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SUMMARY 

 

An inverted base pavement is a new pavement structure that consists of an 

unbound aggregate base between a stiff cement-treated foundation layer and a thin 

asphalt cover. Unlike conventional pavements which rely on upper stiff layers to bear and 

spread traffic loads, the unbound aggregate inter-layer in an inverted base pavement plays 

a major role in the mechanical response of the pavement structure. Traditional empirical 

pavement design methods rely on rules developed through long-term experience with 

conventional flexible or rigid pavement structures. The boundaries imposed on the 

unbound aggregate base in an inverted pavement structure change radically from those in 

conventional pavements. Therefore, current empirically derived design methods are 

unsuitable for the analysis of inverted base pavements. The present work documents a 

comprehensive experimental study on a full-scale inverted pavement test section built 

near LaGrange, Georgia. A detailed description of the mechanical behavior of the test 

section before, during and after construction provides critically needed understanding of 

the internal behavior and macro-scale performance of this pavement structure. Given the 

critical role of the unbound aggregate base and its proximity to the surface, a new field 

test was developed to characterize the stress-dependent stiffness of the as-built layer. A 

complementary numerical study that incorporates state-of-the-art concepts in constitutive 

modeling of unbound aggregates is used to analyze experimental results and to develop 

preliminary guidelines for inverted base pavement design. Simulation results show that 

an inverted pavement can deliver superior rutting resistance compared to a conventional 

flexible pavement structure with the same fatigue life. Furthermore, results show that an 



 xviii  

inverted base pavement structure can exceed the structural capacity of conventional 

flexible pavement designs for three typical road types both in rutting and fatigue while 

saving up to 40% of the initial construction costs. 
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CHAPTER 1 

INTRODUCTION 

 

1.1. Motivation and Significance 

The U.S. public road system comprises over 4 million miles of roads and 

highways (FHWA 2009). Georgia has 88000 miles of paved roads, 99% of which are 

flexible pavement structures. Commissioning new roads and retrofitting existing ones are 

multi-million dollar decisions. The aggregate base in both rigid and flexible pavement 

structures is considered a weak layer that needs to be protected from service traffic 

induced stresses by either a thick Portland cement concrete layer or a thick asphalt 

concrete layer.  

Inverted base pavements consist of an unbound aggregate base confined by a stiff 

cement-treated foundation layer and a thin asphalt cover. The thin asphalt cover and the 

proximity of the unbound aggregate layer to the surface make the granular layer a critical 

structural element. Unlike conventional pavement sections which rely on the upper stiff 

layers to bear and spread the traffic loads, the unbound aggregate inter-layer in an 

inverted base pavement plays a major role in the mechanical response of the pavement 

structure. Success stories in South Africa and test sections in the U.S.A. confirm the 

viability of this alternative pavement structure (Barksdale 1984; Tutumluer 1995; 

Tutumluer and Barksdale 1995; Rasoulian et al. 2000; Rasoulian et al. 2001; Terrell 

2002; Terrell et al. 2003; Titi et al. 2003).  

Traditional empirical pavement design methods rely on rules developed through 

long-term experience. The application of empirical design methods is limited to the type 
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of pavement structure, materials, construction practices, and site dependent 

environmental conditions considered to develop the design procedure. The boundaries 

imposed on the unbound aggregate base in an inverted pavement structure change 

radically from those of either flexible or rigid pavements. Therefore, empirically derived 

design methods used for conventional flexible pavement structures are unsuitable for the 

analysis of inverted base pavements. In order to overcome empirical design limitations, 

research efforts have focused on the development of mechanistic design techniques in 

which the pavement section is treated as a structure, and its mechanical behavior is 

evaluated using analytical/numerical tools from mechanics.  

Mechanistic pavement analysis requires a profound understanding of the behavior 

of the materials in the pavement structure. In this context, the resilient response of 

unbound aggregate bases, sub-bases, and subgrade is a key input property in mechanistic-

empirical pavement design procedures, i.e., NCHRP 1-37A. Inaccuracies in the 

determination of the resilient behavior contribute to erroneous predictions of overall 

pavement response (Witczak 2004).  

Unbound aggregates exhibit a stress dependent non-linear elastic response under 

cyclic loading (Morgan 1966; Monismith et al. 1967; Hicks and Monismith 1971; Allen 

and Thompson 1974; Barksdale 1984; Adu-Osei 2000; Lekarp et al. 2000). In an inverted 

pavement section, the thinner asphalt concrete layer combined with the stiffer cement 

treated foundation leads to the development of large stresses within the unbound 

aggregate under service loading. Larger fluctuations in the state of stress exacerbate the 

non-linear response of the unbound aggregate base in an inverted structure. Therefore, the 

mechanical response of the unbound aggregate base, both under construction and during 
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its service life, must be thoroughly characterized and clearly understood before predictive 

inverted pavement design methods can emerge.  

The present work documents a comprehensive experimental, analytical and 

numerical study centered on a full-scale inverted pavement test section built in the state 

of Georgia. A detailed description of the mechanical behavior of the test section before, 

during and after construction provides critically needed information to enhance our 

understanding of the internal behavior and macro-scale performance of this pavement 

system. A complementary analytical and numerical study that incorporates the state-of-

the-art in constitutive modeling of unbound aggregates is used to extrapolate 

experimental results and to develop preliminary guidelines for inverted base pavement 

design. 

   

1.2. Thesis Organization 

The study presented in this dissertation centers on the fundamental understanding 

of unbound aggregate bases in the context of inverted base pavement structures. The 

information is organized as follows:  

 

Chapter 2 documents the full-size field study of an inverted base pavement test 

section constructed in LaGrange, Georgia. This is the second of its kind in the U.S.A. 

and the first one to be fully tested, documented, and analyzed. Members of the 

Particulate Media Research Laboratory participated in the extensive field test 

program. 
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Chapter 3 explores the limitations of available laboratory and field unbound 

aggregate base stiffness characterization methods and presents a novel test alternative 

for as-built characterization.  

 

Chapter 4 offers a comprehensive review of unbound aggregate behavior and 

available constitutive models, addresses model selection in detail, and implements a 

calibration method based on robust physical principles and concepts from information 

theory. 

 

Chapter 5 documents the numerical implementation of the selected constitutive 

model, explores the effect of modeling assumptions and presents the predicted 

mechanical response of an inverted base pavement structure. Dr. H.S. Shin helped 

implement the model in ABAQUS.  

 

Chapter 6 summarizes a simulation study of inverted base pavement structures and 

recommends preliminary guidelines for design. 

 

Chapter 7 summarizes salient conclusions and identifies potential areas for future 

research. 

 

The chapters in the thesis are written as self-contained documents; therefore, the reader 

will find some repetition particularly among the introductory sections for the different 

chapters. 
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CHAPTER 2 

THE LAGRANGE CASE STUDY 

 

2.1. Introduction 

The need for improved road performance, optimal use of resources, superior cost 

efficiency, budget constraints, and energy efficiency prompt the analysis of alternative 

pavement structures. The use of inverted base pavements in the U.S.A. has been hindered 

by the lack of field experiments and related research required to investigate the 

mechanical response of this pavement structure under local conditions, construction 

practices, and required quality control and performance. A full-scale field study was 

conducted in LaGrange, Georgia, with support of the Georgia Department of 

Transportation (GDOT). The laboratory and field studies conducted as part of this pilot 

project advance both the current state of knowledge on the behavior of inverted base 

pavement systems and the state of the practice in terms of construction processes and 

quality assurance.  

The investigation was designed to gather detailed information before, during and 

after the construction of the inverted base pavement test section in order to gain critically 

needed understanding of the internal behavior and macro-scale performance of this 

pavement structure through complementary analytical and numerical studies. The results 

of this investigation will help identify the potential benefits and limitations of inverted 

base pavement structures, and will allow for the calibration of numerical models that can 

later be used for optimal design. 
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2.2. Project Description 

The test section is part of an industrial parkway intended to serve the growing car 

manufacturing industry in south-west Georgia. The inverted base pavement test section is 

a two-lane 1036m long stretch of the south LaGrange loop. It was designed to sustain an 

initial one-way annual average traffic of 7000 vehicles per day projected to grow to 

11700 by the end of its service life. Truck traffic was estimated at 7% and consisted of 

3% multi-unit (truck tractor semi-trailers and full trailer combination vehicles) and 4% 

single-unit (two and three axle trucks and busses having six tires). Pavement structures 

selected to satisfy the projected traffic demand are presented in figure 2.1. GDOT 

designed the rigid pavement following the AASHTO (1972) interim pavement design 

guide; the inverted base pavement was designed using empirical guidelines from the 

South African experience. The structural comparison between the conventional rigid 

pavement and the inverted section could not be made a priori.  

The test section cuts across residual soils from the Georgia Piedmont geologic 

formation. Figure 2.2 shows the original topography and the built longitudinal cross 

section. Material removed from the cut sections was transported and compacted in the 

two fill sections. Construction of the subgrade took place from January 7 to February 19, 

2008. The upper 0.15m of the subgrade were stabilized by mixing in crushed stone 

(figure 2.3) and compacting. Stabilization work began on July 23, 2008 and was 

completed on July 30, 2008. 

The construction of the cement-treated base took place between July 30 and 

August 5, 2008. Cement and aggregate were mixed in a pug mill and hauled 3.2km to the 

construction site. Spreading and compaction operations started at station 280+00 and 
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moved along the westbound lane towards station 314+00. The eastbound lane was 

constructed on the way back, from station 314+00 towards station 280+00. Construction 

issues near the bridge approach (station 314+00) lead to a short gap in the test section 

near the bridge. The mix contained 4% cement by weight and was compacted to 98% of 

Proctor. Progress was monitored from the time the cement treated aggregate left the pug 

mill until the final bituminous seal coat was placed (figure 2.4). 

The placement and compaction of the unbound aggregate base started August 11, 

2008 and lasted 18 days. The asphalt concrete layer was placed in two lifts. The first was 

a 19mm NMS 0.05m thick layer built shortly after the completion of the unbound 

aggregate base in October 16, 2008. The riding surface was a 12.5mm NMS, 0.04m thick 

added on April 18, 2009. 

 

2.3. Laboratory and Field Material Characterization 

The layers were carefully monitored during construction, including extensive 

material characterization in the laboratory and in the field. 

2.3.1. Subgrade 

Thirty five subgrade samples were collected from the test section and used to 

determine grain size distribution, specific surface, liquid limit, bulk density, water 

content, complex permittivity, electrical conductivity, suction, and P-wave velocity in the 

laboratory. The field characterization of the subgrade included dynamic cone 

penetrometer, helical probe test and surface waves. Test results are summarized in table 

2.1, the main findings follow:  
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• The mean grain size distribution is characterized by D10≈0.2mm, D50≈0.5mm, 

coefficient of uniformity Cu≈6, and coefficient of curvature Cc≈1.3, which are 

characteristic of well graded granular materials. The fraction of fines (d<75µm) 

ranged from 1% (at station 299+00) to 36% (at station 306+00). The high specific 

surface of the fine fraction suggested the presence of clay minerals (7 to 30 m2·g-1), 

and susceptibility to changes in water content and/or pore fluid chemistry.  

• The recovered in-situ water content data fall within the range of optimum water 

content established by Proctor compaction tests carried out by GDOT. Measured 

liquid limit values are plotted in figure 2.5 for reference.  

• The mean laboratory-measured bulk density was 1700kg∙m-3 while GDOT field-

measured density averaged 1900kg∙m-3. The subgrade bulk density is intimately 

related to its grain size distribution and particle shape. Variations in density also 

reflect the relative proportions and specific gravities of the minerals that make the 

solid particles, the porosity of the granular packing, and the water content at the time 

the measurement is made. The bulk density results can be used in conjunction with 

water content data to calculate the dry density of the material; estimated porosity 

values are plotted in figure 2.6. 

• Complex permittivity was monitored over the frequency range from 0.2 to 13GHz. 

Data reported in table 2.1 correspond to a frequency of 0.5GHz. At high frequencies, 

permittivity is determined by the polarizability of free water; thus, the real 

permittivity of the wet soil increases with increasing water content. Outlier water 

content data at stations 298+00 and 299+00 corroborate this observation.  
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• The measured electrical conductivity values lay in the range from 0.004 to 0.06 S·m-1. 

Since conductivity through the mineral itself is comparatively low (kaolinite: 3.1×10-

8S·m-1; quartz: 5×10-15S·m-1), the electrical conductivity of the tested soil samples is 

controlled by the pore fluid. The conductivity of the electrolyte varies with the 

concentration and mobility of electrical charges within the material (electrons, ions, 

polar molecules). However, conductivity is also enhanced by surface conduction 

which becomes significant in high specific surface soils (Revil and Glover 1997).  

• Total suction data gathered at the in-situ water content fall between 200 and 1500kPa. 

Similar results are observed in the matric and osmotic suction measurements. Even 

higher suctions are anticipated at lower water contents under dry climate conditions. 

In any case, the measured suction levels anticipate a high moisture-dependent 

response of the subgrade.     

• The P-wave velocity in unsaturated sediments is practically unaffected by the bulk 

stiffness of the fluid when the degree of saturation S≤95%. Instead, it reflects the 

stiffness of the soil skeleton which is in part controlled by capillary forces, i.e. suction 

(Santamarina et al. 2001). Measured P-wave velocities for the subgrade are in the 

range from 300 to 800 m·s-1, in agreement with the high measured suction values, 

which suggest that capillarity controls the subgrade stiffness. It should be noted that 

only samples that satisfied the test geometrical constraints where used to determine 

Vp. Since the soil samples that fulfilled this requirement where for the most part very 

well compacted blocks, the measurement is biased to stiffer values and does not 

necessarily represent the average stiffness of the subgrade. 
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• The field-measured surface wave velocities range from VR = 150 to 200m·s-1 (figure 

2.7). 

• The measured helical probe torque and dynamic cone penetration resistance are 

positively correlated to both the total suction and the dry density; no evident 

correlation with bulk density or porosity was observed.  

• An overall increase in surface wave velocity was observed in the stabilized subgrade 

as evidenced by data plotted in figure 2.7. The properties of the stabilized layer are 

summarized in table 2.2.  

2.3.2. Cement-Treated Base 

The off-site mixing, transport, spreading, and compaction of the cement-treated 

base were carefully monitored to assess hydration prior to compaction. Construction 

times are summarized in figure 2.4. Electrical properties of curing cementitious materials 

vary as a function of hydration, pore fluid composition, moisture, and temperature 

(Monfore 1968; Christensen et al. 1994; Fam and Santamarina 1996; McCarter 1996; 

McCarter et al. 1996; Wang et al. 2003; Rajabipour and Weiss 2007). As the cement 

paste cures in a mortar mixture there is a reduction in the ionic concentration of the pore 

fluid which leads to measurable changes in electrical resistivity. Therefore, electrical 

resistivity data can be used to assess the curing evolution of Portland cement mixtures. 

Curing of the compacted material was monitored using an electrical resistivity probe 

developed as part of this study. Different locations near the spreader were selected and 

tested in order to assess spatial variability and to detect heterogeneities. Results show no 

significant resistivity difference from location to location, suggesting homogeneity in the 

construction process. After collection of spatial variability data, the electrical resistivity 
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monitoring equipment was fixed at a given location to monitor the time evolution of 

electrical resistance with time, which can be used as an index of curing progress. 

Resistivity measurements started approximately 20 to 30 minutes after the cement was 

first exposed to water in the mixer. Field data show noticeable changes in conductivity 

starting at 100min (figure 2.8). 

Characterization of the hardened cement-treated base properties was done on 7-

day cores recovered from the site and tested for laboratory P-wave velocity and 

compressive strength; a summary of results is presented in table 2.3. A primary concern 

with the construction of the inverted base pavement structure is the mechanical response 

of the cement-treated base during the compaction of the unbound layer above and its 

long-term integrity. Copper wire loops were installed within the cement-treated base 

surface at selected locations. A 6.35mm thick groove was cut 12.7mm into the sub-base 

as shown in figure 2.9. Then, a thin polyurethane coated copper wire d= 0.3mm was 

placed in the grove and bonded to the sub-base using mortar mix. The resistance between 

the two ends was measured immediately after the installation of the wire to verify its 

integrity. The resistance at each of the three instrumented stations was measured 

following the construction of the unbound aggregate base; no changes from the pre-

construction values were observed. These results show that the cement-treated base 

sustained no significant damage during the compaction of the unbound aggregate and the 

asphalt concrete layers. This was later confirmed in a forensic study through visual 

inspection.  
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2.3.3. Unbound Aggregate Base 

The unbound aggregate base is the central component of the inverted base 

pavement structure. Therefore, special attention was devoted to identify changes in the 

aggregate base properties caused by compaction over the stiff cement treated base. We 

recovered aggregate samples pre and post compaction at three locations to determine 

grain size distribution in an effort to establish if crushing was taking place during 

compaction. Findings of the gradation tests are summarized in figure 2.10. Overall the 

data remain inconclusive as to the extent and significance of particle crushing.  

The development of inherent anisotropy in the unbound aggregate layer as a result 

of compaction induced particle alignment was assessed via a forensic study. Trenches 

were dug through the asphalt layer uncovering the unbound aggregate and allowing us to 

take a look inside the unbound aggregate base and photograph the grain skeleton. Digital 

image analysis results presented in figure 2.11 show that particles preferentially align 

with their major axis parallel to the horizontal plane. Note that only the coarser visible 

particles are considered in this analysis. 

The unbound aggregate non-linear stiffness-stress response is critical to the 

mechanical response of an inverted pavement structure. The as-built unloaded stiffness of 

the unbound aggregate base was determined using spectral analysis of surface waves 

(SASW) prior to the construction of the asphalt concrete layer (figure 2.7). The stiffness-

stress relationship of the unbound aggregate is determined using a novel laboratory and 

field procedure (details are presented in chapter 3). Results of the stiffness-stress 

characterization under zero-lateral-strain loading indicate that the relationship between 
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the resilient modulus in the vertical ERz and horizontal ERh directions and the mean stress 

are given by:  
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Unbound aggregate test results are summarized in table 2.4.     

2.3.4. Asphalt Concrete 

The characterization of the asphalt layer focused on the determination of elastic 

parameters, namely the elastic modulus and the Poisson’s ratio. This was accomplished 

through field measurements of surface waves and laboratory P-wave velocity 

measurements in samples recovered during the forensic investigation. Characterization 

test results are summarized in table 2.5.   

 

2.4. Discussion 

Dynamic cone penetration data can be used in conjunction with density, liquid 

limit, and water content to estimate the resilient modulus of the subgrade; for example: 
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where PR is the dynamic cone penetration rate, γdry is the dry unit weight, LL is the liquid 

limit, wc is the water content, and ai are fitting parameters. Resilient modulus data 

estimated based on this correlation developed by George and Uddin (2000) yield a mean 

value ER= 250MPa with a standard deviation of 100MPa. Surface wave velocity data are 
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used to estimate the constrained modulus using theory of elasticity and assuming 

isotropic response: 
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Measured bulk densities ρ and field velocity VR data are used to calculate the constrained 

modulus M for the different layers (Figure 2.12). Poisson’s ratio ν was assumed to be 0.2 

for the unbound layers, 0.25 for the cement-treated base and 0.3 for the asphalt concrete 

layer (confirmed with Vp and VR data). The stiffness profile of the as-built pavement 

structure (without load) range between 30000MPa at the asphalt concrete and 140MPa at 

the subgrade.    

