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ABSTRACT: Nowadays, in order to economize the cost of pavements, recycled crusher-run (recycled concrete) that is recycled material is
employed as base course material instead of natural crusher-run (andesite). Therefore, mechanical response of recycled crusher-run is
required to evaluate in order to construct quality roads with minimum cost. In this research paper, an attempt is made to determine strength-
deformation characteristics of unsaturated recycled crusher-run material, under various loading conditions and saturation degrees. In
addition, cyclic plastic deformation behaviour of two types of materials that are natural crusher-run (andesite) and recycled crusher-run
(recycled concrete) is compared and analysed. A series of laboratory element test were carried out by using multi-ring shear apparatus, which
can take in to account the rotation of principal stress axis. The experimental results show that, cyclic plastic deformation considerably
enhances due to the rotation of principal stress axis under repeated axial and shear loading tests. Moreover, cyclic plastic deformation of
recycled crusher-run material increases to some extent when compared with natural crusher-run material under same experimental

conditions.

1. INTRODUCTION

The main function of the base course in pavement structure is to
provide structural support to top layer of the pavement. In Japan, the
natural crusher-run material (granular material) is employed as base
course for pavement subject to fulfilling the material properties as
described in the specifications. The subbase is an optional layer. It is
normally placed over subgrade, when the suitable material for the
base course is either not locally available or quite expensive and/or
subgrade soil is of very poor quality. It is made up of economical
material with relatively low load bearing capacity compared to the
base course materials. Therefore, the inclusion of a subbase course
is primarily an economic issue. Natural crusher-run material can be
used as subbase material, if it fulfills the criteria to achieve the
economy and conform the subbase material properties as described
in the specifications by Japan Road Association (1989). The
significant increase in the construction, rehabilitation and
maintenance of highways continuously enhances the demand of
pavement construction materials. After completing the service life
of infrastructure, such as highways and buildings, disposal of
construction material is also one of the environmental concerns.
Therefore, the recycled crusher-run material made from construction
waste (recycled concrete) is also used in base course for common
roads. According to pavement design manual issued by Japan Road
Association (20006), traffic volume for the common road is less than
100 vehicle pass/day/direction and it comes under the category of
N1, N2 and N3. Where, N1 has the traffic volume less than 15
vehicle pass/day/direction, N2 ranges from 15 to less than 40
vehicle pass/ day/direction and N3 ranges from 40 to less than 100
vehicle pass/day/direction. The laying of the recycled crusher-run
material as base course can save huge cost on pavement
construction, solve disposal issue of construction material and
decrease the usage of natural crusher-run material. However, prior
to employ the recycled crusher-run material in a base course,
strength-deformation characteristics are needed to study under
traffic loads. It is pertinent to mention that the recycled crusher-run
material can be used in the base course, when the mechanical and
physical properties of recycled material meet the standards and
specifications of highways. It has been found that plenty of work has
been carried out in order to establish specifications and to examine
the properties and usages of recycled concrete aggregate in
construction industry such as Kobayashi and Kawano (1988), Poon
and Chan (2006) and Gabr and Cameron (2012). This research could
be helpful to resolve the cyclic plastic deformation behavior of the

unsaturated recycled crusher-run employed as base course material
under traffic loads.

Water can penetrate into pavement structures through various
means. It is not possible to completely restrict the penetration of
water in to pavement layers. However, the drainage system for
pavements is designed and constructed in such a way that the
minimum water should be infiltrated into the pavement layers in
order to keep pavement unsaturated. In general, asphalt surface
mixtures act as water proof layer and prevent rain water from
penetrating into the pavement. Such type of surface mixtures
facilitate the discharging of surface water through cross-slope
having 1.5 to 2.0 % gradient. In addition to above, drainage asphalt
pavement is used in Japan. In drainage asphalt pavement, open
grade friction course also known as porous friction course is used as
surface course. One of the purposes of the surface course is to
provide drainage layer that permits surface water to migrate laterally
through the mixture to the edge of the pavement. The drainage
mechanism in two types of surface mixtures is shown in Figure 1. It
is pertinent to mention that one of the reasons for deterioration of
the pavement is infiltration of water into the base course. This
infiltration and seasonal variations of groundwater level cause
fluctuation in degree of saturation S, inside the base course
throughout a year. Therefore, in the pavement designing and
construction, the water content is an important attribute to influence
the strength-deformation characteristic of base course. Accordingly,
in this research, main focus is on the mechanical behavior of
unsaturated base course consisted of recycled crusher-run material
under traffic load.

Besides the significance of understanding the behavior of the
unsaturated granular base course consisted of recycled crusher-run
material, an appropriate loading method for laboratory element tests
is also critical for pavement design and analysis. It is noted in
various research works that the behavior of pavement structure
under traffic loads differs from that in laboratory tests, such as
repeated axial loading test. The main difference is due to the rotation
of principal stress axis. The outcomes of laboratory element tests, in
which principal stress axis rotation is applied, represents more
reliable deformation behavior of granular material, and its
importance to the performance of pavement and rail-road track has
been mentioned by various researchers (Chan and Brown 1994,
Brown 1996 and Grébe and Clayton 2009). In addition, laboratory
element test, such as triaxial compression test, generally employs
axial compression loading without principal stress axis rotation.
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Consequently the phenomenon of principal stress axis rotation has
not been reproduced concisely by the conventional testing methods.

