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Abstract. With the recent focus on sustainable construction practices, increased 
use of nontraditional and recycled aggregate materials has become commonplace. 
However, information on the use of large 75 – 150-mm top size virgin and 
recycled aggregates, often referred to as ‘aggregate subgrade,’ is scarce. The use of 
aggregate subgrade materials as primary crusher runs or crushed concrete 
aggregate is both economical and quite effective over soft subgrades to be 
improved for building pavement foundation. To this end, a research study was 
undertaken at the Illinois Center for Transportation to investigate the rutting 
performance of aggregate subgrade layers. Twelve full-scale pavement working 
platforms and an equal number of low volume road test sections were constructed 
with selected materials and subjected to accelerated pavement testing. This paper 
focuses on the influence of strength properties affecting field rutting performances 
of constructed pavement test sections. Strength profiles over the depth of the 
constructed aggregate layers were tested and evaluated with the use of a variable 
energy dynamic cone penetration testing and visualization device known as the 
French Panda. In this way, large aggregate penetrations into soft subgrade could 
also be successfully monitored. Both laboratory strength properties and as-
constructed layer aggregate behavior under repeatedly applied traffic loading were 
found to influence the field strength profiles and the rutting performances of 
unbound granular layers. 
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1. Introduction 

Subgrade stability is essential for the compaction and construction of pavement layers 

on weak soils. It is also important for the longer service life of the pavement. When 

such cohesive soils include high percentages of silt contents and hence high moisture 

susceptibility, strength and deformation characteristics exhibit large variabilities that 

inhibit proper compaction. This can be further exacerbated during spring thaw periods 

after long harsh winters. As many state highway agencies, the Illinois Department of 

Transportation (IDOT) frequently uses unbound granular layers for building 
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construction platforms over weak subgrade soils [1]. According to the IDOT Subgrade 

Stability Manual (SSM), the granular cover thickness is assigned on the basis of 

subgrade strength for designated standard granular material characteristics [2]. 

Unbound layers consisting of large size aggregates are generally intended to 

provide capillary break for frost susceptible soils. IDOT recently introduced new 

crushed stone (CS) and riprap (RR) gradation bands, i.e., CS01, CS02 and RR01 also 

designated as ‘aggregate subgrade,’ to promote the enhanced use of large size virgin 

and recycled aggregates in subgrade remedial applications [3]. The special provision 

allows the use of 38-mm (11/2-in.) top-size capping materials in the top 76 mm (3 in.) 

lifts and aggregate subgrade fitting the CS01, CS02 and RR01 gradation bands in the 

lower lifts. Because the aggregate subgrade layers consist of aggregate particles larger 

than 76 mm (3 in.), standardized test protocols were not feasible for laboratory 

characterization and their field performance in weak subgrade remedial applications is 

largely unknown. 

This paper presents findings from a full-scale accelerated pavement testing (APT) 

study recently undertaken at the Illinois Center for Transportation (ICT) to investigate 

the influence of strength properties on the rutting performance trends of constructed 

pavement test sections with large sized virgin and recycled granular materials 

designated as ‘aggregate subgrade.’ Before and after the completion of APT, quality 

control and field characterization tests were conducted to evaluate performance trends; 

penetration based strength indices were established over the entire depth of pavement 

thickness. Linkages are established between the gradation characteristics of selected 

aggregates, laboratory and field strength properties and their effect on field rutting 

performance. 

2. Aggregate materials 

Seven different materials designated as Type A through G were selected for this study. 

Particle size distributions of the materials with top sizes smaller than 76-mm (3-in.) 

were determined through sieve analyses following the ASTM C136 standard 

specification. A state of the art field imaging technique [4] was adopted to determine 

the size and shape characteristics of the aggregate subgrade materials with particle sizes 

larger than 76 mm (3 in.). Figure 1 shows the particle size distributions of the seven 

different materials. Types A and C were virgin riprap and primary crusher run 

aggregates, respectively. Type G materials consisted of virgin crushed dolomite. Type 

F aggregates were similar to Type G with the exception of larger maximum particle 

size. Type B consisted of 100% recycled concrete aggregates (RCA); whereas Type D 

comprised of 60%-40% blend of RCA and reclaimed asphalt pavement (RAP) 

materials. Type E constituted of 100% RAP aggregates. 

Using nonlinear regression analyses, the cumulative percentage passing through a 

certain sieve opening and respective particle diameter were fitted to a three parameter 

equation originally developed by Fredlund and Xing [5] for the soil-water characteristic 

curve. The regression coefficients designated as g-values can be used to define 

characteristics of an aggregate gradation [6]. The gradation parameter ga indicates the 

percentage of coarse aggregates. The higher the parameter ‘ga’ is, the coarser the 

gradation becomes. Similarly, gradation parameter ‘gm’ characterizes the fine aggregate 

content. The parameter ‘gn’ governs the slope of the gradation curve which implies if 

the particle size distribution is gap, open or well graded. As the parameter ‘gn’ 
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increases, the distribution shifts towards a gap-gradation. As shown in Figure 1, the 

predicted gradation curves matched reasonably. 
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where Pc is the cumulative percent passing; d is the particle diameter (mm); ga is the 

regression coefficient corresponding to the initial break in the gradation curve; gn is the 

regression coefficient corresponding to the maximum slope of the curve; and gm is the 

regression coefficient corresponding to the curvature of the gradation curve. 

