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Abstract. The mechanical response of flexible bonded soft (waste tyres)-rigid (crushed rock) is studied 
under cyclic loading. The use of waste tyres for different transportation infrastructure has attracted the 
attention of the engineers to understand the behaviour of these materials mixed with different geotechnical 
material like soil and crushed rock. Discrete Element Method (DEM) is employed to understand the 
behaviour. A coherent contact model is used in DEM with modelling strategy, developed for these materials. 
The contact parameters were calibrated against oedometric test responses for various mix combination. Two 
samples with varying soft contents are considered in this study, while keeping the binder content in the mix 
constant. The samples are subjected to strain and stress-controlled loading. The macroscopic stress-strain 
behaviour varies with changes in the soft and binder content percentages in the mix. The stress reduction for 
a strain-controlled test is higher for a mix containing higher soft content. Similarly for a stress-controlled 
test, the strain accumulation happens at a much higher rate for higher soft content mix. The current study 
involves loading beyond the yield. It is observed that stress reduction is influenced not only by the soft and 
binder content but also by bond breakage leading to stress reduction during the first loading cycle. 
Furthermore, a logarithmic function is proposed for both strain and stress-controlled tests to relate the 
modulus with the number of cycles. 

1 Introduction 
The use of waste tyre-based granular mix has gained the 
interest of researchers recently. However, the inclusion 
of soft particles, such as tyre leads to a reduction in the 
strength and stiffness of the mix. The addition of binders 
has proven to be an efficient solution to improve the 
properties of these mixes. In this study, a polyurethane-
based binder, which is flexible in nature, is used. 
Experimental and numerical works have been 
performed for unbonded soft-rigid mixes, and their 
behaviour under different loading conditions is well 
known now [1–6]. These studies primarily focus on the 
mechanical response of soft-rigid mixes and their 
microstructural behaviour. However, there are only 
limited studies available for the bonded soft-rigid mixes. 
The available studies mainly deal with cemented mixes 
[7] rather than using flexible binders [8], which have a 
distinct advantage over rigid binders by allowing the 
deformation of the soft particles and forming 
reinforcement network; hence improving the durability 
of the mix. Moreover, rigid binders fracture upon 
reaching their peak stress, causing the mix to behave as 
unbonded beyond that point. The studies on the flexible 
bonded soft-rigid mixes mainly focus on one-
dimensional testing[9]. However, the materials, if used 
as pavement materials, should be tested for their cyclic 
behaviour. In this study, both stress and strain-
controlled cyclic oedometer tests are performed using 
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the Discrete Element Method (DEM) to assess the 
response of the mixes with flexible binders with varying 
two different percentages of the soft content in the mix. 

2 DEM model 

2.1 Contact model 

For the current study, a contact model developed 
specifically for the mixtures of soft, rigid and flexible 
binder materials is used [9]. The normal (σ) and shear (τ) 
stresses at the bond periphery is calculated using Eq.1 
where Fn,Fs are the normal and shear forces at the bond 
periphery respectively; Mb, Mt are the bending and 
twisting moments respectively and A, R, I, J  are the 
cross-sectional parameters area, radius, moment of 
inertia and polar moment of inertial respectively. 
 

σ = Fn

A
+

‖Mb‖R
I

 (1a) 

τ=
Fs
A

+
‖Mt‖R

J
 (1b) 

When the bond stress reaches the peak stress in tension, 
it is forced to enter a softening regime instead of 
immediate failure. During softening, the bond stresses 
are reduced, and the bond is allowed to elongate up to a 
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certain maximum length (l*) depending on the critical 
bond length at peak stress (lc) given by Eq. 2.  
 
     l*=lc(1+α)    (2) 
 
It can be seen the bond length is controlled by a 
parameter called softening parameter (α) which controls 
the rate of softening of the bonds. The bond fails once 
the bond stresses reach below a certain predefined stress 
which is predefined as a factor of the peak stress. For 
shear, the bond fails immediately after peak stress is 
reached [9]. Once the bond fails in either tension or 
shear, all forces and moments are set to zero and bond 
parameters are replaced by unbonded contact 
parameters. There will be some softening that will be 
observed for the bonds under shear but to keep the 
number of contact parameters to the minimum, it is 
assumed that the softening of the bonds in shear will be 
negligible. The contact parameters for different 
proportions of the mix are calibrated and validated 
against 1D compression results observed in the 
experiments. 