Keeping in view the aforementioned, Ishikawa et al. (2007)
developed multi-ring shear apparatus for laboratory element tests.
The multi-ring shear apparatus employed in this research can take
into account rotation of principal stress axis like in-situ conditions
and is used to evaluate strength-deformation characteristics of
granular base course material. In previous research (Inam et al.
2012), an effort was made to describe the deformation behavior of
unsaturated natural crusher-run material used in the base course by
employing multi-ring shear testing apparatus. In this research,
recycled crusher-run is used to determine strength-deformation
characteristics of unsaturated base course under the influence of
principal stress axis rotation, which was not examined in the
previous research. The same experimental conditions as applied in
the previous research are adopted for recycled crusher-run in this
research, which is necessary in order to compare strength-
deformation characteristics of recycled crusher-run with natural
crusher-run. The comparisons and differences in the results of two
types of materials discussed on the scientific and analytical basis are
the reasons / causes to establish the originality of this research
paper. In consequence of comparison of two types of materials, new
findings and conclusions are observed. Keeping in foregoing, this
research brings new insight into the unsaturated behavior of base
course materials.
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Figure 1 Drainage mechanism in two types of surface mixtures

2. TEST MATERIAL
2.1  Physical Properties

The C-40 (Natural crusher-run which has maximum particle size of
40 mm) is used in Japanese roads as the base course material; it is
composed of angular, crush, hard andesite stone. The grading of C-
40 means, it has a grain size distribution between 0 mm and 40 mm.
RCA-40 (Recycled crusher-run which has also maximum particle
size of 40 mm) with similar particle size distribution to that of C-40
is adopted in this research. The recycled crusher-run material is
obtained from demolished concrete structure. In multi-ring shear
apparatus width of specimen is 60 mm. In this research maximum
particle size was selected 9.5 mm because according to the standard
test method for determining the resilient modulus of soils and
aggregate materials (AASHTO T 307-99 (2007) 2009), minimum
diameter of the mold sizes to fabricate specimens should be equal or
greater than five times the maximum particle size. Therefore, in this
research recycled crusher-run material which has the maximum
particle size of 9.5 mm (RCA-9.5) was selected for multi-ring shear
tests. RCA-9.5 material is about one fourth of the mean particle size
of original RCA-40. The scale down of gradation may influence the
behavior of the material on the permeability and void ratios due to
change in the ratio of coarser to finer particles. However, scale
down effect of gradation on cyclic plastic deformation behavior is
not considered in this research, since the effect of scale down of
material in the experimental program could not be studied due to
limitation of width of specimen used in multi-ring shear testing.

Emphasis is made to examine the cyclic plastic deformation
characteristics under the influence of principal stress axis rotation,
though there is a room for further research to investigate the
influence of the scale down effect of gradation from maximum
particle size of 40 mm to 9.5 mm on cyclic plastic deformation
characteristics of unsaturated base course material under different
loading methods. RCA-9.5 material is prepared by screening out
particles larger than 9.5 mm from RCA-40 material and washing
inside a 0.075 mm sieve. The process of washing inside sieve was
carried out in order to remove fine particles because fine particles
can enter between small gaps of rings of multi-ring shear apparatus.
After washing, RCA-9.5 material is dried in oven for 24 hours at
least. Physical properties of C-9.5 (Natural crusher-run material
which has the maximum particle size of 9.5 mm employed in Inam
et al. 2012), C-40, RCA-9.5 and RCA-40 materials are described in
Table 1. Particle size distribution curves of C-9.5, C-40, RCA-9.5
and RCA-40 materials are shown in Figure 2.

Table 1 Physical Properties of Test Materials

Name of Average Specific Water Los Angeles
material diameter, D5, gravity, G absorption (%) abrasion
(mm) value (%)
C-95 2.7 2.753 4.3 -
C-40 10.8 2.737 3.7 18.8
RCA-9.5 2.8 2.712 8.4 -
RCA-40 10.8 2.686 6.6 24.5
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Figure 2 Particle size distribution curves for test materials

2.2 Moisture - density relationship

The compaction curve of RCA-9.5 material was determined by A-b
method of Japanese industrial standard (Japan Standards
Association 2009). In this method, a mold diameter of 100 mm, a
mold height of 127 mm and a drop height of 300 mm for the rammer
are used. The test material is compacted in three equal layers by
applying 25 blows to each layer with a 2.5 kg rammer to obtain the
compaction energy E, of 550 kJ/m’. The moisture-density curve for
the RCA-9.5 material with the optimum moisture content wey of
13.8 % and the maximum dry density pymax of 1.650 g/cm? is shown
in Figure 3. The moisture-density curve for C-9.5 material with the
Wopt 0F 9.5 % and the pypax of 1.775 g/em’ is obtained from previous
research (Inam et al. 2012) by applying same method as mentioned
above.

2.3 Soil water characteristic curve

In accordance with standards by Japan Geotechnical Society (2009),
water retentivity test on RCA-9.5 material was carried out by using
triaxial apparatus to determine the soil water characteristic curve
(SWCC) of unsaturated soils. It has been found that not many
studies were carried out to determine the SWCC for coarse grained
material. The quite possible reason is that lower matric suction s
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occurs in case of coarse grained material as compared to fine
grained and cohesive soils (Ekblad and Isacsson 2006). ASTM
designation 6836-02 (2010) is the standard testing method of the soil
water characteristic curve for desorption by using a Hanging
Column, Pressure Extractor, Chilled Mirror Hygrometer, and/or
Centrifuge.
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Figure 3 Moisture-density curve for RCA-9.5 material

The multi-ring shear apparatus cannot measure or control the s,
therefore, triaxial apparatus developed by Ishikawa et al. (2010) for
unsaturated soils that adopt the pressure membrane method to
determine soil water characteristic curve is employed in this
research. The RCA-9.5 specimen (170 mm in height and 70 mm in
diameter) was prepared in the triaxial apparatus so that dry density
after consolidation py. became 1.470 g/crn3 , which was the same dry
density pq before conducting multi-ring shear tests in this research.
The triaxial apparatus can control pore air pressure u, and pore
water pressure u,, at the cap and the pedestal, separately. The u,, is
applied through a hydrophilic versa pore membrane filter attached to
the water plumbing path, and the u, is applied through a
hydrophobic polyflon filter attached to the air supply path. The
validity of using these filters was examined by Ishikawa et al.
(2010).