 

2.5. Conclusions 

The average measured specific surface and coefficient of uniformity of the 

subgrade at LaGrange indicate that its mechanical behavior is strongly influenced by 

electrical interactions and capillarity; therefore, it is susceptible to changes in water 

content and pore fluid chemistry. The measured suction values indicate strong capillarity, 

i.e., high equivalent effective stress. This explains the high P-wave velocity values 

measured as part of this study. 

The as-built inverted base pavement stiffness profile exhibits pronounced contrast 

among successive layers; 30000MPa at the asphalt concrete, 500MPa for the unbound 

aggregate base (unloaded), 22000MPa for the cement-treated base, and 150MPa for the 

compacted subgrade. However, the unbound aggregate base stiffness is a non-linear 

function of the state of stresses. The stiffness-stress relationship has been determined 
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based on P-wave velocity measurements in a zero-lateral-strain cell, and shows a power 

law dependency between stiffness and stress.   

The off-site mixing, transport, spreading, and compaction of the cement-treated 

base resulted in a homogeneously compacted layer. No early settling of the cement 

mixture was observed. The 7-day cured cement-treated base withstood compaction of the 

overlaying layers without cracking under the loading imposed by heavy equipment and 

construction operations.  

Pre and post compaction gradation test results do not offer a clear assessment of 

the extent and significance of particle crushing in the unbound aggregate layer during 

compaction over the stiff cement-treated base. Digital image analysis confirmed particle-

shape/compaction induced anisotropy in the as-built unbound aggregate base. Yet, the 

results of laboratory non-linear stiffness stress response show that stiffness anisotropy is 

primarily caused by the anisotropic state of stresses and that there is a unique stiffness-

stress relationship in the directions of principal stresses. Therefore, while there is 

evidence that suggest inherent anisotropy caused by preferential particle alignment, 

stiffness anisotropy is primarily controlled by stress anisotropy.      
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Table 2.1 Subgrade characterization  

 
Parameter  Parameter  

Coefficient of Uniformity  Cu [ ] 

Coefficient of Curvature  Cc [ ] 

Fraction smaller than 75µm  [ ] 

D10 [mm] 

D30 [mm] 

D60 [mm] 

Specific Surface  Ss [m
2
·g-1] 

Liquid Limit  LL [%] 

Water Content  w [%] 

Penetration Rate PR [mm·blow-1] 

Torque (HPT)  T [N·m] 

Constrained Modulus  M [MPa] 

6 

1.3 

0.012 ~ 0.36 

0.09 ~ 0.25 

0.25 ~ 0.7 

0.27 ~ 1.75 

7 ~ 30 

50 ~ 100 

15 ~ 40 

4 ~ 15 

5 ~ 12 

100 ~ 200 

Degree of Saturation  S [ ] 

Bulk Density  ρbulk [kg·m-3] 

Dry Density  ρdry [kg·m-3] 

Porosity  n [ ] 

Complex Permittivity  κ’ [ ]   

Electrical Conductivity  σDC [s·m-1] 

Total Suction  hT [kPa] 

Matric Suction  hM [kPa] 

Osmotic Suction  hπ [kPa] 

P-wave Velocity  Vp [m·s
-1] 

Surface Waves  VR [m·s-1] 

Resilient Modulus MrDC [MPa] 

0.3 ~ 0.9 

1700 

1540 

0.3 ~ 0.5 

5 ~ 35 

0.004 ~ 0.06 

200 ~ 1500 

50 ~ 500 

100 ~ 1000 

300 ~ 800 

150 ~ 200 

100 ~ 300 

 

 

 

Table 2.2 Stabilized subgrade characterization  

 
Parameter  

Surface Waves VR [m·s-1] 

Constrained Modulus M [MPa] 

200 ~ 300 

200 ~ 500 
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Table 2.3 Cement-treated base characterization  

 
Parameter  

Electrical Resistivity  ρelectric [Ω·m] 

P-wave Velocity  Vp [m·s
-1] 

Surface Waves   VR [m·s-1] 

Poisson’s ratio   ν [ ]  

Constrained Modulus   M [MPa]  

Compressive Strength  σ [MPa] 

800 ~ 5000 

2900 ~ 3400 

1400 ~ 1900 

0.251 

18000 ~ 24000 

3 ~ 5 

 

 

Table 2.4 Unbound aggregate base characterization  

 
Parameter  

Surface Waves VR [m·s-1] 

Constrained Modulus  M [MPa] 

200 ~ 400 

300 ~ 700 

 

 

Table 2.5 Asphalt concrete characterization  

 
Parameter  

Surface Waves  VR [m·s-1] 

P-wave Velocity Vp [m·s
-1] 

Constrained Modulus M [MPa] 

Poisson’s ratio  ν [ ]  

1000 ~ 2400 

3500 ~ 4100 

10000 ~ 40000 

0.307 
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Figure 2.1 Designed inverted and conventional base sections. The upper 0.15m of the 

subgrade were stabilized with unbound aggregate base material in order to satisfy the 

design requirements.  

 

 

 

 

Figure 2.2 Test section original topography (dashed) overlaid by the as-built longitudinal 

cross section. Laboratory test samples are recovered at every station. 
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Figure 2.3 Stabilization of the subgrade upper 0.15m through addition of unbound 

aggregate base and re-compaction.   
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Figure 2.4 Cement-treated base construction monitoring from the time water is added to 

the mix to the final bituminous cover.  
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Figure 2.5 In-situ water content and liquid limit of tested soil samples. The lower plot 

shows the sampling locations relative to cut and fill sections.  
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Figure 2.6 Porosity data computed from density measurements. The lower figure shows 

sampling locations relative to cut and fill sections. 

 
 
 

 

Figure 2.7 Surface wave test results for all layers.  
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Figure 2.8 Comparison of field and laboratory normalized resistivity data. Field data 

(filled circles) show an increase in resistivity starting at 100min; laboratory specimens 

exhibit resistivity increases as soon as 20min (hollow circles).  
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Figure 2.9 Cement-treated base integrity assessment. GDOT bridge crew cut a 6mm wide 

12mm deep groove on the hardened surface which extended from the center line to the 

shoulder in a rectangular section. A 0.3mm diameter copper wire was buried in the 

groove 

 

 

Figure 2.10 Grain size distribution of sample recovered at station 300+00, 290+00, and 

280+00.  
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Figure 2.11 Particle orientation anisotropy from digital image processing of photographs 

taken during the forensic investigation 

 

 

 

Figure 2.12 Constrained modulus calculated from surface wave velocity data. 
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CHAPTER 3 

NEW FIELD TEST 

 

3.1. Introduction 

The stress-dependent resilient behavior of the unbound aggregate base and of the 

subgrade plays a critical role on the pavement response (ERES 2004; Witczak 2004). 

However, laboratory cyclic triaxial characterization methods are still considered complex 

and remain expensive for routine practice. In addition, the validity of laboratory 

measured moduli to represent in-situ conditions remains under scrutiny (Puppala 2008).  

The in-situ assessment of stress-dependent stiffness could overcome difficulties 

encountered with laboratory procedures. A limited number of field studies have 

attempted to capture the in-situ stress-dependent stiffness of unbound aggregate layers in 

pavements structures. In particular, miniaturized versions of cross-hole and down-hole 

seismic tests were installed during the construction of an inverted base pavement 

structure to characterize the stiffness-stress response of the unbound aggregate base 

(Terrell 2002; Terrell et al. 2003). Results show a clear change in stiffness with 

increasing effective stress (from 180MPa unloaded, to 660MPa under a 200kPa vertical 

stress). However, the parameters required to appropriately capture the non-linear cross 

isotropic unbound aggregate behavior cannot be resolved using this or any other in-situ 

characterization method currently available.  

Laboratory and field difficulties identified above are aggravated by 

reproducibility issues, the need for specially trained personnel for data analysis, and the 

lack of correlation between laboratory and in-situ measured stiffness. Consequently, most 
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state transportation agencies do not measure the resilient modulus either in the laboratory 

or in the field. Instead, they favor indirect methods and empirical correlations to estimate 

the resilient moduli of subgrade and unbound aggregate layers (Puppala 2008). The 

purpose of this chapter is to present a comprehensive methodology to assess the non-

linear stiffness-stress response of granular bases in-situ. The method is based on the 

concept of stress tomography. A detailed literature review is presented first.       

  

3.2. Review of Available Characterization Methods 

 

3.2.1. Laboratory Methods 

Laboratory tests used to evaluate the resilient behavior of unbound aggregate 

materials include cyclic triaxial, resonant column, simple shear, hollow cylinder, and 

multi-axial cubical triaxial tests. All these tests are limited by specimen size to particle 

size considerations.  

Cyclic-load triaxial tests are most frequently used. Multiple test protocols have 

been proposed. The current laboratory characterization standard for resilient modulus 

(AASHTO T-307) emerged in an effort to develop a unique repeatable protocol. Cyclic 

triaxial tests are generally conducted under constant confining pressure. Variable 

confining pressure triaxial tests require changing the confinement in phase with the 

vertical load to recover data for a variety of stress paths (Andrei 1999; Adu-Osei 2000). 

Typically, the triaxial test is run under undrained conditions. Pore pressure data are not 

available in most undrained tests (even for subgrade materials) and data reduction is 

made using total stress analysis (Konrad 2006). Boundary effects and friction at the soil-
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platen interface are reduced using a 2:1 cylindrical geometry specimen. The specimen 

diameter must be at least ten times larger than the maximum grain size. Since the 

maximum standard triaxial specimen size in practice is 0.15m, this geometric constraint 

limits the maximum particle size of the tested aggregate to 0.015m. However, unbound 

bases often contain maximum size aggregates larger than 0.025m which violates 

geometric constrains for a standard 0.15m cell. Thus a compromise has been made to use 

standard cells for unbound aggregate base materials after removing particles larger than 

0.025m (Witczak 2004). Laboratory measured resilient moduli are often reported as 

averages with no information given about the variance in the collected data leading to a 

false sense of certainty in the measurement.  

Early numerical studies invoked anisotropic material properties that were 

assumed but not measured (Barksdale et al. 1989; Tutumluer and Barksdale 1995). ICAR 

developed a protocol to measure anisotropic material properties using three triaxial stress 

regimes (triaxial compression, triaxial extension, and triaxial shear) with ten static stress 

states each in order to determine stress sensitivity and the level of anisotropy. Data 

reduction and analysis of the test results is conducted by a system identification algorithm 

that uses all the applied stresses and corresponding strains to invert the five cross-

isotropic elastic material properties (Adu-Osei 2000). 

3.2.2. Field Methods 

The most common field test used to determine the resilient modulus of unbound 

layers is the falling weight deflectometer (Puppala 2008). The falling weight 

deflectometer provides an indirect assessment of the material stiffness without sampling. 

The less common seismic pavement analyzer uses the spectral analysis of surface waves 
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technique to estimate the stiffness profile of the pavement structure (Nazarian et al. 

1995). The main disadvantage of the falling weight deflectometer and the seismic 

pavement analyzer is the need for a formal inversion to recover the unknown parameters. 

The information that can be extracted is limited by the amount of information embodied 

in the measured data. When insufficient information is available, the analysis yields non-

unique solutions, and vastly different parameters can be extracted for the same data set.  

3.2.3. Summary of Observations 

The analysis of inverted base pavement structures requires an accurate 

representation of the stress-dependent stiffness of the unbound aggregate base. The stress 

states used in current test protocols was dictated by representative field loading 

conditions that unbound aggregates experience in conventional pavement structures. The 

unbound aggregate base in an inverted pavement structure is subjected to considerably 

higher stresses. Therefore, the mechanical response must be analyzed using material 

parameters recovered from the proper state of stress rather than by extrapolation. 

Standard in-situ methods used in practice cannot assess the stress-dependent stiffness of 

unbound layers; thus, the measurements do not provide enough information to recover 

constitutive parameters needed to appropriately model the behavior of these layers. Such 

information is critical in inverted pavements where the granular layer plays a key 

structural role. It becomes evident that the proper analysis of inverted base pavements 

requires new test protocols to capture the non-linear stiffness-stress response of the as-

built unbound aggregate base. 
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3.3. Determination of Stiffness-Stress Parameters – Test Design 

The P-wave velocity reflects the stiffness of the soil skeleton in unsaturated 

sediments. The proposed test involves two linear arrays of piezopads which are used for 

P-wave sources and receivers (figure 3.1). Each measurement consists of P-waves 

emitted from a single sensor in the source array and simultaneously recorded in 

tomographic mode at all sensors in the receiver array. Thus, horizontal and diagonal 

travel paths are involved.  

3.3.1. Test Design – Physical Considerations  

Constraints imposed by the maximum aggregate size D90, the thickness of the 

layer h, the proximity to stiff layers P, separation between arrays s, and the wave length λ 

of the emitted signal must be taken into consideration for proper test design. Preliminary 

guidelines include: 

1. s > 10D90 (spatial averaging considerations) 

2. s < h (to emphasize direct arrival) 

3. 
( )
( )PL

PL

V

V

2

3

2

1
−
−≤   (to prevent refracted path) 

4. s > 4λ (far field considerations) 

5. λ >> D50 (equivalent continuum assumption – note  that Brillouin limits λ=2D50) 

The physical constraints imposed by these expressions cannot be simultaneously 

satisfied; thus, a compromise must be made and consequences must be clearly 

understood. The most challenging condition to meet is the one imposed by the ratio 

between the wave length and the aggregate size. A maximum aggregate size 

Dmax=0.038m requires λ ≈ 0.38m which would in turn force the separation between arrays 

to be s≥1.52m. In the field, the proximity of the stiff asphalt concrete and cement-treated 
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base limits the source receiver separation to s < 0.152m. The type of sensor places an 

additional constraint on the maximum allowable distance between source and receiver 

forcing a violation of the continuum assumption λ >> D50. Paradoxically, the continuum 

assumption is still needed to analyze the P-wave data.  

Taking into consideration the described physical constraints, a compromise inter-

array spacing s = 0.1m was selected. The P-wave velocities measured in preliminary 

laboratory testing of a well-graded crushed granite aggregate (D50=0.005m) range 

between 260 and 740m∙s-1. The frequency for the recorded waves is in the order 10kHz; 

thus, the wave length ranges between λ ≈ 0.026 and 0.074m. Considering that the 

aggregate is well graded, D50 is a good indicator of particle size. Then, the selected sensor 

separation satisfies condition 1, condition 2 for unbound aggregate bases thicker than 

0.1m, and condition 3. Condition 4 is not fully satisfied; however, the ratio λ/ D50 ≈ 5 to 

15 exceeds the Brillouin filter.  

3.3.2. Sensor Installation  

The installation of sensors is critical for the in-situ characterization of the non-

linear stiffness-stress response of unbound aggregate bases. Our goal in this study was to 

identify optimal drilling procedures to penetrate through the asphalt concrete layer and 

into the aggregate base while minimizing the disturbance of the layer. We sought to drill 

the smallest borehole that would allow the installation of high energy sensors to facilitate 

wave detection in noisy environments. After considering and testing multiple alternatives 

we opted for using 0.013m diameter piezopads and a borehole diameter of 0.016m drilled 

dry using a rebar cutter and a diamond core bit (figure 3.2). Two boreholes separated 

0.1m are drilled to house the source and receiver arrays which are placed facing each 
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other. The boreholes are filled with dry fine Ottawa sand tamped with a rod to a dense 

state. The sand fill acts as the coupling medium for wave propagation and provides lateral 

support to the granular base. 

 

3.4. Test Results 

 

3.4.1. Laboratory Prototype – Zero-Lateral-Strain P-Wave Velocity Measurements 

Preliminary test prototypes lead to the development of a laboratory procedure that 

permits the simultaneous determination of the vertical and radial stiffness-stress response. 

The unbound aggregate base material is mixed at the optimum water content, placed in a 

Proctor-type mold, and compacted in a vibratory table for 15 minutes under a 240N 

weight i.e., a vertical stress of 13kPa. The upper mold extension is removed and the 

material is leveled so that it occupies the full volume of the lower half of the mold 

(0.152m diameter and 0.116m height). Two boreholes are drilled though the compacted 

material. Then, the aluminum platen shown in figure 3.3-a is secured on top of the 

specimen with the small holes sitting directly on top of the boreholes to allow for the 

installation of the source and receiver arrays. The base of the Proctor mold is removed 

and replaced by the aluminum platen shown in figure 3.3-b. The center holes in the top 

and bottom platens house two Matec 9J104 piezocrystals that measure vertically 

propagating P-waves (figure 3.3-c). The instrumented cell is placed in the loading frame 

and the sensors are connected to the peripheral electronics. P-waves are generated by a 

wave form generator (Agilent 3320A) using square signals with 10V amplitude at a 

frequency between 20 and 120Hz. Signals picked up by the array of receivers are pre-
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amplified and filtered to remove high frequency noise (Krohn-Hite 3364). The pre-

conditioned signals are fed into a 4-channel oscilloscope (Agilent 54624A) and stored 

into a laptop computer via a GPIB card connection.  

The specimen undergoes 25 cycles of preconditioning loading-and-unloading with 

vertical stress amplitude of 700kPa. The unloading after the final cycle is stopped at a 

vertical stress of 14kPa to simulate the overburden on the unbound aggregate base. The 

first measurements are made starting at 14kPa and every 80kPa until the vertical stress is 

580kPa which is 83% of the maximum preconditioning vertical stress.  Five signals are 

recorded at each load increment (Figure 3.3-c): vertical propagation (VV), horizontal 

propagation at mid-height and bottom (MM and BB), and two diagonal propagations at 

an angle of 24° with the horizontal (MB and BM). 

Signals recorded at 8 different load increments during loading and unloading are 

plotted in figures 3.4 and 3.5 for different propagation directions. While there is clear 

stress dependency, the identification of the first arrival is rather complex in part due to 

concurrent travel paths along the steel shell but also because of the tight physical 

conditions and compromised geometry discussed earlier. Results for VV and BB 

propagation are summarized in figure 3.6.  

3.4.2. Field P-Wave Velocity Measurements - Inverted Base Pavement Structure  

The proposed field characterization of the stiffness-stress response of the unbound 

aggregate material was performed in a Lafarge quarry access road in Morgan County, 

Georgia. The road is an inverted base pavement section constructed in 2001 as part of a 

GDOT sponsored research project and has experienced uninterrupted high volume of 

heavy truck traffic for 9 years. Surveys conducted May 2008 showed the section had 
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serviced over 1.2 million ESALs after 7 years, about 75% of the designed service life 

without exhibiting signs of failure; in fact, there are still no signs of failure or changes in 

rideability at present (Lewis 2009). The original research on the haul section included a 

comprehensive characterization of the unbound aggregate base, details in (Terrell 2002; 

Terrell et al. 2003).  

