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ABSTRACT
This paper investigated the deformation behaviour of K-consolidated
sand–clay mixtures through cyclic triaxial (CT) and hollow cylinder (CHC)
tests. The sand–clay mixtures contained 0%, 5%, 10% and 20% clay by
weight and were prepared at a relative density of 75%. Clay inclusion
caused an increase in the permanent axial strain of mixtures (0.075% to 5%
in CT and 0.186% to 5% in CHC), while a relatively insignificant increase
in permanent axial strain was observed in the CT specimens containing
5% and 10% clay (0.075% to 1.299%). However, all CHC specimens with
clay failed (εz ≥ 5%). It was also observed that shear strain development
of sand is significantly influenced by clay inclusion (0.096–2.241%) in CHC
tests. Test results clearly show that the effect of a principal stress rotation
should be taken into account to better estimate the deformation behaviour
of sand–clay mixtures under repetitive traffic loads.
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1. Introduction

Traffic loads cause an excessive permanent deformation in the pavement foundation layers (base, sub-
base and subgrade soil layers). This effect is more significant for flexible pavements. It is well known
that permanent deformation development may adversely affect the performance of an entire pave-
ment structure (i.e. pavement rutting) and cause major maintenance costs (Cetin et al., 2014; Fedakar
et al., 2020;Haider et al., 2014; Korkiala-Tanttu&Dawson, 2007; Li et al., 2019; Puppala et al., 1999, 2009).
The degree of permanent deformation in a pavement structure depends on several factors. These fac-
tors include vehicle speeds, number of load cycles aswell as soil properties and environmental factors.
Due to the advances in vehicle technology and rapid urbanization in recent years, pavement struc-
tures have been subjected to higher traffic loads. As a result of this, the development of permanent
deformation has become one of the main pavement engineering problems that have been encoun-
tered. The permanent deformation develops as a result of the accumulation of irrecoverable strains
in pavement foundation layers (Cai et al., 2015; Puppala et al., 1999). To minimise these effects on
a pavement structure, engineering designs aim to lower the strains developed in soil layers by traffic
loading to thenegligible values (Guoet al., 2018). This canbeachievedbyabetter understandingof the
behaviour of soils/geomaterials under repeated traffic loads. Therefore, in the last decade, the defor-
mation behaviour of soils/geomaterials under repeated traffic loads has become the primary interest
of many studies (Alnedawi et al., 2018, 2021; Cai et al., 2015, 2017, 2018; Cetin et al., 2014; Cui, 2018;
Frost et al., 2004; Georgiannou & Konstadinou, 2014; Guimarães et al., 2019; Guo et al., 2016, 2018;
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Haider et al., 2014; Kim & Kim, 2007; Li et al., 2019; Noolu et al., 2019; Qian et al., 2016; Saberian et al.,
2019; Saberian & Li, 2019; Shen et al., 2017; Yang et al., 2019).

As shown in Figure 1, a moving wheel load results in a change in both magnitude and direction
of principal stresses acting on a soil particle which is known as the principal stress rotation. Soil lay-
ers beneath an asphalt layer are imposed to a heart-shaped (or cardioid-shaped) stress path due to
traffic loading (Cai et al., 2015; Fedakar et al., 2020; Gao et al., 2017; Guo et al., 2016; Qian et al.,
2016). A heart-shaped stress path includes axial stress and shear stress in a deviatoric stress space
and induces a principal stress rotation. Previous studies investigating the deformation behaviour of
soils under long-term traffic loads have commonly used cyclic triaxial (CT) tests to simulate the actual
field wheel loading in a laboratory test setup (Alnedawi et al., 2018, 2021; Cui, 2018; Frost et al.,
2004; Guimarães et al., 2019; Kim & Kim, 2007; Li et al., 2019; Noolu et al., 2019; Saberian et al., 2019;
Saberian & Li, 2019). However, these tests are restricted to keep any two of the three principal stresses
equal, while the angle of major principal stress with respect to vertical is either 0o or 90o (Cai et al.,
2018; Guo et al., 2018). Furthermore, a conventional triaxial testing apparatus is designed to apply
only axial stress on a specimen. Thus, it is not capable of imposing a principal stress rotation and
heart-shaped stress path, which causes the effect of traffic loading on the deformation behaviour of
soils/geomaterials to be underestimated. To overcome these limitations of a conventional triaxial test,
more advanced testing systems are required to simulate actual field traffic loads better in a laboratory
test setup.

A hollow cylinder apparatus allows four degrees of load components to be controlled indepen-
dently. Therefore, it can simulate a principal stress rotation induced by complex stress paths for the
specimens that are in a suitable geometry and do not exhibit large strain (Cai et al., 2015; Guo et al.,
2018). Due to these capabilities, hollow cylinder tests have been successfully conducted in imposing
a better simulated principal stress rotation on soil specimens in the last decade (Cai et al., 2015, 2017,
2018; Georgiannou&Konstadinou, 2014; Guo et al., 2016, 2018; Qian et al., 2016; Yang et al., 2019). Pre-
vious studies clearly indicated that the principal stress rotation and heart-shaped stress path, resulting
froma vehiclewheel loading,may have a significant impact on the deformation behaviour of soils. The
degree of this effect depends on soil types as well as the stress states that specimens are subjected to.
A subgrade layer is a native soil that generally consists of soils with different types and particle sizes.
The materials with a coarser fraction of coarse-grained (sand, in general) and a lower amount of fine-
grained soil can also be used as a subbase material in a transportation infrastructure. The permanent
deformation in pavement foundation layers (i.e. subbase and subgrade) due to traffic loading con-
tributes to pavement rutting significantly (Cai, 2010; Cai et al., 2015; Chai & Miura, 2002; Puppala et al.,
1999). Therefore, the soils with various types and particle sizes should be tested to better understand
the deformation accumulation in a pavement structure. While there have been studies examining the
behaviour of soils (i.e. sand, and soft clay materials) under traffic loads through cyclic hollow cylinder
(CHC) tests (Cai et al., 2015; Cai et al., 2017, 2018; Georgiannou & Konstadinou, 2014; Guo et al., 2016,

Figure 1. Rotation of principal stresses acting on a soil particle under a moving wheel load (Guo et al., 2016).