The air-entry value is defined by Rahardjo et al. (2011) that the s
value at which air first enters the pores of the soil. It is indication of
s at which water in large pores started to drain and beyond the air-
entry value, desaturation occurs rapidly. It has been found that air-
entry value for the SWCC in this research is not clearly recognized
at low suction ranges or in other words s has such a small value at
air-entry value that cannot be noticed or recognized while
performing water retentivity test on triaxial apparatus. Ishikawa et
al. (2012b) described similar behavior that air-entry value could not
be found on coarse material such as C-40. During isotropic
consolidation, net confining pressure o) of 49 kPa was applied on
RCA-9.5 material in order to achieve the desire pyq. The net
confining pressure is defined as cpey = 0c — u,. Figure 4 shows the
results of water retentivity test on RCA-9.5 material in comparison
with SWCC for C-9.5 material at 1.580 g/cm’® of pg. obtained from
previous research (Inam et al. 2012).

The experimental conditions to carry out water retentivity test of
RCA-9.5 and C-9.5 materials are described in Table 2. The p4 of C-
9.5 and RCA-9.5 is taken at about 90 % of degree of compaction D,
though initial void ratio ey for RCA-9.5 is 0.85 and for C-9.5 is 0.74
as shown in Table 2. The SWCC shows the relationship between the
s and the S;. The s can be defined as the difference between u, and
u,, acting on the contractile skin (Fredlund and Rahardjo 1993). In
Figure 4, drying curve for RCA-9.5 material shows that S, is about
25.0 % and drying curve for C-9.5 material shows that Sy is about
11.0 %. The S, is defined by many researchers. According to
Rahardjo et al. (2011) and Fredlund and Xing (1994), the residual
water content is the water content where a large suction change is
required to remove additional water from soil or in other words
residual water content is the state where the S; of a soil experiences
no significant change with the s increases. The S, obtained in the

SWCC of RCA-9.5 and C-9.5 materials are much lower than the S,
at the wyy as indicated in Figure 3 and Inam et al. (2012)
respectively. Ishikawa et al. (2012a) shows that based on their long-
term field measurement full scale test pavement, the S; inside sub-
base course (C-40 material) is a little higher than 30 % during most
of the time in a year. In addition, the result of water retentivity test
on C-40 material with 95 % of D, also shows that the Sy is little
higher than 30 % (Ishikawa et al. 2012b). Besides, it is found that
the S, of C-40 material at the wyy of 8.2 % is about 55 %. These
show that during most of the time in a year, the S; inside real sub-
base course is much lower than the S; at the w, and such S, inside
real sub-base course can be better expressed by the S, obtained
through water retentivity tests. On the other hand, it was described
in previous research (Inam et al. 2012), that the s of samples with S,
=19 % (moisture content w = 5 %), 33 % (w=9 %) and 48 % (w =
13 %) has an insignificant influence on shear behavior of C-9.5
material due to low s values as shown in the drying curve of
Figure 4. In case of RCA-9.5 material, low s values occur under
different S, and, as a result, insignificant influence of s on the shear
behavior will also be observed in this research. The insignificant
influence of s on the shear behavior for RCA-9.5 material is
explained in latter section.
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Figure 4 Soil water characteristic curves for RCA-9.5 and C-9.5
from Inam et al. (2012)

Table 2 Experimental Conditions for Water Retentivity Test

Name of  Dry density, py, Degree of Initial void
material (g/em?) compaction, D, ratio, ey
(%)
RCA-9.5 1.470 90 0.85
C-9.5 1.580 90 0.74

3. TESTING METHOD

A schematic diagram of multi-ring shear and the components of
multi-ring shear apparatus were explained by Inam et al. (2012). The
terms regarding size, load, stress, strain and axis used in multi-ring
shear tests was also described in Inam et al. (2012). The width of
specimen is 60 mm (120 mm inside diameter and 240 mm outside
diameter) and the height is 60 mm.

3.1 Experimental Conditions

A series of static and cyclic loading tests were performed with the
multi-ring shear apparatus. The criteria to determine experimental
conditions for RCA-9.5 material described here were taken from
previous research (Inam et al. 2012) in order to compare
deformation behavior of RCA-9.5 material with C-9.5 material.
Therefore, S; of 19 %, 33 % and 48 % were selected for RCA-9.5
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unsaturated specimens. The S; of 19 % is lower than the S,y of RCA-
9.5 material as shown in Figure 4. The S, is not the lowest possible
S; within soil and it is possible for the water content to be less than
the residual water content through evaporation, centrifuging or even
the drying as defined by Vanapalli et al. (1998). The prescribed
water content is added to the oven-dried RCA-9.5 material. The
oven-dried sample was also selected to compare the results with
those of the unsaturated specimen’s results. Afterwards, the RCA-
9.5 material is placed in three equal layers over the bottom plate,
confined by outer and inner rigid rings and compacted uniformly to
achieve desired pg.