Boreholes were drilled through the asphalt layer and into the unbound aggregate 

base. Then, source and receiver arrays were placed inside the boreholes and these were 

backfilled with fine Ottawa sand. The peripheral electronics were the same as those used 

in the laboratory. The first set of P-wave measurements were performed in the absence of 

externally applied loads. After that, a loaded Caterpillar 769D water truck was used to 

load the pavement in order to measure the stiffness-stress response of the base. The tire 

applies a 552kPa distributed load over a quasi-circular area of radius r = 0.25m. The tire 

location at the time of the measurements is shown in figure 3.7. The tire load is 

represented by an equivalent circular contact area of radius r and a distributed load Q. A 

set of 4 P-wave measurements are performed for each tire location: 2 horizontal paths 

(MM and BB) and 2 diagonal paths (MB and BM at an angle of 24° with the horizontal); 

each measurement is repeated 3 times. Signal stacking is used to improve the signal to 

noise ratio (2048 signals). This situation precludes the continuous monitoring of the 

stiffness-stress response under a passing vehicle. The distance between the load 

centerline and the buried sensors varies between 0.325 and 0.98m (figure 3.7). The water 

truck tire passes 6 times over the marked locations and 4 sets of 3 signals are recorded for 

each tire location.  
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A set of recorded signals is presented in figure 3.8 for the 4 tire-sensor distances 

tested. Electromagnetic cross talk causes the false first arrival observed at t ≈ 0sec. The 

first arrival is determined by subtracting ¾ of the period T from the first negative peak. 

Measured P-wave velocities as a function of the distance between the tire and the sensors 

are presented in figure 3.9.     

 

3.5. Analysis and Discussion 

The P-wave velocity in unsaturated unbound granular media is determined by the 

state of effective stress in the propagation direction (Kopperman et al. 1982; Hardin and 

Blandford 1989).  
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where Vpr is the velocity of waves propagating in the horizontal direction, Vpz is the 

velocity of waves propagating in the vertical direction, and Ko is the ratio of the effective 

horizontal to vertical stress. The α factor is the value of Vp when σ’=1kPa and β captures 

the stress sensitivity of P-waves.  

The P-wave velocity is related to the constrained modulus M by ( )2
pVM ρ= , 

where ρ is the mass density of the compacted unbound aggregate. Then, the constrained 

modulus stress dependency is obtained from equations 3.1 and 3.2. 

βσρα
2

2

1

'







=
kPa

M z
z        3.3 



 36

β
β

β σρασρα
2

22
2

2
1

'

1

'







=






=
kPa

K
kPa

K
M z

o
zo

r
   

3.4

 

 

or in terms of k-type model parameters: 

2

1

'
1

k

kPa
kM 







= σ
where 2

1 ρα=k  and β22 =k    3.5 

3.5.1. Determination of Stiffness-Stress Parameters from Laboratory Measurements 

Vertical and horizontal P-wave velocities measured in the laboratory collapse 

onto a single trend for Ko= 0.38, and the full data set can be captured using α= 245m∙s-1 

and β= 0.18 (figure 3.10). For the same α and β values in the vertical and horizontal 

direction, Vpr = mVpz, where m= Ko
β, and Mr= m2Mz. Calculated constrained moduli are 

presented in figure 3.11 for the measured ρ= 2000kg∙m-3 and the inverted values of Ko= 

0.38, α= 245m∙s-1 and β=0.18.  

3.5.2. Determination of Stiffness-Stress Parameters from In-Situ Measurements   

The recovery of material parameters from the field test requires a detailed 

analysis. The in-situ stress field is not uniform, stresses vary along the propagation path, 

the propagation direction is not necessarily aligned with a principal stress direction, and 

load conditions are not exactly zero-lateral-strain despite the fact that the stiff layers in 

the inverted pavement offer confinement for the unbound aggregate layer.  

The experimentally measured P-wave travel time is an integral along the 

propagation path:       
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The model parameters α, β, and Ko can be recovered through inversion using successive 

forward simulations (figure 3.12-a).  For the purpose of this study, and given the loading 

configuration, we use stress conditions at the mid-point between the source and receiver 

arrays to invert the parameters (figure 3.12-b). Note that the limited number of 

measurements supports the extraction of a minimum set of material parameters rather 

than a full set for cross-isotropic stiffness parameters.  

The material parameters recovered from the laboratory zero-lateral-strain cell 

experiment are used as input for a finite element model of the inverted base pavement 

structure that is used to estimate the stress for a fist order estimate of the constitutive 

parameters in-situ. Details on the finite element model can be found in chapter 5. The 

constitutive models and material parameters used in the FEM simulation are summarized 

in table 5.1.   

The numerical simulation results were used to estimate the in-situ mean stress at 

the mid-point between the sensors for the multiple load configurations tested. This data 

allows us to invert the in-situ material parameters using error surface analysis. The in-situ 

stiffness-stress relationship is given by: 
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In-situ measured P-wave travel times (tm) and the first iteration predictions based 

on zero-lateral-strain calibrated material parameters (tp) for the four load configurations 

tested are presented in table 3.1. 
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3.6. Summary and Conclusions 

The stress dependent stiffness of unbound aggregate layers determines the 

performance of inverted base pavement structures. Therefore, an accurate 

characterization of the stiffness-stress response is critical for inverted pavement design. 

Available laboratory protocols fail to reproduce the in-situ stress levels to which unbound 

aggregate bases are subjected to in an inverted pavement structure, and available in-situ 

measurements fail to gather sufficient information to extract the constitutive parameters 

required to appropriately model unbound aggregate behavior.  

In an inverted pavement structure the unbound aggregate layer is confined by the 

stiff asphalt concrete and the cement-treated base. Thus, the highest load condition under 

the wheel can be better represented as a zero-lateral-strain Ko loading configuration.  

A laboratory Ko test was prototyped for the characterization of the stiffness-stress 

response of unbound aggregate materials based on the concept of stress tomography. P-

wave velocities measured in the vertical and horizontal directions collapse onto a unique 

trend for a single set of Ko, α, and β. Then, Vpr = mVpz, where m= Ko
β.  

The concept of P-wave stress tomography was applied in-situ to characterize as-

built unbound aggregate bases. The test has been successfully used to measure the in-situ 

stiffness-stress response of an existing inverted pavement structure.  

In-situ test results show that material models reported in the literature (developed 

from existing laboratory test protocols) under-predict the in-situ stress-dependent 

stiffness of the unbound aggregate base. Material parameters recovered from zero-lateral-

strain stiffness measurements yield better predictions of in-situ performance; however, 

tend to over-predict the stiffness at higher stresses.  
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Table 3.1 Comparison between in-situ measured P-wave travel times (tm) and the first 

iteration predictions based on zero-lateral-strain calibrated material parameters (tp) for the 

four load configurations tested.   

 

Distance [m] p  [kPa] tm [μs] tp [μs] 

0.926 2.7 292 319 

0.665 3.7 285 308 

0.439 17 269 240 

0.308 76 253 195 
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Figure 3.1 Graphical description of the designed sensors and relative scales that influence 

the selection of sensor size and positioning. 

 
 

 

Figure 3.2 Borehole drilling tools (a) diamond core bit and (b) rebar-cutter. 
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Figure 3.3 Instrumented laboratory zero lateral strain test cell: (a) upper platen used as a 

guide for borehole drilling and sensor installation, (b) lower platen, (c) fully instrumented 

cell.   
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Figure 3.4 Laboratory test data results, signature cascades as a function of the applied 

vertical stress for horizontal and diagonal rays (a) bottom source-receiver pair BB, (b) 

middle source-receiver pair MM, (c) bottom-to-middle source-receiver pair BN, and (d) 

middle-to-bottom source receiver pair MB.  
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Figure 3.5 Laboratory test data results for waves propagating in the vertical direction VV. 

Signature cascade as a function of the applied vertical stress.  

 

 

 

Figure 3.6 Vertical and horizontal P-wave velocities as a function of the applied vertical 

stress.  
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Figure 3.7 Field test loading configurations: plan view and cross section.  
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Figure 3.8 Field test data results for horizontally propagating waves between sensors 

buried at 0.17m (BB) from the pavement surface. Signature cascade as a function of the 

proximity to the loaded truck.  

 

 
 

 

Figure 3.9 P-wave velocity as a function of the distance between the tire centerline and 

the mid-point between the source and receiver. The asymptotic trend captures the 

unloaded P-wave velocity.  
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Figure 3.10 P-wave velocity as a function of the stress in the direction of wave 

propagation. The entire data set collapses under a single power law trend with a 245m∙s-1 

α coefficient, 0.18 β exponent for a Ko coefficient of 0.38. 

 

 

Figure 3.11 Laboratory measured and predicted constrained moduli in the vertical and 

horizontal directions as a function of the stress in the direction of P-wave propagation and 

the mean stress.  
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Figure 3.12 Advanced (a) and simplified (b) in-situ material parameter inversion  
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CHAPTER 4 

UNBOUND AGGREGATE BASES:  

CONSTITUTIVE MODEL SELECTION AND CALIBRATION 

 

4.1. Introduction 

Unbound aggregate bases exhibit non-linear stress-dependent behavior. Under 

repeated loading, plastic deformations gradually decrease with the number of load 

repetitions until only elastic strains take place during loading; this is also known as the 

“elastic shake down” state. The resilient modulus captures the ratio of the cyclic stress 

amplitude to the elastic strain at this stage. The non-linear material behavior must be 

considered in mechanistic pavement design methods. However, initial attempts in the 

AASHTO (1993) pavement design guide are overshadowed by the empirical nature of the 

guide. The stress-dependent non-linear response of unbound aggregate bases has a 

profound effect on inverted base pavements where the unbound aggregate is subjected to 

high changes in stress and stiffness during loading-unloading cycles. It is therefore 

essential to properly capture the material response in constitutive models used in 

numerical codes.  

There is an inherent trade-off between an accurate representation of complex 

granular media behavior and the need for simplicity and robustness required for routine 

analysis. This chapter starts with a fundamental analysis of the factors that control the 

resilient behavior of unbound aggregate bases, followed by a comprehensive review of 

available material models developed within the framework of pavement analysis. This 

review leads to a critical assessment of available models within the framework of inverse 
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problems. A robust model is selected based on information theory concepts, and a 

procedure is developed to invert physically meaningful material parameters. Data 

available in the literature are used for calibration of the material model and results are 

compared to reported predictions.   

 

4.2. Resilient Modulus – A Granular Media Perspective 

The large-strain load-deformation response of unbound aggregates is determined 

by changes in the granular skeleton. Conversely, the small-strain resilient load-

deformation response occurs at constant fabric and the macro-scale deformation 

integrates contact-level particle deformation. Available experimental studies show that 

the main parameters that control the resilient response of the granular base are: stress 

history, stress level (mean and deviatoric stress, and load duration), density, gradation 

(grain size and uniformity), and moisture conditions. In this section we summarize 

experimental observations on the resilient behavior of unbound aggregates and offer a 

particle-scale analysis of causal mechanisms. A comprehensive precedent to this review 

can be found in the work by Lekarp et al. (2000). 

4.2.1. State of Stresses  

The state of stress has the most significant effect on the resilient response of 

unbound aggregate bases. The resilient modulus increases with the mean stress and 

decreases slightly with increasing amplitude of the repeated deviator stress (Morgan 

1966; Monismith et al. 1967; Hicks and Monismith 1971; Smith and Nair 1973). The 

resilient modulus approaches asymptotic values with repeated loading and becomes 

insensitive to stress history provided the applied deviatoric stress remains away from 
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failure. Load duration and frequency do not affect the resilient behavior of granular 

materials for moisture contents at or near optimum; however, the resilient modulus is 

likely to decrease with increasing loading frequency when loading occurs near saturation 

(Lekarp et al. 2000).  

The velocity of P-waves in an unbound aggregate responds to similar small-strain 

mechanisms and it is related to the medium stiffness as 1−= ρMVp . Several studies 

have shown that the velocity Vp of P-waves propagating in a principal effective stress 

direction is only affected by the principal stress in the direction of propagation σ’ 

(Kopperman et al. 1982; Hardin and Blandford 1989). The relationship is captured using 

the power function: 

βσα 
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where the fitting parameters are the factor α which represents the P-wave velocity at 

σ’=1kPa and the exponent β which describes the stiffness sensitivity to a change in the 

principal stress in the direction of wave propagation.  

4.2.2. Density  

The resilient modulus increases with increasing density. Denser granular 

assemblies have a higher coordination number which increases skeletal stability and 

decreases the average inter-particle contact force and contact deformation (figure 4.1-a,b 

- Trollope et al. 1962, Hicks 1970, Robinson 1974, Rada and Witczak 1981, and Kolisoja 

1997). While early studies reported relatively low density effects on the resilient modulus 

(Thom and Brown 1987), more recent works have shown that the effect of density can be 
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considerable on the resilient modulus of low density materials (Vuong 1992), and at low 

mean stress (Barksdale and Itani 1989; Konrad 2006).  

4.2.3. Grain Size Distribution 

The unbound aggregate base stiffness initially increases with higher fines fraction 

as a result of an increase in coordination number caused by pore-filling fines. Beyond a 

certain threshold, the soil skeleton is dominated by the presence of fine particles and 

coarse particles float in an skeleton made of fines (figure 4.1-c), the soil matrix becomes 

fines-dominated and the resilient modulus reduces considerably (Jorenby and Hicks 

1986). This mechanism could in part explain the conflicting observations found in the 

literature where results vary from a minor increase to a dramatic drop in resilient modulus 

with increasing fines content ranging from 0 to 10% (Hicks 1970; Barksdale and Itani 

1989).  

4.2.4. Moisture Content  

Capillary forces add to skeletal forces in unsaturated particulate media (figure 4.1-

d). As a result, the stiffness of the unbound aggregate increases in unsaturated bases 

(Dawson et al. 1996; Santamarina et al. 2001). Higher capillary suction can be generated 

in the small pores of fine grained subgrades. However, moisture also influences the 

coarser aggregates used as bases and sub-bases: studies conducted using gravels (0.04m 

maximum particle size) and rock fill show that the compressibility of the medium is 

affected by changes in moisture introduced by wetting and drying (Oldecop and Alonso 

2003).  
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4.2.5. Particle Shape  

Rough angular to sub-angular shaped particles tend to interlock and to develop 

stronger (yet not necessarily stiffer) granular assemblies (figure 4.1-e). Rough angular 

particles also tend to form looser packings than round smooth particles (Cho et al. 2006), 

and can accommodate a higher volume of fine particles while maintaining a coarse 

particle matrix. Aggregate shape is also a factor in the development of stiffness 

anisotropy. Flat and elongated (i.e., eccentric) grains in unbound aggregate bases favor 

preferential particle alignment under gravity and/or compaction (figure 4.1-f). Anisotropy 

in particle orientation contributes to anisotropy in the mechanical properties of the layer 

(Kim 2004). The analysis of the α-β parameters (equation 4.1) recovered from angular 

and rounded particle mixtures under virgin loading and recompression reveal that particle 

shape does not influence the β-exponent as much as the α-factor (figure 4.2). Note that 

Cho et al. (2006) present data for virgin compression, while the results shown in figure 

4.2 correspond to the same data set but for recompression. In summary, when properly 

densified, rough and angular crushed aggregates make stronger bases with a higher 

resilient modulus (Allen and Thompson 1974; Thom and Brown 1988; Barksdale et al. 

1989; Kim et al. 2005). 

 

4.3. Available Constitutive Models 

An isotropic linear elastic material can be modeled with two elastic parameters; 

however, five parameters are required to model cross isotropic linear elastic materials. 

The stress dependent non-linear response of unbound aggregates requires more complex 

models. We seek to find the simplest and best predictive model for pavement 
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applications. The review presented here extends the comprehensive compilation 

conducted by Lekarp et al. (2000).  

Available constitutive models are summarized in table 4.2. All models attempt to 

capture the variation in the unbound aggregate stiffness in response to changes in 

confining stress (Brown and Pell 1967; Monismith et al. 1967; Seed et al. 1967; Hicks 

1970; Rada and Witczak 1981). More sophisticated expressions include the effect of the 

deviator stresses (Thom and Brown 1988; Nataatmadja 1992; Pezo 1993; Kolisoja 1997; 

Van Niekerk et al. 2002; Rahim and George 2005). The influence of other physical 

parameters such as porosity is captured explicitly (Zaman et al. 1994; Lytton 1995; 

Kolisoja 1997; Rahim and George 2005) or through the fitting parameters themselves. 

Laboratory protocols that impose independent cyclic control of confining and 

deviatoric stresses generate information-rich data that permit the determination of cross-

isotropic elastic parameters (Adu-Osei 2000; Adu-Osei et al. 2001b; Kim 2004). All 

cross-isotropic parameters can be extracted from variable confinement cyclic triaxial tests 

at multiple states of stress. Typically, the same constitutive model is selected to represent 

the axial, radial and shear moduli. In particular, the model proposed by Uzan (1985) has 

been used to model the axial, radial and shear resilient moduli of unbound aggregates in 

anisotropic pavement analyses (Tutumluer 1995; Tutumluer and Barksdale 1995; 

Tutumluer and Thompson 1997; Adu-Osei 2000; Adu-Osei et al. 2001a; Adu-Osei et al. 

2001b; Tutumluer et al. 2003; Tutumluer and Seyhan 2003; Kim 2004).  
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4.4. Model Selection 

The material model selected to capture the stress-dependent stiffness must be able 

to predict experimental measurements while satisfying physical constraints. Models with 

more parameters have more degrees of freedom and can better fit the data; this has lead to 

the development of increasingly more complex models. However, a better fit does not 

necessarily imply better prediction capability. These observations are discussed next. 

4.4.1. Guiding Criteria  

Robust model predictions start with the physically-guided selection of a good 

material model, following experimental observations and physical principles reviewed 

above. In addition, fundamental concepts from information theory must be considered 

during the selection of a robust model (details in Santamarina and Fratta 2005). In 

particular:     

1. Ockham’s Razor: “plurality should not be assumed without necessity.” The number of 

unknowns in a model should only be increased if its predictions are significantly 

more accurate for multiple data sets. If two models offer the same level of accuracy, 

the model with the least number of parameters should be favored to improve 

predictability. 

2. Physical criteria: physical insight (i.e., the resilient behavior of granular materials) 

must guide the analytical form of the model (e.g., linear, exponential, or power law), 

help in limiting the number of unknowns, and provide physical constraints to the 

range of values material parameter can take.  

3. Predictability: a properly selected and calibrated material model must predict future 

behavior. A n-1 polynomial can perfectly fit n-data points; however, high-order terms 
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provide marginal insight on the physical laws that govern the measured response. 

Conversely, lower-order polynomials follow dominant trends, filter data noise, and 

extract the most meaningful information conveyed by the data. As a result, new data 

will most likely appear closer to the low-order polynomial model predictions, 

particularly when the model is used to extrapolate beyond the range of calibration 

data (figure 4.3).  

