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1 Introduction 
This task report contains the results of a comprehensive literature search on the topic of 
geosynthetic reinforcement of the aggregate layer of flexible pavements. This literature search is 
in support of a research project being conducted for the Montana Department of Transportation 
(MDT) by the Western Transportation Institute at Montana State University (WTI-MSU) designed 
to examine the use of geotextiles for reinforcement. This report documents research performed to 
establish the state-of-the-art and state-of-the-practice for this application. Experimental data from 
test sections is reviewed and synthesized to establish conditions for which geosynthetics offer 
performance benefit in flexible pavements and to indicate where knowledge gaps exist. Studies 
involving numerical and analytical modeling of reinforced pavements are summarized to establish 
the current level of advancement of these models. Current design models and methods are 
discussed to show capabilities available to designers and weaknesses that should be recognized. 
Finally, results from a recently completed NCHRP project are presented to suggest how this work 
may integrate into and extend the body of existing work. This report ends by summarizing the 
body of literature available on this topic and its relationship to the work being conducted in this 
research project.  

2 Background 
This background section is provided to place the current project within the context of previous 
work on this topic performed for MDT. MDT has sponsored several projects conducted by 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 using two different types of loading facilities (Perkins, 1999, 2002) 
and those designed to provide design models for reinforced roads (Perkins 2001a,b, and Perkins et 
al. 2004).  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 3. 

MDT has recently become interested in examining more closely the use of geotextiles for 
reinforcement of the base course aggregate layer in flexible pavements. MDT’s interest stems from 
the fact that they commonly use geotextiles for separation, drainage and filtration when placed at 
the subgrade-aggregate interface. Having some test section data that shows the ability of 
geotextiles to provide a reinforcement function in flexible pavements, MDT would like to examine 
the level of reinforcement that can be provided for geotextiles commonly used by the State and for 
design conditions typical of MDT projects for which this application is anticipated.  
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3 Literature Review 
3.1 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 know as the GMA White Paper II (GMA-WPII). 

The review was structured to illustrate the value added to flexible pavements by using geosynthetic 
reinforcement. The review was designed to illustrate the benefits derived from geosynthetic 
reinforcement, the conditions under which reinforcement is beneficial, the geosynthetic properties 
that are most influential for this application, 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 mechanical 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) or Base Course 

Reduction Ratio (BCR) 

Table 3-2 provides a summary of test conditions and results from pertinent studies summarized in 
Berg et al. (2000). 

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 
3-1. 

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. 
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Table 3-1: 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 ≤ 250 mm for moderate loads 
Gradation Well-graded 
Angularity Angular 

HMA Thickness 75 mm 
 

3.2 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 3-3 provides details on the 
type of facility and load details for each study. Table 3-4 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 3-5 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. Table 3-6 provides values of benefit in terms of TBR, BCR and LCR for each of the test 
sections and includes the main variables that influence performance.  If TBR or BCR was 
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 3-7 provides details on 
any instrumentation used in the test sections. Table 3-8 summarizes major findings for each of the 
studies. 

𝐿𝐿𝐿𝐿𝐿𝐿 = 1
1−𝐵𝐵𝐵𝐵𝐵𝐵/100

                                                                (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) on 
a relatively strong subgrade (CBR=7.7 to 8.5). The reinforced section with a reduced HMA layer 
had a SN = 3.47.  During the monitoring period from 1987 to 2005, the sections showed little 
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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 
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, 
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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 3-6 
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 3-6 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.    

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.  
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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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Table 3-2: Test section performance from studies in Berg et al. (2000) 
 Section 

Number 
Layer thickness (mm) Subgrade 

CBR 
Structural 
number 

Geosynthetic / Location1 TBR BCR LCR Author AC   Base  
Al-Qadi et al. 

