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A B S T R A C T   

A moving wheel load induces a principal stress rotation (PSR) in pavement foundation geomaterials including 
subgrade/subbase soils. Simulating such a stress condition is not possible with stress path tests conducted with 
conventional cyclic triaxial (CT) equipment. More complex stress paths such as a heart-shaped stress path are 
required to determine the deformation characteristics of these under a PSR. A heart-shaped stress path can be 
simulated on a soil specimen in cyclic hollow cylinder (CHC) tests via user-defined waveforms for its stress 
components (axial stress, and torsional shear stress). In this study, a series of CT and CHC tests were performed to 
analyze the impact of a PSR on strain behaviors of medium-dense sand-clay mixtures. The specimens contained 
0%, 5%, 10%, and 20% clay by weight and were prepared at an initial relative density of 50%. All specimens 
were anisotropically consolidated under K0≈0.5. It was determined that all CT specimens underestimated the 
strain performances (both axial strain and shear strain) of the sand-clay mixtures. On the other hand, a heart- 
shaped stress path was simulated successfully in CHC tests and thus, all specimens yielded more accurate 
strain results. At low clay content (≤10%), the impact of a PSR on strain performances of the sand-clay mixtures 
was observed to be less (axial strain (εz) < 0.12%, and shear strain (γzθ) < 0.8% after number of load cycles (N) =
5000) due to the low stress ratios (CVSR = 0.15 and η = 1/3). On the other hand, despite the low stress ratios, a 
PSR caused a rapid increase in axial strain and shear strain (εz = 5%, and γzθ > 0.8%) of the specimen containing 
20% clay, which resulted in the failure of the specimen at N = 478. Results of this study clearly indicated that the 
effect of a PSR should be taken into consideration while evaluating the strain characteristics of the sand-clay 
mixtures that contain clay particularly at high contents (≥20%) under traffic loads.   

Introduction 

The permanent deformation of pavement foundation layers (i.e., 
base, subbase, and subgrade) is one of the main distresses in pavement 
systems. Pavement structures may be subjected to excessive de
formations under traffic loads during their service life. This causes 
failures in pavement structures (i.e., rutting) and consequently requires 
major maintenance costs particularly in flexible pavements (Puppala 
et al., 1999, 2009; Chai and Miura, 2002; Korkiala and Dawson, 2007; 
Haider et al., 2014, Cetin et al., 2014; Li et al., 2019; Fedakar et al., 
2020). This problem can be overcome by a better understanding of the 
deformation behavior of soils/geomaterials in pavement foundation 
layers. Therefore, there has been experimental studies in the literature 
that has investigated the deformation behavior of soils under long-term 

traffic loading through a series of laboratory tests in recent years 
(Alnedawi et al., 2018, 2019; Cai et al., 2015, 2017, 2018; Cetin et al., 
2014; Cui, 2018; Frost et al., 2004; Georgiannou and Konstadinou, 2014; 
Guimaraes et al., 2019; Guo et al., 2016, 2018; Haider et al., 2014; Kim 
and Kim, 2007; Li et al., 2019; Noolu et al., 2019; Qian et al., 2016; 
Saberian and Li, 2019; Saberian et al., 2019; Shen et al., 2017; Yang 
et al., 2019). In these studies, conventional cyclic triaxial tests were 
commonly employed to impose the in-situ stress states on soil speci
mens. However, the studies using more advanced testing systems indi
cated that the change in the magnitude and direction of the principal 
stresses that act on a soil particle happens by a moving wheel load, 
resulting in a principal stress rotation (PSR) (Cai et al., 2015; Guo et al., 
2016, 2018; Qian et al., 2016). Since the reliability and accuracy of test 
results highly depend on how well the actual field stress states are 
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simulated in a laboratory test setup, the PSR induced by a moving wheel 
load needs to be considered in such experimental investigations. Two of 
three principal stresses (σ1: major principal stress, σ2: intermediate 
principal stress, and σ3: minor principal stress) are kept equal (σ2 = σ3) 
during a conventional triaxial test, causing a major principal stress to be 
either parallel (PSR = 0◦) or perpendicular (PSR = 90◦) to the vertical 
direction (Guo et al., 2016). In addition, the triaxial specimens are only 
subjected to a vertical load (or stress). On the contrary, shear stress and 
vertical stress should be simultaneously applied on a specimen for a 
more accurate laboratory simulation of the PSR. Due to these limitations 
of triaxial tests, a conventional triaxial testing system is not capable of 
applying such a PSR on specimens. For the simulation of PSR, Cai et al. 
(2015), Guo et al. (2016), and Qian et al. (2016) reported that a heart- 
shaped stress path including both shear stress and vertical stress can be 
used to simulate the PSR in a laboratory test setup. 

A hollow cylinder testing system enables researchers to indepen
dently control four degrees of load components (i.e., vertical stress (σz), 
radial stress (σr), circumferential stress (σθ), and shear stress (τzθ)). This 
system can therefore impose a PSR resulting from complex stress paths 
on a specimen (Cai et al., 2015; Guo et al., 2018; Qian et al., 2018). As 
mentioned earlier, a heart-shaped stress path involves both shear stress 
(τzθ) and vertical stress (σz) in a deviatoric stress space (τzθ to (σz- σθ)/2). 
Due to the above features of the system, some researchers have suc
cessfully performed hollow cylinder tests on soil specimens for a better 
simulation of the PSR induced by a heart-shaped stress path in the last 
decade (Cai et al., 2015, 2017, 2018; Georgiannou and Konstadinou, 
2014; Guo et al., 2016, 2018; Qian et al., 2016; Yang et al., 2019; 
Fedakar et al., 2020). Previous studies also examined the impact of a 
heart-shaped stress path on soils’ deformation performances by triaxial 
tests as well as hollow cylinder tests (Guo et al., 2018; Cai et al., 2015, 
2017, 2018; Fedakar et al., 2020; Qian et al., 2016). In these studies, a 
stress path that was along the horizontal axis ((σz-σθ)/2) was applied on 
the triaxial specimens as the stress conditions for triaxial tests. On the 
other hand, a heart-shaped stress path was applied on the specimens in 
hollow cylinder tests. It was observed from the test results that the 
hollow cylinder specimens produced higher deformations than the 
triaxial specimens. It was also reported by Cai et al. (2018), Guo et al. 
(2018), and Qian et al. (2016) that a heart-shaped stress path may have 
more influence on other soil behaviors such as excess pore-water pres
sure, resilient modulus, damping ratio, stiffness degradation, and plastic 
shakedown compared to the stress path of triaxial tests. 

In the abovementioned studies, sand and clay specimens were mostly 
tested to study the effect of a PSR induced by a heart-shaped stress path 
on soil behavior. However, in a pavement structure, sand-clay mixtures 
having clay at low amounts are also used as subbase and subgrade 
materials. Therefore, the behavior of these sand-clay mixtures under a 
PSR induced by traffic loading needs to be studied experimentally. For 
this purpose, Fedakar et al. (2020) performed CT and CHC tests to 
investigate the effect of the PSR on the deformation behavior of a sand- 
clay mixture. In this study, dense sand-clay specimens with 20% clay 
and an initial relative density of 80% were used. From the test results, it 
was reported that the compressibility behavior of clay may become more 
apparent in a dense sand-clay mixture under a PSR, which may cause a 
quick development of permanent deformation. However, since relative 
density and fine (i.e., silt and clay) content are the key parameters 
influencing the behavior of sand-fine mixtures (Belkhatir et al., 2011; 
Salgado et al., 2000; Simpson and Evans, 2016), more studies consid
ering these parameters are required to better understand the deforma
tion behavior of sand-clay mixtures under a PSR and heart-shaped stress 
path. 

