of the specimen 
types tested. 

Figure 14 shows that steel geogrid performed 
well, with a factor of enhancement on life of up to 3 
over the unreinforced specimens. Polymer geogrid 
was almost as effective whereas glass fibre grids 
performed slightly less well, although the beam 
length used (400mm) was rather shorter that that 

a
)

b
)

Geotextile
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used by some other researchers and glass products 
are known to depend on a reasonable anchorage 
length either side of a developing crack. It is notice-
able that a reduction in crack propagation rate due to 
the presence of reinforcement appeared even before 
the crack reached the level of the geogrid, and this is 
despite the reinforcement adding very little to the 
overall stiffness of the beam. It was suggested that 
this may be due to the geogrid effectively preventing 
localised permanent deformation. 
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This was also clearly identified in dynamic fatigue 
tests on asphalt beams carried out at ITA, with and 
without polymer geogrids (Montestruque, 2002). 
The beams (46cm long x 7.5cm wide x 15cm high) 
were moulded in the laboratory, with an opening in 
the central lower part simulating a crack in an old 
asphalt layer. The geogrid was placed in the region 
of maximum stress concentration, over the opening 
tip. In beams without reinforcement the reflective 
crack appeared after a few cycles of loading and its 
growth was rapid and vertical ( 

Figure 15a). In reinforced beams the growth of the 
crack was interrupted and a quite different pattern of 
cracking was observed: micro-cracks initiated at 
random, associated with asphalt fatigue ( 

Figure 15b), but without any clear relation to a re-
flective cracking mechanism. 

Figure 15. Dynamic fatigue specimens: a) unreinforced; b) 

geogrid reinforced (Montestruque, 2004) 

4.4 Pilot Scale Wheel Tracking Tests 
The Nottingham Pavement Test Facility (Brown and 
Brodrick, 1981) is an approximately half-scale load-
ing facility which allows a single wheel load to traf-
fic a pavement over a distance of around 5m. Sand-
ers (2001) reports results from a pavement 
consisting of an 80mm asphalt layer placed onto a 
layer of 600mm by 600mm paving flags over sand 
bedding, granular sub-base and a low-stiffness clay 
subgrade. The layer of flags was intended to repre-
sent a severely cracked existing pavement. Six dif-
ferent sections were constructed as shown in Figure 
16, the geogrid (where included) being placed at 
mid-depth in the asphalt. The wheel was applied on 
two different paths, each of which traversed two re-
inforced sections and a control section. The paving 
flags ensured that each reinforced section included at 
least two transverse joints. It was also decided to run 
a longitudinal joint at an offset of 100mm from the 
centre of the wheel path. The test was carried out 
initially at 20 C and then repeated at 14 C.
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For each of the sections tested, the development 
of surface cracking was monitored throughout the 
test, as was the relative vertical movement between 
adjacent paving flags, at locations immediately adja-
cent to the wheel path. The results are plotted in 
Figure 16 as the number of wheel passes before the 
first appearance of reflective cracking on the surface 
against the measured relative vertical movement be-
tween flags, averaged over the whole test duration. 
This is a fairly crude simplification but it neverthe-
less indicates that there was a fundamental differ-
ence in behaviour between the reinforced and unre-
inforced cases, and that the enhancement in life in 
this case is by a factor of up to 2. Furthermore, this 
enhancement was achieved with the geogrid placed 
approximately at the neutral axis of the asphalt layer, 
implying that the mechanism applying was that of 
local inhibiting of crack formation rather than con-
ventional reinforcement. 

Wheel tracking tests continue to be used to ex-
plore the detailed mechanisms of reflective cracking 
and geogrid reinforcement, for example the use of 
LCPC equipment at the São Paulo University (USP), 
Polytechnic School - Transports Department - LTP, 
Brazil (Figure 17), and Nottingham, UK

Figure 17. Use of LCPC wheel tracking equipment for reflec-
tive crack investigation 

4.5 Thermally-Induced Cracking Tests
Probably the best known early studies of thermally-
induced cracking in asphalt overlays were carried 
out at the Belgian Road Research Centre. Francken 
(1990) describes a test that applied relatively slow 
load cycles by opening and closing the gap between 
two sections of concrete base over which a 70mm 
overlay had been laid. Francken and Vanelstraete 
(1993) present results from this equipment at -10 C, 
with a cycle time of 2 hours. Their results show that 
the presence of reinforcement fundamentally 
changed the stress strain behaviour of an asphalt 
overlay under the slow loading conditions applied 
and that, whereas a control specimen cracked after 3 
cycles, in many cases the reinforced specimens sur-
vived >30 load cycles with no visible distress. 
Brown et al (2001) simulated the opening and clos-
ing a crack in a cement-bound base directly using 
the equipment shown in  