(1997) 
1 90 100 7.0 1.97 Amoco 2002 - B 1.60 - 1.08 
2 BX1200 - B 1.40 - 1.06 

Collin et al. (1996) 

1 

50 

180 

1.9 

1.78 BX1100 - B 2.00 - 1.13 
2 300 2.44 3.30 - 1.22 
3 180 1.78 BX1200 - B 2.00 - 1.13 
4 300 2.44 10.00 - 1.46 

Haas et al. (1988) 

1 100 
200 

8.0 2.68 

BX1100 - B 

3.30 - 1.22 
2 

75 

3.5 2.28 3.00 - 1.20 
3 1.0 2.28 1.80 - 1.10 
4 300 0.5 2.83 1.00 - 1.00 
5 200 3.5 2.28 - 50.0 2.00 

Kinney et al. 
(1998) 

1 61 240 2.5 2.28 BX1200 - B 2.00 - 1.12 
2 355 2.92 3.40 - 1.22 

Perkins (1999) 

1 

75 300 1.5 

2.83 Amoco 2006 - B 8.50 - 1.42 
2 2.83 BX1100 - B 17.00 - 1.58 
3 2.83 BX1100 - 2/3 56.00 - 1.88 
4 2.83 BX1200 - B 45.00 - 1.82 

Perkins and Cortez 
(2005) 

1 
75 300 1.5 

2.83 Amoco 2006 - B 9.00 - 1.43 
2 2.83 BX1100 - B 10.00 - 1.46 
3 2.83 BX1200 - B 31.50 - 1.73 

Webster (1993) 

1 

50 

350 

3.0 

2.72 BX1100 - B 2.70 - 1.18 
2 450 3.27 BX1200 - B 1.30 - 1.04 
3 350 2.72 BX1200 - M 2.20 - 1.14 
4 300 2.44 

BX1200 - B 

3.10 - 1.21 
5 350 2.72 4.70 - 1.29 
6 250 

8.0 
2.17 6.70 - 1.37 

7 150 1.61 22.00 - 1.69 
8 250 2.17 - 40.0 1.67 
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9 

350 3.0 

2.72 FORTRAC 35/20-20 1.10 - 1.01 
10 2.72 Miragrid 5T 1.00 - 1.00 
11 2.72 Tenax LBO 201 SAMP 1.00 - 1.00 
12 2.72 Conweb GB-3022 1.60 - 1.08 

1B-Bottom of base layer, M-Middle of base layer, 2/3- Two thirds below top of base layer 
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Table 3-3: Test section location and load type of studies since 2000 
Author Facility type Facility 

dimensions (m) 
Test section 
length (m) 

Load type Applied cyclic 
pressure (kPa) 

Applied 
cyclic load 

(kN) 

Load frequency 
(Hz) or wheel 
speed (km/hr) 

Abu-Farsakh 
and Chen 

(2011) 

Indoor test 
box 

2 (length) x 2 
(width) x 7 

(height) 

NA Stationary circular plate, 305 
mm diameter 

550 40 0.77 

Aran (2006) Public 
roadways 

3.6 lane width 128 – 600 Random traffic Random Random Random 

Ghafoori and 
Sharbaf (2016) 

Indoor test 
tank 

1.8 (diameter) x 
2.1 (height) 

NA Stationary circular plate, 305 
mm diameter 

550 40 0.77 

Hanandeh et al. 
(2016) 

Outdoor test 
track 

4 m lane width 24 Dual wheel, single axle NR 44, 54 and 64 16.8 

Henry et al. 
(2009) 

Indoor test 
track 

3.2 7.9 Dual wheel, single axle 690 48.9 12.9 

Jersey et al. 
(2012) 

Outdoor 
covered test 

track 

2.4 15.2 Dual wheel, single axle, and 
dual wheel tandem axle 

607 44.5 and 89 NR 

Kwon (2007) Outdoor test 
track 

3.2 7.6 Dual wheel, single axle 689 44.5 8 and 16 

Robinson et al. 
(2018) 

Outdoor 
covered test 

track 

3 (width) 15.0 Dual wheel, tandem axle 827 88.9 NR 

Saghebfar et al. 
(2016) 

Indoor test 
track 

4.9 width 3.05 Dual wheel, single axle 620 80 11.3 

Sharp (2005) Public 
roadway 

3.6 lane width 274 - 1915 Random traffic Random Random Random 

Tang et al. 
(2008) 

Indoor test 
pit 

0.56 width 1.37 Single wheel 621 2.7 9.9 

Valero et al. 
(2013) 

Outdoor test 
oval 

4.6 width 30.5 Two axle truck, super single 
tires 

690 80 NR 

NA - Not Applicable 
NR - Not Reported 
  



Literature Review 

14 
 

 

Table 3-4: Test section layers and properties of sections since 2000 
 Section 

Number 
Layer thickness (mm) Layer material types Structural 

number Author AC   Base  Base  Subgrade type 
(CBR) 

Geosynthetic / 
Location1 

Abu-Farsakh and 
Chen (2011) 