According to the previous studies mentioned above, a PSR should be 
taken into consideration in pavement design since it may have a 
considerable impact on the deformation development in soils under 
traffic loading. However, there are limited studies that examined the 
deformation behavior of sand-clay mixtures through a heart-shaped 
stress path. To address this gap in the literature, the impact of a PSR 

induced by a heart-shaped stress path on the deformation behavior and 
stress–strain responses of medium-dense sand-clay mixtures containing 
clay at low rates was investigated in this study. To achieve this goal, a 
series of CT and CHC tests were performed on medium-dense sand-clay 
specimens that contained clay at 0%, 5%, 10%, and 20% by weight. In 
the CHC tests, the specimens were subjected to a heart-shaped stress 
path for the simulation of the PSR. Moreover, a stress path along the 
horizontal axis ((σz-σθ)/2) in the deviatoric stress space was imposed on 
the CT specimens. The results from both tests were compared to better 
understand the effect of the PSR on the deformation development in 
medium-dense sand-clay mixtures. 

Materials and Testing Conditions 

Testing materials 

Ottawa 50/70 sand and pulverized kaolin clay were used in sand- 
clay mixtures in the present study. The materials were commercially 
supplied from EMD Millipore Sigma Corporation and Edgar Minerals, 
respectively. Index properties and grain size distribution of materials are 
presented in Table 1 and Fig. 1, respectively. As seen in Table 1, these 
materials are classified as poorly graded sand (SP) and high plasticity 
clay (CH), respectively, as per the Unified Soil Classification System. 

Specimen Preparation and Testing Procedure 

Simpson and Evans (2016) reported about sand-clay mixtures that 
there is a critical fine content at which a minimum void ratio is obtained 
without displacing sand grains. The contact area of sand particles re
duces as clay content increases (i.e., > critical fine content) and the 
behavior of clay correspondingly becomes more dominant in the 
mixture at higher contents. That may result in higher permanent de
formations in pavement structures. The upper limit for the clay content 
was therefore determined in accordance with this concept of “critical 
fine content”. For this, the minimum void ratios of sand-clay mixtures 
including clay at 0%, 5%, 10%, 20%, and 30% by dry weight were first 
calculated. The results indicated that the sand-clay mixture containing 
20% clay yielded the minimum void ratio (0.53), which is shown in 
Fig. 2. Therefore, the clay content was limited to 20% in this study. 

In this study, a hollow cylinder test apparatus was employed for both 
triaxial and hollow cylinder tests. Accordingly, all specimens including 
the ones for triaxial testing were prepared and tested in a hollow cy
lindrical shape with 200 mm in height, 60 mm in internal diameter, and 
100 mm in outer diameter. These selected dimensions provided a 
minimization in stress non-uniformities in the specimens. By these di
mensions, the boundary conditions also had no impact on the center of 
the specimen (Cai et al., 2015; Hight et al., 1983; Vaid et al., 1990). For 
the sand-clay mixtures, the clay material was added to the sand material 
at the rates of 0%, 5%, 10%, and 20% by weight and thereafter, the 
mixtures were manually mixed until a uniform mixture was achieved. 
The prepared mixtures were poured into a mold in a hollow cylindrical 
shape in 5 layers through a funnel and spoon. Throughout the pouring, 

Table 1 
Index properties of sand and clay used in this study.  

Properties Sand Clay 

Coefficient of uniformity (Cu) 1.22 – 
Coefficient of curvature (Cc) 0.97 – 
Minimum void ratio (emin) 0.61 – 
Maximum void ratio (emax) 0.78 – 
Liquid limit (LL) (%) – 62 
Plastic limit (PL) (%) – 41 
Classification (USCS) SP CH 
Specific gravity (Gs) 2.65 2.65 

Note: USCS = Unified soils classification system; SP = poorly graded sand; CH =
high plasticity clay. 
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the extreme care was taken and falling height was set to zero to prevent 
the segregation from occurring. Each layer was compacted to their 
target height (40 mm) by dry-tamping method so that the specimens had 
an initial relative density of 50%. Then, the specimens were placed in 
the hollow cylinder testing apparatus and the tubing connections for 
inner chamber, outer chamber, and back pressure were made. A vacuum 
pressure of 20 kPa was implemented to hold the specimens and to make 
the inner/outer membranes fully adhered to the walls of the mold. De- 
aired water was used to fill inner/outer chambers and controllers as 
well as back pressure controller. Inner and outer cell pressures of 30 kPa 
were applied to the specimens. The vacuum pressure was then released. 
Next, de-aired water was circulated from bottom to top of the specimen 
to remove the air from the specimens. 

All triaxial and hollow cylinder tests in the current study had the 
following stages: (1) saturation, (2) K0 consolidation (K0: ratio of the 
effective horizontal stress to effective vertical stress), and (3) shearing. 
Stress non-uniformities take place along the specimen when inner cell 
pressure is not equal to outer cell pressure during testing. So, inner/ 
outer cell pressures were kept equal throughout these three stages to 
minimize the stress non-uniformities (Mamou et al., 2018). All speci
mens were saturated under inner/outer cell pressures of 320 kPa and 
back pressure of 300 kPa (Cai et al., 2018). The inner/outer cell and 
back pressures were incrementally enhanced to their target values (320 
kPa and 300 kPa, respectively). During this procedure, the effective 

confining pressure (=cell pressure-back pressure) of 20 kPa was kept 
constant. Skempton coefficient (B), the ratio of change in pore pressure 
to change in cell pressure, was used to determine if the specimens were 
saturated. The values of B>0.95 were obtained for all specimens by the 
end of the saturation, which indicated that all specimens were saturated. 
Thereafter, the specimens were consolidated with K0 ≈ 0.5 that is 
consistent with previous studies (Cai et al., 2017; Fedakar et al., 2020; 
Guo et al., 2018). At the consolidation stage, the vertical stress was 
initially increased to 340 kPa while the inner/outer cell pressures were 
kept constant (320 kPa). The vertical stress and inner/outer cell pres
sures were then simultaneously increased to 360 kPa and 330 kPa, 
respectively. In addition, the back pressure was kept constant (300 kPa) 
during this stress/pressure increment. By this way, K0 ≈ 0.5 was pro
vided throughout the consolidation step of this study. It is well known 
that clay exhibits higher compressibility under loading than sand. 
Therefore, all specimens experienced different axial displacements after 
these two stages depending on the clay content used. For instance, 0% 
clay specimens had the lowest height change (1.5 ± 0.5 mm) while the 
specimen with 20% clay had the highest height change during the 
consolidation stage (Fig. 3a). Moreover, Fig. 3 shows that an increase in 
clay content yields an increase in height change during consolidation (as 
expected). The applied axial stress, inner/outer cell pressures, and back 
pressures during the saturation (Stage 1 to Stage 6) and consolidation 
(Stage 7 and Stage 8) shown in Fig. 3a were 50 kPa, 50 kPa, and 30 kPa 
in Stage 1, 100 kPa, 100 kPa, and 80 kPa in Stage 2, 150 kPa, 150 kPa, 
and 130 kPa in Stage 3, 200 kPa, 200 kPa, and 180 kPa in Stage 4, 250 
kPa, 250 kPa, and 230 kPa in Stage 5, 320 kPa, 320 kPa, and 300 kPa in 
Stage 6, 340 kPa, 320 kPa, and 300 kPa in stage 7, and 360 kPa, 330 kPa, 
and 300 kPa in Stage 8, respectively. Fig. 3b shows the change in the 
height of the specimens (ΔH) over time in Stage 8. Consolidation results 

Fig. 1. Grain size distribution curves for Ottawa sand and kaolin clay used in 
this study. 