ROADMATERIALS AND PAVEMENT DESIGN 3

Figure 2. Particle size distributions of both sand and clay used.

2018; Qian et al., 2016; Yang et al., 2019), there is limited information about the permanent deforma-
tion behaviour of sand–clay mixtures under the principal stress rotation induced by a heart-shaped
stress path.

According to the previous studies mentioned above, a principal stress rotation induced by a mov-
ingwheel loadmay have a significant impact on deformation characteristics of soils used in pavement
foundation layers and therefore should be taken into account in pavement applications. These stud-
ies investigated the deformation performances of clay and sand specimens under repeated traffic
loads. In a pavement construction, sand–clay mixtures containing clay at low amounts are also used
in pavement foundation layers (particularly subbase and subgrade layers). However, there are limited
studies that investigated the deformation behaviour of sand–clay mixtures with low clay contents
under a heart-shaped stress path. To address this gap in existing literature, the effect of a principal
stress rotation on the deformation and stress–strain behaviours of sand–clay mixtures was investi-
gated in this study. To achieve this goal, a series of CT and CHC tests were conducted on sand–clay
specimens that contained clay at 0%, 5%, 10% and 20% by weight. During testing, both axial load
and torque were cyclically and simultaneously applied on CHC specimens to simulate a heart-shaped
stress path more accurately while only cyclic axial load was applied on CT specimens for a CT stress
path. To better understand the effect of a principal stress rotation and a heart-shaped stress path
on the strain developing in sand–clay mixtures, the results by CHC tests were compared to those by
CT tests.

2. Materials andmethods

2.1. Testingmaterials and specimen preparation

Four sand–clay mixtures consisting of varying amounts of Ottawa 50/70 sand and pulverised EPK
Kaolin clay were used in this study. The sand was supplied from EMD Millipore Sigma Corpora-
tion, USA. Its coefficient of uniformity (Cu) and coefficient of curvature (Cc) were 1.22 and 0.97,
respectively. In addition, its minimum and maximum void ratios were 0.61 and 0.78, respectively.
It was classified as poorly graded sand (SP) according to the Unified Soil Classification System
(USCS). The clay material used was supplied from Edgar Minerals, USA. Its liquid limit and plastic
limit were 62% and 41%, respectively. It was classified as high plasticity clay (CH) according to the
USCS. The specific gravities of both materials were 2.65. Their particle size distributions are given in
Figure 2.



4 H. I. FEDAKAR ET AL.

Figure 3. Variation of minimum and maximum void ratios with clay contents.

It iswell known that claymaterials haveundesirableproperties suchas compressibility, swellingand
hydraulic conductivity for uses in subbase layers. For this reason, anupper limit for the clay contentwas
determinedaccording to ‘the critical fine content’ by SimpsonandEvans (2016)where aminimumvoid
ratio occurs without displacing sand grains. Therefore, 0%, 5%, 10%, 20% and 30% clay by weight was
added to sand and then, their minimum and maximum void ratios were determined. Figure 3 shows
the minimum and maximum void ratios of all sand–clay mixtures. The minimum void ratio (0.53) was
observed with the mixture that had 20% clay (Figure 3). Therefore, the inclusion rate of the clay was
limited to 20%.

All specimens were prepared in a hollow cylindrical shape and were homogenous in their dimen-
sions that were 200mm in height, 60mm in internal diameter, and 100mm in outer diameter. These
dimensions were selected tominimise stress non-uniformities. In addition, the centre of the specimen
was not influenced by the boundary conditions due to these selected dimensions (Cai et al., 2015;
Hight et al., 1983; Vaid et al., 1990). High vacuum grease was applied along the edges of parts of
the outer mould for a better sealing during mounting. A vacuum pressure of approximately 50 kPa
was applied to get rid of the air between the outer mould and the outer membrane. During the mix-
ture preparation, dry sand and clay materials were manually mixed at predetermined rates (0%, 5%,
10% and 20% clay by weight) to obtain a uniform mixture. It should be noted that the dry deposition
methodwas adopted for the specimen preparation in this study. The sand–claymixtures were poured
into a hollow cylinder space between inner and outer moulds in five layers by using a funnel. During
this procedure, the falling height was kept at zero and extreme care was taken to avoid the segre-
gation. All mixtures were prepared at an initial relative density of 75% to represent the dense state.
To achieve the target density (Dr = 75%), the mixtures were dry tamped to the target height at each
layer. Then, a top cap was put on the specimen and the tubing of the testing machine involving outer
chamber to specimen, inner chamber to specimen and back pressure controller to specimenwas con-
nected. Thereafter, a vacuum pressure of 25 kPa was applied from the bottom to hold the specimen
and tomake the inner/outermembranes fully adhere to themouldwalls. Applying vacuumpressure at
this stage sometimes may lead clogging of bottom porous stone by fine particles. Thus, dry-tamping
method was preferred in this study. After placing the specimen in the testing apparatus, inner/outer
chamberswere filledwithde-airedwater. 30 kPaof inner/outer cell pressureswere applied to the spec-
imen immediately and the applied vacuum pressure was released by opening the valves. During the
flushing process, de-aired water was circulated into the specimen from bottom to top. This process
was continued until the air was removed from the inside of the specimen.
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2.2. Testing procedures