Figure 18. Specimens were placed and compacted 
in-situ, in two layers, the geogrid being placed on 

top of the first, 30mm thick, layer. A tack coat, 
spread at a rate of 0.5 litres/m2, was used to bond the 
asphalt to the concrete base, which also had a tex-
tured surface. The end plates were removed after 
completion of the second layer of asphalt and then 
fixed back in place with an epoxy bond to the end of 
the asphalt, simulating the effect of a continuous 
pavement. Control of the motor was obtained via 
feedback from an LVDT which measured the rela-
tive movement of the two halves of concrete base. 
The motor was programmed to open the crack for a 
period of 4 hours and then to close it again for a fur-
ther 4 hours. The test routine used was to carry out 
the first cycle with a crack opening of 0.5mm and 
then to increase this for each subsequent cycle, until 
failure of the specimen occurred. Tests were carried 
out at -5 C.
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Figure 18 shows the crack opening at which fail-
ure occurred, failure being taken as the occurrence 
of a severe full depth crack. It also shows the strain 
measured in the base of the asphalt directly above 
the gap in the concrete. As may be seen, the control 
specimen was the first to fail, at a maximum strain in 
the asphalt of about 6000 microstrain. The glass fi-
bre reinforced specimen failed at a similar asphalt 
strain but at a much larger crack opening, because of 
its efficiency in spreading the strain laterally. The 
steel reinforced specimen withstood a greater asphalt 
strain (about 12,000 microstrain) before it failed, al-
though the crack opening was relatively modest be-
cause the grid proved to be fairly inefficient at 
spreading strain longitudinally, due in part to the 
limited width of the specimen. The polymer geogrid 
reinforced specimen however withstood repeated 
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loading at a crack opening of 8mm and a measured 
asphalt strain of over 10,000 microstrain. 

It is particularly interesting that the presence of 
certain types of geogrid reinforcement appears to al-
ter the asphalt strain at failure, mirroring the way 
that tests under simulated traffic load appear to re-
tard crack propagation at a given level of applied as-
phalt strain. The mechanism in both cases may be 
the inhibiting of localised permanent strains which 
would normally induce local crack formation. 

4.6 Summary
Both experience in the field and research in the 

laboratory have revealed the fact that asphalt rein-
forcement can be effective. This applies to both geo-
textiles and geogrids, although each is best suited to 
particular pavement types. The mechanisms by 
which the reinforcement functions have been identi-
fied and include controlled debonding, modification 
of the stress and strain conditions in the asphalt, and 
also inhibiting of localised strain thereby avoiding 
the formation of single large cracks. 

However, for confident analysis and design it is 
essential that these effects can be modelled properly 
and extrapolated from the accelerated case of a labo-
ratory test to actual field performance. This subject 
will be reviewed in the following section. 

5 MODELING AND DESIGN 

5.1 Base Reinforcement 

5.1.1 Background
International trends for the design of flexible pave-
ments involves the use of mechanistic-empirical (M-
E) methods, which requires the use of a mechanical 
response model to determine the stress-stain-
displacement response of the pavement structure and 
empirical damage models to relate this response to 
long-term pavement performance defined in terms of 
permanent surface deformation and fatigue cracking. 
M-E methods are particularly suited for the evalua-
tion of situations where new pavement materials are 
used and for which a significant historical data base 
of performance is not available. Given the complex 
nature of a geosynthetic reinforced flexible pave-
ment and the introduction of a host of new variables 
associated with the reinforcement, a M-E procedure 
is ideally suited and even essential for providing a 
design method that is both generic and comprehen-
sive.

In order to fit within the framework of modern 
M-E pavement design methods, the type of numeri-
cal response model should correspond as closely as 
possible to those in current pavement engineering 
practice. To date, the more sophisticated response 

models employed in traditional M-E methods have 
been necessary to show the effects of reinforcement. 
These response models have been finite element 
models employing non linear elastic models for the 
unbound materials. Finite element models are neces-
sary in order to describe reinforcement layers using 
membrane elements and for describing interaction 
between the geosynthetic and the aggregate by ap-
propriate contact models. Non linear elastic models 
for the unbound materials are necessary to show 
stress dependency and the effects of lateral restraint.  

While these models are relatively sophisticated 
for the practice of pavement engineering, they are 
grossly inadequate in completely describing the 
complex problem of a reinforced pavement subject 
to many cycles of traffic load. Hence, it has been 
understood that in order to show the effects of lateral 
restraint when using design-grade response models, 
certain simplifications and approximations are nec-
essary.  The following sections describe a modeling 
approach that fits into the framework described 
above.