Fig. 2. The variation of minimum void ratio with clay contents.  

Fig. 3. The change in the height of the specimens (ΔH) (a) during saturation 
(Stage 1 to Stage 6) and consolidation (Stage 7 to Stage 8) and (b) over time 
during the consolidation (Stage 8) (0 %C-CT: CT specimen without clay; 0 %C- 
CHC: CHC specimen without clay; 5 %C-CT: CT specimen with 5% clay; 5 %C- 
CHC: CHC specimen with 5% clay; 10 %C-CT: CT specimen with 10% clay; 10 
%C-CHC: CHC specimen with 10% clay; 20 %C-CT: CT specimen with 20% clay; 
20 %C-CHC: CHC specimen with 20% clay). 
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showed that all specimens were consolidated within a short time (<200 
s) due to the relatively low clay contents (0%, 5%, 10%, and 20%) 
(Fig. 3b). Then, the specimens were sheared according to the experi
mental plan in Table 2 at the shearing stage. During this stage, insig
nificant change in pore water pressure (i.e., excess pore water pressure) 
(i.e., < 2 kPa in the specimens containing clay at 0%, 5%, and 10%, and 
< 3.7 kPa in the specimens with 20% clay) was measured due to low clay 
content (≤20%) and low cyclic vertical stress ratio (CVSR = 0.15). As a 
result, the evolution of excess pore water pressure and its effect on the 
behavior of sand-clay specimens was negligible in this study. In Table 2, 
cyclic triaxial and hollow cylinder tests were denoted as CT and CHC, 
respectively. The test IDs of CT10 and CHC10 represent the cyclic 
triaxial and hollow cylinder tests on the specimens containing 10% clay. 
Furthermore, σz

amp, τzθ
amp, η, CVSR, f, and N in Table 2 are the amplitudes 

of cyclic vertical stress, amplitudes of cyclic torsional shear stress, cyclic 
torsional stress ratio (σz

amp / τzθ
amp), cyclic vertical stress ratio (σz

amp / 
2p’0), frequency, and number of load cycles, respectively. The p’0 in 
cyclic vertical stress ratio is the initial mean effective stress (=σ’z0 +

σ’r0 + σ’θ0)/3) (σ’z0: initial effective axial stress, σ’r0: initial effective 
radial stress, and σ’θ0: initial effective circumferential stress) (p’0 =

40kPa in this study) (Cai et al., 2015). As seen in Table 2, the triaxial 
specimens were only subjected to cyclic vertical stress (12 kPa) to mimic 
the stress path in triaxial tests. On the other hand, the hollow cylinder 
specimens were cyclically imposed to both axial stress (12 kPa) and 
torsional shear stress (4 kPa) to simulate a heart-shaped stress path (Cai 
et al., 2017; Guo et al., 2018). According to the results of previous 
studies using heart shaped stress path, most of permanent deformations 
take place within the first 5000 load cycles (Cai et al., 2015, 2017; Guo 
et al., 2016, 2018). Therefore, all specimens were subjected to 5000 load 
cycles. In addition, the loading frequency of 1 Hz was used in this study.  

Testing Apparatus 

A hollow cylinder apparatus (HCA) was used in all tests (i.e., triaxial 
and hollow cylinder) of this study. This testing system uses a hollow 
cylinder specimen that is 200 mm in height (H), 100 mm in outer 
diameter (do), and 60 mm in internal diameter (di). An HCA enables 
experimenters to independently control four degrees of load compo
nents. Therefore, complex stress paths and principal stress rotation can 
be simulated by an HCA (Cai et al. 2015; Guo et al. 2018; Qian et al., 
2018; Wang et al. 2018). More detailed information on this apparatus 
can be found in Cai et al. (2015), Gräbe and Clayton (2009), Guo et al. 
(2018), Wang et al. (2018), and Xiong et al. (2015). 

Stress-Strain Conditions 

A hollow cylinder specimen is subjected to an axial load (W), torque 
(MT), outer cell pressure (po), and inner cell pressure (pi) by an HCA. The 

following stress and strain components can develop in a hollow cylinder 
specimen due to these loads: axial stress (σz), torsional shear stress (τzθ), 
radial stress (σr), circumferential stress (σθ), major principal stress (σ1), 
intermediate principal stress (σ2), minor principal stress (σ3), axial strain 
(εz), shear strain (γzθ), radial strain (εr), and circumferential strain (εθ). 
An illustration of the stress and strain states in a hollow cylinder spec
imen can be seen in Fig. 4. The θ and α in Fig. 4 also represent rotational 
displacement and rotational angle, respectively. Table 3 presents the 
equations by Hight et al. (1983) that were used for calculating the stress 
and strain components in the current study. The ro, ri, ΔH, uo, ui, θ, ε1, ε2, 
and ε3 in Table 3 are outer radius, inner radius, axial displacement, outer 
radius movement of the wall of the specimen, inner radius movement of 
the wall of the specimen, rotational displacement, major principal 
strain, intermediate principal strain and minor principal strain, 
respectively. 

Heart-Shaped Stress Path 

A soil particle is subjected to a principal stress rotation (PSR) due to a 
moving wheel load, which is illustrated in Fig. 5. Such a PSR behavior 
can be simulated by a heart-shaped stress path in a laboratory test setup 
more accurately. A heart-shaped stress path involves axial stress (σz) and 
torsional shear stress (τzθ) in the deviatoric stress space (τzθ to (σz-σθ)/2). 
Circumferential stress (σθ) and radial stress (σr) are also imposed to a 
specimen during this stress path by an HCA. The predefined waveforms 
in Fig. 6a were used for cyclic axial stress and cyclic torsional shear 
stress for simulating a heart-shaped stress path in Fig. 6b. The α in 
Fig. 6b is the angle of the major principal stress (σ1) with respect to the 
vertical and varies between –π/2 and π/2 (Cai et al., 2015). These 
waveforms are mathematically defined in Eqs. (1) and (2). 

σcyc
z = 0.5σamp

z

[
1
2

cos
(

4π
T

t
)

− cos
(

2π
T

t
)

+
1
2

]

(1)  

τcyc
zθ = 0.77τamp

zθ

[

sin
(

2π
T

t
)

−
1
2

sin
(

4π
T

t
)]

(2)  

where σcyc
z , τcyc

zθ , t and T are cyclic axial stress, cyclic torsional shear 
stress, elapsed time, and period (1 s in this study). 

Results and Discussion 

Stress Paths 

As mentioned earlier, a CHC test can generate a heart-shaped stress 
path by applying axial stress (σz) and torsional shear stress (τzθ) simul
taneously (Fig. 6). On the other hand, a CT test is capable of imposing 
only axial stress (σz) on a specimen, producing a stress path that is a 
straight line on the horizontal axis ((σz

cyc-σθ
cyc)/2) of a deviatoric stress 

space (τzθ
cyc to (σz

cyc-σθ
cyc)/2). In this study, the CHC specimens were sub

jected to both axial stress and torsional shear stress simultaneously while 
only axial stress was applied on the CT specimens. Fig. 7 shows a typical 

Table 2 
The experimental plan followed in this study.  

