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EXECUTIVE SUMMARY

The objectives of this study were to assess the engineering properties of two recycled materials. Laboratory experiments were conducted in which a recycled pavement material (RPM) and a road surface gravel (RSG) were tested to determine the California bearing ratio (CBR), resilient modulus (Mr), and unconfined compressive strength (UCS). Results of these tests were compared to the properties of a conventional base material (Class 5 base). The recycled materials were blended with two fly ash contents (10 and 15%) and three curing times (7, 28, and 56 d). Resilient modulus and unconfined compression strength tests were also conducted after 5 cycles of freezing and thawing to asses the impact of freeze-thaw cycling. 

RSG and RPM had CBRs greater than that of Class 5 base, but all three materials had CBR less than typically desired for base course (CBR ≥ 50). After 7 d of curing, CBRs of RPM with fly ash (67 and 134) were 3 to 6 times the CBR of RPM alone (22), whereas CBRs of RSG with fly ash (183 and 334) were 6 to 11 times the CBR of RSG alone (31). The CBR for RPM and RSG increased with increasing fly ash content.
The UCS for RPM with fly ash ranged from 0.78 to 2.26 MPa, whereas the UCS for RSG with fly ash ranged from 1.41 to 3.61 MPa. The UCS of RPM and RSG mixed with fly ash increased with increasing fly ash content and curing time, with significant increases occurring even after 28 d. The UCS was maintained even when the RPM and RSG were exposed to freezing. After 5 freeze-thaw cycles, the UCS of RPM and RSG mixed with fly ash was higher (5 and 18%) than the UCS not subjected to freeze-thaw cycling. 
RPM had a higher summary resilient modulus (SRM) than Class 5 base, whereas the SRM for RSG was slightly lower than that of Class 5 base. RPM also exhibited smaller plastic strains during resilient modulus testing than Class 5 base, whereas RSG showed similar plastic strains to Class 5 base. SRM for RPM and RSG mixed with fly ash were independent of bulk stress and were described by a single modulus. The SRM of RPM with fly ash ranged from 1800 to 6800 MPa, whereas SRM of RPM alone was 309 MPa. The SRM of RSG blended with fly ash ranged from 5800 to 12000 MPa, whereas the SRM of RSG alone was 212 MPa. The SRM of RPM and RSG blended with fly ash increased with fly ash content and curing time, with the rate of increase being largest between 7 and 28 d of curing. Addition of fly ash reduced plastic strains of RPM and RSG during resilient modulus testing. Freeze-thaw cycling had a small effect on the SRM of Class 5 base (7% change), RPM (15% change), or RSG (5% change) with or without fly ash, with no consistent effect for materials mixed with fly ash. 
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1. INTRODUCTION
There is growing interest in reducing construction costs and increasing sustainability when reconstructing paved roads and upgrading unpaved roads to paved roads. One approach is to use recycled materials in place of conventional materials. For example, road surface gravel (RSG) from a gravel road undergoing rehabilitation may be reused as the base layer for newly paved roads (Hatipoglu et al. 2008). Alternatively, recycled pavement material (a mixture of pulverized asphalt, base, and subgrade from the existing road) may be used as base course for the new pavement (Wen et al. 2004). In some cases, the strength and stiffness of these recycled materials are enhanced by blending them with cementitious material, such as fly ash from coal-fired electric power plants (Hatipoglu et al. 2008, Li et al. 2007). 

An impediment to more common use of recycled materials in roadway reconstruction is lack of information on their engineering properties. In addition, pavement engineers need to know how to design pavements using recycled materials that will yield equal or better performance than pavements constructed with virgin materials. This study was conducted to describe the engineering properties of a typical recycled pavement material (RPM) and recycled road surface gravel (RSG) blended with fly ash. 

The particular objectives of this study were to assess the engineering properties of recycled materials with and without fly ash and to study how freezing and thawing may affect the engineering properties of recycled pavement materials blended with fly ashes. This report describes the findings of this study. Background information is provided in Section 2. Materials and methods are described in Sections 3 and 4. Results and analysis are provided in Section 5. A summary and conclusions are in Section 6. 
2. BACKGROUND
2.1 IN SITU PAVEMENT RECYCLING
An alternative to common methods of pavement rehabilitation/reconstruction is to recycle the existing pavement materials. In-situ recycling is a pavement rehabilitation method in which some, if not all, of the materials from the existing pavement are used for constructing a new pavement structure. In situ recycling is attractive because of the potential reduction in costs and consumption of natural resources. For example, the Nevada Department of Transportation (NDOT) has reported a savings of $600 million over a span of 20 years by employing in situ recycling methods in lieu of common reconstruction methods (Bemanian et al. 2006). Additional benefits of in-situ recycling include conservation of energy, waste reduction, and reduction of greenhouse gas emissions (Kearney and Huffman 1999).
There are three different types of in situ recycling in pavement rehabilitation: hot in-place recycling (HIR), cold in-place recycling (CIR), and full-depth reclamation (FDR). The three in-situ recycling methods are typically classified according to the procedures used for recycling, and the materials to be recycled into the new pavement. Because of their similarity, however, the nomenclature for in situ recycling is often used interchangeably. 

2.1.1 Hot In-Place Recycling

Hot in-place recycling (HIR) is an in situ pavement rehabilitation process where a fraction of the existing asphalt course is used in the new asphalt surface. The existing asphalt is softened by applying heat, mechanically removed, blended with a chemical additive and virgin aggregates or asphalt if needed, and then replaced onto the pavement structure (Button et al. 1999). Typical HIR pavement depths range from 25 to 50 mm. 

HIR is typically used to correct for pavement distress, such as rutting, corrugations, thermal cracking, raveling, flushing and loss of surface friction (Kuennen 1988). HIR is an attractive alternative for pavement rehabilitation because it has been shown to reduce construction costs and energy consumption by as much as 25% and 30%, respectively, when compared with conventional methods (Button et al. 1994). 

2.1.2 Cold In-Place Recycling

Cold in-place recycling (CIR) is similar to hot in-place recycling, but without heat. CIR can be performed either partially or to the full depth of the existing pavement structure. Recycled asphalt pavement (RAP), the material obtained by pulverizing the existing asphalt layer, is reused for the new pavement. Typical depths for CIR range from 50 to 100 mm (Salomon and Newcomb 2000). 

CIR consists of pulverizing the existing asphalt layer to a specified depth, mixing the recycled asphalt pavement (RAP) aggregates with an emulsion, compacting the material to the desired density, and letting the material cure. The recycled layer is typically used as a base layer that is surfaced with a thin layer of wearing course. However, CIR has been used for surface course for roadways with low to medium traffic volume (Epps 1990). Typical chemical additives used in CIR include soft asphalt cements, cutback asphalt, foamed asphalt cements, and emulsions combined with cement, fly ash, or lime (AASHTO-AGC-ARTBA 1998). 

2.1.3 Full-Depth Reclamation

Full-depth reclamation (FDR) consists of pulverizing and mixing the existing asphalt layer with the underlying aggregate base, and sometimes subgrade, to form a recycled base layer for a new asphalt pavement. This method is also referred to as full-depth cold in-place recycling. A primary difference between FDR and CIR is the depth of pulverization of the existing pavement. FDR extends 100 to 300 mm deep, depending on the dimensions of the existing pavement structure (Salomon and Newcomb 2000). In contrast, CIR consists of depths only 50 to 100 mm. The material generated from FDR, comprised of existing RAP and underlying base and subgrade materials, is referred to as recycled pavement material (RPM) (Li et al. 2007). 

RPM can be used as base course for a new pavement (Wilson et al. 1998). In practice, however, RPM is often mixed with a binder or admixture to enhance the strength and stiffness (Wen et al. 2004; Taha et al. 2002; Crovetti 2000; Misra et al. 2005; Li et al. 2007). RPM can be improved by adding good quality granular material, or by blending with Portland cement, hydrated lime, fly ash, or bituminous agents (slow or medium set asphalt emulsions) (Kearney and Huffman 1999). 

FDR is also used to upgrade unpaved pavements to asphalt pavements (Hatipoglu et al. 2008). The existing road surface gravel is blended with fly ash and reused as the base course of a new pavement.

2.2 RECYCLED ROADWAY MATERIALS BLENDED WITH FLY ASH

The effect of RAP content on strength and stiffness may be an impediment for using recycled materials as base course for a new pavement (Taha et al. 1999; Cooley 2005; Kim et al. 2007). An alternative is to enhance the mechanical properties of recycled materials by adding cementitious fly ash. Cementitious fly ashes have been used to effectively improve the mechanical properties of soft subgrades (Edil et al. 2002; Senol et al. 2006). However, enhancing the mechanical properties of granular materials through fly ash addition is largely undocumented in the literature. Data on recycled materials blended with fly ash is even scarcer. 

Li et al. (2007) evaluated the use of recycled asphalt pavement blended with fly ash as base course during the reconstruction of a 0.5-km section of asphalt pavement in Waseca, Minnesota. The recycled base layer was obtained by pulverizing the existing asphalt pavement and underlying materials to a depth of 300 mm, removing the uppermost 75 mm of RPM, uniformly spreading Class C fly ash (10% by dry weight) on the surface, and mixing the fly ash and RPM with water to a depth of 150 mm. Compaction was carried out within 1-2 hours of mixing and the final compacted layer was cured for 7 d prior to placing 75 mm of hot mix asphalt. 
Strength and stiffness of field and laboratory specimens were measured to evaluate the effectiveness of enhancing the mechanical properties of RPM through fly ash addition. Strength was measured by CBR tests, whereas stiffness was measured by resilient modulus (Mr) tests. Field-mix specimens were prepared by collecting fly ash treated RPM and compacting the mixture into CBR and Mr molds. The specimens were prepared at dry unit weights measured in the field, sealed with plastic, and cured (7 d for CBR, 14 d for Mr) at 100% relative humidity. Laboratory-mix specimens were prepared from fly ash and RPM samples obtained during construction. These specimens were prepared to mean field water contents and dry unit weights. RPM-only specimens were prepared in a similar manner. 

