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Abstract Unbound granular material specifications for
road pavements in Australia are primarily based on phys-
ical material specification rather than mechanical charac-
terisation. This simplified approach does not reflect the
actual material performance under repeated dynamic traffic
loads. There is a little information available on the influ-
ence of the local crushed rock properties and compacted
layer properties on permanent deformation (PD). This
study aims to characterise the local unbound granular
materials in Victoria according to their PD behaviour under
repeated loads and to develop a suitable shakedown crite-
rion that could describe the PD of the tested materials to
simplify the flexible pavement design. Repeated-load tri-
axial tests were conducted over several samples with a
range of moisture contents, gradations, densities, and stress
conditions. The laboratory test results showed that PD
behaviour was influenced by several factors. In addition,
the tested subbase-specified unbound granular materials
reflect high PD resistance that is almost equivalent to base-
quality unbound granular materials. This may indicate that
current requirements for the subbase-quality unbound
granular materials are over-prescribe. Moreover, as the
existing shakedown criterion was not applicable for the
multi-stage repeated-load triaxial test and the local tested
materials, a new shakedown criterion and new boundaries
are proposed based on the PD behaviour. In the proposed
criterion, the shakedown ranges are identified based on the
curve angle of the PD vs. logarithm of the number of
loading cycles, and this new criterion was validated using
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several materials from existing literature. The local tested
base and subbase materials can be assigned as Range A
when PD < 1%, Range B when 1% < PD < 3%, and
Range C when PD > 3%. The proposed criterion could
provide a useful and quick approach to assess the PD of the
unbound granular materials with both single and multi-
stages of stresses.

Keywords Flexible pavement - Unbound granular
materials - Repeated load triaxial test - Permanent
deformation - Shakedown theory

1 Introduction

Unbound granular materials (UGMs) play a fundamental
role as base and subbase layers in flexible road pavements
by distributing traffic loads from the surface layer into the
subgrade [1]. The strength of UGMs under repeated loads
is commonly characterised by the permanent deformation
(PD), which is the accumulated plastic strain [2, 3]. Several
studies have been conducted to understand the PD beha-
viour of UGMs, the main factors that affect the PD
response of UGMs under repeated traffic loads. These
factors can be grouped into two broad categories: Stress-
related factors include, among others, applied stresses,
number of cycles, load duration, and loading frequency.
Material-related factors include, among others, density,
gradation, aggregate type, particle shape, and moisture
content [4-7]. Some of these factors are found to have a
distinct effect on the PD of UGMs, while some other fac-
tors are found to have an insignificant influence.

In Australia, as well as other countries, UGM specifi-
cations for road pavement are primarily based on the basic
material specification (i.e. some fundamental properties)
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rather than engineering material characterisation (i.e.
mechanical behaviour) [8]. The UGMs are generally
specified according to the physical properties (e.g. grada-
tion, plasticity index, liquid limit, dry density, and moisture
content), stiffness and strength, including the Los Angeles
(LA) abrasion value and California bearing ratio (CBR)
[9]. However, the LA test is used to evaluate the durability
of the coarse particles only, while the CBR is a static load
test, which does not reflect the dynamic field traffic loads.
The guide to pavement technology in Australia by Aus-
troads [9] has explicitly reported that no study has quan-
tified the influence of the crushed rock properties on PD.
Nevertheless, limited studies from overseas were high-
lighted in this guide. The selection of the UGMs for
pavement layers could be more practical when indicated by
the strength and stiffness behaviours under repeated loads.
In addition, an increase in pavement service life, an
improvement in construction quality, and a reduction in
asphalt thickness could be achieved by a proper selection
of UGMs in the base layer [10].

The PD under repeated loads has been described using
the shakedown theory in many studies [11-23]. The
shakedown theory has been applied on base and subbase
materials by adopting a specific visual criterion and
boundaries as proposed by Werkmeister et al. [24]. Chen
et al. [25] tested several specimens with the presence of
geogrids. They updated the boundaries of Werkmeister
et al. [24] to be suitable for the reinforced samples. Gu
et al. [20] questioned the existing Werkmeister’s shake-
down criterion since it was developed merely based on a
limited number of repeated-load triaxial tests (RLTTs).
Eventually, they concluded that the criterion is not suit-
able to the tested UGMs in Texas. Moreover, Qian et al.
[26] claimed that the existing shakedown criterion is based
on aggregate or sand, which might be not applicable for
soft clay under repeated loads. Therefore, a new method
has been proposed to define the shakedown boundaries
based on the effective cyclic stress ratio.