In accordance with the Japanese highway standards, a pgma.x of
95 % is commonly taken in the field conditions. However, due to the
limitation of multi-ring shear apparatus, 95 % of the pgmax could not
be achieved for the C-9.5 material (Inam et al. 2012); therefore, for
C-9.5 material about 90 % of the pamax (Pdmax = 1.775 g/cm3) was
selected in previous research (Inam et al. 2012). Likewise, for the
RCA-9.5 material, a pyq of 1.470 g/em’® was selected for the multi-
ring shear test which is also about 90 % of the pgmax (Pamax = 1.650
g/cm’ as shown in Figure 3).

In this research same stress distributions are considered in the
multi-ring shear tests for the RCA-9.5 material which was adopted
in previous research (Inam et al. 2012) for the C-9.5 material in
order to compare strength-deformation characteristics. The axial
stress and the shear stress distribution are shown in Figure 5 and the
loading frequency of 0.02 Hz was taken for the cyclic loading tests
of RCA-9.5 material. After preparing the sample, static and cyclic
loading tests were performed on the RCA-9.5 material to examine
the mechanical behavior of recycled base course material under
different S; by using the multi-ring shear apparatus. In the case of
the static test on RCA-9.5 material, shear stress 7,9 was
monotonically increased at the rate of shear strain y,y of 0.1 %/min
while keeping constant axial stress g, of 114.2 kPa. In the cyclic
loading tests two loading modes were implemented to evaluate the
cyclic deformation characteristics of unsaturated specimen. One
mode is the cyclic axial loading, which is considered as repeated
axial loading without rotation of the principal stress axis. In this
method, only the axial load in the sinusoidal waveform is cyclically
applied to the specimen and maximum axial stress o, is taken as
114.2 kPa. Hereafter, cyclic axial test without principal stress axis
rotation will be referred to as repeated axial loading test. The other
mode is the cyclic axial and shear loading, in which the axial load
and the shear load, both in the sinusoidal waveform are cyclically
applied to the specimen. The shear load is cyclically applied for
bidirectional loading, similar to two-way traffic on pavement by
changing phase angle of 180 degrees for every succeeding loading
cycle (Inam et al. 2012). Hereafter, cyclic axial and shear loading
tests will be referred to as repeated axial and shear loading test
similar to in-situ traffic loading conditions, in which the rotation of
principal stress axis occurs.

In repeated axial and shear loading tests the o, of 114.2 kPa
and the maximum shear stress 7,om.x 0f 30 kPa were considered as
shown in Figure 5. The stress paths between the mean principal
stress p = (0] to, +03)/3 and the deviatoric stress g = (o) - 03) for the
cyclic loading tests at the coefficient of earth pressure at rest K, =
0.30 (K, value is taken as an example) are shown in Figure 6. The
principal stresses values oy, 05, 03 and K, value for the cyclic loading
tests were estimated and described in latter section. The
experimental conditions for the multi-ring shear tests performed in
this research are summarized in Table 3.

4.1 Influence of degree of saturation on shear behavior

The results of static shearing tests for the RCA-9.5 material are
presented in Figures 7-13 showing the relationships among 7., a9
and axial strain ¢, under different S,. Figures 7 and 8, clearly show
that increase in the 7, on each curve causes increase in the &, and in
the y,0 on the same curve. However, when comparing any two
curves obtained from the static shearing test under different S;, the

following trends can be seen as a general shear behavior as shown in
Figures 9 to 11.

. 7,0 1S inversely proportional to a g, at the same y,g.

. 7,9 18 directly proportional to y,q at the same ¢,.

. 720 18 directly proportional to ¢, at the same 7.

4. RESULTS AND DISCUSSIONS

Figure 12 shows the relationships between S, - y,4 and S; - ¢, at
the 7,9 of 30 kPa. It is further elaborated that an oven-dried sample
has the minimum shear strain y,¢,;, and the minimum axial strain
Eamin at the 7,9 of 30 kPa. The graph also shows that the sample with
S; = 19 % has the maximum shear strain y,gn.x and the maximum
axial strain e,y at the 7,9 of 30 kPa. The decreasing sequence of the
&, and the y,9 under the constant 7,9 of 30 kPa is S, = 19 %, S, = 33
%, S; = 48 % and finally oven-dried (S, = 0 %)
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Figure 5 Cyclic loading pattern in multi-ring shear tests
(Inam et al. 2012)
Table 3 Experimental Conditions for Multi-ring Shear Tests

(a) Static Shearing Tests on RCA-9.5 Material

Degree of saturation, S; (%) Oven-dried, 19, 33 & 48

Initial dry density, pgo (g/cm’) 1.450
Dry density after consolidation, pg.

(gem’) 1.470
Constant axial stress, o, (kPa) 114.2

(b) Repeated Axial Loading Tests on RCA-9.5 Material

Degree of saturation, S; (%) Oven-dried, 19, 33 & 48

Dry density before test, pgo (g/cm’) 1.470
Axial stress, oy (kPa) 114.2
Loading frequency (Hz) 0.02
Number of loading cycles, N, 400

(c) Repeated Axial and Shear Loading Tests on RCA-9.5 Material

Degree of saturation, S; (%) Oven-dried, 19, 33 & 48

Dry density before test, pgo (g/cm’) 1.470
Axial stress, Gy (kPa) 114.2
Shear stress, T,omax (kPa) 30
Loading frequency (Hz) 0.02
Number of loading cycles, N, 400
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During static shearing tests, shear loading was applied up to the
a0 0f 3.0 % for the RCA-9.5 material. The y,4 of 3.0 % was selected
for the RCA-9.5 because in previous research the y,4 of 3.0 % was
taken for the C-9.5 material due to the limitation of torque
transducer installed in the multi-ring shear apparatus. On this basis,
the 7,9 and the ¢, behavior were analyzed under different S; at the y,9
of 3.0 % as shown in Figure 13. It is seen that the oven-dried sample
has the &, and the 7,9, at the y,4 of 3.0 %. On the other hand, the
sample with a S; = 19 % has the &,,,,x and the minimum shear stress
Taomin at the y,9 of 3.0 %. The sequence for the increase in 7,4 and the
decrease in ¢, at the y,9 of 3.0 % under different S, is the same as
mentioned in above paragraph. It was found that there is no
breakage of the particles or changes in particle size distribution
before and after testing.
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Figure 6 Stress paths for cyclic loading test
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4.2 Influence of matric suction on shear behavior

