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ABSTRACT: In this paper, a study of the cyclic plastic creep phenomenon during cyclic loading was performed. 
The plastic creep phenomena in the field of soil cyclic loading are defined as a process that occurs under a medium 
stress state and leads to excessive accumulation of plastic strains. Recent literature shows the existence of plastic 
creep, which is a part of the shakedown theory for cohesive soils. Nevertheless, when the soil is subjected to a 
relatively small stress state, the axial plastic strain may occur as a phenomenon called abation, where plastic strain 
increment occurs in a constant decreasing manner. Cyclic triaxial tests were performed to understand the abation. 
The results indicate a specific phase in soil response, such as pre-failure stages marked by pore pressure increase 
and subsequent effective stress reduction, indicating a steady state during repeating loading. In this paper, the 
proposition of a cyclic plastic creep mechanism based on test results is presented. The soil response was divided 
into three phases based on the pore pressure, stress paths, resilient modulus, and plastic strain change analysis. 
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1. INTRODUCTION 
 

Cohesive soils subjected to cyclic loading behave 
differently in comparison to non-cohesive soils. 
Studies on unbounded granular materials, which are a 
common subbase material, led to the establishment of 
a new standard of non-destructive testing. The 
standard BN-EN 13286:2004 [1], establishes a 
definition of resilient modulus and shakedown in 
geotechnical engineering design by EUROCODE 7. 
However, there is still little knowledge about this 
parameter and phenomenon. The above-mentioned 
standard refers only to unbounded coarse materials. 
The fine-graded soils are omitted, not without a good 
reason. The studies regarding cohesive soil response 
to cyclic loading were conducted over many years but 
only for a low number of cycles (N < 100) or for high-
stress levels, and recently, the scope of these tests was 
extended to long-term cyclic loading [2,3]. 

Studies of the impact of cyclic loading on pore 
pressure have shown different excess pore water 
pressure development, which was dependent on the 
stress state [4–9]. The cyclic loading of normally 
consolidated cohesive soil samples in undrained 
conditions causes movement of the effective stress 
path toward the deviator stress axis, which can be 
recognized as a consolidation state [10–13]. The 
preconsolidated soils, opposite to normally 
consolidated ones, loaded in the same stress state 
conditions, generate lower excess pore water pressure, 
which results in the decrease of compressive strength 
in undrained conditions [14–16].  

The stress state conditions under which soil 
samples were tested show that there exists a certain 

limit under which cohesive soil will respond 
differently to cyclic loading [17–22]. This statement 
is like the proposition of Werkmeister [23] and refers 
to the shakedown theory. The shakedown in the field 
of cyclic loading is divided into three categories of 
the soil response to cyclic loading: Plastic shakedown, 
which can be depicted as a close-up hysteresis loop in 
stress-strain function. In this case, the deviator stress 
value is low, and after a few cycles of loading, no 
additional plastic strains are observed [24]. Cyclic 
plastic creep is a phenomenon observed during 
constant loading tests. Soil samples loaded by force 
will accumulate a plastic strain during numerous 
repetitions. The value of accumulated plastic strains 
is again dependent on the stress state and rises with 
the increase of deviator stress [25]. 

Ratchetting, is a phenomenon that is observed at 
the high-stress state level. The soil sample will fail 
due to an increase of excess pore pressure after a few 
cycles [26]. The term low, medium, or high-stress 
state in the case of unbound coarse aggregates is not 
specified. In EUROCODE 7 the classification of the 
stress state is done by strain – number of cycles curve 
analysis. The plastic shakedown zone limit for 
subbase material, in terms of strain, is defined as 
follows (1) [1]: 

𝜺𝜺𝒑𝒑𝟓𝟓𝟓𝟓𝟓𝟓𝟓𝟓 − 𝜺𝜺𝒑𝒑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑 < 𝟎𝟎.𝟒𝟒 ∙ 𝟏𝟏𝟏𝟏−𝟑𝟑 (1) 
where εp3000 and εp5000 are plastic strains after 3000 

and 5000 cycles. 
In past years, most extensive tests were performed 

for phenomena of ratcheting which is observed in 
case of high deviatory stress in triaxial tests. Eventual 
exceptions to the pattern of soil response observed in 
the ratcheting zone were accounted to the cyclic 
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plastic creep [27–31].  
Studies performed by Werkmeister [19,32] were 

devoted to the subject of unbound granular materials. 
The phenomenon of shakedown was also recognized 
for cohesive soils [33,34]. Nevertheless, the 
shakedown limits which divide the possible range of 
soil responses in case of cohesive soil have not been 
established yet. The reason for that is the different 
nature of clay deposits than non-cohesive soils. The 
adhesion forces between particles, low permeability, 
and different soil skeleton structure, hind a proper 
identification of shakedown occurrence [35]. 

