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1 Introduction

The availability and quality of base course aggregates is becoming limited in many states, requiring 
departments of transportation to be even more innovative and efficient with their roadway designs.
These limitations and requirements are even more acute in areas where low-volume roads are more 
prevalent, budgets are shrinking, user expectations are increasing and commodities are under high 
demand.  

In Montana, gravel sources are becoming difficult to find and difficult to permit in densely 
populated areas. The Bakken oil development has previously placed additional strain on aggregate 
sources in the Glendive district. There are areas in Eastern Montana where aggregates are hauled 
a significant distance. The Billings and Great Falls districts have areas where aggregate prices are 
relatively high because of lack of available sources.  

Geosynthetics are routinely used in transportation applications to facilitate construction, improve 
stability and enhance longevity. Geosynthetic reinforcement is used to reduce the amount of gravel 
used in the construction of roadways and/or to extend the life of roadways. An extended service 
life of the roadway will reduce impacts from maintenance and construction operations on road 
users and surrounding businesses. Extending the pavement service life will lengthen the 
construction interval between major rehabilitation projects. This will cause fewer disruptions to 
traffic and thereby enhance route safety. The benefits and outcomes discussed above serve the core 
concepts in Montana Department of Transportation’s (MDT) mission statement, namely quality, 
safety, cost effectiveness and sensitivity to the environment. Eastern Montana contains many miles 
of low volume roads and is experiencing tremendous infrastructure challenges due primarily to oil 
and gas development and increasing demands from the agricultural industry. These roads are in 
areas where gravel is scarce and contain design conditions for which data on the benefits of 
geosynthetic reinforcement is missing.  

The MDT has sponsored several projects conducted by the Western Transportation Institute at 
Montana State University (WTI/MSU) related to geosynthetic reinforcement of paved roadways. 
These projects include efforts to provide experimental evidence of performance of geosynthetic 
reinforced paved roads by the construction of test sections (Perkins, 1999, 2002) and those 
designed to provide design models for reinforced roads (Perkins 2001a,b, and Perkins et al. 2004). 
Test section work performed in the two studies noted above along with other studies reported in 
the literature was summarized by Berg et al. (2000) and more recently by Perkins (2016). The two 
projects involving the construction of test sections used two types of pavement test facilities, 
namely a large concrete box to which a stationary cyclic load was applied to a circular plate and a 
heavy vehicle simulator involving a load applied to a dual wheel assembly rolled across the 
pavement. These projects and the design models that were developed are discussed in more detail 
in Section 2. 
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Based on the work of these previous studies and their in-house experience, MDT believes that 
geosynthetics can be used responsibly to provide cost-savings on upcoming highway construction 
projects in the state. Typical construction projects currently under consideration have; however, 
design conditions that differ from those contained in previous studies. This project provides MDT 
with experimental evidence of performance for these typical projects to proceed with future 
designs and answers the following questions:

• Do standard stabilization geotextiles used commonly as a construction expedient provide 
structural benefit to the pavement as seen by an increase in the number of traffic passes carried to 
reach a certain rut depth?

• What is the structural benefit of reinforcement geosynthetics for a pavement cross section 
having an asphalt and base course thickness moderately greater than those incorporated into 
previous studies?

The main objective of this project is to characterize the performance of geosynthetic-reinforced 
test sections when compared to an unreinforced case to assess benefit in terms of an extension of 
the life of the pavement. This objective was achieved through the construction of a single test track 
containing three test sections, a detailed analysis and synthesis of the results and the evaluation of 
an analytical design tool previously developed for MDT and to be used by pavement engineers to 
design geosynthetic-reinforced pavements. 
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2 Literature Review

The purpose of this literature review is to provide: 1) An understanding of previous studies 
providing experimental documentation of the benefit of geosynthetics used for reinforcement of 
the base course layer of flexible pavements with an emphasis on studies where geotextiles were 
used for reinforcement and 2) The basis for the spreadsheet design model previously developed by 
the PI and provided as a version update as part of this project.  

The material presented in this chapter shows that the majority of studies conducted used geogrids 
as the reinforcement geosynthetic. While the present study is focused on reinforcement geotextiles, 
a review of all studies is appropriate as the spreadsheet design model was developed by using 
results from studies incorporating both geogrids and geotextiles. The spreadsheet design model is 
used in this project to examine the results obtained and to predict reinforcement benefit for a 
weaker subgrade condition to provide recommendations for a range of subgrade conditions. The 
validity of this model is further established in this chapter by comparison of the model to the results 
of studies that have been conducted since the model was originally developed. A comprehensive 
review of studies involving both geotextiles and geogrids is therefore provided in this chapter.  

2.1 Previous Literature Reviews 

The project Principal Investigator (PI) performed an extensive literature review on this topic in the 
late 1990’s (Perkins and Ismeik, 1997a, 1997b). This literature review was used in the development 
of a practice-oriented document (Berg et al., 2000) commissioned by the Geosynthetic 
Manufacturer’s Association (GMA). The document contained a synthesis of research performed 
up to the year 2000 and has become known as the GMA White Paper II (GMA-WPII). 

The review illustrated the value added to flexible pavements by using geosynthetic reinforcement. 
The review showed the benefits of geosynthetic reinforcement, the conditions where reinforcement 
is beneficial, geosynthetic properties that are most influential and the mechanisms responsible for 
reinforcement. Conclusions from the review were used to evaluate existing design procedures, to 
comment on potential cost benefits and to develop application specifications.  

Nineteen studies published between 1987 and 1999 were included in the review. Information on 
the following variables was tabulated for each study: 

 Type of pavement test facility and loading arrangement.

 Thickness, material types and properties of pavement layers used in the test sections.

 The geosynthetic type and location. 

 Value added benefit expressed in terms of Traffic Benefit Ratio (TBR), Base Course 
Reduction Ratio (BCR) and/or Layer Coefficient Ratio (LCR). 

 

Table 2-1 provides a summary of test conditions and results from pertinent studies summarized in 
Berg et al. (2000). The geosynthetics from Amoco are the only geotextile included in these studies.
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The information tabulated in the GMA-WPII was used to develop general guidelines for conditions 
where reinforcement appears to provide most benefit. The main findings are summarized in Table 
2-2. This information was also used to provide a qualitative review of reinforcement application 
potential for paved permanent roads, where this review was specific to geotextiles, geogrids or 
geotextile-geogrid composites.

The GMA-WPII provided a recommended practice for the use of reinforcement geosynthetics in 
paved roads. The principal elements related to design involve choosing a design cross-section for 
a typical pavement without reinforcement and modifying this cross-section or design life with one 
of the two benefit ratios (TBR or BCR). The benefit ratios could be estimated by comparing 
conditions of the design in question to those from test sections summarized in the GMA-WPII. 
Alternatively, benefit values could be obtained by constructing test sections for the particular 
conditions of interest. An appendix was provided as a guideline for the construction of comparison 
test sections. 

Table 2-2: Variables that influence the effect of reinforcement (after Berg et al. 2000). 

Pavement 
Component 

Variable Condition where reinforcement appears to provide most 
benefit

Geosynthetic

Low strain modulus Higher modulus improves performance 
Location Bottom of thin bases ( 300 mm), middle of thick bases 

(> 300 mm) 
Geogrid aperture  >D50 of adjacent base
Aperture stiffness Rigid 

Subgrade Strength CBR < 8

Base 
Thickness 0 mm for moderate loads 
Gradation Well-graded
Angularity Angular

HMA Thickness 75 mm

2.2 Test Sections 

Since the year 2000, an additional 12 studies involving the construction of test sections and the 
documentation of reinforcement benefit have been identified. Table 2-3 provides details on the 
type of facility and load details for each study. Table 2-4 gives details on the thickness, pavement 
layer material types, subgrade strength, geosynthetic type and approximate structural number of 
each test section constructed. The layer thickness listed corresponds to the control section to which 
the reinforced section is compared. In these 12 studies, 39 individual test sections have been 
identified. Table 2-5 lists the geosynthetic products used in these studies, the structure of the 
geosynthetic, the aperture size if the geosynthetic is a geogrid and the secant modulus at 2 % strain. 
The three Mirafi products are the only geotextiles included in these studies. Table 2-6 provides 
values of benefit in terms of TBR, BCR and LCR (Layer Coefficient Ratio) for each of the test 
sections and includes the main variables that influence performance. If TBR or BCR was 
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determined in the study, LCR is then determined from these values. LCR is directly calculated 
from BCR by Equation 1. If TBR is provided, LCR is determined by using the AASHTO 1993 
flexible pavement design equation to evaluate the increased base layer coefficient to give the 
increased ESALs corresponding to the experimental TBR value. When using the AASHTO 1993 
design equation, the following parameters were assumed: Reliability = 80 %, Standard Deviation 
= 0.45, Initial Serviceability = 4.2, Terminal Serviceability = 2.5. Table 2-7 provides details on 
any instrumentation used in the test sections. Table 2-8 summarizes major findings for each of the 
studies.

=
/

(1)

Several of the studies presented above contain features and results that warrant further discussion. 
The study by Aran (2006) involved a relatively strong cross-section (SN = 4.1 for the control and 
3.47 for the reinforced section) on a relatively strong subgrade (CBR=7.7 to 8.5). During the 
monitoring period from 1987 to 2005, the sections showed little rutting or cracking. FWD tests 
and pavement condition surveys showed the sections to be performing similarly. The lack of 
distress in either section is not conclusive evidence that the reinforcement was responsible for the 
equivalent performance. Equivalency may have been due to strong cross-sections resting on a 
strong subgrade for which little distress would be expected. In the absence of strain instrumentation 
on the reinforcement, it is not possible to show whether the reinforcement was mobilized to provide 
a reinforcement function. These considerations raise some questions regarding whether the 
geosynthetic provided any performance benefits for a relatively strong pavement cross-section 
resting on a relatively strong subgrade. 

The study of Ghafoori and Sharbaf (2016) involved test sections on a strong subgrade (CBR=10). 
Strain gauge instrumentation was placed on the geogrids. Negligible strain was measured in the 
tests conducted indicating the geogrids were not mobilized during traffic loading, which implies 
they did not perform a reinforcing function. Stress cells; however, showed a significant decrease 
in vertical stress in the top of the subgrade for the reinforced sections with the order of reduction 
corresponding to the order of rutting performance. Without mobilization of the geogrids, it is 
difficult to attribute the stress reduction observed and the improved rutting performance to the 
reinforcement. The results in Ghafoori and Sharbaf (2016) also appear to conflict with an earlier 
paper (Ghafoori and Sharbaf, 2015), which reported results from a control section and a reinforced 
section with a base thickness of 406 mm. The rutting results reported showed the sections to 
perform nearly identically and different from results contained in the 2016 report. The authors 
were asked to comment on the potential discrepancy but did not respond. 

Hanandeh et al. (2016) showed comparatively low TBR values for the test section conditions 
examined. In addition to the reinforcement geosynthetic, a non-woven geotextile was placed 
between the base and subgrade in all sections, including the control section. This material may 
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have provided a baseline level of reinforcement that made the distinction between sections having 
additional reinforcement products less noticeable. 

Robinson et al. (2018) reported results from two reinforced sections on a subgrade with a CBR of 
5.9 with a relatively thin pavement cross section. The two reinforced sections contained less HMA 
and base aggregate as compared to the control. The two reinforced test sections were constructed 
approximately two years later than the control test section. HMA source materials and volumetric 
measurements from gyratory compaction pucks indicate good consistency between the two sets of 
test sections constructed two years apart. Physical and mechanical properties of constructed HMA 
in the test sections were not reported. Constructed physical properties and in-place CBR appear to 
be similar for the base aggregate and subgrade materials for the two sets of test sections.

The sections were loaded to 811,200 ESALs. The sections reached permanent surface 
deformations of approximately 5.16 and 4.75 mm for the two reinforced sections and 7.4 mm for 
the control section. Permanent surface deformation is a change in elevation under the wheel path. 
Rut values of 7.95 and 6.68 for the two reinforced sections and 16.26 for the control were reported, 
where rut is the maximum vertical distance between the high and low points of the HMA surface. 
The paper states that little to no deformation took place in the subgrade of the test sections. 
Photographs of excavated cross-sections confirms this statement. These photographs also show 
little permanent vertical deformation in the base aggregate layer and seem to show that the majority 
of surface permanent deformation is due to deformation in the HMA layer. These photographs also 
seem to show that the larger rut value reported for the control section is due to shoving and 
upheaval in the HMA layer. The paper did not report observed values of permanent deformation 
in the base aggregate layer. Instrumentation was not included in the study to measure strain in the 
geogrids to see if they were mobilized. 

The paper reports effective base layer structural coefficients for each section that would be needed 
to reach the terminal ESAL value reported above. The values of LCR shown in Table 2-6 
correspond to the ratio of the effective base layer structural coefficient of each reinforced section 
to the control section. This approach assumes the reinforced test sections with a reduced cross-
section performed the same as the control section, which is considered conservative since the 
reinforced test sections were performing better than the control section up to the terminal level of 
loading.  

The paper concludes that the benefit expressed by the LCR values shown in Table 2-6 is due to 
the reinforcement. This conclusion is questionable given the observation that rutting occurred 
mainly in the HMA layer. The relatively small level of permanent surface deformation at the 
termination of loading makes it questionable whether these results pertain to long term pavement 
performance. Lastly, the order of improvement of the two test sections does not follow the order 
of increase in the geogrid stiffness, further indicating that the reinforcement was not responsible 
for the improvement observed.   
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Finally, the study of Tang et al. (2008) involved scaled loading and test section layer thickness and 
is most likely not representative of field conditions or comparable to results of other studies that 
did not involve scaling. 

In addition to the studies summarized in this section, Helstrom et al. (2007) constructed test 
sections along a state route in Maine to investigate geogrids for reinforcement and geocomposites 
for drainage. The sections contained 150 mm of HMA and two different sets of sections with a 
base thickness of 300 mm and 600 mm. Mechanical properties of the subgrade were not reported;
however, the subgrade was described as very poor, highly frost susceptible, having an SPT blow 
count as low as 7 and a natural water content approaching its liquid limit. Local bearing failures 
along the route were previously reported. One type of geogrid reinforcement (Tensar BX1200) 
was used. The geogrid was placed at the bottom and in the middle of different sections for both 
base thickness values. Instrumentation was included to monitor strain in the geogrid and pore water 
pressure in the base and subgrade soils. FWD tests were periodically performed. The sections were 
constructed in the summer of 2002. Monitoring of the sections continued until May 2005.  

Based on the strains induced in the geogrid over the monitoring period, the study concluded that 
the sections with 300 mm of base developed what was considered close to the lower limit of strain 
to show that the reinforcement was mobilized and that benefit was derived from the geogrid. For 
the sections with 600 mm of base, insufficient strain was developed in the geogrid to conclude that 
the reinforcement was mobilized. FWD tests, while generally not considered to be the best means 
to assess reinforcement benefit, supported the observations above. The structural number for the 
sections with 300 mm and 600 mm of base is approximately 4.0 and 5.7, indicating that 
reinforcement benefit is low to negligible for sections of this thickness even when a weak subgrade 
is present. Monitoring of rutting and cracking was not reported in this study.
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To validate and/or update the general guidelines given in Berg et al. (2000) and summarized in 
Table 2-1, the results of test sections summarized in Table 2-2 and Table 2-6 are synthesized in 
the figures below. Figure 2-1 provides a plot of LCR versus subgrade CBR for all test sections 
listed in Table 2-2 and Table 2-6. While there is appreciable scatter in the results, due in part to 
different geosynthetics and section thickness, an overall trend of decreasing benefit with increasing 
subgrade strength is observed. The four points at a CBR of 10 are from the study by Ghafoori and 
Sharbaf (2016). The point at CBR of 8.5 was from the study by Aran (2006). These studies, as 
discussed previously, have some uncertainty. The four studies corresponding to the data points at 
a CBR of 8.0 have modest values of structural number ranging from 1.6 to 2.7 and may suggest 
some benefit for thin sections on stronger subgrades. The three points with the largest LCR values 
are from the study by Webster (1993) where a pavement load over three times the typical value 
for highway applications was used, suggesting that performance improvement due to 
reinforcement for thin sections on strong subgrades may be realized only for abnormally heavy 
pavement loads. 

Figure 2-1: LCR versus subgrade CBR for all studies.

Figure 2-2 and Figure 2-3 show plots of LCR versus pavement structural number and base 
thickness for all test sections. These results show a trend of decreasing LCR with increasing SN 
and base thickness. Benefit is negligible for SN 4 and base thickness  450 mm.  

The trends discussed above are seen more clearly by plotting results for a single type of 
geosynthetic. The geogrid BX1200 was used most frequently in the studies reported. Plots of LCR 
versus subgrade CBR and pavement structural number are shown in Figure 2-4 and Figure 2-5. In 
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Figure 2-4, the three points for CBR of 8 are from the study by Webster (1993) and correspond to 
relatively thin sections. These sections were also loaded with a very heavy wheel load of 130 kN 
and are subject to the possible limitation discussed above.   

Four of the studies listed in Table 2-2 and Table 2-6 involved comparative test sections with a 
geogrid placed at the bottom of the base versus a section where the same geogrid was placed within 
the base. The effect of geogrid location is expressed by a percentage difference in LCR when the 
geogrid is placed within the base as compared to when it was at the bottom of the base. The results 
(Table 2-9) show that locating the geogrid at various points within the base can result in both 
improved and worse performance. The number of results is insufficient to draw clear conclusions 
on the variables of most importance with regard to geogrid location. The modest level of 
improvement of most results along with the potential for worse performance suggests that placing 
the geogrid at the bottom of the base is a safe and reasonable approach until more detailed studies 
are conducted. 

 

Figure 2-2: LCR versus pavement structural number for all studies. 
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Figure 2-3: LCR versus base thickness for all studies.

Figure 2-4: LCR versus subgrade CBR for studies using BX1200.
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Figure 2-5: LCR versus pavement structural number for studies using BX1200. 

Table 2-9: Studies involving location of geogrid.

