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Abstract

Reclaimed asphalt pavement (RAP), when used as aggregate in concrete, is known to
reduce the bulk concrete strength and modulus but not dramatically impact shrinkage,
durability, or fracture properties, especially at lower replacement levels. This article
presents an overview of RAP aggregates in concrete as it pertains to its effect on
properties, microstructure, and pavement design. The mechanisms resulting in
decreased strength and modulus for concrete containing RAP have been linked to: (1)
the larger, more porous interfacial transition zone (ITZ) and (2) the dominance of an
asphalt cohesion failure instead of an asphalt-cement adhesion failure. Despite these
reductions in mechanical properties, multiple field studies have indicated that
concrete with RAP can perform comparably to conventional concrete pavements,
particularly when 10-15% RAP is used. The flexural capacity of concrete slabs with
22% RAP has shown similar behavior to virgin aggregate concrete given the
similarities in fracture properties. Fatigue and accelerated pavement testing of roller-
compacted concrete with high RAP contents (50-100%) have indicated a reduced
fatigue life relative to plain concrete, requiring a slightly thicker design. Based on the
literature, RAP aggregate replacement levels less than 25% can be used in concrete
pavements without a significant change to the structural design.

Introduction

With the large volumes of reclaimed asphalt pavement (RAP) available because of
pavement rehabilitation and the increased interest in sustainable design, the addition
of RAP into concrete has undergone significant research recently, particularly in
Illinois (Brand, Roesler, et al. 2012; Brand, Smith, et al. 2012; Gillen et al. 2012;
Bentsen et al. 2013; Brand et al. 2014, Ferrebee et al. 2014; Brand and Roesler 2015,
20164, 2016b, 2016c), Florida (Hossiney et al. 2008, 2010; Su et al. 2014), Tennessee
(Huang et al. 2005, 2006), Montana (Berry et al. 2013, 2015a), and Texas (TTI 2015),
as well as in France (Mathias et al. 2004; Bilodeau et al. 2011, 2012; Nguyen et al.
2012), Brazil (Sachet et al. 2011, 2013), and Greece (Katsakou and Kolias 2007).
Despite a number of studies, dating as far back as 1970 (Patankar and Williams 1970),
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there are few documents summarizing the overall effects of RAP on concrete
properties and its impact on concrete pavement design. The objectives of this paper
are to provide an abridged summary of previous studies on concrete containing RAP,
discuss the microstructural mechanisms producing the bulk property changes, and
provide concrete pavement design implications.

Literature Summary

A summary of the effect of RAP on concrete properties is presented in Table
1. The majority of studies have examined the mechanical properties (i.e., strength and
modulus) with fewer studies characterizing its durability, shrinkage, and fracture
properties. All studies have unanimously concluded that RAP addition will reduce the
concrete strength (compression, split tension, flexure) and modulus (static or
dynamic). As seen in Figure 1, the use of 50% coarse RAP can reduce the concrete
flexural strength and elastic modulus by about 20% and 30%, respectively. Overall,
most fracture properties of concrete with RAP have been found to not be statistically
different from the same concrete with virgin aggregates (Brand et al. 2014; Ferrebee
et al. 2014; Brand and Roesler 2015, 2016a), although the critical stress intensity
factor (Kic) is typically less for concrete with RAP. Conclusions on other properties,
such as concrete shrinkage and freeze/thaw durability, cannot be easily generalized,
given the limited data in the literature.

