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ABSTRACT: Unbound graded aggregates are used to construct the base and subbase of road pavement. The
mechanical properties of unbound graded aggregates depend significantly on aggregate size and grading,
especially on the maximum particle size (Dmax) and fines content (F¢; typically, the particle size of fines < 0.075
mm). Nowadays, not only natural aggregates (NA) but also recycled aggregates (RA) from construction and
demolition waste are used in road construction. Many studies have been done to characterize the mechanical
properties of RA, but a comprehensive understanding of the effects of aggregate size and grading on the
mechanical properties has not been fully achieved due to the wide variety of material types and properties of RA.
Therefore, this paper searched previous studies and reviewed the effects of particle size, type of aggregate, and
mixing proportions of RA on mechanical properties such as compaction, bearing capacity, resilient modulus, and
shear strength. In addition, some information on the environmental safety of RA, such as leachate pH and leaching
of elements, are summarized. The results collected from the literature indicate that the mechanical properties of
RA and their mixtures are mostly comparable to those of NA and can be used to construct road base and subbase.
As well as the type of aggregate, Dmax Of RA was also found to affect highly the relationships between the
mechanical indices (e.g., the maximum dry density and California bearing ratio) and F. and/or mixing proportion.

Keywords: Unbound Road Base and Subbase, Recycled Aggregate, Construction and Demolition Waste,
Mechanical Properties, Environmental Safety

1. INTRODUCTION (Fc, kg/kg in %:; typically, the particle size of fines <
0.075 mm) affected it the most. Xiao et al. [4]
Nowadays, not only crushed aggregates from investigated the effect of particle size distribution on
natural stones (NA; natural aggregates) but also many mechanical ~ properties, permeability, frost
kinds of recycled aggregates (RA) from construction susceptibility, and susceptibility to erosion and
and demolition waste (CDW) and industrial by- indicated that Fc needs to be controlled to meet the
products (IBPs) are used as unbound road base and technical requirements that ensure the ability to
subbase materials in road construction [1,2]. The use function properly during construction and to improve
of CDW and IBPs for road construction is one way to the performance and longevity of a pavement
reduce the dumping of CDW and IBPs and to reduce structure.
the consumption of NA. However, there are some Using RA from CDW and IBPs as road base and
difficulties in recycling CDW and IBPs for civil subbase materials has also an issue that needs to be
engineering purposes because the types and qualities considered, that is, environmental safety against
of RA affect the mechanical properties significantly. surrounding environments and ecosystems. Leachate
The base and subbase layers are important layers in from RA often has a high pH that adversely affects
the road pavement structure; they are required to have groundwater resources and ecosystems at surface
high rigidity and strength to bear the vertical load drainage locations [5]. In road construction, highly
transmitted from the surface layers. In addition, the alkaline leachate often causes corrosion of zinc-
base and subbase layers of the pavement structure are galvanized and, particularly, aluminized pipes placed
usually made of unbound aggregates due to the low under the road (e.g., water supply and drainage pipes).
impact of the horizontal load. For example, Yoder An environment with a high pH will disrupt the
and Witczak [3] reported that the stability and aluminum oxide protective layers, thereby exposing
mechanical properties of unbound aggregate depend the inner metal layers (aluminum, iron) and causing
on several factors such as particle size distribution further corrosion [6]. Moreover, if RA from CDW
(grading), particle shape, relative density, internal and IBPs contains hazardous compounds, leached
friction, and cohesion. Among these factors, the size elements, including heavy metals and hazardous
distribution of aggregate including the fines content compounds, may pollute the surrounding soil and
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Fig.1 A process of reference selection for the review in this

water. Therefore, the heavy metals and hazardous
compounds extracted from RA should be tested and
must be less than the specified environmental
standards allow before the application of RA for road
base and subbase construction.