Study
Thickness (mm) Subgrade 

CBR
Geogrid/ 
Location 

LCR % 
Change HMA Base 

Abu-Farsakh and Chen 
(2011) 

51 305 1.0
TX160-M -4.0 
TX170-M -3.9 
TX170-1/3 7.8

Hanandeh et al. (2016) 76 457 1.1 TX150-D 2.9
Perkins (1999) 75 300 1.5 BX1100-2/3 19.0
Webster (1993) 50 350 3.0 BX1200-M -11.6

The majority of the studies that used two or more geogrids of the same type but with different 
tensile stiffness values showed that performance increased with increasing stiffness. It is generally 
accepted that tensile stiffness is the most important mechanical property of geosynthetics for base 
reinforcement applications. Three studies involved a comparison of biaxial and triangular 
geogrids. Abu-Farsakh and Chen (2011) and Ghafoori and Sharbaf (2016) showed better 
performance with triangular versus biaxial geogrids of similar stiffness. Valero et al. (2014);
however, showed the opposite. Hanandeh et al. (2016) showed better performance with a woven 
geotextile in comparison to a triangular geogrid. Five studies involved the use of a woven 
geotextile. In general, these studies appear to produce lower values of LCR in comparison to test 
sections with geogrids for similar pavement cross-section and subgrade conditions.  
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In summary, the additional test sections constructed since the year 2000 tend to support the 
conclusions made by Berg et al. (2000) and are summarized in Table 2-1. An exception to this is 
that some evidence suggests that stronger subgrades with thin pavement cross-sections may benefit 
from reinforcement. The upper limit for subgrade strength for typical highway applications after 
which reinforcement benefit is negligible still appears to be a CBR of 8. The majority of test 
sections show that reinforcement benefit becomes negligible after a structural number of 4 or a 
base thickness of 450 mm is reached. Studies involving examination of placement position of the 
geogrid within the base show this is an important variable; however, the limited data available 
makes it difficult to make general conclusions. The number of sections involving the use of 
geotextiles is limited and has produced varying levels of observed benefit. This conclusion 
supports the need for the research undertaken in this project to show benefit values for geotextiles 
commonly used by MDT for typical project pavement conditions. 

2.3 Analytical Modeling 

Perkins and Ismeik (1997b) provided a summary of studies having an analytical component. The 
majority of these studies used the finite element method as the analysis platform. Seven studies 
conducted during the period of 1989 to 1996 were identified and discussed. Since that time, 8 
additional studies have been identified. These additional studies are briefly described below.

Kwon et al. (2005a, 2005b) developed a finite element-based model for geosynthetic 
reinforcement. Their approach employs anisotropic stress-dependent stiffness models for the 
granular base and subgrade and a membrane for the reinforcement. The reinforcement membrane 
element is characterized by in-plane isotropic elastic properties and by interface shear and normal 
elastic stiffnesses. The soil properties and tensile modulus of the geosynthetic properties are 
determined from laboratory tests, although the geosynthetic tensile modulus is determined from 
standard monotonic tension tests that do not account for the small-strain cyclic loads in reinforced 
pavements; the shear and normal stiffnesses at the soil-geosynthetic interfaces are assumed. The 
influence of residual horizontal confinement stresses is included in the stress-dependent soil 
stiffness models (Kwon et al., 2008). Some model validation was performed using a set of field 
results from the University of Illinois ATREL test facility (Kwon, 2007; Kwon et al., 2009). 
Validation consisted of comparisons of resilient pavement response under increasing wheel loads 
as predicted by the finite element model against measured responses from field instrumentation. 
The compaction-induced residual horizontal confining stresses were estimated from forensic DCP 
testing conducted after failure of the sections; the method for making these estimates was not 
detailed. Additional model calibration based on observed field responses included dividing the 
granular base and subgrade into sublayers to account for the effect of intermixing of base and 
subgrade on the soil properties and so that different distributions of residual horizontal stresses 
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could be applied within each sublayer. The comparisons of predicted to measured residual 
responses after making these calibrations were judged good. No comparisons between predicted 
and measured rutting response are reported.

The distinct element method (DEM) is an alternate modeling tool. Konietzky et al. (2004) and 
Kwon et al. (2008) used a DEM to model geogrid pullout tests and to simulate lateral confinement 
developed during compaction and traffic loading. Using a DEM model, a vertical consolidation 
pressure representing a compaction load was applied to a column of aggregate containing a geogrid 
layer. The horizontal stresses in the aggregate after the consolidation pressure was removed were 
found to be approximately twice as large as when no geogrid was present. The application of shear 
load between the geogrid and the aggregate also produced additional locked-in horizontal stresses. 
These types of DEM studies have provided some numerical confirmation of experimental results
as well as insights into the mechanism of lateral restraint. These results have added qualitative 
support to the mechanistic-empirical design methods proposed by Perkins et al. (2004) (discussed 
in more detail below) that rely upon the mechanism of lateral restraint. However, additional 
fundamental research is needed to relate the confinement predicted from the simple geometry of 
the DEM to confinement that occurs in full-scale pavements. The complexity of DEM, particularly 
in the 3D formulation required for analyzing the geogrid problem and the long run times associated 
with the computations limit its near-term use to basic research and do not make it suitable for the 
development of mechanistic-empirical design methods. 

Perkins (1999) demonstrated via carefully instrumented test sections the mechanism of lateral 
confinement accompanying base reinforcement. This mechanism provided a basis for a finite 
element based mechanistic-empirical (ME) model for geosynthetic reinforced pavements (Perkins, 
2001). The ME model contains a response model consisting of a three-dimensional finite element 
model with elasto-plastic constitutive models for most of the pavement layers. The response model 
describes stress and strain response parameters for geosynthetic-reinforced flexible pavement 
systems where the geosynthetic is placed at the bottom of the unbound aggregate layer. The finite 
element model contains membrane elements and an anisotropic linear-elastic material model for 
the geosynthetic inclusion. Membrane elements carry stress in tension while having no bending 
stiffness.  

Principal response parameters extracted from the finite element model include vertical strain in the 
top of the subgrade and bulk stress in the unbound base aggregate layer. These response parameters 
are used in empirical damage models for the prediction of long-term pavement performance and 
the definition of reinforcement benefit. Reinforcement benefit is defined in terms of an extension 
of service life of the pavement, a reduction in aggregate thickness for equivalent service life, or a 
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combination of the two. The damage models were calibrated from reinforced and unreinforced 
pavement test sections. The model was shown to provide general descriptions of reinforcement 
mechanisms that are consistent with those previously observed in instrumented pavement test 
sections. 

The ME model was used in a parametric study to generate regression equations describing 
reinforcement benefit in terms of variables relating to pavement geometry, subgrade strength and
geosynthetic properties. The resulting design model therefore consists of a series of regression 
equations used to predict reinforcement benefit for a given set of pavement design conditions. A 
Microsoft Excel spreadsheet program was developed to contain these regression equations and 
serves as a simple design tool for estimating TBR or BCR. This program was updated to a current 
version of Excel as part of this research project.  

Perkins et al. (2004) developed a more sophisticated ME model that was designed to be compatible 
with the Level 1 MEPDG being developed at that time. Level 1 MEPDG models use finite-element 
based mechanistic structural response models with stress-dependent material models and material 
specific damage models for rutting and fatigue cracking. The Perkins et al. (2004) model 
demonstrates pavement performance improvements similar to those seen in laboratory and full-
scale pavement test sections. 

The Perkins et al. (2004) model contains methods that account for the development of lateral 
confinement during compaction and traffic loading. Perkins et al. (2005) demonstrated the 
necessity of these methods by evaluating a series of mechanistic-empirical models with and 
without these methods. The study showed that without these methods, very little performance 
improvement was predicted. Studies that do not incorporate special techniques for modeling lateral 
confinement implicitly, such as Kwon et al. (2009), have had to elevate values of base course 
resilient modulus by explicitly applying an arbitrary lateral confinement pressure to show an effect 
on resilient response. These studies have typically validated models by comparing predicted 
resilient response to measurements from test sections and have not incorporated damage models 
for rutting to allow for a comparison of rutting performance.  

Saad et al. (2006) carried out a series of finite element simulations using a three-dimensional model 
where a tire load of 40 kN was applied over a rectangular area. The asphalt concrete was modeled 
with an isotropic linear elastic model, the base with a Drucker-Prager isotropic elastic-plastic 
model, the subgrade with the CAM-Clay model and the geosynthetic with an isotropic linear elastic 
model. Full bonding between the geosynthetic and the surrounding materials was assumed. 

A parametric study was conducted with the model where the variables were 1) a base thickness of 
152 and 305 mm, 2) a low and high modulus and friction angle base, 3) a weak and strong 
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subgrade, and 4) the geosynthetic located at the asphalt concrete – base interface, the lower third 
of the base and the base – subgrade interface. 

The vertical deformation, the maximum tensile strain in the bottom of the asphalt concrete and the 
maximum compressive strain in the top of the subgrade were evaluated for each analysis. The 
largest reduction of tensile strain in the bottom of the asphalt concrete layer was observed when 
the geosynthetic was placed at the asphalt concrete – base interface and is nearly independent of 
the base thickness and subgrade strength. The largest reduction in surface deformation and 
compressive strain in the top of the subgrade was observed for a thin base and when the 
geosynthetic was placed in the lower third of the base layer. Accompanying experimental results 
were not available to validate the findings from the model.  

Clapp (2007) developed a three-dimensional finite element model for relatively thick flexible 
pavement sections. The model was calibrated against test sections performed by Henry et al. 
(2009). Calibration involved comparing computed and measured strains in unreinforced pavement 
cross-sections. For reinforced sections, permanent deformation models for the base aggregate were 
modified to include the horizontal confining strains produced by the reinforcement during 
compaction and traffic loading. The model was used in a parametric study to examine the influence 
of HMA modulus, base aggregate modulus, subgrade modulus, HMA thickness and geogrid 
location. Findings from the study tended to support earlier studies that showed greater performance 
improvement with lower HMA thickness and lower subgrade modulus. 

Abu-Farsakh and Nazzal (2009) and Nazzal et al. (2010) developed a mechanistic (finite element 
model) using plasticity material models for the base and subgrade layers, which showed promise 
for purely mechanistic-based modeling. The model describes the behavior of base materials under 
unsaturated field condition (due to matric suction). The model was used to perform an extensive 
finite element parametric study to evaluate and identify the effect of different geogrid properties 
and subgrade strength/stiffness on the long-term performance of geogrid-reinforced base pavement 
sections under traffic loading. 

Moayedi et al. (2009) used a two-dimensional axisymmetric finite element model to examine the 
importance of location of the geosynthetic reinforcement within the base layer. The geosynthetic 
was placed at the HMA – base interface, at the base – subbase interface and at the subbase –
subgrade interface. The results showed the vertical surface deformation was reduced from 1.16 
mm for a model with no reinforcement to a value of 0.0019 mm for models with reinforcement. 
The models showed essentially no difference with reinforcement location. The paper provided 
insufficient detail to understand how the model showed such a dramatic reduction of vertical 
deformation with reinforcement. The paper did not provide any guidance on how the model 
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responses should be related to long-term performance. Accompanying experimental results were 
not available to validate the findings from the model.  

Kim and Lee (2013) developed a three-dimensional finite element model to examine pavement 
response measures of reinforced pavements. The model used an isotropic linear elastic model for 
the asphalt concrete, isotropic nonlinear elastic models for the base and subgrade and an 
orthotropic linear elastic model for the reinforcement. A uniform pressure of 550 kPa was applied 
over a circular area with a radius of 152.4 mm. Sections with an asphalt thickness of 38 and 76 
mm and with a base thickness of 152 and 304 mm were examined. Two sets of subgrade properties 
representing a weak and a strong subgrade were examined. The model showed that reinforcement 
reduced the vertical deformation of the pavement layers and reduced the vertical strain in the top 
of the subgrade. These effects were more significant for the case of the weaker subgrade as 
compared to the stronger subgrade and for thinner pavement sections as compared to thicker 
sections. 

An NCHRP project (Luo et al., 2017) was recently completed that contains elements of material 
testing, large-scale pavement testing, analytical modeling and design development. Given the 
comprehensive nature of this study, it is described separately in Section 2.5. 

Most of the finite element based analytical models discussed in this section tend to employ 
simplistic modeling components, particularly for the reinforcement. Many of these models have 
been used to show the mechanical response of reinforced pavements. Some have been compared 
to instrumented test sections to evaluate their suitability. Most models discussed above have not 
extended the mechanical model by either an additional mechanical component or an empirical 
component to provide a predictive model for long term pavement performance, where performance 
is described in terms of rutting and cracking. Most models, therefore, are not currently suitable for 
reinforced pavement design. 

2.4 Design Methods

AASHTO (2013) provides a standard practice for geosynthetic reinforcement of the aggregate base 
course of flexible pavement structures. The standard practice evolved from recommendations 
given in the GMA WPII (Berg et al., 2000), is entirely empirical and relies upon the results of 
studies involving comparative test sections where reinforcement benefit, defined in terms of TBR 
or BCR, has been documented. The standard practice recommends that designers choose a study 
that has design conditions as close to the pavement being designed. These conditions include the 
thickness of the pavement cross-section, the strength and stiffness of the subgrade and the specific 
geosynthetic. An unreinforced pavement design is performed to establish the thickness of the 
section for the project conditions. The TBR or BCR identified as appropriate to the project 
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conditions is then used to modify either the design life of the pavement or to modify the thickness 
of the base course aggregate.  

Three proprietary empirical design methods developed by manufacturers for specific geosynthetic 
products have been identified. These methods use improved structural base layer coefficients 
(LCR) within the context of the AASHTO ’93 Pavement Design Guide (AASHTO, 1993). 
References for these methods are Tenax (2001), TenCate (2010) and Tensar (2014).

Tenax (2001) was developed based on the AASHTO ’93 pavement design equation and uses a 
Layer Coefficient Ratio (LCR) to modify the structural contribution of the base when 
reinforcement is added. LCR has a value greater than or equal to one and is used in Equation 2 to 
modify the structural number (SN) for use in the AASHTO’ 93 pavement design equation. 
Equation 2 can be used to calculate the required thickness of the asphalt layer (D1) or the base 
layer (D2). 

= + +                                              (2)

In Equation 2, a1, a2 and a3 are the layer coefficients for the asphalt concrete, base aggregate and 
subbase layers, respectively, D3 is the subbase thickness, if present and m2 and m3 are the drainage 
coefficients for the base aggregate and subbase layers. All layer thickness are in units of inches. 

LCR was determined from test sections for a particular multilayer polypropylene extruded biaxial 
geogrid. Test sections were constructed in a pavement test box where a cyclic load was applied to 
a stationary plate (Cancelli et al. 1996). In these test sections, a fine sand subgrade was used. A 
subgrade with a CBR ranging from 1 to 18 was produced for different test sections by placing the 
sand at different dry densities. Placement of loose sand to produce low values of subgrade CBR 
results primarily in volumetric compaction when subject to traffic loads, which is considerably 
different from an undrained shear distortion pattern of deformation typical of weak soft subgrades.  

Results from this study produced a design chart for LCR (Figure 2-6), which was expressed as a 
function of subgrade CBR. The results indicated an LCR of over 1.4 for subgrade CBR values 
greater than 8. 
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Figure 2-6: LCR versus subgrade CBR for Tenax MS220. 

Subsequent test sections were constructed in an outdoor test track and subjected to truck traffic 
(Cancelli and Montanelli, 1999). A clay subgrade was used in the outdoor test track and placed at 
a CBR ranging from 1 to 8. Results from this study were analyzed by Berg et al. (2000) and for 
the subgrade at a CBR of 8 a TBR of 1.6 was obtained. This produces an LCR considerably below 
1.4 and is in conflict with the data presented in the design curve. 

TenCate (2010) was originally developed for reinforced pavements within the context of the 1972 
AASHTO pavement design equation (Pearce, 1981). The approach is similar to that used in Tenax 
(2001) in that the AASHTO equation for structural number is modified by adding a term (M) to 
the structural contribution of the base course aggregate containing a geosynthetic (Equation 3). 
The design method was advanced for two woven polypropylene geotextiles. Values of M were 
given as a function of the CBR value of the subgrade and the design traffic for the roadway. Values 
of M ranged between 1.08 and 1.22. While reference was made to the use of theoretical behavior 
models for structural analysis (Thompson and Radd, 1979) and consideration for geosynthetics 
used for both separation benefits and confining effects, the basis for the M values used in the design 
method was not provided.

= +                                                      (3)

The method was recently updated and expressed within the context of the AASHTO ’93 design 
equation for structural number. The parameter M was replaced by a Geosynthetic Structural 
Coefficient (GSC). Values of base course reduction (BCR) factors were provided for four 
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polypropylene woven geotextiles and two coated polyester woven biaxial geogrids as a function 
of the CBR of the subgrade. Values of BCR ranged from 3.7 to 60.9 % for CBR values ranging 
from 20 to 0.5 with varying BCR values for each geosynthetic within that CBR range. The basis 
for these values was not provided. It can be shown that a relationship between BCR and LCR, 
which is the same as between BCR and GSC is given by Equation 4. For the BCR values listed 
above, GSC values ranging from 1.04 to 2.56 are obtained. For the Mirafi geogrid BXG12, values 
of GSC from the BCR values provided by TenCate (2010) are shown in Figure 2-7. 

= =                                                         (4)

The Tensar (2014) design method for reinforcement of paved roads was originally developed for 
extruded polypropylene biaxial geogrids (Tensar, 1996). That method relied upon the use of 
Traffic Benefit Ratio (TBR). Results from tests sections by Collin et al. (1996) were used to 
express TBR as a function of the thickness of the base course and the allowable rut for the roadway. 
Results from other studies (Haas et al., 1988, Barksdale et al., 1989 and Webster, 1993) were used 
as support for the TBR values used from Collin et al. (1996). Design curves were provided for two 
extruded polypropylene biaxial geogrids, namely BX1100 and BX1200. TBR values as a function 
of subgrade strength were not provided. 

 

Figure 2-7: Geosynthetic Structural Coefficient (GSC) versus subgrade CBR for BXG12. 

1

1.2

1.4

1.6

1.8

2

0 2 4 6 8 10 12 14 16 18 20
Subgrade CBR



Literature Review

30

TBR was used to extend the performance period of the pavement by direct use of the definition of 
TBR or to reduce the base thickness for an equivalent performance period as the unreinforced 
pavement. The latter was accomplished within the context of the AASHTO ’93 pavement design 
equations by solving for the structural benefit of the base giving a particular TBR and using this 
benefit to reduce the base thickness to yield the same traffic level as the unreinforced pavement. 