CBR of RPM increased significantly with the addition of fly ash, ranging from 3 to 17 for RPM (laboratory) and from 70 to 94 for RPM with fly ash (laboratory). The RPM did not meet the CBR typically required for base course (CBR ≥ 50), whereas fly ash addition increased the CBR of RPM beyond 50. Field specimens exhibited CBRs approximately two thirds lower than laboratory specimens, but still had CBR significantly larger than RPM alone. Similar trends were observed for Mr of RPM. Addition of fly ash increased the Mr of laboratory RPM specimens appreciably (2.2 times, on average), whereas Mr of field specimens were 25% lower, on average, than the Mr of laboratory specimens. 

A similar study was conducted by Hatipoglu et al. (2008) where cementitious fly ash was added to the existing road surface gravel (RSG) when upgrading a 3.5-km road section in Chisago, Minnesota from an unpaved road to a paved road. Cementitious off-specification fly ash was mixed (10% by dry weight) with the existing RSG and water to a depth of 250 mm and compacted within 1-2 hr. Following compaction, the RSG with fly ash was overlain by 90 mm of HMA within 3 to 7 d. Field and laboratory specimens of RSG and RSG with fly ash were prepared in the same manner as Li et al. (2007). However, the Mr specimens were cured for 7 d as opposed 14 d. 

Results obtained by Hatipoglu et al. (2008) are very similar to those obtained by Li et al. (2007). The CBR of RSG was 24, thus not meeting the typical minimum CBR requirements for base course. However, RSG mixed with fly ash in the laboratory had a CBR of 154, whereas field-mix RSG had CBR ranging from 16 to 90. Field CBRs were as much as 60% lower than laboratory prepared specimens. Similar trends were observed for Mr of RSG. Addition of fly ash increased the Mr of laboratory prepared RSG by as much as 2 fold. In contrast to CBR, the Mr of the RSG field specimens was higher than the Mr of laboratory specimens. 

Wen et al. (2007, 2008) evaluated using high carbon fly ash to increase the strength and stiffness of RPM. They found that CBR and Mr of RPM blended with fly ash were higher than CBR and Mr for RPM without fly ash. Moreover, the CBR of RPM was lower than the CBR of conventional crushed aggregate, whereas the CBR of RPM blended with fly ash was at least comparable to the CBR of conventional crushed aggregate. The Mr of RPM was higher than the Mr of conventional crushed aggregate, but RPM exhibited higher plastic deformations than those of conventional crushed aggregate during Mr testing. Addition of fly ash reduced plastic deformations for RPM, where RPM exhibited less plastic deformations than the conventional crushed aggregate. 

Crovetti (2000) conducted falling weight deflectometer (FWD) tests on pavement test sections to evaluate the structural capacity of pavements containing recycled pavement material blended with fly ash (7% by dry weight) and asphalt emulsion (application rate of 7 L/m2). Field structural capacity was computed from moduli defined from FWD tests. The test section containing recycled pavement materials blended with fly ash had the highest structural capacity, yielding increase in lifespan of 58% when compared to the control, and 28% when compared to the section with emulsified asphalt. No surface distresses were encountered in any of the test sections after one year of service. In a similar study, Wen et al. (2004) reported no surface distresses for test sections containing recycled pavement materials blended with fly ash after two years of service. Moreover, backcalculated FWD data indicated that the structural capacity of the test section containing fly ash increased 49% after 1 year of service.

Addition of fly ash can also have detrimental effects on pavements. A series of cold in-place recycling (CIR) test sections using Class C fly ash were constructed by the Kansas Department of Transportation. Test sections with higher fly ash contents exhibited more initial cracking than those with lower fly ash contents. Cross and Young (1997) evaluated the durability, fatigue, and thermal cracking potential of laboratory-prepared samples of the CIR materials blended with Class C fly ash. Fatigue testing indicated an increase in brittleness with increasing fly ash content, which would yield a pavement structure with greater propensity for fatigue and thermal cracking. Thus, using more Class C fly ash than the necessary is not recommended.

2.3 EFFECT OF FREEZE-THAW CYCLING ON THE MECHANICAL PROPERTIES OF RECYCLED MATERIALS

Little data are available on the effects of freeze-thaw cycling on the engineering properties of granular materials. Furthermore, even less data are available on the effects of freeze-thaw cycling on the mechanical properties of recycled materials with and without fly ash. 

Simonsen et al. (2002) investigated the effects of one freeze-thaw cycle on the resilient modulus of 5 soils: glacial till, silty fine sand, coarse gravelly sand, fine sand, and marine clay. Specimens were compacted at optimum water content using kneading compaction. No inflow or outflow (closed system) was allowed during omnidirectional (3D) freezing and thawing. Resilient modulus testing was carried out according to AASHTO TP46-94. 

A reduction in resilient modulus was observed for all materials after 1 freeze-thaw cycle. The percent reduction in Mr for each material was as follows: glacial till (27%), silty fine sand (19%), coarse gravelly sand (23%), fine sand (50%), and marine clay (57%). Simonsen et al. (2002) indicate that freezing and thawing results in a looser soil structure, which causes a lower resilient modulus. 

Rosa (2006) evaluated the effect of freeze-thaw on the engineering properties of one RSG and four RPMs mixed with fly ash. The materials were cured and then subjected to varying freeze-thaw cycles (0, 1, 3, 5, 10, and 12) using a closed system. Resilient modulus tests were performed after freeze-thaw cycling. The resilient modulus decreased with increasing freeze-thaw cycles, leveling off after 5 cycles. Reduction in resilient modulus for the coarse material-fly ash mixtures ranged from 7 to 42%, with an average of 24.5%. Furthermore, RPMs blended with fly ash showed higher reductions in resilient modulus as the fines content increased. Rosa (2006) also reports that the reduction in resilient modulus for materials blended with fly ash depends on the CaO content of the fly ash. For example, the Mr decrease of RPM blended with fly ash having 25.8% CaO ranged from 19-29%, whereas the RPM blended with fly ash having 24.0% CaO showed reductions in Mr ranging from 33-43%. No relationship was found between fly ash classification and reductions in Mr after freeze-thaw cycling. 

Zaman and Naji (2003) evaluated the effect of freeze-thaw cycling on a typical Oklahoma base aggregate blended with Class C fly ash (10% by dry weight). Resilient modulus and unconfined compression strength tests were conducted on specimens after 0, 4, 12, and 30 freeze-thaw cycles (3 and 28 d cure). Resilient modulus increased up to 12 freeze-thaw cycles for specimens cured for 28 d, but exhibited a drop in resilient modulus for 30 freeze-thaw cycles. The specimens cured for 3 d, however, showed an increase in resilient modulus up to 30 cycles. An increase in freeze-thaw cycles also resulted in an increase in UCS for all cases. The effect of freeze-thaw cycling on Mr and UCS was attributed to retardation or acceleration of cementitious reactions. 

Baugh (2007) evaluated the effect of freeze-thaw cycling on the resilient modulus and unconfined compression strength of three recycled materials blended with cement kiln dust (5, 10, 15, and 20% by dry weight): recycled asphalt pavement (RAP), recycled pavement material (RPM), and road surface gravel (RSG). Specimens were prepared at 95% of maximum dry unit weight, cured for 7 d, soaked in water for 5 h, drained for 5 to 10 min, sealed in plastic, and subjected to freeze-thaw cycling (0, 5, and 10 cycles). Resilient modulus testing was carried out according to NCHRP 1-28A. 

The summary resilient modulus (SRM) of RAP and RPM blended with cement kiln dust (CKD) decreased after 5 freeze-thaw cycles (33 and 37% reduction in SRM), whereas no further reductions in SRM occurred after 10 freeze-thaw cycles. In contrast, the SRM of RSG blended with CKD decreased up to 10 freeze-thaw cycles. The maximum reduction in SRM observed was approximately 50%. Increasing the CKD content resulted in a higher reduction in SRM for a given material. 

The majority of the reduction in UCS for RAP and RPM also occurred within the first 5 freeze-thaw cycles (30% reduction in UCS). There was no observed trend in UCS of RSG blended with CKD as a function of freeze-thaw cycling, with a maximum change in UCS of 15%. The effect of freeze-thaw cycling on the SRM and UCS of the material-fly ash mixtures was attributed to ice expansion and formation of ice lenses, which break the bonds created between the fly ash and particles and result in a loss of strength and stiffness.  

Li et al. (2007) conducted falling weight deflectometer (FWD) tests on a pavement structure, having a base layer of recycled pavement materials (RPM) blended with class C fly ash (10% by dry weight), to evaluate the changes in pavement modulus exposed to freeze-thaw cycling after the first winter after construction. FWD tests were conducted in 10 different stations along the pavement in November 2004 and August 2005 (3 months and 1 year after construction). Statistical analysis on the base moduli (RPM blended with fly ash) measured before and after 1 winter exposure showed the base moduli were statistically the same, suggesting no strength losses for the base layer after freeze-thaw cycling. 

Hatipoglu et al. (2008) conducted a similar study on a pavement having a base layer of road surface gravel (RSG) blended with class C fly ash (10% by dry weight). FWD tests were conducted in different stations along the pavement in November 2005, May 2006, and October 2006 (2 months, 8 months, and 1 year after construction). Statistical analysis of the base moduli indicated strength losses after one winter exposure (from November 2005 to May 2006) followed by an increase in base modulus (from May 2006 to October 2006). The median base moduli in May 2006 for RSG blended with fly ash were comparable to those of RPM blended with fly ash (Li et al. 2007), even though a drop in modulus occurred for the RSG base layer. 

3. MATERIALS
3.1 BASE AND RECYCLED MATERIALS

Two recycled materials and a conventional base material were selected for this study. The recycled materials consisted of a recycled pavement material (RPM) and a road surface gravel (RSG). The base material was a gravel meeting the Class 5 specifications for base course in Minnesota (MnDOT 2005). The Class 5 base was used as a control material. The Class 5 base and RSG were manufactured in the laboratory because the materials were not readily available.   
RPM was obtained from a roadway reconstruction project in southwestern Madison, Wisconsin, near the intersection of Muir Field Road and Carnwood Road. The RPM was a blend of pulverized asphalt and limestone base layers created by removing the existing pavement (approximately equal thickness of asphalt and base), having an asphalt content of 4.6% (ASTM D 6307). RPM used for testing was sieved through the 25 mm sieve. 