The introduction of physically meaningless parameters in the pursuit of error 

minimization has clouded physical understanding of the material response and has lead to 

the emergence of models that have more parameters than those that can be retrieved from 

even the best instrumented laboratory tests available today. Furthermore, additional 

information, such as physical constraints, is often available and must be taken into 

consideration during model calibration. We focus on the physics-guided selection of a 

sound and robust mathematical model and the development of parameter inversion 

methods that go beyond error minimization to ensure the development of a physically 

meaningful and predictive constitutive model. 

4.4.2. Selected Model  

We want the selected constitutive model to capture (1) the Hertzian-type stress-

dependent stiffness of granular bases and (2) the skeletal softening caused by deviatoric 

loads that approach failure. The model initially proposed by Huurman (1996) and latter 

modified by Van Niekerk et al. (2002) satisfies these two fundamental criteria:  
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This non-linear elastic model consists of two stress terms and four fitting parameters, 

where po is a normalizing stress, k1 is the resilient modulus at p = po and q = 0, k2 > 0 

captures the sensitivity of the resilient modulus to the mean stress, and k3 > 0 and k4 > 0 

combine to capture skeletal softening induced by the deviator stress q in reference to the 

proximity to the failure load qf. The k2-exponent is analogous to the β-exponent in 

equation 4.1.  

4.4.3. Fitting the Model to Data – Parameter Inversion  

We invert the material parameters k1, k2, k3 and k4 based on the analysis of the 

error surface and physical constraints. In this case, the error surface exists in 5D, where 

the sum of the square errors is ∑= 2
2 ieL . Here ei is the error between the i-th measured 

and predicted value and is plotted as a function of k1, k2, k3 and k4 assumed values. We 

visualize the error surface by plotting 2D slices across the point of minimum error (min-

L2). The shape of these slices indicates the sensitivity of the fit to the variation of a 

parameter and permits the reduction of unknowns.  

Guidance for the determination of physically meaningful k2-values can be found 

in the elastic wave velocity literature where k2 ≈ 2β (refer to equation 4.1 - Kopperman et 

al. 1982, Hardin and Blandford 1989, Santamarina et al. 2001). We conclude that the 

values of k2 can range from k2= 0 for cemented soils to k2= 1.5 in soils whose response is 

strongly influenced by electrical interactions. In the case of unbound aggregates used for 

pavement bases and sub-bases, expected values can be found in the range from k2= 0 for 

cement-treated bases to 0.5 for rough/angular aggregates.      

The deviatoric stress softening effect is controlled with k3 and k4. At q = qf, the 

material reaches failure and the stress softening term reduces to 1-k3; thus, physically 
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meaningful values of k3 are in the range from k3= 0 (no-softening) to k3= 1(flow at 

failure). The k4 parameter captures the softening sensitivity of the material for a given 

deviatoric stress amplitude. Stiffness diminishes linearly with deviatoric loading if k4= 1. 

Typically, the effect of deviatoric loading is low when q<<qf and increases as the material 

approaches failure, therefore k4 > 1.  

4.4.4. Failure Conditions 

Resilient behavior is by definition elastic, yet the limiting failure strength qf is 

recognized in the model (equation 4.2). Furthermore, numerical results must be carefully 

examined to confirm that the modeled loads have caused a state of stresses within the 

aggregate base that is compatible with failure conditions. Here the Drucker-Prager failure 

criterion is applied to determine the boundary between elastic and perfectly plastic 

deformations. The failure surface f is a function of the material strength parameters, i.e., 

friction angle ϕ and apparent cohesion c. The onset of plastic deformation or failure 

surface is defined by f = 0. The material remains in the elastic regime as long as f < 0 and 

deforms plastically for f = 0. Thus, the state of stresses at failure is given by: 

pcq f φ
φ

φ
φ

sin3

sin6

sin3

cos6

−
+

−
=        4.4  

 

4.5. Calibration Examples 

The selected constitutive model is used to model published experimental results 

gathered in triaxial tests under both constant and variable confinement. 
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4.5.1. Constant Confinement Cyclic Triaxial Data Analysis 

Stress-strain data were measured using 0.30m high 0.15m diameter, well graded 

crushed Georgia granite specimens (Tutumluer 1995). The test protocol consisted on 

applying a confining pressure σc and cyclically loading the specimen in the axial 

direction up to a preselected deviatoric stress level ∆σz. The resilient modulus in the axial 

direction ERz was calculated by dividing the applied deviator stress amplitude by the 

measured axial elastic strain εz, thus: ERz = ∆σz /εz. The test was repeated at five different 

confining pressures σc under three different levels of cyclic deviator stress ∆σz each. The 

data are presented in figure 4.4 in terms of ERz versus the peak cyclic deviator stress 

q=∆σz-max.  

 The inversion of material parameters and the construction of the error surface 

were done using the L2-norm as described above. Slices of the error surface are shown in 

figure 4.5. The dotted curve is obtained by controlling k2 and optimizing k1 (while 

k3=k4=0). The relatively flat trend for the dotted line (e.g., between k2= 0.5 and k2= 0.7) 

shows a trade-off between k1 and k2. Slices of the error surface are obtained by setting k1 

constant and varying the value of k2 (continuous line) or by holding k2 constant while 

varying k1 (dashed line). The k1 and k2 values that minimize the L2 norm are shown at the 

intersection between curves in figure 4.5b. Figure 4.5c and figure 4.5d show slices of the 

error surface across min-L2; steep slopes near optimum indicate high predictability.  

Knowing the upper bound of physically meaningful values for k2, we set k2= 0.5 

and determine the corresponding value of k1= 30MPa. Having determined k1 and k2 we 

introduce the deviatoric stress factor (k3≠0, k4≠0) to fine-tune the model using a similar 
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analysis of the error surface and obtained k3=0.9 and k4=16. We call this approach 

“physically constrained optimization” (PCO).  

Alternatively, we find the set of unconstrained parameters solely on the basis of 

error minimization i.e., “min-L2” approach. The two sets of parameters are listed in table 

4.3; measured and predicted values are compared in figure 4.6. In this case, the two 

approaches provide adequate fitting of the data and parameters in min-L2 approach are 

within physically acceptable ranges. 

4.5.2. Variable Confinement Cyclic Triaxial Data Analysis 

Variable confinement cyclic triaxial test results from a 0.15m high 0.15m 

diameter well graded crushed California granite specimens are analyzed next (ICAR 502 

series - comprehensive study on anisotropic behavior of aggregates used as bases in 

flexible pavements - Adu-Osei 2000, Adu-Osei et al. 2001a, and Adu-Osei et al. 2001b). 

The ICAR protocol employs three triaxial stress regimes: triaxial compression, triaxial 

extension, and triaxial shear. The ICAR data reduction and analysis of the test results was 

conducted using a system identification algorithm that considers all the applied stresses 

and corresponding strains to invert the five cross-isotropic elastic material properties: the 

modulus in the axial direction ERz, the modulus in the isotropic plane ERp, the shear 

modulus in the anisotropic plane G*, the Poisson’s ratio in the isotropic plane υpp, and the 

Poisson’s ratio in the anisotropic plane υzp. 

We adopt the same constitutive model for ERp, ERz and G* (equation 4.2). 

Resilient axial, radial, and shear moduli data are presented in figure 4.7 as a function of 

the mean and deviatoric stress p and q. Following the analysis outlined in the previous 

section, the resulting error surface sections for the axial resilient modulus data are 
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presented in figure 4.8, for the radial resilient modulus data in figure 4.9, and for the 

shear resilient modulus in figure 4.10. The corresponding material parameters recovered 

using error minimization and the proposed physically constrained optimization are listed 

in table 4.3. A comparison of the fit quality achieved with the two methods is shown in 

figure 4.11. The following observations can be made: 

• There is a trade-off between k1 and k2 (or k5 - k6, or k9 - k10); in other words, the data 

can be fitted equally well with a “low k1 and high k2” or with a “high k1 and low k2” 

combination (figures 4.5-b, 4.8-b, 4.9-b and 4.10-b) 

• The optimal set of parameters at the min-L2 leads to k2, k6, and k10 exponents higher 

than the physically justifiable ~0.5 value. 

• When the inversion is physically constrained on exponents k2, k6, and k10, then the 

sensitivity of the deviatoric load is properly captured: (a) exponents k4, k8, and k12 are 

significantly greater than 1.0, and (b) factors k3, k7, and k11 are in the range 0≤ k ≤ 1. 

Conversely, unconstrained optimization using min-L2 leads to physically inadequate 

values. 

 

4.6. Discussion 

The complexity of a selected model in terms of number of parameters must be 

compatible with the physical behavior of the material and the richness of information 

contained in the experimental measurements used for calibration. In particular, complex 

models based on a large number of physically void parameters calibrated using inaccurate 

and/or information poor experimental measurements result in the inability of the model to 
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predict behavior, especially beyond the conditions from which it was originally 

developed.  

The analysis of the error surface shows that the selection of parameters merely on 

the basis of numerical error optimization and min-L2 is unjustified given that multiple 

sets of values give similarly good fits within the data range. Physical understanding of the 

material behavior must be used to guide model selection and to constrain model 

parameters. The two crushed granite samples analyzed above showed strikingly similar 

ERz-p response (figure 4.12-a). Yet, independent analyses of the experimental data 

reported in the original studies (Tutumluer 1995; Adu-Osei et al. 2001b) resulted in very 

different constitutive parameters while using the same constitutive model, as summarized 

in table 4.4. The calibrated constitutive models using error minimization provide an 

excellent fit to each of the individual data sets; however, this does not imply that the 

calibrated models are capable of accurately predicting material behavior beyond the 

tested conditions. In particular, figure 4.12-b shows the predicted material response and 

the data range, in comparison to the stress range in a conventional flexible pavement and 

in an inverted base pavement. Predictions based on the model and parameters in table 4.4 

and the model in equation 4.2 (PCO parameters in table 4.3) are very similar when the 

mean stresses is below 180kPa; however, at higher stresses, which are typical in inverted 

base pavements, predictions diverge considerably. The onset of divergence in the 

predictions coincides with the highest mean stress tested in the laboratory 

characterization of the aggregate.   
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4.7. Conclusions 

  The blind use of error minimization algorithms in combination with constitutive 

models with a large number of parameters that lack physical meaning hamper the ability 

of available models to predict material behavior beyond the range of stresses used during 

characterization. 

A comprehensive understanding of the resilient behavior of granular materials has 

been used to guide the selection of a robust constitutive model (equation 4.2) capable of 

reproducing the non-linear resilient response of unbound aggregate layers under loading. 

The selected model captures the effect of mean stress and skeletal softening when 

deviatoric loads approach failure.  

Fundamental concepts in information theory have been used to develop a robust 

inversion method for the material parameters based on the L2 error surface analysis. 

Value selection is guided by physical constraints to improve predictability. We conclude 

that the values of k2 can range from k2 = 0 for cement-treated bases to k2 ≈ 0.5 for 

rough/angular aggregates. The deviatoric stress softening effect is controlled with k3 and 

k4. Physically meaningful values of k3 are in the range from k3= 0 (no-softening) to k3= 1 

(flow at failure). The k4 parameter captures the softening sensitivity of the material for a 

given deviatoric stress amplitude. The effect of deviatoric loading increases as the 

material approaches failure, therefore k4 > 1. 

 The selected constitutive model is calibrated following the proposed physically 

constrained optimization method to capture the experimental response of two crushed 

granite aggregates from different geographic locations, and characterized using different 

laboratory test protocols in independent studies. While published predictions are adequate 
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for stress levels within the range of the experimental data, predicted values for the stress 

range relevant to inverted pavements can deviate in almost 100% or more depending on 

the selected model and inversion approach. 

.   
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Table 4.1 Notation 

γ :  Total unit weight 

γw :  Water unit weight 

γd :  Dry unit weight 

Ψ :  Suction induced stress 

ϕ:  Friction angle  

τoct :  Octahedral shear stress 

υ :     Poisson’s ratio 

ω :    Volumetric water content 

ER :  Resilient modulus 

ki :  Model parameters (i =1,2,3,…) 

G : Shear modulus  

σ1 :    Major principal stress 

σ3 :    Minor principal stress 

R :         Stress/strength 

p :   Mean normal stress 

po :  Normalization stress 

q :  Deviatoric stress 

qf  :  Deviatoric stress at failure 

J2 :  Second deviatoric stress invariant  

w :  Gravimetric water content 

hm :  Matric suction 

n :  Porosity 

nmax :  Maximum porosity 

#200:  Fraction of aggregate smaller than 75µm 

Cu :  Coefficient of uniformity 

C :  “Cohesion” 

S :  Degree of saturation 

EC :       Compaction energy 

 
 
Stress functions: 
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Table 4.2 Review of available constitutive models (see table 4.1 for notation). 

Models References 
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Material Parameter k1 [MPa]       Exponent k2 [ ]   
Silty sands 11.2 (±5.4) 0.62 (±0.13) 
Sand gravel 30.9 (±29.7) 0.53 (±0.17) 
Sand blend 30.0 (±18.1) 0.59 (±0.13) 
Crushed stone 49.7 (±51.7) 0.45 (±0.23) 
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Table 4.3 Comparison of results from material parameter inversion methods. Data 

reported in the literature for crushed Georgia and California granite are used to calibrate 

selected models following the proposed physically constrained optimization method 

(PCO) and least-squares inversion (“min-L2”). See table 4.1 for notation.  

Material Model 
Model Parameters 

PCO “min L 2” 

Crushed Georgia 

granite (data in 

Tutumluer 1995) 

Non-linear isotropic elasto-plastic: 
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k4 = 6 
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k6 = 0.5 
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k8 = 16 

k9 =8.5 

k10 = 0.5 

k11 = 0.9 

k12 = 15 

νpp= 0.37 

νzp=0.17 

ϕ= 40 

L2 = 110MPa 

k1 = 8MPa 

k2 = 0.901 

k3 = 0.79 

k4 = 0.15 
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k6 = 0.67 

k7 = -1.27 

k8 = 2.08 

k9 = 0.3MPa 

k10 = 0.793 

k11 = -4.89 

k12 = -0.1 
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νzp=0.17 

ϕ= 40 
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Table 4.4 Material parameters for crushed granite aggregates recovered from error 

minimization algorithms. Complete material characterization data can be found in the 

original references. See table 4.1 for notation. 

Material / Reference Model 
Material 

Parameters 

Crushed Georgia granite - axial 

resilient modulus data from 

constant confinement triaxial 

test (Tutumluer 1995) 

Non-linear elastic: 
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Figure 4.1 Fundamental concepts in granular materials that influence the resilient 

behavior of unbound aggregate bases. 

 
 

 

Figure 4.2 Effect of particle shape on the stiffness-stress material parameters under virgin 

loading and reloading (data from Cho et al. 2006). The alpha and beta parameters fit the 

model presented in equation 4.1 (also shown in the insert). 

(a) Grain size distribution (b) Hertzian contact deformation
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Figure 4.3 The simulated data corresponds to the equation of motion for an accelerating 

body, x= ½at2 with random noise. The second and sixth order polynomial coefficients are 

determined by fitting to the black points. New data are shown as hollow points. Original 

figure from Santamarina and Fratta (2005).     
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Figure 4.4 Cyclic triaxial at constant confinement test results for crushed granite 

aggregate (data from Tutumluer 1995). The axial resilient modulus Ez is plotted (a) 

against the peak mean stress p=(3σc+∆σv) and (b) the peak deviatoric stress q=∆σv.   
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Figure 4.5 Error surface sections obtained while fitting equation 4.2 to axial resilient 

modulus Ez data in Tutumluer (1995). The optimum values for k1and k2 are selected by 

error minimization keeping k3=k4=0. The 4 plots show: (a) the error surface in three 

dimensions, (b) the analyzed errors in k1–k2 space (min-L2 plots at the intersection), (c) a 

slice of the error surface in the k2-plane, and (d) a slice of the error surface in the k1-

plane.  
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Figure 4.6 Predictions based on the parameters obtained from min-L2 optimization 

(dashed line) and physically constrained optimization PCO (continuous) compared 

against the measured experimental data. The data are from Tutumluer (1995) and the 

fitted model is presented in equation 4.2. The axial resilient modulus Ez is plotted (a) 

against the peak mean stress p=(3σc+∆σv) and (b) the peak deviatoric stress q=∆σv.   

 

 

Figure 4.7 Cyclic triaxial under variable confinement. Data for crushed granite aggregate 

from Adu-Osei et al. (2001b). The axial Ez, radial Er, and shear G* resilient moduli are 

plotted (a) against the mean stress p=(σ1+2σ3) and (b) the deviatoric stress q=σ1-σ3.   
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Figure 4.8 Error surface sections obtained while fitting equation 4.2 to axial resilient 

modulus Ez data in Adu-Osei et al. (2001b). The optimum values for k1and k2 are selected 

by error minimization keeping k3= k4=0. The 4 plots show: (a) the error surface in three 

dimensions, (b) the analyzed errors in k1–k2 space (min-L2 plots at the intersection), (c) a 

slice of the error surface in the k2-plane, and (d) a slice of the error surface in the k1-

plane.   

 
 

(b)

(c) (d)

(a)

0

200

400

600

20 40 60 80 100

E
rr

o
r 

L
2

-n
o

rm
[M

P
a

]

Parameter k1 [MPa]

0

200

400

600

0.4 0.5 0.6 0.7 0.8 0.9

E
rr

o
r 

L
2

-n
o

rm
[M

P
a

]

Exponent k2 [ ]

E
rr

o
r 

L
2
-n

o
rm

 [
M

P
a

]

0.4

0.5

0.6

0.7

0.8

0.9

20 40 60 80 100

E
xp

o
n

e
n

t 
k

2
[ 

]

Parameter k1 [MPa]

L2= 68MPa

L2= 76MPa

L2= 94MPa

L2= 120MPa

L2= 76MPa



 75

 
 

Figure 4.9 Error surface sections obtained while fitting equation 4.2 to radial resilient 

modulus Er data in Adu-Osei et al. (2001b). The optimum values for k1and k2 are selected 

by error minimization keeping k3= k4=0. The 4 plots show: (a) the error surface in three 

dimensions, (b) the analyzed errors in k1–k2 space (min-L2 plots at the intersection), (c) a 

slice of the error surface in the k2-plane, and (d) a slice of the error surface in the k1-

plane.   
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Figure 4.10 Error surface sections obtained while fitting equation 4.2 to shear resilient 

modulus G* data in Adu-Osei et al. (2001b). The optimum values for k1and k2 are 

selected by error minimization keeping k3= k4=0. The 4 plots show: (a) the error surface 

in three dimensions, (b) the analyzed errors in k1–k2 space (min-L2 plots at the 

intersection), (c) a slice of the error surface in the k2-plane, and (d) a slice of the error 

surface in the k1-plane.   
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Figure 4.11 Predictions based on the parameters obtained from min-L2 optimization 

(dashed line) and physically constrained optimization PCO (continuous) compared 

against the measured experimental data. The data are from Adu-Osei et al. (2001b) and 

the fitted model is presented in equation 4.2. The axial Ez, radial Er, and shear G* 

resilient moduli are plotted (a) against the mean stress p=(σ1+2σ3) and (b) the deviatoric 

stress q=σ1-σ3.   
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Figure 4.12 Comparison of axial elastic resilient modulus predictions for well graded 

crushed granite based on the models and parameters documented in the literature and the 

proposed model and parameter reduction method. (a) data reported by Tutumluer (1995) 

and Adu-Osei (2001b) and (b) comparison of behavior predictions made based on the 

reported models and material parameters (table 4.3) and the selected model (equation 4.2) 

and the proposed physically constrained material parameter inversion method (PCO table 

4.3). The range of traffic induced mean stresses expected for conventional flexible 

pavements and inverted base pavement structures are shown for reference. 
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CHAPTER 5 

NUMERICAL SIMULATION OF INVERTED BASE PAVEMENTS 

 

5.1. Introduction 

Pavement analysis and design following the AASHO road test (1956-1961) 

combines mechanistic theories and empirical relationships. Layered linear and non-linear 

elasticity concepts guided the development of the AASHTO 1972 interim design guide 

and its subsequent 1993 revision. More recently, underlying concepts are explicitly 

recognized in the latest mechanistic-empirical pavement design guide developed under 

the NCHRP project 1-37A (2002). In this guide, pavement structures are analyzed in two 

steps. First, the structural response is determined using mechanistic and constitutive 

material models developed from as-built layer properties, the key results from this 

analysis are horizontal tensile strains at the bottom/top of the bounded aggregate layers 

and compressive vertical stresses within the unbound layers. Then, these values are used 

as input parameters to distress prediction models based on accumulated empirical field 

data from which the expected pavement life is determined (ERES 2004; Kim 2008).  