2.2 Sample preparation and loading  

A cylindrical sample with 50 mm in height and 105 mm 
in diameter (Fig. 1a) is prepared with the same particle 
size distribution used in the 1D compression 
experiments [8] used for validation in the current study 
(Fig. 1b). 

 
Fig. 1. Sample preparation and loading in DEM (a) prepared 
sample with dimensions and loading conditions (b) calibration 
of the particle size distribution with experiments (c) loading-
unloading criteria used. 

During the sample preparation, a linear contact model is 
used with zero frictional coefficient for improving the 
computational efficiency in terms of reducing the 
unbalanced maximum force at the contact points to 
negligible. After the sample is prepared with a simple 
contact model, the contact model, briefly discussed in 
the previous section, is installed at the contact points. 
The calibrated normal and shear bonded stiffness is 
5×1012 N/m3. The softening factor defined in Eq. 2 is 
considered to be 2 which means the stiffness of the 
bonds at the softening stage will be half of the original 
stiffness. The tensile strength and cohesion for shear 
strength are defined differently for different contact 
types. In the next step, all inactive contacts are deleted, 

and no new bonded contacts are allowed to form. 
Instead, if a new contact is formed or a bond breaks, it 
is assigned with an unbonded contact model. The 
contact parameters used for the unbonded contacts can 
be found in previous studies by Alam et al. [2,3]. The 
samples are then subjected to velocity-controlled cyclic 
loading with desired maximum and minimum 
stress/strain levels (Fig. 1c). The maximum and 
minimum stresses considered for the current study are 
1000 kPa and 300 kPa, respectively. In contrast, the 
strains are varied from 1.5% and 0.6%, respectively, 
with a maximum allowable velocity of 0.01 m/s to 
ensure quasi-static loading [10] in each loading and 
unloading cycle. Quasi-static loading is done to keep the 
cyclic test in the low-frequency range [11] and prevent 
higher-frequency effects known to influence cyclic 
behaviour [12]. 

3 Results 
The effect of stress-controlled and strain-controlled 
loading is studied here for two different soft content by 
volume cases (20% and 60%) with a fixed proportion of 
binder by weight of 4%. 

3.1 Strain-controlled loading 

Fig 2 illustrates the cyclic response of two granular 
mixes with different soft content percentages: 20% (Fig. 
2a) and 60% (Fig. 2b). The samples are subjected to 30 
loading cycles with a minimum and maximum strain of 
0.6% and 1.5%, respectively. A clear stress-relaxation 
effect is observed, characterized by a reduction in 
vertical stress at both peak strains (𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚) and valley 
strains (𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚). The extent of stress-relaxation is notably 
higher for the mix with 60% soft content (Fig. 2a). In the 
initial cycles, the 60% soft content mix exhibits greater 
stress-relaxation compared to the 20% mix. However, 
for the 20% mix, the rate of stress-relaxation remains 
relatively constant throughout the cycles. This suggests 
that stress-relaxation is primarily influenced by bond 
breakage in the early loading cycles. Once the bond 
breakage stabilizes, the rate of stress reduction also 
decreases, as evident in Fig. 2b. 

3.2 Stress-controlled loading 

3.2.1 Stress-strain response 

To further investigate the behaviour of these mixes 
under cyclic loading, stress-control tests are performed 
for 30 cycles between stress levels of 1000 kPa and 300 
kPa for soft contents of 20% (Fig. 2c) and 60% (Fig. 2d). 
A clear accumulation of strain with each loading and 
unloading cycles can be observed for both the soft 
content cases which is discussed in the next section. 
Higher strain accumulation at 60% is primarily due to 
increased bond breakage during the initial loading 
cycles, resembling the stress-relaxation behaviour 
observed in strain-controlled loading.
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Fig. 2. Stress-strain response under strain and stress-controlled loading for different soft content cases.

3.2.2 Strain accumulation 

 
Fig. 3. Strain accumulation for different soft content cases (a) 
20% and (b) 60%. 