Class 5 base meeting Minnesota Department of Transportation specifications (MnDOT) was created by blending pit run gravel obtained from Wimme Sand and Gravel (Plover, Wisconsin) with crushed pea gravel obtained from Midwest Decorative Stone and Landscape Supply (Madison, Wisconsin). The pit run gravel was sieved past the 25 mm sieve prior to blending with the pea gravel. The particle size distribution for the Class 5 base is shown in Fig. 1 (a) along with MnDOT specifications for Class 5 base used for base course applications. 

A typical RSG was created by blending the manufactured Class 5 base with washed limestone fines obtained from Rosenbaum Crushing and Excavating (Stoughton, Wisconsin). The Class 5 base was sieved past the 19 mm sieve prior to blending with the washed limestone fines. The RSG meets the American Association of State Highway and Transportation Officials (AASHTO) gradation requirements for the surface course materials, as outlined in AASHTO M 147 (AASHTO 2001). The particle size distribution for RSG is shown in Fig. 1 (b) along with three AASHTO specifications for surface course gravel (Gradations D, E, and F). 
A summary of the index properties and soil classifications for the three base materials is shown in Table 1. Particle size distribution (PSD) curves, which were determined using ASTM D 422, are shown in Fig. 2. Class 5 base classifies as SP according to the United States Soil Classification System (USCS), whereas RSG classifies as SM, and RPM as GW-GM. All three materials are nonplastic, even though RPM and RSG have more than 10% fines. 

Compaction tests were performed at standard compactive effort for all three materials using the method in ASTM D 698. Optimum water contents and maximum dry unit weights are summarized in Table 3. Bell-shaped curves were obtained for RPM and RSG. Class 5 base, however, showed little variation in dry unit weight with water content (Fig. 3).  

3.2 FLY ASH

The Columbia fly ash for this study was obtained from Columbia Power Plant Unit No. 2, in Portage, Wisconsin where sub-bituminous coal is burned in pulverized boilers. The fly ash is collected using electrostatic precipitators. Columbia fly ash has a powdery texture, light brown color, classifies as Class C according to ASTM C 618, has a specific gravity of 2.63, and has cementitious properties. Physical properties and chemical composition of Columbia fly ash are summarized in Table 2, along with the typical chemical composition of Class C fly ash. 
According to Janz and Johansson (2002), the ratio of CaO to SiO2 is indicative of the potential for pozzolanic reactions, and binders containing larger ratios are likely to be more effective in enhancing the engineering properties of materials. Similarly, Tastan (2005) indicates that cementing is also related to the ratio of CaO to (SiO2 + Al2O3). Tastan (2005) reported higher strengths for subgrade soils blended with fly ash at CaO/SiO2 ratios ranging from 0.5 to 1.0 and CaO/(SiO2 + Al2O3) ratios ranging from 0.4 to 0.7. The ratio of CaO to SiO2 for Columbia fly ash is 0.4, whereas the ratio of CaO to (SiO2 + Al2O3) is 0.8. Rosa (2006) reports the pozzolanic activity of Columbia fly ash at 7 days is 95.8%.
4. METHODS
4.1 COMPACTION / CALIFORNIA BEARING RATIO
Specimens for compaction and California bearing ratio (CBR) tests were compacted in PVC molds following Method C in ASTM D 698. Particles larger than 25 mm were removed prior to compaction. Materials were compacted in three lifts of equal mass and thickness. CBR tests were performed on specimens without fly ash immediately after compaction, whereas specimens with fly ash were tested after 7 d of curing. All CBR tests were conducted following the methods in ASTM D 183. To simulate condition shortly after construction, CBR specimens were not soaked prior to testing and 7 d curing was employed on specimens with fly ash (Bin-Shafique et al. 2004). An MTS Systems machine (model Sintec 10/GL) was used for loading the specimens. Data were collected with a PC equipped with TestWorks software.

4.2 RESILIENT MODULUS

The RPM and Class 5 base materials classify as Type I material in NCHRP 1-28A, which requires a specimen 152 mm in diameter and 305 mm in height for resilient modulus testing (NCHRP 2004). For consistency, all specimens were prepared to these dimensions even though smaller specimens could have been used for RSG. Specimens were compacted in six lifts of equal mass and thickness using a split mold 152 mm in diameter. All materials were compacted to 100% of maximum standard Proctor density at optimum water content. Specimens were compacted to within 1% of the target dry density and 0.5% of target moisture content (NCHRP 2004). Similar methods were employed for base materials prepared with and without fly ash. 

Specimens of Class 5 base for resilient modulus (Mr) testing were prepared in a split mold placed directly on the bottom plate of the resilient modulus test cell. A latex membrane was placed inside the split mold. Vacuum was applied to attract the membrane to the inside surface of the mold. 

Resilient modulus testing was performed in accordance with the NCHRP 1-28A protocol (NCHRP 2004). All materials were tested under Procedure Ia, which applies to base and subbase materials. All resilient modulus tests were conducted with both internal and external linear variable displacement transducers (LVDT). Clamps for the internal LVDTs (Fig. 4) were built in accordance with NCHRP 1-28A specifications. The external LVDTs had a measurement range of ± 5 mm for specimens without fly ash and ±1.5 mm for specimens with fly ash. Internal LVDTs used for specimens without fly ash had a measurement range of ±5 mm, whereas a range of ±1.5 mm was used for specimens with fly ash. The former had an accuracy of 0.005 mm, while the latter had an accuracy of 0.0015 mm. Calibration data for resilient modulus testing equipment is in Appendix E. 

An MTS Systems Model 244.12 servo-hydraulic machine was used for loading the specimens. Loading sequences, confining pressure, and data acquisition were controlled by a PC equipped with Labview 8.5 software. 

Resilient moduli (Mr) from the last 5 cycles of each test sequence were averaged to obtain the resilient modulus for each load sequence. The resilient modulus data were fit to the power function proposed by Moosazedh and Witczak (1981):
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where  is bulk stress and k1 and k2 are fitting parameters. For a given material, k2 was not expected to vary appreciably. Hence, k2 obtained from replicate or triplicate tests were averaged and fixed for that material. A second fit was then performed using the average k2 and fitting k1 to all tests. A summary resilient modulus (SRM) was also computed, as suggested in Section 10.3.3.9 of NCHRP 1-28A. For base materials, the summary resilient modulus corresponds to the resilient modulus at a bulk stress of 208 kPa.

4.3 UNCONFINED COMPRESSION 

Unconfined compression tests were conducted on the specimens with fly ash after resilient modulus testing. ASTM D 5102 was used for the unconfined compression tests. Stresses applied during resilient modulus testing are low enough that specimens with fly ash do not deform significantly. Therefore, resilient modulus specimens could be reused for unconfined compression tests. Strain rates ranging from 0.5% to 2.1% per minute are suggested in ASTM D 5102. However, slower rates are optional for stiffer materials. All specimens were loaded at a strain rate of 0.21% per minute (Acosta 2002), or 0.64 mm per minute for specimens that are 305 mm tall. A Satec Systems servo-hydraulic compression machine (Model MII 400 RD) was used for testing. Data were collected with a PC equipped with Partner software. 

4.4 FREEZE-THAW DURABILITY

Tests were conducted to determine the effects of freeze-thaw cycling on the engineering properties of each of the materials. Rosa (2006) reports the effects of freeze and thawing on resilient modulus and unconfined compression generally occur within 5 cycles. Therefore, test specimens were subjected to 5 freeze-thaw cycles and then their resilient modulus was measured. Unconfined compression tests were also performed on the specimens with fly ash subjected to freeze-thaw after the resilient modulus tests were conducted. 

Specimens for freeze-thaw testing were prepared in the same manner as other resilient modulus specimens. All specimens were compacted to 100% of maximum standard Proctor density at optimum water content. The saturation level for the Class 5 base was 49%, whereas the saturation level for RPM and RSG were 89% and 65%, respectively. Preliminary testing on a specimen instrumented with a thermocouple showed that complete freezing occurred within one day at -19°C. Thus, all specimens were retained in the freezer for at least 1 day. After freezing, the height and weight were measured and the specimen was allowed to thaw at room temperature. This process was repeated until 5 freeze-thaw cycles were completed. After the last cycle, specimens were extruded frozen and thawed inside the resilient modulus cell. Resilient modulus testing was then conducted as described previously. Unconfined compression tests were conducted on specimens with fly ash after the resilient modulus tests were completed.
5. RESULTS AND ANALYSIS
5.1 COMPACTION 

Maximum dry unit weights and optimum water contents for RPM and RSG, with and without fly ash, are summarized in Table 3. The compaction characteristics of RPM and RSG blended with fly ash are similar to the compaction characteristics of RPM and RSG without fly ash (Fig. 5). However, increasing fly ash content resulted in an increase in optimum water content and a decrease in maximum dry unit weight. The shift in compaction curves with increasing fly ash content was more pronounced for RPM. The lower dry unit weights for material-fly ash mixtures is attributed to the loss of energy to breaking of the bonds, created as a result of cementation, during compaction.  

 Wen et al. (2008) and Senol et al. (2003) also report that adding fly ash to RPM or soil causes a shift in the compaction curve, and that the type of shift (up or down) can depend on the type of fly ash. 

5.2 CALIFORNIA BEARING RATIO

5.2.1 Base and Recycled Materials without Fly Ash

CBR and dry unit weight are shown in Fig. 6 as a function of moisture content for Class 5 base, RPM, and RSG. There is little variation in CBR or dry unit weight with water content for Class 5 base because it is a granular material with low fines content. Bell-shaped curves were obtained for CBR and dry unit weight for both RPM and RSG. Optimum CBRs for all materials were at approximately the same water content as the maximum dry unit weight. 

Both RPM and RSG had higher CBR than Class 5 base. The CBR for Class 5 base was 10, whereas RPM and RSG had CBRs of 22 and 31, respectively. The CBR for Class 5 base was significantly lower than expected (<50). However, a second CBR test confirmed the initial results (Fig. 6). The low CBR of the Class 5 base is attributed to its large sand fraction (59%), and the rounded to subrounded characteristics of the gravel fraction (Fig. 7). CBR decreases with increasing particle roundness because of the decrease in friction between particles. 