Table 1. The Effect of RAP on Hardened Concrete Properties

Concrete Effect on
Property Property

References

Patankar and Williams 1970; Kolias 1996a; Delwar et al. 1997; Sommer
and Bohrn 1998; Dumitru et al. 1999; Hassan et al. 2000; Mathias et al.
2004; Huang et al. 2005, 2006; Katsakou and Kolias 2007; Hossiney et al.
Compressive Decrease 2008, 2010; Al-Oraimi et al. 2009; Okafor 2010; Bilodeau et al. 2011; Bly
strength and Weiss 2012; Berry et al. 2013, 2015b; Modarres and Hosseini 2013;
Capson and Sorensen 2013; Erdem and Blankson 2014; Ferrebee et al.
2014; Ibrahim et al. 2014; Su et al. 2014; Brand et al. 2014; Brand and
Roesler 2015, 2016a, 2016¢
Patankar and Williams 1970; Kolias 1996a; Sommer and Bohrn 1998;
Mathias et al. 2004; Huang et al. 2006, 2005; Katsakou and Kolias 2007;

S;;Itlrtetne;ts;]lle Decrease Hossiney et al. 2008, 2010; Bilod_eau et al. 2011; Sachet et al. 2011, 2013;
Capson and Sorensen 2013; Ibrahim et al. 2014; Su et al. 2014; Brand et al.
2014; Ferrebee et al. 2014; Brand and Roesler 2015, 2016a, 2016¢
Patankar and Williams 1970; Sommer 1994; Kolias 1996a; Sommer and
Bohrn 1998; Dumitru et al. 1999; Hassan et al. 2000; Katsakou and Kolias
Flexural Decrease 2007; Hossiney et al. 2010, 2008; Al-Oraimi et al. 2009; Okafor 2010;
strength Sachet et al. 2011, 2013; Bly and Weiss 2012; Berry et al. 2013; Modarres
and Hosseini 2013; Brand et al. 2014; Erdem and Blankson 2014; Brand
and Roesler 2015, 2016a
D'gf;;g?ﬁ ile Decrease Patankar and Williams 1970; Katsakou and Kolias 2007
Superpave
|nd|r_ect Decrease Su etal. 2014
tensile
strength
Patankar and Williams 1970; Kolias 1996a, 1996b; Delwar et al. 1997;
Sommer and Bohrn 1998; Dumitru et al. 1999; Mathias et al. 2004; Huang
Modulus of Decrease et al. 2006; Katsakou and Kolias 2007; Hossiney et al. 2010, 2008;
elasticity Al-Oraimi et al. 2009; Bilodeau et al. 2011; Berry et al. 2013; Su et al.
2014; Brand et al. 2014; Erdem and Blankson 2014; Brand and Roesler
2015, 2016a
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Table 1 (continued

. The Effect of RAP on Hardened Concrete Properties

Complex
stiffness Decrease Kolias 1996b; Bilodeau et al. 2011; Brand and Roesler 2015
modulus
Increase Dumitru et al. 1999; Brand and Roesler 2016a
Free Decrease Hossiney et al. 2008
shrinkage Variable* Hossiney et al. 2010; Ibrahim et al. 2014
No Effect Sommer 1994; Brand and Roesler 2015
Creep strains Increase Kolias 1996a
Coefficient Variable* Hossiney et al. 2008, 2010
of thermal L
expansion Similar Bentsen et al. 2013
Toughness
er?:r%y Increase Huang et al. 2005, 2006; Modarres and Hosseini 2013; Su et al. 2014
absorption
Fatigue Reduce Mathias et al. 2004; Modarres and Hosseini 2013
properties Similar Modarres and Hosseini 20137
C”.t'cal s_tress Stat_lst_lcally Brand et al. 2014; Ferrebee et al. 2014; Brand and Roesler 2015, 2016a
intensity Similar
factor, Kic Decrease Sachet et al. 2011
Critical crack
tip opening | Statistically ) )
displacement Similar Brand et al. 2014; Ferrebee et al. 2014; Brand and Roesler 2015, 2016a
CTOD:
Strain energy -
release rate, Stz;tilrs#illc;”y Brand et al. 2014; Ferrebee et al. 2014; Brand and Roesler 2015, 2016a
Glc
Total fracture | Statistically | g 24 ot a1, 2014; Ferrebee et al. 2014; Brand and Roesler 2015, 2016a
energy, Gr Similar
Porosit Increase Hassan et al. 2000
y Similar Modarres and Hosseini 2013; Su et al. 2013
Oxyge_n_ Increase Hassan et al. 2000
permeability
Surfac_e No Effect Al-Oraimi et al. 2009
absorption
Salt_scallng Decrease Sommer 1994; Sommer and Bohrn 1998; Berry et al. 2013
resistance
Freeze/Thaw Suitable Berry et al. 2013; Brand and Roesler 2015
durability Decreaset Brand and Roesler 2016a
Rapid
chloride Similar Brand and Roesler 2015
penetrability
P0|ss:0n Variable* Su et al. 2014
Ratio