5.1.2 Conventional Modeling Approach 
Modeling of base reinforced pavements has typically 
been performed within the context of finite element 
numerical models by which many studies have at-
tempted to describe mechanisms of reinforcement. 
These models have most commonly been developed 
by direct inclusion of structural elements for the re-
inforcement sheet and contact surfaces between the 
reinforcement and surrounding materials. Models es-
tablished in this fashion have historically shown a 
gross under prediction of pavement performance and 
corresponding benefit from the reinforcement, which 
is due to the inability of a simple static, single load 
cycle response model analysis to show the effect of 
lateral confinement due to base compaction and re-
peated traffic loading. 

As an example, Perkins et al. (2005) developed a 
conventional finite element model of a reinforced 
pavement by following guidelines established in 
NCHRP Project 1-37a (NCHRP 2003) for the pave-
ment components not associated with the reinforce-
ment. The commercial program ABAQUS was used 
for these models. The model was a two dimensional 
axisymmetric model using 4 noded quadratic ele-
ments for the asphalt concrete, base aggregate and 
subgrade layers and with boundary conditions simu-
lating box test sections reported by Perkins (1999) to 
which the model was compared. The thickness of the 
asphalt concrete, base aggregate and subgrade layers 
was set to match the conditions of one reinforced 
test section with thickness of 77, 300 and 1045 mm, 
respectively. A uniform pressure of 550 kPa was ap-
plied over a radius of 152.4 mm on top of the asphalt 
surface for pavement load and matched conditions 
present in the comparison test section. 
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An isotropic linear elastic model was used for the 
asphalt concrete layer. An isotropic non-linear elas-
tic model was used for the base aggregate and sub-
grade materials. The model describes the resilient 
modulus (MR) as a function of bulk stress ( ) and 
deviatoric stress ( oct) (Equation 6), where pa is at-
mospheric pressure (100 kPa) and k1, k2, k3 are mate-
rial properties determined from resilient modulus 
tests.

6

Reinforcement was modeled by including a mate-
rial layer consisting of a thin sheet composed of 2-
node membrane elements. Membrane elements have 
the ability to carry loads in tension but have no 
bending stiffness or ability to carry load in compres-
sion. An isotropic linear elastic model having input 
parameters of elastic modulus and Poisson’s ratio 
was used for the reinforcement material. An equa-
tion was developed (Perkins & Eiksund 2005) to de-
termine the isotropic linear elastic modulus and 
Poisson’s ratio from actual direction dependent 
orthotropic properties (elastic modulus in each prin-
cipal direction, in-plane Poisson’s ratio and in-plane 
shear modulus). The tests described in Section 3.3 
were used to determine these properties for the 
small-strain/displacement conditions present in 
pavements. For the geogrid material contained in the 
comparison test section, elastic modulus and Pois-
son’s ratio were 426 MPa and 0.25 respectively.

The upper and lower surfaces of the reinforce-
ment were set up to be contact surfaces. Shear inter-
action along each contact surface was described in 
terms of a Coulomb friction model, which allowed 
for the specification of an interface shear stiffness, 
which in turn was determined from cyclic pullout 
tests.

Pavement load was applied to the reinforced 
model described above. An example analysis was 
performed with a reinforced model set up according 
to the steps described above and compared to an 
identical model without reinforcement. From these 
models, the vertical strain along the model centerline 
axis in all pavement layers was extracted and used in 
empirical damage models for rutting to determine 
pavement permanent surface deformation as a func-
tion of applied load cycles with results shown in 
Figure 19.

The reinforced model showed only a modest (8.4 
%) increase in the number of traffic passes carried at 
a surface deformation of 25 mm (53,850 vs. 58,400 
traffic passes). For this test section with this particu-
lar reinforcement product, the reinforced test section 
was seen to carry approximately 600,000 load passes 
necessary to reach 25 mm of surface deformation. 
These results show the inability of this simple and 
conventional method for modeling reinforcement 

and points to the need for additional considerations 
for reinforced response models that account for the 
effect of lateral restraint created during compaction 
and traffic loading of the pavement.  

Figure 19. Surface deformation vs. load cycles for reinforced 
model and comparative unreinforced model using simple rein-
forcement modeling (Perkins et al. 2005). 