This approach has been updated for use with a new extruded polypropylene triangularly configured 
geogrid. Tensar (2014) describes how the structural layer coefficient, as used in the AASHTO ’93 
pavement design equation, for an aggregate base is modified for the geogrid and how it is 
dependent on the thickness of the asphalt concrete layer and the subgrade strength. The 
improvement factors for a given set of pavement design conditions are calculated from regression 
equations supported by various experimental studies involving the evaluation of laboratory-scale 
and full-scale test sections. The improvement factors are calculated within a licensed program 
(Tensar, 2014). The design method can be used for pavements with an asphalt thickness as great 
as 250 mm; however, the method warns that empirical evidence for reinforcement benefit is 
available only up to asphalt thickness of 200 mm. The current software allows triangular geogrids 
TX5 and TX7, and biaxial geogrids Type 1 (BX1100) and Type 2 (BX1200) to be analyzed.

The improvement in the structural layer coefficient for various pavement design conditions was 
calibrated from several experimental studies; however, only one study was documented and 
referenced. Jersey and Tingle (2010) showed results for a geogrid for a pavement with 50 mm of 
asphalt concrete and 200 mm of aggregate base on a subgrade with a CBR of 3. Other supporting 
studies are reported to be documented in internal reports.  

The Tensar licensed program was used to evaluate LCR values for an unreinforced pavement cross 
section consisting of 75 mm of asphalt concrete and 300 mm of aggregate base and for a subgrade 
having a CBR ranging from 0.5 to 20. The cross section was analyzed for the product TX5. The 
program was used to evaluate BCR by decreasing the reinforced base thickness until a number of 
traffic passes equivalent to the unreinforced section was obtained. Equation 4 was then used to 
calculate LCR, with the results shown in Figure 2-8. Values of LCR ranging from 1.76 to 1.04 
were obtained.  
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Figure 2-8: LCR versus subgrade CBR for TX5. 

Tensar (2014) software was also used to evaluate LCR for test sections listed in Table 2-2 and 
Table 2-6. Test sections with TX5 (150), TX7 (170), BX1100 and BX1200 where the geogrid 
was placed at the bottom of the base were analyzed. In the software, the AASHTO ’93 pavement 
design parameters were set equal to the following: Reliability = 80 %, Standard Deviation = 
0.45, Initial Serviceability = 4.2, Terminal Serviceability = 2.5. Subgrade resilient modulus in 
units of psi was calculated from Equation 5. The subgrade stabilization module was not used.

= 2555 .                                                    (5)

Table 2-10 lists the test sections that were analyzed and shows the experimental and Tensar (2014) 
software predictions of LCR. All test sections analyzed correspond to situations where a single 
layer of geogrid was placed at the bottom of the base. Figure 2-9 and Figure 2-10 plot test section 
and software LCR values for the TX and BX geogrids, respectively. These results show that the 
software overpredicts the reinforcement performance for the available test sections with TX 5 and 
TX7 geogrids. The software predictions for the BX geogrids are generally better; however, there 
is an overall tendency for overprediction of performance.  
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Table 2-10: Experimental and software predicted LCR values for BX and TX geogrids.

Section 
Number

Layer thickness (mm) Subgrade 
CBR

Geosynthetic LCR1 
Author AC Base E S

Abu-Farsakh and 
Chen (2011) 

1 
51 305 1.0 

BX1100 1.13 2.79 
2 BX1200 1.24 3.45 
5 TX170 1.29 2.25 

Ghafoori (2016) 1 76 305 10.0 BX1100 1.11 1.19 
Hanandeh (2016) 1 76 457 1.1 TX150 1.05 1.57

Henry et al. (2009) 
1 150 300

5.2 BX1200 
< 1 1.60

2 100 300 1.10 1.60

Kwon (2007) 

1

76
203 2.5 

BX1100 1.12 2.98
2

BX1200 
1.16 3.57

3 305
3.5 

1.18 3.56
4 457 1.10 2.98 

Robinson (2018) 1 81 148 5.9 TX-150 1.70 2.29 
Valero et al. 

(2014)
4 

51 203 3.0 
TX5 1.15 2.33 

5 TX7 1.15 2.55 
Al-Qadi et al.

(1997)
2 90 100 7.0 BX1200 1.06 2.06 

Collin et al. 
(1996) 

1 

50

180 1.9 
BX1100 

1.13 1.71 
2 300 1.22 1.25 
3 180

BX1200 
1.13 2.09 

4 300 1.46 1.63 

Haas et al. (1988) 

1 100
200

8.0 

BX1100 

1.22 1.49 
2 

75

3.5 1.20 1.54 
3 1.0 1.10 1.56 
4 300 0.5 1.00 1.25 
5 200 3.5 2.00 1.55 

Kinney et al. 
(1998)

1 
61

240
2.5 BX1200 

1.12 1.90 
2 355 1.22 1.52

Perkins (1999)
2

75 300 1.5
BX1100 1.58 1.25

4 BX1200 1.82 1.63 
Perkins and 

Cortez (2005)
2 

75 300 1.5
BX1100 1.46 1.25 

3 BX1200 1.73 1.63 

Webster (1993) 

1 

50

350 3.0 BX1100 1.18 1.16 
2 450 3.0 

BX1200 

1.04 1.34 
4 300 3.0 1.21 1.63 
5 350 3.0 1.29 1.55 
6 250 8.0 1.37 1.76 
7 150 8.0 1.69 2.05 
8 250 8.0 1.67 1.76 

1E: Test section experiment; S: Tensar (2014) software 
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Figure 2-9: Test section and Tensar (2014) software LCR values for TX5 and TX7. 

 

Figure 2-10: Test section and Tensar (2014) software LCR values for BX1100 and BX1200. 

Tensar commissioned an independent review of their design method (ARA, 2017). The review 
included checking that the calculations and results produced by the design software are consistent 
and in accordance with the AASHTO ’93 method. The review was specifically applied to the use 
of triangular geogrids and provided a literature review of material pertinent to the software 
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predictions. The review did not tabulate specific test section conditions and performance 
improvement measures and did not directly compare these performance improvement measures to 
corresponding predictions from the design software.  

The three manufacturer’s design methods reviewed predict an increase of benefit as the subgrade 
CBR decreases. The three methods predict different levels of benefit, which is partly due to each 
method being for a particular geosynthetic and partly due to each method being calibrated from 
different experimental studies. Tensar (2014) appears to limit the reinforcement benefit below a 
subgrade CBR of 3 whereas the other two methods show this benefit to continue to increase. 

There are three principal limitations associated with these methods. The first involves the level of 
documentation associated with establishing the basis for the benefit values used in the methods. 
As discussed previously in this section, TenCate (2010) and Tensar (2014) do not provide adequate 
public documentation to allow the designer to judge the basis for the benefit values reported. Tenax 
(2001) provides sufficient documentation; however, the use of an unrealistic subgrade and the lack 
of consistency with field test sections raises some questions concerning the appropriateness of the 
benefit values reported.  

A second limitation of Tenax (2001) and TenCate (2010) is the suggestion that a single benefit 
curve for a given geosynthetic product that is a function of the subgrade strength or modulus but 
is not dependent on other pavement configuration variables. As discussed previously, 
reinforcement benefit is known to depend on the thickness of the asphalt concrete, base aggregate 
and subbase, if present, the structural quality of these materials and the placement position of the 
geosynthetic within the base layer (Berg et al., 2000). Tensar (2014) accounts for layer thickness;
however, the basis for this accounting could not be established.  

The third limitation with these methods concerns the relatively high values of benefit predicted for 
subgrade strengths approaching and exceeding a CBR of 8. In general, most studies presented in 
this review show diminishing benefit for subgrade strength approaching a CBR of 8. At the time 
of the Berg et al. (2000) report, this led to a recommendation of a subgrade with a CBR of 8 being 
the typical limit for expected reinforcement benefit. Some recent data suggests certain limiting 
conditions where reinforcement benefit might be realized for pavements supported by subgrades 
with a CBR approaching or exceeding a value of 8. 

A generic design model was developed by Perkins and Edens (2003) and is based on a project 
reported by Perkins (2001a,b). The design model has as its basis a mechanistic-empirical design 
program that was developed as part of the project. The mechanistic model consists of a three-
dimensional (3-D) finite element model matching the nominal conditions for the pavement test 
facility described in Perkins (1999). This facility consisted of a 2 m by 2 m by 1.5 m deep 
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reinforced concrete box in which the roadway cross section was constructed and loaded by 40 kN 
applied cyclically at a period of 1.5 seconds to a 304 mm diameter steel plate resting on a waffled 
rubber pad in turn resting on the asphalt concrete surface. A 3-D model was used to account for 
the potential influence of the box’s square corners and for the geosynthetic inclusion that has 
direction dependent material properties.

The mechanistic model used elasto-plastic constitutive models for the majority of the pavement 
layers. A bounding surface plasticity model was used to account for the positive effect of aggregate 
confinement on the increase in stiffness and strength of the base course aggregate. An orthotropic 
linear-elastic model was used for the geosynthetic. Anisotropy was included to account for 
differences in elastic modulus between machine and cross-machine directions and allowed for 
specification of the in-plane shear modulus and in-plane Poisson’s ratio.  

The principal response parameters extracted from the finite element model include vertical strain 
in the top of the subgrade and bulk stress in the unbound base aggregate layer. These response 
parameters were used in empirical damage models for the prediction of long-term pavement 
performance and the definition of reinforcement benefit. Reinforcement benefit is defined in terms 
of an extension of service life of the pavement, a reduction in aggregate thickness for equivalent 
service life, or a combination of the two. The damage models were calibrated from reinforced and 
unreinforced pavement test sections using several types of geosynthetics. The model was shown 
to provide general descriptions of reinforcement mechanisms that are consistent with those 
previously observed in instrumented pavement test sections. 

The mechanistic-empirical model was used in a parametric study to generate regression equations 
describing reinforcement benefit in terms of variables relating to pavement geometry, subgrade 
strength and geosynthetic properties. These parameters included asphalt concrete and unbound 
aggregate thickness, quality of these materials, subgrade strength and geosynthetic elastic 
properties. A total of 465 pavement design cases were analyzed. The model therefore consists of 
a series of regression equations used to predict reinforcement benefit for a given set of pavement 
design conditions. These regression equations have been coded into an Excel Spreadsheet with a 
simple user interface. 

The Perkins and Edens (2003) model requires the input properties shown in Table 2-11. The input 
values shown in this table are selected to provide predictions that could be compared to the 
manufacturer’s methods discussed above. Quality of the asphalt concrete and base aggregate 
materials is defined in terms of layer coefficients defined in the AASHTO ’93 method. The tensile 
stiffness of the geosynthetic is defined by a modulus at 2 % axial strain. Differences in modulus 
between the two principal directions of the geosynthetic are accounted for by the modulus ratio. 
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The parametric study performed to originally develop the model was conducted by including 
geosynthetics having different classes of interaction properties and in-plane mechanical behavior 
as defined by an in-plane Poisson’s ratio and an in-plane shear modulus.  

A range of pavement cross sections and subgrade strengths were used in the model, as noted in 
Table 2-11. The model produces a value of BCR, which is used in Equation 4 to determine LCR. 
For a pavement with a subgrade CBR of 2.0, the base course thickness was varied between 150 to 
1000 mm to produce a range of values of structural number (SN). For each pavement cross section, 
the model was used to predict BCR, with corresponding LCR values shown against SN in Figure 
2-11. The results show LCR to decrease with increasing base layer thickness and structural 
number. Reinforcement benefit becomes insignificant beyond a SN of approximately 5.  

Table 2-11: Input parameters for Perkins and Edens (2003) model.

Property Value
Asphalt concrete thickness, D1 (mm) 75
Asphalt concrete layer coefficient, a1 0.40

Base thickness, D2 (mm) Variable (150 – 1000) 
Base layer coefficient, a2 0.14

Base layer drainage coefficient, m2 1.0
Subgrade CBR Variable (0.5 – 8.0) 

Geosynthetic modulus, GSM-2% (kN/m) 1140
Geosynthetic modulus ratio, GMR 0.995
Reduction factor for interface shear 1.0

Reduction for Poisson’s ratio Checked
Reduction for shear modulus Unchecked
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Figure 2-11: Effect of pavement structural number on LCR from Perkins and Edens (2003) 
model. 

For a pavement with a base course thickness of 300 mm, the pavement subgrade CBR strength 
was varied between 0.5 and 8. The model was used to evaluate the BCR for each case with the 
resulting LCR shown against subgrade CBR in Figure 2-12. The results show that LCR decreases 
with increasing subgrade CBR. The results in Figure 2-11 and Figure 2-12 show the ability of this 
model to account for two key components known to influence the benefit derived from 
geosynthetic reinforcement and match general trends in experimental data seen in Figure 2-2 and 
Figure 2-3. 

 

 

Figure 2-12: Effect of subgrade CBR on LCR from Perkins and Edens (2003) model. 
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The Perkins and Edens (2003) model was used to predict LCR for the test sections summarized in 
Table 2-2 and Table 2-6. Model predictions are made only for test sections where the geosynthetic 
was placed at the bottom of the base as the model was formulated only for that condition. Results 
from these predictions are tabulated in Table 2-12. LCR results from test sections and model 
predictions for all test sections listed in Table 2-12 are plotted in Figure 2-13. This figure shows 
appreciable scatter, as was evidenced in the comparison of test section LCR values to Tensar 
(2014) software predictions for TX and BX geogrids (Figure 2-9 and Figure 2-10). While showing 
appreciable scatter, the Perkins and Edens (2003) model is seen to be more representative of the 
available results and more conservative. Several studies contained conditions that created some 
questions about the results. Figure 2-14 shows results with values from Ghafoori and Sharbaf
(2016), Robinson et al. (2018), Tang et al. (2008) and Webster (1993) removed. Questions 
concerning the first three studies were discussed previously. Results from Webster (1993) were 
removed because of the heavy load that was used in this study and how it may skew results to this 
condition, which is not representative of typical highway loading. Elimination of these results 
reduces the amount of scatter, particularly for those studies producing high values of LCR from 
test sections as compared to model predictions. Finally, Figure 2-15 shows results from studies 
since the year 2007 for which no questions concerning the studies existed. Model predictions for 
these studies is generally very good. 
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Table 2-12: Test section experimental and Perkins and Edens (2003) model predictions of 
LCR. 

Section 
Number 

Layer thickness (mm) Subgrade 
CBR

Geosynthetic / 
Location1 

LCR2

Author AC Base E M 

Abu-Farsakh and 
Chen (2011) 

1

51 305 1.0

BX1100 - B 1.13 1.40
2 BX1200 - B 1.24 1.45
3 TX160 - B 1.25 1.30
4 TX160 - M 1.20
5 TX170 - B 1.29 1.36
6 TX170 – M 1.24
7 TX170 – 1/3 1.39

Aran (2006) 1 108 254 8.5 NR - B 1.31

Ghafoori and 
Sharbaf (2016) 

1

76

305

10.0

BX1100 - B 1.11 1.01
2 406 BX1100 – M 1.18 1.01
3 305 TX130 - B 1.20 1.00
4 406 TX130 - M 1.40 1.00

Hanandeh et al. 
(2016) 

1

76
457

1.1

TX150 - B 1.05 1.17
2 TX150 - D 1.08
3

RS580i - B
1.12 1.25

4 254 1.79

Henry et al. (2009)

1 150 300

5.2 BX1200 - B

0.93 1.02
2 100 300 1.05 1.05
3 150 600 0.97 1.00
4 100 600 1.06 1.02

Jersey et al. (2012) 1 43 203 3.0 TX 140 - B 1.53 1.04

Kwon (2007)

1

76
203 2.5

BX1100 - B 1.12 1.15
2

BX1200 - B
1.16 1.18

3 305
3.5

1.18 1.12
4 457 BX1200 - M 1.10 1.11

Robinson et al. 
(2018) 

1 81 148
5.9

TX-1 - B 1.70 1.00
2 82 150 TX-2 - B 1.65 1.00

Saghebfar et al. 
(2016) 

1
152 305 5.0

RS280i 1.05 1.00
2 RS380i 1.11 1.00

Sharp (2005) 1 121 432 5.3 BX1100 - M 1.55

Tang et al. (2008) 
1

38 66 1.5
Grid B - B 1.25 1.38

2 Grid C - B 1.84 1.50
3 Grid D - B 1.30 1.35
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Valero et al. 
(2014) 

1

51 203 3.0

E’Grid 1616 - B 1.33 1.36
2 E’Grid 2020 - B 1.42 1.38
3 E’Grid 3030 - B 1.54 1.42
4 TX5 - B 1.15 1.13
5 TX7 - B 1.15 1.20
6 RX1200 - B 1.43 1.34

Al-Qadi et al. 
(1997) 

1
90 100 7.0

Amoco 2002 - B 1.08 1.00
2 BX1200 - B 1.06 1.03

Collin et al. (1996)

1

50

180

1.9
BX1100 - B

1.13 1.25
2 300 1.22 1.23
3 180

BX1200 – B 
1.13 1.29

4 300 1.46 1.27

Haas et al. (1988)

1 100
200

8.0

BX1100 – B 

1.22 1.01
2

75

3.5 1.20 1.11
3 1.0 1.10 1.35
4 300 0.5 1.00 1.51
5 200 3.5 2.00 1.22

Kinney et al. 
(1998) 

1
61

240
2.5

BX1200 – B 1.12 1.20
2 355 1.22 1.19

Perkins (1999) 

1

75 300 1.5

Amoco 2006 – B 1.42 1.13
2 BX1100 - B 1.58 1.24
3 BX1100 - 2/3 1.88
4 BX1200 - B 1.82 1.29

Perkins and Cortez 
(2005) 

1
75 300 1.5

Amoco 2006 – B 1.43 1.13
2 BX1100 - B 1.46 1.24
3 BX1200 - B 1.73 1.29

Webster (1993)

1

50

350

3.0

BX1100 - B 1.18 1.14
2 450 BX1200 - B 1.04 1.16
3 350 BX1200 - M 1.14
4 300

BX1200 - B

1.21 1.17
5 350 1.29 1.17
6 250

8.0
1.37 1.03

7 150 1.69 1.02
8 250 1.67 1.04

1B-Bottom of base layer, M-Middle of base layer, 1/3- One third below top of base layer, 2/3- Two thirds below top 
of base layer 
2E-Test section experiment; M-Model prediction 
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Figure 2-13: Test section experimental and Perkins and Edens (2003) model predictions of 
LCR, all 19 studies. 