It has been noticed that the existing criteria are based on
a limited number of RLTTs. It is not known whether these
criteria are applicable for the UGMs in Victoria or for
multi-stages of stresses. Therefore, the shakedown bound-
aries of Werkmeister et al.’s [24] and Gu et al.’s [20] cri-
teria need to be reassessed based on local UGMs and RLTT
data of multi-stages of stresses.

To characterise the PD behaviour of the local
base/subbase materials, the present paper reports the results
of laboratory experiments of four main local UGMs used in
Victoria, Australia, for pavement design purposes. The
existing shakedown concepts were reassessed using the
RLTT data. A new shakedown concept with new bound-
aries was proposed to refine the existing shakedown cri-
teria. Subsequently, the new shakedown criterion was
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validated using several results from the existing literature.
In the next section, a review of the shakedown theory was
provided.

2 Shakedown theory

Shakedown is a concept from the plasticity theory that
considers the irreversible responses of materials [27]. The
shakedown theory was first developed to depict the beha-
viour of conventional structures under repeated loads; then,
it was applied to analyse the behaviour of metal surfaces
under rolling and sliding repeated loads [28]. Sharp and
Booker [29] were the first to introduce the application of
shakedown concept in pavement design. The same theory
with a new concept was used to characterise the PD of
UGMs [24, 30]. According to the shakedown theory, three
different ranges of PD have been categorised: plastic
shakedown (Range A), creep shakedown (Range B), and
incremental collapse (Range C), as shown in Fig. 1. When
the exerted repeated loads are sufficiently low, the accu-
mulation of PD under a certain number of repeated loads
almost ceases at a constant level, and the response then is
purely elastic and called as Range A. If moderate repeated
loads are applied and exceed the elastic limit, the increase
in the accumulated PD will be directly proportional to the
number of repeated loads, and then, the strain decreases to
a constant level (Range B). At higher repeated loads, the
accumulated PD increases dramatically leading to a failure
by shear deformation or overstressing of the UGMs
[12, 24]. In the flexible pavement design, Range A and
Range B are permitted and Range C should be avoided
[31, 32].

Dawson and Wellner [30] proposed a method to observe
the shakedown ranges by plotting the PD rate (per load
cycle) versus PD. The ranges were identified visually by
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Table 1 Shakedown range boundaries

Shakedown criteria Ranges Boundaries of the shakedown ranges
Werkmeister et al. [24] A PDsgg0 — PD3gg0 < 4.5 x 1073
B 4.5 x 107> < PDsggp — PDsgop < 4.5 x 107
C PDsgo0 — PD3gg0 > 4.0 x 1074
Gu et al. [20] A PDsg00 — PD3ggo < 6.0 x 107°
B 6.0 x 107> < PDsgop — PD3gg0 < 6.0 x 107*
C PDsg0 — PD3gg0 > 6.0 x 107*

PDso00 and PD3ggg are the accumulated PDs at the 5000th and 3000th load cycle, respectively

shapes and slopes. Similarly, Werkmeister [18] presented
the shakedown ranges by visual inspection of the PD
curves by plotting the PD rate (per load cycle) versus
number of load cycles. A convex downwards line in PD
described Ranges A, whereas a concave outwards incre-
ment depicted Range C, and Range B showed an inter-
mediate response. Werkmeister [18] concluded that Range
C could be observed in pavements as a result of the shear
failure of the UGMs. However, Lekarp et al. [5] indicated
the lack of support for this concept since PD of pavements
is an incremental and not a sudden failure.