In this study, both CT and CHC tests had the following 3 stages: (1) saturation, (2) K-consolidation, and
(3) shearing. Although the plain strain condition can be achieved in a hollow cylinder test by apply-
ing different inner/outer cell pressures (Shibuya, 1988; Pradhan et al., 1988), variations in stress and
strain can occur across the specimen’s wall when a hollow cylindrical specimen is subjected to either
torque or different inner/outer cell pressures (Hight et al., 1983). This cause of stress and strain non-
uniformities are minimised or reduced by keeping inner/outer cell pressures equal (Cai et al., 2015;
Guo et al., 2018; Hight et al., 1983; Mamou, 2013; Mamou et al., 2018; Qian et al., 2016). Therefore,
inner/outer cell pressures were kept equal throughout the CT and CHC tests of this study. At the sat-
uration stage, inner/outer cell pressures and back pressure were incrementally increased to 320 and
300 kPa, respectively, by keeping the effective confining pressure (20 kPa) constant. This was done
until the specimen was saturated. The Skempton’s pore water pressure parameter of B was utilized
to determine whether the specimen was saturated. All specimens had B values greater than 0.95 by
the end of saturation stage, indicating that the saturation stage was completed. During the consoli-
dation stage, all specimens were anisotropically consolidated with K = 0.5. Back pressure was kept
constant (300 kPa) during this stage. Firstly, the vertical stress (σ z) was enhanced from 320 kPa to
340 kPa to obtain K = 0.5, while inner/outer cell pressures were kept constant (320 kPa). Then, the
vertical stress and inner/outer cell pressures were simultaneously increased from 340 kPa to 360 kPa
and from 320 kPa to 330 kPa, respectively. The specimens were anisotropically consolidated under
these pressures. After this stage, all CT and CHC specimens were sheared under undrained condi-
tions according to the testing plan presented in Table 1. CT5 and CHC5 in Table 1 represent CT and
CHC tests applied on specimens with 5% clay, respectively. In addition, the expressions of η, CVSR, f,
and N denote the cyclic torsional stress ratio (τ zθ amp/σ z

amp), cyclic vertical stress ratio (σ z
amp/2p′

0),
frequency, and number of loading cycles, respectively. The p′

0 in CVSR is the initial effectivemean nor-
mal stress (= (σ ′

z0 + σ ′
r0 + σ ′

θ0)/3) (σ ′
z0, σ ′

r0, and σ ′
θ0 represent initial effective vertical stress, radial

stress, and circumferential stress, respectively) (Cai et al., 2015).While CT tests involved only cyclic axial
stress (30 kPa), CHC tests involved both cyclic axial stress (30 kPa) and torsional shear stress (10 kPa) to
mimic a heart-shaped stress path (Table 1). The loading frequency was set to 1Hz in both CT and CHC
tests (Chazallon et al., 2006; Guo et al., 2018; Ishihara, 1996). Every specimen was subjected to 10,000
of loading cycles to represent the long-term traffic loading. Test data were saved for every 1 cycle to
be able to analyse the test results within each cycle. In addition, 50 data points were taken per cycle
to better characterise the waveforms and stress paths.

2.3. Testing apparatus and stress–strain states in a hollow cylinder specimen

All tests in this study were conducted by using a hollow cylinder apparatus (HCA). This testing appara-
tus tests a specimen with 100mm in outer diameter (do), 60mm in inner diameter (di) and 200mm in

Table 1. Summary of experimental plan.

Test ID Sand (%) Clay (%) Tests σ z
amp (kPa) τ zθ

amp (kPa) η CVSR f (Hz) N

CT0 100 0 CT 30 0 0 0.125 1 10,000
CT5 95 5 CT 30 0 0 0.125 1 10,000
CT10 90 10 CT 30 0 0 0.125 1 10,000
CT20 80 20 CT 30 0 0 0.125 1 10,000
CHC0 100 0 CHC 30 10 1/3 0.125 1 10,000
CHC5 95 5 CHC 30 10 1/3 0.125 1 10,000
CHC10 90 10 CHC 30 10 1/3 0.125 1 10,000
CHC20 80 20 CHC 30 10 1/3 0.125 1 10,000

Note: CT andCHC represent cyclic triaxial andhollow cylinder tests, respectively; CT0 indicates the cyclic triaxial test on the specimen
containing 0% clay; σ z

amp is the amplitude of cyclic axial stress; τ zθ amp is the amplitude of cyclic shear stress; η is cyclic torsional
stress ratio (τ ampzθ /σ

amp
z ); CVSR is cyclic vertical stress ratio (σ amp

z /2p′
0); f is frequency; N is number of load cycles.
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height (H). According to Hight et al. (1983), the stress uniformity developed in a hollow cylinder spec-
imen can be tolerable up to di/do ≥ 0.6, and H/do > 0.6. An HCA is equipped with an independent
control of four degrees of load components and therefore, can simulate the principal stress rota-
tion due to complex stress paths (Cai et al., 2015; Guo et al., 2018; Wang et al., 2018). The axial and
rotational actuators applied axial load and torque on the specimen, respectively. The applied axial
load and torque were measured by a combined of load and torque transducers that were mounted
on top of the specimen. The vertical deformation and rotational angle were measured by encoders
mounted on the actuator motor shafts (Cai et al., 2015; Guo et al., 2018). Digital controllers were used
to regulate inner/outer cell and back pressures through de-aired water and to measure the volume
changes in inner/outer chambers and specimen. More detailed descriptions about this testing system
are available in Cai et al. (2015), Gräbe and Clayton (2009), Guo et al. (2018), Wang et al. (2018), and
Xiong et al. (2016).