*Variable = no clear trend; At stress ratios around 0.75; *With 50% coarse SFS RAP
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Figure 1. Percent reductions in 28-day compressive strength, 28-day split tensile
strength, 14-day flexural strength, and 28-day static elastic modulus for concrete
mixtures with coarse RAP relative to the control concrete (0% RAP) from Brand and
Roesler (2015).

In general, the freeze/thaw durability of concrete with RAP has found to be
suitable. After 300 freeze/thaw cycles, Brand and Roesler (2015) found durability
factors of 101%, 102%, 90%, and 86% for concrete mixtures with 0%, 20%, 35%, and
50% coarse RAP, respectively. Similarly, after 300 freeze/thaw cycles, Berry et al.
(2013) found durability factors of 94% and 98% for concrete mixtures labeled as
“high RAP” (100% coarse RAP, 50% fine RAP) and “high strength” (50% coarse
RAP, 25% fine RAP), respectively. However, in testing RAP that contained steel
furnace slag (SFS) aggregates (SFS RAP), Brand and Roesler (2016a) found
durability factors of 88% and 53% for concrete mixtures with 20% and 50% coarse
SFS RAP, respectively. The mix with 50% coarse SFS RAP did not perform well
possibly as a result of the asphalt content or asphalt type.

The results in Table 1 primarily concern the use of RAP sources that contain
natural aggregates (i.e., dolomite, limestone, gravel). One study (Brand and Roesler
2016a) utilized RAP that contained SFS aggregates, which was taken from a surface
course where SFS was added to improve the pavement frictional qualities and
abrasion resistance. In terms of strength properties, the concrete with SFS RAP
performed similarly to concrete with dolomite RAP. However, the elastic modulus
was higher for concrete with SFS RAP relative to dolomite RAP, primarily because
SFS is a stiffer, denser aggregate. For that study, concrete with SFS RAP experienced
greater shrinkage and decreased freeze/thaw durability, possibly as a result of the
asphalt content or asphalt type. Furthermore, SFS is inherently expansive as a result
of the free calcium and magnesium oxides present in the slag, and SFS RAP may also
be expansive (Senior et al. 1994; Deniz et al. 2010; Dayioglu et al. 2014; Brand and
Roesler 2016a), depending on the SFS content and the extent of asphalt coating. Any
stockpiles of RAP that may contain SFS should be screened for possible expansion
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potential with the free calcium oxide test (complexometric titration) and the rapid
autoclave expansion test (Brand and Roesler 2016a). Overall, it is important to screen
the RAP material for different source aggregates, as it may negatively impact the
concrete properties.

An additional consideration regarding concrete with RAP is the effect of
asphalt content and asphalt type on the performance of the concrete. While this topic
has not been given explicit attention in the literature, the studies by Brand et al.
(Brand, Roesler, et al. 2012; Brand, Smith, et al. 2012; Brand et al. 2014; Brand and
Roesler 2016a) have examined concrete mixtures of similar composition with various
RAP sources, which had different total asphalt contents (2.1-3.9%), different source
asphalt types (PG 70-22, PG 76-22), different classifications of the asphalt extracted
from the RAP (PG 76-22, PG 82-22, PG 88-22), and different aggregate types
(dolomite, SFS). In general, the concrete with dolomite RAP (Brand and Roesler
2015) and concrete with SFS RAP (Brand and Roesler 2016a) demonstrated similar
strengths, despite the differences in asphalt content and aggregate type. Additionally,
Brand, Smith, et al. (2012) compared two RAP sources, one processed RAP with little
fines content and one unprocessed “dirty” RAP with high fines content and found
slightly different bulk concrete strengths. An additional study (Gillen et al. 2012)
demonstrated that the bulk concrete strength can be slightly increased by changing the
RAP gradation. Finally, the quantity of the RAP particle coated with asphalt was
examined by Moaveni et al. (2016) using image processing techniques, the findings of
which suggested that the total fracture energy of concrete with RAP correlated better
with the percent asphalt coating on the aggregate (56-89%) compared to the total
asphalt content of the RAP (2.1-3.9%).