1 

51 305 GW CL (1) 

BX1100 - B 

1.84 

2 BX1200 - B 
3 TX160 - B 
4 TX160 - M 
5 TX170 - B 
6 TX170 – M 
7 TX170 – 1/3 

Aran (2006) 1 108 254 GW NR (8.5) NR 3.47 

Ghafoori and 
Sharbaf (2016) 

1 

76 

305 

GP-GM SC-SM (10) 
BX1100 - B 2.86 

2 406 3.42 
3 305 TX130 - B 2.86 
4 406 3.42 

Hanandeh et al. 
(2016) 

1 

76 457 GW CH (1.1) 

TX150 - B 
2.94 2 TX150 - D 

3 RS580i - B 4 254 2.26 

Henry et al. (2009) 

1 150 300 

GP-GM ML (5.2)  

4.31 
2 100 300 3.43 
3 150 600 4.31 
4 100 600 3.43 

Jersey et al. (2012) 1 43 203 GP-GM CH (3) TX 140 - B 1.8 

Kwon (2007) 

1 

76 
203 

SP-SM 
CL-ML (2.5) BX1100 - B 2.15 2 

BX1200 - B 3 305 CL-ML (3.5) 2.48 
4 457 2.97 
1 81 148 GW-GM CH (5.9) TX-1 - B 2.22 
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Robinson et al. 
(2018) 

2 82 150 TX-2 - B 2.24 

Saghebfar et al. 
(2016) 

1 152 305 GP CH (5) RS280i - B 3.00 2 RS380i - B 
Sharp (2005) 1 121 432 GW NR (5.3) BX1100 - B 4.28 

Tang et al. (2008) 
1 

38 66 Crushed 
Stone SW-SM (1.5) 

Grid B - B 
0.96 2 Grid C - B 

3 Grid D - B 

Valero et al. 
(2013) 

1 

51 203 Crushed 
Stone CH (3) 

E’Grid 1616 - B 

1.38 

2 E’Grid 2020 - B 
3 E’Grid 3030 - B 
4 TX5 - B 
5 TX7 - B 
6 RX1200 - B 

1B-Bottom of base layer, D-Two layers, M-Middle of base layer, 1/3-One third below top of base layer 
NA - Not Applicable 
NR - Not Reported 
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Table 3-5: Geosynthetic reinforcement products used in test sections since 2000   
Manufacturer 
Brand Name 

Manufacturer Structure Aperture size  
XMD/MD 

(mm) 

2 % Secant modulus (kN/m)  

XMD MD 
E’Grid 1616 

BOSTD New 
Grids 

Geogrid Biaxial Punched 
Sheet Drawn 

40/40 475 450 
E’Grid 2020 40/40 565 535 
E’Grid 3030 40/40 880 810 

RX1200 37/25 980 390 
RS280i 

Mirafi Geotextile Woven NA 
450 350 

RS380i 750 450 
RS580i 1313 350 
BX1100 

Tensar 

Geogrid Biaxial Punched 
Sheet Drawn 

25/33 330 205 
BX1200 25/33 450 300 
TX130 

Geogrid Triangular 

33/331 2002 
TX140 40/401 2252 
TX150 40/401 2702 
TX160 40/401 3002 
TX170 40/401 4802 
TX5 40/401 370 NR 
TX7 40/401 455 NR 
TX-1 40/401 2702 
TX-2 33/331 2252 

Grid B 
NR 

Geogrid Biaxial Woven 
NR 

750 740 
Grid C Geogrid Biaxial Extruded 780 490 
Grid D Geogrid Biaxial Woven 560 515 

1Longitudinal/diagonal measurements of triangular aperture 
2Radial stiffness at 0.5% strain, kN/m 
NA - Not Applicable 
NR - Not Reported  
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Table 3-6: Test section performance of sections since 2000 
 Section 

Number 
Layer thickness (mm) Subgrade 

CBR 
Structural 
number 

Geosynthetic / 
Location1 TBR BCR LCR Author AC   Base  

Abu-Farsakh and 
Chen (2011) 

1 

51 305 1.0 1.84 

BX1100 - B 2.1 - 1.13 
2 BX1200 - B 3.5 - 1.24 
3 TX160 - B 3.8 - 1.25 
4 TX160 - M 3.0 - 1.20 
5 TX170 - B 4.6 - 1.29 
6 TX170 – M 3.5 - 1.24 
7 TX170 – 1/3 7.2 - 1.39 