Inverted base pavements consist of an unbound aggregate base confined by a stiff 

cement treated sub-base and a thin asphalt cover. Large cyclic stresses develop within the 

unbound aggregate layer under service loading, which translate into large variations in 

the resilient modulus of the material. Linear elastic analysis cannot accommodate the 

stiffness-stress dependency of unbound aggregate layers, and yield erroneous stress and 

strain predictions in inverted base pavement structures.  
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The analysis of pavement structures using the finite element method facilitates the 

incorporation of complex constitutive models that appropriately capture the non-linear 

behavior of unbound aggregate layers. The use of finite elements in the analysis of 

pavement structures started in the 1960’s and evolved into codes such as GAPPS7, 

SENOL, ILLI-PAVE, MICH-PAVE, FENLAP, and GT-Pave (Shifley and Monismith 

1968; Raad and Figueroa 1980; Brown and Pappin 1981; Barksdale et al. 1989; 

Harichandran et al. 1990; Brunton and De  Almeida 1992; Tutumluer 1995; Park and 

Lytton 2004). Selected numerical studies summarized in table 5.1 show that codes have 

been developed for the specific conditions, applicable to conventional flexible pavement 

structures. 

Various general-purpose finite element analysis packages offer the versatility 

needed for the study of inverted pavements. In particular, the general-purpose finite 

element program ABAQUS has been used to study pavement conditions such as multiple 

wheel loads, unbound aggregate non-linear behavior, and anisotropy (Chen et al. 1995; 

Cho et al. 1996; Hjelmstad and Taciroglu 2000; Sukumaran et al. 2004; Kim et al. 2009). 

Yet, available built-in material models are not suitable to capture the resilient behavior 

exhibited by unbound aggregate layers. 

This chapter documents the development of an ABAQUS-based code to analyze 

the response of inverted base pavements, including the numerical implementation of a 

robust constitutive model for the unbound aggregate layer. The code is used to guide the 

selection of the domain size, to reveal the implications of simplifying assumptions, and to 

illustrate key differences in the mechanical performance between inverted base and 

conventional flexible pavements.  
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5.2. Pavement Materials: Behavior and Modeling 

 

5.2.1. Asphalt Concrete 

The stress-strain behavior of asphalt concrete is determined by the loading 

frequency, duration and amplitude, temperature, stress state, aging, and moisture (Abbas 

et al. 2004). Asphalt concrete deforms slowly and permanently at low strain rates and 

high temperatures, and becomes stiffer and brittle at high strain rates and low 

temperatures (Kim 2008). The tensile strength and strain at failure depend on both 

temperature and the fraction of air filled void space. Asphalt concrete strength values 

reported vary between 3.6 to 5.4MPa at -10°C and 0.9 to 1.6MPa at 21°C; the strain at 

failure is in the order of 1×10-4 to 3×10-3 (Underwood et al. 2005; Kim 2008; Richardson 

and Lusher 2008). Aggregate shape and compaction during construction result in inherent 

and stress-induced anisotropy; thus, asphalt concrete exhibits cross isotropic material 

properties (Underwood et al. 2005). The response of asphalt concrete to service load can 

be represented by a visco-elasto-plastic model (Uzan 2005; Kim et al. 2008).  

5.2.2. Cement-Treated Base 

The long term behavior of lightly cemented aggregate bases exhibits three 

distinctive stages: (1) pre-cracked phase, (2) the onset of fatigue cracking, and (3) 

advanced crushing. During the pre-cracked phase, the layer behaves as a slab with 

horizontal plane dimensions larger than the layer thickness; the elastic modulus during 

this stage corresponds to that measured immediately after construction of the pavement 

structure. At the onset of fatigue cracking, the initial elastic modulus reduces rapidly as 

the layer brakes down into large blocks with dimensions in the horizontal plane in the 
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order of magnitude of the layer thickness. Finally in the advanced crushing state, the 

layer reduces to a granular equivalent with blocks smaller than the layer thickness. At this 

stage the originally cemented aggregate now behaves non-linearly and with stress-

dependent stiffness alike an unbound aggregate (Theyse et al. 1996; Balbo 1997). This 

evolution in mechanical behavior of the cement-treated base results in rearrangement of 

stresses and strains within the entire pavement structure. Therefore, while deterioration of 

the cemented aggregate itself is not considered a critical mode of distress, it has serious 

implications on the distress evolution of more critical layers, specially the asphalt 

concrete layer.     

5.2.3. Unbound Aggregate Base and Subgrade Layers 

Unbound aggregates exhibit inherently non-linear behavior (refer to detailed 

review in chapter 4). Typically, plastic deformations decrease with the number of load 

repetitions until only elastic strains are present in the material response, i.e., shake-down. 

The resilient modulus is defined as the ratio of the cyclic stress amplitude to the 

recoverable elastic strain. Experimental studies have established that the resilient 

response of the granular base is controlled by stress level, density, gradation, particle 

size, maximum grain size, moisture content, stress history, load duration, and load 

frequency.  

The state of stresses has the most significant effect on the resilient response of 

unbound aggregate bases. In the shake-down regime, the resilient modulus increases with 

the bulk stress and decrease slightly with increasing amplitude of the repeated deviator 

stress (Morgan 1966; Hicks and Monismith 1971; Smith and Nair 1973). Dense granular 

assemblies have high coordination number which lowers the average inter-particle 
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contact stress under loading. Lower inter-particle contact stresses lead to less grain 

deformation at contacts which in turn results in higher resilient modulus (Trollope et al. 

1962; Hicks 1970; Robinson 1974; Rada and Witczak 1981; Kolisoja 1997). Density 

effects are more evident at low values of the mean normal stress (Barksdale and Itani 

1989). The stiffness of unbound aggregate layers is also affected by capillary forces 

(Dawson et al. 1996). 

The unbound aggregate base stiffness increases with the fines fraction until the 

granular skeleton becomes fines-dominated; thereafter, the resilient modulus reduces 

considerably as the mechanical performance is controlled by the fine aggregate properties 

(Jorenby and Hicks 1986). Crushed aggregates are characterized by rough angular 

particles that tend to interlock leading to stronger and stiffer granular assemblies when 

properly compacted (Allen and Thompson 1974; Thom and Brown 1988; Barksdale et al. 

1989; Kim et al. 2005). Aggregate shape controls the inherent anisotropy of the unbound 

aggregate base (Pennington et al. 1997).   

    

5.3. Numerical Simulator 

The development of the numerical simulator is described in this section.  

5.3.1. User-Defined Material Subroutine 

A cross-isotropic non-linear elastoplastic material model is implemented in 

Fortran and inserted as a subroutine in the commercial finite element software ABAQUS. 

The subroutine is called at Gaussian points of elements that the user defines with this 

material behavior. ABAQUS inputs initial stresses, strains, state variables, and the 

current strain increment at the beginning of each computation time. The subroutine 
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updates the stresses and solution-dependent state variables and provides the material 

stiffness matrix (Simulia 2007). 

The notation used in this manuscript follows. Underlined lower case letters denote 

2nd order tensors, e.g. ijaa =
−

, here the 2nd order tensor ijδ=
−
1  is the kronecker delta. 

Underlined upper case letters denote 4th order tensors e.g., ijklAA=
−

, here the 

( ) 2/jkiljlikI δδδδ +=
−

 is the unit 4th order tensor. The symbol ‘:’ denotes the inner product 

of two tensors; thus, ijij baba =
−−

: , 31:1 ==
−− ijij δδ , and klijkl aAaA =

−−
: . Finally, the symbol 

⊗  denotes the juxtaposition of two tensors e.g., klijbaba =⊗
−−

. 

The constitutive equations in linear elasticity are represented by the generalized 

Hooke’s law which can be expressed as σ =De:ε, where σ = σij is the stress tensor, ε = εij 

the strain tensor and De = De
ijkl  is the fourth order material stiffness tensor. In cross-

isotropic materials the elastic properties in any direction within the plane perpendicular to 

a certain axis of symmetry are all the same. Consequently, the stiffness matrix reduces to:  
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where ( ) pzpppz EEA 221 νν −−= , Ep is the Young’s modulus in the isotropic plane p, Ez is 

the Young’s modulus in the z-direction normal to the isotropic plane, G* is the shear 

modulus in the z-p plane, νzp is the Poisson’s ratio for stress applied in the z-direction 

inducing strains in the p-direction, νpp is the Poisson’s ratio for stress applied in a p-

direction inducing strains in the p-plane. 

We incorporate the model proposed by Van Niekerk et al. (2002) to capture the 

unbound aggregate non-linear resilient elastic behavior (see details in chapter 4) 
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and p is the mean stress, q the deviatoric stress, qf is the deviatoric stress at failure, and ki 

are material parameters. The proposed user-defined material subroutine combines cross-

isotropic non-linear elasticity and the Drucker-Prager failure criterion to fully 

characterize the unbound aggregate mechanical response. The plastic behavior is 

incorporated in the user-defined material subroutine through a continuum tangent 

modulus formulation. The derivation of the stress-strain relationship and the 

determination of the stress increment caused by a given strain increment follows: 
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(1) The stress increment σ& , is defined in terms of the elastic strain increment eε&  and the 

elastic stiffness tensor eD  according to: 

( )peep DD εεεσ &&&& −== ::    

(2) The Drucker-Prager failure criterion is applied to determine the boundary between 

elastic and perfectly plastic deformations. Note that the failure surface f is a function of 

the material strength parameters, i.e., friction angle ϕ and apparent cohesion c. The onset 

of plastic deformation or failure surface is defined by f = 0. The material remains in the 

elastic regime as long as f < 0 and deforms plastically for f = 0. Thus, the state of stresses 

at failure is given by: 

( ) 0=+−= χξ pqf   where 
φ

φξ
sin3

sin6

−
=  and c

φ
φχ

sin3

cos6

−
=

 

( ) 0
3

2
' =+−= χξσ pf

 

(3) The plastic deformation on the failure surface is determined by the plastic potential 

function, g. If the plastic potential function g is equal to the failure function f, the material 

is said to follow an associated flow rule, otherwise the material follows a non-associated 

flow rule. The plastic potential function is given by: 

( ) 0
3

2
' =−= ∗ pg ξσ

  
where  

δ
δξ

sin3

sin6

−
=∗

 

The parameter ξ*  defines the rate of mobilized plastic volumetric strain in relation to the 

driving deviator strain, and it is a function of the dilation angle δ. Plastic strain 

increments are related to the plastic potential at the state of stresses on the failure surface; 

thus: 
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where the scalar multiplier λ&  represents a plastic strain increment in the direction normal 

to the plastic potential function.  

(4) The consistency condition limits the stress state to remain on the failure surface 

during plastic deformation, never outside. This facilitates the determination of an 

expression for the scalar multiplier λ&

 

from the differential form of the failure surface: 

 ( ) 0:1
33

2
: =










−=

∂
∂= σξσ
σ

σ &&& n
f

f  

( ) 0:::1
33

2 =−









− pee DDn εεξ &&  

The scalar multiplier can be determined based on the given strain increment by: 
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(5) Finally, the elastoplastic stress-strain relationship is given by: 
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5.3.2. Mesh Generation and Element Selection 

Simple models of the wheel load as a uniformly distributed pressure over a finite 

area cause an abrupt discontinuity in the stress field at the periphery of the loaded area. A 

fine mesh size is used in the vicinity of the load discontinuity to appropriately resolve the 

large stress gradients in this zone. The magnitude of stress and strain gradients decreases 

away from the load boundary where larger elements are used to optimize computation 

time without compromising resolution. The mesh used in the simulations is shown in 

figure 5.2. The 3D-axisymmetric analysis of the pavement structure is conducted using 8-

node bi-quadratic axisymmetric quadrilateral elements with reduced integration 

(ABAQUS-CAX8R type).  

5.3.3. Code Verification  

The verification of the user-defined material subroutine is done by comparison 

with existing models including Boussinesq closed form solution, standard ABAQUS 

material models, and published data from available multi-layered linear elastic pavement 

analysis software packages. Note that the implemented cross isotropic non-linear material 

model reduces to linear elasticity by using appropriate input parameters (table 5.2). The 

geometric parameters and loads summarized in table 5.2 refer to the dimensions and 

distributed loads shown in figure 5.1-a. Parameters for non-linear analyses are extracted 

by fitting constant confinement cyclic triaxial test data using the model and ABAQUS.  

Isotropic linear elasticity: we model a 103kPa uniformly distributed load over a 

circular area of r=0.127m diameter on an isotropic linear elastic material with E=200MPa 

and a ν=0.3. Boussinesq and numerical predictions superimpose as shown in figure 5.3-a.  
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Multi-layered isotropic linear elasticity: A conventional flexible pavement 

structure (figure 5.1-a) is modeled using isotropic linear elastic properties to match the 

simulations by Tutumluer (1995). Young’s modulus and Poisson’s ratio values for the 

different layers are presented in table 5.2. Predicted vertical stresses along the centerline 

caused by a 103kPa uniformly distributed load favorably compare to predictions made 

with KENLAYER and GT-Pave (data from Tutumluer 1995) in figure 5.3-b (note: 

apparent discrepancies between KENLAYER and GT-Pave are in part due to data 

digitization from published plots).  

Multi-layered cross isotropic linear elastic: Predictions using the new code for 

cross-isotropic linear behavior are compared to published results obtained with GT-Pave 

in figure 5.3-c. The asphalt concrete and the subgrade are modeled as isotropic linear 

elastic layers using the same properties as in figure 5.3-b. The unbound aggregate layer is 

modeled as a cross-isotropic liner elastic layer (parameters in table 5.2). Values were 

selected to replicate Tutumluer’s analysis and are not necessarily representative of a real 

unbound aggregate layer. Once again, there is close agreement between reported 

predictions and our model predictions. 

Summary: the three verification studies show that the predictions made using the 

proposed user-defined material model subroutine compare favorably with the closed form 

solution and established multi-layered linear elastic isotropic and cross-isotropic 

simulators. These results verify the implementation of the new code.        

5.3.4. Model Calibration 

Constant confinement cyclic triaxial test results reported in Tutumluer (1995) for 

a crushed Georgia granite aggregate are used to assess the ability of the model to 
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reproduce the physical response of unbound aggregate layers. Tests were conducted at 

five different cell pressures and three deviatoric stress increments for each cell pressure. 

The procedure followed for the determination of the constitutive model ki-parameters was 

described in chapter 4 and values are summarized in table 5.2. There is very good 

agreement between numerical model predictions and the experimental data, as shown in 

figure 5.4. 

5.3.5. Domain Size and Boundary Conditions      

A large number of numerical and experimental studies show that zero 

displacement boundaries must be at a distance R and depth t much greater than the radius 

of the contact area r, typically   R > 20r and t > 140r to minimize boundary effects (see 

for example Kim 2007 and Kim et al. 2009). Note however, that the distance between the 

wheel path and the pavement edge can be as short as R ≈ 4r in the field. Furthermore, 

nearby rock can impose a rigid vertical boundary considerably closer than the prescribed 

t > 140r.  

We conducted a numerical investigation of boundary effects on the predicted 

mechanical response of an inverted pavement structure. Following the recommendations 

of the guide for mechanistic-empirical design of new and rehabilitated pavement 

structures (ERES 2004), we use a 550kPa tire contact pressure spread over a circular area 

of radius 0.15m. The dimensions and material properties of individual layers are 

summarized in table 5.3.  The pavement section is modeled using a 3D axisymmetric 

mesh that replicates the geometry of the inverted base pavement structure shown in figure 

5.1-b. We assumed no-slip at the interfaces between layers.  Results presented in figure 

5.5 show the sensitivity of critical design parameters including effects on maximum 
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tensile strains in the asphalt concrete and cement treated sub-base, and maximum vertical 

compressive stresses in the unbound aggregate base and subgrade to variations in the 

horizontal domain R/r. Note that the cemented aggregate layers are not constrained in the 

transverse direction at the edges of pavement structure. The fill at the edges of a road 

may at best provide lateral constraint leading to compression but never to the 

development of tensile stresses. The influence of the lateral boundary was assessed by 

imposing a zero lateral displacement boundary along the edge of the model for all layers, 

figure 5.5-a,c, and only along the unbound aggregate base and subgrade layers, figure 

5.5-b,d. There are only minor differences in the magnitude of the parameters studied. The 

domain size study shows clear and consistent trends for both boundary types. Boundary 

effects are minimal when R/r > 20; however, there is a 30% difference in predicted 

maximum tensile strains in the cement-treated base and a 15% difference in the predicted 

maximum compressive stress in the subgrade between R/r =10 to 50.  

 

5.4. Simulation Studies and Results 

Three simulation studies are conducted to determine the mechanical performance 

of an inverted base pavement structure, to study the impact of simplifying assumptions, 

and to identify an equivalent conventional flexible pavement structure for a pre-selected 

inverted base pavement. 

5.4.1. Mechanical Performance of an Inverted Base Pavement Structure 

This simulation study is conducted to determine the mechanical response, stresses 

and strains, of the inverted base pavement structure depicted in figure 5.1-b (layer 

thicknesses in figure 5.6). Following the findings on domain size reported above, we 
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model the load on the pavement as a 550kPa tire contact pressure spread over a circular 

area of radius r = 0.15m with a domain size R=10r = 1.50m. Material properties and layer 

thicknesses are summarized in table 5.3. The pavement structure is modeled using a 3D 

axisymmetric edge biased mesh, with zero-lateral-displacement boundaries at the edge of 

the pavement, zero-vertical-displacement at the foundation of the structure, and no-slip 

between the layers (figure 5.2).     