Test ID Sand (%) Clay (%) Tests σz
amp (kPa) τzθ

amp (kPa) η CVSR f (Hz) N 

CT0 100 0 CT 12 0 0 0.15 1 5000 
CT5 95 5 
CT10 90 10 
CT20 80 20 
CHC0 100 0 CHC 12 4 1/3 0.15 1 5000 
CHC5 95 5 
CHC10 90 10 
CHC20 80 20 

Note: CT = cyclic triaxial test; CHC = cyclic hollow cylinder test; CT0 = the triaxial specimen containing 0% clay; CHC0 = the hollow cylinder specimen containing 0% 
clay; σz

amp = the amplitude of cyclic vertical stress; τzθ
amp = the amplitude of cyclic torsional shear stress; η = cyclic torsional stress ratio; CVSR = cyclic vertical stress 

ratio; f = frequency; N = number of load cycles. 
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example of target and applied stress waveforms (i.e., cyclic axial stress 
and torsional shear stress) and corresponding stress paths within a 
loading cycle. It is obvious in Fig. 7a that the axial stresses applied in 
both CT and CHC tests match well with the target axial stress. In addi
tion, it can be said according to Fig. 7b that a satisfactory stress wave
form for the torsional shear stress is achieved in CHC test. However, as 

expected, no torsional shear stress was measured in CT test (Fig. 7b). For 
the stress paths, the heart-shaped stress path and CT stress path applied 
in this study match well with their target stress paths as clearly observed 
in Fig. 7c. Based on the results from Fig. 7, it can be said that the test 
results presented here have an acceptable reliability for a better un
derstanding of the deformation characteristics of medium-dense sand- 
clay mixtures under repeated traffic loads. 

Effect of Principal Stress Rotation on Axial Strain Behavior 

Axial Strain Development 
Fig. 8 shows axial strain accumulations in CT and CHC specimens 

that contained 0%, 5%, 10%, and 20% clay with increasing number of 
load cycles. “N”, “C”, “CT”, and “CHC” in Fig. 8 are the number of load 
cycles, clay, cyclic triaxial, and cyclic hollow cylinder specimens, 
respectively. In addition, “0%C-CT” and “0%C-CHC” in Fig. 8 represent 
cyclic triaxial and cyclic hollow cylinder specimens containing 0% clay, 
respectively. εz ≥ 5% was adopted as a cyclic failure criterion of this 
study to determine whether a specimen fails (Vaid and Chern, 1983; 
Hyodo et al., 1991, 1994; Cheung, 1994; Li et al., 2011; Georgiannou 
and Konstadinou, 2014; Qian et al., 2016; Shen et al., 2017). Fig. 8 

Fig. 4. Stress and strain states in a hollow cylinder specimen (Guo et al., 2018; Wang et al., 2018).  

Table 3 
The equations used for the stress and strain components (Hight et al., 1983).  

Component Stress Strain 

Axial 
σz =

W
π(r02 − ri2)

+
por0

2 − piri
2

(r02 − ri2)
εz =

ΔH
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
(
ro

3 − ri
3)

3π(ro2 − ri2)(ro4 − ri4)

]

γzθ =
θ
(
ro

3 − ri
3)

3H(ro2 − ri2)
Major principal 

σ1 =
σz + σθ

2
+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(σz − σθ

2

)2
+ τzθ2

√

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
+ τzθ2

√

ε3 =
εz + εθ

2
−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(εz − εθ

2

)2
+ γzθ

2

√

Note: σz = axial stress; σθ = circumferential stress; σr = radial stress; τzθ = torsional shear stress; σ1 = major principal stress; σ2 = intermediate principal 
stress; σ3 = minor principal stress; W = axial load; MT = torque; po = outer cell pressure; pi = inner cell pressure; ro = outer radius; ri = inner radius; εz =

axial strain; εθ = circumferential strain; εr = radial strain; ε1 = major principal strain; ε2 = intermediate principal strain; ε3 = minor principal strain; γzθ =

shear strain; H = initial height of the specimen; ΔH = axial displacement; uo = outer radius movement of the wall of the specimen; ui = inner radius 
movement of the wall of the specimen; θ = rotational displacement. 

Fig. 5. The PSR acting on a soil particle while a moving wheel load (Guo 
et al., 2016). 
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shows that most axial strain develops within the first 1000 load cycles in 
all specimens except for the specimen of 20 %C-CHC and then axial 
strain is growing steadily with increasing number of load cycles (N ≥
1000). Unlike the other specimens, a steady value for axial strain was 
not obtained in the specimen of 20 %C-CHC because it failed at N = 478 
as a result of a sharp increase in axial strain. It is also clearly seen in 
Fig. 8 that the CHC specimens produced larger axial strain than the CT 
specimens. That could be attributed to the principal stress rotation 
induced by the heart-shaped stress path. On the other hand, Figs. 8a-8g 
indicate that the sand-clay specimens with 0%, 5%, 10%, and 20% clay 
exhibited axial strain<0.12% after 5000 load cycles, showing that they 
carried the applied loads without failure (i.e., εz < 5%). It can be claimed 
from the test results (Figs. 8a-8f) that the principal stress rotation has a 
small impact on axial strain behavior of medium-dense sand-clay mix
tures containing up to 10% clay (i.e., ≤10%). This could be due to low 
cyclic vertical stress ratio (CVSR = 0.15) used in this study since an axial 
strain behavior of soils under a principal stress rotation is highly 
dependent on stress ratios (Cai et al., 2015, 2018; Guo et al., 2018). In 

other words, the impact of a principal stress rotation may become more 
apparent as CVSR increases. In addition to stress ratios, clay content is 
another factor that influences axial strain behavior of a sand-clay 
mixture since clay can exhibit higher deformations than sand under 
same loading conditions. Regarding the clay content, Simpson and 
Evans (2016) reported that clay becomes more dominant in sand-clay 
mixtures at percentages greater than the critical fine content, resulting 
in the displacement of sand particles. Thus, it is expected that axial 
deformation under loading is mainly governed by sand particles in sand- 
clay mixtures with clay up to the critical fine content (≤20% for this 
study). Accordingly, the test results presented in Figs. 8a-8g could be 
also attributed to the critical fine content that was found to be 20% in 
this study at which a minimum void ratio (0.53) was obtained (Fig. 2). 
Nevertheless, a quick accumulation of axial strain developed in the 20 % 
C-CHC due to the principal stress rotation (Fig. 8h). As a result, the 
specimen 20 %C-CHC reached 5% axial strain at 478th load cycles and 
therefore, failed (εz ≥ 5%). This can be explained that the contact area 
between sand particles reduces significantly under the principal stress 

Fig. 6. Illustration of (a) the waveforms predefined for cyclic stresses and (b) a heart-shaped stress path.  

Fig. 7. Stress conditions used in CT and CHC tests within a loading cycle: a) target and applied waveforms for cyclic axial stress, b) target and applied waveforms for 
cyclic shear stress, and c) stress paths. 
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rotation despite low CVSR and critical fine content and consequently, 
clay particles govern the axial deformation development in a medium- 
dense sand-clay mixture with 20%. Based on these results, it can be 
claimed that the critical clay content for medium-dense sand-clay mix
tures is 20% for CT tests. However, it is recommended that the sand-clay 
mixtures be studied for different clay contents (between 10% and 20%) 
via CHC tests further to ensure the critical clay content under a principal 
stress rotation. It can be concluded from the overall evaluation of the 
results in Figs. 8a-8h that the principal stress rotation may need to be 
taken into account for a better understanding of axial strain behavior of 
medium-dense sand-clay mixtures under repeated traffic loads, partic
ularly as clay content (>20%) and stress ratios increase. Moreover, a 
quick growth of axial deformation due to PSR may lead failure in soils, as 
observed in the 20 %C-CHC (Fig. 8h). Thus, these results emphasize the 
importance of evaluating the impact of PSR on predicting soil behavior 
under traffic loads more accurately. 