An HCA system imposes a vertical load (W), a torque (MT ), and inner/outer cell pressures (pi and po,
respectively) ona specimenandalsoenables themtobecontrolled independently. In ahollowcylinder
specimen, a vertical stress (σ z), a shear stress (τ zθ ), a circumferential stress (σ θ ) and a radial stress (σ r)
can be developed by these external loads and pressures (Cai et al., 2015). In addition, a specimenmay
undergo the following strain components under these stress states: Vertical strain (εz), shear strain
(γ zθ ), circumferential strain (εθ ), and radial strain (εr). Furthermore, the concept of principal stress (i.e.
major principal stress (σ 1), intermediate principal stress (σ 2), and minor principal stress (σ 3)) can be
used todefine the stress state of a specimen. The stress and strain states developed in ahollowcylinder
specimen are illustrated in Figure 4. The rotational angle (α) of themajor principal stress to the vertical
stress due to the principal stress rotation is shown in Figure 4. The equations by Hight et al. (1983) in
Table 2 were used in this study to calculate the stress and strain states (Figure 4). The expressions of ro,
ri,	H, uo, ui, θ , ε1, ε2 and ε3 in Table 2 represent outer radius, inner radius, vertical displacement, outer
radius movement of the wall of the specimen, inner radius movement of the wall of the specimen,
rotational displacement,major principal strain, intermediateprincipal strain andminorprincipal strain,
respectively.

Figure 4. Stress and strain states in a hollow cylinder specimen (Guo et al., 2016).
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Table 2. Equations for the average stress and strain components

Component Stress Strain

Vertical σz = W

π(r02 − ri2)
+ por02 − piri2

(r02 − ri2)
εz = 	H

H

Circumferential σθ = poro − piri
(ro − ri)

εθ = uo + ui
ro + ri

Radial σr = poro + piri
(ro + ri)

εr = uo − ui
ro − ri

Shear τzθ = MT

2

[
3

2π(ro3 − ri3)
+ 4(ro3 − ri3)

3π(ro2 − ri2)(ro4 − ri4)

]
γzθ = θ(ro3 − ri3)

3H(ro2 − ri2)

Major principal σ1 = σz + σθ

2
+

√(
σz − σθ

2

)2

+ τzθ 2 ε1 = εz + εθ

2
+

√(
εz − εθ

2

)2

+ γzθ 2

Intermediate principal σ2 = σr ε2 = εr

Minor principal σ3 = σz + σθ

2
−

√(
σz − σθ

2

)2

+ τzθ 2 ε3 = εz + εθ

2
−

√(
εz − εθ

2

)2

+ γzθ 2

Notes: σ z : vertical stress; σ θ : circumferential stress; σ r : radial stress; τ zθ : torsional shear stress; σ 1: major principal stress; σ 2: inter-
mediate principal stress; σ 3: minor principal stress;W : vertical load; MT : torque; po : outer cell pressure; pi : inner cell pressure; ro :
outer radius; ri : inner radius; εz : vertical strain; εθ : circumferential strain; εr : radial strain; ε1: major principal strain; ε2: intermediate
principal strain; ε3: minor principal strain; γ zθ : shear strain; H: initial height of the specimen;	H: vertical displacement; uo : outer
radius movement of the wall of the specimen; ui : inner radius movement of the wall of the specimen; θ : rotational displacement.

2.4. Heart-Shaped stress path

A heart-shaped stress path in a deviatoric stress space (τ zθ to (σ z-σθ )/2) is imposed on soils in pave-
ment foundation layers due to a moving wheel load. A specimen is subjected to both torsional shear
stress (τ zθ ) and vertical stress (σ z) as well as circumferential stress (σθ ) during the shearing stage of a
CHC test to simulate such a stress path in a laboratory test setup. Figure 5 illustrates a heart-shaped
stress path and its stress waveforms. The stress expressions in Figure 5 are presented in terms of
cyclic stress. Figure 5(a) shows the amplitudes of torsional shear stress and vertical stress in a load-
ing cycle (τ zθ amp and σ z

amp). According to Figure 5(b), the torsional shear stress is not equal to the
deviatoric stress in magnitude. The expression of ‘α’ in Figure 5(b) denotes the angle of cyclic major
principal stress (or major principal stress increment) with respect to the vertical axis. The angle of α

rotates between –π/2 and+π/2 (Cai et al., 2015). As stated before, the inner/outer cell pressures were
kept constant and equal in all tests to minimise the stress non-uniformities. Moreover, these stresses
remained constant and equal while shearing the specimens. Consequently, both torsional shear stress
and vertical stress with the following predefined waveforms (Equations (1) and (2)) were cyclically
applied on all CHC specimens.

σ
cyc
z = 0.5σ amp

z

[
1
2
cos(2ωt) − cos(ωt) + 1

2

]
(1)

τ
cyc
zθ = 0.77τ amp

zθ

[
sin(ωt) − 1

2
sin(2ωt)

]
(2)

where t is the elapsed time and ω = 2π/T (T is the period and 1 s in this study).
CT tests were also conducted to better understand the effect of a principal stress rotation induced

by a heart-shaped stress path. Only vertical stress with a predefined waveform in Equation (1) was
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Figure 5. Schematic diagram of (a) waveforms of cyclic stresses and (b) a heart-shaped stress path.

cyclically applied to simulate the loading condition of a conventional triaxial test where no torsional
shear stress is applied.

2.5. Stress corrections for themembrane forces

All CT and CHC tests on the sand–clay mixtures were performed on the specimens which were
enclosedby flexiblemembranes. However, the use of inner/outermembranes in these testsmay affect
the accuracy of the measured stresses (Saada, 1988). Therefore, in this study, the measured stress
parameters (σ z , σ r , σθ , and τ zθ ) were corrected for the influences of the membrane forces induced
by the inner/outer membranes according to Tatsuoka et al. (1986), Gräbe (2002), Mamou (2013) and
Cai et al. (2015). Further information about the corrections for themembrane forcesmade in this study
can be found in Tatsuoka et al. (1986), Gräbe (2002), Mamou (2013) and Cai et al. (2015).