Till now, many studies have been done to
characterize the mechanical properties of RA, but a
comprehensive understanding of the effects of
aggregate size and grading on the mechanical
properties has not been fully achieved due to the wide

study

variety of material types and properties of RA. Thus,
this paper concentrated on reviewing and
summarizing previous studies to examine the effects
of particle size and grading (i.e., F¢, and the maximum
particle size, Dmax), and type of aggregate (i.e.,
materials used and mixing proportions) on the
mechanical properties of unbound road base and
subbase layers. Besides, some information on the
environmental safety of RA, such as leachate pH and
leaching of elements, are summarized.

Table 1 Abbreviations and definitions of materials in this study

Name Abbreviation Definition

Natural aggregate NA NA is aggregate crushed from natural stones (e.g., limestone,
dolomite, granite, etc.)

Recycled concrete RC RC has a minimum of 90%, by mass, of Portland cement-
based fragments and NA [7].

Recycled clay brick RCB RCB has mainly contained brick rubble and also a high
amount of adhered mortar and other impurities such as tile
[8].

Reclaimed asphalt pavement RAP RAP has more than 90% of the composition composed of
asphalt-based materials [7].

Recycled glass RG RG is the by-product of crushing mixed color bottles and
other glass products collected from both municipal and
industrial waste streams [9].

Waste rock WR WR is excavated during site preparation, they would have
been disposed of as waste [9].

A mixture of natural aggregate  NA-RCB  NA-RCB is a material made up of mixing natural aggregate

and recycled clay brick and recycled clay brick in %.

A mixture of natural aggregate NA-RAP  NA-RAP is a material made up of mixing natural aggregate

and reclaimed asphalt pavement and reclaimed asphalt pavement in %.

A mixture of recycled concrete RC-RCB  RC-RCB is a material made up of mixing recycled concrete

and recycled clay brick and recycled clay brick in %.

A mixture of recycled concrete  RC-RAP  RC-RAP is a material made up of mixing recycled concrete

and reclaimed asphalt pavement

and reclaimed asphalt pavement in %.
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2. METHODOLOGY

Based on keywords such as unbound aggregate,
road base and subbase, aggregate size, fines content,
and CDW materials, journal papers, books, and
reports published in English since the 1970s were
searched [e.g., Web of Science™ (Clarivate
Analytics)]. A detailed search of the classifications
was conducted to find references related to the effects
of particle size and type of aggregates on mechanical
properties such as compaction, bearing capacity,
resilient modulus, and shear strength properties, and
environmental safety of unbound aggregate for road
base and subbase. The process of reference selection
is shown in Fig.1l. A total of 67 references was
selected to compare and summarize the data.
Abbreviations and definitions of materials used in this
study are summarized in Table 1.

3. RESULTS AND DISCUSSION

3.1 Effects of Particle Size and Type of Aggregates
on Mechanical Properties

3.1.1 Compaction characteristics

The maximum dry density (MDD) measured by
the compaction test [10-11] is one of the factors to
evaluate the effects of particle size and type of
aggregate on compaction characteristics. The
relationship between Fc and MDD is shown in Fig. 2,
categorized as Dmax < 25mm and Dmax > 25 mm
categories. It is noted that most NA had higher MDD
values than RA regardless of Dmax and F¢ because NA
is less porous and has a higher particle density than
RA [8]. For Dmax <25mm, not only NA but also other
RA samples, MDD tended to increase with increasing
F. (Fig. 2a). On the other hand, MDD of NA became
almost constant and showed a slight decrease with
increasing F¢ for Dmax > 25 mm (Fig. 2b). These
different trends might be attributed to the replacement
of coarse aggregate pores with fines aggregates for
Dmax < 25mm and to the intrinsic particle strength of
RA and particle breakage (resulting in the cushion
effect due to filled fines) for Dmax > 25 mm [8].
Especially, it is understandable that the tested
samples with high F. of coarser aggregates (Dmax > 25
mm) enhanced the cushion effect more during the
compaction process and resulted in no increment of
MDD.