The concept of “shakedown” is employed to define permanent 
deformation behavior of soils under repeated traffic loads. Fig. 8 also 
provides results for the shakedown behavior of the sand-clay mixtures. 

Fig. 8 shows that all specimens (except the 20 %C-CHC) experience 
plastic creep behavior (a type of shakedown). In other words, increase 
rate of permanent axial strain decreases or remains nearly constant at a 
relatively low level after a large number of load cycles. It is also observed 
from the results in Fig. 8 that decrease in the permanent strain rate 
becomes smaller in the CHC specimens compared to the CT specimens. 
This indicates that the principal stress rotation influences shakedown 
behavior of sand-clay mixtures. However, this effect is determined to be 
insignificant for these specimens due to small axial stress applied and 
low clay content used in the sand-clay mixtures (i.e., ≤10%). Unlike the 
20 %C-CT, the 20 %C-CHC exhibits ratchetting behavior (i.e., another 
type of shakedown) that result in an unstable increment in permanent 
axial strain with number of load cycles and failure of it in earlier cycles 
due to the excessive permanent axial strain (≥5%). 

Figs. 8g-8h show that the principal stress rotation plays an important 
role on shakedown behavior of sand-clay mixtures with increasing clay 
content (≥20%) even under small axial stress. In addition, ratchetting 
behavior should always be avoided in field applications (Qian et al., 
2016). For this reason, the principal stress rotation may need to be taken 

Fig. 8. Axial strain accumulation with the number of load cycles (N): a) CT specimen with 0% clay; b) CHC specimen with 0% clay; c) CT specimen with 5% clay; d) 
CHC specimen with 5% clay; e) CT specimen with 10% clay; f) CHC specimen with 10% clay; g) CT specimen with 20% clay; h) CHC specimen with 20% clay. 
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into account for a more realistic evaluation of shakedown behavior of 
sand-clay mixtures under long-term traffic loads depending on clay 
content and the magnitude of axial stress applied. 

Axial Stress-Strain Behavior 
Axial stress–strain curves provide valuable insight about material 

behavior of soils and thus are important for a more accurate prediction 
of the deformation characteristics of soils. Moreover, the axial stress–
strain behavior of sand-clay mixtures may become time-dependent 
particularly with clay inclusion since clay soils exhibit time-dependent 
compression behavior under loads (Yin and Wang, 2012; Yin et al., 
2015; Zhu et al., 2016). The axial stress–strain behaviors of the sand-clay 
mixtures under two different stress paths (i.e., the heart-shaped stress 
path, and CT stress path) are illustrated in Fig. 9. It is observed in 
Figs. 9a-9b that the CT and CHC specimens without clay (i.e., 0 %C-CT, 
and 0 %C-CHC) generate an elasto-plastic behavior with perfect plas
ticity. In other words, although the rearrangement of sand particles 
under the PSR causes larger axial strain in the 0 %C-CHC, the time- 

dependent (slow) axial strain develops in both specimens under a con
stant cyclic axial stress (12 kPa in this study). Similar behavior (an 
elasto-plastic behavior with perfect plasticity) is also observed for the 5 
%C-CT and 10 %C-CT specimens (Figs. 9c and 9e). However, larger axial 
strain develops in these specimens under a constant cyclic axial stress 
due to the time-dependent compression behavior of clay. Moreover, the 
impact of clay content on the time-dependent axial stress–strain 
behavior of sand clay mixtures (containing clay ≤ 10%) is determined to 
be insignificant under the CT stress path, which could be explained by 
low stress ratio (CVSR = 0.15). On the other hand, the 5 %C-CHC and 10 
%C-CHC exhibit strain hardening behavior where the applied axial 
stress tends to slightly rise with increasing axial strain (Figs. 9d and 9f), 
indicating that the PSR influences the time-dependent axial stress–strain 
behavior of sand-clay mixtures containing clay up to 10% (i.e., ≤10%). 
The 20 %C-CT specimen also exhibits strain hardening behavior 
(Fig. 9g), which implies that the effect of time-dependent behavior of 
clay on the stress–strain behavior of the CT specimens becomes apparent 
at high clay content (20% in this study). Conversely, 20 %C-CHC 

Fig. 9. Axial stress–strain behaviors of sand-clay mixtures under the CT stress path and heart-shaped stress path: a) CT specimen with 0% clay; b) CHC specimen with 
0% clay; c) CT specimen with 5% clay; d) CHC specimen with 5% clay; e) CT specimen with 10% clay; f) CHC specimen with 10% clay; g) CT specimen with 20% clay; 
h) CHC specimen with 20% clay. 
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(Fig. 9h) performs strain softening behavior in which the axial stress 
gradually decreases (i.e., stress releases) with increasing axial strain. As 
a result of this, the 20 %C-CHC specimen weakens under the heart- 
shaped stress path, inducing an acceleration in permanent axial strain. 
Thus, it fails during earlier loading cycles (Nfailure = 478). It can be 
speculated that the PSR influences the material behavior of medium- 
dense sand-clay mixtures more than the presence of clay at low clay 
contents (<20%) (from an elasto-plastic behavior to strain hardening 
behavior). At a higher clay content (20% in this study), the material 
behavior also changes from strain hardening to strain softening due to 
the PSR even though small cyclic axial stress is applied. The effect of 
loading frequency on the axial stress–strain behavior of medium-dense 
sand-clay mixtures can be important too; however, it was not studied 
in this article. 

Soil is not an elastic material and thus produces axial stress–strain 
hysteretic loops under cyclic loads (Guo et al., 2016). Fig. 10 shows the 
axial stress–strain hysteretic loops marked at different load cycles (N =
1, 100, 1000, 2000, 3000, 4000, and 5000 except for the specimen of 20 

%C-CHC). For the CHC specimen with 20% clay, the hysteretic loops 
were plotted at N = 1, 100, and 478 since it failed at N = 478 (εz ≥ 5%) 
(Fig. 8h). Fig. 10 shows that the axial stress–strain loops of all CT and 
CHC specimens shift to the right implying that they are subjected to an 
increasing axial strain. According to the results shown in Figs. 10a-10b, 
almost half of the axial strain observed in the specimens without clay (i. 
e., 0 %C-CT, and 0 %C-CHC) takes place within the first 1000 load cy
cles. Then, the distance between loops reduces as the specimen ap
proaches to a stable position in which the increase in axial strain tends to 
decrease. That results in denser axial stress–strain curves when the 
hysteretic loops coincide with the previous ones due to small axial 
strains. This is more apparent in the 0 %C-CT than the 0 %C-CHC since it 
produces smaller axial strains. Nevertheless, it can be claimed that both 
specimens give dense axial stress–strain curves over the entire load cy
cles (Figs. 9a-9b). Similar finding was also obtained from the 5 %C-CT 
and 10 %C-CT regarding the dense axial stress–strain curves (Figs. 9c 
and 9e). However, these specimens underwent approximately 80% of 
their axial strain within the first 1000 load cycles (Figs. 10c and 10e), 