Microstructural Properties

The first microstructural examination of concrete with RAP was conducted by Sachet
et al. (2013). They used scanning electron microscopy (secondary electron imaging)
to investigate fractured surfaces in a roller-compacted concrete with RAP. Qualitative
analysis of the images suggested a weaker bond between the cement paste and RAP,
possibly resulting in adhesion failures. Quantitative image analysis of the interfacial
transition zone (ITZ) was conducted by Brand and Roesler (2016b). The ITZ of
epoxy-impregnated sections of mortars with RAP, polished down to 0.25 um, were
imaged with compositional backscattered electron (BSE) microscopy (Figure 2). This
study confirmed that the asphalt on the RAP fundamentally affects the ITZ behavior,
particularly by increasing the size (width) of the ITZ and increasing the ITZ porosity
while decreasing the amount of calcium silicate hydrate (C-S-H) in the ITZ, as seen in
Figure 3 and Figure 4. The addition of silica fume, a pozzolan known to improve the
ITZ properties (Mindess et al. 2003), did not greatly reduce the ITZ porosity in mortar
with RAP (Figure 5), which confirms the finding in the literature that silica fume does
not significantly improve the mechanical properties of concrete with coarse or fine
RAP (Huang et al. 2006), as shown in Figure 6.
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Figure 2. Compositional BSE micrographs of the ITZ of mortar with (a) dolomite
(aggregate on the left) and (b) RAP (asphalt mastic on the left). In BSE micrographs,
light atomic elements or compounds appear dark, such as the black carbon-based
epoxy-filled pores and black hydrocarbon asphalt, while heavy atomic elements
appear bright, such as the iron-containing unhydrated cement. Calcium hydroxide
appears light grey while C-S-H appears dark grey. Source: Brand and Roesler (2016b)
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Figure 3. The distribution of detectable porosity, unhydrated (UH) cement, and
calcium hydroxide (CH) for 28-day mortars with dolomite and three different RAP
sources (RAP1, RAP2, RAPJ). Each line represents the amount averaged over at least
50 images. Source: Brand and Roesler (2016b)
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Figure 4. Estimated C-S-H content for 28-day mortars with dolomite, three different
RAP sources (RAP1, RAP2, RAP3), and RAP with silica fume. Each line represents
the amount averaged over at least 50 images. Source: Brand and Roesler (2016b)
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Figure 5. Comparison of average detectable porosity, UH, and CH at 28 days for
mortar with dolomite, RAP, and RAP with silica fume. Each line represents the
amount averaged over at least 50 images. Source: Brand and Roesler (2016b)
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Figure 6. The effect of silica fume on the compressive strength of concrete with
coarse or fine RAP. Source: Huang et al. (2006)

Based on these ITZ microstructural findings, it was concluded that the larger,
more porous ITZ was the source of the reduction in elastic modulus. This behavior
was theoretically confirmed using composite multiphase elastic models to predict the
elastic modulus of concrete with different RAP contents (Brand 2015). Additionally,
the more porous (and weaker) ITZ allows for easier crack initiation and propagation,
leading to lower bulk strength. Finally, the greater amount of calcium hydroxide
immediately at the paste interface with dolomite aggregate could be a source of
improved bonding, such as through the formation of a calcium carbonate hydrate
phase (Monteiro and Mehta 1986), which is not seen in the RAP ITZ.