Fig. 3 presents quantification of the accumulated strains 
for the two different soft content cases. The results 
indicate that strain accumulation is more pronounced 
during the initial cycles (ratcheting) before stabilizing at 
an approximately constant rate. This constant rate is 
more evident in the mix with lower soft content (Fig. 
3a). In contrast, for the mix with higher soft content, 
strain accumulation remains significant even at higher 
loading-unloading cycles. When comparing the initial 
cycles, the mix with higher soft content exhibits a 
greater strain accumulation rate (Fig. 3b). 

4 Discussions 

4.1 Modulus degradation 

The stress-strain behaviour of geomaterials is inherently 
non-linear, with true linearity occurring only at very low 
strain levels. To account for this non-linearity in 
numerical analysis, a mathematical formulation is 
proposed to describe the modulus evolution with the 
number of cycles for both stress- and strain-controlled 
loading. The proposed equations follow a simple 
logarithmic function of the number of cycles and require 
only the constrained modulus and stresses from the first 
loading cycle. It should be noted that the difference in 
modulus values between stress-controlled and strain-
controlled loading arises from the fact that the tests are 

conducted at high and low stress/strain levels, 
respectively, to capture the response of the mixes over a 
wider strain range to understand how bond breakage 
influences the stress-strain behaviour. 

4.1.1 Strain-controlled loading 

The change in the modulus with each cycle of loading-
unloading is plotted for two different soft contents of 
20% (Fig. 4a) and 60% (Fig. 4b). A logarithmic function 
can be fitted for constrained modulus (𝑀𝑀) varying with 
number of cycles (𝑁𝑁) for the following curves: 

 
    𝑀𝑀 = −(𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚)1𝑙𝑙𝑙𝑙 (𝑁𝑁) + 𝑀𝑀1  (3) 

 
where, (𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚)1 and 𝑀𝑀1 denote the minimum stress (stress 
corresponding to minimum strain) the constrained 
modulus during the first cycle of loading-unloading 
respectively. 
 

 
Fig. 4. Variation of modulus with number of cycles for strain-
control loading for different soft content cases (a) 20% and (b) 
60% 

4.1.2 Stress-controlled loading 

A similar modulus degradation function from the 
modulus degradation curves for two different soft 
contents of 20% (Fig. 5a) and 60% (Fig. 5b) with 
number of cycles is also proposed for stress-controlled 
loading and is given by:  

M=-σmaxln(N)+M1 (4) 

where, σ𝑚𝑚𝑚𝑚𝑚𝑚  is the maximum stress upto which the 
sample is loaded (1000 kPa for the current study).  
 

0.0 0.4 0.8 1.2 1.6 2.0

0.0

0.2

0.4

0.6

0.8

A
xi

al
 S

tr
es

s 
(M

Pa
)

Axial Strain (%)

a

0.0 0.4 0.8 1.2 1.6 2.0

0.0

0.2

0.4

A
xi

al
 S

tr
es

s 
(M

Pa
)

Axial Strain (%)

b

0.0 0.6 1.2 1.8 2.4
0.0

0.2

0.4

0.6

0.8

1.0

1.2

A
xi

al
 S

tr
es

s 
(M

Pa
)

Axial Strain (%)

a

0 4 8 12 16
0.0

0.2

0.4

0.6

0.8

1.0

1.2

A
xi

al
 S

tr
es

s 
(M

Pa
)

Axial Strain (%)

bc d
60% Soft

Strain-controlled
20% Soft

Strain-controlled
60% Soft

Stress-controlled
20% Soft

Stress-controlled

0 5 10 15 20 25 30
1.9

2.0

2.1

2.2

Pe
ak

 st
ra

in 
(%

)

Number of cycles (N)

a

0 5 10 15 20 25 30
11

12

13

14

15

Pe
ak

 st
ra

in 
(%

)

Number of cycles (N)

b

(a)

(b)

2

EPJ Web of Conferences 340, 07013 (2025)	 https://doi.org/10.1051/epjconf/202534007013
Powders & Grains 2025



certain maximum length (l*) depending on the critical 
bond length at peak stress (lc) given by Eq. 2.  
 
     l*=lc(1+α)    (2) 
 
It can be seen the bond length is controlled by a 
parameter called softening parameter (α) which controls 
the rate of softening of the bonds. The bond fails once 
the bond stresses reach below a certain predefined stress 
which is predefined as a factor of the peak stress. For 
shear, the bond fails immediately after peak stress is 
reached [9]. Once the bond fails in either tension or 
shear, all forces and moments are set to zero and bond 
parameters are replaced by unbonded contact 
parameters. There will be some softening that will be 
observed for the bonds under shear but to keep the 
number of contact parameters to the minimum, it is 
assumed that the softening of the bonds in shear will be 
negligible. The contact parameters for different 
proportions of the mix are calibrated and validated 
against 1D compression results observed in the 
experiments. 