CBRs obtained for RPM and RSG were higher than expected. Baugh (2008) reports an average CBR of 13 for RPM, whereas Li et al (2007) report CBRs ranging from 3 to 17. Similarly, Baugh (2008) reports an average CBR of 21 for RSG, whereas Hatipoglu et al. (2008) report a CBR of 24. These CBRs, however, were obtained for specimens prepared at optimum water content and 95% of standard Proctor dry unit weight, whereas optimum CBRs for this study were determined from the relationship between CBR and water content (Fig. 6).
5.2.2 Recycled Materials Blended with Fly Ash

CBRs for RPM and RSG blended with fly ash are summarized in Table 3. The variation of CBR and normalized CBR (defined as CBR of base material with fly ash over CBR of base material) with fly ash content for RPM and RSG are shown in Fig. 8. As expected, CBR increases significantly with increasing fly ash content for both recycled materials. The increase in CBR is attributed to cementation of the particles by the fly ash.

RSG with fly ash had CBRs greater than RPM with fly ash. RPM shows a three fold increase in CBR when mixed with 10% fly ash, whereas RSG shows a six fold increase. Addition of 15% fly ash yields further gains in CBR for both recycled materials. Hatipoglu et al. (2008) and Li et al. (2007) report similar increases in CBR for RPM and RSG mixed with 10% fly ash. Both RPM and RSG had CBR higher than the CBR typically desired for base materials (CBR ≥ 50) (Hunt 1986) when mixed with 10% fly ash (67 for RPM and 183 for RSG). RPM mixed with 15% fly ash had a CBR of 134, whereas RSG mixed with 15% fly ash had a CBR of 334. Thus, both recycled materials have very high bearing strength when mixed with 15% fly ash. 
These results are similar to those reported by Wen et al. (2008) for RPM blended with high carbon fly ash. The CBR of RPM increased with increasing fly ash content up to 18% fly ash (from 38 to 212). 

5.3 UNCONFINED COMPRESSION STRENGTH 
5.3.1 Effect of Fly Ash Content and Curing Time

Unconfined compression strengths (UCS) for RPM and RSG blended with fly ash are summarized in Table 4 and are shown in Fig. 9. The UCS reported in Table 4 are the average of the UCS of duplicate specimens. The UCS for both RPM and RSG increase with increasing fly ash content and, under the same conditions, RSG exhibits higher UCS than RPM. The UCS of RPM and RSG mixed with fly ash also increased with curing time (Fig. 9), with significant increases occurring even after 28 d. The UCS in Table 4 are similar to those reported by Wen et al. (2008) (1.3 to 2.04 MPa for RPM mixed with up to 14% high carbon self-cementing fly ash and curing times up to 14 d). 

Mechanistic Empirical Pavement Design Guide (MEPDG) suggests a minimum unconfined compressive strength (28 d cure) of 5.2 MPa for a chemically stabilized base layer and 1.7 MPa for a chemically stabilized subbase layer (ARA 2004). The highest unconfined compressive strength observed in this study was 3.61 MPa (RSG with 15% fly ash). Thus, the RPM and RSG blended with fly ash fall below the minimum suggested UCS for chemically stabilized base layers. The UCS requirement for a subbase layer were met for all but one mixture of RSG and fly ash, but for only one mixture prepared with RPM (15% fly ash and 28 d cure). Even though the UCS criteria are not satisfied for most cases of RPM, field experience (Hatipoglu et al. 2008, Wen et al. 2004, Crovetti 2000, Li et al 2007) has shown that RPM and RSG blended with 10-15% fly ash has more than adequate strength to support construction traffic and other loads commonly applied to base and subbase layers. 

5.3.2 Effect of Freeze-Thaw 
Summary resilient moduli (SRM) and UCS of base materials with and without fly ash, before and after 5 freeze-thaw cycles, are summarized in Table 5. UCS of RPM and RSG with 10% fly ash before and after 5 freeze-thaw cycles are shown in (Fig. 10). The UCS of RSG increased 18% after 5 freeze-thaw cycles and the UCS of RPM increased by 5%. Zaman and Naji (2003) report similar findings for the UCS of an aggregate base blended with 10% Class C fly ash (28 d cure). They found that the UCS increased with increasing freeze-thaw cycles (up to 30 cycles). Zaman and Naji (2003) attribute the increase in UCS to accelerated cementitious reactions during thawing. 

5.4 RESILIENT MODULUS

5.4.1 Base and Recycled Materials without Fly Ash

Analysis of resilient modulus data indicated deformations measured with internal LVDTs more accurately described deformation of the specimens (see Appendix I). Thus, the resilient moduli presented herein are based on deformations measured with internal LVDTs. The SRM for the Class 5 base, RPM, and RSG, computed in accordance with Procedure Ia of NCHRP 1-28A, are summarized in Table 6, along with the parameters k1 and k2 for the resilient modulus power function model (Eq. 4.1). These SRM and parameters correspond to compaction at optimum water content and at maximum dry unit weight. 

SRM for Class 5 base, RPM, and RSG are shown in Fig. 11. RPM has the highest SRM (309 MPa) of the three base materials. Alternatively, RSG has the lowest SRM (212 MPa), whereas Class 5 base has a SRM of 236 MPa. The resilient moduli of the base materials do not follow the same hierarchy as observed for CBR (RSG has the highest CBR, followed by RPM and Class 5 base). However, other studies have reported similar differences between Mr and CBR. For example, Wen et al. (2007 and 2008) report CBRs for RPM that are lower than CBRs for Wisconsin Grade 2 gravel, whereas the resilient moduli had the opposite relationship. This difference, however, may be explained by the nature of the two tests. Resilient modulus testing induces small deformations to evaluate stiffness, whereas a CBR test induces larger deformations to assess bearing strength. 

MEPDG reports typical ranges of resilient modulus for various materials based on their USCS classification (ARA 2004). The SRM for Class 5 base is higher than the suggested ranges (165 to 228 MPa) for materials having the same USCS classification (SP). Similarly, the SRM for RPM is higher than the suggested range (245 to 279 MPa) for materials classified as GW-GM. The SRM for RSG falls within the suggested range (193 to 259 MPa) for materials classified as SM. Even though Class 5 base has a low CBR, SRM of Class 5 base is typical of a base aggregate. For example, Kim and Labuz (2007) performed resilient modulus tests on CR 53, an aggregate base conforming to MnDOT’s Class 5 specifications that was obtained from a full-depth reclamation (FDR) project in Wright County, MN. A SRM of 182 MPa was computed for the CR 53 aggregate base using data from Kim and Labuz (2007).
The high resilient modulus for RPM is attributed to its RAP content (50%). For example, Kim and Labuz (2007) performed resilient modulus tests on an aggregate base blended with varying RAP contents (0-75%), with the CR 53 material used as base aggregate. All blends of aggregate base and RAP had resilient moduli higher than the aggregate base alone, which explains the high SRM for RPM when compared to materials of similar USCS classification. Furthermore, increasing the RAP content for CR 53 aggregate resulted in increasing resilient modulus. 
Average plastic strains were calculated for all base materials during resilient modulus testing (Table 6) using data from the internal LVDTs. Plastic strain for a resilient modulus test was calculated as the sum of the plastic strains for each loading sequence, excluding the plastic strains in the conditioning phase (Sequence 0). Class 5 base and RSG showed average plastic strains of 3.35% and 3.33%, respectively, whereas RPM showed a plastic strain of only 1.94%. These results are different from those in Wen et al. (2008) and Kim and Labuz (2007). They indicate that plastic strains for RPM are typically higher than plastic strains of typical aggregate base materials. 

5.4.2 Effect of Fly Ash Content and Curing Time

Summary resilient moduli for RPM and RSG blended with fly ash are summarized in Table 6, along with the parameters k1 and k2 for the resilient modulus power function model (Eq. 4.1). The resilient modulus of specimens blended with fly ash showed no apparent dependency on bulk stress (i.e. k2 in Eq 4.1 was close to zero). An example of a resilient modulus test showing no trend is shown in Fig. 12. A linear regression analysis was performed on resilient modulus data for all specimens with fly ash to determine if a statistically significant relationship existed between resilient modulus and bulk stress. In this analysis, the probability of falsely rejecting the null hypothesis (slope is zero), referred to as the p-value, is determined and compared to the significance level, . A p-value higher than  indicates the slope is statistically no different from zero and the resilient modulus is independent of bulk stress. Results of the regression analysis are summarized in Table 7. Two thirds of the tests showed no stress dependency for  = 0.05, the significance level commonly used in hypothesis testing (Berthouex and Brown 2002). In those cases where k2 was not found to be statistically insignificant, the p-value was only slightly smaller than , suggesting only a slight dependency on bulk stress. Furthermore, the analysis was based on all bulk stresses employed in the resilient modulus test protocol, with some significantly higher than that would be encountered in a pavement structure. Thus, the resilient moduli of the materials blended with fly ash are described herein with a single modulus. This approach is consistent with MEPDG, which recommends a constant modulus for chemically stabilized materials (ARA 2004). 