5.1.3 Response Model Modules 
Response model modules were developed that simu-
late certain construction and traffic loading effects 
that the reinforcement has on the pavement system. 
The non-linear elastic material model used for the 
base aggregate and subgrade imposes certain limita-
tions in rigorously modeling the effects of the rein-
forcement. This relatively simple constitutive model 
is insufficient for exactly describing the full sequen-
tial process of construction followed by the applica-
tion of many repetitions of vehicular traffic. Since 
the material model for the base aggregate shows im-
proved performance through an increased elastic 
modulus arising from an increase in mean stress, the 
response model modules were developed to yield an 
increase in aggregate confinement during compac-
tion and traffic loading. Hence, the response model 
modules show an increase in horizontal stress in the 
aggregate, which has a reasonable physical basis as 
supported by research described in Section 3.1, yet 
the modeling methods for doing so are partially 
physically artificial but necessary given the limita-
tions of the material models used.  

The response model modules include a model de-
scribing effects during compaction and three re-
sponse models used in succession and in an iterative 
manner to describe the effects of reinforcement dur-
ing traffic loading. Figure 20 provides a flow chart 
of these response models. The Compaction and Traf-
fic I response model modules are analyzed once for 
a given pavement cross section. The Traffic II and 
III models are analyzed a number of times to de-
scribe pavement response during different periods of 
the pavement life as permanent strain is developed 
in the reinforcement. 
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Figure 20. Flow chart of response model modules 

5.1.4 Compaction Model 
Material presented in Section 3.1 showed that 
locked-in horizontal stresses exist in aggregate lay-
ers compacted on top of a geosynthetic. From a re-
sponse modeling perspective, greater lateral stresses 
at the beginning of an analysis will mean that 
modulus of the material will be initially higher when 
non-linear stress-dependent elastic material models 
are used.

The principal effect of the reinforcement layer 
during compaction is to limit lateral movement of 
the aggregate as compaction tends to compress and 
shove material vertically and laterally. On a local 
level, restraint is provided by aggregate interacting 
with and transferring load to the reinforcement. As 
compaction equipment is worked around on the ag-
gregate layer, aggregate never assumes a predomi-
nant direction of motion, meaning that the creation 
of tensile strains in the reinforcement may be ne-
gated and reversed when equipment operates in an-
other location. The effect of this random process is 
to leave the aggregate with possibly a greater density 
but more importantly with locked-in horizontal 
stresses and the geosynthetic in a relatively strain-
free state. As such, the process should not be viewed 
as a reinforcement pretensioning effect, which ex-
perimentally has not been shown to be effective. The 
tensile modulus of the reinforcement is, however, 
important in this process in that it will contribute to 
the reduction of lateral movement of the aggregate 
during each pass of a piece of compaction equip-
ment and will contribute to the build up of locked-in 
horizontal stresses. In addition, the contact proper-
ties between the aggregate and the reinforcement are 
of importance with interfaces showing less shear 
stiffness leading to lower values of locked-in hori-
zontal stresses. 

A simple procedure was sought to model this 
process within the context of a finite element pave-
ment response model. Exact replication of this ran-
dom and complex process is extremely difficult and 
unwarranted. The procedure developed involves as-
signing thermal contractive properties to the rein-
forcement sheet and creating shrinkage of the mate-
rial by applying a temperature decrease. This 
produces relative motion between the geosynthetic 
and the aggregate and essentially models in reverse 
and in a simplified way the complex effect of aggre-
gate being shoved laterally back and forth during 
compaction.  

Once the temperature decrease has been applied, 
horizontal stresses at the element centroid are ex-
tracted from the model for a column of elements in 

the base along the model centerline. These horizon-
tal stresses, along with the geostatic vertical stresses 
due to material self-weight, are then used as the ini-
tial stresses for the entire base layer in a subsequent 
reinforced response model (i.e. the Traffic I model). 
These steps provide a means of describing the 
locked-in horizontal stresses in the aggregate due to 
relative motion between the aggregate and the rein-
forcement during compaction. 

To illustrate the effect of this step, a third analysis 
was performed by taking the reinforced model de-
scribed previously and using the initial stress state 
for the base from the compaction model described 
above before applying pavement load. Figure 21 
shows the results from this analysis as compared to 
the previous two analyses. The reinforced model 
with the compaction induced stresses results in 23 % 
more traffic passes necessary to reach 25 mm of sur-
face deformation. While this is an improvement over 
the simple reinforced model, the result is still far be-
low the benefit seen in this test section, indicating 
that additional considerations are needed. 

Figure 21. Surface deformation vs. load cycles for reinforced 
model with compaction model induced initial stresses (Perkins 
et al. 2005). 