 

Figure 1. Particle size distributions of aggregate materials. 

Table 1 summarizes the gradation parameters along with the target IDOT’s 

crushed stone gradation bands. Since Types A through F consistently had very small 

percentage of fines content, this paper has focused on the gradation parameter, ‘ga’ and 

‘gn’, only. Based on the high values of ‘ga’ and ‘gn’, Type A and C virgin aggregates 

were open graded with substantially large particle sizes. Compared to the 

aforementioned materials types, Type B RCA aggregates were somewhat well graded 

with slightly smaller portion of coarse aggregates. The gradation shifted further to well-

graded formation with the inclusion of RAP in the Type D blended recycled materials. 

With very similar ‘gn’ values, Type E, F and G represented the well-graded typical base 

course materials used in the state of Illinois. Compared to Type E and G, Type F virgin 

materials had a larger maximum particle size with higher ‘ga’ value. 

3. Full-scale test sections and accelerated pavement testing 

Figure 2 shows the design of full scale test sections in accordance with IDOT SSM. 

The construction platform (CP) sections were designated with roman numerals starting 

from the western end of the 105.2 m (345 ft) long and 2.7 (9 ft) m wide test road. The 
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total aggregate covers for the CBR = 1% and 3% engineered subgrade were selected to 

be 610 and 305 mm (24 and 12 in.), respectively. The subgrade strength modification 

procedure has already been discussed in a previous literature [7]. Each two consecutive 

test sections had the same aggregate subgrade layer. To investigate the adequacy of 

RAP as a capping material, those consecutive sections were surfaced with a 76-mm (3-

in.) thick alternative surfacing of Type G crushed dolomite and Type E RAP, 

respectively. The large size materials in Types A to D were used as the aggregate 

subgrade over the weak soil engineered to achieve a controlled strength of CBR = 1%. 

Conversely, regular sized Type E and F aggregates were used over the engineered CBR 

= 3% subgrade. 

Table 1. Gradation characteristics of aggregate materials. 

Material Type Target Gradation ga gn gm 

A RR01 54.644 9.522 1.072
B CS01 40.895 3.709 1.561
C CS02 65.388 9.305 84.471
D CS01 20.087 1.838 1.282
E CA06 5.654 2.315 1.536
F CA02 17.734 2.595 1.022
G CA06 8.926 2.305 0.894

 

Figure 2. Design of full-scale construction platform sections. 

The constructed test sections were trafficked with a 44.5-kN (10-kip) moving 

wheel load exerting an equivalent tire contact stress of 758 kPa (110 psi). Each four 

successive test sections were assembled in a cell formation with two speed stabilization 

zones at the longitudinal ends and a transition zone in the middle. This way, the 

traversing speed over those four sections could be maintained at 8 km/h (5 mph) 

throughout the duration of APT. Rutting was periodically measured using a customized 

dipstick at a spacing of 1.5 m (5 ft.) from the edges. The penetration based strength 

tests were conducted right in the middle of each construction platform section. 

Considering the stroke limit of the APT device, the rutting failure criterion was set to 

be 76.2 mm (3 in.). 

Rutting accumulations in the test sections with increasing number of passes are 

presented in Figure 3. Test sections with thinner aggregate cover consisting of regular 
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base course type aggregates performed worse than the test sections with thicker 

aggregate cover. The RAP capped sections consistently accumulated higher magnitude 

of rutting compared to their dolomite counterparts regardless of the aggregate subgrade 

type. Type D blended recycled materials outperformed all other aggregate subgrade 

types accumulating the least amount of rutting over the duration of APT. 

  

Figure 3. Rutting progression in test sections during APT. 

 Since the overall shape of rutting progression did not exhibit any secondary or 

tertiary stage, the rutting data were fitted to a phenomenological power model as shown 

below in Eq. (2) [8]. Note that this particular model, where RD is rut depth and N is 

number of passes, was originally developed to characterize permanent strain and only 

predicts permanent deformation behavior below the plastic shakedown limit [9]. The 

regression coefficients ‘a’ and ‘b’ correspond to the intercept and slope of linear 

relationship between the logarithms of rut depth and number of passes, respectively. 

b
RD aN=  (2) 

4. Effect of material strength on rutting performances 

Two different indices could be obtained from the DCP and the French PANDA field 

strength tests namely cone resistance and penetration rate. An empirical correlation is 

generally used to determine the California bearing ratios (CBR) from the DCP 

penetration rate. Conversely, the PANDA penetrometer directly provides the cone 

resistance accounting for the cross sectional area of the cone-tip, mass of the hammer, 

impact velocity, incremental penetration and the mass of penetrometer assembly. 