In order to understand the dependency of the shear behavior of
RCA-9.5 material on s, the shear strength equations for unsaturated
soils, as mentioned in Equations 1 to 3 are analyzed.

o= (O-a' ua) +X(”a' uw)

(Bishop’s equation for unsaturated soils) (1)
X~ (Sr - SrO) / (1 - SrO)

(Vanapalli and Fredlund 1999 and Lu and Likos 2004) 2)
7=c"+o'tang' (Coulomb’s equation) 3)

Where 7: shear stress, ¢': effective cohesion, ¢”: effective normal
stress, (0, — U) = Onpen: D€t normal stress, ¢ " effective internal
friction angle, (u, — u,,) = s: matric suction, y: parameter related to
the degree of saturation of the soil, S,: degree of saturation at any s,
Syo: residual degree of saturation.

It is explained that the air-water interface in the unsaturated soil
is termed as contractile skin which possesses a property called
surface tension (Fredlund and Rahardjo 1993). As a result of surface
tension in the contractile skin, the capillary effect appears in the
unsaturated soil. It is found that due to the capillary effect, the water
pressure in the capillary height is negative and the air pressure is
atmospheric, which constitute s. The second part of Bishop’s
equation for the unsaturated soils (Equation 1) illustrates the suction
stress y(s), which is mainly dependent on the S; and the s value. It is
pertinent to mention here that y is not only a function of S, but also a
function of the air-entry value. However, as described in this
research that s at air-entry value for the SWCC of C-9.5 and RCA-
9.5 materials could not be clearly recognized / noticed and thus will
not influence the y. Therefore in this research y is mainly related to
the S, of the soil. Bishop’s equation for the unsaturated soils
(Equation 1) describes the effect of y(s) on the o' In the light of
equations 1 and 3, due to increase in y(s), the ¢’ increases and, as a
result, the 7 increases under keeping constant g,ue and c'. The s
values were obtained from the soil water characteristic curve, in
which the pg, of 1.470 g/cm’® was maintained throughout the water
retentivity test as shown in Figure 4. During the multi-ring shear
tests on the unsaturated RCA-9.5 material, the u, thought to remains
at atmospheric pressure, while the u,, becomes negative as shown in
Figure 4. In case of the static shearing test, the py after static
shearing test at the y, of 3.0 %, slightly increases due to small
increase in &, as shown in Figure 13. Based on the small g,
occurrence, and as a result of the slight increase in pq, the s values
obtained from the soil water characteristic curve shown in Figure 4
are considered appropriate to evaluate the influence of s on the shear
behavior of the RCA-9.5 material. The oven dried sample does not
contain water content; therefore, y(s) is not applicable in the case of
oven dried sample. Whereas, in case of S, = 19 %, the S; is less than

the Sy as shown in Figure 4. It is difficult to determine s values for
coarse grained material at S; less than S,y on the SWCC obtained
from water retentivity test carried out on triaxial apparatus.
Therefore, in this research the s value for S, = 19 % cannot be
evaluated. Whereas, samples with S; = 33 % and 48 % have the y
values about 0.10 and 0.30 according to equation 2 and the s values
about 2.0 kPa and 1.25 kPa as shown in drying curve of Figure 4
respectively. Therefore, in this research the s of samples with S, = 33
% and 48 % after multiplying with their y parameter has an
insignificant influence on the shear behavior of RCA-9.5 material
because the capillary effect in RCA-9.5 material is not much
dominant to develop the x(s).

4.3 Shear behaviour comparison between RCA-9.5 and C-9.5

In Figure 5, the 7,9 distribution indicates that the maximum shear
Stress Tugmax Occurs at £30 kPa and the o, takes place at 114.2 kPa
therefore, influence of the S; on the ¢, and the y,5 behavior of the
RCA-9.5 and C-9.5 materials under the static shearing test is
compared at the 7,9 of 30 kPa and the constant o, of 114.2 kPa, as
shown in Figures 14 and 15. The results of C-9.5 material were
taken from previous research (Inam et al. 2012). Figures 14 and 15
exhibit that the ¢, and the y, for the C-9.5 material at the 7,4 of 30
kPa are lesser than the RCA-9.5 material under the same S;. It is also
shown that oven dried sample has the €,,;, and the y,g;, under each
material; C-9.5 and RCA-9.5. This reveals that the oven-dried
sample has the strongest resistance against the shear loading.
Subsequently, with increase of the water content up to S; = 19 %, the
&, and the y, increases significantly and reaches the maximum
deformation value for each curve and thus resulting the weakest
resistance against the shear loading. With further increase of the
water content up to S; = 33 %, the ¢, and the y,y decreases. Finally
when water content is added up to S, = 48 %, the ¢, and the y,
further decreases for the RCA-9.5 and C-9.5 materials.
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4.4 Deformation behavior under cyclic loading