Fig. 10. Axial stress–strain hysteretic loops at different load cycles: a) CT specimen with 0% clay; b) CHC specimen with 0% clay; c) CT specimen with 5% clay; d) 
CHC specimen with 5% clay; e) CT specimen with 10% clay; f) CHC specimen with 10% clay; g) CT specimen with 20% clay; h) CHC specimen with 20% clay. 
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which is likely due to the presence of clay compared to the specimens 
without clay. On the other hand, as expected, the 5 %C-CHC, 10 %C- 
CHC, and 20 %C-CT produce initially sparse and then dense axial 
stress–strain curves (Figs. 9d, 9f, and 9g). The initial sparse curves ob
tained from these specimens indicate a relatively rapid increase in axial 
strain accumulation causing that>90% of the axial strain of these 
specimens developed within the first 1000 load cycles (Figs. 9d, 9f, and 
9g). After 1000 load cycles, the loops nearly overlapped with the pre
vious ones. Figs. 9e-9f show that the principal stress rotation may 
initially cause sparse curves even under small axial stress as a result of 
clay inclusion (i.e., higher axial strain development in earlier load cycles 
due to clay inclusion). 20 %C-CHC exhibited unstable behavior in terms 
of axial strain development due to the principal stress rotation. How
ever, more sparse loops induced by a sharp increase in axial strain are 
not clearly seen in Fig. 9h due to the scale used for the horizontal axis. 

Fig. 11 shows the axial stress–strain hysteretic loops that are 

translated to the original point to better analyze the dissipated energy 
characteristics of the sand-clay mixtures subjected to the CT and heart- 
shaped stress paths. Based on the results in Fig. 8, it can be said that most 
of the axial strain develops within the first 1000 load cycles and then the 
specimens perform nearly stabilized axial strain behavior. Therefore, the 
hysteretic loops in Figs. 11a-11g were plotted at N = 1, 100, 1000, and 
5000 for the specimens that did not fail. As for the specimen that failed 
(i.e., 20 %C-CHC), the hysteretic loops were plotted at N = 1, 100, and 
478, which is indicated in Fig. 11h. Dissipated energy (i.e., area of the 
hysteretic loops) influences microstructure of materials, which causes 
irrecoverable strain development and deterioration under cyclic loads 
(Tao et al., 2010; Yin and Chang, 2013; Qian et al., 2016). In other 
words, more energy dissipates as permanent strain increases which also 
results in opening of the hysteretic loops. On the other hand, the hys
teretic loops can be nearly closed under very small permanent strain. 
The opening of the loops becomes more apparent in the specimen of 20 

Fig. 11. The axial stress–strain loops at certain load cycles starting at the original point: a) CT specimen with 0% clay; b) CHC specimen with 0% clay; c) CT specimen 
with 5% clay; d) CHC specimen with 5% clay; e) CT specimen with 10% clay; f) CHC specimen with 10% clay; g) CT specimen with 20% clay; h) CHC specimen with 
20% clay. 
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%C-CHC as a result of a quick accumulation of the permanent axial 
strain over the entire number of cycles (N = 478) (Fig. 11h). Further
more, larger energy dissipation (i.e., larger area of the loops) is observed 
in 20 %C-CHC, causing the increase of irrecoverable strain (permanent 
strain). The opening of the hysteretic loops also occurs in the following 
specimens: 5 %C-CHC, 10 %C-CHC, and 20 %C-CT at N = 1 (Figs. 11d 
and 11f-11g). This is observed for these specimens since they produced 
the axial stress–strain hysteretic loops that are initially sparse resulting 
from a rapid increase of permanent strain in earlier cycles (Figs. 10d and 
10f-10g). However, the loops are nearly closed in these specimens with 
increasing number of load cycles indicating very small development of 
permanent strain. The closed loops are also achieved in the specimens of 
0 %C-CT, 0 %C-CHC, 5 %C-CT, and 10 %C-CT that performed very small 
permanent strain (Figs. 11a-11c and 11e). Based on the results from 
Fig. 11, it can be speculated that the area of the hysteretic loops is 

influenced by the principal stress rotation and clay content. 

Effect of Principal Stress Rotation on Shear Strain 

Shear Strain Development 
Fig. 12 shows shear strain development in the CT and CHC specimens 

with number of load cycles (N). A logarithmic scale was used for the 
horizontal axes (i.e., N) in Fig. 12 to better indicate shear straining 
particularly during earlier cycles. In addition, while the shear strain vs 
number of load cycles curves in Figs. 12a-12g were plotted over the 
entire loading cycles (N = 5000), the curves in Fig. 12h were plotted 
until 478th load cycle at which the 20 %C-CHC failed (εz ≥ 5%). It is 
obvious in Fig. 12 that no shear strain developed in all CT specimens, 
which is because no torsional shear stress was applied in the CT tests of 
this study (i.e., η = 0). On the other hand, as shown in Fig. 12, the 

Fig. 12. Shear strain accumulation in CT and CHC specimens with the number of load cycles (N): a) CT specimen with 0% clay; b) CHC specimen with 0% clay; c) CT 
specimen with 5% clay; d) CHC specimen with 5% clay; e) CT specimen with 10% clay; f) CHC specimen with 10% clay; g) CT specimen with 20% clay; h) CHC 
specimen with 20% clay. 
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torsional shear stress (τzθ
amp = 4 kPa) induced shear strain development in 

all CHC specimens. In a loading cycle, the torsional shear stress was 
implemented as + 4 kPa in counterclockwise (i.e., compression or 
loading) direction at first and then –4 kPa in clockwise (i.e., extension or 
unloading) direction. While 4 kPa resulted in shear strain in compres
sion (loading), − 4 kPa produced shear strain in extension direction 
(unloading). 

Figs. 12b, 12d, and 12f clearly show that the CHC specimens without 
failure yield shear strain performances<0.8% over the entire loading 
cycles (N = 5000). Moreover, they reached to a stable position in both 
directions after a finite number of load cycles, which means that no 
significant change occurred in shear strain with increasing load cycles. 
The CHC specimen with 0% clay exhibited negligible shear strain per
formances (γzθ < 0.1%) in compression (loading or counterclockwise 
direction) that were nearly constant over the entire loading cycles 
(Fig. 12b). This can be explained that the interlocking of sand particles 
quickly happened in this direction, causing no more rotation (shear 
strain). On the other hand, larger shear strains developed in extension 
(unloading or clockwise direction) throughout the test. This can be 
explained that strain softening behavior happened in this direction at N 
= 10. The strain softening behavior could be resulted from relaxation of 
the torsional shear stress (from + 4 kPa to – 4 kPa) in reverse (extension) 
direction. However, this specimen exhibited strain hardening behavior 
with increasing load cycles after N = 10 and reached to a stable level at 
approximately N = 400 in extension direction due to the interlocking of 
sand particles. As for the 5 %C-CHC, the shear strain accumulated 
cumulatively in compression until N = 4 (Fig. 12d). Then, it reached to a 
stable level for shear strain (i.e., no more shear strain) due to the 
interlocking of sand and clay particles. On the other hand, this specimen 
generated less shear strain in extension, indicating that the interlocking 
took place more quickly in this direction. According to the results in 
Figs. 12b and 12d, the 5 %C-CHC yielded larger shear strains, which was 
attributed to the clay addition since it has a higher compressibility 
characteristic than sand. Despite increasing clay content, less shear 
strain was accumulated in the 10 %C-CHC specimen compared to that of 
observed for the 5 %C-CHC specimen (Figs. 12d and 12f). In compres
sion direction, the 10 %C-CHC specimen produced constant shear strain 
until approximately 2000 load cycles (Fig. 12f). After N = 2000, the 
shear strain decreased to a stable value due to the interlocking of sand 
and clay particles. Furthermore, most of the shear strain of the 10 %C- 
CHC developed in extension direction because of the strain softening 
behavior. The strain softening behavior continued until approximately 
N = 2000 at which the specimen started to exhibit strain hardening 
behavior and reached to a stable position quickly. Unlike the other 
specimens, the shear strain accumulated continuously in the 20 %C-CHC 
throughout the test (Fig. 12h). This can be explained that the 20% clay 
inclusion by weight significantly reduced the contact area between sand 
particles and thus less interlocking of sand particles happened under the 
principal stress rotation. In addition, it is observed that most of the shear 
strain developed for 20 %C-CHC in compression direction. 