Further details on the operational principle of this device have been provided elsewhere 

[10].  
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Figure 4 shows the penetration based strength indices from sections CP-I and CP-

II. Notably an endoscopic probe was inserted into the borehole created during the 

PANDA penetration test in each test section to identify the potential layer interfaces 

and water table. Sample photographs from the geo-endoscopic imaging in the 

aforementioned sections are presented on the right hand side of Figure 4 alongside the 

respective borehole depths. The effect of shallow water table in section CP-II was 

evident as both of the penetration based strength indices were quite lower than those 

recorded in Section CP-I. Considerable increase in subgrade strength, compared to 

design CBR, was noticed due to the mobilization of large size aggregates into the soft 

subgrade. 

 

Figure 4. Penetration based strength indices observed in sections CP-I and CP-II. 

The cone resistance values measured into and near the subgrade interface of the 

test sections in Cell 1 and 2 were closely examined. Average subgrade cone resistance 

values in Sections CP-I through CP-VIII were plotted against the gradation parameter 

‘ga’ of the respective aggregate subgrade materials. Comparatively well graded Type B 

and D recycled materials with somewhat smaller top size exhibited similar range of 

subgrade strength. In case of the dolomite capped sections, the average subgrade cone 

resistance appeared to increase as the gradation became coarser. However, such a trend 

was not consistent in the RAP capped sections. The RAP capping did not transfer 

adequate vibratory energy to the bottom portion of the aggregate subgrade during 

compaction to mobilize the large rocks into the engineered CBR = 1% subgrade. 

Further, RAP was also insensitive to the increased compactive effort in terms of the 

achieved density [7]. 

The effect of water table on the strength of unbound layer and subgrade was also 

investigated. Note that the depths of water table in respective test sections were 

estimated from the geo-endoscopic imaging. The actual layer interfaces were 

established through the excavation of a 1.5 m (5 ft.) wide trench in those sections. The 

bottom 305 mm (12 in.) lift of aggregate cover was designated as the zone of interface. 

As shown in Figure 5 (a) and (b), cone resistance values recorded in both the zone of 
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interface and the subgrade increased with greater depths of water table. Denser 

aggregate packing exhibited better resistance to penetration. For example, the average 

cone resistance values in sections CP-III and CP-IV (Type B RCA) were higher than 

those in sections CP-II and CP-I, respectively (Type A riprap) despite having similar 

depths of water table. 

 

Figure 5. (a) Variation of cone resistance with gradation parameter, ‘ga’; (b) effect of water table on cone 
resistance; (b) and (d) monotonic triaxial strength tests on material types A and D, respectively. 

Well graded aggregates show enhanced interlocking capability compared to the 

uniformly graded aggregates due to their denser packing. This was also manifested in 

the monotonic triaxial strength tests on Type A and D aggregates. Figure 5 (c) and (d) 

exhibit the deviator stress versus the axial strain for Type A and D materials at three 

different confining pressures. Even though Type A virgin riprap exhibited higher 

deviator stress below 2% axial strain in comparison to the Type D blended recycled 

materials, the influence of denser packing became evident beyond that threshold of 

axial strain. As a result, Type D materials had higher cohesion and angle of internal 

friction compared with the Type A virgin riprap. Visual examination of the laboratory 

strength tests revealed significant particle reorientation in the Type A virgin riprap 

specimens. This could further be demonstrated through the instability observed.   

The rutting model parameters ‘a’ and ‘b’ from Eq. (2) were inspected with respect 

to the gradation characteristics and field strength indices. The rutting parameter ‘a’ 

increased as the particle size distribution became coarser and more uniform. As 

observed in the laboratory triaxial strength tests, the uniformly graded large size 

materials reoriented to a denser matrix during the initial phase of the APT. Previous 

literature indicates that increasing maximum aggregate size results in higher shear 

strength and lower accumulation of permanent deformation [11]. Similarly, the rate of 

rutting indicated by the parameter ‘b’ reduced with the increase in maximum particle 

size designated by the gradation parameter ‘ga’. Once the uniformly graded aggregates 

consolidated to a denser state, the rutting accumulation potentially stabilized to a 

minimal level. The rutting parameter ‘b’ also appeared to be inversely proportional to 

the average cone resistance values recorded in the aggregate subgrade. This further 
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substantiates the fact that rutting accumulation (permanent deformation) is directly 

linked to the material shear strength [12,13].  

5. Conclusions 

A recent full-scale pavement foundation study at the Illinois Center for Transportation 

opted to validate through accelerated pavement testing (APT) the newly introduced 

large sized virgin and recycled aggregate material performance trends for improved 

subgrade applications. Seven different materials varying in source, composition and 

particle sizes were selected to construct twelve full scale working platform sections. 

These sections were subjected to APT for rutting evaluation. This paper studied the 

effect of gradation and strength of these nontraditional unbound aggregates on rutting 

performance. Migration of large aggregates into weak engineered subgrade led to 

higher strength and increased resistance to rutting damage. Large size uniformly graded 

aggregates exhibited stability challenges during the initial cycles of APT. The rutting 

rate subsided with increases in field strength indices and coarser aggregate proportions. 

Reclaimed asphalt pavement as a capping material was susceptible to rutting. 
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