Measured MDDs for mixed aggregates, RC-RCB,
RC-RAP, NA-RCB, and NA-RAP, are shown in Fig.
3 as a function of RC and/or NA content (%). In
general, the measured MDD showed a gradual
increase with increased proportion for both Dpax <
25mm (Fig. 3a) and Dmax > 25 mm (Fig. 3b), whereas
some data from RC-RCB and RC-RAP mixtures did
not show any increment [30-32]. The differences in
measured MDD values among tested samples were
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Fig.2 The effects of fines content and type of
aggregate on MDD. (a) Samples with Dpax < 25 mm,
and (b) samples with Dmax > 25 mm

caused mainly by the composition of mixtures, and a
higher proportion of RC and/or NA increased MDD
[16, 31, 33]. Notably, the measured MDDs of RC-
RCB mixtures with Dmax < 25 mm (Fig. 3a) were
higher than those of RC-RCB mixtures with Dmax >
25mm (Fig. 3b). This might be because the larger
aggregates of RCB were more breakable during the
compaction process and resulted in lower MDD.

3.1.2 Bearing capacity

Effects of F¢ and type of aggregate on CBR are
shown in Fig. 4. It is reported that measured CBR
values of recycled materials, RC, RCB, and WR,
were higher than those of NA for both Dmax < 25mm
(Fig. 4a) and Dmax > 25 mm (Fig. 4b). This can be
supposed to be because existing cementitious
particles with RC and adhesive mortar on the surface
of RCB would be hydrated and contributed to the
increase in the aggregate bonding of samples [7].
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Fig. 3 The effects of mixing proportion on MDD. (a)
Samples with Dmax < 25 mm, and (b) samples with
Dmax > 25 mm

It can be seen that Fc contributed to the increase
in CBR of NA for Dmax < 25mm (Fig. 4a), In contrast,
F. decreased CBR of NA for Dmax > 25mm (Fig. 4b).
It was notable that RG and RAP gave the lowest CBR
in comparison with other materials regardless of Dmax
and did not meet the technical requirement for road
base and subbase (typically, CBR > 80 for road base,
CBR > 30 for road subbase). This may be due to the
small friction between the asphalt-coated aggregates,
and RG aggregates, RG and RAP samples were found
to slide easily and had low bearing capacity under the
large load of the CBR test. Effects of the mixing
proportion of RC or NA to RCB on CBR values are
shown in Fig. 5. Except for some data, RC-RCB and
NA-RCB exceeded mostly CBR = 80%, and there
was no significant relationship between measured
CBR values and the mixing proportion for both Dmax
<25mm (Fig. 5a) and Dmax > 25 mm (Fig. 5b). On the
other hand, it can be seen that the CBR of RAP was
improved by the mixing of RC or NA (Fig. 5a).
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Fig. 4 The effects of fines content and type of
aggregate on CBR. (a) Samples with Dmax < 25 mm,
and (b) samples with Dmax > 25 mm

3.1.3 Resilience characteristic

Resilient modulus (M) is an index representing
the resilience of the unbound material under repeated
traffic loading. M, is defined as the ratio of the cycle
deviator stress to the recoverable strain and is
determined by repeated load compression tests of test
specimens. The reported results of M, for various RA
samples are summarized in Table 2. In general, there
were three trends of M, of NA samples; M increased
when F¢ increased [35], M, decreased when F
increased [36], and M, reached the highest value at a
Fc value [24, 37], indicating that the tendency of M;
according to F¢ was not consistent in previous studies.
It may be because M, depends not only on F. but also
on other factors such as single-particle strength,
particle breakage, particle shape, etc. In terms of the
effect of Dmax ON My, Mneina and Shalaby [22] studied
NA samples with three different Dmax values and
found that M, increased when Dmax increased,
suggesting that the increase in M, could be gained in
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the coarser aggregate frame structure due to a better
grain contact.