Aran (2006) 1 108 254 8.5 3.47 NR - B - - 1.31 

Ghafoori and 
Sharbaf (2016) 

1 

76 

305 

10.0 

2.86 BX1100 - B 1.85 - 1.11 
2 406 3.42 BX1100 – M 2.78 - 1.18 
3 305 2.86 TX130 - B 3.00 - 1.20 
4 406 3.42 TX130 - M 8.5 - 1.40 

Hanandeh et al. 
(2016) 

1 

76 457 1.1 2.94 
TX150 - B 1.34 - 1.05 

2 TX150 - D 1.59 - 1.08 
3 RS580i - B 1.94 - 1.12 
4 254 2.26 - << 44 <<1.79 

Henry et al. (2009) 

1 150 300 

5.2 

4.31 

BX1200 - B 

0.63  < 1 
2 100 300 3.43 1.33 - 1.05 
3 150 600 5.96 0.82 - < 1 
4 100 600 5.08 1.47 - 1.06 

Jersey et al. (2012) 1 43 203 3.0 1.8 TX 140 - B 12.3 - 1.53 

Kwon (2007) 

1 

76 
203 2.5 2.15 BX1100 - B 1.95 - 1.12 

2 BX1200 - B 2.42 - 1.16 
3 305 3.5 2.48 2.68 - 1.18 
4 457 2.97 BX1200 - M 1.73 - 1.10 

Robinson et al. 
(2018) 

1 81 148 5.9 2.22 TX-1 - B - - 1.70 
2 82 150 2.24 TX-2 - B - - 1.65 
1 152 305 5.0 3.00 RS280i 1.38 50 1.05 
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Saghebfar et al. 
(2016) 

2 RS380i 1.88 - 1.11 

Sharp (2005) 1 121 432 5.3 4.28 BX1100 - M - 35.3 1.55 

Tang et al. (2008) 
1 

38 66 1.5 0.96 
Grid B - B 2.9 - 1.25 

2 Grid C - B 24.0 - 1.84 
3 Grid D - B 3.6 - 1.30 

Valero et al. 
(2013) 

1 

51 203 3.0 1.38 

E’Grid 1616 - B - 24.8 1.33 
2 E’Grid 2020 - B - 29.6 1.42 
3 E’Grid 3030 - B - 35.1 1.54 
4 TX5 - B - 13.0 1.15 
5 TX7 - B - 13.0 1.15 
6 RX1200 - B - 30.1 1.43 

1B-Bottom of base layer, D-Two layers, M-Middle of base layer 
NA - Not Applicable 
NR - Not Reported 
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Table 3-7: Instrumentation and/or measurement parameter for test sections since 2000 
Author Surface of test 

section 
Asphalt concrete Base aggregate Geosynthetic Subgrade 

Abu-Farsakh and 
Chen (2011) 

Rut depth None None Strain Vertical stress, strain, pore 
water pressure 

Aran (2006) None None None None None 
Ghafoori and 

Sharbaf (2016) 
Rut depth None None Strain Vertical stress 

Hanandeh et al. 
(2016) 

Rut depth None Vertical 
deformation 

None Vertical stress, vertical 
deformation, pore water 

pressure 
Henry et al. (2009) Rut depth Strain, temperature Stress, strain, 

moisture content 
Strain Stress, strain, moisture 

content 
Jersey et al. (2012) Rut depth None None None None 

Kwon (2007) Rut depth Horizontal strain, 
temperature 

Vertical and radial 
deformation, 
temperature 

None Vertical stress and 
deformation, moisture 

content, pore water pressure, 
temperature 

Robinson et al. 
(2018) 

Rut depth None None None None 

Saghebfar et al. 
(2016) 

Rut depth Longitudinal strain, 
temperature 

None Horizontal 
strain 

Vertical stress 

Sharp (2005) Rut depth, FWD, 
pavement 

smoothness 

None None None None 

Tang et al. (2008) Rut depth  None None None None 
Valero et al. 

(2013) 
Rut depth None None None None 
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 Table 3-8: Major findings from studies since 2000 
Author Performance 

criteria 
Geosynthetic type Geosynthetic location and 

layering 
Base course layer 

equivalency 
Other observations 

Abu-
Farsakh 

and Chen 
(2011) 

Rutting Performance increased 
with geogrid stiffness. 
For comparative 
stiffness, a triangular 
geogrid performed 9 % 
better than a biaxial 
geogrid. 