Subsequently, Werkmeister et al. [32] proposed bound-
aries for the shakedown ranges. These boundaries describe
the shakedown ranges with respect to the number of
loading cycles as shown in Table 1. Despite this, the same
study stated that the PD behaviour depends on the applied
stress levels. Therefore, several tests on multiple specimens
are required in order to cover different stress levels, which
makes this approach cost prohibitive and time-consuming.
Rahman and Erlingsson [33] applied the same boundaries
on multi-stages RLTT data. The results showed that some
materials started with Range B then Range C followed by
Range A, which makes the characterisation according to
the shakedown theory confusing, particularly when the
same tested specimen reflects the three ranges inversely
from Range C to Range A in the same test. Gu et al. [20]
tried to employ the same boundaries on a single stage of
RLTT and found that theses boundaries were not appro-
priate for the local UGMs in Texas. Thus, new boundaries
were proposed as tabulated in Table 1.

The aforementioned literature review highlights that the
previous studies focused on the shakedown limits. How-
ever, the approach to identify the shakedown ranges that
the boundaries are based on is still not clear since the
shakedown ranges need to be assigned before establishing
any boundaries. Moreover, the previous studies clearly
found that the boundaries are usually not suitable for dif-
ferent materials or multi-stages of stresses. Therefore,
reassessment of the existing criteria according to the local
UGMs and the applied stresses is required.
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3 Experimental investigation

This section presents the descriptions and properties of the
tested base/subbase materials, specimen preparation, and
the RLTT procedure.

3.1 Materials

The current specification of VicRoads [34] in Victoria
classifies high-quality crushed rocks into four classes with
the main test requirements as tabulated in Table 2. There
are no local standards or guides assigning the UGMs
according to their mechanical properties.

The UGMs used in this study were collected from dif-
ferent quarries in Victoria. Four types of crushed rocks
were selected for the experimental investigation: Class 2
basalt (CL2B), Class 2 granite (CL2G), Class 3 basalt
(CL3B), and Class 4 basalt (CL4B), as shown in Fig. 2.
The tested materials passed all the VicRoads test require-
ments specified in Table 2. In addition, this study per-
formed additional tests and characterisation as shown in
Table 3. It should be noted that the final number following
the sample’s name (e.g. CL2B1) refers to different grada-
tions as shown in Fig. 3.

In order to investigate the effect of moisture content, dry
density, and gradation on PD, and to have a reasonable
testing matrix, an experimental design was developed by
altering these variables to prepare different samples as
shown in Table 4. Two replicates were prepared for each
case.

3.2 Laboratory experiments

The materials were sampled in accordance with
AS1289.1.1 [35]. A sieve analysis was performed accord-
ing to AS1289.3.6.1 [36]. Maximum dry density (MDD)
and optimum moisture content (OMC) were determined
according to AS1289.5.2.1 [37].

RLTT was the main test used in this study to investigate
the PD of the UGMs. This test has been acknowledged as
one of the most reliable simulations to the field traffic

J. Mod. Transport. (2019) 27(2):108-119
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Table 2 Crushed rocks and test requirements [34]

Class Description Liquid limit Plasticity index California bearing Crushed
(%) (max.) (range) ratio (%) (min.) particles (%) (min.)
1 Premium cohesive pavement base material 30 2-6 - 60
2 High-quality pavement base material 30 0-6 - 60
3 High-quality upper subbase material 35 0-10 - 50
4 Lower subbase material 40 0-20 20 -

7809
i

| v

CL4B

|
87 891010 281156017

CL3B

CL2B CL2G
Fig. 2 Local delivered UGMs
Table 3 Physical and geotechnical properties of the tested materials
Physical properties CL2BI CL2B2 CL2G CL3BI CL3B2 CL4B
D10 (mm) 0.08 0.68 0.1 0.06 0.06 0.06
D30 (mm) 1.9 1.3 1.0 1.2 0.7 1.6
D50 (mm) 6.0 39 32 3.8 2.5 4.0
D60 (mm) 8.5 5.5 5.2 5.9 4.2 6.0
Fines < 0.075 mm 10 11 8.0 12 13 11
Coefficient of uniformity (C,) 106.25 84.62 52.00 98.33 70.00 100.00
Coefficient of curvature (C.) 5.31 4.73 1.92 4.07 1.94 7.11
Unified soil classification system GP-GM GP-GM GW-GM GP-GC GW-GC GP-GC
AASHTO classification A-1-a A-1-a A-1-a A-1-a A-1-a A-1-b
Compaction (modified): MDD (ton/m3) 2.26 2.30 2.31 2.26 2.27 2.23
Compaction (modified): OMC (%) 8.6 8.0 6.0 8.2 8.3 9.5
Plasticity index 1 1 0 3 3 4