Figure 2-14: Test section experimental and Perkins and Edens (2003) model predictions of 
LCR, 15 of 19 studies. 
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Figure 2-15: Test section experimental and Perkins and Edens (2003) model predictions of 
LCR, 7 studies from 2007 to present.

Perkins et al. (2004) developed a fully mechanistic-empirical model for reinforced pavements. The 
model uses features for the conventional pavement layers from NCHRP Project 1-37a (NCHRP, 
2004), which was the project that resulted in the current AASHTO mechanistic-empirical 
pavement design guide. These features include material and damage models for the bound (asphalt 
concrete) and unbound (base and subgrade) layers and a finite element response model for the 
pavement cross-section. The model was developed to be compatible with models expected for use 
in the AASHTO mechanistic-empirical pavement design guide. The properties used in the material 
and damage models were determined by conducting corresponding laboratory tests on these 
materials from previously constructed test sections (Perkins, 1999, 2002). 

The finite element response model was a two-dimensional axisymmetric model. A uniform 
pressure of 550 kPa was applied over a circular area having a radius of 152 mm on top of the 
asphalt surface for pavement load. The reinforcement sheet was modeled by the direct inclusion 
of structural 2-node membrane elements with contact surfaces between the membrane and 
surrounding solid elements. 

Material and damage models for rutting for the traditional pavement layers were consistent with 
those used in NCHRP 1-37a. For the reinforcement, the finite element response model requires the 
use of a single isotropic elastic modulus. This property is determined from a method described by 
Perkins and Eiksund (2005) involving the elastic tensile modulus in the machine and cross-
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machine directions (ASTM, 2010), in-plane Poisson’s ratio from biaxial tests and an in-plane shear 
modulus from aperture stability modulus tests.  

The upper and lower surfaces of the reinforcement were set up to be contact surfaces. Shear inter-
action along each contact surface was described in terms of a Coulomb friction model having 
pertinent material properties of coefficient of friction and an elastic slip parameter. The elastic slip 
parameter describes the interface shear stiffness or modulus, which was evaluated from cyclic 
pullout tests (ASTM 2009b). 

Previous work (Perkins et al. 2005) showed that modeling the elastic response of a reinforced 
pavement simply using the components described above does not sufficiently account for the 
beneficial influence of the reinforcement on pavement response. It is commonly accepted that 
geosynthetic base reinforcement results from confinement and restraint of the aggregate adjacent 
to the reinforcement, which has recently been demonstrated experimentally (White et al. 2011). 
To account for this, response model modules were developed that simulate 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 limitations in 
rigorously modeling the effects of the reinforcement. This relatively simple constitutive model is 
insufficient for exactly describing the full sequential process of construction followed by the 
application of many repetitions of vehicular traffic. Since the material model for the base aggregate 
shows improved performance through an increased elastic modulus arising from an increase in 
mean stress, the response model modules have been developed to yield an increase in aggregate 
confinement during compaction and traffic loading.  

The response model modules include a model describing effects during compaction and three 
response models used in succession and in an iterative manner to describe the effects of 
reinforcement during traffic loading.  

Figure 2-16 provides a flow chart of these response models. The compaction model is used to 
describe the increase of aggregate confinement taking place as compaction causes aggregate to 
move laterally and be confined by interaction with the reinforcement. 
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Figure 2-16: Flow chart of response model modules

Lateral confinement of the aggregate base layer also develops during vehicular loading of the 
roadway. Additional lateral confinement is due to the development of interface shear stresses 
between the aggregate 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 cyclic shear stress and a residual shear 
stress that exists when the traffic load is removed. The residual interface shear stress continues to 
grow as repeated traffic loads are applied, meaning that the lateral confinement 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 distribution between the 
reinforcement and the surrounding materials. The Traffic II and III models are used repeatedly for 
successively increasing periods of life of the pavement to describe pavement response as 
reinforcement continues to contribute to an increase in confinement as traffic level increases. 

The mechanistic-empirical design model by Perkins et al. (2004) involves relatively complex 
software and analysis methods. It is suitable as a design tool only if it was programmed into a 
pavement design software package with properly constructed user interfaces. 

2.5 NCHRP 01-50

The objective of this research project (Luo et al., 2017) was to develop a methodology for 
quantifying the influence of geosynthetics on pavement performance for use in pavement design 
and analysis. The project was intended to have the methodology developed be consistent with a 
mechanistic-empirical pavement design framework to facilitate incorporation into the 
AASHTOWare Pavement ME Design software. The project focused on the use of geosynthetics 
in unbound base/subbase layers or as a base/subgrade interface layer for both flexible and rigid 
pavements. Components associated only with flexible pavements are discussed in this review. 

The project was divided into six tasks: (a) full-scale laboratory testing of typical flexible pavement 
sections in an instrumented large-scale tank (LST); (b) laboratory triaxial testing of different base 
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courses with geosynthetics at different locations within the test samples; (c) finite element 
computations to match the results of the LST tests; (d) use of the same finite element program to 
develop full factorial sets of pavement data to construct an Artificial Neural Network (ANN) model 
of the critical strains and stresses in pavements; (e) generation of a new model of permanent 
deformation to predict pavement performance; and (f) comparison of the predicted performance 
of pavements with and without geosynthetics embedded in the unbound base courses. 

The LST tests used two geosynthetics, a geogrid and a geotextile. The flexible pavement sections 
used 6 inches of HMA and 6 and 10 inches of base aggregate. The geosynthetic was placed at the 
bottom of the 6-inch sections and in the middle of the 10 inch sections. Loading of these sections 
involved dynamic and static loading. For dynamic loading tests, load levels of 9, 12 and 16 kips 
were applied at 80, 100 and 150 cycles, respectively. The sections were not loaded by sufficient 
load cycles to produce appreciable rutting on the pavement. 

Test sections contained instrumentation to measure vertical and horizontal stress, strain on the 
geosynthetic, lateral deformation on and adjacent to the geosynthetic, tensile strain at the bottom 
of the HMA and vertical surface deformation. Results showed higher tensile strain at the bottom 
of the HMA layer for geogrid and geotextile reinforced sections with the geogrid section being the 
highest. Displacement on the geogrid and geotextile as compared to similar points in control 
sections showed the effectiveness of both geosynthetics in reducing lateral spreading. It was not 
clear what type of load had been placed when these observations were made.  

Laboratory triaxial testing was performed on two different base courses with geosynthetics at 
different locations within the test samples. One base course was the base used in LST tests. Geogrid 
and geotextile samples were placed in 3 different locations within the sample. The effect of the 
geosynthetic on the anisotropic resilient modulus properties and permanent deformation was 
examined. Results showed that the geogrid increased the vertical resilient modulus by 10 to 20 % 
while the geotextile resulted in a 10 % reduction to a 10 % increase in modulus. The horizontal 
resilient modulus increased by 10 to 26 % for the geogrid and by 17 to 57 % for the geotextile. 
The study also concluded that the size sample used (6-inch diameter by 6 inch in height) produced 
different and more favorable results as compared to other studies where a 6 inch diameter by 12 
inch in height samples were used. This implies that the test is dependent on specimen geometry 
and makes its application for determining basic engineering properties of a composite 
geosynthetic-aggregate material questionable. 

Repeated load triaxial tests were also performed to examine permanent deformation properties of 
reinforced aggregate specimens. Tests were performed at different levels of confining stress and 
deviatoric stress. Permanent axial strain was reduced by as much as 36 % for larger values of 
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deviatoric stress when the reinforcement was placed in the middle of the specimen. Placement of 
the reinforcement in other locations in the sample resulted in less reduction of permanent strain. 

Predictive equations for horizontal and vertical modulus and permanent vertical deformation of 
the base aggregate considering an increase in confinement due to the reinforcement were 
developed. The model assumes a zone of influence corresponding to 3 inches above and below the 
geosynthetic. A difference in radial strain between the aggregate and the geosynthetic is accounted 
for by an analytical factor. A restoring radial force on the aggregate due to shear interaction with 
the geosynthetic is used to determine an increase in lateral confinement. This restoring force is a 
function of the stiffness of the geosynthetic and its Poisson’s ratio. The increase in confinement is 
then used to determine a modified vertical and horizontal modulus of the aggregate. Presumably, 
a pavement resting on a weaker subgrade experiences greater radial strain producing a greater 
restoring force and a more pronounced increase in modulus, but this was not explained in the 
report.  

A permanent deformation damage model was developed to match the data collected from the 
repeated load triaxial tests. The model was calibrated for both unreinforced and reinforced 
specimens and when the reinforcement was placed in different positions. These models were 
presumably used in rutting models for the pavement cross-sections analyzed, although these details 
were not clear from the report. As described above, an influence zone of 3 inches above and below 
the geosynthetic was used to describe the effect of confinement on resilient modulus. It is not clear 
from the report whether the permanent deformation properties for a reinforced base were also used 
for material within the same zone of influence. The report also claims that this influence zone is 
negligible when the reinforcement is at the bottom of the base. Many test sections; however, have 
been constructed with the reinforcement at the bottom of the base and shown very favorable 
performance improvements. It is not clear how the results of this study are able to predict 
performance for this condition.  

A two-dimensional axisymmetric finite element model was developed to match the stress, strain 
and displacement results seen from the LST tests. The model incorporated anisotropy, stress-
dependency and plasticity zones. Triaxial test results were used to select anisotropy ratios and 
permanent deformation.  

Material models were a viscoelastic model for the HMA, a cross-anisotropic stress-dependent 
nonlinear elastic model for the aggregate and an isotropic linear elastic model for the subgrade. 
Dynamic modulus tests on the HMA were used to express HMA modulus as a function of load 
frequency. Resilient modulus tests were used to determine parameters for the aggregate model. 
The elastic modulus of the subgrade was determined from correlations to CBR. Standard tests 
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ASTM 4595 and 6637 were used to provide tensile modulus for the geosynthetic while the pullout 
test (ASTM 6706) was used to provide interface properties. 

For reinforced cross-sections, a membrane element with contact surfaces was used for the 
geosynthetic inclusion. Vertical and horizontal modulus in a zone surrounding the reinforcement 
were modified by the approach described above. Responses (surface deflection, vertical stress vs 
depth in aggregate and subgrade layer, and tensile strain bottom of HMA) from the finite element 
model were compared to the LST tests with good agreement generally shown. It was not clear 
from the report which load (static, dynamic and load magnitude) was used.

The finite element program described above was used to develop full factorial sets of pavement
data to construct Artificial Neural Network (ANN) models for the critical strains and stresses in 
pavements. Outcome of the ANN models are critical response parameters that are then fed into the 
AASHTO ME-PDG to predict performance. 

Variables in the ANN models included thickness of HMA and base aggregate, modulus of HMA, 
base and subgrade, anisotropic ratio of base, geosynthetic stiffness and geosynthetic location. 
Output responses included critical stress and strain measures. These measures were then used in 
the AASHTO ME-PDG design program to predict rutting, fatigue cracking and roughness. The 
permanent deformation model developed in this project was used for the base and subgrade layers. 

Data from the Long Term Pavement Performance (LTPP) program and the Texas Pavement 
Management Information System (PMIS) for in-service pavement sections having geosynthetics 
in or at the bottom of unbound bases was used to compare to predictions from the overall approach 
described above. There were five sections in each of the two programs that were identified and 
analyzed. Rutting, fatigue cracking and roughness predictions were compared to the data from the 
sections in the two programs. Predictions were also made of identical sections without the 
geosynthetic; however, data from the field sections were not available for comparison. In general, 
the predictions of rutting, fatigue cracking and roughness compared well to the field sections and 
improvement, particularly with respect to rutting, was predicted for sections containing 
reinforcement. The project did not attempt to predict pavement performance for the test sections 
available from literature and as summarized in this report. 

Implementation of the results of this project needs to be done within the context of the AASHTO 
MEPDG. It is not clear where this implementation work stands.  

2.6 Summary and Relationship to this Project 

This literature review revisited studies conducted prior to the year 2000 that were summarized by 
Perkins and Ismeik (1997a,b) and were the basis of the practice-oriented document by Berg et al. 
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(2000). Research involving the construction of test sections since the year 2000 were summarized 
and discussed. The results from all available test sections support previously established trends of 
decreasing pavement performance benefit from geosynthetic reinforcement as subgrade strength 
and stiffness increases and as the pavement section thickness increases. The upper limit for 
subgrade strength for typical highway applications after which reinforcement benefit is negligible 
appears to be a CBR of 8 and is consistent with earlier recommendations given in Berg et al. 
(2000). The majority of test sections show that reinforcement benefit becomes negligible after a 
structural number of 4 or a base thickness of 450 mm is reached. Studies involving examination 
of placement position of the geogrid within the base show this is an important variable; however,
the limited data available makes it difficult to make general conclusions. The number of sections 
involving the use of geotextiles is limited and has produced varying levels of observed benefit.

Currently available design methods include the empirical AASHTO (2013) standard of practice, 
several proprietary methods from specific manufacturers and two methods developed by Perkins 
and Edens (2003) and Perkins et al. (2004). The AASHTO (2013) standard of practice requires 
identifying test sections having conditions close to the project conditions of interest and limits its 
application for a broad range of design conditions. A close examination of manufacturers methods 
and a comparison to available test section results indicates they tend to overestimate reinforcement 
benefit. The method of Perkins and Edens (2003) appears to produce reasonable values of benefit 
(TBR and BCR) when compared to all available test section results. The benefit values resulting 
from this method are most suitable for use in existing empirical design methods for flexible 
pavements, such as the AASHTO 1993 PDG.  

The recently completed NCHRP project 01-50 (Luo et al., 2017) appears to be compatible with 
the AASHTO ME-PDG. A partial validation of this method was performed in the NCHRP project 
by comparing predictions from the method to LTPP test sections containing geosynthetics. Further 
validation of this method appears to be needed.  

The work being performed in this project fills a gap existing in our knowledge of geosynthetics 
for base reinforcement. The use of geotextiles for reinforcement in pavement sections with a 
moderate cross-section and a moderate level of subgrade strength has not been adequately 
examined and will provide useful information to MDT for future projects. 
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3 Accelerated Pavement Test Facility 

Testing took place within a test facility operated by TRI Environmental located in Greenville, SC.
The test sections were constructed in a concrete-lined trench having the dimensions shown in
Figure 3-1. The trench features a 15-foot long ramp at one end to provide access to equipment 
during construction. The opposite end of the trench is bound by a vertical wall; however, it was 
designed with a narrow extension that is 3 feet wide and 5 feet long to allow the loading wheel to 
travel past the end of the test sections during trafficking. 

 

 

Figure 3-1: Accelerated test facility concrete lined trench.

Trafficking of the test sections was done using a full-scale accelerated pavement tester (APT) 
shown in Figure 3-2. Wheel loads were applied through a dual-wheel assembly equipped with 
315/80 R 22.5 HSU2 tires rated for high load carrying capacity. The transverse width of the dual 
tire footprint was 22 in. The vertical force applied to the wheel carriage was approximately 9000 
lb with the tires inflated to a tire pressure of 90 psi, where this tire pressure is typical of highway 
freight traffic. The test sections were trafficked bi-directionally along the centerline of the test 
section. A climate control system was built to control the temperature of the test area during 
trafficking and is displayed in Figure 3-2. This system consisted of two manifolds, positioned on 
either side of the traffic lane, to distribute cold or warm air over the surface of the area being 

4 ft.

11 ft.

36 ft.
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trafficked. Three air conditioner/heater units were attached to each manifold and were controlled 
by a thermostat. The temperature-controlled air blew across the exposed asphalt surface to cool or 
heat it depending on the temperature inside the lab.  

 

 

Figure 3-2: Accelerated pavement test device. 
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4 Test Section Materials 

4.1 Hot-Mix Asphalt 

The hot-mix asphalt (HMA) layer for the test sections was constructed using a mixture from 
Greenville, SC. Prior to the selection of this material, tests were performed on HMA materials 
from Montana in order to compare a mixture from South Carolina. Samples of HMA were obtained 
from three separate Montana project sources that were considered representative of mixes in the 
state. The basic properties of the Montana mixes are listed in Table 4-1.  

Table 4-1: Material properties of Hot-Mix samples obtained from Montana. 

Property 
Montana Project Sources

Ashland Bridger Canyon Great Falls

PG Grade 64-28 64-28 64-28 

Asphalt content (%) 5.09 5.30 5.36 

Rice specific gravity (Gmm) 2.46 2.44 2.42 

Bulk specific gravity (Gmb) 2.36 2.39 2.35 

Air void content (%) 3.99 2.46 3.00 

VMA 13.7 13.8 13.8 

VFA 71 82 79 

Bulk materials from the three Montana mixes shown in Table 4-1 were sent to the National Center 
for Asphalt Technology (NCAT) for dynamic modulus testing. Bulk material was re-heated and 
compacted to a target air voids content of 7 +/- 0.5 %. Three samples for each mix were prepared 
and tested. Table 4-2 provides volumetric data for the specimens compacted at NCAT for dynamic 
modulus testing. Dynamic modulus testing uses 3 to 4 frequencies of loading and three test 
temperatures. The complex modulus (E*) is determined for each combination of load frequency 
and temperature. Figure 4-1 shows values of E* from these tests for the test temperature .
Full results from these tests are given in Appendix A. 

At the beginning of the project, two mixes from the Greenville, SC area were identified as potential 
matches to Montana mixes and were tested accordingly. At the time the test sections were ready 
for the HMA layer to be placed, these two mixes were not available and was not scheduled to be 
produced for any upcoming projects. An alternative mix was selected and is described as a Surface 
C asphalt, according to the South Carolina DOT mix design. It was purchased from a hot-mix plant 
(Rogers Group – Greer, SC) near the TRI Environmental laboratory. Properties of the mix were 
determined by the QC lab at the hot-mix plant during the morning that the paving was done. These 
properties are summarized in Table 4-3 with full results provided in Appendix A. Hamburg wheel 
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tracking tests were not performed on this mix due to the unavailability of test equipment at MDT 
at this time. Hamburg wheel tracking tests were performed; however, on the two trial SC mixes 
mentioned above and readily passed MDT’s standards. 