Locating the geogrid at the 
upper 1/3 position in the base 
layer resulted in substantially 
increased benefit. Locating 
the geogrid in the middle of 
the base layer resulted in 
poorer performance as 
compared to the bottom. 

 Permanent strain in the geogrids 
was as much as 0.5 %. 
Reinforcement reduced vertical 
stress and strain in the top of the 
subgrade. Applying a tack coat 
to the geogrid resulted in a 71 % 
increase in performance.  

Aran 
(2006) 

Crack and 
pavement 
condition 
surveys 

   The control section and a 
reinforced section with less 
HMA appeared to perform 
similarly. Very little distress was 
seen in either section. Results 
from the study were believed to 
be inconclusive. 

Ghafoori 
and 

Sharbaf 
(2016) 

Rutting Triangular geogrid 
performed better than a 
biaxial geogrid. 

  TBR values are high for the 
strong subgrade used. Vertical 
stress on subgrade was shown to 
be substantially lower in 
reinforced sections. Negligible 
strain was measured in the 
geogrids. 

Hanandeh 
et al. 

(2016) 

Rutting Woven geotextile 
performed better than 
two layers of triangular 
geogrid. 

Two layers of triangular 
geogrid performed better than 
one layer at bottom. 

Woven geotextile 
in reduced base 
section 
performed 
poorly. 

TBR values were comparatively 
low. A non-woven was placed 
between the base and subgrade 
in all sections. This material 
may have provided 
reinforcement that made 
sections more equivalent. 
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Henry et 
al. (2009) 

Rutting    Negligible benefit was seen for 
the thick sections and strong 
subgrade used. 

Jersey et 
al. (2012) 

Rutting     

Kwon 
(2007) 

Rutting Stiffer biaxial geogrids 
offer better performance. 

Optimal location is at the 
bottom of thin base layers 
and at the 1/3 position for 
thick base layers. Two layers 
in thick base layers is 
beneficial. 

  

Robinson 
et al. 

(2018) 

Rutting, 
impulse 
stiffness 
modulus, 
base damage 
index. 

   LCR values are comparatively 
high for the strength of the 
subgrade. 

Saghebfar 
et al. 

(2016) 

Rutting Strain developed rapidly 
and leveled off at values 
between 0.15 and 0.2%. 

 Woven geotextile 
in reduced base 
section 
performed well. 

Rutting results produced 
relatively low TBR values but a 
high BCR value for one product. 
Vertical stress on subgrade was 
lower for better performing 
sections. 

Sharp 
(2005) 

Rutting, 
FWD, 
pavement 
smoothness. 

   The reinforced reduced base 
section performed equal to the 
control section in terms of 
rutting, but worse in terms of 
FWD back-calculated modulus, 
pavement condition surveys and 
IRI.  

Tang et 
al. (2008) 

Rutting Stiff biaxial geogrids 
performed better than 
flexible geogrids. 

  Layer thickness and wheel load 
where scaled. Results may not 
be directly comparable to other 
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studies using non-scaled 
variables.  

Valero et 
al. (2013) 

Rutting The biaxial geogrids 
generally performed 
better than the triangular 
geogrids. 

  The biaxial geogrid sections had 
two sections for each product. 
Significant scatter was seen 
between the two sections. The 
triangular geogrid sections had 
only one section for each 
product. 
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To validate and/or update the general guidelines given in Berg et al. (2000) and summarized in 
Table 3-1, the results of test sections summarized in Table 3-2 and Table 3-6 are synthesized in 
the figures below. Figure 3-1 provides a plot of LCR versus subgrade CBR for all test sections 
listed in Table 3-2 and Table 3-6. 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 3-1: LCR versus subgrade CBR for all studies 

Figure 3-2 and Figure 3-3 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 3-4 and Figure 3-5. In 
Figure 3-4, 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.    
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Four of the studies listed in Table 3-2 and Table 3-6 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 
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 3-2: LCR versus pavement structural number for all studies 

 

Figure 3-3: LCR versus base thickness for all studies 
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Figure 3-4: LCR versus subgrade CBR for studies using BX1200 

 

Figure 3-5: LCR versus pavement structural number for studies using BX1200 

Table 3-9: 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 
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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. (2013), 
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.  
In summary, the additional test sections constructed since the year 2000 tend to support the 
conclusions made by Berg et al. (2000) and summarized in Table 3-1. 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. 