As in the CBR test, addition of fly ash resulted in a significant increase in SRM for both materials, with the RSG exhibiting higher SRM than RPM. Specimens cured for 28 days were used because MEPDG specifies properties at 28 d cure for other chemically stabilized materials. Summary resilient moduli for RPM and RSG blended with fly ash are shown in Fig. 13 as a function of fly ash content. SRM increases with increasing fly ash content. This finding is consistent with Wen et al. (2008). They report an increase in resilient modulus of RPM as the fly ash content was increased from 10 to 18%. Increasing the fly ash content causes more cementation of the particles, yielding specimens with higher stiffness. Diminishing returns are likely to be realized at fly ash contents higher than those described here. Additional testing is needed to assess the fly ash content beyond which stiffness no longer increases. Moreover, higher fly ash contents may not necessarily be beneficial. For example, a series of cold in-place recycling (CIR) test sections mixed with varying Class C fly ash contents were constructed by the Kansas Department of Transportation. Test sections with higher fly ash contents exhibited more initial cracking than those with lower fly ash contents (Cross and Young 1997). A laboratory study confirmed an increase in brittleness (i.e. asphalt layer more prone to fatigue and thermal cracking) for CIR and fly ash mixtures as a result of increasing fly ash contents (Cross and Young 1997). 
The effect of curing time on the SRM of RPM and RSG with fly ash is shown in Fig. 14. The data in Fig. 14 are from specimens blended with 10% fly ash that were cured for 7, 28, and 56 d. SRM increased with curing time for both RPM and RSG, with the increase rate being larger between 7 and 28 d. SRM for RPM increases an additional 250 MPa for 56 d of curing, whereas a more pronounced increase is observed for RSG (1000 MPa increase) for 56 d of curing. Wen et al (2008) also report an increase in resilient modulus with curing time for RPM mixed with fly ash. 
Resilient moduli based on internal LVDT measurements for materials blended with fly ash were not found in the literature. However, a range of resilient moduli for chemically stabilized soils (Table 8) is reported by MEPDG (ARA 2004). The range of SRM for both materials blended with fly ash is similar to the ranges for materials stabilized with other chemicals. For example, resilient moduli for materials stabilized with lime-cement-fly ash range from 3500 to 13800 MPa, whereas resilient moduli of soil cement ranges from 350 to 6900 MPa. 

The addition of fly ash not only increased resilient modulus, but also resulted in smaller plastic strains for both recycled materials (Table 6). Plastic strains ranged from 0.5 to 1.22% for RPM with fly ash, whereas plastic strains ranged from 0.62 to 2.18% for RSG with fly ash. Wen et al. (2008) also report a decrease in plastic strains for RPM specimens blended with fly ash. 

5.4.3 Effect of Freeze-Thaw 

The effect of freeze-thaw cycling on the SRM is shown in Fig. 15. Freeze-thaw cycling has a small effect on SRM of Class 5 base (7% change), RPM (15% change), or RSG (5% change) with or without fly ash. There is no consistent effect of freeze-thaw cycling on materials without fly ash; the SRM of Class 5 base decreased slightly (7%), whereas RPM and RSG increased slightly (14% and 1%). Rosa (2006) suggests a reduction of 20 to 66% for various coarse and fine grained materials. Freeze-thaw data on RPM alone were not found in the literature. RPM and RSG mixed with fly ash decreased modestly (15% and 5%). The decrease in SRM is smaller than the decreases reported by Rosa (2006) for RPM and RSG mixed with fly ash (7 to 42%). 

The small effect of freeze-thaw cycling on the SRM is consistent with the small volume changes recorded during freezing and thawing, which cause little change in soil structure (Simosen et al. 2002). No net changes were observed for Class 5 base and RPM, whereas the volume change for RSG ranged from 0.4 to 0.6%. RSG and RPM with fly ash had no net increases in volume. Rosa (2006) also reports no net volume changes for RPM and RSG mixed with fly ash. The small decrease in SRM for RPM and RSG with fly ash is probably due to the breaking of cement bonds during freezing. 

5.4.4 Relationship between SRM and UCS

The relationship between the SRM and UCS for RPM and RSG blended with fly ash is shown in Fig. 16 (a). A similar relationship with the initial tangent modulus (Ei) is shown in Fig. 16 (b). The initial tangent modulus was computed by modeling the stress-strain behavior using the hyperbolic equation (Krizek 1967):
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where  is stress,  is strain, a and b are empirical coefficients, and 1/a is the initial tangent modulus (Ei). Eq. 5.1 was fit to the UCS data to determine (Ei). 
A strong relationship exists between SRM and UCS or Ei, which suggests that the SRM of RPM and RSG could be estimated from a UC test. In particular, SRM can be estimated by 
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The R2 is 0.93 for Eq. 5.2 and 0.65 for Eq. 5.3. Thus, UCS should provide a more reliable estimate of SRM rather than Ei. 

6. SUMMARY AND CONCLUSIONS
This laboratory investigation dealt with the influence of fly ash addition and freeze-thaw cycling on the engineering properties of two recycled roadway materials, recycled pavement material (RPM) and recycled road surface gravel (RSG). The objectives were to assess the engineering properties of recycled materials with and without fly ash and to study how freezing and thawing may affect the engineering properties. California bearing ratio, resilient modulus, and unconfined compression tests were conducted on RPM and RSG with and without fly ash. Resilient modulus and unconfined compression tests were also performed on specimens with and without fly ash after 5 freeze-thaw cycles. Two fly ash contents (10 and 15%), corresponding to typical application ranges used in practice, were used and three curing times (7, 28, and 56 d) were evaluated. Class 5 base, with a conventional base material gradation employed in Minnesota, was used as a control.   

RSG and RPM had CBRs greater than that of Class 5 base, but all three materials had CBR less than typically desired for base course material (CBR ≥ 50). Addition of fly ash to RSG or RPM significantly increased the CBR, and the CBR increased with increasing fly ash content for both materials. Adding fly ash increased the CBR of the RSG by at least 6 times and the CBR of RPM by at least 3 times. Moreover, addition of fly ash (10 and 15%) to RPM and RSG resulted in CBRs greater than the CBR typically desired for base course.  

Unconfined compression tests were not conducted on Class 5 base, RPM, and RSG alone because they are granular materials with relatively low fines content (<15%) and therefore little cohesion. The UCS of RPM and RSG mixed with fly ash increased with increasing fly ash content. The UCS for both materials also increased with curing time, with significant increases occurring even after 28 d. RPM and RSG mixed with fly ash had UCS lower than the minimum suggested UCS for a chemically stabilized base layer (5.2 MPa), but field experience reported by others has shown RPM and RSG mixed with fly ash have more than adequate strength to support construction traffic and other loads commonly applied to base and subbase layers. In addition, the UCS is maintained even when the RPM and RSG are exposed to freezing. After 5 freeze-thaw cycles, the UCS of RPM and RSG mixed with fly ash was higher (5 and 18%) than the UCS not subjected to freeze-thaw cycling. 
RPM had a higher summary resilient modulus (SRM) than Class 5 base, whereas the SRM for RSG was slightly lower than that of Class 5 base. RPM also exhibited smaller plastic strains during Mr testing than Class 5 base, whereas RSG showed similar plastic strains to Class 5 base. The SRM for RPM and RSG mixed with fly ash were independent of bulk stress and were described by a single modulus. Addition of fly ash significantly increased the SRM of RPM and RSG (at least a factor of 6 and 29, respectively), and the SRM increased as the fly ash content was increased for both materials. SRM also increased with curing time, with the rate of increase being largest between 7 and 28 d of curing. Plastic strains for RPM and RSG with fly ash were smaller than the plastic strains of the recycled materials alone. 

Freeze-thaw cycling had a small effect on SRM of Class 5 base (7% change), RPM (15% change), or RSG (5% change) with or without fly ash, with no consistent effect for materials mixed with fly ash. 
A strong relationship (R2=0.93) was found for SRM and UCS of RPM and RSG mixed with fly ash, suggesting that the resilient moduli of these materials can be estimated from a UC test. SRM can be estimated by multiplying UCS by 3280. Recommended strengths and stiffness for the RPM and RSG are summarized in Table 9. The CBRs in Table 9 correspond to 7 d of cure to simulate condition shortly after construction, whereas the SRM and UCS correspond to 28 d cure because the material-fly ash mixture will continue to gain strength and stiffness during that period of time. The SRMF-T in Table 9 corresponds to the stiffness of the recycled materials subjected to freeze-thaw cycling due to seasonal changes (28 d cure). 
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TABLES

Table 1. Index properties for Class 5 base, RPM, and RSG.

	Sample
	D50     (mm)
	Cu
	Cc
	Gs
	wopt   (%)
	d max (kN/m3)
	Asphalt Content (%)
	LL         (%)
	PL        (%)
	Gravel Content (%)
	Sand Content (%)
	Fine Content (%)
	USCS Symbol
	AASHTO Symbol

	Class 5 base
	2.25
	33.3
	0.7
	2.72
	5.0
	20.9
	 -
	NP
	NP
	36.6
	59.3
	4.1
	SP
	A-1-a

	RPM
	3.89
	89.5
	2.5
	2.64
	7.5
	21.2
	4.6
	NP
	NP
	46.0
	43.0
	10.6
	GW-GM
	A-1-a

	RSG
	0.62
	27.6
	0.5
	2.73
	6.0
	21.4
	 -
	NP
	NP
	20.9
	64.9
	14.2
	SM
	A-1-b


D50 = median particle size, Cu = coefficient of uniformity, Cc = coefficient of curvature, Gs = specific gravity, wopt = optimum water content,                     d max = maximum dry density, LL = liquid limit, PL = plastic limit, NP = nonplastic.   
Note: Particle size analysis conducted following ASTM D 422, Gs determined by ASTM D 854, d max and wopt determined by ASTM D 698, USCS classification determined by ASTM D 2487, AASHTO classification determined by ASTM D 3282, asphalt content determined by ASTM D 6307, and Atterberg limits determined by ASTM D 4318. 



Table 2. Columbia fly ash physical properties and chemical composition (from Tastan 2005).

	Parameter
	Columbia 
	Typical                     Class C

	SiO2 , %
	31.1
	40

	Al2O3 , %
	18.3
	17

	Fe2O3 , %
	6.1
	6

	SiO2 + Al2O3 + Fe2O3, %
	55.5
	63

	CaO , %
	23.3
	24

	MgO , %
	3.7
	2

	SO3 , %
	 -
	3

	CaO/SiO2
	0.8
	-

	CaO/(SiO2+Al2O3)
	0.4
	-

	Loss on Ignition, %
	0.7
	6

	Fineness, amount retained on #325 sieve, %
	12
	-


Table 3. Optimum CBR for Class 5 base, RPM, and RSG with and without fly ash.
	Material
	Fly Ash                   Content    (%)
	Optimum Water         Content*           (%)
	Maximum Dry Unit Weight  (kN/m3)
	CBR     (%)

	Class 5 base
	0
	5.0
	20.9
	10

	RPM
	0
	7.5
	21.2
	22

	
	10
	8.5
	20.4
	67

	
	15
	9.5
	20.1
	134

	RSG
	0
	6.0
	21.4
	31

	
	10
	7.0
	21.4
	183

	
	15
	7.5
	21.2
	334




 * Optimum water content for dry unit weights.