Table 4-2: Material properties of Montana mixes for dynamic modulus tests. 

Mix ID Sample Air Voids, % Pb Gmm Gmb VMA VFA 
Ashland 1 7.3 5.1 2.45 2.28 16.7 56.2 
Ashland 2 7.4 5.1 2.45 2.27 16.8 55.8 
Ashland 3 7.1 5.1 2.45 2.28 16.5 56.9 
Bridger Canyon 1 7.2 5.3 2.44 2.26 17.7 59.4
Bridger Canyon 2 7.4 5.3 2.44 2.26 17.9 58.7
Bridger Canyon 3 7.5 5.3 2.44 2.26 18.0 58.4 
Great Falls 1 6.7 5.4 2.42 2.26 17.1 60.8 
Great Falls 2 6.5 5.4 2.42 2.26 16.9 61.5 
Great Falls 3 7.4 5.4 2.42 2.24 17.7 58.2 

Table 4-3: Material properties of Surface C HMA used for test sections. 

Property Surface C

PG Grade 64-22

Asphalt content (%) 5.55

Rice specific gravity (Gmm) 2.45

Bulk specific gravity (Gmb) 2.34

Air void content (%) 4.35

VMA 16.9



Test Section Materials

53

Figure 4-1: Dynamic complex modulus versus load frequency at a test temperature of 20°C 
for 3 MT mixes. 

 

4.2 Base Course Aggregate

The crushed base course for this project was selected by MDT and meets their specifications for 
Type 7A aggregate. The material was obtained from the Brewer Pit near Forsyth, MT. It was 
classified as poorly-graded sand (SP) according to the USCS classification system and A-1-a 
according to the AASHTO soil classification system and has 47.6 % retained on the number 4 
sieve. Other relevant properties of the base course are listed in Table 4-4. Data sheets from the 
tests performed are given in Appendix B.  
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Table 4-4: Material properties of crushed base course aggregate. 

Property Value 

Specific gravity of fine mat’ls 2.65

Specific gravity of course mat’ls 2.63

Fractured face content (1+) 65%

% passing #200 sieve 4.6%

Maximum dry unit weight‡ 136.7 lb/ft3

Optimum moisture content‡ 7.7%

CBR @ 95% Modified Proctor 
dry unit weight 

100% 

R-value at 2.07 MPa (300 psi) 
exudation pressure

72.5 

L.A. Abrasion loss 18%

Micro-Deval loss 5.5%
‡ determined using Modified Proctor method (ASTM D1557)

4.3 Subgrade 

A subgrade soil was mutually selected by members of the MDT technical panel and the research 
staff at MSU and TRI. The material was obtained from a mine near the laboratory facilities in 
Greenville, SC. It was classified as lean clay (CL) according to the USCS classification system
and A-6 according to the AASHTO soil classification system. Other relevant properties of the 
subgrade are listed in Table 4-5. Details of the Atterberg limits, particle size analysis, Proctor 
compaction analysis results and R-value test results for the subgrade are provided in Appendix C.

A variety of laboratory tests and experiments were performed on the subgrade to characterize its 
strength properties. CBR, vane shear and moisture content were the primary measures in these 
experiments. Laboratory CBR tests (ASTM D1883) were performed on samples compacted using 
25 blows per layer on samples prepared at moisture contents ranging from about 20 to 35%. The 
results of these tests are shown in Figure 4-2 and are labeled as Lab CBR. Field CBR tests were 
performed on subgrade specimens prepared in four wooden boxes measuring 4 feet square and 5.5 
inches thick. These boxes were lined with plastic and subgrade was prepared at four different 
moisture contents (approximately 22, 25, 27 and 30%) and compacted into the boxes using a 
jumping-jack compactor (Figure 4-3). Field CBR, vane shear strength and moisture content were 
measured at 6 hours, 6 days and 41 days after compaction. Three in-field CBR tests, 18 vane shear 
tests and three moisture contents were taken at each time interval. The tests corresponding to the 
6 hour interval are shown in in Figure 4-2 and are labeled as Box Field CBR. Field CBR tests were 
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also performed during the compaction of the subgrade in the test sections. These results are 
presented in Section 5.2 and are included in Figure 4-2 as MDT Test Section Field CBR. As 
described later in this report, the HMA and base course layers were reconstructed after initially 
loading the test sections. Additional measurements on the top of the subgrade were taken during 
reconstruction. The values included in Figure 4-2 are from the first construction. TRI  has 
performed subsequent work in the facility after the MDT sections were completed. Field CBR tests 
performed during compaction of the subgrade in these subsequent test sections are included in 
Figure 4-2 as Additional Test Section Field CBR.

 

Table 4-5: Material properties of subgrade. 

Property Value

Liquid Limit 40% 

Plastic Limit 25% 

Plasticity Index 15% 

% passing #200 sieve 75.5%

Maximum dry unit weight† 102.1 lb/ft3

Optimum moisture content† 18.6%

Maximum dry unit weight‡ 111.8 lb/ft3

Optimum moisture content‡ 17.0%

R-value at 2.07 MPa (300 psi) 
exudation pressure

23.5 

† determined using Standard Proctor method (ASTM D698)
‡ determined using Modified Proctor method (ASTM D1557)

Based on these results from these four series of tests, it is seen that the lab and field CBR tests 
yield comparable correlations to vane shear strength. These tests indicate that to achieve a target 
CBR of 2.5 %, the subgrade should be prepared to a moisture content of around 28 % and produce 
a vane shear strength around 98 kPa. 

The tests performed on the subgrade prepared in the four wooden boxes was used to assess strength 
gain with time. Figure 4-4 shows the average in-field CBR measurement in each box at the three 
elapsed time intervals of 6 hours, 6 days and 41 days. The results from the three boxes with initial 
moisture contents of 25, 27 and 30 % are presented and show an increase of in-field CBR with 
elapsed time. The moisture content of the subgrade in these three boxes decreased by 0.6 to 0.9 % 
and is partly responsible for this strength gain. The relationship between moisture content and 
CBR in Figure 4-2 indicates the increase in CBR would be 0.7 to 1 % for a decrease in moisture 
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content of 0.6 and 0.9 %, respectively. This accounts for 50 to 100 % of the CBR strength gain 
seen in Figure 4-4. For those results showing a strength gain not fully accounted for by a decrease 
in moisture content, the additional gain is believed to be due to a thixotropic effect known to occur 
in clay soils.  

Data from the wooden box tests was added to Figure 4-2 to assess the impact of elapsed time and 
thixotropy on the relationship between vane shear strength and CBR. Figure 4-5 shows that this 
relationship shifts to the right with elapsed time. Examination of the data shows that in-field CBR 
measurements increase at a faster rate with time as compared to vane shear strength measurements. 
These observations are used later in this report to assess the representative CBR of the subgrade at 
the time of trafficking.  

.   

Figure 4-2: Laboratory and in-field CBR results for subgrade. 
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Figure 4-3: Compaction of subgrade into wooden boxes.

Figure 4-4: CBR versus elapsed time from wooden box tests.
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Figure 4-5: Vane shear strength versus CBR for all subgrade tests.

4.4 Geotextiles 

A woven geotextile (TenCate RS280i) and a non-woven geotextile (Propex Geotex 801) were 
selected by MDT as the two geosynthetics for this testing. A roll of each material was obtained 
directly from the manufacturers of these products. Wide-width tensile tests (ASTM D4595) were 
run on both materials and grab tensile tests (ASTM D4632) were run on the non-woven geotextile.
The results of these tests are summarized in Table 4-6 and the full laboratory reports for these tests 
are in Appendix D.  
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Table 4-6: Material properties of geotextiles.

Test Property RS280i Geotex 801

Wide-Width Tension 
(ASTM D4595) 

MD strength @ 2% strain (kN/m) 13.9 0.52

XMD strength @ 2% strain (kN/m) 15.5 0.43

MD strength @ 5% strain (kN/m) 31.0 1.25

XMD strength @ 5% strain (kN/m) 32.0 1.00

MD strength @ 10% strain (kN/m) 58.8 2.35

XMD strength @ 10% strain (kN/m) 49.2 2.01

MD Ultimate strength (kN/m) 65.8 14.8

XMD Ultimate strength (kN/m) 50.5 18.1

Grab Tensile
(ASTM D4632) 

MD tensile strength (kN/m) NA 0.97

XMD tensile strength (kN/m) NA 0.99
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5 Test Section Construction 

The test sections were constructed using the subgrade, base course, geosynthetics and asphalt 
materials described in the previous section. Instrumentation was installed in the subgrade and base 
course layers. Quality control testing and quality assurance of the layers constructed was carried 
out for all layers. An overview of the quality control plan, construction and instrumentation is 
documented below. The description of construction follows the order in which the materials were 
placed. 

5.1 Quality Control Testing Plan 

Several measurements were made on each layer during construction to provide quality control.
Measurements were made using the methods and devices listed below.

 Elevation and thickness – surveys

 In-situ shear strength of the subgrade– hand-held vane shear 

 In-situ moisture content – oven 

 Dynamic stiffness – lightweight deflectometer (LWD) 

 Strength – dynamic cone penetrometer (DCP) and in-field CBR 

 Density – sand cone and nuclear densometer 

Most of the QC measurements were concentrated in the center region of the test sections and within 
the anticipated wheel path. A list of the measurements made within each test section on the 
subgrade and base course are outlined in Table 5-1 and Table 5-2, respectively. Each of the three 
test sections were delineated into six 2-foot wide longitudinal segments (labeled A through F) to 
position the measurements made during construction. A plan view of the measurement locations 
within each test section and for each material type is provided in Appendix E. The only 
measurement made on the asphalt during construction was density using a nuclear densometer. 
Cores were taken of this layer during the forensic investigation following traffic loading. During 
construction, three density measurements were made on the asphalt in each of the sub-sections (A-
F) for a total of 18 measurements per test section. 
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Table 5-1: Subgrade QC measurements in each test section during construction.

Measurement Type Layer 
Measurements 

per Layer
Measurement 

Locations

In-situ shear strength All 24 A, B, C, D, E, F
Moisture content All 12 A, B, C, D, E, F
Bearing strength (CBR) All 2 Variable
Dynamic stiffness (LWD) 4, 5, 6 6 A, B, C, D, E, F
Strength (DCP) Final 6 A, B, C, D, E, F
Unit weight (sand cone) Final 4 B-C, D-E

Table 5-2: Base course QC measurements in each test section during construction.

Measurement Type Layer 
Measurements 

per Layer
Measurement 

Locations

Moisture content All 3 B, C-D, E
Dynamic stiffness (LWD) All 6 A, B, C, D, E, F
Strength (DCP) Final 6 A, B, C, D, E, F
Unit weight (sand cone) Final 2 B-C, D-E
Unit weight (nuclear densometer) Final 2 B-C, D-E

Eighteen survey measurements were made in each test section after each layer was constructed.
The vertical position of these measurements is provided in Appendix F. Elevations were taken by 
measuring down from a stiff steel member that spanned the concrete trench (Figure 5-1).
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Figure 5-1: Survey measurement technique during construction.

5.2 Subgrade Construction 

The clay subgrade was built in six layers each approximately 6 inches deep. The process began by 
mixing the subgrade using a skid-steer tractor and adding water to bring it to the target moisture 
content and shear strength associated with a bearing strength of 2.5% CBR. Periodic measures of 
moisture content and vane shear strength were taken during the mixing process to ensure 
uniformity. Once the subgrade had reached the target strength and moisture content, a skid-steer 
tractor was used to deposit, spread and track the prepared clay in the concrete-lined trench (Figure 
5-2). Using this method, it took approximately three batches of clay to make one 6-inch layer 
across the entire the test area. The clay was kept covered with plastic to maintain its moisture 
content when not in use. Compaction of the subgrade was accomplished using a 54-inch smooth 
drum vibrating compactor (Hamm, Model H 5i), as shown in Figure 5-3. The sixth and final layer 
of the subgrade was leveled by hand to a tolerance of ± 0.20 inches (Figure 5-4). A small double 
smooth drum roller was used to smooth and finish the final top surface of the subgrade, which is 
shown in Figure 5-5. 

As discussed in Section 5.5, the HMA and base course layer were reconstructed after an initial 
series of traffic passes. The subgrade was not reconstructed. A small amount of the top of the 
subgrade was removed during the second construction to expose material unaffected by the first 
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construction base course placement. As constructed properties of the subgrade given in the sections 
below are mainly from the first construction. Any values arising from the second construction are 
defined in the following sections.  

Figure 5-2: Spread and tracked subgrade prior to compaction. 
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Figure 5-3: Compacting the subgrade.

 

Figure 5-4: Leveling the final surface of the subgrade. 
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Figure 5-5: Finished surface of the subgrade. 

5.2.1 Vane shear strength 

Average vane shear strengths for each compacted layer of subgrade are summarized in Table 5-3
for each test section. Averages for individual layers are based on 24 measurements per test section. 
The values listed for layer 6 were taken immediately before the placement of base for the second 
construction. The higher values are due to thixotropic effects due to the elapsed time since the 
material was originally placed and a decrease in moisture content. The composite average is 
calculated using the layer average values and weighting the layer value by an influence value 
determined from a stress distribution solution from the theory of elasticity. This process gives 
greater weight to the upper layers of the subgrade. Due to the proximity of the concrete wall 
associated with the end of the trench, measurements nearest the wall (first four vane shear strength 
measurements within sub-section A) within Test Section 1 were not used.
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Table 5-3: Average vane shear strengths for the compacted subgrade.

Layer† Average Vane Shear Strength (kPa)
Test Section 1 Test Section 2 Test Section 3

Composite 117.2 112.1 113.9
6 147.1 138.4 141.8
5 97.8 91.4 94.5
4 103.9 99.4 99.2
3 103.4 107.5 104.0
2 103.4 99.5 103.2
1 88.7 89.7 88.0

† Layer 1 is at the bottom of the subgrade and Layer 6 is at the top.

5.2.2 Moisture content 

Average moisture content results for each compacted layer of subgrade are summarized in Table 
5-4 for each test section. Averages for individual layers are based on 12 measurements per test 
section. The values listed for layer 6 were taken immediately before the placement of base for the 
second construction. The composite average is calculated using the layer average values and 
weighting the layer value by an influence value determined from a stress distribution solution from 
the theory of elasticity. This process gives greater weight to the upper layers of the subgrade. Due 
to the proximity of the concrete wall associated with the end of the trench, measurements nearest 
the wall (first two measurements within sub-section A) within Test Section 1 were not used in the 
average. 

 

Table 5-4: Average moisture content for the compacted subgrade. 

Layer† Average Moisture Content (%) 
Test Section 1 Test Section 2 Test Section 3 

Composite 27.3 27.3 27.3
6 25.9 25.9 25.8
5 28.6 28.5 28.6
4 27.6 28.1 27.9
3 27.5 27.5 27.3
2 27.7 27.8 27.9
1 28.7 28.5 28.7

† Layer 1 is at the bottom of the subgrade and Layer 6 is at the top.
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5.2.3 CBR strength 

In-field CBR tests were conducted in substantial accordance with ASTM D4429 using the 
minimum recommended surcharge of 30 lb. Two tests were conducted on each subgrade layer
within each test section. The exact locations of these tests varied from layer to layer but were 
generally concentrated toward the center of each test section. The average CBR strengths are 
reported in Table 5-5. All values in this table are from tests performed during the first 
construction. The composite average is calculated using the layer average values and weighting 
the layer value by an influence value determined from a stress distribution solution from the 
theory of elasticity. This process gives greater weight to the upper layers of the subgrade. 

Table 5-5: Average CBR strength for the compacted subgrade. 

Layer† Average CBR (%)
Test Section 1 Test Section 2 Test Section 3 

Composite 2.11 2.22 1.90
6 1.90 1.94 1.56
5 1.93 2.59 1.94
4 2.47 2.02 2.34
3 2.64 2.77 2.25
2 2.29 2.33 1.92
1 2.01 1.96 2.08

† Layer 1 is at the bottom of the subgrade and Layer 6 is at the top.

5.2.4 Dynamic stiffness 

A Zorn ZFG 3000 Light Weight Deflectometer (LWD) was used to measure the dynamic 
stiffness of the last three layers of subgrade. Six LWD measurements were made in each test 
section. The LWD has a 1 foot diameter plate, 22 pound drop weight and calculates stiffness by 
measuring the acceleration as the drop weight impacts the load plate resting on top of the soil. 
The average results of the LWD tests are summarized in Table 5-6. The values listed for layer 6 
were taken immediately before the placement of base for the second construction. The composite 
average is calculated using the layer average values and weighting the layer value by an 
influence value determined from a stress distribution solution from the theory of elasticity. This 
process gives greater weight to the upper layers of the subgrade. The measurements from Test 
Section 1, sub-sections A and B were not used in the results due to the proximity of the concrete 
end wall. 
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Table 5-6: Average dynamic stiffness of the compacted subgrade. 

Layer† Average Dynamic Stiffness (MN/mm2)
Test Section 1 Test Section 2 Test Section 3

Composite 6.14 5.42 5.57
6 6.73 5.74 6.09
5 5.05 4.56 4.64
4 6.36 5.95 5.71

† Layer 4 is near the center of the subgrade layer and Layer 6 is at the top. 

5.2.5 Strength (DCP) 

A Kessler Dual Mass Dynamic Cone Penetrometer (DCP) with magnetic ruler and a 10.1 pound 
hammer was used to evaluate the strength of the subgrade after it had been fully constructed. Six 
tests were conducted in each test section, the results of which are shown in Figure 5-6 in terms of 
CBR. The tests were performed immediately before the placement of base for the second 
construction. Comparison of these results to those from the first construction shows a modest gain 
in strength namely in the depth range of 3 to 12 inches. On the average, the strength increase was 
5 to 8 % greater from the first to second construction.  

The bearing strength of the subgrade was calculated as a function of depth using Equation 6
developed by Kleyn (1975). As before, the measurements from Test Section 1, sub-section A were 
not used in the results. Average strengths based on the DCP tests were as follows: Test Section 1 
CBR = 2.27%, Test Section 2 CBR = 2.27% and Test Section 3 CBR = 2.24%.