5.1.5 Traffic I Model 
In addition to an increased horizontal stress due to 
compaction of aggregate on top of a layer of rein-
forcement, lateral confinement of the aggregate base 
layer develops during vehicular loading of the road-
way. Additional lateral confinement is due to the de-
velopment of interface shear stress between the ag-
gregate and the reinforcement, which in turn 
transfers load to the reinforcement. As a cycle of 
traffic load is applied, there is both a transient or cy-
clic shear stress and a residual shear stress that exists 
when the traffic load is removed. The residual inter-
face shear stress continues to grow as repeated traf-
fic loads are applied, meaning that the lateral con-
finement of the aggregate base layer becomes 
greater with increasing traffic load repetitions. The 
Traffic I response model module is used to provide 
data for the transient interface shear stress distribu-
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tion between the reinforcement and the surrounding 
materials. 

Experimental data from test sections where geo-
synthetics have been instrumented shows the devel-
opment of permanent radial strain in the reinforce-
ment with traffic load applications. Experimental 
data and theoretical considerations with simplifying 
approximations have been made to show the equality 
between the ratio of permanent to resilient strain in 
the reinforcement to the ratio of residual to transient 
shear stress on the reinforcement-aggregate interface 
(Perkins and Svanø 2006). This leads to Equations 7 
and 8 describing the residual shear stress on the in-
terface as a function of traffic passes. 

7

8

where:
r: residual shear stress on interface 
t: transient shear stress on interface 
p: permanent strain in the reinforcement 
r: resilient strain in the reinforcement 

N/N25 mm: ratio of actual traffic passes to passes nec-
essary for 25 mm permanent deformation 
A, B: Interface shear stress growth parameters 

Parameters A and B are currently calibrated from 
geosynthetic strain measurements in test sections. 
The Traffic I module provides a means of determin-
ing the transient interface shear stress ( t) for use in 
Equation 7. From this model, the interface shear 
stresses are extracted when full pavement load is ap-
plied. This interface shear stress distribution is taken 
as the values for t as a function of model radius.

The resulting shear stress distribution is then 
scaled by selected values of p/ r leading to new 
shear stress distribution curves representing different 
periods in the life of the pavement. Equivalent nodal 
forces are then calculated by distributing the shear 
stresses over the contributory area of each node and 
used in the subsequent Traffic II model to examine 
the effects of this shear stress distribution. 

5.1.6 Traffic II Model 
The Traffic II response model module gives the ele-
vated horizontal stresses in the base due to compac-
tion effects and for the additional locked in stresses 
due to the increasing tensile strains in the reinforce-
ment with increasing traffic. This is accomplished 
by applying the nodal forces due to the residual in-
terface shear stresses for a particular pavement life 
period from the Traffic I model to an unreinforced 
model having an identical cross-section and pave-
ment layer properties.  

The Traffic II model starts with an initial state of 
stress that comes from that determined in the Com-

paction model. Nodal forces calculated from the 
Traffic I model analysis are then applied to nodes in 
the base at the same level where the reinforcement 
was present. Once these nodal forces have been ap-
plied, the horizontal stresses at element centroids for 
the column of base aggregate elements along the 
model centerline are extracted. These horizontal 
stresses along with the geostatic vertical stresses are 
then taken as initial stresses in a subsequent and fi-
nal response model (i.e. Traffic III module).  

The analysis using the Traffic II model is re-
peated for the number of p/ r ratios selected to de-
termine equivalent nodal forces. Thus the Traffic II 
analysis provides a means of assessing the effect of 
residual interface shear stresses on lateral stresses 
developed in the base aggregate layer for different 
periods in the life of the pavement within the context 
of a finite element response model.  

5.1.7 Traffic III Model 
The Traffic III model uses the same pavement re-
sponse model as the Traffic I model but uses the 
horizontal stresses determined from the Traffic II 
model along with the geostatic vertical stresses as 
initial stresses. This model is run for the same num-
ber of Traffic II models evaluated. From each 
model, the distribution of vertical strain versus depth 
along the model centerline is extracted and used in 
conjunction with the damage models for permanent 
deformation to determine permanent surface defor-
mation for the load cycles that apply to the period 
for which the p/ r ratios apply.

For each data set of vertical resilient strain versus 
depth, the damage models for permanent deforma-
tion are used to determine a curve of permanent sur-
face deformation versus traffic load applications. 
This curve is taken to apply to the load cycles rang-
ing from the previous p/ r ratio to the current p/ r
ratio. A cumulative surface deformation curve is 
then computed by taking deformation that occurs for 
each period and accumulating it over the number of 
analysis periods. Figure 22 shows the resulting curve 
as compared to the previous analyses where it is 
seen that the model with compaction and traffic ef-
fects offers considerable improvement. 