3.3 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). 



Literature Review 

27 
 

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 
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, however. 

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 
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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 
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 will be 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 
responses should be related to long-term performance. Accompanying experimental results were 
not available to validate the findings from the model.   
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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 3.5. 

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. 

3.4 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). The standard practice 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 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 
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(LCR) within the context of the AASHTO ’93 Pavement Design Guide (AASHTO, 1993). 
References for these methods are Tenax (2001), TenCate (2010) and Tensar (2010). 

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).  

𝑆𝑆𝑆𝑆 = 𝐷𝐷1𝑎𝑎1 + 𝐷𝐷2𝑎𝑎2𝑚𝑚2𝐿𝐿𝐿𝐿𝐿𝐿 + 𝐷𝐷3𝑎𝑎3𝑚𝑚3                                             (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 3-6), 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.  

 
 

 

 

 

 

 

 

 

Figure 3-6: LCR versus subgrade CBR for Tenax MS220 
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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. 

  𝑆𝑆𝑆𝑆 = 𝐷𝐷1𝑎𝑎1 + 𝐷𝐷2𝑎𝑎2𝑚𝑚2𝑀𝑀                                                     (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 
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 3-7. 

𝐺𝐺𝑆𝑆𝐿𝐿 = 𝐿𝐿𝐿𝐿𝐿𝐿 = 1
1−𝐵𝐵𝐵𝐵𝐵𝐵

                                                        (4) 

The Tensar (2010) 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. 

 



Literature Review 

33 
 

 

Figure 3-7: Geosynthetic Structural Coefficient (GSC) versus subgrade CBR for BXG12 

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.  
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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. Values of LCR ranging from 1.76 to 1.04 were obtained.  

 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-8: LCR versus subgrade CBR for TX5 

Tensar (2014) software was also used to evaluate LCR for test sections listed in Table 3-2 and 
Table 3-6. 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. 

𝑀𝑀𝐵𝐵 = 2555 𝐿𝐿𝐶𝐶𝐿𝐿0.65                                                   (5) 
Table 3-10 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 3-9 and Figure 3-10 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 3-10: 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. 

(2013) 
4 51 203 3.0 TX5 1.15 2.33 
5 TX7 1.15 2.55 

Al-Qadi (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 3-9: Test section and Tensar (2014) software LCR values for TX5 and TX7 

 

Figure 3-10: 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 specifically applied to the use of 
triangular geogrids. The review provided a literature review of material pertinent to the software 
predictions. The review did not tabulate specific test section conditions and performance 
improvement measures. The review did not directly compare these performance improvement 
measures to corresponding predictions from the design software.  
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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 
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. 



Literature Review 

38 
 

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 3-11. 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. 
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 3-11. 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 
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3-11. 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 3-11: 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 

 
 

 

 

 

 

 

 

 

 

Figure 3-11: 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 3-12. The results show that LCR decreases 
with increasing subgrade CBR. The results in Figure 3-11 and Figure 3-12 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 3-2 and 
Figure 3-3. 
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Figure 3-12: Effect of subgrade CBR on LCR from Perkins and Edens (2003) model. 

The Perkins and Edens (2003) model was used to predict LCR for the test sections summarized in 
Table 3-2 and Table 3-6. 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 3-12. LCR results from test sections and model 
predictions for all test sections listed in Table 3-12 are plotted in Figure 3-13. 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 3-9 and Figure 3-10). 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 3-14 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 3-15 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. 

Table 3-12: 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 
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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 

Valero et al. 
(2013) 

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 



Literature Review 

42 
 

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 

 

 
Figure 3-13: Test section experimental and Perkins and Edens (2003) model predictions of 
LCR, all 19 studies. 
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Figure 3-14: Test section experimental and Perkins and Edens (2003) model predictions of 
LCR, 15 of 19 studies. 

 
Figure 3-15: 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 
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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-
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.  
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Figure 3-16 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. 

 
 
 
 
 
 
 
 
 
 
 
Figure 3-16: Flow chart of response model modules  

Lateral confinement of the aggregate base layer also develops during vehicular loading of the road-
way. 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. 

3.5 NCHRP 01-50 

The objective of this research project (Luo et al., 2018) 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 
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.  



Literature Review 

47 
 

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 a 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 
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 
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depth in aggregate and subgrade layer, 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, 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.  

4 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. 
(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 
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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 it 
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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