It is known that strain behavior of soils under a heart-shaped stress 
path is highly influenced by stress ratios (CVSR and η) as well as soil 
types (Cai et al., 2015, 2018; Guo et al., 2018). Large shear strain may 
develop in soft soils at low stress ratios, while higher stress ratios are 
required for large strain in granular soils. However, the impact of 
different CVSR and η values on strain behavior of the sand-clay mixtures 
was not within the scope of this study; therefore, it was not studied. 
Nevertheless, it can be claimed from the results of Fig. 12 together with 
the available literature that the effect of the principal stress rotation on 
shear strain development in the sand-clay mixtures may become more 
apparent irrespective of clay content with increasing stress ratios. 
Therefore, it needs to be taken into account while evaluating shear strain 
accumulation in sand-clay mixtures due to the principal stress rotation 
induced by a heart-shaped stress path. 

Torsional Shear Stress-Strain Behavior 
Fig. 13 illustrates the shear stress–strain performances of all CHC 

specimens for different clay contents (0%, 5%, 10%, and 20% by 
weight). To better understand the shear stress–strain behaviors of the 
CHC specimens with increasing number of load cycles, they were also 
plotted at different cyclic loads (N = 1, 10, 100, 1000, and 5000 except 
for the 20 %C-CHC) (Figs. 14a–14c). For the 20 %C-CHC, the shear 
stress–strain curves were plotted at N = 1, 10, 100 and 478 (Fig. 14d). 
Since no shear strain developed in the CT specimens (Fig. 12), the shear 
stress–strain curves of these specimens are not presented in Figs. 13-14. 
Fig. 13 clearly shows that the shear stress–strain curves are asymmetric 
indicating that all specimens exhibited different shear strain perfor
mances in loading (compression) and unloading (extension) directions 
in a loading cycle. The 0 %C-CHC and 10 %C-CHC generated most of the 
shear strain developed in unloading (extension) direction (Figs. 13a- 
13b). This can be explained that a better interlocking of soil particles 
was likely to occur in loading direction for these specimens. On the other 
hand, most of the shear strain of the 5 %C-CHC and 20 %C-CHC accu
mulated in loading direction. In addition, these specimens produced 
sparse shear stress–strain curves implying that the shear strain devel
oped quickly. 

As clearly seen in Fig. 14a, the 0 %C-CHC produced nearly linear 
hysteretic shear stress–strain loops and very small shear strains in 
compression, resulting in a small dissipated energy. This also confirms 
the findings presented in Fig. 12b where the 0 %C-CHC yields a very 
small shear strain and thus quickly reaches to a stable value for the shear 
strain in compression. On the other hand, according to Fig. 14a, the 
hysteretic loops firstly shift to the left in extension with increasing 
number of cycles indicating larger dissipated energy because of the 
strain softening behavior in this direction. Then, the loops move to the 
right after a small number of load cycles (N > 10), which is likely to 
occur due to the hardening behavior. It is obvious in Fig. 14a that the 
loops coincide with the previous ones with increasing number of load 
cycles implying that a stable shear strain position for the specimen is 
reached in both directions. 

Fig. 14b shows that there is the large distance between the hysteretic 
loops during the earlier cycles of the test and then the loops nearly 
coincide with the previous ones as the number of load cycles rises. The 
large distances between the loops were likely to occur due to the clay 
addition as well as the principal stress rotation. This finding agrees with 
the results in Fig. 12d where the specimen performs a shear strain that 
firstly accumulated rapidly in compression due to the strain softening 
and then stabilizes in both directions after a small number of load cycles 
(N > 4). Furthermore, most of the energy dissipated in compression 
direction, which resulted in a higher shear strain development. Even 
though the higher shear strain developed in earlier cycles, less dissipated 
energy was observed at N = 1 (Fig. 14b). The less dissipated energy is the 
result of lower torsional shear stress. The high shear strain of this 
specimen accounts for the lower torsional shear stress obtained in earlier 
cycles (Fig. 14b). It is also seen that the torsional shear stress applied 
reached to its target value (4 kPa) after a small number of load cycles. 

Fig. 14c clearly shows that the shear stress–strain hysteretic loops 
extend to the left meaning that the strain softening takes place in the 
extension direction of the 10 %C-CHC. As a result of the strain softening, 
this specimen generated higher shear strain and dissipated energy in this 
direction. On the contrary, the loops coincided in the compression with a 
less dissipated energy accounting for the lower shear strain of the 10 % 
C-CHC in this direction. From the comparison of the hysteretic loops in 
Figs. 14a and 14c, it can be claimed that more energy dissipated in 
extension direction of the 10 %C-CHC implying that more resilient shear 
strain occurred in extension direction of the 0 %C-CHC. This can be 
explained that clay material exhibits less resilient behavior than gran
ular soil due to its higher compressibility behavior under repeated loads. 
Moreover, the shear strain dramatically dropped to its stable value (as 
magnitude) in both directions after approximately 2000 load cycles 
(Fig. 12f). This accounts for the nearly linear hysteretic loop with a very 
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small dissipated energy at N = 5000 (Fig. 14c). 
Fig. 14d presents the hysteretic loops of the 20 %C-CHC that are 

plotted at N = 1, 10, 100, and 478. As observed in Fig. 14d, the hys
teretic loops progressively shifted to the right as the number of load 
cycles increased. This means that the shear strain continuously accu
mulated in this specimen throughout the test. Due to a rapid develop
ment of the shear strain in earlier cycles, the target torsional shear stress 
(4 kPa) was progressively achieved with increasing number of load cy
cles. Therefore, the lower torsional shear stress was obtained at N = 1. As 
for the dissipated energy, the dissipated energy first increased with 
increasing number of load cycles and then slightly decreased to a stable 
level after a small number of load cycles (N > 10), indicating that a 
decrease in increment rate of the shear strain happened after 

approximately 10 load cycles (Fig. 14h). Therefore, lower energy 
dissipated at N = 100 and N = 478 compared to that of at N = 10. 
Moreover, linear parts of the loops in Fig. 14h can be explained that in a 
loading cycle, an interlocking between sand and clay particles occurs in 
compression during loading. However, it was adversely affected by the 
presence of clay during unloading (i.e., loading in reverse direction). 

Conclusions 

This study experimentally examined the strain behaviors and 
stress–strain characteristics of medium-dense sand-clay mixtures with 
0%, 5%, 10%, and 20% clay by weight under CT and heart-shaped stress 
paths through a series of cyclic triaxial (CT) and hollow cylinder (CHC) 

Fig. 13. Torsional shear stress–strain responses of CHC specimens containing a) 0% clay, b) 5% clay, c) 10% clay, and d) 20% clay.  