Additional microstructural investigations explored the chemical bonding
between cement paste and asphalt using surface free energy measurements and
analyses (Brand and Roesler 2016c). Using the sessile drop method and van Oss-
Chaudhury-Good theory (van Oss et al. 1988), the work of adhesion between asphalt
and cement was found to be greater than the work of cohesion of the asphalt (Brand
and Roesler 2016c), which means that the failure mode in cementitious composites
with RAP will preferentially occur through the asphalt layer (i.e., asphalt cohesion
failure) rather than through the asphalt-cement interface (i.e., asphalt-cement adhesion
failure) or the cement (i.e., ITZ cohesion failure). This predominant asphalt cohesion
failure mode was validated through additional interfacial bond tests with three point
bend specimens (Brand and Roesler 2016c¢) and was different than the original
mechanism proposed by Sachet et al. (2013) of asphalt-cement adhesion failure.

Based on the previous microstructural studies (Brand and Roesler 2016b,
2016c¢), the inclusion of RAP in concrete reduces the bulk concrete strength and
modulus for two main reasons:

(1) The larger, more porous ITZ. The more porous ITZ allows for easier crack
initiation and propagation, thus reducing the concrete bulk strength. Likewise, a
more porous ITZ results in a lower bulk modulus of the concrete.

(2) The cohesive failure of asphalt preferentially occurs instead of an adhesive failure
of the cement-asphalt interface or cohesive failure of the ITZ. Overall, the asphalt
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cohesion failure is the limiting factor in the bulk strength, as the cement matrix
will continue to gain strength with time through hydration but failure will still
occur cohesively within the asphalt film.

Concrete Pavement Design Considerations

Given some of the potentially detrimental effects that higher RAP contents have on
the concrete properties (see Table 1), concrete with RAP is well-suited for use as the
bottom lift in two-lift pavement applications, which is a concept that has been applied
in the field in Kansas (Wojakowski 1998), lowa (Bergren and Britson 1977), and
Austria (Sommer 1994) and most recently for the Illinois Tollway (Gillen et al. 2012;
Bentsen et al. 2013). Additional field studies have also demonstrated the viability of
RAP in roller-compacted concrete (RCC) applications (Bilodeau et al. 2011, 2012;
Nguyen et al. 2012; Modarres and Hosseini 2013; Ferrebee et al. 2014). Despite these
field sections, few studies have discussed how the use of RAP may affect concrete
pavement design.

Flexural Capacity of Large-Scale Concrete Slabs. Since studies had shown concrete
with RAP to experience strength and modulus reductions while retaining suitable
fracture properties, Brand et al. (2014) evaluated the flexural load capacity of large-
scale concrete slabs. The slabs were nominally 6 ft. by 6 ft. (1.8 m by 1.8 m) and 6 in.
(150 mm) thick. The two-lift construction nominally consisted of a 4 in. (100 mm)
bottom lift with 45% coarse RAP (22% RAP by total aggregate weight) and a 2 in.
(50 mm) top lift with virgin aggregates. The average flexural capacity of two replicate
slabs is shown in Table 2, indicating that the maximum (computed) stress at failure is
similar to or greater for concrete with RAP compared to virgin aggregate concrete.
Likewise, the ratio of the maximum stress at failure to the flexural strength from a
laboratory-sized beam (150 mm by 150 mm by 510 mm) indicated that pavement
thickness design based on the beam flexural strength significantly underpredicted the
slab flexural capacity for concrete containing RAP relative to virgin aggregate
concrete.

A conventional rigid pavement design concludes that concrete with RAP
requires a thicker slab, based on the reduction in the beam flexural strength. However,
given the similar measured flexural load capacities, a thicker slab may not be
necessary, thus allowing concrete with RAP to be an economically viable solution.
One method to maintain similar slab thickness within current design frameworks is to
assume that the RAP does not affect the design flexural strength, given that the
concrete with RAP has similar fracture properties to the typical virgin concrete
mixture. For example, the Illinois Tollway assumed a design flexural strength of 650
psi (4.5 MPa) in their two-lift concrete pavement design (Gillen et al. 2012). Concrete
with up to 35% coarse RAP has been shown to meet this 650 psi (4.5 MPa)
requirement at 14 days (Brand and Roesler 2015) and concrete with 50% coarse RAP
can exceed 650 psi (4.5 MPa) at 28 days (Brand and Roesler 2016a), despite neither
of the mixes giving the equivalent to strength to virgin aggregate concrete.