MDD maximum dry density, OMC optimum moisture content

loading configurations [38]. As shown in Fig. 4, the main
components of the system were a pneumatic controller (to
control the confining pressure), digital control system (to
collect and store data), load frame, linear variable differ-
ential transformer (LVDT), actuator motor (to apply
repeated loads), and triaxial chamber (to maintain the
confining pressure). The testing procedure includes apply-
ing repeated deviator stress (o4) with a constant confining
pressure (o3) as tabulated in Table 5. According to
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Austroads, AG-PT/T053 [39], the stress levels in Table 5
cover typical ranges of repeated deviator stress and static
confining stress for the purpose of examining the stress-
dependent strain characteristics of base materials. Vertical
trapezoidal pulse with 0.5 Hz loading frequency was
applied. The resting time was twice as long as the loading
period [40, 41]. The test programme was in accordance
with AG-PT/T053 [39]. The specimens were all cylindrical
measuring 100 mm in diameter and 200 mm in length. The
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Fig. 3 Particle size distribution of the tested materials
Table 4 PD testing matrix
Material Gradation Moisture content (%) Dry density
(ton/m™)
— OMC OMC + OMC - MDD MDD
CL2 B1 7.6 8.6 9.6 221 2.26
B2 7.0 8.0 9.0 2.10 2.30
G 5.0 6.0 7.0 2.25 2.31
CL3 B1 7.2 8.2 9.2 2.10 2.26
B2 7.3 83 9.3 2.10 2.27
CL4 B 8.5 9.5 10.5 N.A. 2.23

N.A. not available

Digital
control
system

Pneumatic
controller

Fig. 4 Repeated-load triaxial machine
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Table 5 Stress sequences for PD test

Stages o3 (kPa) oq (kPa) Number of cycles
50 350 10,000
50 450 10,000
50 550 10,000

preparation process was in accordance with AG-PT/T053
[39]. It is worth mentioning that AG-PT/T053 [39] con-
siders a single confining pressure (50 kPa) to reduce the
factor that could affect the incremental PD.

Figure 5a—f depicts specimen preparation for the RLTT
in sequence. Each specimen was compacted into a three-
split cylindrical mould considering the desired moisture
content and dry density using modified compactive effort.
The final specimen size was 200 mm in height and
100 mm in diameter. The cylindrical specimen was
encased by the rubber membrane. Two O rings were used
to confine the top and the bottom of the membrane to
prevent the water media from infiltrating into the specimen.
The preparation process was applied in accordance with
AG-PT/T053 [39].

4 Experimental results

In this section, the RLTT results are discussed to charac-
terise the PD behaviour of the local base/subbase materials
for pavement design purpose.