2.6. Strain development

All soils/geomaterials used in pavement foundation layers undergo permanent strain and resilient
strain under traffic loading. Total strain is defined as the sum of permanent strain and resilient strain.
Figure 6 illustrates typical strains developed within a loading cycle (Guo et al., 2018). Test results were
presented in terms of the development of axial (i.e. vertical) strain and shear strain in specimens and
their stress–strain behaviours.

Figure 6. Typical strain development within a cycle due to (a) axial stress and (b) torsional shear stress (adapted from Guo et al.,
2018).
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3. Results and discussions

3.1. Stress paths

An example of the waveforms of vertical stress, torsional shear stress and stress paths applied to the
specimens without clay and with 20% clay within a loading cycle is shown in Figure 7. Figure 7 also
shows the target waveforms and stress paths within the dashed lines. The target waveforms for tor-
sional shear stress and vertical stress are shown in red and black colours in Figures 7(a,c), respectively.
In addition, the dashed lines in red and black colours in Figures 7(b,d) indicates the target stress paths
for CT and CHC tests, respectively. Based on the results, it can be said that themeasuredwaveforms for
the stress parameters (torsional shear stress and vertical stress) match well with the target waveforms
for the specimenswithout clay (Figure 7(a)). However, the specimenswith 20%clay yielded lower peak
values for both vertical stress and torsional shear stress in a cycle (Figure 7(c)). This can be due to the
fact that the specimenswith clay produced higher deformation during shearing. As for the stress path,
it is expected that a CT test imposes a stress path in a straight line along the horizontal axis due to its
loading condition where only vertical stress is cyclically applied. Unlike a CT test, a CHC test generates
a stress path in a heart-shaped since both torsional shear and vertical stresses can be cyclically applied
simultaneously. It is clear in Figures 7(b,d) that the CHC tests applied the heart-shaped stress path on
the specimens. Furthermore, the CT tests produced a stress path in a straight line along the horizontal
axis (Figures 7(b,d)). Results showed that the stress paths by CT and CHC tests match well with the
target stress paths for the specimens without clay. However, due to higher deformation development

Figure 7. Examples of stress conditions inCTandCHC testswith andwithout clay: (a andb)Cyclic stresswaveformsandcorrespond-
ing stress paths for the specimens without clay; (c and d) cyclic stress waveforms and corresponding stress paths for the specimens
with clay (20%).
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in the specimens with clay, the stress paths with lower amplitudes were achieved in both tests (see
Figure 7(d)). Nevertheless, the stress paths (particularly the heart-shaped stress path) imposed on the
specimens with clay were determined to be satisfactory for this study. Test results of this study have
an acceptable reliability for a better understanding of the effect of a heart-shaped stress path on the
deformation behaviour of sand–clay mixtures.

3.2. Axial strain development

Figure 8 summarises a development of axial strain with the number of load cycles. In this figure, ‘0%C-
CT’ represents a specimen including 0% clay and subjected to a CT test. εz ≥ 5%was used as a failure
criterion in this paper (Cheung, 1994; Georgiannou & Konstadinou, 2014; Hyodo et al., 1991, 1994; Li
et al., 2011; Qian et al., 2016; Shen et al., 2017; Vaid & Chern, 1983). Accordingly, the vertical axes in
Figure 8 were limited to 5% for the specimens exhibiting high deformation (εz ≥ 5%). Figure 8 clearly
shows that specimens that were particularly subjected to a CHC test failed (εz ≥ 5%) in earlier cycles
(N ≤ 60). Therefore, Figures 8(a, c, e, g) were plotted in logarithmic scales to more clearly show the
quick accumulation of axial strains in earlier cycles.

It is speculated that sand particles rotate under a heart-shaped stress path and consequently, the
sand specimen exhibits a higher vertical deformation. Nevertheless, a heart-shaped stress path causes
a relative increase in vertical strain development of the specimenwithout clay (Figures 8(a,b)). A similar
behaviour was also observed for Nanjing fine sand by Cai et al. (2015) who used CVSR values of 0.15,
0.25, 0.35 and 0.45. They also reported that the impact of a principal stress rotation on axial defor-
mation of sand could become larger when the CVSR value increased. In this regard, the test results in
Figures 8(a,b) imply that the used CVSR value (= 0.125 in this study) is not high enough to cause accel-
eratedaxial strain accumulations in sand specimens (CTandCHC). In addition, the strain accumulations
in sand specimens should be evaluated considering cyclic torsional stress ratio (η = 0 in CT tests and
η = 1/3 in CHC tests) as well as CVSR. As given in Table 1, both sand specimens were subjected to
same CVSR during tests. Thus, a relative increase in axial strain of sand specimen under a heart-shaped
stress path could also be explained that the CHC tests of this study had a cyclic torsional stress ratio (η)
greater than that used in the CT tests (see Table 1). Furthermore, from the evaluation of CVSR together
with η, it can be speculated that the impact of η on axial strain behaviour of sand becomes less since
lower torsional shear stress is applied for η = 1/3 under low CVSR. Figures 8(a,b) also show that the
differences in axial strain due to the principal stress rotation increase with an increase in the number
of load cycles.

Figures 8(c– h) show an axial strain development in the specimens with clay with the number of
load cycles. It is well known that the presence of clay in sand yields an increase in the axial deformation
of the soil matrix under load. The level of axial deformation is highly dependent on the clay content in
sand–claymixtures since clay has a higher compressibility. A similar behaviourwas observed in CT test
results. Figures 8(c–h) clearly showthat ahigher axial straindevelopedas the clay content increased.As
mentioned earlier, the concept of ‘the critical fine content’ by Simpson and Evans (2016) was adopted
to determine the clay contents to be used in this study. In this regard, the upper limit for clay inclusion
was determined as 20% by weight where a minimum void ratio (0.53) was achieved. It is expected by
the critical fine content that a sand–claymixture containingup to20%clay (including20%)would carry
the load without failure. According to Figures 8(c–f), the sand–clay mixtures containing 5%, and 10%
clay carried the cyclic axial loadswithout failure (i.e. εz < 5%) throughout 10,000 loadingcycles.On the
contrary, a quick axial deformation developed in a sand–claymixturewith 20% clay and consequently,
the specimen failed at the 494th cycle.