As shown in Table 2, several researchers reported
that M, values of RC were higher than those of NA
[9, 20-21, 38-39], and satisfied the technical
requirement [18]. This could be explained by the
contribution of several cementitious particles inside
RC to increasing the strength of RC samples by
hydration [7, 9]. It is important to point out that the
reported M, values of various RA samples were
highly dependent on the tested materials. For example,
Arulrajah et al. [9] submitted that the M, values for
RAP and RG could not be reported because they had
very low cohesion, and their samples failed after a
few loading cycles of the test. On the other hand,
Nokkaew [21] indicated that RAP had higher M; than
RC and NA because RAP was obtained from asphalt
layers which were usually constructed from higher
quality aggregate than RC. Turning to the mixtures,
Arulrajah et al. [32] reported that CB-RC mixtures
had higher M, values than CB-NA and most the
mixtures would perform satisfactorily as a subbase
material. Arisha et al. [28] showed that the M, of
RCB-RC blends was highest with the sample using
45% RCB, while Cameron et al. [30] indicated that
M; of RCB-RC blends decreased when RCB content
increased. M, of NA-RAP mixtures increased with the
increase of RAP content [19, 40]

3.1.4 Shear strength properties

Shear strength properties of RA are mostly
assessed by triaxial tests, and the cohesion (¢ in kPa)
and friction angle [¢ in degrees (°)] of the tested
specimen were determined based on Mohr-Coulomb
failure criteria. Table 3 summarizes the reported c and
¢ values of RA. The measured ¢ and ¢ varied
depending on the tested materials but the c values
generally ranged between 40kPa and 90 kPa and
measured ¢ ranged between 20° and 50°, and which
were similar to the measured values of NA. Some
researchers reported that shear strength peaked at the
highest when F; = 8-10% [24, 42]. This can be
explained by the structural change of the aggregates
along with F [3, 43]; shear strength is based on grain-
to-grain contact with the samples containing little or
no Fc. Under the condition of sufficient F¢ in the
tested sample, the fines fill the voids between the
grains and bind them together. This combines grain-
to-grain contact to increase the shear strength of
samples. However, with samples containing high F,
the grains are surrounded by fines, grain-to-grain
contact will be reduced significantly, and the shear
strength will decrease and depend on the shear
strength of fines. On the other hand, Osouli et al. [13]
studied crushed stone aggregates of Dmax = 25 mm
using two values of F; (5% and 12%) and reported
that shear strength properties were not affected by the
quality of F¢, ¢ = 70 kPa and ¢ = 41° for both samples.
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This suggests that further studies are needed to
examine the effects of F. and Dmax On the shear
strength properties of RA.

3.2 Environmental Safety of Recycled Aggregates

3.2.1 Leachate pH

In a comparison of pH of NA and RA leachates,
RC leachate had the highest pH (normal pH>10),
while NA was below pH 9 [5, 47], RCB was neutral
or slightly alkaline (pH from 8.04 to 8.48) [48]. This
is because RA from CDW usually includes cement,
and the mortar adheres to the surface of aggregates.
These compounds are composed of many chemicals
of calcium-silicate-aluminate that will be hydrated in
an aqueous solution to produce Ca(OH)2 with high
alkalinity [47]. Sanger et al. (2020) [49] showed a
good summary of leachate pH determined in the field
and laboratory. The measured pH of RC leachates
was 9.9-13 [5, 20, 50-59] in a batch leaching test and
10.8-12.5 [60] in a column leaching test. Regarding
the long-term field tests of pH, some authors pointed
out that the leachate from RC had a high pH in the
early stages of the test, and that the pH value
gradually decreased to neutral after a few years.
Specifically, Chen et al. [60] reported a pH of RC
leachate between 6.5 and 8.0 at seven years after
construction; the final leachate measured pH 7.2 to
7.4 after eight years [50], and the pH of RC leachate
measured from the base course with asphalt-covered
section was consistently between 7.3 and 8.7 after
more than ten years of field monitoring [61].

Lee et al. [47] measured the pH of RA and
reported that fine aggregates (less than 5 mm) initially
had a high pH and that the pH did not change much
during the experiment, while coarse aggregates (more
than 5 mm) had a low initial pH, but the pH increased
during the elution time and reached a pH similar to
the pH measured for fines aggregate. In addition, Lee
et al. reported that NA had a similar pH (below pH 9)
for both fine and coarse aggregates [47].