A certain amount of moisture in UGMs is essential for
better compaction and pavement performance. In flexible
pavements, base and subbase layers are generally com-
pacted to achieve MDD. The presence of water facilitates
the lubrication of the unbound granular particles, which
allows them to slide and roll during the compaction process
to reach the desirable dry density. Figure 6a—c shows the
effect of moisture content on the PD of the tested materials
under the three stress stages tabulated in Table 5. The
results are presented in three separate graphs to represent
each stress stage separately and show the exclusive effect
of moisture content during each stage. Figure 6¢ shows that
CL2B1 has a PD of 1.2%, 2.0%, and 2.8% when the
specimen is prepared at a moisture content of 7.6%, 8.6%,
and 9.6%, respectively. Similarly, the PD of CL4B pre-
pared at a moisture content of 8.5%, 9.5%, and 10.5% was
1.0%, 1.5%, and 2.9%, respectively. When the moisture
content increases, the PD of UGMs also increases. This
observation is consistent with the previous studies con-
ducted by Azam et al. [42], Barksdale [43], Dawson et al.
[44], Rahman and Erlingsson [45], and Saevarsdottir and
Erlingsson [46]. Generally, it has been found that the
moisture is sensitive to the fines content. When the fines
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#CL2Bl ACL2B2 +CL2G = CL3B1 XCL3B2 mCL4B
(a) PD at 10,000 load cycles
Fig. 5 Specimen preparation 250
content increases, the impact of the moisture content on the A
PD also increases as found for samples CL2B1, CL2B2, 2.00 ¢ =
and CL2G. It is worth mentioning that the pore water % .
pressure is not considered in this investigation as the 150 Tooae
specimens were tested under drained conditions. The s
specimens that were tested at a moisture content below the > 100 +.. X -
optimum resulted in a smaller PD than at OMC and above e A*’
OMC. However, UGMs compacted at a moisture content ]
below OMC were difficult to control in the field. Low 050
moisture content affects the workability of the compaction
process which requires more effort to achieve the MDD. 0.00
Excessive compaction makes the UGMs more susceptible 4.00 6:00 8.00 10.00 12.00
to an early disintegration into smaller particles. MC (%)
Figure 7a—c shows the PDs at different densities (at ¢CLZBL ACL2B2 +CL2G CL3BL xCL3B2 mCL4B
OMC) under the three stress stages. Density is inversely (b) PD at 20,000 load cycles
proportional to PD, and thus, as the density increases and
MDD is approached, the resistance to deterioration 6.00
increases. This observation is in line with previous studies +
such as Barksdale [43], Thom and Brown [47], Dodds et al. 5.00
[48], and Alnedawi et al. [49]. Table 6 shows that when the
level of compaction (i.e. dry density) is 91% MDD and A4'00
93% MDD, a dramatic collapse is noticed in the PD < 500 .
resistance of CL2B2, CL3B1, and CL3B2, respectively. > hARRe o
For instance, at the end of the PD test, the reduction in PD 2.00 RS AOX
resistance of CL2B2 was 51.5% when the specimen was PO A*o X "
prepared with 91% from the MDD. The base materials 100 =
CL2B1 showed an acceptable decrease in PD resistance 0.00
when the dry density was 98% MDD. Surprisingly, the 4.00 6.00 8.00 10.00 12.00
other base material CL2G showed a massive reduction in MC (%)
the PD resistance when 98% MDD was used. The reason #CL2B1 ACL2B2 +CL2G = CL3B1 xCL3B2 mCL4B
behind that could be the non-plastic fines which result in () PD at 30,000 load cycles
loose samples when densities less than the MDD are used.
No significant relationship was found between the PD  Fig. 6 Effect of moisture content on PD of UGMs
and the gradation of the tested materials. This might be
J. Mod. Transport. (2019) 27(2):108-119 9 Springer
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Fig. 7 Effect of dry density on PD of UGMs
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because only close gradations were investigated for CL2B
and CL3B as shown in Fig. 3. However, density might
have a dominant effect over the gradation, considering the
dry density is directly related to the gradation of the
materials [18, 47, 50].

Stress level is one of the most important factors influ-
encing the PD of UGMs [5]. In this study, the stress stage
sequences in Table 5, as suggested by Austroads [39], were
applied. Therefore, the variation was only in the magni-
tudes of the deviator stress (350, 450, and 550 kPa) since
the confining stress was fixed for the entire test (50 kPa). It
can be seen from Fig. 8 that the effect of deviator stress on
PD is significant. As the deviator stress increases, the
accumulated PD increases. For example, CL2B1 had PD
values of 1.39%, 1.55%, and 1.96% under deviator stresses
of 350, 450, and 550 kPa, respectively, and is a behaviour
that has been shown in numerous previous studies [51-54].
It is worth mentioning that the effect of stress history is not
considered in this study.

In general, each applied load cycle adds a small incre-
ment to the accumulation of PD [5]. It has been concluded
from previous research that a continuous increase in the PD
occurs under repeated application of load cycles
[43, 55-57]. For instance, Fig. 9 shows that the PD of
CLA4B at stress stage 3 (g4 = 550 kPa) was 1.11% at cycle
number 20,000. After an additional 10,000 cycles, the PD
reached 1.53%.

UGMs of the base layer must have higher stiffness and
strength than the subbase materials as higher stresses are
exerted at the top of the pavement structure [9]. Surpris-
ingly, it has been found in this study that CL3B1, CL3B2,
and CL4B (subbase materials) show high PD resistance,
which is almost equivalent to CL2B1 CL2B2, and CL2G
(base materials). Thus, the current specification of the
base/subbase materials in Victoria should be reassessed
based on the mechanical properties of the materials since
the current subbase UGMs have been shown to be over-
specified.