=
( / ) .                                                                     (6)
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Figure 5-6: Subgrade DCP results as a function of depth. 

5.2.6 Unit weight 

In-place dry unit weight of the final layer of subgrade was measured using the sand cone method 
(ASTM D1556). Four measurements were made within each test section. The average dry unit 
weights for each test section were as follows: Test Section 1 = 96.3 lb/ft3, Test Section 2 = 93.4 
lb/ft3 and Test Section 3 = 92.3 lb/ft3. These measurements were made immediately prior to 
placement of base aggregate for the second construction.  

5.3 Instrumentation 

Linear variable differential transducers (LVDTs) were installed to measure the displacement of 
subgrade and base course surfaces during trafficking. Three sensors were installed in the subgrade 
and three sensors were installed in the base course, as shown in the illustrations in Appendix G for 
each test section. The position of these measurements was designed to capture vertical movements 
caused by the load wheels during trafficking.

The first step during the installation process was to excavate a hole in the vicinity of the 
measurement point to allow each sensor to be inserted into the ground. The size of the access holes 
was kept as small as possible to minimize disturbance of the soil in the anticipated wheel path. All 
the soil that was extracted from each hole was temporarily stored in a sealed bucket so that it could 
be replaced once the sensor was in place. The datum for each displacement measurement was the 
bottom of the concrete trench, as illustrated in Figure 5-7. This was accomplished by driving a 
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steel rod through the subgrade until it reached the trench floor (see Figure 5-8). A small piece of 
¾ in. thick plastic was placed on the floor prior to constructing the subgrade in the area where each 
of the metal anchors was to be located. A small nail was welded to the bottom of the steel rod so 
that when driven it would penetrate the plastic and keep the anchor from floating upward during 
construction and trafficking. 

The bodies of the LVDTs were attached to the anchors using two u-bolts that extended through a 
metal plate welded to the top of the anchor. Each LVDT was outfitted with a sealed mechanism 
that extended the core of the LVDT to a round plate that would be positioned at the point of 
measurement (top of subgrade or base course layers). This extension mechanism was designed to 
keep the soil from jamming the LVDT as it allowed free movement of the LVDT core throughout 
the duration of the test. A photo of a typical LVDT setup is shown in Figure 5-9 prior to 
installation. The body of the LVDT was positioned on the anchor plate so that the vertical 
alignment of the plate at the end of the LVDT was level with the surface of the subgrade or base 
course, as shown in Figure 5-10. 

Sealed data cables extended from the bottoms of the LVDTs and through protective tubes outside 
of the trench. These wires were attached to the data acquisition system through individual signal 
conditioners. 

 

 

Figure 5-7: Cross-section of LVDT installation in the subgrade and base course. 
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Figure 5-8: Installing LVDT anchor.

Figure 5-9: LVDT sensor prior to installation.
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Figure 5-10: Position of the measurement point with respect to the subgrade surface.

5.4 Geosynthetics 

TenCate RS280i and Propex Geotex 801 were the two geotextile products used in this testing 
program. A roll of each material was obtained from the manufacturers. Pieces of each material 
were cut to 11 ft. wide to match the width of the concrete trench. Each test section was 12 ft. long.
Test Section 1 was the Control (no geosynthetic), Test Section 2 was reinforced with TenCate 
RS280i and Test Section 3 was reinforced with Propex Geotex 801. A cross-sectional illustration 
of the test section layout is shown in Figure 5-11. The geotextile materials between Test Sections 
2 and 3 overlapped one another by 1 ft. (6 in. within each test section). The geotextiles were pulled 
taut to remove any wrinkles – no stakes or pins were used to hold the materials in place. A photo 
of the installed geosynthetics is shown in Figure 5-12. 

 

Figure 5-11: Cross-sectional view of constructed test sections. 
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Figure 5-12: Installed geosynthetics. 

5.5 Base Course Aggregate 

The base aggregate was shipped from Montana in 3000 lb. super sacks and stored on site until 
construction of the base course. Preparation of the base aggregate began by unloading three to four 
bags onto the lab floor, mixing with a skid-steer tractor and adding water until it reached the target 
moisture content. The aggregate was deposited on the test area without driving on it and spread 
across the test sections by hand. The test sections were originally constructed by preparing the 
base course to a moisture content ranging from 6.4 to 8.2 %. HMA was also placed on this first 
construction and traffic loading occurred thereafter. The test sections were seen to rut more rapidly 
than expected. The reason for this observation was believed to be due to too high of a moisture 
content of the base leading to lower stiffness values. Trafficking was stopped and the HMA layer
and the base course layer were removed and reconstructed. The base course layer in the second 
construction was placed at a lower moisture content to correct the problem discovered in the first 
construction. The material contained in the body of this report pertains to the second construction. 
Additional details of the first construction are provided in Appendix H where this data is examined 
to provide lessons learned concerning base course layer preparation in the field.  

The base course for the second construction was constructed in three layers, each of which was 
screeded to a uniform depth prior to compaction (Figure 5-13). Compaction was accomplished 
using a 48-inch double drum smooth vibrating compactor to create a smooth, flat surface on the 
final lift (Figure 5-14). Each of the layers was tested and then allowed to air dry prior to compacting 
the subsequent layer. The final average thickness of the base course layer was 13.29 ± 0.20 inches. 
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Figure 5-13: Gravel screeded to uniform depth. 

Figure 5-14: Final compacted surface of the base course. 
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5.5.1 Moisture Content 

Optimum moisture content of the base course aggregate was 7.7% based on the Modified Proctor 
results. The base aggregate was prepared to a moisture content of 1 to 2 percent below optimum 
to yield better compaction. Average moisture contents taken immediately after compaction for 
each of the test sections and layers are summarized in Table 5-7.

Table 5-7: Average moisture content of the compacted base course.

Layer† Average Moisture Content (%)
Test Section 1 Test Section 2 Test Section 3 

3 5.9 5.8 6.4
2 6.4 6.3 7.0
1 6.6 6.4 6.5

† Layer 1 is the bottom base layer and Layer 3 is the top layer.

5.5.2 Dynamic Stiffness 

Six measures of dynamic stiffness were made within each test section within the anticipated rut 
path using the Zorn ZFG 3000 Light Weight Deflectometer (LWD). The measurements in sub-
section 1A were not used in the average calculations because of the proximity of the end wall. 
Average dynamic stiffnesses for each layer within each test section are summarized in Table 5-8

Table 5-8: Average dynamic stiffness of the compacted base course. 

Layer† Average Dynamic Stiffness (MN/mm2)
Test Section 1 Test Section 2 Test Section 3 

3 123.63 115.54 122.42
2 24.25 19.63 23.77
1 19.40 15.98 17.85

† Layer 1 is the bottom base layer and Layer 3 is the top layer.

5.5.3 Strength (DCP) 

Six DCP measurements were taken within each test section using the dual mass DCP device (drop 
hammer weight of 17.6 lb.) on the finished surface of the base course. These measurements were 
taken outside of the wheel path to keep from damaging the geosynthetics in the wheel track area.
The results from these tests are shown in the plot in Figure 5-15. The bearing strength (in terms of 
CBR) as a function of depth was calculated using Equation 6 developed by Kleyn (1975). The 
measurements from Test Section 1, sub-section A were not used in the results. Average CBR 
strengths were calculated using values between about 2 and 10 inches of depth to avoid areas near 
the top and bottom of the compacted layer. The average strengths were as follows: Test Section 1 
CBR = 72.4%, Test Section 2 CBR = 73.9% and Test Section 3 CBR = 73.8%. 
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Figure 5-15: Base Course DCP results as a function of depth. 

5.5.4 Unit Weight 

In-place dry unit weight of each layer of compacted base course was measured using the sand cone 
method (four measurements per test section). A nuclear density gauge was also used to measure 
the unit weight of the final layer (eight measurements per test section). Nuclear density 
measurements were made at a probe depth of 8 inches. The average dry unit weights for each test 
section are summarized in Table 5-9. The full report for the nuclear density tests is provided in 
Appendix B.

Table 5-9: Average dry unit weights of the compacted base course.

Layer†

Average Dry Unit Weight (lb/ft3) and Percent 
Compaction Based on Modified Proctor

Test Section 1 Test Section 2 Test Section 3 

3 (nuclear) 137.5 (100.6%) 136.9 (100.1%) 137.7 (100.7%)
3 (sand cone) 137.7 (100.7%) 138.7 (101.5%) 137.5 (100.6%)

2 137.7 (100.7%) 137.9 (100.9%) 136.5 (99.9%)
1 136.0 (99.5%) 135.5 (99.1%) 137.4 (100.5%)

† Layer 1 is the bottom base layer and Layer 3 is the top layer.
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5.6 Asphalt 

Surface C asphalt, according to the South Carolina DOT mix design, was purchased from a hot-
mix plant (Rogers Group – Greer, SC) near the TRI Environmental laboratory. Properties of the 
mix were determined by the QC lab at the hot-mix plant during the morning that the test track was 
paved. These properties are summarized in Appendix A. The asphalt was placed in a single lift 
that had an average thickness of 3.37 ± 0.13 in. It was placed using a full-size paving machine 
(Figure 5-16) and compacted using a tandem roller (Figure 5-17) and pneumatic roller (

Figure 5-18).  

Figure 5-16: Placement of hot-mix asphalt.
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Figure 5-17: Compaction of hot-mix asphalt using smooth drum roller. 

 

Figure 5-18: Compaction of hot-mix asphalt pneumatic roller. 
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Density measurements were made during construction using a nuclear density gauge to ensure 
adequate compaction. After compaction was complete, 36 measurements of density were made in 
each test section to fully evaluate the density of the asphalt mat (two measurements were made at 
each position shown in the illustration in Appendix E). The average density within each test section 
and the percent compaction compared to the maximum density of 152.9 lb/ft3 are shown in Table 
5-10. Individual nuclear density test results are provided in Appendix A. Cores were taken from 
each test section after trafficking was completed and used to determine density and to conduct 
dynamic modulus tests. Density values from cores were greater than those listed in Table 5-10. 
The results of these tests are discussed in section 7.1 and are used in section 8 to examine the 
influence of material variability on test section performance. Results of dynamic modulus tests 
show little difference in modulus between the three test sections. 

Table 5-10: Average density of the compacted asphalt layer from nuclear density tests. 

Nuclear Density 
Average Density and Percent Compaction

Test Section 1 Test Section 2 Test Section 3 

Density (lb/ft3) 137.8 139.4 140.8 
Percent Compaction (%) 90.1 91.2 92.1 
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6 Test Section Trafficking and Data Collection 

Performance of the three test sections was evaluated by trafficking the test sections using the full-
scale accelerated pavement tester described in Section 3 and measuring surface rut progression 
over time. A total of 903,438 traffic passes were applied to the pavement over a period of 107 
days.  

The climate control system described in Section 3 was able to depress or increase the temperature 
of the test sections by about 5 °F from the ambient temperature of the building. Figure 6-1 shows 
a record of the pavement test section surface temperature versus wheel passes for the duration of 
loading. The data gaps seen in Figure 6-1 are due to periods when the data logger malfunctioned 
and data was not collected. An overall average temperature during testing was 73 °F.  

 

Figure 6-1: Test section surface temperature versus time. 

 

6.1 Surface Rut Measurement Results 

Longitudinal rut measurements were made at 6-inch intervals within the two wheel paths made by 
the dual wheel assembly, for a total of 22 measurements within each test section. Measurements 
were concentrated on the center 5-foot portion of the test section to avoid potential influence from 
the end wall and transitions between adjacent test sections. Two rut profiles were also taken 
perpendicular to traffic in each test section by making vertical measurements every 3 inches across 

50

55

60

65

70

75

80

85

90

0 100,000 200,000 300,000 400,000 500,000 600,000 700,000 800,000 900,000 1,000,000
Wheel Passes

Surface Temperature 1

Surface Temperature 2



Test Section Trafficking and Data Collection

81

the entire width of the pavement (4 feet on either side of the centerline). The position of these 
measurements in each test section is illustrated in Figure 6-2. Longitudinal and transverse 
measurements were made in all three test sections at the following 19 traffic counts: 0, 500, 1500, 
3500, 6000, 10,000, 20,000, 30,000, 40,000, 76,934, 124,998, 200,444, 249,998, 297,890, 
399,316, 495,992, 599,992, 804,954 and 903,438.

Figure 6-2: Rut measurement locations within each test section.

The 22 rut measurements made in the longitudinal direction were averaged together to create a 
single value for each test section at each level of traffic. These values were plotted with respect to 
traffic level, as shown in Figure 6-3. Measurements made in the transverse direction can be 
presented as a rut profile for each location within each test section as a function of increasing 
traffic, as shown in the example in Figure 6-4 for the Control test section. The remaining transverse 
plots as a function of increasing wheel passes are shown in Appendix I. Alternatively, rut profiles 
can also be presented for all the test sections at a particular traffic count, as presented in Figure 
6-5 for 903,438 wheel passes. Plots for all traffic levels are presented in Appendix J. 
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Figure 6-3: Longitudinal rut responses for all test sections.

Figure 6-4: Transverse rut profile progression in the Control test section, south measurement 
line. 
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Figure 6-5: Transverse rut profiles of all test sections and measurement lines at 903,438 
wheel passes. 

6.2 Base Course and Subgrade Deflection Measurement Results 

Linear variable differential transducers (LVDTs) were installed to measure the displacement of 
subgrade and base course surfaces during trafficking. Three sensors were installed in the subgrade 
and three sensors were installed in the base course within each test section. The position of these 
measurements was designed to capture vertical movements caused by the load wheels during 
trafficking. Displacement responses from these measurements are shown below in Figure 6-6 
through Figure 6-11. The average of these responses within each test section are shown in Figure 
6-12 through Figure 6-14.
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Figure 6-6: Displacement response of Control subgrade sensors.

Figure 6-7: Displacement response of RS280i subgrade sensors. 
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Figure 6-8: Displacement response of Geotex801 subgrade sensors. 

Figure 6-9: Displacement response of Control base course sensors.
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Figure 6-10: Displacement response of RS280i base course sensors.

 
Figure 6-11: Displacement response of Geotex801 base course sensors.
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Figure 6-12: Average displacement response of all subgrade sensors.
 

Figure 6-13: Average displacement response of all base course sensors. 
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Figure 6-14: Average strain response in the base course for all test sections.  
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7 Post Trafficking Forensic Evaluation 

Forensic investigations were conducted to assess the condition and properties of the asphalt, base 
course and subgrade in each of the test sections following trafficking. These investigations were 
done in each of the three test sections by focusing on an area 3 feet long (in the direction of traffic) 
by the entire width of the test section. The asphalt was cut and removed to expose the base course 
aggregate and the base course was carefully removed from above the geotextile and subgrade. A 
fines migration analysis was done near the bottom of the base course layer and the geotextiles were 
removed to evaluate the moisture content and strength of the subgrade in the reinforced test 
sections. Detailed topographic surveys were done on each layer. Finally, the geosynthetics were 
visually inspected to evaluate possible damage from construction or trafficking. 

7.1 Asphalt 

A single asphalt core from within each test section outside the wheel path was taken to evaluate 
the dynamic modulus of the asphalt (detailed report is in Appendix K).  Additional samples of the 
asphalt were also taken from the area within and outside the wheel path to determine in-place 
density after trafficking.  One or two samples from each test section were trimmed into rectangular 
prisms, weighed and measured.  Density results are summarized in Table 7-1, along with densities 
from cores. The target density of the asphalt during construction was 140.7 lb/ft3. Comparison of 
density values from Table 5-10 and Table 7-1 shows the nuclear gauge measurements were 2 to 4 
lb/ft3 less than those from physical samples. Test section 1 (control) had the lowest asphalt density 
from both nuclear density measurements and cores and does not help explain the better 
performance seen with this test section. Dynamic modulus tests on the cores taken from the test 
sections show little variation of modulus between test sections and indicates that the variation in 
asphalt density between test sections is inconsequential.  

 

Table 7-1: Summary of post-trafficking asphalt density.

Location 
Density (lb/ft3) 

Test Section 1 Test Section 2 Test Section 3 Average

Prisms Inside 
Wheel Path 

142.7 143.5 
142.8 
143.6 

143.1 

Prisms Outside 
Wheel Path 

139.6 142.3 141.7 141.2 

Cores Outside 
Wheel Path 

141.6 144.2 142.9 142.9 

Average 141.3 143.3 142.8 142.4 
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7.2 Base Course Aggregate 

Once exposed, the base course aggregate was carefully removed to expose the geosynthetic or 
subgrade surface. An evaluation was made within each test section to determine whether fines 
from the subgrade had migrated upward into the base during trafficking. This assessment was 
made by extracting samples from above the geosynthetic (in the reinforced test sections) or 
subgrade (in the control test section). One sample was taken from directly above the 
geosynthetic/subgrade level up to an inch above. A second sample was taken directly above the 
first sample from 1 inch to 5 inches above the geosynthetic/subgrade. Two areas within each test 
section were evaluated. A washed sieve analysis was done on each sample. The fines content for 
each sample within each test section are summarized in Table 7-2. The data shows that the fines 
content was slightly greater for the samples taken at a level of 1 to 5 inches above the 
geosynthetic/subgrade layer as compared to the level of 1 inch above the layer and indicates that 
fines did not migrate from the subgrade up into the base course in any of the test sections. 

 

Table 7-2: Results of washed sieve analysis on extracted samples from the base course. 

Layer 

Average Fines (%)

Control RS280i Geotex 801

Test 1 Test 2 Test 1 Test 2 Test 1 Test 2 

1 in. above 5.2 6.6 5.8 5.7 6.0 6.2

1-5 in. above 6.0 6.5 6.6 6.5 6.4 6.2

7.3 Subgrade 

Moisture content, vane shear and DCP tests were performed on the exposed subgrade to evaluate 
its properties after trafficking. Moisture content samples were taken from the surface, 1 in. below 
the surface and 2 in. below the surface, as summarized in Table 7-3. The values indicate that the 
subgrade surface lost a small amount of moisture but that the underlying layers were at a similar 
moisture content as compared to the values measured prior to the placement of base course 
aggregate during the second construction (Table 5-4).  