Proceedings - 11th International Conference on Concrete Pavements, San Antonio, Texas - Aug 28-Sept 1, 2016
954



Table 2. Slab Testing Results for Concrete with RAP (Brand et al. 2014)
Average Computed  Average Slab Tensile

Slab Type  Slab Description Maximum Stress at ~ Stress to Beam Flexural
Failure (psi) Strength Ratio
Full-Depth  Virgin Aggregate 1,186 1.51
Full-Depth  22% RAP 1,346 2.31
Two-Lift Virgin over 22% RAP 1,400 2.40

Virgin over 22% RAP

Two-Lift with structural fibers

1,213 2.69

Fatigue Resistance of Concrete with RAP. While the structural design of rigid
pavements is primarily based on the concrete fatigue life, there are only a few studies
that have considered the fatigue resistance of concrete with RAP (Mathias et al. 2004;
Modarres and Hosseini 2013). Modarres and Hosseini (2013) examined the impact of
coarse and fine RAP on the fatigue life of roller-compacted concrete (RCC) with 285
kg/m?® (480 Ib/yd®) of cement. The fatigue data, shown in Figure 7, suggest that
similar fatigue lives (Nf) can be obtained for RCC mixtures with and without RAP at
stress ratios (SR) greater than 0.70. Figure 7 also indicates that RCC mixtures with
either 100% coarse or 100% fine RAP will have similar fatigue lives at any stress
ratio. Finally, RCC mixtures with 100% coarse and 100% fine RAP had the shortest
fatigue life at stress ratios less than 0.70. Comparing the RCC fatigue relationships
from Modarres and Hosseini (2013) to the “zero maintenance” fatigue relationship for
plain concrete (Darter 1977; Darter and Barenberg 1977) (see Figure 7 and Table 3),
the fatigue resistance of plain concrete is greater than published curves for RCC with
and without RAP. The fatigue life discrepancies between the plain concrete and RCC
materials can be likely linked to the different cement contents employed and
compaction methods utilized.

However, knowing that the fracture properties are critical to concrete slab
flexural capacity, particularly when recycled aggregates are used (Brand et al. 2014),
one study (Ferrebee et al. 2014) examined the fracture properties of RCC with 16%
RAP (by total aggregate) and found that the critical stress intensity factor and total
fracture energy can be greater than conventional concrete, suggesting that RCC with
RAP may experience similar to greater flexural slab capacities than virgin aggregate
concrete of similar thickness.
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Figure 7. Fatigue data indicating the effect of using virgin aggregates (control), 100%
coarse RAP, 100% fine RAP, or 100% coarse RAP and 100% fine RAP in RCC (solid
lines) relative to the zero maintenance fatigue curve for plain concrete (dashed line).
Adapted from Modarres and Hosseini (2013), Darter (1977), and Darter and
Barenberg (1977).

Table 3. Fatigue Relationships for RCC With and Without RAP and Plain Concrete

Description Fatigue Relationship Reference

RCC with virgin 1 _ 0965 —-SR

aggregates nhy = 0.025

RCC with 100% N, = 0.993 — SR

coarse RAP = ""0.028 Modarres and
RCC with 100% fine 0,990 - SR Hosseini (2013)
RAP InNy = —5 028

RCC with 100% N, = 1.041 — SR

coarse and fine RAP N =70032

Plain concrete fatigue Darter (1977);
equation (Zero logNy = 17.61 — 17.61 SR Darter and
Maintenance) Barenberg (1977)