This finding highlights the importance of characterising
the UGMs according to their mechanical properties (i.e. PD
under repeated-load cycles) and to develop a constitutive
model for the flexible pavement design method in Australia
to predict the PD (i.e. rut) of UGMs. Moreover, the stiff-
ness of the materials (i.e. M,) also needs to be investigated
in order to characterise the full mechanical behaviour of
the UGMs.

J. Mod. Transport. (2019) 27(2):108-119
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Table 6 Influence of compaction level on PD of the tested materials

Material Compaction density as a percentage of MDD (%) Reduction in PD resistance (%)
At 10,000 cycles At 20,000 cycles At 30,000 cycles
CL2Bl1 98 0.4 2.3 4.6
CL2B2 91 0.8 13.3 51.5
CL2G 98 131.7 315.2 313.2
CL3B1 93 104.4 232.8 616.0
CL3B2 93 147.0 266.5 431.2

5 Proposed shakedown criteria

2.50
5.1 Development of criteria
2.00 pe
P, ° ; In this study, the tested materials ranked as Range C (i.e.
S * incremental collapse) as shown in Table 7 according to the
E 1.00 [ ] existing shakedown limits in Table 1 that were established
9 At 30,000 cycles by Werkmeister et al. [24] and Gu et al. [20]; therefore,
0.50 ALl 00 — At20,000 eycles these materials sbould be faxcluded in the pavement .design.
However, according to VicRoads [34], these materials are
0.00 high-quality UGMs for pavement. There can be two rea-
250 350 450 550 sons for misspecification of these materials according to
Deviator stress oy (kPa) the existing boundaries. Firstly, the RLTT protocol that

©CL2B1 ACL2B2 +CL2G ©CL3B] ¥CL3B2 mCL4B was used 1n' this study. was based on multiple s.tages of
stresses, while the available shakedown boundaries were

Fig. 8 Effect of deviator stress on PD of UGMs (at OMC and MDD)  based on a single stage of stress. Secondly, the tested
UGMs could be different in their properties compared to
the local UGMs in other countries. Therefore, new criteria
were needed to define the shakedown ranges for the local
UGMs.

Based on the observed PD behaviours from the RLTT,
this study proposes a new criterion to identify shakedown

2.50
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Fig. 9 Effect of number of load cycles
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Table 7 Existing criteria for shakedown ranges

Material Variable

Werkmeister et al. [24]

Gu et al. [20] Proposed criterion

CL2B1 + OMC

OMC/MDD

CL2B2 + OMC

CL2G + OMC

CL3B1 + OMC

CL3B2 + OMC

CL4B + OMC
OMC/MDD

— OMC

|
£
g
o
ool ool oloNoNoNoNo o oo o o ool Mo NONO NN

ool oNooNoNoNoNoNo oo oo oo N MO NONO Q!
> W wAO®mmwWwOP» @00 TFT OO TIEETE I

™~

PD (%)

0 2000 4000 6000 8000
Number of loading cycles

10000

Fig. 10 Typical three different types of PD failure

ranges. Figure 10 shows typical PD curves for three
UGMs. Material 1 has a dramatic collapse in comparison
with Materials 2 and 3. For the purpose of pavement
design, the last response of the sample is essential. The
curve slope angle of the PD vs logarithm of number of
loading cycles at the end of the test is the principle of the
new criterion. To assign the origin of the coordinate sys-
tems, it was found that the last inflection point of the PD
curve is the appropriate origin of the identified slope. The
most likely explanation for this inflection point is the
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beginning of the failure process that can be recognised as
an increase in the PD behaviour. It can be clearly seen from
the example in Fig. 11 that Material 1 is in Range C,
Material 2 is in Range B, and Material 3 is in Range A.
Thus, the shakedown ranges can be determined according
to the slope angle, Range C as 45° < angle < 90°, Range B
as 22.5° < angle < 45°, and Range A as angle < 22.5° as
tabulated in Table 8.