Twelve vane shear tests were run in each test section. The average shear strength for each test 
section was as follows: Control = 221 kPa, RS280i = 205 kPa and Geotex 801 = 216 kPa. These 
values indicate an approximate 50 % increase in vane shear strength of the upper layer of subgrade 
over the course of construction and trafficking.  
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Table 7-3: Post-trafficking subgrade average moisture content. 

Measurement 
Depth 

Average Moisture Content (%)

Control RS280i Geotex 801

Surface 25.0 25.3 24.4 

1 in. below 25.5 25.7 25.2

2 in. below 26.3 26.2 25.5

Four DCP measurements were taken within each test section using the dual mass DCP device 
(drop hammer weight of 10.1 lb.) on the exposed surface of the subgrade. The results from these 
tests are shown in the plot in Figure 7-1. The bearing strength (in terms of CBR) as a function of 
depth was calculated using Equation 6 developed by Kleyn (1975). The average post-trafficking 
strengths were as follows: Control CBR = 3.2%, RS280i CBR = 3.3% and Geotex 801 CBR = 
3.2%. These values are approximately 41 to 45 % greater than those measured during the second 
construction. 

 

Figure 7-1: Post-trafficking subgrade DCP results as a function of depth. 
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7.4 Topographic Profiles and Photos 

Transverse surveys were taken of the surface of the asphalt, base course and subgrade to show the 
surface contours after trafficking. Surveys were taken on both sides of the trench (referred to as 
south and north in this report). The profiles are shown in Figure 7-2, Figure 7-4 and Figure 7-6 for 
the Control, RS280i and Geotex 801 test sections, respectively, with accompanying photographs 
given in Figure 7-3, Figure 7-5 and Figure 7-7, respectively. Each of these plots is followed by 
profile photos of the north trench walls in each of the test sections. A photo of the entire cross-
section in the Geotex 801 test section is shown in Figure 7-8. Several other photos taken during 
the forensic investigations are provided in Appendix L. 

 
Figure 7-2: Post-trafficking surface profiles of the Control test section. 
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Figure 7-3: Post-trafficking profile photo of north face of Control trench wall.

 
Figure 7-4: Post-trafficking surface profiles of the RS280i test section.
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Figure 7-5: Post-trafficking profile photo of north face of RS280i trench wall. 

 
Figure 7-6: Post-trafficking surface profiles of the Geotex 801 test section.
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Figure 7-7: Post-trafficking profile photo of north face of Geotex 801 trench wall.
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Figure 7-8: Post-trafficking full profile photo of Geotex 801 test section.

 

7.5 Geosynthetics 

The geotextiles removed from the forensic trench were visually evaluated to assess damage. No 
damage was noticed in either of the textiles from construction or trafficking, other than the holes 
that were cut to accommodate the base course LVDTs. In the wheel path of the Geotex 801 
nonwoven geotextile, small deposits of soil were bonded to the surface due to the applied wheel 
load; however, there was no visible damage or holes in these areas. Photos of the extracted 
geotextiles are shown in Figure 7-9 and Figure 7-10 for the RS280i geotextile and Figure 7-11 and 
Figure 7-12 for the Geotex 801 geotextile. 
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Figure 7-9: Photo of extracted RS280i geotextile.

 
Figure 7-10: Close-up photo of extracted RS280i geotextile.
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Figure 7-11: Photo of extracted Geotex 801 geotextile. 

 
Figure 7-12: Close-up photo of extracted Geotex 801 geotextile.
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8 Analysis of Results 

Results of this study are used in this section to 1) evaluate a representative subgrade CBR strength 
for the test sections, 2) compare results of the project to those from other studies, 3) analyze and 
explain differences in the rutting response curves for the three test sections and 4) evaluate the 
suitability of the spreadsheet model for predicting reinforcement benefit seen in the sections with 
a geotextile.  

8.1 Evaluation of Representative Subgrade CBR Strength 

An evaluation of subgrade CBR strength for each test section representative of the subgrade during
the traffic period is complicated by several conditions, including the elapsed time from subgrade 
placement to trafficking, the strength gain that occurs due to the thixotropic nature of clays, 
strength gain due to potential moisture loss and the reconstruction of the HMA and base layers. 
The initial placement of the subgrade during the first construction yielded an average placement 
moisture content of approximately 28 % and a vane shear strength of approximately 100 kPa. From 
data presented in Figure 4-2, this should have produced a subgrade with an average CBR of 2.5 
%. In-field CBR tests yielded average values of 2.01 to 2.27. DCP measurements yielded average 
CBR values of 2.09 to 2.16. Vane shear strength measurements on the upper layer prior to 
placement of base course for the second construction together with previous measurements on 
lower layers and data from Figure 4-5 suggest that the subgrade may have increased in strength 
between the first and second constructions to CBR value of approximately 3. DCP measurements 
taken during the second construction; however, indicate average CBR values ranging from 2.24 to 
2.27. Measurements taken following trafficking and during the forensic work show the subgrade 
to have further increased in strength with DCP measurements yielding an average subgrade CBR 
of 3.3 %. From initial placement of the subgrade to the end of trafficking, DCP measurements 
showed the subgrade to have increased by a total of approximately 55 %. If this increase is applied 
to the initial target CBR of 2.5 %, CBR might be expected to be approximately 3.9 at the end of 
trafficking. Given the long period between initial placement of the subgrade to the start of 
trafficking, a representative value of subgrade CBR of 3.5 appears reasonable. Variations of CBR 
strength between sections is examined more closely in Section 8.3. 

8.2 Comparison of Results to Literature 

Chapter 2 of this report showed the amount of performance data for test sections using geotextiles 
is small in comparison to those using geogrids. For the test sections available in the literature 
containing geotextiles, there are even fewer studies incorporating conditions comparable to those 
used in this study. This makes it difficult to make a direct comparison of results in this study to 
those in the literature. The most pertinent study in the literature is from Saghebfar et al. (2016). 
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Table 2-6 provides information on the conditions used in the test sections and shows the section 
was more thick than the one in this study and used a stronger subgrade (CBR=5). The geotextile 
RS280i was used and resulted in a TBR of 1.38. Given the stronger conditions in this test section, 
this result is seen to show significantly more benefit than that observed in this project for this 
product.  

Results summarized in Berg et al. (2000) tend to show modest values of benefit for pavement 
conditions weaker than those used in this study. The information available at that time was used 
to develop guidelines and expected benefit for geotextiles used for reinforcement. Table 4-1 of this 
document is reproduced as Table 8-14 presented later in this chapter. This table states that both 
woven and non-woven geotextiles are not usually applicable for reinforcement of roads with a 
subgrade CBR between 3 and 8 and a base thickness greater than 300 mm. These guidelines match 
the results from the test sections. Additional examination of the results of this study as compared 
to the guideline given in Berg et al. (2000) are presented in Section 8.4 when results from the 
spreadsheet model are evaluated.

8.3 Analysis of Rutting Response 

The rutting response given previously in Figure 6-3 showed the control section to out-perform the 
two reinforced sections containing the geotextiles RS280i and Geotex 801. The section containing 
RS280i performed slightly better than the section with Geotex 801. The raw result of the control 
section performing better than the reinforced sections was unexpected and can be explained by 
several arguments. 

The average rutting response curves given in Figure 6-3 show the reinforced sections to develop 
rut more quickly for the initial portion of trafficking up to approximately 75,000 passes. After 
75,000 passes, the average slope of the rutting curve for the three test sections are approximately 
equal. Small differences in construction may lead to significant differences in the initial seating or 
shakedown of the pavement layers under trafficking. Statistical differences in constructed 
properties of the test sections are evaluated later in this section. The absence of construction traffic 
on the test sections failed to provide seating of the materials as would have occurred in a field 
application. The inability to incorporate construction traffic and material seating in the test sections 
may provide justification for comparison of the rutting response once seating due to initial 
trafficking is completed. Since the average slope of the rutting curves for the three test sections 
are approximately equal, this argument leads to the conclusion that the three test sections 
performed similarly. 

A second argument is made by plotting the rutting curves showing a statistical measure of data 
scatter associated with each measurement point. Figure 8-1 shows the average rut response for the 
three test sections and measurement error bands associated with each measurement point. The error 



Analysis of Results

101

bands correspond to plus and minus one standard deviation of the measurement points taken along 
the longitudinal path of each test section at each measurement point and used to calculate the 
average values shown in Figure 8-1. This plot shows overlap of the error bands and provides 
further justification for the argument that the three test sections performed similarly within the 
scatter of rut depth measurement along the test sections.  

Figure 8-1: Longitudinal rut responses showing data scatter.

A third approach involves evaluating the variability of the constructed properties of the pavement 
layers, the use of the AASHTO pavement design equation and a statistical analysis to show the 
probability that variability of constructed properties explains the differences in observed rutting 
response. This approach involved using the average values of material properties provided in 
Section 5 measured during construction. The properties of most importance included HMA and 
base layer thickness, subgrade vane shear strength, subgrade in-field CBR strength, subgrade 
dynamic stiffness, subgrade DCP, base course dynamic stiffness, base course DCP and HMA 
dynamic modulus. Standard deviation was calculated for each of these measurement values. Table 
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8-1 and Table 8-2 provide average thickness and standard deviation of the HMA and base course 
layers. Table 8-3 through Table 8-6 provide standard deviation of measured properties for the 
subgrade. Average values of these properties are provided in Section 5, Table 5-3, Table 5-5 and 
Table 5-6 for the properties of vane shear strength, in-field CBR strength and dynamic stiffness, 
respectively. Table 8-7 and Table 8-8 provide standard deviation of measured properties for the 
base course. Average values of dynamic stiffness of the base course are provided in Table 5-8. The 
dynamic modulus tests performed on HMA cores taken from the test sections (Appendix K) do 
not show significant differences. These results together with minor differences in asphalt density 
between test sections indicate that the structural quality of the HMA was consistent between test 
sections. 

 

Table 8-1: HMA average thickness and standard deviation.

Test Section 
Thickness (in) 

Average Standard Deviation 

1 3.39 0.16

2 3.40 0.13

3 3.31 0.19

Table 8-2: Base course average thickness and standard deviation.

Test Section 
Thickness (in) 

Average Standard Deviation 

1 13.44 0.14

2 13.18 0.19

3 13.26 0.22
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Table 8-3: Subgrade vane shear strength standard deviation.

Layer† 
Vane Shear Strength Standard Deviation (kPa)

Test Section 1 Test Section 2 Test Section 3

All 4.7 4.9 5.4 

6 4.9 5.1 6.9 

5 4.0 3.6 3.7 

4 5.2 7.1 4.9 

3 5.3 5.0 5.2

2 3.7 4.2 5.8

1 4.6 4.1 3.7

† Layer 1 is at the bottom of the subgrade and Layer 6 is at the top.

Table 8-4: Subgrade in-field CBR strength standard deviation.

Layer† 
In-Field CBR Standard Deviation (%)

Test Section 1 Test Section 2 Test Section 3

All 0.29 0.66 0.32

6 0.21 1.41 0.50

5 0.12 0.16 0.18

4 0.37 0.40 0.27

3 0.63 0.06 0.14

2 0.47 0.33 0.21

1 0.39 0.27 0.41

† Layer 1 is at the bottom of the subgrade and Layer 6 is at the top.

Table 8-5: Subgrade dynamic stiffness standard deviation.

Layer† 
Dynamic Stiffness Standard Deviation (MN/mm2) 

Test Section 1 Test Section 2 Test Section 3

Composite 0.55 0.35 0.25

6 0.56 0.44 0.29

5 0.34 0.25 0.12

4 0.83 0.30 0.33

† Layer 4 is near the center of the subgrade layer and Layer 6 is at the top. 



Analysis of Results

104

Table 8-6: Subgrade average DCP and standard deviation.

Test Section 
CBR (%) From DCP

Average Standard Deviation

1 2.27 0.14

2 2.27 0.10

3 2.24 0.12

Table 8-7: Base course dynamic stiffness standard deviation.

Layer† 
Dynamic Stiffness Standard Deviation (MN/mm2)

Test Section 1 Test Section 2 Test Section 3

3 9.07 6.93 9.81

2 1.35 2.23 3.53

1 3.09 1.24 1.76

† Layer 1 is the bottom base layer and Layer 3 is the top layer. 

Table 8-8: Base course average DCP and standard deviation. 

Test Section 
CBR (%) From DCP

Average Standard Deviation 

1 72.4 7.12

2 73.9 3.59

3 73.8 2.65

The measured properties for the subgrade were used to determine an average value and standard 
deviation of the resilient modulus for each test section. This was accomplished by using the vane 
shear strength values shown in Table 8-3 for the test section sublayers to compute a composite 
standard deviation for the test section using the same weighting technique taken in Section 5 to 
compute composite average values. Average CBR and standard deviation were then computed 
using the relationship between vane shear strength and CBR presented in Figure 4-2. Average 
resilient modulus and standard deviation was then computed from Equation 7 where MR is in units 
of psi. The in-field CBR strengths were also used to calculate average resilient modulus and 
standard deviation from Equation 7. Dynamic stiffness measurements were converted directly to 
units of psi and treated as a resilient modulus. Finally, DCP values converted to CBR were used 
to calculate average resilient modulus and standard deviation from Equation 7. The four sets of 
average resilient modulus and standard deviation were then used to calculate composite values for 
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each test section, which are listed in Table 8-9. The average composite resilient modulus values 
listed in Table 8-9 were used in Equation 7 to calculate average composite values of subgrade CBR 
of 3.69, 3.49 and 3.32 for test sections 1, 2 and 3, respectively. These values support the conclusion 
made in Section 8.1 concerning an average representative value of subgrade CBR of 3.5.

= 1500                                                    (7)

Table 8-9: Subgrade composite average resilient modulus and standard deviation.

Test Section
Resilient Modulus (psi)

Average Standard Deviation 

1 5540 455

2 5233 350

3 4985 271

The AASHTO base layer coefficient was determined using dynamic stiffness and DCP 
measurements. Values of average dynamic stiffness and standard deviation given in Table 5-8 and 
Table 8-7 were used to calculate composite values for each test section by a straight average of the 
sublayer values. The base layer coefficient, a2, was then assumed to be equal to 0.14 for the control 
section (section 1). Values of a2 for test sections 2 and 3 were then scaled according to the 
composite values for each test section. A similar approach was taken to determine a2 for each test 
section from DCP data provided in Table 8-8. The two sets of average a2 and standard deviation 
were then used to calculate composite values for each test section, which are listed in Table 8-10.

 
Table 8-10: Base course composite average a2 and standard deviation.

Test Section 
a2

Average Standard Deviation 

1 0.140 0.013 

2 0.135 0.008 

3 0.140 0.009 

Average values of HMA and base course thickness, subgrade resilient modulus and base layer 
coefficient (a2) for each test section were used in the AASHTO pavement design equation to 
determine the number of predicted ESALs carried, with the parameters used and the predicted 
ESALs (ESAL-P) shown in Table 8-11. Table 8-11 also lists the ESALs observed (ESAL-O) in 
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the test sections corresponding to a rut depth of 0.4 inch. This rut depth was chosen to provide a 
match between ESAL-P and ESAL-O for test section 1. The analysis data in Table 8-11 shows the 
AASHTO pavement design equation to predict less ESALs for the two sections with a geotextile. 
The analysis does not show; however, the full degree of underperformance observed in the two 
sections with a geotextile.  

 

Table 8-11: Parameters used in AASHTO pavement design equation and predicted ESALs.

Parameter Test Section 1 Test Section 2 Test Section 3

Reliability 85% 85% 85% 
ZR -0.46 -0.46 -0.46
So 0.45 0.45 0.45

PSI 1.7 1.7 1.7 

MR (psi) 5540 5233 4985
a1 0.41 0.41 0.41 

D1 (in) 3.39 3.40 3.31 

a2 0.140 0.135 0.140 

D2 (in) 13.44 13.18 13.26 

SN 3.27 3.24 3.21 

ESAL-P 8.05E+05 6.64E+05 5.66E+05 
ESAL-O 8.05E+05 4.73E+05 4.34E+05 

 

The AASHTO pavement design equation was also used to examine the impact of the variability 
of the constructed pavement layer parameters. The statistical analysis performed followed 
techniques described by Duncan (2000) to examine the probability of the most likely ESAL 
predicted for the two test sections with geotextile equaling or exceeding the most likely ESAL 
predicted for the control test section. The AASHTO equation was used to estimate the ESALs for 
each test section when each parameter known to have variability is increased by one standard 
deviation and then decreased by one standard deviation from its most likely or average value, with 
the values of the other parameters equal to their most likely or average values. The parameters 
varied included HMA and base course thickness, subgrade resilient modulus and base layer 
coefficient (a2). The predicted ESAL when the first parameter is increased and then decreased by 
one standard deviation is termed ESAL1

+ and ESAL1
- , respectively. The difference in predicted 

ESALs when this first parameter is varied is given by Equation 8. This process is repeated for 
variation of the next 3 parameters. The standard deviation in predicted ESAL for each test section 
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is then computed using the Taylor series technique given by Equation 9. Coefficient of variation 

(COV) of ESALs for each test section is then computed by Equation 10, where is the 
most likely ESAL predicted using the average parameters listed in Table 8-11. An ESAL ratio 
(ER) is then computed for test sections 2 and 3 from Equation 11 and 12. The lognormal reliability 

index ( ) is then computed from Equation 13. The standard cumulative normal distribution 

function found in tables or using the NORMSDIST function in Excel with as the argument of 
the function returns the reliability. Probability (P) is then one minus the reliability. Table 8-12
provides a summary of the statistical parameters from this analysis. 

=                                                    (8)

= + + +                                 (9)

=                                                              (10)

=                                                           (11)

=                                                              (12)

=
( )

(13)

Table 8-12: Parameters from statistical analysis. 