Fig. 14. Torsional shear stress–strain responses at different load cycles: a) CHC specimen with 0% clay; b) CHC specimen with 5% clay; c) CHC specimen with 10% 
clay; d) CHC specimen with 20% clay. 
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tests. Based on the test results, the following conclusions can be drawn: 

1. The CHC specimens produced larger axial strains than the CT spec
imens confirming the influence of the PSR induced by a heart shaped 
stress path. However, despite the larger axial strain behavior in the 
CHC specimens, the effect of PSR was determined to be small at low 
clay contents (≤10%) and low CVSR (0.15).  

2. All specimens except for the 20 %C-CHC carried the applied loads 
over the whole load cycles (N = 5000) without failure (εz < 0.12%). 
These results showed that the effect of a PSR induced by a heart- 
shaped stress path may become more apparent in a medium-dense 
sand-clay mixture as clay content increases (≥20%).  

3. The soil behavior changed from an elasto-plastic behavior with 
perfect plasticity to slightly strain hardening behavior under CT and 
heart-shaped stress paths due to clay addition. On the other hand, the 
20 %C-CHC exhibited strain softening behavior. Furthermore, this 
mixture produced sparser axial stress–strain hysteretic loops and the 
axial strain continued to develop until it failed.  

4. All specimens except for the 20 %C-CHC exhibited plastic creep 
behavior under repeated loads while the 20 %C-CHC exhibited 
ratchetting behavior because of a rapid increase in axial strain.  

5. All CHC specimens without failure (εz < 5%) produced shear 
strain<0.8% over the whole load cycles (N = 5000) and reached to a 
stable position after a finite number of load cycles (N < 2000). This 
can be explained that a better interlocking of soil particles may occur 
at low stress ratios (CVSR = 0.15 and η = 1/3) and low clay contents 
(≤10%). However, the 20 %C-CHC specimen yielded increasing 
shear strain (γzθ > 0.8%) with N indicating that clay inclusion at high 
content (≥20%) may adversely affect the contact area between sand 
particles and their interlocking under loads. As a result, a shear strain 
development in a medium-dense sand clay mixture due to a PSR 
should be analyzed particularly at high clay contents (≥20%).  

6. All CHC specimens generated the shear stress–strain hysteretic loops 
in asymmetric shapes under loading and unloading directions. The 
distance between the successive shear stress–strain hysteretic loops 
decreased in the specimens without failure with increasing number 
of load cycles. Then, the loops nearly coincided with the previous 
ones implying that a stable stress–strain behavior was achieved in 
these specimens after a finite number of load cycles. As for the 20 % 
C-CHC, the loops progressively shifted to the right for this specimen 
due to increasing shear strain.  

7. It is concluded from the results that a PSR by a heart-shaped stress 
path should be taken into account to better analyze the strain re
sponses and stress–strain behaviors of the medium-dense sand-clay 
mixtures under traffic loads.  

8. This study mainly focused on the effect of a PSR induced by a traffic 
loading on the deformation responses of medium-dense sand-clay 
mixtures containing clay at low rates (≤20% by weight). Based on 
the findings of this study, it is recommended that different magni
tudes of stress ratios (CVSR and η), relative densities, and clay con
tents (>20%) be investigated in future studies to have a better 
understanding of the deformation behavior of sand-clay mixtures 
under a PSR induced by traffic loading. Moreover, the critical clay 
content of medium-dense sand-clay mixtures under a principal stress 
rotation needs to be studied for different clay contents (between 10% 
and 20%) and stress ratios in the future. 

CRediT authorship contribution statement 

Halil Ibrahim Fedakar: Conceptualization, Investigation, Visuali
zation, Writing - original draft. Bora Cetin: Supervision, Resources, 
Writing - review & editing. Cassandra J. Rutherford: Supervision, 
Resources, Writing - review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The first author of this study would like to thank the Scientific and 
Technological Research Council of Turkey (TUBITAK) for the financial 
support during his postdoctoral research at the Department of Civil, 
Construction and Environmental Engineering, Iowa State University. 

References 

Alnedawi A, Nepal KP, Al-Ameri R. Mechanistic behavior of open and dense graded 
unbound granular materials under traffic loads. Int J Geomate 2018;14(45):124–9. 
https://doi.org/10.21660/2018.45.7336. 

Alnedawi A, Nepal KP, Al-Ameri R. Effect of loading frequency on permanent 
deformation of unbound granular materials. Int J Pavement Eng 2019. https://doi. 
org/10.1080/10298436.2019.1656807. 

Belkhatir M, Missoum H, Arab A, Della N, Schanz T. Undrained shear strength of sand-silt 
mixture: Effect of intergranular void ratio and other parameters. KSCE J Civ Eng 
2011;15(8):1335–42. https://doi.org/10.1007/s12205-011-1051-x. 

Cai YQ, Guo L, Jardine RJ, Yang ZX, Wang J. Stress-strain response of soft clay to traffic 
loading. Geotech 2017;67(5):446–51. https://doi.org/10.1680/jgeot.15.P.224. 

Cai YQ, Sun Q, Guo L, Juang CH, Wang J. Permanent deformation characteristics of 
saturated sand under cyclic loading. Can Geotech J 2015;52(6):795–807. https:// 
doi.org/10.1139/cgj-2014-0341. 

Cai Y, Wu T, Guo L, Wang J. Stiffness degradation and plastic strain accumulation of clay 
under cyclic load with principal stress rotation and deviatoric stress variation. 
J Geotech Geoenviron Eng 2018;144(5). https://doi.org/10.1061/(ASCE)GT.1943- 
5606.0001854. 

Cetin A, Kaya Z, Cetin B, Aydilek AH. Influence of laboratory compaction method on 
mechanical and hydraulic characteristics of unbound granular base materials. Road 
Mater Pavement Des 2014;15(1):220–35. https://doi.org/10.1080/ 
14680629.2013.869505. 

Chai JC, Miura N. Traffic-load-induced permanent deformation of road on soft subsoil. 
J Geotech Geoenviron Eng 2002;128(11):907–16. https://doi.org/10.1061/(ASCE) 
1090-0241(2002)128:11(907). 

Cheung LW. Laboratory assessment of pavement foundation materials. Ph.D. Thesis, 
University of Nottingham; 1994. 

Cui YJ. Mechanical behaviour of coarse grains/fines mixture under monotonic and cyclic 
loadings. Transp Geotech 2018;17(A):91–7. https://doi.org/10.1016/j. 
trgeo.2018.09.016. 

Fedakar HI, Cai W, Rutherford CJ, Cetin B. Evaluation of deformation behavior of sand- 
clay mixture under traffic loads. ASCE Geo-Congress 2020: Vision. Insight, Outlook: 
MN, USA 2020;2020:201–9. 

Frost MW, Fleming PR, Rogers CDF. Cyclic triaxial tests on clay subgrades for analytical 
pavement design. J Transp Eng 2004;130(3). https://doi.org/10.1061/(ASCE)0733- 
947X(2004)130:3(378). 

Georgiannou VN, Konstadinou M. Effects of density on cyclic behaviour of 
anisotropically consolidated Ottawa sand under undrained torsional loading. 
Geotech 2014;64(4):287–302. https://doi.org/10.1680/geot.13.P.090. 
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