According to the test results in Figures 8(c–h), unlike CT tests, all CHC specimens with clay failed
under aheart-shaped stress path,whichmeans that a level of axial straindeveloped in a sand–claymix-
ture (i.e. clay content > 0%) is also influenced by stress ratios used in this study. So, although both CT
and CHC specimens that contained clay at 5%, and 10% were sheared with same CVSR, the CHC spec-
imens produced larger axial strains and failed in earlier cycles due to η = 1/3. This may be explained
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Figure 8. Axial strain versus number of load cycles for CT andCHC specimens: (a) 0%claywith logarithmic scale; (b) 0%claywithout
logarithmic scale; (c) 5% clay with logarithmic scale; (d) 5% clay without logarithmic scale; (e) 10% clay with logarithmic scale; (f )
10% clay without logarithmic scale; (g) 20% clay with logarithmic scale and (h) 20% clay without logarithmic scale.

that the torsional shear stress applied (10 kPa) exceeded shear strengths of these mixtures, causing
their failure under cyclic loads. In addition, even though the specimens with 20% clay failed in both
tests, axial strain developed more rapidly in the CHC specimen because of η = 1/3 and thus it failed
earlier than the CT specimen. Due to stress ratios used (CVSR = 0.125, and η = 1/3), no impact of clay
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contents on axial strain development was observed in CHC specimens. In other words, the effects of
clay contents on axial strain behaviour of dense sand–clay mixtures could be more apparent under
lower stress ratios. However, this is not within the scope of this study. Therefore, it was not tested.
The axial strain behaviours of CHC specimens could also be explained that the contact areas between
sand particles were reduced significantly due to the principal stress rotation. Thus, these areas and
voids in the soil matrix were filled with clay particles instead. Based on these results, it can be claimed
that the material properties of clay such as high compressibility may become a dominant parameter
in sand–clay mixtures particularly under a heart-shaped stress path.

Figures 8(c–h) also show that some specimens produce an unstable pattern for axial strain devel-
opment, which results in a quicker failure as a result of a sharp increase in axial strain accumulation. An
overall evaluation of the results in Figures 8(c–h) indicates that a principal stress rotation can influence
the behaviour of soils more than clay content, particularly at high CVSR and η values. Furthermore, it
is also expected that clay content may have a significant impact on soil behaviour as the CVSR and
η decrease. The axial strain developments in sand–clay mixtures within a single cycle are presented
in Figure 9. Figure 9 clearly shows that the addition of clay at low rates (i.e. ≤ 20% by weight) results
in a considerable increase in permanent deformation of sand under the principal stress rotation. Fig-
ures 8(a–h) also indicate that a permanent axial strain accumulates cumulatively resulting in high axial
strain development as expected under longer loading conditions such as traffic loads. Figures 8(a–h)
show that cyclic triaxial tests not including PSR with sudden 90-degree changes in the principal stress
direction underestimate the axial strain development in dense sand–clay mixtures under long-term
traffic loading. From an overall evaluation of the test results in Figures 8(a–h), it can also be concluded
that a principal stress rotation induced by a heart-shaped stress path has a significant impact on per-
manent strain development in sand–clay mixtures, particularly in specimens with clay. Therefore, this

Figure 9. Axial strain development in CT and CHC specimens within one loading cycle: (a) 0% clay; (b) 5% clay; (c) 10% clay and (d)
20% clay.
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impact needs to be taken into account to better understand the behaviour of sand–clay mixtures
under traffic loading.

The deformation characteristics of soils under cyclic loads were also described by shakedown the-
ory. Figure 8 presents test results for the shakedown behaviour of dense sand–clay mixtures. It is
obvious in Figures 8(a-b) that the sand specimens exhibited plastic creep (i.e. a type of shakedown)
behaviour in which the increment rate of permanent strain firstly enhanced rapidly (N < 1000) and
then the permanent strain continued to develop slightly with increasing number of load cycles. Unlike
the sand specimens, plastic shakedown and ratcheting behaviours were observed in the specimens
including clay depending on the clay contents and stress paths (Figures 8(c–h)). In plastic shakedown
behaviour, a specimen tends to exhibit a stable axial strain behaviour under cyclic loads after a quick
accumulation of axial strain in earlier cycles. In addition, plastic shakedown is preferable in soils used in
subgrade layer (Qian et al., 2016). This type of behaviour was observed in CT specimens including 5%,
and 10% clay (Figures 8(c–f)). On the contrary of plastic shakedown, ratcheting behaviour should be
avoided in practice since it indicates structural instability of soils under loads. In this study, it was deter-
mined that the specimens that failed exhibited ratcheting behaviour because of excessive permanent
strain (εz ≥ 5%) (Figures 8(c–h)). From the results in Figure 8, it can be said that shakedown behaviour
of sand is affected by clay inclusion and principal stress rotation. In CT tests of this study, ratcheting
behaviour was achieved only for the specimen prepared with 20% clay content. On the other hand,
the principal stress rotation by a heart-shaped stress path caused a ratcheting behaviour in all CHC
specimens with clay (5%, 10% and 20%) implying that the principal stress rotation should be taken
into consideration while evaluating shakedown behaviour of dense sand–clay mixtures containing
clay under repeated traffic loads.