In the case of a pavement analysis, permanent axial strain ¢, is an
important factor in assessing failure or deterioration of pavements.
Lekarp et al. (1996) defined that granular materials exhibit two
types of deformation, when subjected to repeated loading: resilient
deformation which could lead to fatigue cracking of the asphalt
surface, and the permanent (plastic) deformation, which may lead to
rutting. The permanent deformation during one cycle of loading is
normally just a fraction of the total deformation produced by each
load repetition. Though, the gradual accumulation of a large number
of these small plastic deformation increments could lead to an
eventual failure of the pavement due to excessive rutting (Lekarp
and Dawson 1998). Therefore, it is valuable to analyze the cyclic
plastic deformation behavior of the RCA-9.5 material with and
without principal stress axis rotation under different S,. Here, &,°
represents the cumulative permanent axial strain. The outcomes of
cyclic loading tests; repeated axial loading and repeated axial and
shear loading with 7,9, = 30 kPa are presented in Figures 16 and
17 respectively for the RCA-9.5 material in the form of cumulative
permanent axial strain under different number of loading cycles N,
and S,. Figures 16 and 17 show that, with an increasing N, the
permanent deformation increases considerably during the initial
loading cycles. However, during later cycles, the permanent
deformation curves become relatively flatter regardless of the S..
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Figure 16 Permanent deformation during repeated axial loading tests
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Figure 17 Permanent deformation during repeated axial and shear
loading tests (RCA-9.5)

4.5 Influence of degree of saturation on deformation behavior

The permanent axial deformation of the RCA-9.5 material may be
influenced by several factors, namely, physical characteristics such
as particle size distribution, the density achieved before application
of loading, the magnitude & type of loading and the S,.

The particle size distribution of the RCA-9.5 material is
examined before and after each test and there is no breakage of
particles or changes in the particle size distribution regardless of the
S;. The same dry densities were taken for all the specimens before
the cyclic loading tests and same magnitude of loading for each type

is applied as mentioned in Table 3. Accordingly, as shown in
Figures 16 and 17, when comparing the ¢ under each cyclic
loading condition, the S; is the only variable which influences the
cyclic plastic deformation behavior of the RCA-9.5 material under
same V..

Figure 18 shows &, behavior of unsaturated specimens under
different types of loading methods. The influence of S, on &
behavior for repeated axial loading and repeated axial and shear
loading tests is evaluated at 400™ number of loading cycle.
Figure 18 shows that the oven-dried sample under repeated axial
loading test has a minimum cumulative permanent axial strain &,” ;.
This reveals that the oven-dried sample has the slightest change in
height and accordingly minimum rearrangement of the particles
occurs. Subsequently, the increase in water content causes an
increase in the &, till S, reaches at 19 % and, as a result, settlement
of particles also increases. With the further increase of S, up to 48
%, & drops and the deformation of sample decreases.

In Figure 18, when comparing the ¢,° of unsaturated samples
under repeated axial and shear loading test, it is found again that
oven-dried sample has a &,";, and thus resulting in the least change
in height of specimen. Figure 18 shows that with the increase of
water content, up to S, = 19 %, the & increases significantly and
reaches the maximum cumulative permanent axial strain &, .. With
the further increase of water content, up to S, = 48 %, the &F
decreases and accordingly the settlement of sample decreases.

In the static shearing test similar trend was observed as
mentioned above and shows that the maximum axial deformation
occurs at S, = 19 %. The above discussion elucidates that the
influence of S, on the deformation behavior has some similarity for
all loading methods but the differences are in the magnitude of
deformation under various loading methods. The difference in the
magnitude of deformation is further explained in latter sections.
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Figure 18 S; - ¢, relationships (RCA-9.5)

4.6  Calculation of rotational angle of principal stress axis

The rotational angle of principal stress axis w is calculated to
evaluate the general stress condition of the RCA-9.5 material due to
the repeated axial and shear loading test. The w, major principal
stress oy, intermediate principal stress g,, and minor principal stress
03, can be calculated with the following equations.

o =sin" {(6; — 03) / (61 — 73)} *

Rotational angle of principal stress axis “4)
1= (02 + Ko 0.)/2 + [{(0, - Ky 0,) + 4 159 °}?)/2

Major principal stress )
0,=0,= Koo,

Intermediate principal stress (6)
03 = (00 Ko 72)/2 - [{(00 - Ko 00)” + 4 79 7} )12

Minor principal stress @)
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The principal stresses and the « have been calculated by
inserting values of the K, the cyclic o, and the cyclic 7,4 into
Equations 4 to 7. During cyclic loading tests, the K, may change
with the N, for each test. In this research, lateral stress o, was not
measure. For this reason the Kj is assumed to be constant throughout
the test. Ishikawa et al. (2011) has taken the K, values from 0.2 to
0.4 for describing the relationship of the maximum rotational angle
of principal stress axis @y, and the 7,y amplitude by using the
coarse granular material (Angular, crushed hard andesite stone with
maximum particle size of about 12 mm) employed in the rail-road
ballast. There are few research works that describe about the
estimation method of the K, for the recycled coarse granular
material. Keeping in view the above explanation, the wide range of
K, values from 0.2 to 0.4 is considered in this research for the
calculation purpose of w, therefore; the purpose of this calculation is
to analyze the occurrence of @ due to repeated axial and shear
loading test under different K, values. The other purpose is to
evaluate the effect of 7,9 amplitudes on the w,,,, under different K,
values for the same cyclic o, values.