The resulting vertical, radial and shear stress distributions along the centerline and 

under the wheel-edge are presented in figure 5.6. Vertical stresses along the centerline 

and the wheel-edge are compressive throughout the full depth of influence of the load, 

and become negligible within the cement-treated base. Radial stresses along the 

centerline and wheel-line for the asphalt concrete and cement-treated base layers range 

from compression at the top to tension at the bottom. Both vertical and radial stresses in 

the unbound aggregate base remain in compression for the full depth of the layer (in 

agreement with Mohr-Coulomb behavior). Shear stresses are zero along the centerline 

and reach maximum values along the wheel-edge. The maximum shear stress along the 

wheel-edge occurs within the asphalt concrete layer. 

Radial slices of the vertical stress field are shown at multiple depths in figure 5.7-

a. The vertical stress caused by the wheel load diminishes with depth to the point that the 

peak vertical stress on the subgrade is less than 4.5% of the vertical stress applied on the 

surface. Slices of the horizontal and shear stress fields at different depths are presented in 

figure 5.7-b,c. Radial tensile stresses in the asphalt layer are greatest along the bottom of 

the layer, reaching a maximum at the load centerline. Tensile stresses at the bottom of the 

cement-treated base also reach a maximum at the centerline. The shear stresses along the 
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asphalt concrete surface show a peak at the wheel-edge where there is a large 

discontinuity in vertical stresses. In the unbound aggregate layer, shear stresses increase 

slightly with depth along the wheel-edge. The cement-treated base considerably reduces 

the wheel induced shear stresses on the subgrade.       

5.4.2. Linear Elastic Unbound Aggregate Layer Modeling Implications  

The layer stiffness decreases with depth in conventional pavement structures. The 

use of linear elastic models for such a structure results in the prediction of tensile stresses 

at the bottom of the asphalt concrete layer, the unbound aggregate base and the sub-base. 

However, unbound aggregates are incapable of sustaining tensile stresses. The 

shortcomings of layered linear elasticity have stimulated the development of complex 

unbound aggregate material models and their implementation in the analysis of 

conventional flexible pavement structures with finite elements.  

The linear elastic analysis of the modeled inverted base pavement structure does 

not predict tensile stresses in the unbound aggregate base along the centerline. The 

stiffness profile characteristic of inverted pavement structures results in the development 

of compressive stresses along the full thickness of the unbound aggregate base.  

In order to determine the implications of using simple linear elastic models to 

characterize the unbound aggregate base in the analysis of an inverted base pavement 

structure we compare the results of the non-linear unbound aggregate inverted base 

pavement model (NLEP) studied in section 5.4.1. with a linear elastic model for the 

unbound aggregate base, using two values of the elastic modulus: a minimum value of 

230MPa (LE1 model) corresponding to the in-situ measured unloaded unbound aggregate 

base stiffness, and a maximum value of 500MPa (LE2 model) corresponding to the 
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model predictions for the state of stresses at mid-depth in the unbound aggregate base 

under the 550kPa wheel load. The results of the three analyses are shown in figure 5.8; 

differences between linear and non-linear analyses follow: 

1. The maximum tensile strain at the bottom of the asphalt concrete layer is under-

predicted by 44% when using the maximum elastic modulus and by 11% when 

using the minimum elastic modulus. 

2. The maximum tensile strain at the bottom of the cement-treated base is under-

predicted by 11% when using the maximum elastic modulus and by 6.4% when 

using the minimum elastic modulus. 

3. The maximum compressive stress on the unbound aggregate base is over-

predicted by 34% when using the maximum elastic modulus and by 7.3% when 

using the minimum elastic modulus. 

4. The maximum compressive stress on the subgrade is over-predicted by 130% 

when using the maximum elastic modulus and under-predicted by 5% when using 

the minimum elastic modulus. 

Differences in tensile strains at the bottom of the asphalt concrete layer are of particular 

concern. Overall, these results suggest the low range stiffness values should be selected if 

linear elastic models are considered for pre-design.  

 

5.4.3. Equivalent Conventional Flexible Pavement Study  

The structural number SN of a flexible pavement structure of i-layers is given by 

(detail in AASHTO 1972 and ASHTO 1993):  

∑=
i

ii taSN    
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where ai and ti are the structural layer coefficient and thickness of layer i. Structural layer 

coefficients are obtained from either tabulated values or empirical correlations, and 

remain constant for a given material. If the structural layer coefficients are known, the 

layer thicknesses may be varied in order to obtain flexible pavement structures of 

equivalent structural number. The structural number reflects the relative stiffness between 

layers and values for conventional flexible pavement structures cannot be applied to 

inverted base pavements. We use successive forward simulations to identify a 

conventional flexible pavement of similar mechanical performance to the inverted section 

studied in section 5.4.1. The simulation assumes that the material properties of individual 

layers are the same in the conventional and inverted base sections (table 5.3).     

The mechanical response is compared in terms of the critical design parameters 

for fatigue failure analysis (i.e., maximum tensile strain at the bottom of the asphalt 

concrete) and rutting failure analysis (i.e., maximum vertical stress on the subgrade). The 

mechanical response of the studied inverted base pavement and three conventional 

flexible pavement sections are compared in figure 5.9. To facilitate the comparison, we 

keep the thickness of the unbound aggregate base constant in all the conventional 

pavement structures. Simulation results show that a conventional pavement section with 

asphalt concrete thickness tAC= 0.15m, and an unbound aggregate base thickness 

tUAB=0.3m sustains similar maximum tensile strain in the asphalt concrete layer as the 

inverted pavement. Furthermore, the inverted pavement is more efficient in redistributing 

the vertical compressive stresses transferred to the subgrade.     
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5.5. Discussion 

Boundary conditions in the field. The proximity of the wheel to the road often 

creates a range of physically meaningful domain sizes between R/r = 5 to 10. Results in 

figure 5.5 show that simulations with a domain size R/r ≥ 20 can lead to a ~140% 

underestimation of the maximum compressive stress in the subgrade, a ~60% 

overestimation of the maximum tensile strain in the cement-treated base, and a ~6% 

overestimation of the maximum tensile strain in the asphalt concrete layer. Consequently, 

predictions made using R/r ≥ 20 would underestimate subgrade rutting, the fatigue 

resistance of the cement-treated base and the fatigue life of the asphalt concrete layer. 

Mechanical performance. The vertical stress profile presented in figures 5.7-a 

shows that the compressive vertical stresses along the centerline from the applied wheel 

load on top of the asphalt concrete, to the top of the cement treated sub-base decreases by 

190/550kPa. The maximum tensile radial stresses at the bottom of the asphalt concrete 

and of the cement-treated base show a 350/1300kPa reduction in figure 5.7-b. The 

maximum tensile stress in the asphalt concrete layer (figure 5.6) is a source of concern as 

it approaches the reported tensile strength for the material:  values of tensile strength 

consistent with the selected asphalt concrete Young’s modulus range between 2400 and 

3500kPa (Richardson and Lusher 2008). Thus, according to the predictions, the layer 

mobilizes tensile stresses between 0.4 and 0.5 of the material tensile strength for the 

simulated load. The predicted maximum tensile strain 2.3×10-4 is in the range measured 

for inverted base pavement test sections built with similar materials and geometry 

(2.6×10-4~3.4×10-4 - Tutumluer and Barksdale 1995), and resembles the strain level in a 

conventional flexible pavement with an asphalt concrete layer twice as thick. 
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Linear elastic unbound aggregate material models. The stiffness profile 

characteristic of an inverted pavement structure prevents the generation of tensile stresses 

in the unbound aggregate base regardless of the material model assigned to the unbound 

aggregate base (linear or non-linear elastic). Yet, a preliminary analysis using linear 

elastic models is unwarranted. A linear elastic analysis based on the maximum expected 

modulus yields conservative subgrade and unbound aggregate base rutting predictions, 

but un-conservative asphalt concrete and cement-treated base fatigue predictions. 

Similarly, a linear elastic analysis based on the minimum expected stiffness produces un-

conservative asphalt concrete and cement-treated base fatigue and unbound aggregate 

base and subgrade rutting predictions 

Equivalent section. Limited comparative results of equivalent sections show a 

superior performance of the inverted base pavement in terms of subgrade rutting 

prevention (lower peak vertical stress on the subgrade) for the same maximum tensile 

strain in the asphalt concrete layer (i.e., equal fatigue life). However, thin asphalt 

concrete layers are prone to shear failure and top-down cracking due to the stresses along 

the wheel-edge.  

The unbound aggregate material properties will not be the same in inverted and 

conventional flexible pavement structures. The aggregate base in inverted base 

pavements can reach high density because of the support provided by the stiff cement-

treated base during compaction. Therefore, the as-built unbound aggregate base in an 

inverted pavement structure may exhibit higher stiffness and lower long-term stiffness-

degradation than the aggregate base in a conventional flexible pavement.  
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It follows from this discussion that: the material parameters used to model the 

unbound aggregate base in an inverted base pavement and a conventional flexible 

pavement may vary for the same aggregate, the empirical fatigue and rutting distress 

prediction models developed for conventional flexible pavements are prone to yield 

conservative estimates of pavement life for inverted base pavement structures 

(differences in stiffness degradation), and that the design of inverted base pavement 

structures requires analysis of additional failure mechanisms and critical mechanical 

response parameters.        

 

5.6. Conclusions 

The mechanical response of an inverted base pavement structure was studied 

using a physically appropriate material model for non-linear elasto-plastic behavior 

implemented in ABAQUS through an user-defined material subroutine.  

The maximum compressive stress on the subgrade and maximum tensile strain in 

the cement-treated base are domain size dependent within the range of physically 

meaningful domain sizes for wheel-to-road edge conditions. Mechanical performance 

predictions based on large domain sizes (R/r >20) prevent boundary effects but 

overestimate the fatigue resistance of the cement-treated base and the asphalt concrete 

layer. 

The stiffness profile characteristic of an inverted pavement structure leads to the 

absence of tensile stresses in the unbound aggregate base regardless of the material model 

assigned to the unbound aggregate (linear or non-linear elastic). However, critical design 
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parameters derived from linear elastic analyses differ considerably from predictions 

based on non-linear elastic analyses. 

Simulation results show that the maximum vertical compressive stress in the 

subgrade of an inverted pavement is lower than the predicted for a conventional flexible 

pavement structure with the same maximum strain in the asphalt concrete layer.  

The as-built material parameters used to model the unbound aggregate base in an 

inverted base pavement and a conventional flexible pavement may vary for the same 

aggregate.  
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Table 5.1 Material models used in previous finite element analysis of flexible pavement structures 
 

AC UAB Subgrade CTB Details References 

tAC= 0.05 to 0.2m 
Linear elastic 
E= 4, 7, and 12 GPa;  
ν= 0.3 

tUAB= 0.2 to 0.7m 
Non-linear elastic cross-isotropic 
s1= ⅓; s2=1; α= (8634,19454kPa); 
β= (0.69,0.5); γ= 0; ν= 0.3 

Linear elastic 
E= 20 to 70MPa 
ν= 0.3 

N/A 
 

Conventional flexible pavements  
[SENOL] 
Q= 500kPa, r= 0.16m 

(Brown and Pappin 
1985) 

tAC= 0.09m 
Linear elastic 
E= 1720MPa; ν= 0.35 

tUAB= 0.2m 
Non-linear elastic cross-isotropic 
s1= ⅓; s2=1; α= 5367psi; β= 0.61; 
γ= -0.07; ERp=0.8ERz; νzp= 0.43;  
νpp= 0.15 

tSG= 1.27m, 1.12m 
Non-linear elastic 
Bilinear model 

tCTB= 0.15m 
Linear elastic 
E= 10340MPa 
ν= 0.2 

Axisymmetric  
Inverted and conventional flexible 
pavements [GT-PAVE] 
Q= 689kPa, r= 0.116m 

(Tutumluer 1995; 
Tutumluer and 
Barksdale 1995) 

tAC= 0.05, to 0.15m 
Non-linear elastic 
s1= ⅓Pa; s2=Pa;  
α= 28000Pa; β= 0.1;  
γ= 0.001;  ν= 0.35 

tUAB= 0.15 to 0.45m 
Non-linear elastic cross-isotropic 
s1= ⅓Pa; s2=Pa; α= 3500Pa;  
β= (0,0.455); γ= (0,0.295); νzp= 0.2; 
G*=0.38ERz;ERp=(0.5,1)ERz;νpp= 0.3 

tSG= 2.12 to 2.52m 
Non-linear elastic 
s1= ⅓Pa; s2=Pa;  
α= (207,1035,2070)Pa; 
β= 0.001;γ= 0.3;ν =0.35 

NA Axisymmetric  
Conventional flexible pavements  
Q= 690kPa, r= 0.136m, R=10r 

(Adu-Osei et al. 
2001b) 

tAC= 0.1m 
Linear elastic  
E= 4995.3MPa; ν= 0.35 
Non-linear elastic 
s1= ⅓Pa; s2=Pa;  
α= 50000Pa; β= 0.1;γ= 0 

tUAB= 0.2m 
Linear elastic  
E= 69.9MPa; ν= 0.35 
Non-linear elastic 
s1= ⅓Pa; s2=Pa; α= 700Pa; β= 0.6;  
γ= -0.3 

tSG= 1.7m 
Linear elastic  
E= 40MPa; ν= 0.4 
Non-linear elastic 
s1= ⅓Pa; s2=Pa;  
α= 400Pa; β= 0; γ= -0.3 

N/A Axisymmetric  
Conventional flexible pavement 
sections  
Q= 689kPa, r= 0.136m, R=10r 

(Park and Lytton 
2004) 

tAC= 0.1m 
Linear elastic 
E= 2760MPa;  
ν = 0.35 

tUAB= 0.3m 
Non-linear elastic cross-isotropic 
@170kPa 
ERz= 25968, 23088psi;  
ERp= 5476, 8657psi;  
G*= 3815, 4351psi;  

Linear elastic 
E= 20.7MPa;  
ν = 0.45 

NA Conventional flexible pavements  
[TTI-PAVE] 
Q= 1600kPa, r= 0.089m 

(Kim et al. 2005) 

tAC= 0.08 to 0.127m 
Linear elastic 
E= 2759, 8286MPa;  
ν= 0.35 

tUAB= 0.2 to 0.3m 
Non-linear elastic isotropic 
s1= ⅓Po; s2=Po; ν= (0.38,0.4) 
α= (3.5,4.1,6.3,10.3)MPa;β= (0.4, 
0.635, 0.64); γ= (0, 0.01, 0.065);  

tSG= 20.8 to 21m  
Non-linear elastic 
Bilinear model 
ν= (0.4,0.45) 

NA 3D-symmetric and axisymmetric  
Conventional flexible pavements  
[ABAQUS] 
Q= 551kPa, r= 0.152m, R=20r 

(Kim et al. 2009) 

          

γβ
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Note: the generic model parameters provided are valid only for σ2=σ3 
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Table 5.2 Numerical simulator verification and validation parameters. 

Figure Load/Geometry Properties Parameters 

Figure 5.3 (a) 

Q = 103kPa 
R = 1.3m 
r = 0.127m 
t = 2.54m 

E = 200MPa 
υ = 0.3 

k1 = k5 = 200MPa  ; k9 = 76.9MPa 

k2 = k3 = k4 = k6 = k7 = k8 = k10 = k11 = k12 = 0 

νpp= νzp= 0.3 ; p0= 1kPa 

Figure 5.3 (b) 

Q = 103kPa 
R = 1.3m 
r = 0.127m 
tAC = 0.1m 
tUAB = 0.28m 
tSG = 2.54m 

AC: 
E = 2000MPa 
υ = 0.35 
UAB: 
E = 310MPa 
υ = 0.45 
SG: 
E = 50MPa 
υ = 0.4 

AC: 

k1 = k5 = 2000MPa  ; k9 = 741MPa 

k2 = k3 = k4 = k6 = k7 = k8 = k10 = k11 = k12 = 0 
νpp= νzp= 0.35 ; p0= 1kPa 

UAB: 

k1 = k5 = 310MPa  ; k9 = 107MPa 

k2 = k3 = k4 = k6 = k7 = k8 = k10 = k11 = k12 = 0 
νpp= νzp= 0.45 ; p0= 1kPa 

SG: 

k1 = k5 = 50MPa  ; k9 = 17.9MPa 

k2 = k3 = k4 = k6 = k7 = k8 = k10 = k11 = k12 = 0 
νpp= νzp= 0.4 ; p0= 1kPa 

Figure 5.3 (c) 

Q = 103kPa 
R = 1.3m 
r = 0.127m 
tAC = 0.1m 
tUAB = 0.28m 
tSG = 2.54m 

AC: 
E = 2000MPa 
υ = 0.35 
UAB: 
E z= 310MPa 
E p= 46.5MPa 
G* = 108MPa 
υpp = 0.15 
υ zp= 0.45 
SG: 
E = 50MPa 
υ = 0.4 

AC: 

k1 = k5 = 2000MPa  ; k9 = 741MPa 

k2 = k3 = k4 = k6 = k7 = k8 = k10 = k11 = k12 = 0 
νpp= νzp= 0.35 ; p0= 1kPa 

UAB: 

k1 = 310MPa ; k5 = 46.5MPa ; k9 = 108MPa 

k2 = k3 = k4 = k6 = k7 = k8 = k10 = k11 = k12 = 0 
νpp= 0.15 ; νzp= 0.45 ; p0= 1kPa 

SG: 

k1 = k5 = 50MPa  ; k9 = 17.9MPa 

k2 = k3 = k4 = k6 = k7 = k8 = k10 = k11 = k12 = 0 
νpp= νzp= 0.4 ; p0= 1kPa 

Figure 5.4 
R = r = 0.0762m 
t = 0.304m 

ER=ER(p,q) 

k1 = 32.8MPa ; k5 = 32.8MPa ; k9 = 12.3MPa 

k2 = k6 = k10 = 0.5 

k3 = k7 = k11 = 0.9 

 k4 = k8 = k12 =16  
νpp= νzp= 0.33  
p0= 1kPa ; φ = 40° ; C = 6.89kPa 
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Table 5.3 Material properties and layer dimensions 
 
Layer Material Model 

Asphalt Concrete  
(tAC = 0.09m) 

Isotropic linear elastic 
E = 1.7 GPa  
ν = 0.35 

Unbound Aggregate Base  
(tUAB = 0.15m) 

Isotropic nonlinear elasto-plastic 
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νpp= νzp= 0.3 
 φ = 40° ; C = 1kPa 

Cement Treated Base  
(tCTB = 0.25m) 

Isotropic linear elastic 
E = 13.7 GPa 
ν = 0.2 

Subgrade  
(tSG = 2.54m) 

Isotropic linear elastic 

 E = 100 MPa 
ν = 0.2  
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Figure 5.1 Conventional flexible pavement (a) and (b) inverted base pavement structures. 
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Figure 5.2 Meshed pavement section using edge biased seeding techniques. This method 

results in a non-uniform distribution of elements along the edge with density bias in the 

vicinity of steep gradient areas. The insert zooms in to the edge of the wheel load.  
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Figure 5.3 Model validation studies: (a) isotropic linear elastic half space subjected to a 

circular uniform load, (b) layered isotropic linear elastic solutions from available 

pavement analysis software, (c) layered cross-isotropic linear elastic base solutions from 

GT-Pave. Results presented for KENLAYER and GT-Pave were digitized from 

Tutumluer (1995). 
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Figure 5.4 Non-linear elastic model validation using repeated load triaxial test results for 

crushed granite from Georgia (data in Tutumluer 1995). 
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Figure 5.5 Effects of model domain size and choice of boundary conditions on critical 

pavement design parameters for an inverted base pavement structure: maximum tensile 

strains in the asphalt concrete εAC and cement-treated base εCTB layers (a) and (c), and 

maximum vertical stress on the unbound aggregate base σUAB and subgrade σSG layers (b) 

and (d). Zero lateral displacement boundaries are used along the edge of the model for all 

layers in (a) and (c), and along the unbound aggregate base and subgrade only in (b) and 

(d).  
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Figure 5.6 Vertical σz, radial σr, and shear τzr stress profiles as a function of depth in the 

modeled inverted base pavement section along the load centerline and the wheel edge for 

a 550kPa uniformly distributed load over a circular area of radius 0.15m. 
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Figure 5.7 Radial profiles of (a) vertical, (b) radial, and (c) shear stresses at multiple 

locations within the inverted base pavement structure. Q = 550kPa, r = 0.15m, and 

R=10r. 
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Figure 5.8 Comparison between inverted base pavement critical design parameter 

predictions from linear elastic and non-linear elasto-plastic unbound aggregate base 

models: (a) strains at the bottom of the asphalt concrete layer, (b) strains at the bottom of 

the cement treated base layer, (c) vertical stresses on top of the unbound aggregate base 

layer, and (d) vertical stresses on top of subgrade layer. Q = 550kPa, r = 0.15m, and 

R=10r. 
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Figure 5.9 Mechanical response in terms of (a) tensile strains at the bottom of the asphalt 

concrete layer and (b) vertical stresses on the subgrade for the studied inverted base 

pavement and three conventional flexible pavement sections. Wheel load Q = 550kPa, 

contact area radius r = 0.15m, and domain size R=10r. 
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CHAPTER 6 

RECOMMENDED PRELIMINARY GUIDELINES FOR DESIGN 

 

6.1. Introduction 

Inverted base pavements have been used as affordable and structurally competent 

pavement structures in South Africa since the 1950’s (Horne et al. 1997; Rust et al. 1998; 

Beatty et al. 2002). The South African flexible pavement design emphasizes the 

importance of a good foundation, involve novel construction methods and careful 

material selection to achieve dense unbound aggregate layers that exhibit a remarkable 

ability to support the heaviest traffic loads under both dry and wet conditions (Horne et 

al. 1997). Cement-treated bases emerged to provide a suitable foundation for high quality 

densely compacted unbound aggregate bases throughout their service life (Jooste and 

Sampson 2005). While stabilized layers alone improve the structural capacity of the 

pavement they may cause reflective cracking, which accelerates pavement deterioration. 