5.1.8 Other Considerations 
The above procedure resulted in a significant im-
provement in predicting reinforced pavement per-
formance as compared to conventional procedures. 
Additional work involving large-scale cyclic triaxial 
testing of reinforced aggregate (Eiksund et al. 2004) 
has shown that reinforcement reduces the develop-
ment of vertical permanent strain under repetitive 
loading. These tests were used to develop damage 
laws for the permanent strain for reinforced aggre-
gate. This work also showed that the modified dam-
age law should be only applied for a zone of aggre-
gate adjacent to the reinforcement of 150 mm in 
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thickness or where the degree of stress mobilization 
exceeds a threshold value corresponding to an angle 
of 30 degrees. When these equations and considera-
tions are applied to the aggregate in the test section 
modeled in this paper, the resulting predicted surface 
deformation vs load cycle curve is shown in Figure 
23. The measured response from the test section is 
also shown on this figure. This figure shows a rea-
sonable correspondence between the mechanistic-
empirical prediction and results physically measured 
from a test section. 
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Figure 22. Surface deformation vs. load cycles for reinforced 
model with compaction and traffic induced initial stresses 
(Perkins et al. 2005). 
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Figure 23. Permanent surface deformation vs load cycles for 
procedure including reduced permanent strain in the reinforced 
base aggregate 

5.2 Subgrade Stabilization 
Recent work has applied the M-E method described 
in Section 5.1 to reinforced unpaved roads (Perkins 
et al. 2008 and Christopher et al. 2009). The M-E 
method was compared to results from unpaved box 
test sections constructed on a micaceous silt sub-
grade having a CBR of 1.0. The model was cali-
brated against unreinforced unpaved test sections 
and then analyzed for reinforced sections containing 
a woven geotextile.

Analysis of the reinforced test section showed an 
underprediction of rutting performance by the 
model. This was attributed to the effect of the rein-
forcement on the development of excess pore water 
pressure in the subgrade. As discussed in Section 2, 
excess pore water pressure build-up with repetitive 
pavement loading is significant, particularly in un-
paved roads where the dynamic stresses imposed on 
the subgrade are substantial. For the unpaved test 
sections discussed in Perkins et al. (2008), the ex-
cess pore water pressure in the unreinforced test sec-
tion was approximately 21 kPa while in the rein-
forced test section it was 7 kPa. Development of 
pore pressure reduces the effective stress in the sub-
grade and thereby reduces the subgrade stiffness and 
strength.  The reduction of stiffness and strength has 
a dramatic impact on the rutting performance of the 
roadway.

Christopher et al. (2009) presented a method to 
account for the influence of excess pore water pres-
sure on strength and stiffness of the roadway sub-
grade. The method relies upon the use of well estab-
lished soil mechanics principles to relate the 
undrained shear strength of a clay subgrade (Suf) to 
the initial undrained shear strength (Sui) and the ex-
cess pore water pressure (ue) (Equation 9). The 
method assumes that the clay subgrade can be de-
scribed as a normally consolidated clay with an ef-
fective strength friction angle ( ) and an effective 
strength cohesion of zero. Skempton’s pore water 
pressure parameter A is used to relate excess pore 
water pressure to induced normal stresses. Equation 
9 reduces to Equation 10 when  is taken as 30º and 
A is taken as 0.2. 

9

10

The M-E method presented in Section 5.1 was 
amended to account for the influence of excess pore 
water pressure by using a reduced elastic modulus 
for the subgrade in the finite element response 
model. The reduction of elastic modulus from the 
initial, as-constructed condition, was assumed to be 
proportional to the reduction of subgrade undrained 
shear strength from the initial to the final condition 
as given in Equation 10. The excess pore water pres-
sure observed in the test sections was used in Equa-
tion 10 when matching the model to results from test 
sections.

There is an insufficient understanding of how 
pore pressure generation in weak subgrades subject 
to traffic loading is dependent on subgrade type, 
wheel load configuration, aggregate thickness and 
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reinforcement. Presently, the effect of excess pore 
water pressure as accounted for by Equations 9 and 
10 is possible only by knowing the magnitude of ue
in an unreinforced cross section and the percentage 
reduction in ue for a reinforced section. This requires 
information from test sections, which lacks general-
ity for purposes of design. Future research should 
focus on methods to predict cyclic pore water pres-
sure generation for conditions pertinent to unpaved 
roads.  

Kanerva-Lehto (2009) has presented a method for 
dimensioning a steel grid reinforcement for frost 
heave cracks repairing. In the method the road struc-
ture is seen as a cantilever. 