Figure 19 shows that change in @ during a loading cycle of
repeated axial and shear loading test under different K, values. The
o increases cyclically and reaches the highest value at a certain
combination of the o, and the 7. In other words, the @, is mainly
dependent on the loading condition of the multi-ring shear tests. The
graph also elucidates that the w,,, for repeated axial and shear
loading tests under different K, values occurs after the same interval
of time. The sign of w changes continuously from positive to
negative as the 7,9 cyclically changes from positive to negative and
vice versa. In Figure 20 the relationships between 7,4 amplitude and
the @y, at different Ky values under the same o, amplitude are
elaborated. It shows that the higher the 7,y amplitude is, the larger
the @y becomes under a constant K. Similarly, the higher the K,
is, the larger the w,,, becomes under constant 7,y amplitude. The
results explain that the variation in @, due to change in K, from
0.20 to 0.40 at the same 7,9 amplitude is smaller compared to the
variation in w,, due to the change in 7,9 amplitude from 15 kPa to
30 kPa under same K.
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Figure 19 Rotational angle of principal stress axis under repeated
axial and shear loading tests
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4.7 Influence of rotational angle of principal stress axis on
cyclic plastic deformation behavior

Figure 21 shows the example of relationships between the p and the
o during cyclic loading tests at K, = 0.30. During a loading cycle,
the p under each loading method has same value at the same interval
of time. However, the @ during a loading cycle varies by the
difference in loading method at the same interval of time. One point
must be kept in mind, namely, that the loading cycle of o, is same
for both types of cyclic loading tests employed in this research, but
only the 7, amplitude changes in the cyclic loading tests. Therefore,
due to the shift from repeated axial loading test to repeated axial and
shear loading test, the major and the minor principal stresses also
vary due to the change in the 7,9 amplitude at the same K value.

It is found that when the 7,9 amplitude increases from 0 kPa to
30 kPa, increase in the major principal stresses occur equally to the
decrease in the minor principal stresses and that no deviation occurs
in the intermediate principal stresses during a loading cycle at the
same K value. This reveals that the mean principal stresses remain
the same for both loading methods under the same K,. However,
deviations in the major and the minor principal stresses due to the
increase in 7,y amplitude, cause difference in the w. It is also
indicated in Figure 21 that when the 7,y amplitude increases to
30 kPa, the w also increases under the same p. Therefore, the
difference in & between the repeated axial loading test and the
repeated axial and shear loading test under the same experimental
conditions as shown in Figure 18, is mainly influenced by changes
in the .

In this research, an attempt is also made to analyze the effect of
the wmay on the &, obtained under both types of cyclic loading tests
at 400" N, for the RCA-9.5 material. The K, value is taken as 0.30
for the analysis purpose. Figure 22 shows that the w,x depends on
the 7,9 amplitude to influence the &,” values of the RCA-9.5 material.
It is observed that, the w,,, increases with the increase in the 7,
amplitude, and as a result the ¢ also increases under the same
cyclic gy, S; and K|, value.

Keeping in view the above, the enhancement of &, due to shift
of repeated axial loading to repeated axial and shear loading test, as
shown in Figure 18 is mainly influenced by the rotation of the
principal stress axis irrespective of the S.. The impact of the
enhanced ¢, has been discussed by many researchers. It has been
found that under the same cyclic o,, the rotation of the principal
stress axis occurs mainly due to the application of 7,5, and thus,
causes an increase in the axial deformation. Ishikawa et al. (2011)
compared the cyclic plastic deformation of multi-ring shear tests
under cyclic loading with or without principal stress axis rotation to
the results of small scale model tests. The results of the small-scale
model tests indicated similarity in the enhanced behavior of the
cyclic plastic deformation in repeated axial and shear loading test
with multi-ring shear testing and examined the validity of multi-ring
shear test results. Moreover, in previous research on C-9.5 material
(Inam et al. 2012), similar trend was seen that ¢, was enhanced due
to the principal stress axis rotation. Therefore, the enhanced
deformation due to the principal stress axis rotation is considered
more reliable for pavement analysis, as it is closer to the
phenomenon under traffic loads.

In this research, the cyclic plastic deformation behavior of C-9.5
and RCA-9.5 material with S, = 19 % is compared under repeated
axial loading and repeated axial and shear loading tests in order to
analyze the effect of the principal stress axis rotation. These samples
are selected as the g, occurs at S, = 19 % under each loading
method for the RCA-9.5 material. In Figure 23, results show that the
slope of the curves from 200 to 400 N, for the repeated axial loading
test is milder, as compared to the slope of the curves for the repeated
axial and shear loading. It is also noted that with provision of the
principal stress axis rotation as in the case of repeated axial and
shear loading, stability in the particles decreases, thus, causes
steeper slope, and as a result, the &, increases. Therefore, the cyclic
loading without principal stress axis rotation as in the case of
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repeated axial loading shows that the slope of the curves becomes
flatter and showing more stabilization among particles, and as a
result, the &,” decreases. When the difference in the ¢,” of C-9.5 and
RCA-9.5 is compared from 0 to 400 N, under identical cyclic
loading method, Figure 23 illustrate that the difference in the &”
between C-9.5 and RCA-9.5 mainly contributes by the initial
loading cycles.
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4.8 Comparison of deformation behavior between RCA-9.5
and C-9.5