Yet, a stone inter-layer can prevent the propagation of reflective cracks through strain 

dissipation within the unbound aggregate layer (Rasoulian et al. 2001).  

This chapter starts with a comprehensive review of inverted base pavement 

research in the United States. Then, a parametric study based on the constitutive model 

selected in chapter 4 and the code developed in chapter 5 is performed to assess the 

mechanical performance of various inverted base pavement structures. Finally, we 

propose equivalent inverted base pavement structures for typical low, middle, and high 

volume flexible pavement designs based on simulation results.   
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6.2. Inverted Base Pavement Structures in the U.S.A. 

 

6.2.1. U.S. Corps of Engineers (1970’s) 

The U.S. Corps of Engineers studied the behavior of the various layers in flexible 

pavement structures having lime-stabilized and cement-stabilized sub-bases (i.e., inverted 

base type structures). The objective of the study was to measure the mechanical response 

of full-scale pavement structures and to compare the results against predictions from 

layered elastic theory and other available constitutive models. Two inverted base 

pavement structures were investigated, both composed of a 0.09m asphalt concrete layer, 

a 0.15m crushed limestone base, a 0.38m stabilized clay sub-base, and a clay subgrade 

(CBR= 4). The structures were subjected to traffic under controlled conditions while 

monitoring displacements and stresses at key locations (Ahlvin et al. 1971; Barker et al. 

1973; Grau 1973). 

 Linear elastic analyses failed to adequately predict the measured stresses and 

strains in different layers and the plastic subgrade deformation. The performance of the 

inverted pavement structures was found to be influenced by the stiffness and tensile 

strength of the cement-treated base. This study highlighted the importance of a 

comprehensive material characterization and numerical implementation through 

appropriate constitutive models. Furthermore, it urged the development of laboratory 

tests capable of simulating field conditions, and the introduction of non-linear models in 

numerical simulations (Barker et al. 1973).        
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6.2.2. Georgia Tech (1980’s) 

Twelve laboratory-scale instrumented pavement structures were cyclically loaded 

to failure under controlled environmental conditions. There were five conventional 

flexible pavements with crushed stone bases, five full depth asphalt sections, and two 

inverted base pavement structures. The two inverted pavements consisted of a 0.09m 

asphalt concrete layer, a 0.20m unbound aggregate layer (well graded granitic gneiss), 

and a 0.15m cement-treated base over a micaceous silty sand subgrade. The asphalt 

surface layer was a GDOT-B binder mixed with granitic gneiss, laid in 0.04m lifts. It was 

found that the cement-treated base facilitates compaction in inverted structures leading to 

denser unbound aggregate layers (Barksdale 1984). 

 The pavement sections were subjected to a 28.9kN cyclic load for the first 2×106 

repetitions. The load was then increased to 33.4kN and cycled until the pavement 

structures failed. All sections were extensively instrumented with Bison-type strain 

sensors, small diaphragm pressure cells and linear LVDT’s to monitor strains and stresses 

at key locations. It was found that the two inverted base pavement sections outperformed 

equivalent pavement structures in terms of lower resilient surface displacements, reduced 

transferred compressive-stress onto the subgrade and less tensile-radial-strain at the 

bottom of the asphalt concrete layer. The superior mechanical performance of the 

inverted pavement structures was also reflected in the number of load cycles to failure 

(3.6×106 and 4.4×106 cycles), which outlasted the best performing conventional section 

by 1×106 cycles (Barksdale 1984; Tutumluer and Barksdale 1995).  
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6.2.3. Route LA97 and Accelerated Pavement Testing - Louisiana (1990’s) 

The ability of inverted pavements to prevent reflective cracking was assessed in a 

full-scale low-volume rural highway section in Louisiana (1991-2001). The studied 

inverted base pavement structure consisted of a 0.09m asphalt concrete layer, a 0.10m 

crushed limestone base, and a 0.15m cement-treated base. The test section was subjected 

to periodic post-construction monitoring of pavement distress, ride roughness, surface 

rutting, and assessment of the structural capacity through non-destructive dynamic 

deflection. The performance of the inverted pavement section was compared to that of the 

rest of the road (conventional flexible pavement cement-treated base). The study 

concluded that the inverted base pavement outperformed the conventional design in terms 

of cracking density and severity after 10 years, and also offered a superior ride quality 

over the evaluation period (Rasoulian et al. 2001).  

The superiority of the inverted base pavement was further confirmed with a 

complementary study in the first Louisiana accelerated pavement experiment (1995). The 

purpose of this study was to evaluate alternative soil-cement base courses with reduced 

reflective cracking. The inverted pavement structure carried 4.7 times more ESAL’s than 

the conventional flexible pavement on a cement-stabilized-base, and outperformed the 

rest of the pavement structures studied in this project (Rasoulian et al. 2000). 

6.2.4. Morgan County Quarry Access Road – Georgia (early 2000’s) 

Two inverted base pavement test sections were constructed in a quarry haul road 

in Morgan County, Georgia in 2001. The structures consist of a 0.08m asphalt concrete 

layer, a 0.15m crushed Georgia granite base, and a 0.20m cement-treated base. The 

Morgan County inverted pavement test sections were built to compare the effectiveness 
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of South African and Georgia compaction practices. Thus, emphasis was placed on the 

densification of the unbound aggregate base layer. The test sections have experienced 

uninterrupted high-volume heavy-truck traffic for 9 years. Surveys conducted in May 

2008 after the section had serviced over 1.2 million ESALs in 7 years (75% of the 

designed service life), found no signs of distress or changes in ride quality (Lewis 2009).  

6.2.5. LaGrange Georgia (2010’s) 

A full-scale field study was conducted in LaGrange, Georgia starting in 2009 

(details in chapter 2). The inverted base pavement test section is a two-lane 1036m long 

stretch of the south LaGrange loop. It was designed to sustain an initial one-way annual 

average traffic of 7000 vehicles per day projected to grow to 11700 by the end of its 

service life. The structure consists of a 0.09m asphalt concrete layer, a 0.15m crushed 

Georgia granite base, and a 0.20m cement-treated base. The average specific surface and 

coefficient of uniformity of the subgrade indicate that its mechanical behavior is strongly 

influenced by electrical interactions and capillarity; therefore, it is susceptible to changes 

in water content and pore fluid chemistry. Off-site mixing, transport, spreading, and 

compaction of the cement-treated mix resulted in a homogeneously compacted cement-

treated base. The 7-day cured cement-treated aggregate base withstood the compaction of 

the overlaying layers without cracking under the loading imposed by heavy equipment 

and construction operations. Digital image analysis confirmed particle-shape/compaction 

induced anisotropy in the as-built unbound aggregate base; however, the results of 

laboratory non-linear stiffness-stress response showed that stiffness anisotropy is 

primarily caused by the anisotropic state of stresses and that there is a unique stiffness-
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stress relationship in the directions of principal stresses. The pavement was opened to 

traffic in April 2009. First performance data are expected in 2011. 

6.2.6. Summary of Key Observations 

• The cement-treated base in an inverted base pavement structure facilitates the 

compaction of the unbound aggregate base. 

• The unbound aggregate base in an inverted base pavement structure prevents 

reflective cracking. 

• Large fluctuations in traffic induced stress caused by the proximity of the unbound 

aggregate layer to the pavement surface requires the use of proper non-linear 

constitutive models for the analysis of inverted pavement structures. 

• Both, the South African experience (40+ year) and the accumulating experience in the 

U.S.A. show that inverted base pavements may outperform conventional flexible 

pavement structures.  

 

6.3. Inverted Base Pavements – Parametric Numerical Study 

The design of flexible pavements is a two step process. First, stresses and strains 

induced by traffic load are computed for the different layers. Then, the pavement 

performance is verified based on mechanical analyses (e.g., failure) and the service life is 

estimated using empirical distress prediction models (e.g., fatigue). The most critical 

stresses and strains considered to assess performance are (1) the maximum tensile strain 

in the asphalt concrete layer εAC, (2) the maximum compressive stress on the unbound 

aggregate base σUAB, (3) the maximum tensile strain in the cement-treated base εCTB, and 

(4) the maximum compressive stress on the subgrade layer σSG. In this study, we explore 
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these four mechanical responses for different layer thickness, material properties, and 

choice of constitutive model.  

The simulated inverted base pavement structure is depicted in figure 6.1. 

Following the recommendations of the guide for mechanistic-empirical design of new 

and rehabilitated pavement structures (ERES 2004) and findings reported in chapter 5, 

we model the load on the pavement structures as a 550kPa tire contact pressure spread 

over a circular area of radius r = 0.15m with a domain size R= 13r (refer to chapter 5). 

The pavement structure is modeled using a 3D-axisymmetric, edge-biased mesh with 

zero-lateral-displacement boundaries at the edge of the pavement, and zero-vertical-

displacement at the foundation of the structure.  

The constitutive models and material parameters used in all studies are 

summarized in table 6.1 (refer to chapter 4). The asphalt concrete layer, the cement-

treated base and the subgrade were modeled as isotropic linear elastic materials. The 

unbound aggregate base was modeled as an isotropic non-linear elasto-plastic material. 

The parameters used to characterize the unbound aggregate base were selected based on 

the results of in-situ measurements, laboratory Ko test results and data reported in the 

literature for cyclic triaxial tests. The material properties for each layer are the same in all 

simulations. 

6.3.1. Scope 

The parametric study includes 6 series of numerical simulations. These are 

described next. 

1. Asphalt and unbound aggregate layer thickness. The mechanical response of the 

inverted pavement structure is analyzed for changes in the thicknesses of the asphalt 
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concrete and unbound aggregate layers. A total of 16 cases were modeled, 4 asphalt 

concrete layer thicknesses (tAC = 0.051m, 0.076m, 0.127m, and 0.203m) and 4 

unbound aggregate base thicknesses (tUAB = 0.101m, 0.152m, 0.203m, and 0.254m), 

all sitting on a tCTB = 0.152m cement-treated base. The range of layer thicknesses was 

chosen based on constructability, cost effectiveness, and typical GDOT specifications 

(Lewis 2009).  

2. Unbound aggregate base: Quasi-linear response using the minimum stiffness. The 

unbound aggregate base is modeled as a liner-elastic material. The selected elastic 

modulus corresponds to an unloaded in-situ stiffness measurement (reported in 

chapter 3).  

3. Unbound aggregate base: Quasi-linear response using the maximum stiffness. 

Similar to the previous study but in this case, the selected elastic modulus is the 

maximum stiffness induced in the unbound aggregate base by the 550kPa tire contact 

pressure.  

4. Soft “hot” asphalt. The stiffness of asphalt concrete changes as a function of 

temperature. In this study we explore changes in the response of inverted base 

pavement structures caused by a lower stiffness hot asphalt concrete. 

5. Stiff “cold” asphalt. Similar to the previous case, we now explore the effect of higher 

stiffness cold asphalt on the mechanical response of inverted pavement structures. 

6. Thick cement-treated base: This final set of simulations is designed to investigate the 

effect of the thickness of the cement-treated base tCTB on the performance of the 

inverted base pavement structure.  

 



 120

6.4. Results 

The 16 combinations of asphalt concrete and unbound aggregate base thicknesses 

tAC and tUAB are explored first. Then, we reduce the number of combinations and 

simulations required to explore the response of inverted base pavements to other 

variables by pre-selecting 4 layer thickness combinations: (A) tAC = 0.203m and tUAB = 

0.101m, (B) tAC = 0.051m and tUAB = 0.101m, (C) tAC = 0.051m and tUAB = 0.254m, and 

(D) tAC = 0.203m and tUAB = 0.254m. The results are presented next for the eight 

parametric studies. 

6.4.1. Asphalt and Unbound Aggregate Layer Thickness (Base Cases) 

Results are summarized in figure 6.2. An increase in the thickness of the asphalt 

concrete layer leads to lower maximum tensile strain in the asphalt concrete layer εAC, 

lower maximum tensile strain in the cement-treated sub-base εCTB, lower maximum 

compressive stress on the unbound aggregate base σUAB, and lower maximum 

compressive stress on the subgrade σSG. Increasing the thickness of the unbound 

aggregate layer leads to higher maximum tensile strains in the asphalt concrete layer, 

lower maximum tensile strains in the cement-treated base, lower maximum compressive 

stress on the unbound aggregate base, and lower maximum compressive stress on the 

subgrade.  

It follows that the combination of a thicker asphalt concrete layer and a thinner 

unbound aggregate base helps mitigate fatigue cracking in the bonded layers and rutting 

failure in the unbound aggregate layers.  
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6.4.2. Unbound Aggregate Base Quasi-Linear Response: Minimum Stiffness 

All simulations using the non-linear model for the unbound aggregate base 

showed no tensile strains in the UAB. In this context and in an attempt to develop 

simplified design methods, we explore the possibility of representing the unbound 

aggregate base using a liner-elastic model with a Young’s modulus equal to the minimum 

UAB stiffness measured under no traffic load. Results presented in figure 6.3 show that a 

thicker asphalt concrete layer reduces the maximum tensile strain in the cement-treated 

base and the maximum compressive stress in the unbound aggregate base.  

6.4.3. Unbound Aggregate Base Quasi-Linear Response: Maximum Stiffness 

The predictions made using a liner-elastic model with a Young’s modulus equal 

to the maximum cyclic triaxial measured resilient modulus are presented in figure 6.4. 

Results confirm previous trends for the cases with highest unbound aggregate base 

stiffness. 

6.4.4. Soft “Hot” Asphalt 

Reducing the asphalt concrete layer stiffness results in an increase in the 

maximum tensile strain in the asphalt concrete layer and the cement-treated base (figure 

6.5). There is also an increase in the maximum compressive stress in the unbound 

aggregate base, yet the stress in the subgrade remains similar to the base cases. 

6.4.5. Stiff “Cold” Asphalt 

The predicted performance of inverted pavement structures with a stiffer asphalt 

concrete are shown in figure 6.6 and show opposite trends to those noted for the soft 

“hot” asphalt case. 
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6.4.6. Thick Cement-Treated Base 

Simulation results show that a thicker cement-treated base causes a pronounced 

reduction in the magnitude of the maximum tensile strain in the cement-treated layer (i.e., 

beam effect presented in figure 6.7). Differences with the base cases in terms of the 

maximum tensile strains in the asphalt concrete layer and the maximum compressive 

stress in the unbound aggregate base are negligible. The maximum compressive stress in 

the subgrade decreases as a result of the increase in the cement-treated base thickness.     

       

6.5. Discussion – Preliminary Design Guidelines 

The principal failure mechanisms in conventional flexible pavements are (1) 

fatigue failure of the asphalt concrete layer determined by the maximum imposed tensile 

strain εAC, (2) rutting of the unbound aggregate base associated to the maximum 

compressive stress σUAB, and (3) rutting of the subgrade due to the maximum 

compressive stress σSG. In addition, the tensile strain in the cement-treated base εCTB can 

lead to the failure of the CTB and the diminished performance of inverted base pavement 

structures. These observations allow us to compare the performance of multiple pavement 

structures in terms of the critical pavement response parameters εAC, σUAB, and σSG. Here, 

we explore the implications of the parametric study results on the design of inverted base 

pavement structures.  

6.5.1. Fatigue Failure Design 

The repetitive bending action under traffic loading causes the initiation of micro-

cracks in areas subjected to tensile strains. The propagation, coalescence, and re-bonding 

of micro-cracks in the damage-zone control the growth and healing of cracks which in 
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turn determine the fatigue life of bounded layers (Kim 2008). In general, pavement 

structures with lower maximum tensile strain in the cemented layers can sustain a larger 

number of load cycles before failure.  

Results from the parametric study show that lower maximum tensile strains in the 

asphalt concrete layer are attained by increasing the thickness of the asphalt concrete 

layer tAC, reducing the thickness of the unbound aggregate base tUAB, increasing the 

stiffness of the unbound aggregate base, or increasing the stiffness of the asphalt concrete 

mix. Note that simulations assume an equivalent continuum representation; however, as 

the unbound aggregate layer becomes thinner the continuum assumption no longer holds. 

Additionally, construction difficulties are expected for unbound aggregate bases thinner 

than 0.10m (Lewis 2009).  