3.3. Axial stress–strain behavior

Figure 10 presents the results of axial stress–strain relationships of sand–clay mixtures during CT and
CHC tests. It is shown that some of the failed specimens are subjected to lower axial stresses than the
target amplitude. This is due to the large axial strain development in these specimens, influencing the
parameters of σ z in Table 2 (i.e. ro and ri). It can be seen that the axial stress–strain loops for all spec-
imens shift to the right because they undergo an increasing axial strain under cyclic loads. In all the
specimens without failure, most of axial strain due to cyclic loading developed within the first 1000
load cycles. With the increasing number of load cycles (N > 1000), these specimens produced less
axial strain accumulation and reached a steady value for permanent strain at the endof load cycles (see
Figures 10(a–c, and e)). On the contrary, the specimens with failure produced larger axial strains (i.e.
εz > 5%) at earlier load cycles and a steady value for permanent strain was not achieved (Figures 10d,
10f, and 10g-10 h). Thus, a gradual decrease in distance between each axial stress–strain loop was
clearly observed in these specimens during testing. However, that is not clear in the CT specimenwith
20%clay since it failed at a relatively higher load cycle compared to theCHCspecimens containing clay.
It is difficult to realise this behaviour (i.e. a gradual decrease in distance) in the specimens that did not
fail owing to the higher number of load cycles (see Figures 10(a–c, and e)). Figures 10(d, f, and h) show
the effect of clay contents on the axial stress–strain behaviour of the sand specimen during CHC tests.
The CHC specimens containing 5% and 10% clay exhibited a gradually decrease in distance between
each axial stress–strain loop as the number of load cycles increased. The CHC specimen with 20% clay
also exhibited a similar behaviour up to εz = 3%. However, after εz = 3%, a gradual increase in dis-
tancebetweeneach axial stress–strain loopwasobserved in this specimenwith the increasingnumber
of load cycles. This behaviour can be explained that the 20% clay addition may result in less contact
areas between sandparticles after the 3%axial strain is reached. Consequently, a quicker development
of axial strain takes place. It is also clear in Figures 10(c, e) that the specimens with 5% and 10% clay
exhibit strain-hardening behaviour under cyclic loads during CT tests. This behaviour was also slightly
observed in the specimens without clay (see Figures 10(a,b)). On the other hand, the failed specimens
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Figure 10. Axial stress versus axial strain for CT and CHC specimens: (a) CT-0% clay; (b) CHC-0% clay; (c) CT-5% clay; (d) CHC-5%
clay; (e) CT-10% clay; (f ) CHC-10% clay; (g) CT-20% clay and (h) CHC-20% clay.

exhibited strain-softening behaviour under cyclic loads. This behaviour wasmore obvious in the spec-
imens thatwere subjected to the principal stress rotation, indicating the effect of a heart-shaped stress
path on axial strain development in sand–clay mixtures. However, the strain-softening behaviour in
‘20%C-CT’ could be attributed to the fact that the clay particles becamemore dominant in themixture
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Figure 11. Axial stress versus axial strain for CT and CHC specimens at randomly load cycles: (a) CT-0% clay; (b) CHC-0% clay; (c)
CT-5% clay; (d) CHC-5% clay; (e) CT-10% clay; (f ) CHC-10% clay; (g) CT-20% clay and (h) CHC-20% clay.

as clay content raised. Figure 11 shows the typical examples of axial stress–strain loops at different
numbers of cycles. It is also clearly seen in Figure 11 that the large part of axial strain developedwithin
the first 1000 cycles for the specimens that did not fail during testing. Then, they produce a steadily
growing axial strain over the whole test to reach their final strain. The failed CHC specimens produced
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Figure 12. Shear strain versus number of load cycles for CT and CHC specimens: (a) 0% clay with logarithmic scale; (b) 0% clay
without logarithmic scale; (c) 5% clay with logarithmic scale; (d) 5% clay without logarithmic scale; (e) 10% clay with logarithmic
scale; (f ) 10% clay without logarithmic scale; (g) 20% clay with logarithmic scale and (h) 20% clay without logarithmic scale.

an unstable behaviour under the heart-shaped stress path regardless of the clay contents (Figure 8).
Thus, Figures 11(d, f, and h) show no meaningful relationships between axial stress–strain behaviour
and clay contents at different load cycles for the specimens tested in this study.
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3.4. Shear strain development

Shear strain development with the number of loading cycles in sand–clay mixtures under two differ-
ent loading conditions (CT andCHC tests) is summarised in Figure 12. In order to clarify the shear strain
development in earlier cycles of CHC tests, the horizontal axes in Figures 12(a, c, e, and g) were plotted
in logarithmic scales. As mentioned earlier, all CT specimens were subjected to only cyclic axial load
during shearing to mimic the loading condition of a CT testing system in the current study. As a result
of this, all CT specimens yielded zero shear strain under cyclic loading (Figure 12). Figure 12 also shows
that all CHC specimens produced higher shear strains due to the heart-shaped stress path involving
torsional shear stress as well as axial stress. The degree of strain development due to a heart-shaped
stress path in soils is affected by experimental parameters such as cyclic torsional stress ratio (η) (Cai
et al., 2015, 2017, 2018;Guoet al., 2018). An increase in cyclic torsional stress ratio leads to an increase in
the magnitude of principal stress rotation (α) (Figure 5). Therefore, it is expected that a specimenmay
exhibit a considerable shear strain in a CHC test depending on the increase in η. However, observation
of this phenomenon was not within the scope of the current study; therefore, it was not investigated.
The degree of shear strain development is also affected by thematerial types. For instance, sandmate-
rials may need a higher η since the interlocking of sand particles is likely to happen under loading,
while clay materials can exhibit a similar shear strain performance with sand materials at a lower η. In
this study, the sand–clay mixtures containing clay at different inclusion rates (0%, 5%, 10% and 20%
clay by weight) were tested to investigate the effect of clay addition on the deformation behaviour
of sand. Figures 12(a,b) present the results of shear strain development in the specimens without clay
(0% clay) with the number of load cycles. It was clearly observed that the shear strain remained below
0.1% although the heart-shaped stress path led to an increase in shear strain. However, the specimens
with clay yielded a higher shear strain at the same target cyclic torsional stress ratio. This behaviour
can be explained that the clay addition decreased the interlocking of sand particles, which caused a

Figure 13. Shear strain development in CT and CHC specimens within one loading cycle: (a) 0% clay; (b) 5% clay; (c) 10% clay and
(d) 20% clay.