Mathias et al. (2004) also conducted fatigue tests on concrete with RAP
contents varying from 0 to 90% replacement of total aggregate, specifically for
concrete for pavement surface courses (cement content of 330 kg/m?® or 560 Ib/yd®)
and lean concrete for base courses (cement content of 220 kg/m?® or 370 Ib/yd®). For
both mixture types, the stress ratio to produce failure after one million cycles
decreased with increasing RAP content. The stress ratio to produce failure after one
million cycles was approximately 0.5, 0.46, and 0.42 for the surface course concrete
with 0%, 50%, and 90% RAP, respectively, and approximately 0.58 and 0.52 for the
base course lean concrete with 0% and 90% RAP, respectively. The Mathias et al.
(2004) fatigue data reported was for total aggregate replacement with RAP of 50%
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and 90%, which are much greater RAP contents than monotonic slab tests by Brand et
al. (2014) but similar to the RCC fatigue tests by Modarres and Hosseini (2013) study.
Based on their fatigue data, Mathias et al. (2004) reported design CRCP thicknesses
of 15cm (5.91in.), 17 cm (6.7 in.), and 20 cm (7.9 in.) over a 9 cm (3.5 in.) asphalt
stabilized base when the CRCP concrete contained 0%, 50%, and 90% RAP by
weight of total aggregate, respectively.

The available fatigue data in the literature suggest a reduced fatigue life for
concrete with higher RAP contents (>50% total aggregate replacement). However,
there is insufficient data available for concrete with lower RAP replacement levels
(<30%), although the literature suggests similar slab capacity given that the concrete
with RAP has similar fracture properties to virgin aggregate concrete.

Field Performance of Concrete with RAP. A number of field test sections and
accelerated pavement tests have been conducted on concrete with RAP. The first
concrete with RAP section reported in the literature was in lowa in the 1970s, where
an existing concrete pavement with an asphalt overlay was crushed and reused as
aggregate (i.e., containing both recycled concrete aggregate and RAP) in the new
concrete pavement, specifically in the bottom course of a two-lift concrete pavement
(Bergren and Britson 1977). A similar concept was also applied in Austria in the
1990s where the bottom lift contained recycled concrete with about 10% RAP
(Sommer 1994). About 200 miles (320 km) of the Al freeway in Austria was
constructed with this two-lift design and was reported to be performing well after 20
years (Rao et al. 2013). A field demonstration project of concrete with RAP was also
recently conducted in Montana (Berry et al. 2015a), which indicated suitable
performance over two years.

Kansas was the first state to field test a concrete pavement with only RAP and
virgin aggregates. This was part of a High Performance Concrete Pavement study
consisting of 12 different sections, one of which was a two-lift concrete pavement
with 15% RAP in the bottom lift (Wojakowski 1998). The sections were built in 1997
and have been surveyed periodically, as shown in Table 4, comparing the control
(virgin aggregate) full-depth pavement section to the two-lift pavement sections.
Overall, the two-lift pavement section with RAP aggregates is currently performing
similarly to the other test sections. Additionally, testing of the joint load transfer
efficiency by falling weight deflectometer (FWD) has indicated that the two-Ilift
concrete with RAP can perform similarly to a full-depth conventional concrete
pavement (Figure 8).

Accelerated pavement testing (APT) has recently been conducted in France on
fiber-reinforced RCC (FRCC) with RAP aggregates (Bilodeau et al. 2012; Nguyen et
al. 2012). A number of FRCC test sections were constructed that had mixtures with
and without RAP, at various thicknesses (12 to 15 cm; 4.7-5.9 in.) and loaded over
nine months with over 2 million passes of a 65 kN (14.6 kip) dual wheel load. The
FRCC RAP mixture contained 70% RAP, 18% sand, and 12% cementitious binder.
Based on the APT and laboratory testing results, the authors developed a thickness
design for FRCC when used as a base material, and it was found that FRCC with RAP
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needed to be 1-2 cm (0.4-0.8 in.) thicker than FRCC with hard limestone aggregates.
Experimental field test sections of FRCC with RAP have also been constructed in
France (Bilodeau et al. 2011, 2012); these test sections included FRCC with 0%, 36%,
and 70% RAP by total dry mixture volume.