5.3 Modeling Reinforcement Influence 
Reinforcement in asphalt is primarily intended to in-
hibit crack development and the influence of rein-
forcement therefore has to be set against the back-
ground of an asphalt fatigue cracking law. It is not 
the purpose of this paper to constrain the choice of 
fatigue law. Fracture mechanics and damage me-
chanics represent alternative approaches at two ends 
of a spectrum of possibilities. The CAPA finite ele-
ment package (Scarpas et al, 1993) for example, de-
veloped at Delft University of Technology, is a pro-
gram that is used to predict the effects of geogrid 
reinforcement in practice, incorporates fracture me-
chanics in its asphalt model. On the other hand, the 
pattern of numerous small cracks induced by rein-
forcement, as illustrated in Figure 15, suggest that 
damage mechanics is an attractive alternative. 

However the critical issue in modelling the effect 
of reinforcement is to determine the way in which 
the reinforcement affects crack propagation (or 
damage progression). In general there are two ef-
fects, paralleling those operating in granular media, 
namely: 
1. Load carried by the reinforcing strands and/or 

controlled debonding beneath a geotextile layer 
changes the stresses and strains applying at a 
crack tip; 

2. The presence of reinforcement inhibits the local 
straining required for crack (or damage) progres-
sion.
The following subsections will discuss these is-

sues in turn. 

5.3.1 Induced Stress Change – Stress Relief 
A low-stiffness-modulus bitumen-impregnated geotextile acts 
as a stress relieving interlayer in an overlay system. Since it is 
a low modulus system, it does not affect the opening and clos-
ing movement of the cracks, but due to its capability of retain-
ing a certain amount of tack coat, it becomes a thick visco-
elastic layer that dissipates the stresses in the crack tip and de-
viates the direction of propagation, as seen experimentally in 
beam tests in Figure 13.  

Figure 24 illustrates a finite element analysis of 
the beam test arrangement with and without a geo-

textile interlayer and demonstrates the way that the 
interlayer changes the stress distribution, reducing 
the magnitude of maximum tensile stress. 

Figure 24.. Finite element model of beams with and without a 
geotextile layer (Montewtruque 1996) 

5.3.2 Induced Stress Change – Crack Stitching 
In an unreinforced beam a crack can simply open 

up as it grows. A key effect of any reinforcement 
present is to hold the two sides of the crack together, 
reducing the stresses and strains in the region of the 
crack tip and therefore reducing the crack propaga-
tion rate. Finite element simulations were performed 
to interpret the results obtained during the dynamic 
fatigue testing shown in Figure 15, based on the 
global energy principle and using the node release 
technique in order to simulate the crack propagation 
observed in the laboratory. The analysis (Figure 25) 
showed that, at the initial stage, the crack tip was the 
region of maximum tensile stresses but that there 
was a reduction in these stresses due to the inclusion 
of the geogrid. As the nodes were released, simulat-
ing crack propagation, different behavior was no-
ticed in beams with and without geogrid. In simula-
tions without geogrid the maximum tensile stress 
region remained at the crack tip, explaining the rapid 
propagation observed in the laboratory. In tests with 
a geogrid, as the nodes were released the tensile 
stresses decreased progressively at the crack tip and 
increased in the geogrid region. At a certain point 
the tensile stress level at crack tip was small enough 
not to allow propagation, again matching observa-
tions made in the laboratory. 

Numerical simulations such as these allow im-
proved understanding of the effect of reinforcement 
on crack propagation. Nevertheless it is usual to 
simplify the actual effect of individual reinforcing 
strands with unreinforced apertures between them. It 
is also necessary to simplify crack propagation in 
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some way by means of a crack growth or damage 
progression law. 

Figure 25. Finite element analysis of stresses around a crack 
with and without geogrid (Montestruque, 2004) 

5.3.3 Inhibiting Local Straining 
It was observed in Section 4 (Figure 16) of this 

paper that changes to stress distribution appeared to 
be insufficient to explain some of the experimental 
data, for example the increase in time before reflec-
tive cracking observed in the University of Notting-
ham pavement test facility even when the reinforce-
ment was placed approximately on the neutral axis 
of the asphalt layer. This phenomenon may be ex-
plained in terms of inhibiting of permanent strain lo-
cal to the geogrid due to its elastic recovery proper-
ties, since even microcrack formation implies the 
development of a finite permanent strain. Brown et 
al (2001) proposed that the most appropriate way to 
take this effect into account was to apply a ‘fatigue 
factor’, reducing crack propagation rate over a zone 
of influence, the factor depending on the efficiency 
with which the geogrid carried out this function. Us-
ing a strain-related crack propagation law (dc/dN   =   
A n) they determined on the evidence of the beam 
tests illustrated in Figure 14 that a factor of about 
0.25 applied to the most effective geogrid types. 
However the zone of influence proposed was only 
around 30mm either side of the reinforcement. Fur-
thermore it was observed that where a geotextile was 
incorporated into the reinforcement system this fa-
tigue cracking reduction factor no longer applied to 
the material adjacent to the geotextile, i.e. it de-

pended on interlock with the reinforcing strands of 
the geogrid. 