18 H. I. FEDAKAR ET AL.

reduction in the shear strength. Moreover, the target cyclic torsional stress ratio was determined to be
high for sand–clay mixtures since they exhibited unstable behaviours for shear straining (Figure 12).
As a result of this, a relationship between clay contents and shear strain was not detected. The unsta-
ble shear straining of CHC specimens is also presented in Figure 13. Figure 13 shows the shear strain
development in all specimens in a single cycle. It can be claimed that only sand soil exhibited a similar
pattern for shear strain with the waveform used for torsional shear stress in the CHC test (Figures 5–7).
On the other hand, unstable patterns were observed for sand–clay mixtures with clay during CHC
tests (Figures 12b–12d) regarding shear strain. This was also confirmed with the results presented in
Figures 12(c–h).

3.5. Torsional shear stress–strain behavior

The test results regarding torsional shear stress–strain behaviour of CHC specimens are presented in
Figure 14. In addition, a typical illustration of torsional shear stress–strain behaviours of CHC speci-
mens for randomly selected two cycles is shown in Figure 15. Torsional shear stress was not applied
on the specimens during CT tests; therefore, CT test results were not presented in Figures 14 and 15. It
can be seen that the target amplitude for torsional shear stress was satisfactorily achieved in CHC sand
only specimen. Furthermore, sand specimen exhibited a relatively linear behaviour and a stable pat-
tern for torsional shear stress–strain response. As in the axial stress–strain behaviour, the loops shifted
to the right by overlapping. The CHC specimen without clay generated lower shear straining under
cyclic loads (Figure 14a). On the contrary, unstable patterns were observed for the torsional shear
stress–strain behaviour of CHC sand–clay mixtures, regardless of clay contents (see Figures 14(b–d)).
This was likely to occur due to the quick development of shear strain in soils with clay as a result of less
interlocking of soil particles under a principal stress rotation. This also caused higher discrepancies in
the amplitude of torsional shear stress.

Figure 14. Shear stress versus shear strain for CHC specimens: (a) 0% clay; (b) 5% clay; (c) 10% clay and (d) 20% clay.
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Figure 15. Shear stress versus shear strain for CHC specimens at randomly load cycles: (a) 0% clay; (b) 5% clay; (c) 10% clay and (d)
20% clay.

4. Conclusions

In this study, the response of dense sand–claymixtures containing clay at the rates of 0%, 5%, 10%and
20% by weight under traffic loading was experimentally investigated regarding strain development
and stress–strain behaviour. For this purpose, a series of cyclic triaxial (CT) and hollow cylinder (CHC)
tests were carried out. From the test results, the following conclusions can be drawn:

(1) An axial strain development in sand increased after clay addition. This increment was determined
to be affected by clay contents in CT tests. The CT specimens containing clay less than 20% car-
ried the applied cyclic loads without failure (εz < 5%) while the CT specimen containing 20% clay
failed (εz ≥ 5%), which can be explained by the relatively high clay content.

(2) All CHC specimens with clay generated a quick development of axial strain and failed (εz ≥ 5%)
in earlier cycles regardless of clay contents. This behaviour could be due to a PSR induced by a
heart-shaped stress path and stress ratios used (CVSR = 0.125 and η = 1/3).

(3) A heart-shaped stress path caused a ratcheting behaviour in all CHC specimens with clay (5%,
10% and 20%) while ratcheting behaviour was observed in only CT specimen with 20% clay. That
indicates that the PSR induced by a heart-shaped stress path should be considered to evaluate
shakedown behaviour of dense sand–clay mixtures.

(4) The specimens without failure exhibited a strain-hardening behaviour. On the other hand, strain-
softening behaviour was observed in failed specimens. Presence of clay and stress states of which
specimens were subjected to may have resulted in this change in material behaviour.

(5) All specimens (except for the CHC specimen with 20% clay) exhibited a gradually decrease in dis-
tance between axial stress–strain loops with an increasing number of load cycles over the whole
test. However, the CHC specimenwith 20% clay exhibited a similar behaviour until εz = 3%. After
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εz = 3%, this specimen generated the axial stress–strain loops with a gradually increasing dis-
tance. This behaviour (i.e. εz > 3%) could be attributed to the less contact areas between sand
particles due to a PSR and relatively high clay content (20% in this study).

(6) All CT specimens produced zero shear strain since no torsional shear stress was applied in the
CT tests of this study. Unlike CT tests, both axial stress and torsional shear stress were cyclically
imposed on all CHC specimens to achieve a heart-shaped stress path. As a result, the torsional
shear stress led to shear strain development in CHC specimens.

(7) For the torsional shear stress–strain responses, a CHC specimen without clay exhibited a rela-
tively linear behaviour and produced a stable pattern. The loops nearly coincided and a gradual
decrease in distance between the loops was observed with an increasing number of loading
cycles. On the contrary, unstable patterns for the torsional shear stress–strain behaviour were
observed in all CHC specimens including clay regardless of clay content. This behaviour could be
explained by a quick development of shear strain in earlier cycles due to the heart-shaped stress
path and magnitude of η used.

(8) The CT tests not including PSR with sudden 90-degree changes in the principal stress direction
underestimated the permanent strain in dense sand–clay mixtures, which may result in inade-
quate design and structural failure of pavement systems. Based on the findings of this study, it is
recommended that a PSR induced by traffic load be taken into consideration when investigating
deformation behaviour of dense sand–clay mixtures containing clay at low rates (≤ 20%).
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