The influence of S; on the & under cyclic loading tests for C-9.5
and RCA-9.5 materials as shown in Figures 24 and 25 is compared
at the 400th N.. Note that results of C-9.5 material in this research
under repeated axial loading tests vary from previous research (Inam
et al. 2012) because this research includes new test results obtained
from the multi-ring shear tests under the same experimental
conditions as in the previous research. Figures 24 and 25 clearly
indicate that the ¢,” for C-9.5 material at the 400th N, under same S,
are lesser than the &, for RCA-9.5 material. In this research, the
results of static shearing tests also indicate that the axial deformation

for C-9.5 material is lesser than the axial deformation for RCA-9.5
material under same S,. These results exhibits that C-9.5 material
has more strength to resist cyclic loading compared to RCA-9.5
material and, as consequence, the less &, occurs for C-9.5 material
under same experimental conditions. These results are in line with
the physical properties of the test materials as shown in Table 1. The
recycled crusher-run material has the higher abrasion value
compared to the natural crusher-run material. The strength of the
recycled crusher-run material to resist the cyclic loading is lesser
when compared with the natural crusher-run material. Therefore,
relationship can be obtained that the higher the abrasion value the
lesser will be the strength to resist cyclic loading. A recycled
material obtained from the demolished concrete structure has
hydrated cement that reduces the specific gravity G, of material and
increase the water absorption (Kobayashi and Kawano 1988). The
higher the water absorption, the weaker generally is the base course
material, and as a consequence, the strength of a recycled material to
resist the cyclic loading decreases compared to natural material.

It is also shown in the Figures 24 and 25 that the oven dried
sample has the &,";, for both materials; C-9.5 and RCA-9.5 under
both cyclic loading tests. This reveals that an oven-dried sample has
the strongest resistance against cyclic loading. Moreover, the
influence of water on the C-9.5 and RCA-9.5 materials increases the
&, when compared with the oven-dried samples of C-9.5 and RCA-
9.5 materials respectively under each cyclic loading method.

In highway design guides, the S, at w,, for the base course is
generally taken into consideration for the design and analysis of the
pavement because the w,, is applied on the base course during the
construction of roads in order to achieve pgn.. After the
construction, the S, inside base course generally varies due to the
infiltration and seasonal variation of ground water level. As
described in the example of Tomakomai field measurement site
(Ishikawa et al. 2012a) that at the most of the time in a year, the S;
inside real sub-base course is more corresponding to Sy. Thus, it is
important to compare the ¢, of RCA-9.5 and C-9.5 materials at the
S0 under cyclic loading tests. The Figures 24 and 25 clearly point
out that &P has a lesser value at the S, of C-9.5 material, when
compared with the S,y of RCA-9.5 material under both types of
cyclic loadings. On the basis of explanation in this research, the
phenomenon of the principal stress axis rotation produced under
traffic load is better expressed by repeated axial and shear loading
test and, therefore, the deformation behavior under repeated axial
and shear loading test is much more reliable and realistic. In Figure
25, the difference between the ¢,° for RCA-9.5 material at the Sy,
and C-9.5 material at the S, is much larger than the difference
between the ¢, for RCA-9.5 and C-9.5 materials under the same S,
during repeated axial and shear loading tests. As a consequence, in
real conditions, the mechanical behavior in terms of the cyclic
plastic deformation of RCA-9.5 material may be significantly
influenced by traffic loading, when compared with the mechanical
behavior of C-9.5 material.
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5. CONCLUSION

On the basis of above experimental results and discussions, the

following conclusions can be obtained.

1) The matric suction s value for the unsaturated RCA-9.5
material has an insignificant influence on the shear behavior
because the SWCCs of RCA-9.5 and C-9.5 materials indicate
low matric suction values.

2)  The influence of the S, on the shear behavior of C-9.5
material and RCA-9.5 material has similar trend under the
same experimental conditions. The static shearing test results
of both materials show that the oven-dried sample with S, =
0 % has the strongest resistance and sample with S, = 19 %
has the weakest resistance against shearing. The results
further explain that RCA-9.5 has the higher ¢, and y,¢ values
under the same 7,9 when compared with the C-9.5 material at
each S,.

3) The C-9.5 material has the lesser &,°, when compared with the
RCA-9.5 material under each cyclic loading method and at
the same S, This behavior confirms that the RCA-9.5
material is weaker to resist the cyclic loading, when
compared with the C-9.5 material. The physical properties
such as the water absorption and the abrasion value also
validate the results.

4) It is found that at the S, of RCA-9.5 and C-9.5 materials, the
g’ for C-9.5 material is lesser than that of RCA-9.5 material
under each cyclic loading method. During repeated axial and
shear loading the &P for C-9.5 material at the Sy is
significantly lesser than that of RCA-9.5 material at the S,
when comparing the difference in &,” between RCA-9.5 and
C-9.5 materials under the same S,. This indicates that in the
real conditions, the permanent deformation of RCA-9.5
material at the S, can be considerably increased when
compared with the C-9.5 material at the Sy.

5) The deformation behavior of the unsaturated RCA-9.5 and C-
9.5 materials under each cyclic loading method indicates that
the ¢,” varies due to the influence of S.. It is also observed that
for the RCA-9.5 and C-9.5 materials, increase in the ¢,” takes
place due to the shift of the repeated axial loading test to the
repeated axial and shear loading test. Hence, the influence of
the principal stress axis rotation on RCA-9.5 material shows
the similar enhanced behavior of the &,” as it was found in the
C-9.5 material (Inam et al. 2012) under the same
experimental conditions. The difference in the &° between
RCA-9.5 and C-9.5 materials occurs subject to the influence
of S, and type of material.

In the pavement design and analysis, the behavior under S; at the
Wope for the base course is generally considered. However, the
behavior under S, of the base course can also be taken into account
along with that under S, at the w,, for the pavement design and
analysis. It is very important to compare the mechanical behavior in

terms of cyclic plastic deformation of the natural and recycled base
course materials at the corresponding S,y in order to correctly
incorporate the effect of cyclic plastic deformation behavior of the
recycled material in the designing of pavement. However, the above
conclusions are based on some limited testing conditions and
analysis. There is a room for further research to investigate recycled
material from other sources in order to establish representativeness
of recycled sample used in this research.
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