Test Section  COV (%) P (%)

1 3.21 E 05 39.9 - 

2 1.78 E 05 29.6 12.5

3 1.71 E 05 30.3 8.8 

The probability values listed in Table 8-12 have the interpretation that the variability in the 
constructed pavement layer parameters in test section 2 leads to a 12.5 % chance that the ESALs 
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carried by test section 2 would equal or exceed those of the control test section. Similarly, there is 
an 8.8 % chance that the ESALs carried by test section 3 would equal or exceed those of the control 
test section. The low values of probability for test sections 2 and 3 imply that the variation in as-
constructed pavement layer properties do not account for the control section outperforming the 
reinforced test sections. This analysis also implies that the excellent consistency of the constructed 
pavement layers leads to a low level of uncertainty with the rutting results obtained. Finally, this 
analysis leads to the most likely explanation for the observation of the control section 
outperforming the reinforced sections as due to seating or shakedown of the pavement layers 
during initial trafficking.   

8.4 Evaluation of Spreadsheet Model

The spreadsheet model developed previously for MDT and updated to a .xlsm format as part of 
this project was used to predict Traffic Benefit Ratio (TBR) for the two sections containing a 
geosynthetic. The average values of HMA and base thickness, HMA and base structural layer 
coefficient and subgrade resilient modulus provided in Table 8-11 were used in the model. These 
values along with other input values for the model are listed in Table 8-13. Subgrade CBR was 
computed from resilient modulus using Equation 7. Geosynthetic modulus and modulus ratio were 
determined from wide-width tensile tests performed on the materials and reported in Appendix D. 
The modulus used for the nonwoven geotextile of 26 kN/m is most likely too low due to the lack 
of confinement in the wide-width tensile test and not representative of in-field stiffness. To 
produce a TBR equal to 1 for test section 2, it was necessary to turn on the check boxes for 
reduction for Poisson’s ratio and reduction for shear modulus and to set the reduction factor for 
interface shear to 0.690. For the test section work previously performed for MDT where a 
lightweight woven geotextile was used, the model was shown to work well for this material when 
the checkboxes were turned on and the reduction factor for interface shear was set to 0.765, 
indicating that the values used for test section 2 are reasonable. For test section 3, to produce a 
TBR equal to 1 when the modulus was set to a value of 26 kN/m, it was necessary to turn off the 
check boxes and to input a value for reduction factor for interface shear of 0.970. These selections 
are most likely due to the low value of geosynthetic modulus used. With the check boxes for 
reduction factors for Poisson’s ratio and shear modulus turned on, and the reduction factor for 
interface shear set to 0.780, a modulus value of 440 kN/m produces a TBR equal to 1. From 
experience, these values appear to be reasonable for this material.  

The model was also used to predict TBR for a subgrade CBR equal to 2.5 while using the other 
parameters listed in Table 8-13 for test section 2 and the second set of parameters for test section 
3. Modest values of TBR equal to 1.35 and 1.19 for test sections 2 and 3 were obtained. These 
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results suggest that a modest structural benefit can be realized for these materials for a weaker 
subgrade strength equal to the target in this project. 

Table 8-13: Parameters used in spreadsheet model to produce TBR=1.

Parameter Test Section 2 Test Section 3 Test Section 3

D1 (in) 3.40 3.31 3.31
a1 0.41 0.41 0.41

D2 (in) 13.18 13.26 13.26
a2 0.135 0.140 0.140

Subgrade CBR 3.5 3.3 3.3
GSM-2% (kN/m) 775 26 440

GMR 0.897 0.827 0.827 
Reduction factor for interface shear 0.690 0.970 0.780 
Reduction factor for Poisson’s Ratio checked unchecked checked
Reduction factor for shear modulus checked unchecked checked

Results from the test sections and from the spreadsheet model are compared to the guidelines given 
in Berg et al. (2000). This document serves as the industry standard for guiding when geosynthetic 
reinforcement in paved roads is beneficial. Table 4-1 of this document is reproduced below as
Table 8-14. This table states that both woven and non-woven geotextiles are not usually applicable 
for reinforcement of roads with a subgrade CBR between 3 and 8 and a base thickness greater than 
300 mm. These guidelines match the results from the test sections. This table also states that woven 
and non-woven geotextiles are usually applicable for reinforcement of paved roads with a subgrade 
CBR less than 3 and a base thickness greater than 300 mm; however, the geotextile is typically 
addressed as a subgrade stabilization application. The spreadsheet model together with this 
guideline suggest that geotextiles should be used for subgrade stabilization for this subgrade 
condition and may further be relied upon for some modest reinforcement benefit. 

Improvements to the spreadsheet model may be made by refinement of the check boxes for 
reduction factors for Poisson’s ratio and in-plane shear modulus and in providing guidance for 
selecting values for reduction factors for interface shear. Replacement of the check boxes with 
cells for input of numerical values for reduction factors would allow specific products to be 
analyzed more accurately. Guidance for selection of numerical values may be derived from recent 
work performed by the author (Perkins and Haselton, 2019, Perkins et al., 2020) involving biaxial 
tension tests designed to yield values of Poisson’s ratio and in-plane shear modulus. 



Analysis of Results

110

Table 8-14: Table 4-1 from Berg et al. (2000) providing guidelines for geotextile 
reinforcement of paved roads. 
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9 Geotextile Costs and Benefits 

The Technical Panel for this project provided typical unit costs for the pay items of subgrade 
excavation/fill, base course material, HMA material and the geotextiles used in this project. These 
costs are summarized in Table 9-1 for the 5 state districts and are provided to allow for a 
comparison of geotextile costs to other material costs associated with roadway construction.  

 

Table 9-1: Typical unit pay item costs for typical MDT roadway projects.

District 
Subgrade 

Excavation/Fill 
($/yd3) 

Base Course 
($/yd3) 

HMA ($/ton) 
RS280i 
($/yd2) 

Geotex 801 
($/yd2) 

1 6.50 25.00 73.05 3.00 1.50
2 7.00 25.00 76.05 3.00 1.50
3 7.50 30.00 79.05 3.00 1.50
4 7.50 37.00 81.05 3.00 1.50
5 7.00 30.00 81.05 3.00 1.50

The benefits associated with the use of a geotextile include its function as a separator, filter and 
for potential reinforcement. For the conditions associated with the test sections constructed in this 
project, including a subgrade CBR of 3.5, the two geotextiles were shown to offer no structural 
reinforcement benefit to increase the amount of traffic carried. Section 8.2 did; however, predict a 
modest amount of reinforcement benefit in terms of TBR for a subgrade CBR of 2.5. This suggests 
that the geotextiles provide insurance against more rapid pavement deterioration during seasonally 
wet periods when the subgrade’s strength is reduced and will require fewer pavement rehabilitation 
treatments over the service life of the pavement. 

It is well recognized that geotextiles provide separation and filtration between the relatively clean 
base course aggregate and the underlying materials containing a higher percentage of fines. This 
function will reduce the amount of rehabilitation needed at scheduled rehabilitation periods. 
Alternatively, this function may extend the time-period between rehabilitations and thereby extend 
the service life of the pavement. Should the geotextile serve a reinforcement function during 
seasonally wet periods, the above arguments concerning rehabilitation are equally applicable. The 
use of a geotextile for separation also provides confidence in rehabilitation decision making by 
knowing the base layer is not contaminated. As a worse case, the use of a geotextile would 
eliminate the need to replace the base course layer during a scheduled rehabilitation period in the 
event the base became contaminated with fines due to the absence of a geotextile separator. 
Comparison of the cost of the geotextile to the cost of more extensive or more frequent 
rehabilitation operations should be evaluated on a case-by-case basis.   
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10 Conclusion 

The principal objective of this study was to examine whether geotextile materials used by MDT 
as a separator in flexible pavements provide a structural contribution as a reinforcement material 
for a typical MDT pavement cross section. The test sections constructed had a target CBR value 
of the subgrade of 2.5. Measurement of subgrade properties during construction and following 
trafficking of the test sections showed the average representative CBR for the test sections to be 
approximately 3.5. The nominal thickness of the HMA and base course layers was 3.4 and 13.3 
inch, respectively. The raw rutting results for these conditions showed the unreinforced test section 
to perform better than the two sections containing a geotextile. An analysis of the data collected 
involving several different approaches resulted in the conclusion that the three test sections 
performed similarly in terms of rutting performance for the conditions present in this study. 

The spreadsheet design model developed previously for MDT using reasonable input parameters
for the geotextiles predicted no reinforcement benefit for these conditions. This model showed 
moderate reinforcement benefit for a weaker subgrade condition of a CBR of 2.5. This benefit was 
expressed as a TBR and equaled 1.31 and 1.17 for the woven and non-woven geotextile, 
respectively. This condition might be present in typical Montana roadways during seasonally 
wetter periods. Use of geotextiles in a roadway for separation may provide reinforcement during 
these periods and reduce pavement deterioration during seasonally weak subgrade conditions.  

The results of this study are difficult to directly compare to results available in the literature due 
to the low number of studies involving geotextiles for the conditions present in this project. 
Comparison of the results from this study to guidelines given in Berg et al. (2000); however, appear 
to support these guidelines. 

It should be noted that this study did not quantify the separation benefit of the geotextiles, which 
are a recognized benefit applicable to most roadways in the state. Chapter 9 presented typical pay 
item costs for Montana roadways to compare the cost of typical geotextiles to other pavement 
material costs. The benefit associated with the cost of the geotextile lies in its primary function as 
a separator. A geotextile separator will reduce the amount of rehabilitation needed at scheduled 
rehabilitation periods. Alternatively, this function may extend the time-period between 
rehabilitations and thereby extend the service life of the pavement. Should the geotextile serve a 
reinforcement function during seasonally wet periods, the above arguments concerning 
rehabilitation are equally applicable. The use of a geotextile for separation also provides 
confidence in rehabilitation decision making by knowing the base layer is not contaminated. As a 
worse case, the use of a geotextile would eliminate the need to replace the base course layer during 
a scheduled rehabilitation period in the event the base became contaminated with fines due to the 
absence of a geotextile separator. 
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Dynamic modulus tests on Montana mixes
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Dynamic modulus tests on Montana mixes (continued)
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Batch plant mix test results on SC Surface C mix
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Nuclear density test results on compacted HMA
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Nuclear density test results on compacted HMA
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Nuclear density test results on compacted HMA
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Nuclear density test results on compacted HMA
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Nuclear density test results on compacted HMA
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Nuclear density test results on compacted HMA
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Nuclear density test results on compacted HMA
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Nuclear density test results on compacted HMA
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Nuclear density test results on compacted HMA
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Nuclear density test results on compacted HMA



Appendix A: HMA Material Testing Data Sheets

132

Nuclear density test results on compacted HMA
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Nuclear density test results on compacted HMA
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Nuclear density test results on compacted HMA



Appendix A: HMA Material Testing Data Sheets

135

Nuclear density test results on compacted HMA
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Nuclear density test results on compacted HMA
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Nuclear density test results on compacted HMA
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Nuclear density test results on compacted HMA
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Nuclear density test results on compacted HMA
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Sieve analysis test on base course aggregate
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Atterburg limits test on base course aggregate
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CBR test on base course aggregate
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Fractured faces test on base course aggregate
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Compaction test on base course aggregate 
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R-Value test on base course aggregate
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Nuclear density test results on base course aggregate
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Nuclear density test results on base course aggregate
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Nuclear density test results on base course aggregate
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Classification tests on subgrade soil
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Standard Proctor compaction test on subgrade soil
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Modified Proctor compaction test on subgrade soil
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R-Value test on subgrade soil
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Test results on RS280i
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Test results on Geotex 801
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The test sections were originally constructed by preparing the base course to a moisture content 
ranging from 6.4 to 8.2 %. Table 19-1 provides values of moisture content for each test sections 
and for the two lifts placed. Base aggregate placed during the second construction was placed in 
three lifts with the moisture content ranging from 5.8 to 7.0 %. 

 

Table 19-1: Average moisture content of the compacted base course for the first 
construction. 

Layer† Average Moisture Content (%) 
Test Section 1 Test Section 2 Test Section 3 

2 5.6 5.1 5.8
1 7.7 7.9 8.2

† Layer 1 is the bottom base layer, and Layer 2 is the top layer.

Dynamic stiffness measurements were made with a Light Weight Deflectometer (LWD). Average 
dynamic stiffnesses for each layer within each test section are summarized in Table 19-2. Average 
layer values for all test sections during the second construction were 17.7, 22.6 and 120.5 for layers 
1, 2 and 3, respectively and are considerably higher than those seen in Table 19-2. 

 

Table 19-2: Average dynamic stiffness of the compacted base course for the first 
construction. 

Layer† Average Dynamic Stiffness (MN/mm2)
Test Section 1 Test Section 2 Test Section 3 

2 23.06 24.00 22.13
1 6.34 5.54 5.48

† Layer 1 is the bottom base layer and Layer 2 is the top layer.

DCP measurements were taken within each test section using the dual mass DCP device (drop 
hammer weight of 17.6 lb.) on the finished surface of the base course. The bearing strength (in 
terms of CBR) as a function of depth was calculated using Equation 6 developed by Kleyn (1975).
Average CBR strengths were calculated using values between about 4 and 11 inches of depth to 
avoid areas near the top and bottom of the compacted layer. The average strengths were as follows: 
Test Section 1 CBR = 19.0 %, Test Section 2 CBR = 17.8 % and Test Section 3 CBR = 16.3 %. 
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These values are considerably lower than those reported for the second construction, which were 
Test Section 1 CBR = 72.4 %, Test Section 2 CBR = 73.9 % and Test Section 3 CBR = 73.8 %.

In-place dry unit weight of the final layer of compacted base course was measured using the sand 
cone method. A nuclear density gauge was also used to measure the unit weight of the final layer. 
The average dry unit weights for each test section are summarized in Table 19-3. These values are 
comparable, if not slightly greater, compared to those reported for the second construction. 

Table 19-3: Average dry unit weights of the compacted base course for the first 
construction. 

Layer 
Average Dry Unit Weight (lb/ft3) 

Test Section 1 Test Section 2 Test Section 3 

Nuclear 134.8 137.1 136.0
Sand cone 140.1 139.0 137.4

The higher moisture content values of the first lift during the first construction is believed to be 
responsible for the significantly lower dynamic stiffness and CBR values of the entire base layer 
as compared to the second construction. 

HMA was placed on the base course layer from the first construction and traffic loading occurred 
thereafter. The average thickness of the HMA layer was 2.9 inch, which is less than the value of 
3.4 inch from the second construction. Figure 19-1 shows the rut response of the test sections, 
where it is seen that the test sections rutted more rapidly than expected and much more rapidly 
than from the second construction. At the end of loading at around 4000 passes, the displacement 
of the top of the base was approximately 0.9 inch for the two sections with geotextile and 0.65 
inch for the control section. At this same level of traffic loading, the displacement at the top of the 
subgrade was approximately 0.35 inch for the two sections with geotextile and 0.25 inch for the 
control section. This data shows that the base course layer was deforming at a disproportionately 
high rate as compared to the other layers. Figure 19-2 shows the vertical strain developed in the 
base layer during the first traffic loading. The strain in the base course layer at the end of traffic 
loading for the second construction when over 900,000 traffic passes had been applied was 
between 0.5 and 1.5 % for the three test sections. The values seen in Figure 19-2 are significantly 
greater at a much lower level of traffic passes.
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Figure 19-1: Longitudinal rut response from first construction.

Figure 19-2: Average vertical strain in the base layer from first construction. 
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The improved performance of the test sections from the second construction is partly due to the 
lower moisture content, increased vane shear strength, increased dynamic stiffness and increased 
CBR of the very upper clay layer and the thicker HMA layer. The data shown above; however, 
shows that a significant portion of the improved performance of the test sections during the second 
construction is due to the lower placement moisture content of the base layer and the improved 
properties that it exhibited. Allowing the base course lift to dry prior to placement of the next lift 
during the second construction also helped improve the as-constructed base layer properties. This 
information shows the sensitivity of the base layer to moisture and shows the need to control 
moisture both during construction and during the service life of the pavement.  
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Rut profile progression in the Control test section (south) as a function of increasing traffic. 

 

Rut profile progression in the Control test section (north) as a function of increasing traffic. 
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Rut profile progression in the RS280i test section (south) as a function of increasing traffic.

 
Rut profile progression in the RS280i test section (north) as a function of increasing traffic. 
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Rut profile progression in the Geotex801 test section (south) as a function of increasing traffic.

 
Rut profile progression in the Geotex801 test section (north) as a function of increasing traffic.
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Transverse rut profiles of all test sections at 500 traffic passes. 

Transverse rut profiles of all test sections at 1,500 traffic passes.
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Transverse rut profiles of all test sections at 3,500 traffic passes.

Transverse rut profiles of all test sections at 6,000 traffic passes. 
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Transverse rut profiles of all test sections at 10,000 traffic passes. 

Transverse rut profiles of all test sections at 20,000 traffic passes. 
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Transverse rut profiles of all test sections at 30,000 traffic passes. 

Transverse rut profiles of all test sections at 40,000 traffic passes. 
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Transverse rut profiles of all test sections at 76,934 traffic passes. 

Transverse rut profiles of all test sections at 124,998 traffic passes. 
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Transverse rut profiles of all test sections at 200,444 traffic passes. 

Transverse rut profiles of all test sections at 249,998 traffic passes. 
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Transverse rut profiles of all test sections at 297,890 traffic passes. 

Transverse rut profiles of all test sections at 399,316 traffic passes. 
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Transverse rut profiles of all test sections at 495,992 traffic passes. 

Transverse rut profiles of all test sections at 599,992 traffic passes. 
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Transverse rut profiles of all test sections at 804,954 traffic passes. 

Transverse rut profiles of all test sections at 903,438 traffic passes. 
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Profile view of north side of forensic trench – Control. 
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Profile view of south side of forensic trench – Control. 
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Exposed base course in forensic trench – Control. 
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Exposed 
subgrade in forensic trench – Control. 
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Profile view of north side of forensic trench – RS280i. 
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Profile view of south side of forensic trench – RS280i.  
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Exposed base course in forensic trench – RS280i. 



Appendix L: Selected Photos of Forensic Investigations

197

Exposed geotextile in forensic trench – RS280i. 
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Exposed subgrade in forensic trench – RS280i 
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Profile view of north side of forensic trench – Geotex 801.
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Profile view of south side of forensic trench – Geotex 801. 
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Exposed base course in forensic trench – Geotex 801. 
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Exposed geotextile in forensic trench – Geotex 801. 
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Close-up of exposed geotextile in forensic trench – Geotex 801. 
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Exposed subgrade in forensic trench – Geotex 801. 
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