3.2.2 Leaching of elements

Total elemental analysis of RA from CDW has
demonstrated the presence of aluminum (Al), arsenic
(As), boron (B), barium (Ba), calcium (Ca), cadmium
(Cd), chromium (Cr), cobalt (Co), copper (Cu), iron
(Fe), potassium (K), magnesium (Mg), manganese
(Mn), molybdenum (Mo), sodium (Na), nickel (Ni),
lead (Pb), antimony (Sb), selenium (Se), tin (Sn),
strontium (Sr), titanium (Ti), vanadium (V), zinc (Zn),
chloride (CI-), fluoride (F-), sulfate (SO42-), and
organic compounds (phenol index) [5, 48, 51-54, 60,
62-64]. Lee etal. [47] reported that although RA had
more harmful substances than NA, their leachates had
concentrations of elements below the limits
mentioned in the environmental standards, and RA
from CDW were classified as inert or non-hazardous
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Fig. 5 The effects of the mixing proportion on CBR. (a) Samples with Dmax < 25 mm, and (b) samples with Dmax
>25mm

Table 2 Effects of type of aggregates and particle size on resilience characteristic

Test method and
specimen size Effects on M, Ref.
(D x H, mm)

Mixing proportion™  Range of Dmax

Materials (%) Fe(%) (mm)

M; increased as the RAP content

gﬁl’)RC’ E’éﬁ/’:g gg'gg gg;g * 25 AAlS5I-2|'I;(03('JI' 43 07 increased, NA\RC-RAP blends had [19]
' ' higher M, than NA\RC.
AASHTO T307 M; of RC was up to 2.6 times
NA, RC - 25 "7152%304  higher than that of NA [20]
NA, RC, - - 19 NCHRP 1-28A M, of NA was lower than that of [21]
RAP 152 x 304 RA. RAP had higher M, than RC
19,
NA * * 25, NCllggP %6208'6‘ M, increased when Dmax increased  [22]
375 X
M, was highest with F:=5% and
NA * 0-20 31.75 AASHTO T307 lowest with Fe=10% [24]
RC-RCB: 100-0, 50-10, . AASHTO T307 M, was the highest with the sample
RC, RCB 80-20, 70-30, 55-45, 37.5 152 x 304 using 45% RCB [28]
40-60, 20-80, and 0-100 g a9
RC-RCB: 90-10, 80-20, - DTEI -TP183 M, decreased with the increase of
RC, RCB 70-30 20 (2008)  RCB content [30]
RC, RCB, nggf%[\gg: 0., Austroads (2000) CB-RC blends had higher M, 1]
NA 30-70, 40-60, and 50-50 100x 200  values than CB-NA blends.
NA * 7-12 * AASHL(QSTZQZ' M, increased with the increase of F¢ [35]
* ) AASHTO T307 M decreased with the increase of
NA 0-17.7 25 152 x 304 F. [36]
AASHTO T307 M; reached highest with F; = 6-
NA * 2-14 38.1 152 x 304 10% [37]
Austroads (2004) .
RC * * 20 100 X 200 RC had higher M, than NA [38]
RC, NA x x 20 A“Sig’(f‘isz(ggo“) RC had higher M than NA [39]
RAP-NA: 0-100, 25-75, NCHRP 1-28A M increased as the RAP content
RAP,NA """ 50.50, 75-25 2 554304 increased [40]
RC, CB, - - 20 Austroads (2004) RC had the highest M, value and [41]
WR 100 x 200  WR had the lowest M, value

D: Diameter in mm, H: Height in mm of the cylindrical specimen
*Data not available, **A-B means a mixture of material A and material B in %; A\B means material A or material B.
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Table 3 Effects of type of aggregates and particle size on shear strength properties