According to the new criteria, most of the tested mate-
rials are in Range B and Range A as listed in Table 7,
which indicated that these materials are acceptable as a
base and subbase materials. The classification results of the
new criterion are in good agreement with the crushed rock
specification of VicRoads [34]. Expected Range C has been
observed for CL2B2, CL2G, CL3B1, and CL3B2 when the
materials were prepared for lower MDD. In addition, when
the moisture content exceeded the optimum, Range C was
observed, particularly for materials CL2G and CL3BI1.

Figure 12a, b shows the vertical PD obtained at the third
stage of the RLTT for specimens prepared at different
ratios of moisture contents and dry densities, respectively.
According to new shakedown criteria, CL2G and CL3B1,
which were prepared at moisture contents above the opti-
mum, showed incremental collapse (Range C), whereas
CL3B1 and CL4B exhibit a low constant deformation
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Fig. 11 Proposed shakedown criteria

Table 8 New boundaries for the shakedown ranges

Range Deformation angle (°)

From To
A 0 225
B 225 45
C 45 90

(Range A) when the materials were prepared at moisture
contents above the optimum. The remaining specimens
were found to be in Range B as shown in Fig. 12a. When
CL2B2, CL2G, CL3Bl1, and CL3B2 compacted at dry
densities below than the maximum, Range C was observed
as shown in Fig. 12b. It was concluded that the locally
tested UGMs can be assigned as Range A when PD < 1%,
Range B when 1% < PD < 3%, and Range C when
PD > 3%.

It was found that Ranges A and C can be easily distin-
guished on the basis of the PD behaviour, while Range B is
found to be a bit challenging. The study recommends
conducting further investigation to establish transition
zones from Range A to Range B and from Range B to
Range C, which could lead to better characterisation.

5.2 Validation of proposed shakedown criteria

In this study, three types of UGMs were used for the val-
idation of the proposed shakedown criteria. G140-140,
G140-420, and G140-700 were investigated by Werk-
meister [18]. Figure 13 shows the PD results of these
materials for more than 100,000 load cycles. Table 9 pre-
sents the shakedown ranges for G140-140, G140-420, and
G140-700 according to the three criteria, i.e. Werkmeister
et al. [24], Gu et al. [20], and this study. It can be seen that
the criteria proposed in this study are in good agreement
with the criteria of Werkmeister et al. [24] and Gu et al.
[20]. In addition, it was observed that the new criterion
achieved the same ranges in Fig. 13. Therefore, the
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Table 9 Criteria for shakedown ranges for selected materials

Material Werkmeister et al. [24]  Gu et al. [20]  This study
G140-140 A A A
G140-420 B B B
G140-700 C C C

proposed shakedown criterion could be applied for several
UGMs with single- and/or multi-stage stresses. Hence, the
proposed criterion could give a useful qualitative approach
to assess the PD of the UGMs according to the shakedown
ranges with both single and multi-stages of stresses.

6 Summary and conclusion

This study examined four different types of base/subbase
materials used for road pavements in Australia to investi-
gate the effect of the intrinsic and compacted layer prop-
erties on PD under repeated loads. A new shakedown
criterion with new boundaries was proposed for pavement
design purpose. Extensive laboratory repeated-load triaxial
tests were performed by varying material gradation,
moisture content, and densities.

The results showed that the PD behaviour was influ-
enced by several factors. Moreover, the tested subbase-
specified UGMs have high PD resistance, which is almost
equivalent to base-quality UGMs. These observations
illustrate the requirement for new shakedown criterion for
material characterisation based on PD behaviour. The
shakedown ranges were identified using the new criterion,
which is based on the curve slope angle of the PD vs.
logarithm of number of loading cycles (0° < Range
A < 22.5° 225°<Range B <45° and 45° < Range
C < 90°). These boundaries were validated using several
material behaviours from existing literature and were found
to be consistent.

The proposed criterion has a number of benefits over the
existing criteria. First, it could provide a powerful and
quick material assessment tool for the accumulation of PD.
Second, it can also be applied for various UGMs with
single- and multi-stage stresses. It was found that the local
tested base/subbase materials can be assigned as Range A
when PD < 1%, Range B when 1% < PD < 3%, and
Range C when PD > 3%, which could simplify the flexible
pavement design by predicting the rutting behaviour. Fur-
ther investigations are required with different stress con-
figurations to confirm these findings.
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