Recently, the scope of the research topic 
concerning cyclic loading of soil phenomena was 
turned to soft clay deposits. The studies involve tests 
in undrained conditions under different stress states. 
The undrained condition is the most preferable type 
of triaxial test in case of repeating loading of cohesive 
soils. The drained cyclic tests are preferable mostly 
for non-cohesive soils where, for example, 
compaction phenomena are studied [36]. This type of 
loading occurs usually in a certain range of 
frequencies from 0.01 to 2 or 5 Hz [37]. The lower 
limit value responds to the impact of secondary 
consolidation phenomena, which can interrupt the test 
results. The upper limit separates the quasi-static 
loading from dynamic loading. The quasi-static 
loading is defined in this case as a repeating loading 
that does not cause an inertia effect. To reach this goal, 
not only the frequency must be in a certain range but 
also the amplitude of loading and therefore, the upper 
limit is in a wide range [38]. 

The cyclic loading applied in constant stress 
conditions leads to cohesive soil reaction in form of 
plastic strains. The accumulated plastic strains can 
have various characteristics in terms of intensity. 
Studies on the form of accumulated irreversible 
strains performed by Goldscheider and Gudehus [39] 
for shallow foundations subjected to cyclic loading 
lead to the distinction of different deformation 
behavior. The deformation behavior was divided into 
three categories, a stepwise failure, an abation, and 
shakedown. The stepwise failure is a case where 
accumulated deformations lead to the failure of 
construction. The abation phenomenon occurs when 
the rate of deformation accumulation decreases with 
every cycle but it never vanishes completely [37]. The 
shakedown is a type of plastic deformation 
accumulation where after a number of cycles, there 
are no additional plastic deformations and soil 
response is completely elastic [40]. The aim of this 
research is to understand cohesive soil's deformation 
behavior and ratcheting effects under cyclic loading 
is crucial for geotechnical engineering and road 
engineering designers. 

 
2. RESEARCH SIGNIFICANCE 

 
This research shows the significance of cyclic 

plastic creep phenomenon during cyclic loading of 

cohesive soils. It expands our knowledge of soil 
behavior under medium stress states and reveals the 
lesser-known abation effect under smaller stress 
states. By conducting cyclic triaxial tests, the study 
unveils a cyclic plastic creep mechanism, dividing 
soil response into distinct phases. These findings are 
crucial for understanding cohesive soil's deformation 
behavior and ratcheting effects under cyclic loading, 
contributing to a deeper grasp of soil mechanics in 
geotechnical engineering. 

 
3. MATERIAL AND METHODS 
 
3.1 Material Properties 
 

The material in this study was a cohesive soil 
consisting of sand, silt, and clay fraction in the 
following distribution: 41, 39, and 20%, respectively. 
By using the EUROCODE 7 soil classification ISO 
triangle, the cohesive material was recognized as 
sandy silty clay (sasiCl) [41]. For tested soil, the 
Atterberg limits were determined. The liquid limit LL 
was equal to 42.5% and the plasticity limit was equal 
to 22.5%. The plasticity index IP, therefore, was 
equal to 20%, and the tested soil was classified as a 
high plasticity clay CL based on the Casagrande 
plasticity chart. 

Tested three soil samples were prepared by 
compaction with respect to the Proctor method. In this 
study preliminary, Proctor’s tests results have shown 
optimal moisture content equal to 12.5%. The 
maximum dry density was equal to 1.95 g·cm-3. The 
triaxial test soil samples with a diameter equal to 7cm 
and height equal to 14cm were compacted at optimal 
moisture content. The energy of compaction was 
equal to  Ec = 0.59 J·cm-3. 
 
3.2 Test Preparation and Test Procedure 
 

All the triaxial tests were conducted in the same 
manner. After sample installation in the triaxial 
apparatus, a saturation stage was performed. The 
saturation process was terminated when Skempton 
parameter B was equal to 0.93. The next stage was an 
isotropic consolidation, in which the isotropic 
consolidation stress σ’3 was equal to 45 kPa. The 
consolidation phase was terminated when no leakage 
of pore water from the sample was observed. After 
these two steps, the main tests started. The cyclic 
loading test program presents in Table 1.  