2.2 Sample preparation and loading  

A cylindrical sample with 50 mm in height and 105 mm 
in diameter (Fig. 1a) is prepared with the same particle 
size distribution used in the 1D compression 
experiments [8] used for validation in the current study 
(Fig. 1b). 

 
Fig. 1. Sample preparation and loading in DEM (a) prepared 
sample with dimensions and loading conditions (b) calibration 
of the particle size distribution with experiments (c) loading-
unloading criteria used. 

During the sample preparation, a linear contact model is 
used with zero frictional coefficient for improving the 
computational efficiency in terms of reducing the 
unbalanced maximum force at the contact points to 
negligible. After the sample is prepared with a simple 
contact model, the contact model, briefly discussed in 
the previous section, is installed at the contact points. 
The calibrated normal and shear bonded stiffness is 
5×1012 N/m3. The softening factor defined in Eq. 2 is 
considered to be 2 which means the stiffness of the 
bonds at the softening stage will be half of the original 
stiffness. The tensile strength and cohesion for shear 
strength are defined differently for different contact 
types. In the next step, all inactive contacts are deleted, 

and no new bonded contacts are allowed to form. 
Instead, if a new contact is formed or a bond breaks, it 
is assigned with an unbonded contact model. The 
contact parameters used for the unbonded contacts can 
be found in previous studies by Alam et al. [2,3]. The 
samples are then subjected to velocity-controlled cyclic 
loading with desired maximum and minimum 
stress/strain levels (Fig. 1c). The maximum and 
minimum stresses considered for the current study are 
1000 kPa and 300 kPa, respectively. In contrast, the 
strains are varied from 1.5% and 0.6%, respectively, 
with a maximum allowable velocity of 0.01 m/s to 
ensure quasi-static loading [10] in each loading and 
unloading cycle. Quasi-static loading is done to keep the 
cyclic test in the low-frequency range [11] and prevent 
higher-frequency effects known to influence cyclic 
behaviour [12]. 

3 Results 
The effect of stress-controlled and strain-controlled 
loading is studied here for two different soft content by 
volume cases (20% and 60%) with a fixed proportion of 
binder by weight of 4%. 

3.1 Strain-controlled loading 

Fig 2 illustrates the cyclic response of two granular 
mixes with different soft content percentages: 20% (Fig. 
2a) and 60% (Fig. 2b). The samples are subjected to 30 
loading cycles with a minimum and maximum strain of 
0.6% and 1.5%, respectively. A clear stress-relaxation 
effect is observed, characterized by a reduction in 
vertical stress at both peak strains (𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚) and valley 
strains (𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚). The extent of stress-relaxation is notably 
higher for the mix with 60% soft content (Fig. 2a). In the 
initial cycles, the 60% soft content mix exhibits greater 
stress-relaxation compared to the 20% mix. However, 
for the 20% mix, the rate of stress-relaxation remains 
relatively constant throughout the cycles. This suggests 
that stress-relaxation is primarily influenced by bond 
breakage in the early loading cycles. Once the bond 
breakage stabilizes, the rate of stress reduction also 
decreases, as evident in Fig. 2b. 

3.2 Stress-controlled loading 

3.2.1 Stress-strain response 

To further investigate the behaviour of these mixes 
under cyclic loading, stress-control tests are performed 
for 30 cycles between stress levels of 1000 kPa and 300 
kPa for soft contents of 20% (Fig. 2c) and 60% (Fig. 2d). 
A clear accumulation of strain with each loading and 
unloading cycles can be observed for both the soft 
content cases which is discussed in the next section. 
Higher strain accumulation at 60% is primarily due to 
increased bond breakage during the initial loading 
cycles, resembling the stress-relaxation behaviour 
observed in strain-controlled loading.
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Fig. 2. Stress-strain response under strain and stress-controlled loading for different soft content cases.