Table 4. Average Joint Faulting and Joint Spalling for the Kansas High Performance
Concrete Pavement 1998-2010

Test _ o Average Joint Faulting (mm)*
Section Section Description
No. 1998 1999 2002 2003 2010
g Conwol (Fulldepthvirgin 5, 505 002 025 015
aggregate concrete)
9 Two-lift with RAP 0.05 0.13 0.05 0.00 0.22
11 Two-lift with igneous rock 0.02 0.02 0.07 0.00 0.18
12 Two-lift with lower wi/c 0.13 0.17 0.12 0.08 0.08
Test _ o Average Joint Spalling (mm/joint)*
Section Section Description
No. 1998 1999 2002 2003 2010
1 Control (Full depth virgin 49 15.24 65.2 415 67
aggregate concrete)
9 Two-lift with RAP n/a n/a 17.8 11.0 83
11 Two-lift with igneous rock n/a n/a 27.1 21.2 74
12 Two-lift with lower wi/c n/a n/a 12.7 24.6 75
*Source: FHWA 2006; McLeod 2010
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Figure 8. Joint efficiency results based on FWD testing of the Kansas High
Performance Concrete Pavement 1998-2009. Source: Kansas Department of
Transportation (McLeod 2010).

While there is limited field performance data available, the existing data
suggests that field sections of concrete (or RCC) with lower RAP contents (<15%)
may perform suitably if not comparably to conventional (virgin aggregate) concrete
pavements. The Kansas and Austrian two-lift sections, which contained 10-15% RAP,
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have exhibited suitable performance, which agrees with the large-scale slab test
results by Brand et al. (2014). The French APT results for FRCC with high RAP
contents (70%) indicated performance slightly worse than FRCC with limestone, thus
requiring a slightly thicker base design (Nguyen et al. 2012), which agrees with the
fatigue results of RCC with RAP by Modarres and Hosseini (2013).

Conclusions

The use of reclaimed asphalt pavement (RAP) has seen a rise in interest as a partial to
full replacement of aggregate in concrete and other cementitious composites. The
literature reveals that use of RAP as an aggregate will cause reductions in the bulk
concrete strength and modulus. While there is insufficient data to draw definitive
conclusions, some of the literature suggests that RAP aggregates may not affect the
bulk concrete shrinkage, coefficient of thermal expansion, energy absorption, or
fracture properties.

Through measurement of the properties of the interfacial transition zone (ITZ)
and the bonding between RAP (i.e., asphalt) and cement paste, the following two
mechanisms produce the observed reductions in bulk concrete strength and modulus
for RAP in concrete: 1) RAP aggregates produce a larger, more porous ITZ relative to
virgin aggregates, and 2) surface free energy measurements and interfacial bond
testing have shown that asphalt cohesion failures are more likely than an asphalt-
cement adhesion failures. Because of this asphalt cohesion failure dominance, there
has been limited success in significantly improving the bulk strength and modulus of
concrete containing RAP.

Based on the reduction in concrete strength with RAP aggregates,
conventional pavement designs would require a thicker pavement. However, the
concrete fracture properties have been found not to be significantly affected by the
addition of lower replacement levels of RAP, with one study finding that the flexural
capacity of large-scale concrete slabs containing 22% RAP was similar if not greater
than concrete slabs with virgin aggregates. With this in mind, one design implication
is to assume a similar design flexural strength with similar mixture proportions and
virgin aggregates. Field studies of concrete with low RAP replacement levels (10-
15%), particularly the two-lift concrete sections in Kansas and Austria, have indicated
suitable long-term performance. Fatigue and accelerated pavement testing of roller-
compacted concrete with high RAP replacement contents (50-100%) indicate a
reduced fatigue life, thus requiring a slightly thicker base course design. Ultimately,
the literature supports that concrete with RAP aggregates can be successfully utilized
in pavement applications, particularly in a two-lift or roller-compacted concrete
construction, and significant adjustments to the design procedure may not be
necessary when low RAP contents (<25%) are used.
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