 
Table 1. Program of cyclic triaxial tests in this study. 

Test qmax 
[kPa] 

qmin 
[kPa] 

qm 
[kPa] 

qa 
[kPa] 

σ'3 
[kPa] 

1.1 43 21 32 11 
45 1.2 53 21 37 16 

1.3 65 21 43 22 
where, qmax – maximal deviator stress, qmin – minimum deviator 
stress, qm – deviator stress median, qa – deviator stress amplitude. 
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The three stages of cyclic loading were performed 
in constant stress conditions presented in Table 1. For 
each step, 10000 cycles were applied at a frequency 
equal to 1 Hz. During the test, the value of vertical 
axial strain ε1, deviator stress q, pore pressure u, and 
cell pressure was measured, calculated, and registered 
in the raw data file. 
 
4. RESULTS AND DISCUSSION 
 

The repeated loading triaxial test results in 
Cambridge stress characteristics are presented in Fig. 
1. 

Presented stress path characteristics for test 1.1 
indicates pore pressure increase during the test. The 
stress path is moving towards the deviator stress q 
axis which means that the effective stress p’ 
decreases. The process is most intensive at the 
beginning of the test and with the following cycles 
reduces. The red color on this plot indicates the last 
100 cycles. The stress path remains in the same shape 
and the further decrease of effective stress is small in 
comparison to the first few cycles. Test 1.2. which 
was conducted by applying greater deviator stress, 
leads to further development of pore pressure and 
therefore to the decrease of effective stress. The rate 
of change was smaller when compares to test 1.1. The 
stress path in this test is moving towards the deviator 
stress axis but in a certain phase of the test, it changes 
its direction. This means an increase in the effective 
pressure caused by the decrease of the pore pressure 
value.  

Test 1.3 which was conducted in the highest 
planned stress state has led to soil failure in the first 
few cycles which can be observed as the effective 
stress increase. This phenomenon was recognized by 
the fact that the stress path moves away from the 
deviator stress axis and is explained further in this 
article. 

Fig. 2 presents an excess pore water pressure 
versus the number of cycles and vertical axial strain 
ε1 for all three tests respectively. The excess pore 
water pressure in test 1.1 reaches its peak in around 
1500 cycles and after decreases. The maximum 
excess pore water pressure Δu is equal to 32 kPa. 
During the test axial permanent strain is developing 
and the most extensive irrecoverable strain increase 
was observed in the phase during which, the excess 
pore water pressure grows as well.  

This phase which constitutes 15% of time loading 
caused around 1% of plastic strain and the rest 85% 
of time loading had led to a further 0.12% of plastic 
strain development. Therefore, it can be clearly stated 
that, during the first phase of cyclic loading, soil 
responds to cyclic loading with plastic strain 
development, and this is accompanied by rapid pore 
pressure growth. The beginning of the pore pressure 
decrease phase indicates excessive plastic strain 
growth termination.  

  
 

Fig.1 Plot of effective stress and deviator stress 
repeated loading triaxial test for sandy-silty clay.   

 
This process is characterized by constant pore 

pressure decrease and plastic strain development at a 
lower rate than in the previous phase. When the rate 
of pore pressure decreases to zero, a third phase starts. 
The excess pore water pressure remains almost at the 
same level and plastic strains development vanishes 
almost completely. Soil skeleton reaches optimum 
configuration and no additional plastic strains in the 
cycle can be observed.  

Nevertheless, after numerous repetitions, some 
additional strains occur. These strains might be 
caused by secondary effects which are connected to 
the cyclic plastic creep phenomenon.  
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Fig.2 Plot of pore pressure u development during 
repeated loading triaxial test on sandy silty clay 
sample.   
 

In the case of tests 1.2 and 1.3, the same pattern 
can be observed. The first phase occurs with 
increasing pore water pressure and extensive plastic 
strains. The greatest difference which can be simply 
noted is connected to the time of occurrence of the 
individual phases. The peak pore pressure is reached 
earlier, and the second phase lasts longer. This 
phenomenon is connected to a higher maximum 
deviator stress value. The maximal pore water 
pressure Δumax increases, as well as the deviator stress 
value and minimum pore water pressure, decreases 
simultaneously.  