Table 4. Summary of unconfined compressive strengths of RPM and RSG blended with fly ash. 

	Material
	Fly Ash Content (%)
	Curing Time 
(d)
	Unconfined Compressive Strength
(MPa)
	Initial Tangent Modulus

(MPa)

	RPM
	10
	7
	0.78
	390

	
	
	28
	1.02
	526

	
	
	56
	1.13
	651

	
	15
	7
	1.50
	590

	
	
	28
	2.26
	919

	RSG
	10
	7
	1.41
	239

	
	
	28
	1.79
	1078

	
	
	56
	2.45
	1450

	
	15
	7
	3.30
	1608

	
	
	28
	3.61
	2521


Table 5. SRM and UCS of base materials with and without fly ash before and after 5 freeze-thaw cycles (28 d cure).
	Material
	Fly Ash Content
(%)
	SRM              (MPa)
	SRM after /   SRM before
	UCS

(MPa)
	UCSafter /    UCSbefore

	
	
	Before
	After
	
	Before
	After
	

	Class 5 base
	0
	236
	220
	0.93
	 -
	 -
	 -

	RPM
	0
	309
	353
	1.14
	 -
	 -
	 -

	
	10
	2702
	2293
	0.85
	1.02
	1.07
	1.05

	RSG
	0
	212
	214
	1.01
	 -
	 -
	 -

	
	10
	7219
	6872
	0.95
	1.79
	2.11
	1.18


Table 6. Summary resilient modulus and power model fitting parameters k1 and k2 (Eq. 4.1) for base materials with and without fly ash.
	Material
	Fly Ash Content (%)
	Curing Time
(d)
	External
	Internal
	Plastic Strain

(%)
	SRM INT/     SRM EXT 

	
	
	
	k1
	k2
	SRM (MPa)
	k1
	k2
	SRM  (MPa)
	
	

	Class 5 base
	0
	 -
	18.3
	0.422
	174
	13.6
	0.534
	236
	3.35
	1.4

	RPM
	0
	 -
	33.5
	0.352
	220
	49.2
	0.344
	309
	1.94
	1.4

	
	10
	7
	122.7
	0.241
	443
	1753
	0
	1753
	0.89
	4.0

	
	
	28
	194.7
	0.190
	537
	2702
	0
	2702
	0.80
	5.0

	
	
	56
	198.5
	0.185
	533
	2947
	0
	2947
	0.77
	5.5

	
	15
	7
	239.5
	0.180
	625
	4477
	0
	4477
	0.50
	7.2

	
	
	28
	293.9
	0.151
	658
	6816
	0
	6816
	1.22
	10.4

	RSG
	0
	 -
	23.0
	0.384
	179
	17.0
	0.473
	212
	3.33
	1.2

	
	10
	7
	158.1
	0.218
	507
	5785
	0
	5785
	2.18
	11.4

	
	
	28
	163.5
	0.238
	582
	7219
	0
	7219
	0.70
	12.4

	
	
	56
	206.0
	0.204
	614
	8183
	0
	8183
	0.71
	13.3

	
	15
	7
	114.4
	0.289
	536
	10118
	0
	10118
	1.08
	18.9

	
	
	28
	197.9
	0.228
	667
	12189
	0
	12189
	0.62
	18.3



Note: Bulk stress () in terms of kPa in Eq. 4.1. 


Table 7. Slopes and p statistics from linear regression analysis for SRM of RPM and RSG with fly ash.

	Material
	Fly Ash Content

(%)
	Curing Time (d)
	Trial
	k2
	p value

	RPM 
	10
	7
	1
	0.036
	0.528

	
	
	
	2
	0.083
	0.316

	
	10
	28
	1
	-0.058
	0.006*

	
	
	
	2
	-0.103
	0.380

	
	10
	56
	1
	-0.062
	0.051

	
	
	
	2
	-0.084
	0.301

	
	15
	7
	1
	-0.043
	0.179

	
	
	
	2
	-0.041
	0.305

	
	15
	28
	1
	-0.027
	0.131

	
	
	
	2
	-0.026
	0.038*

	
	
	
	3
	-0.029
	0.002*

	RSG
	10
	7
	1
	0.035
	0.314

	
	
	
	2
	-0.032
	0.010*

	
	10
	28
	1
	-0.026
	0.045*

	
	
	
	2
	-0.026
	0.034*

	
	10
	56
	1
	-0.023
	0.293

	
	
	
	2
	-0.024
	0.849

	
	15
	7
	1
	0.019
	0.027*

	
	
	
	2
	0.007
	0.072

	
	15
	28
	1
	0.015
	0.146

	
	
	
	2
	-0.016
	0.626


Table 8. Typical resilient moduli for chemically stabilized soils (ARA 2004).
	Chemically Stabilized Material 

 
	Elastic or Resilient Modulus 
(MPa)

	
	Min
	Max
	Typical

	Lean concrete
	10400
	17300
	13800

	Cement stabilized aggregate
	4800
	10400
	6900

	Open graded cement stabilized aggregate
	 -
	 -
	5200

	Soil cement
	350
	6900
	3500

	Lime-cement-fly ash
	3500
	13800
	10400

	Lime stabilized soils*
	207
	414
	311


                 *Reactive soils with at least 25% fines and a plasticity index of at least 10.

Table 9. Recommended strengths and stiffness for recycled materials with and without fly ash.

	Material
	Fly Ash Content       (%)
	CBR      (%)
	SRM    (MPa)
	SRMF-T (MPa)
	UCS     (kPa)

	RPM
	0
	20
	310
	310
	-

	
	10
	70
	2700
	2300
	1000

	
	15
	130
	6800
	5800
	2300

	RSG
	0
	30
	210
	210
	-

	
	10
	180
	7200
	6900
	1800

	
	15
	330
	12000
	11000
	3600
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Fig. 1. Particle size distribution for Class 5 base used in this study with MnDOT Class 5 specifications (a) and RSG with AASHTO surface course specifications (b).
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Fig. 2. Particle size distributions for Class 5 base, RPM, and RSG.

[image: image8.wmf]19.5

20.0

20.5

21.0

21.5

22.0

0

1

2

3

4

5

6

7

8

9

10

11

12

Class 5

RPM

RSG

Dry Unit Weight (kN/m

3

)

Mositure Content (%)

ZAV, Gs = 2.72

ZAV, Gs = 2.64


Fig. 3. Compaction curves for Class 5 base, RPM, and RSG for standard compactive effort.
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Fig. 4. Internal LVDT clamps mounted on a resilient modulus specimen.
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Fig. 5. Compaction curves for (a) RPM and (b) RSG blended with different fly ash contents.
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Fig. 6. CBR with moisture content for (a) Class 5 base, (b) RPM, and (c) RSG.
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Fig. 7. Photograph of gravel content from a sample of Class 5 base.
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Fig. 8. CBR (a) and normalized CBR (b) with fly ash content for RSG and RPM.
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Fig. 9. Unconfined compression strength for RPM (a) and RSG (b) blended with fly ash.
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Fig. 10. Freeze-thaw effects on UCS of recycled materials with 10% fly ash (28 d cure).
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Fig. 11. Summary resilient modulus for Class 5 base, RPM, and RSG.
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Fig. 12. Resilient modulus test showing no trend in resilient modulus with bulk stress (RSG with 15% fly ash, 7 d cure, trial 2).
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Fig. 13. Summary resilient modulus with fly ash content for recycled materials.
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Fig. 14. Summary resilient modulus with curing time for recycled materials with 10% fly ash.


[image: image26.wmf]0

50

100

150

200

250

300

350

400

Class 5

RPM

RSG

0 cycles

5 cycles

Summary Resilient Modulus (MPa)

No fly ash



[image: image27.wmf]0

1000

2000

3000

4000

5000

6000

7000

8000

RPM 

RSG

Summary Resilient Modulus (MPa)

10% Fly ash, 28 d cure


Fig. 15. Summary resilient modulus of base materials (a) and recycled materials with 10% fly ash (28 d cure) (b) before and after 5 freeze-thaw cycles.
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Fig. 16. SRM as a function of UCS (a) and initial tangent modulus (Ei) from UC test (b) for all recycled material specimens blended with fly ash.

APPENDIX A
RESILIENT MODULI FOR EXTERNAL 

LVDT MEASUREMENTS
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Fig. A.1. Summary resilient modulus based on external LVDT data as a function of fly ash content for base materials.
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Fig. A.2. Summary resilient modulus based on external LVDT data as a function of curing time for recycled materials blended with 10% fly ash.
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Fig. A.3. Summary resilient moduli of base materials based on external LVDT data before and after 5 freeze-thaw cycles.
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Fig. A.4. Summary resilient moduli of recycled materials blended with 10% fly ash (28 d cure) based on external LVDT data before and after 5 freeze-thaw cycles.

APPENDIX B
BASE COURSE TESTING PROTOCOL

This appendix summarizes testing procedures used at the University of Wisconsin – Madison for resilient modulus and California bearing ratio tests on granular materials used as base course.

B.1 CALIFORNIA BEARING RATIO (CBR)
The CBR test procedure has been combined with the compaction test procedure such that a CBR is calculated for each point on the compaction curve. This procedure yields the relationship between CBR and water content (e.g. Fig. B.1), from which the maximum CBR is obtained. 

Material passing the 25 mm sieve is compacted into a 152-mm-diameter mold. Materials blended with fly ash are compacted 1 hour after fly ash and water have been added. A water content measurement is made on extra material immediately after compaction is completed. Compacted specimens are cured in a wet room for the desired curing time prior to testing. 

A surcharge of 4.54 kg is applied to the specimen during testing. If a specimen is soaked, the surcharge of 4.54 kg is also applied during the soaking period. Soaking generally is not conducted because CBR is used to evaluate bearing resistance of the material immediately after construction. 