3.2.2 Strain accumulation 

 
Fig. 3. Strain accumulation for different soft content cases (a) 
20% and (b) 60%. 

Fig. 3 presents quantification of the accumulated strains 
for the two different soft content cases. The results 
indicate that strain accumulation is more pronounced 
during the initial cycles (ratcheting) before stabilizing at 
an approximately constant rate. This constant rate is 
more evident in the mix with lower soft content (Fig. 
3a). In contrast, for the mix with higher soft content, 
strain accumulation remains significant even at higher 
loading-unloading cycles. When comparing the initial 
cycles, the mix with higher soft content exhibits a 
greater strain accumulation rate (Fig. 3b). 

4 Discussions 

4.1 Modulus degradation 

The stress-strain behaviour of geomaterials is inherently 
non-linear, with true linearity occurring only at very low 
strain levels. To account for this non-linearity in 
numerical analysis, a mathematical formulation is 
proposed to describe the modulus evolution with the 
number of cycles for both stress- and strain-controlled 
loading. The proposed equations follow a simple 
logarithmic function of the number of cycles and require 
only the constrained modulus and stresses from the first 
loading cycle. It should be noted that the difference in 
modulus values between stress-controlled and strain-
controlled loading arises from the fact that the tests are 

conducted at high and low stress/strain levels, 
respectively, to capture the response of the mixes over a 
wider strain range to understand how bond breakage 
influences the stress-strain behaviour. 

4.1.1 Strain-controlled loading 

The change in the modulus with each cycle of loading-
unloading is plotted for two different soft contents of 
20% (Fig. 4a) and 60% (Fig. 4b). A logarithmic function 
can be fitted for constrained modulus (𝑀𝑀) varying with 
number of cycles (𝑁𝑁) for the following curves: 

 
    𝑀𝑀 = −(𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚)1𝑙𝑙𝑙𝑙 (𝑁𝑁) + 𝑀𝑀1  (3) 

 
where, (𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚)1 and 𝑀𝑀1 denote the minimum stress (stress 
corresponding to minimum strain) the constrained 
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respectively. 
 

 
Fig. 4. Variation of modulus with number of cycles for strain-
control loading for different soft content cases (a) 20% and (b) 
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4.1.2 Stress-controlled loading 

A similar modulus degradation function from the 
modulus degradation curves for two different soft 
contents of 20% (Fig. 5a) and 60% (Fig. 5b) with 
number of cycles is also proposed for stress-controlled 
loading and is given by:  

M=-σmaxln(N)+M1 (4) 

where, σ𝑚𝑚𝑚𝑚𝑚𝑚  is the maximum stress upto which the 
sample is loaded (1000 kPa for the current study).  
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Fig. 5. Variation of modulus with number of cycles for strain-
control loading for different soft content cases (a) 20% and (b) 
60% 

5 Conclusions 
In this study, cyclic oedometer tests are conducted on 
three-phase of bonded soft-rigid granular mixes. An 
improved contact model developed in DEM is utilized, 
and both stress- and strain-controlled loading is applied 
to two different mixes containing 20% and 60% soft 
content by volume. The stress-strain response reveals 
stress relaxation in strain-controlled tests, while 
significant strain accumulation is observed in stress-
controlled tests. Notably, strain accumulation and stress 
reduction are more pronounced during the initial cycles 
compared to later stages of the loading-unloading 
process. Additionally, simple logarithmic relationships 
are proposed for stress- and strain-controlled tests, based 
on the stress and constrained modulus during the first 
loading cycle. From the modulus reduction curves, it can 
be said that mixes with low soft content performs better 
than the high soft content mixes. However, the modulus 
reduction after few cycles of loading-unloading also 
stabilises for high soft content mixes and thus can 
effectively be used for applications where the mix 
experiences low stresses. This study has practical 
relevance for field applications involving these 
materials, such as permeable pavements where cyclic 
loading is a key factor. The scope of this study can be 
further extended by exploring a broader range of soft 
and binder contents to better understand their influence 
on material behaviour with microstructural response. 
Additionally, boundary value problems can be solved 
using the insights gained from the current investigation 
of bonded soft–rigid mixtures 
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