In many respects this approach directly parallels 
the suggestion made in Section 5.1 (Eiksund et al, 
2004) that reinforcement of granular materials can 
also be modelled using a modified damage law over 
a certain zone of influence. 

5.3.4 Reflective Cracking Due to Traffic 
The goal of all pavement modelling is to success-

fully simulate actual highway performance, some-
thing for which there is as yet no agreed procedure 
with regard to reflective cracking. This section will 
describe one possible approach and its application to 
reinforced asphalt, but it is acknowledged that many 
others exist. Figure 26 is a two-dimensional repre-
sentation of the passage of a wheel over an overlay 
to a cracked or jointed layer beneath. In the proce-
dure described by Thom (2003) the asphalt overlay 
is allowed to detach from the underlying material, 
bending as required in order to support the load. The 
curvature of the asphalt depends on all the material 
moduli and thicknesses, the load, the degree of load 
transfer across the cracks and the crack spacing. If a 
crack has already started to develop in the asphalt 
overlay then a correction to its effective modulus is 
made.  

Figure 26. Simplified analysis of reflective cracking 

This analysis is simple and determinate and so is 
suited to an iterative procedure. It allows the strain 
in the asphalt in the region of a crack tip to be calcu-
lated and this is related to crack propagation rate. It 
also allows both top-down and bottom-up cracking 
to be modelled, once corrections have been made for 
additional straining within the overlay material be-
neath the load and to convert to the real three-
dimensional case. 

The effect of geogrid reinforcement was included 
both by considering the stress redistribution caused 
after the crack had propagated past the geogrid and 
also by incorporating a factor on crack propagation 
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rate as described in the previous section. Figure 27 
shows selected predictions using this approach for 
an overlayed cracked asphalt pavement, assuming an 
effective reinforcement layer (factor of 0.25 on 
crack propagation rate). 

Figure 27. Designs generated for a reinforced asphalt overlay 
to a cracked asphalt pavement 

If this approach is to be trusted then it is evident 
that the benefit of reinforcement is heavily depend-
ent on the pavement being overlaid. In this case 
maximum benefit is obtained over a medium-traffic 
pavement with narrow (and therefore close-spaced) 
cracks.

5.3.5 Reflective Cracking Due to Temperature 
This situation is less complex than that due to 

traffic load in that it is essentially a two-dimensional 
problem. Figure 28 illustrates the type of analysis 
required and this can be by means of either simple 
determinate approximation or a finite element com-
putation. It is not difficult to predict the temperature 
fluctuation within the pavement layers during a 
given 24-hour period and the consequent thermal 
contraction. As is well understood, this contraction 
generates tensile stress, part of which can be carried 
by reinforcing grid if present. Nevertheless it is still 
necessary to calibrate any prediction against experi-
ence since the detailed influence of individual rein-
forcing strands on the onset of cracking is complex 
and also because temperature regimes vary through-
out the year. 

Figure 28. The system to be modelled with respect to tempera-
ture effects 

By way of example, Thom (2003) presents calcu-
lations for overlaid jointed concrete pavements that 
indicate a reduction in overlay thickness from 18cm, 
the suggested ‘safe’ value for major UK highways, 
to 12.5cm when geogrid reinforcement is included, a 
significant saving. 

Clearly the reality of design is that both thermally 
induced and traffic induced effects have to be con-
sidered. Computationally it is quite possible to con-
sider both together; but on the other hand crack 
propagation develops quite differently under slow 
loading compared to rapid loading, and it may there-
fore be prudent to consider them separately. In gen-
eral it is found, both through modelling and from 
experience, that geogrid reinforcement is highly ef-
fective against thermally induced cracking but that 
this benefit can only be realised in cases where there 
is sufficient load transfer across cracks in the origi-
nal pavement.  

6 SUMMARY AND CONCLUSION 

This paper has presented a review and recent results 
of research pertinent to various applications of geo-
synthetics for reinforcement of roadway pavements. 
The applications of subgrade stabilization, base rein-
forcement and asphalt reinforcement have been dis-
cussed. Particular emphasis was placed on the 
mechanisms in operation for each application, a 
demonstration of pavement performance and benefit 
from the reinforcement layer in full-scale tests, and 
geosynthetic material properties and tests pertinent 
to the application. A discussion of performance tests, 
such as beam tests, wheel tracking tests and cracking 
tests, for asphalt reinforcement was presented. Re-
cent activities in the area of numerical modeling and 
design of pavements were discussed. Models that 
fall within the category of mechanistic-empirical 
methods were given special attention. 
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