B.2 RESILIENT MODULUS/UNCONFINED COMPRESSION

The resilient modulus test procedure is based on the NCHRP 1-28A protocol for base and subbase materials (NCHRP 2004). Material passing the 25 mm sieve is compacted at optimum water content using standard Proctor energy into a 152-mm-diameter mold PVC mold having a height of 305 mm. Material is compacted into the mold in 51 mm layers. 

Two external and two internal LVDTs are used for collecting deformation data. Internal LVDTs are placed at quarter points of the specimen with a gauge length of 152 mm. 

Base materials with and without fly ash are tested using Procedure Ia (NCHRP 2004) for base and subbase materials. In the past, base materials with fly ash were tested using Procedure II for fine-grained subgrades (cohesive soil). However, the stress conditions for each procedure were developed to cover the range of stress states likely to develop underneath flexible pavements subjected to moving loads (NCHRP 2004). Thus, the base and subbase procedure should be used for materials with fly ash to best represent field conditions. The base and subbase loading scheme is shown in Table B.1. 
A summary resilient modulus is also computed, as suggested in Section 10.3.3.9 of NCHRP 1-28A. This summary resilient modulus corresponds to the resilient modulus at a bulk stress of 208 kPa for base materials (cyclic=103 kPa, 3=35 kPa).
Specimens for freeze-thaw testing are prepared in PVC molds (152 mm diameter and 305 mm height) in the same manner as other resilient modulus specimens. Rosa (2006) reported that effects of freeze-thaw on resilient modulus and unconfined compression generally occur within 5 cycles. Therefore, test specimens are subjected to 5 freeze-thaw cycles, and then their resilient modulus are measured. 

Preliminary testing is performed on a specimen instrumented with a thermocouple to evaluate the time necessary for complete freezing and thawing. Specimen height and weight are monitored between freezing and thawing cycles. After the last cycle, specimens are extruded frozen and thawed inside the resilient modulus cell. 

Unconfined compression tests are performed on specimens with fly ash after resilient modulus testing. Specimens are loaded with a strain rate of 0.21% per minute (Acosta et al. 2002), which is 0.64 mm per minute for specimens that are 305 mm tall.

Table B.1. NCHRP 1-28A Procedure Ia – resilient modulus test sequence for base and subbase materials.
	Sequence
	Confining Pressure, 3 (kPa)
	Contact Stress, contact (kPa)
	Cyclic Stress,  cyclic        (kPa)
	Maximum Stress, max (kPa)
	Cycles

	0
	103.5
	20.7
	207.0
	227.7
	1000

	1
	20.7
	4.1
	10.4
	14.5
	100

	2
	41.4
	8.3
	20.7
	29.0
	100

	3
	69.0
	13.8
	34.5
	48.3
	100

	4
	103.5
	20.7
	51.8
	72.5
	100

	5
	138.0
	27.6
	69.0
	96.6
	100

	6
	20.7
	4.1
	20.7
	24.8
	100

	7
	41.4
	8.3
	41.4
	49.7
	100

	8
	69.0
	13.8
	69.0
	82.8
	100

	9
	103.5
	20.7
	103.5
	124.2
	100

	10
	138.0
	27.6
	138.0
	165.6
	100

	11
	20.7
	4.1
	41.4
	45.5
	100

	12
	41.4
	8.3
	82.8
	91.1
	100

	13
	69.0
	13.8
	138.0
	151.8
	100

	14
	103.5
	20.7
	207.0
	227.7
	100

	15
	138.0
	27.6
	276.0
	303.6
	100

	16
	20.7
	4.1
	62.1
	66.2
	100

	17
	41.4
	8.3
	124.2
	132.5
	100

	18
	69.0
	13.8
	207.0
	220.8
	100

	19
	103.5
	20.7
	310.5
	331.2
	100

	20
	138.0
	27.6
	414.0
	441.6
	100

	21
	20.7
	4.1
	103.5
	107.6
	100

	22
	41.4
	8.3
	207.0
	215.3
	100

	23
	69.0
	13.8
	345.0
	358.8
	100

	24
	103.5
	20.7
	517.5
	538.2
	100

	25
	138.0
	27.6
	690.0
	717.6
	100

	26
	20.7
	4.1
	144.9
	149.0
	100

	27
	41.4
	8.3
	289.8
	298.1
	100

	28
	69.0
	13.8
	483.0
	496.8
	100

	29
	103.5
	20.7
	724.5
	745.2
	100

	30
	138.0
	27.6
	966.0
	993.6
	100
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Fig. B.1. Sample CBR and compaction curves with water content.

B.3 RESILIENT MODULUS STEP-BY-STEP PROCEDURE

1) Turn on MTS 406 controller.

2) Turn hydrostatic pressure on low for 1-2 minutes.

3) Turn on LVDT power supply on Tektronix PS280, placed under computer desk.

4) If error light comes on, hit reset and turn hydrostatic pressure on low again.

5) Switch pressure to high.

6) Place filter paper on bottom plate. DO NOT USE GEOTEXTILES.

7) Measure specimen height and diameter at three spots and average them.

8) Place compacted specimen on bottom plate. If specimen is compacted on the bottom plate, skip to Step 12.

9) Place rubber membrane over specimen using a mold. Be careful not to disturb the sample. A vacuum pump for stretching the membrane should be used for wetter samples.

10) Place two o-rings on the bottom to hold the membrane in place.

11) Place filter paper and top plate over sample.

12) Place two more o-rings to secure membrane to top plate.

13) Apply vacuum to specimen. Fittings are placed on bottom cap.

14) Place lower clamps at 76 mm from the bottom of the specimen. Use spring stretcher for placing clamp over specimen. Place nuts on screw to secure spring during testing. 

15) Place upper clamps at 228 mm from the bottom of the specimen. Measure distance between clamps at three points, making sure the distance corresponds to 152 mm.

16) Place LVDTs on pedestal (adjust pedestal height if needed). Fix LVDTs by using an L-wrench to tighten the screws, keeping LVDTs and pedestal vertically aligned. Make sure there is enough stroke range for testing. Stroke range can be adjusted by monitoring voltage in the Measurement & Automation program. 

17) Place chamber on bottom cap, making sure there is no soil on bottom cap.

18) Place cover plate, making sure it is not skewed. 

19) Clean plunger and lubricate it with WD-40.

20) Place LVDT on top of specimen and make sure plunger is in the socket. Apply vacuum grease around plunger and cover plate to avoid air leaks.

21) Screw cover plate in uniformly.

22) Place ball bearing on top of plunger.

23) Plug air supply hose into cell (bottom cap).

24) Log into PC and start RM-MTS version 7 (Labview 8.5).

25) Chose base and subbase test protocol.

26) Input specimen diameter (152.4 mm).

27) Select file path to be saved (*.txt). 

28) Hit run. Use mouse to control piston speed on program screen.

29) Apply contact pressure as specified on screen (<0.02 kN) and hit ok.

30) Apply seating load. 

31) Turn vacuum pump off and remove hose from fitting.

32) Clamp both sides of bottom cap to lock it down. 

33) Set external LVDTs with enough stroke range for testing.

34) Hit ok to start testing. 

Some materials may require the LVDTs to be re-set during testing, depending on how much plastic strain occurs. If that is the case, re-set external LVDTs in between load sequences and monitor internal LVDTs so that stroke range is not exceeded.

APPENDIX C

MATERIAL CONSTRUCTION

Generating the Class 5 and RSG materials was a difficult task because of the large quantities that had to be sieved and uniformly mixed. In addition, the pit run material contained a considerable amount of cobbles and boulders. Therefore, a large sieve was constructed and the material was sieved by using a Bobcat 553 skid steer loader. The different stages of generating the Class 5 material are shown in Fig. C.1. 
RSG required less effort to sieve because a smaller quantity was needed for laboratory testing. However, the addition of fines required a careful mixing procedure. The material was first sieved by hand, air dried at room temperature, and carefully mixed with a shovel until uniform. The samples were then placed in sealed buckets. Different stages of generating the RSG material are shown in Fig. C.2. Samples of the three base materials and Columbia fly ash are shown in Fig. C.3. 
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Fig. C.1. Different stages of Class 5 production: pit run (a), sieving material (b), material retained (c), and final Class 5 blend (d).
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Fig. C.2. Different stages of RSG production: Class 5 base (a), material retained (b), mixing with fines (c), and final RSG blend (d).
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Fig. C.3. RSG (a), RPM (b), Class 5 (c); and Columbia fly ash (d).
APPENDIX D

TESTING EQUIPMENT

Table D.1. Volume for CBR and compaction (152-mm-diameter) PVC molds.

	Mold
	Mold + Plates + Grease
	With Water
	Water Temp
	Density
	Volume

	 
	g
	g
	ºC
	kg/m3
	m3

	A
	3397.1
	5534.2
	18
	998.6
	0.002140

	B
	3399.1
	5543.6
	16
	999.0
	0.002147

	C
	3402.1
	5541.7
	17
	998.8
	0.002142

	D
	3389.5
	5528.5
	13
	999.4
	0.002140

	E
	3399.0
	5540.4
	13
	999.4
	0.002143

	F
	3396.2
	5534.4
	14
	999.3
	0.002140

	G
	3399.7
	5539.8
	15
	999.1
	0.002142

	H
	3394.2
	5535.0
	17
	998.8
	0.002143

	I
	3400.6
	5541.1
	16
	999.0
	0.002143

	J
	3398.6
	5535.9
	16
	999.0
	0.002140

	K
	3389.8
	5527.2
	20
	998.2
	0.002141

	L
	3392.2
	5528.4
	18
	998.6
	0.002139

	M
	3390.3
	5528.2
	17
	998.8
	0.002141

	N
	3392.3
	5531.2
	17
	998.8
	0.002142

	O
	3389.0
	5533.0
	16
	999.0
	0.002146

	P
	3394.5
	5528.2
	16
	999.0
	0.002136

	Q
	3397.0
	5538.3
	16
	999.0
	0.002144

	R
	3395.0
	5535.9
	16
	999.0
	0.002143

	S
	3419.1
	5555.7
	26
	996.8
	0.002143

	T
	3418.5
	5562.2
	24
	997.3
	0.002150

	U
	3506.2
	5635.5
	21
	998.0
	0.002134

	V
	3421.2
	5567.1
	21
	998.0
	0.002150
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Fig. D.1. Compaction testing equipment.
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Fig. D.2. CBR testing equipment.
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Fig. D.3. Resilient modulus testing equipment.
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Fig. D.4. Unconfined compression testing equipment.
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Fig. D.5. Different stages of freeze-thaw Mr testing: freezing specimens (a), thawing specimens (b), frozen end of a specimen (c), and frozen specimen in Mr cell (d).