Materials Mi_xing E?T:%e Drmax Tssteé?r?::r?giigd Effect on shear strength properties Ref
proportion™ (%) (%) (mm) (D x H, mm) (cinkPa, ¢in°)
RC, CB, ASTM D4767-04, RC, CB, WR: c =41 - 46 kPa, ¢ =49 -
WR, * * 20 CD triaxial,  51° [9]
RAP, RG 100x200  RG, RAP: c=0, 53 kPa, ¢ = 37°
ASTM D2850,
NA * 5,12 25 UU triaxial, ¢ =70kPa, ¢=41° [13]
152 x 304
RC, CD triaxial tests
RCB, * * 20 100 x 200 "c=45.4-66.4kPa, ¢=51 - 58°. [15]
RAP
RCB-RC\WR: 0-
RRCCé 100, 15-85, 20-80, - 20 Asglt\)/ltggzg-m RCB-RC: c=41-80kPa, ¢ =43 -50° [31]
WRl 25-75, 30-70, 40- 100 x 200’ RCB-WR: c=41-62kPa, ¢ =46-51°
60, 50-50
ASTM D4767-04,
RC * * 20 CD triaxial, ¢ =45 kPa, ¢=49° [38]
100 x 200
- * Shear strength was highest when F. was
NA 15105 25 152 x 304  approximately 8% [42]
ASTM D4767-04,
NA * 0-20 50 CD triaxial, ¢ decreased with the increase of . [43]
300 x 600
*
NA * 15-11.7 25 152 x 304 c=0-121.4kPa, ¢=23.6-54.4° [44]
AS 1289.6.4.1,
RC,RCB RS * 20 UUtriaxial, c=9-89KPa, ¢=44-56° [45]
100 x 200
*
NA * * 25 152 x 304 c=1.1-851kPa, ¢=45-51° [46]

c: Cohesion,¢: Friction angle, UU: Unconsolidated undrained, CD: Consolidated drained, D: Diameter in mm, H: Height in

mm of the cylindrical specimen.

*Data not available. **A-B means a mixture of material A and material B in %; A\B means material A or material B.

waste [48, 62, 64-66]. However, it has been reported
that the leaching of elements was dependent on
particle size. For example, Bestgen et al. [20]
reported that the leached metal concentrations
increased when the particle size decreased. Diffusion
is a major cause of metal leaching [67], and the
higher total surface area of the grading with a high
content of small particle sizes would increase the
interaction between particles and extraction solution,
and thus enhance diffusion, metal leaching.
Therefore, the extraction of heavy metals and
hazardous compounds from RA should be tested and
must be lower than the specified environmental
standards before the application to the road base and
subbase construction.

4. CONCLUSIONS

Based on the results of literature reviews, some
conclusions could be drawn:

1) Generally, the RA samples with Dimax <25 mm
gave higher MDD and CBR than samples with Dmax
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> 25 mm. RC, RCB, WR, and RC-RCB mixtures had
lower MDD than NA but their CBR were
comparable to or higher than NA and satisfied the
technical requirement for road base and subbase. On
the other hand, the CBR values of RAP and RG
became small and did not meet the technical
requirements, so it is important to mix them with
higher quality aggregates such as NA and RC.

2) Due to the hydration of the remaining
unhydrated cement particles in RC, M; values of RC
and RC-RCB mixtures became higher than those of
NA and NA-RCB and they met the technical
requirements for road base and subbase. The shear
strength of unbound materials usually reaches the
highest value at a certain value of F.. Most RA
samples and their mixtures had equivalent ¢ and ¢
values in comparison with NA samples.

3) The leachate pH of RA is often higher than that
of NA and the high pH continues for many years
after its application in construction. Because the
leaching of elements from RA was dependent on the
particle size, the concentration of heavy metals and
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hazardous compounds extracted from RA should be
tested before its application to road base and subbase
construction.

Finally, based on the review of previous studies,
F. and Dmax and type of aggregate affected the
mechanical properties of unbound road base and
subbase materials. However, other factors such as
particle shape, single-particle strength, particle
breakage, compaction energy effort, etc. also affect
the mechanical properties. In addition, not only static
but also dynamic mechanical properties should be
examined for various types of RA. Further studies
are needed to understand the combined effects on the
mechanical properties of unbound road base and
subbase materials.
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