The maximum tensile strain in the cement-treated base is reduced by increasing 

the thickness of the asphalt concrete layer tAC, the thickness of the unbound aggregate 

base tUAB, or the thickness of the cement-treated layer itself tCTB, as well as by increasing 

the asphalt concrete stiffness. Note that, decreasing the unbound aggregate base layer 

thickness increases the fatigue life of the asphalt concrete layer but decreases the fatigue 

life of the cement-treated base. 

6.5.2. Rutting Failure Design 

Rutting failure manifests itself through surface depressions in the wheel path. The 

plastic deformations are typically the result of densification experienced by the unbound 

aggregate layer under service traffic load triggered by inadequate compaction.  

Rutting failure is associated to the maximum compressive stress in the unbound 

aggregate layers. Thus, pavement structures that exhibit lower maximum compressive 
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stress in the unbound aggregate layers can accommodate a larger number of loading 

cycles before failure. A lower value of the maximum compressive stress in the unbound 

aggregate base is obtained by increasing the thickness of the asphalt concrete layer or 

increasing the thickness of the unbound aggregate base.  

The cement-treated layer in an inverted base pavement acts as stiff slab that 

reduces the maximum stress on the subgrade and its impact on surface rutting. 

6.5.3. Shear Softening  

The simulation results presented in figures 6.2 and 6.3 show that a linear elastic 

model with the minimum stiffness expected in the unbound aggregate base yields lower 

tensile strains in the asphalt concrete layer than the non-linear elastic unbound aggregate 

base model. The non-linear model can capture the evolution in stiffness as a function of 

the state of stress. An increase in the mean stress p produces a gain in stiffness; however, 

an increase in the shear stress relative to failure q/qf leads to softening. In order to explore 

the effect of shear softening we vary the k4-exponent (see table 6.1) between 4 and 32. 

The results presented in figure 6.8 show that the k4-exponent has a strong effect in the 

predicted maximum tensile strain in the asphalt concrete layer. The effect is magnified in 

inverted pavement structures with thick unbound aggregate and thin asphalt concrete 

layers. These results highlight the importance of proper characterization of shear 

softening. 

6.5.4. Cost Analysis – Equivalent Conventional Sections    

Inverted base pavement structures must be cost effective in addition to having a 

satisfactory structural performance. Materials and construction costs increase with the 

thickness of every layer, specially the asphalt concrete layer. Clearly, while the fatigue 



 125

and rutting resistance of the pavement structure are improved by a thicker asphalt layer, 

the associated increase in cost limits the thickness of the asphalt layer.  

Typical conventional flexible pavement structures for three types of traffic 

demands are extracted from the guide for mechanistic empirical design of new and 

rehabilitated pavement structures (ERES 2004). The first road type (C1) is a typical 

primary or secondary arterial route required to satisfy a traffic demand of 750000 

trucks/buses, and consists of an asphalt concrete layer tAC = 0.14m and an unbound 

aggregate base tUAB = 0.30m. The second road (C2) is a typical primary or secondary 

collector or county road with a traffic demand of 250000 trucks/buses and it is designed 

with an asphalt concrete layer tAC = 0.10m and an unbound aggregate base tUAB = 0.25m. 

The third road (C3) is a typical local street or county road with a traffic demand of 50000 

trucks/buses designed with an asphalt concrete layer tAC = 0.05m and an unbound 

aggregate base tUAB = 0.20m. These three structures are modeled using the domain size, 

mesh, loads, constitutive models, and material parameters used in the simulations of 

inverted base pavements in the parametric studies reported in section 6.4.1.  

The critical pavement response parameters considered to compare pavement 

performance are the maximum tensile strain in the asphalt concrete layer εAC and the 

maximum compressive stress in the subgrade σSG (figure 6.9). The conventional flexible 

pavement structures are compared to two inverted base pavement structures. The first 

(IP1) consists of a tAC = 0.05m asphalt concrete layer, a tUAB = 0.25m unbound aggregate 

base, and a tCTB = 0.15m cement-treated base. The second (IP2) has a tAC = 0.05m asphalt 

concrete layer, a tUAB = 0.10m unbound aggregate base, and a tCTB = 0.15m cement-

treated base. 
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The simulation results show that the inverted base pavement structures offer 

superior structural performance against both subgrade rutting and asphalt fatigue. IP1 

offers a structural performance sufficient to accommodate the demand from primary or 

secondary arterial routes and is overdesigned for typical primary or secondary collectors, 

local streets, and county roads. IP2 exceeds the required structural capacity of the three 

typical road types studied both in rutting and fatigue.  

The cost per layer in the bid for the LaGrange inverted base pavement project 

was: US $390/m3 for the asphalt concrete, US $60/m3 for the unbound aggregate base, 

and US $130/m3 for the cement-treated base. Using these values we can estimate the cost 

per kilometer of road based on the layer thicknesses used in the simulations: 

C1=263,000$/km, C2=198,000$/km, C3=116,000$/km, IP1=200,000$/km, and 

IP2=167,000$/km. These results show that the inverted base pavement structure IP2 

outperforms the three typical road conditions both in rutting and fatigue and can lead to 

40% in initial cost savings over the flexible pavement design for typical primary or 

secondary arterial routes.   

6.5.5. Analysis Limitations     

The long term behavior of lightly cemented aggregates exhibits three distinctive 

stages: (1) pre-cracked phase, (2) the onset of fatigue cracking, and (3) advanced 

crushing (Theyse et al. 1996). During the pre-cracked phase, the layer behaves as a slab 

with horizontal plane dimensions larger than the layer thickness. The elastic modulus 

during this stage corresponds to that measured immediately after construction of the 

pavement structure. At the onset of fatigue cracking, the initial elastic modulus reduces 

rapidly as the layer is brakes down into large blocks. Finally, the layer reduces to an 
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equivalent granular layer in the advanced crushing state, with a marked non-linear stress-

dependent behavior. The evolution in mechanical behavior of the cemented aggregate 

influences the response of the entire inverted pavement structure. The structural 

performance reported in this chapter reflects the properties of the as-built structure and 

does not consider its evolution in time under traffic. Deterioration of the pavement 

structural capacity is expected in both inverted and conventional flexible pavement 

structures. However the magnitude of the deterioration and its implications in 

serviceability must be assessed through appropriate distress prediction models which are 

not considered in our analysis. 

The use of thin asphalt concrete layers can lead to the development of new failure 

mechanisms such as shear along the periphery of the loaded area. Such failure 

mechanisms need to be explored in more detail before attempting to extrapolate 

simulation results presented earlier to asphalt concrete layers thinner that tAC =  0.05m. 

Similarly, the use of thin unbound aggregate layers should be studied in more detail to 

understand the implications of discrete behavior and potential constructability and 

serviceability issues.   

 

6.6. Conclusions 

The selection of parameters for the unbound aggregate base has a pronounced 

effect on the predicted mechanical response of inverted base pavement structures. As 

evidenced by the observed differences in the predicted critical performance parameters 

obtained from linear elastic and non-linear elastic material models.  



 128

The stiffness of the asphalt concrete layer has a strong influence on the predicted 

maximum tensile strain in the asphalt concrete layer and the cement-treated base, and the 

maximum compressive stress in the unbound aggregate base.   

An increase in the thickness of the asphalt concrete layer leads to higher fatigue 

resistance in the asphalt concrete layer, and the cement-treated base. Thicker asphalt 

layers also reduce the magnitude of the maximum compressive stress in the unbound 

aggregate base, which is associated to rutting. However, a comparison between the 

mechanical performance of typical conventional flexible pavements and inverted base 

pavement structures show that thin asphalt layers offer sufficient structural capacity in 

inverted pavement structures. 

The fatigue life of the asphalt concrete layer is inversely proportional to the 

thickness of the unbound aggregate layer.  

The maximum tensile strain in the cement-treated base can be reduced by 

increasing the asphalt concrete layer thickness, increasing the unbound aggregate base 

thickness, and/or increasing the cement-treated base thickness. 

Accurate characterization of shear softening of unbound aggregates is very 

important in the analysis of inverted base pavements. The selection of k4-exponent has a 

strong effect on the prediction of the maximum tensile strain in the asphalt concrete layer.  

Competing mechanical demands for the various layer thicknesses must be 

considered together with cost per layer. In this context inverted pavements emerge as 

technically adequate and economically advantageous structures.  

Results show that an inverted base pavement structure can exceed the required 

structural capacity of three typical road types studied both in rutting and fatigue while 
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saving up to 40% in the initial cost over the flexible pavement design for typical primary 

or secondary arterial routes.   
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Table 6.1 Material models and parameters used  
 

Study 
Asphalt 

concrete 

Unbound aggregate 

base 

Cement-treated 

base 
Subgrade 

Base case Linear elastic 
E=4140MPa  
ν= 0.35 

Non-linear elastic: 

k1 = 200MPa ; k2 = 0.2; 
k3 = 0.9; k4 = 4; ν= 0.3 

Linear elastic 
E= 13800MPa 
ν= 0.25 

Linear elastic 
E= 100MPa 
ν= 0.2 

Minimum-stiffness Linear elastic 
E=4140MPa  
ν= 0.35 

Linear elastic: 
E=230MPa  
ν= 0.3 

Linear elastic 
E= 13800MPa 
ν= 0.25 

Linear elastic 
E= 100MPa 
ν= 0.2 

Maximum-stiffness Linear elastic 
E=4140MPa  
ν= 0.35 

Linear elastic: 
E=500MPa  
ν= 0.3 

Linear elastic 
E= 13800MPa 
ν= 0.25 

Linear elastic 
E= 100MPa 
ν= 0.2 

Hot-asphalt Linear elastic 
E=2070MPa  
ν= 0.35 

Non-linear elastic: 

k1 = 200MPa ; k2 = 0.2; 
k3 = 0.9; k4 = 4; ν= 0.3 

Linear elastic 
E= 13800MPa 
ν= 0.25 

Linear elastic 
E= 100MPa 
ν= 0.2 

Cold-asphalt Linear elastic 
E=12400MPa  
ν= 0.35 

Non-linear elastic: 

k1 = 200MPa ; k2 = 0.2; 
k3 = 0.9; k4 = 4; ν= 0.3 

Linear elastic 
E= 13800MPa 
ν= 0.25 

Linear elastic 
E= 100MPa 
ν= 0.2 

Thick cement-
treated base 

Linear elastic 
E=4140MPa  
ν= 0.35 

Non-linear elastic: 

k1 = 200MPa ; k2 = 0.2; 
k3 = 0.9; k4 = 4; ν= 0.3 

Linear elastic 
E= 13800MPa 
ν= 0.25 

Linear elastic 
E= 100MPa 
ν= 0.2 
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Figure 6.1 Inverted base pavement geometry 
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Figure 6.2 The effect of asphalt concrete thickness tAC and unbound aggregate base 

thickness tUAB (asphalt and unbound aggregate layer thickness - base cases). Markers 

show simulated AC/UAB thickness combinations.  
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Figure 6.3 The effect of unloaded linear elastic stiffness assumption (unbound aggregate 

base quasi-linear response: minimum stiffness case). Markers show simulated AC/UAB 

thickness combinations and dashed lines show base cases results for comparison. 
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Figure 6.4 The effect of loaded linear elastic stiffness assumption (unbound aggregate 

base quasi-linear response: maximum stiffness case). Markers show simulated AC/UAB 

thickness combinations and dashed lines show base cases results for comparison. 
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Figure 6.5 The effect of lower asphalt concrete stiffness (soft “hot” asphalt case). 

Markers show simulated AC/UAB thickness combinations and dashed lines show base 

cases results for comparison. 
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Figure 6.6 The effect of higher asphalt concrete stiffness (stiff “cold” asphalt case). 

Markers show simulated AC/UAB thickness combinations and dashed lines show base 

cases results for comparison. 
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Figure 6.7 The effect of thicker cement-treated base (thick cement-treated sub-base case). 

Markers show simulated AC/UAB thickness combinations and dashed lines show base 

cases results for comparison. 
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Figure 6.8 Effect of the shear softening term on the predicted maximum tensile strains in 

the asphalt concrete layer.  

 
 
 

 
 

Figure 6.9 Comparison of critical pavement response parameters for three typical 

conventional flexible pavement structures (C1, C2, and C3) and two inverted base 

pavement structures (IP1 and IP2). 
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER 

WORK 

 

This research was conducted to advance the understanding of inverted base 

pavements and to develop preliminary guidelines for their mechanistic design. Results 

highlight the critical role of the non-linear unbound aggregate behavior. Thus, new 

laboratory and field characterization methods were developed to facilitate the inversion 

of material parameters relevant to the state of stress and boundary conditions expected in 

inverted pavements. The main conclusions and recommendations for further work follow. 

  

7.1. Conclusions 

The key findings obtained from this study are: 

• Construction equipment, procedures and quality control protocols used in the 

construction of conventional pavements can also be used to build inverted pavement 

structures. The off-site mixing, transport, spreading, and compaction of the cement 

treated mix resulted in a homogeneously compacted base. The 7-day cured cement-

treated aggregate base can withstand the compaction of the overlaying layers without 

fracturing.  

• The stress-dependent stiffness of unbound aggregate layers determines the 

performance of inverted base pavement structures. Therefore, an accurate 

characterization of the stiffness-stress response is critical for inverted pavement 

simulation and design. Available laboratory protocols must be modified to reproduce 



 140

the in-situ stress levels imposed on unbound aggregate bases in inverted pavements. 

Similarly, available in-situ measurements fail to gather sufficient information to 

extract the constitutive parameters required to appropriately model the stress-

dependent stiffness of unbound aggregate bases.  

• The unbound aggregate layer in an inverted pavement structure is confined between 

the stiff asphalt concrete layer and the cement treated base. The highest load 

condition under the wheel resembles a zero-lateral-strain loading configuration. Thus, 

a laboratory Ko test was prototyped for the laboratory characterization of the stiffness-

stress response of unbound aggregate materials based on the concept of stiffness 

tomography using P-waves.  

• Laboratory P-wave velocity measurements in the vertical and horizontal directions 

collapse onto a unique trend for a single set of parameters.  

• The concept of P-wave stiffness tomography was also applied in-situ to characterize 

the as-built unbound aggregate base. The test has been successfully used to measure 

the in-situ stiffness-stress response of an existing inverted pavement structure.  

• Material models reported in the literature developed using existing laboratory test 

protocols may under-predict the in-situ stress-dependent stiffness of the unbound 

aggregate base. Stiffness-stress parameters recovered using P-wave propagation in 

sediments under zero-lateral-strain loading yield better predictions of in-situ 

performance.  

• Basic concepts in information theory, a comprehensive review of the resilient 

behavior of unbound aggregates, and physical understanding of granular materials 

guided the selection of a robust numerical model capable of reproducing the non-
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linear resilient response of unbound aggregate layers under loading. A physically 

constrained optimization approach must be used to invert for the constitutive model 

parameters. The method is based on the analysis of error surfaces within physically 

acceptable ranges of each parameter.   

• The selection of parameters for the unbound aggregate base has a pronounced effect 

on the predicted mechanical response of inverted base pavement structures. As 

evidenced by the observed differences in the predicted critical performance 

parameters obtained from linear elastic and non-linear elastic material models.  

• Accurate characterization of shear softening of unbound aggregates is very important 

in the analysis of inverted base pavements. The selection of k4-exponent has a strong 

effect on the prediction of the maximum tensile strain in the asphalt concrete layer.  

• The choice of domain size and boundary conditions in numerical models of inverted 

base pavements affects the prediction of the maximum compressive stress on the 

subgrade and the maximum tensile strain in the cement treated base. Mechanical 

performance predictions based on large domain sizes (R/r >20) prevent boundary 

effects but overestimate the fatigue resistance of the cement treated base and the 

asphalt concrete layer. 

• The characteristic stiffness profile in inverted pavements leads to the absence of 

tensile stresses in the unbound aggregate base regardless of the material model 

assigned to the unbound aggregate base (i.e., linear or non-linear). However, critical 

design parameters derived from linear elastic analyses differ considerably from 

predictions base on non-linear elasto-plastic analyses and may not yield conservative 

results. 
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• Simulation results show that the maximum vertical compressive stress in the subgrade 

of an inverted pavement is lower than the predicted value for a conventional flexible 

pavement section with similar fatigue resistance.  

• The as-built unbound aggregate base in an inverted base pavement and a conventional 

flexible pavement may exhibit different stiffness-stress resilient response as a result 

of construction differences related to the underlying layer.  

• The stiffness of the asphalt concrete layer has a strong influence on the predicted 

maximum tensile strain in the asphalt concrete layer and the cement-treated base, and 

the maximum compressive stress in the unbound aggregate base.   

• An increase in the thickness of the asphalt concrete layer leads to higher fatigue 

resistance in the asphalt concrete layer, and the cement-treated base. Thicker asphalt 

layers also reduce the magnitude of the maximum compressive stress in the unbound 

aggregate base, which is associated to rutting. However, a comparison between the 

mechanical performance of typical conventional flexible pavements and inverted base 

pavement structures show that thin asphalt layers offer sufficient structural capacity 

in inverted pavement structures. 

• The fatigue life of the asphalt concrete layer is inversely proportional to the thickness 

of the unbound aggregate layer.  

• The maximum tensile strain in the cement-treated base can be reduced by increasing 

the asphalt concrete layer thickness, increasing the unbound aggregate base thickness, 

and/or increasing the cement-treated base thickness.  
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• Competing mechanical demands for the various layer thicknesses must be considered 

together with cost per layer. In this context inverted pavements emerge as technically 

adequate and economically advantageous structures.  

• Results show that an inverted base pavement structure can exceed the required 

structural capacity of three typical road types studied both in rutting and fatigue while 

saving up to 40% in the initial cost over the flexible pavement design for typical 

primary or secondary arterial routes.   

 

7.2. Recommendations for Future Work 

 

7.2.1. Long Term Behavior of the Cement-Treated Base  

The long-term behavior of cemented-treated bases evolves from a pre-cracked 

phase, through the onset of fatigue cracking, towards an advanced crushing stage. The 

elastic properties of the cement-treated base are greatly affected by the progressive 

deterioration of the layer which in turn affects the response of the entire inverted 

pavement structure. The structural performance reported in this study reflects the 

properties of the as-built structure and does not consider its evolution in time. Further 

work is required to characterize the long-term response of the cement-treated base and to 

incorporate its evolution in the numerical analysis of inverted base pavement structures. 

7.2.2. Emergent Failure Modes and Discrete Element Model 

The use of thin asphalt concrete layers can lead to the development of new failure 

mechanisms, such as shear fatigue along the periphery of the loaded area. Alternative 

failure mechanisms need to be explored in more detail before attempting to extrapolate 
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the simulation results to asphalt concrete layers thinner that 0.05m. Similarly, the use of 

thin unbound aggregate layers should be studied in more detail to understand the 

implications of discrete aggregate dominated behavior, potential construction difficulties, 

and serviceability issues. The use of unbound aggregate base materials with maximum 

particle-size larger than 0.025m in thin unbound aggregate layers requires different 

numerical tools such as the discrete element method.  

7.2.3. Interface Behavior 

Future numerical developments should introduce interlayer shear behavior. Shear 

induced by tire break and acceleration may cause sliding at the interface between the 

asphalt layer and the unbound aggregate.  
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