APPENDIX E

CALIBRATION OF RESILIENT MODULUS TESTING EQUIPMENT
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Fig. E.1. Calibration for pressure gauge (a) and load cell (b) for resilient modulus test.
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Fig. E.2. Calibration for small internal LVDTs (a) and large internal LVDTs (b) for resilient modulus test.
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Fig. E.3. Calibration for external LVDTs for resilient modulus test.

APPENDIX F

RESILIENT MODULUS OF PORTAGE SAND

Two resilient modulus tests (PS-3, PS-4) were performed on Portage sand (PS) to check the resilient modulus testing equipment by comparison with data from a previous study (PS-1, PS-2).  Specimens having 152-mm diameter and 305-mm height were prepared dry at 95% of maximum dry unit weight using the “rain-through-air” method (Sawangsuriya 2001). Resilient moduli were computed from external deformation readings and geotextiles were placed on either end of the test specimen to be consistent with previous tests (Fig. F.1 (a)). Resilient moduli computed from data from internal LVDTs for PS-3 and PS-4 are shown in Fig. F.1 (b). 
Resilient moduli from external measurements were similar to those from the previous study. In addition, regression lines fitted with a power model were comparable for all tests. Resilient moduli from internal measurements were consistent for both tests (PS-3, PS-4) and their regression lines were practically the same. 
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Fig. F.1. Resilient moduli from external LVDT measurements (a) and internal LVDT measurements (b) for Portage Sand. 

APPENDIX G

INFLUENCE OF GEOTEXTILE ON RESILIENT MODULUS

A specimen of RPM mixed with 10% fly ash was used to evaluate how geotextiles (GT) placed between the specimen and end platens affect the resilient modulus. A protocol consisting of 13 loading sequences was used, where the loads increase incrementally by 0.2 kN. Confining pressure was not applied. This protocol was used because it is simple and fast. 

Resilient moduli from these tests are shown in Fig. G.1. The geotextiles significantly affected the resilient modulus computed from external LVDT measurements. For example, the Mr computed from external LVDT data more than doubled when geotextiles were not used, whereas the Mr computed using data from the internal LVDTs was not influenced by the GTs. Based on this test, filter paper was used between the specimen and end platens for all remaining tests in the study. 
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Fig. G.1. Resilient modulus tests on specimen of RPM with 10% fly ash with and without geotextiles.

APPENDIX H

TEMPERATURE RECORDS OBSERVED DURING 

FREEZE-THAW TESTS
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Fig. H.1. Temperature records for RPM (a) and RSG (b) with 10% fly ash (28 d cure).

APPENDIX I

RESILIENT MODULUS FROM INTERNAL AND EXTERNAL  

LVDT MEASUREMENTS
I.1 DATA SUMMARY
Resilient modulus test specimens were instrumented with both internal and external LVDTs. Internal LVDTs were mounted on clamps around the specimen and membrane, whereas external LVDTs were mounted on the plunger outside the chamber and rested on the cover plate (Fig. D.3). Internal LVDTs were placed at quarter points of the specimen to measure deformations over half the length of the specimen, whereas external LVDTs measured deformations of the entire specimen length. 

The summary resilient moduli (SRM) computed from internal LVDT measurements is higher than those for external LVDT measurements for all resilient modulus tests (Table 6). The ratio of internal to external SRM ranged from 1.2 to 1.4 for the base and recycled materials without fly ash and from 4.0 to 18.3 for the recycled materials blended with fly ash. The internal SRM are higher because displacement measurements for external LVDT readings are affected by bedding errors, sample end effects, and machine compliance (Tatsuoka et al. 1994, Ping et al. 2003, Bejarano et al. 2002). 

The resilient modulus results for base and recycled materials without fly ash are similar to those found by Ping et al. (1996, 2003). Ping et al. (1996) conducted resilient modulus tests on lime rock, a weathered limestone base material commonly used in Florida, instrumented with internal and external LVDTs. The ratio of internal to external resilient moduli calculated from the data reported ranges from 0.85 to 1.48. Ping et al. (2003) conducted resilient modulus tests on granular soils (A-3 and A-2-4) instrumented with internal and external LVDTs. The ratio of internal to external resilient moduli ranged from 1.19 to 1.35 for A-3 soils, whereas the ratio ranged from 1.14 to 1.30 for A-2-4 soils. 

The ratio of internal to external SRM for the recycled materials blended with fly ash was significantly higher than ratios for materials without fly ash (ranging from 4.0 to 18.3) (Table 6). The ratio of internal to external SRM also increases with increasing stiffness (Fig. I.1). The increase in ratio is attributed to an increase in overestimation of the displacement as the material becomes stiffer (i.e. lower displacements), increasing the difference between external and internal displacement measurements. Bejarano et al. (2002) also report higher Mr from internal readings, with an increase in the difference in Mr for increasing stiffness due to greater influence of machine compliance. 

I.2 BASE MATERIALS

Additional resilient moduli computed from internal and external LVDT measurements were obtained from the Minnesota Department of Transportation (MnDOT) database for comparison with the data collected in this study. The ratio of internal to external Mr was computed for all cycles during resilient modulus testing, except those from the loading phase (Sequence 0). The ratio of internal to external Mr as a function of internal Mr for base and recycled materials without fly ash is shown in Fig. I.2, along with the corresponding bloxplot. 

The Class 5 base, RPM, RSG, MnROAD Class 6, and MnROAD RPM in Fig. 1.2 are materials tested at the University of Wisconsin-Madison (UW). The MnROAD Class 6 base and RPM in Fig. I.2 were obtained from a reconstruction project at the MnROAD research facility in MN. The Class 6 material is a crushed aggregate conforming to Minnesota’s Class 6 specifications (MnDOT 2005), and the RPM is a recycled material containing 50% RAP. The remaining tests were conducted at MnDOT (MnDOT base, RPM, and reclaimed concrete). MnDOT base materials include gravels, granite, and taconite tailings. The MnDOT RPMs consist of base materials (Class 5, Class 6, and taconite tailings) having RAP contents of 30, 50, and 70%.

There is no apparent trend in the data (Fig. I.2 (a)). The boxplot shows that the majority of the ratios ranging are between 1.0 and 2.2, with a median ratio of 1.5 for all base and recycled materials (Fig. I.2 (b)). 
The relationship between internal (Mr INT) and external resilient moduli (Mr EXT) for base and recycled materials is shown in Fig. I.3. This relationship can be described by 
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Eq. I.1 has R2 = 0.85. This slope of Eq. I.1 equals the median Mr ratio shown in the boxplot in Fig. I.2 (b).
I.3 SUBGRADE MATERIALS

Resilient modulus data for subgrade materials instrumented with both internal and external LVDTs were also obtained from the MnDOT database and from a previous UW study. The ratio of internal to external reslient moduli as a function of internal Mr for subgrade materials is shown in Fig. I.4. The ratio of internal to external resilient moduli for subgrade materials increases approximately linearly with increasing internal Mr, ranging from 1 to 10. This relationship can be described by 
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which has R2 = 0.87.

The relationship between internal and external Mr for subgrade materials is shown in Fig. I.5. The relationship between internal and external can be described by the power function:
                                                    
[image: image56.wmf]627

.

1

)

(

172

.

0

EXT

r

INT

r

M

 

M

=

                                      (I.3)

which has R2 = 0.86. 
I.3 RECYCLED MATERIALS WITH FLY ASH
The ratio of internal to external resilient moduli as a function of internal Mr for subgrade materials is shown in Fig. I.6. The ratio of internal to external Mr for recycled materials blended with fly ash increases with increasing internal Mr, ranging from 2 to 25. An approximate linear relationship exists between the ratio of internal to external Mr and internal Mr for the recycled materials with fly ash: 
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which has R2 = 0.76.

The relationship between internal and external Mr for recycled materials blended with fly ash is shown in Fig. I.7. There is no apparent trend in internal to external Mr for these materials. The recycled materials blended with fly ash have significantly higher stiffness than those without fly ash, which results in less accurate external deformation measurements due to a higher machine compliance effect. This behavior is also observed in Fig. I.6, where larger scatter exists when the internal Mr exceeds 6000 MPa. 
The ratio of external to internal Mr for a range of materials (fine-grained soils, crushed aggregates, recycled materials, recycled materials with fly ash, and concrete) is shown in Fig. I.8. To be consistent with the other data in Fig. I8, the data for fine-grained materials were limited to measurements on 150-mm diameter. The ratio of external to internal Mr decreases with increasing internal Mr. This trend is attributed to the increasing effect of machine compliance as the specimen becomes stiffer, which increases the difference between internal and external Mr and therefore decreases ratio of external to internal Mr. 
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Fig. I.1. Ratio of internal to external SRM versus internal SRM for RPM and RSG with and without fly ash and Class 5 base. 

             
[image: image59.wmf]0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0

100

200

300

400

500

600

700

800

900

Class 5 Base

RPM

RSG

MnROAD Class 6

MnROAD RPM

MnDOT Base

MnDOT RPM

MnDOT Reclaimed Concrete

M

r INT

/M

r EXT

 

Internal M

r

 (MPa)

[image: image60.png]



Fig. I.2. Ratio of internal to external Mr versus internal Mr for base materials (a) and boxplot of ratio of internal to external Mr versus internal Mr for base materials (b).
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Fig. I.3. Internal versus external Mr for base materials.
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Fig. I.4. Ratio of internal to external Mr versus internal Mr for subgrade materials.
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Fig. I.5. Internal versus external Mr for subgrade materials.
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Fig. I.6. Ratio of internal to external Mr versus internal Mr for recycled materials blended with fly ash. 
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Fig. I.7. Internal versus external Mr for recycled materials blended with fly ash.
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Fig. I.8. Ratio of external to internal Mr versus internal Mr for a range of materials.
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