The first phase can be identified as a pre-failure 
stage where the increase of pore water pressure leads 

to a reduction of the effective stress and later to a 
critical state. Nevertheless, the constant stress method 
prevents continuing the process of loading, and 
effective stress rises which can be observed in the 
second step. The process continues until a steady state 
of stress which is characterized by pore pressure 
stabilization is not reached. Once, when the steady-
state is achieved, the process of deformation due to 
effective stress p’ reduction is completed. The plastic 
strains which occur during these two stages are 
dependent on deviator stress value, especially on qa 
and qm values but also on other factors, which were 
not analyzed in this study and might be important, for 
example, effective consolidation stress σ’3, initial 
void ratio e0, and the frequency. 

In Figure 3 stress-strain characteristics for distinct 
cycles were presented. The characteristics enable the 
analysis of elastic properties of tested soil. In all three 
tests, stress-strain characteristics are in the shape of 
the hysteresis loop. The hysteresis loop occurrence 
during the test is a representation of the dissipation of 
energy of loading. 

An area of the hysteresis loop represents an 
amount of energy dissipated during loading. In test 
1.1 the first loading cycle caused plastic strain equal 
to 0.028%. The elastic strain was equal to 0.052% 
which is 65% of total strains in this cycle. The elastic 
and plastic strains were calculated based on (2): 

𝜀𝜀𝑇𝑇 = 𝜀𝜀𝑅𝑅1 + 𝜀𝜀𝑃𝑃1 (2) 
where the εR1 is vertical resilient (elastic) strain 

and εP1 is vertical plastic strain. The elastic strain 
value in the first cycle seems to be high, but the soil 
in this study was compacted which means, that this 
soil has a high value of the preconsolidation pressure 
and the radial pressure σ’3 is equal to 45 kPa. In the 
10th cycle, the plastic strain constitutes 0.5%. The 
plastic strain in further cycles is less than 0.3%. With 
the number of cycles the slope of the hysteresis loop 
is increasing which represents the hardening 
phenomena. With the hardening process, the 
reduction of the hysteresis loop area is observed.  
Another characteristic can be observed in the case of 
tests 1.2 and 1.3. In these tests the soil responds to 
cyclic loading in the first cycle and is stiffer than 
further cycles. Plastic strains are less than 2% of total 
strains and greater plastic strain can be observed in 
cycles 10 and 100. Even after a high accumulation of 
strains in test 1.2 after 10000 cycles, an increase of 
deviator stress in test 1.3 resulted in a similar 
response as in test 1.2. The lowest stiffness in both 
tests was observed in cycle 100. In cycle 1000 the 
stiffness increased, and the area of the hysteresis loop 
decreased. This corresponds to the phenomenon 
observed in the second stage of the pore pressure 
development mechanism. The shape of the 10000 
cycles in tests 1.2 and 1.3 is similar to the shape 
observed in test 1.1. 
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Fig.3 Plot of pore pressure u development during 

repeated loading triaxial test on sandy silty clay 
sample.   

 
Elastic strains can be represented by the resilient 

modulus Mr value which is defined as (3): 

𝑀𝑀𝑟𝑟 =
𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚

𝜀𝜀𝑅𝑅1
 (3) 

The calculations of resilient modulus value were 
performed to characterize the change in soil stiffness. 
Fig. 4 presents the values of resilient modulus 
characteristics versus the number of cycles.  

In all three cases, the resilient modulus was 
changing in the same pattern. The first cycle is 
characterized by the high Mr value. Further cycles 
lead to the decrease of resilient modulus value and the 
lowest Mr is observed between 200th and 300th cycle. 
After this point, the resilient modulus starts to 
increase. Figure 5 presents plastic strain εP1 and 
maximum excess pore water pressure Δumax versus the 
number of cycles in a logarithmic scale. The 
abovementioned threshold number of cycles where 
the rate of resilient modulus changes, is also a turning 
point in the case of plastic strains where rapid change 
of characteristics can be observed[19].   

 

 
Fig.4 Resilient modulus characteristics during 

cyclic triaxial test for different values of deviator 
stress. 

 

 
Fig.5 The characteristics of plastic strain 
development and maximal excess pore water pressure 
versus the number of cycles for sandy silty clay. 
 

Such behavior is not observed in the case of pore 
water pressure. This also means that the first phase of 
cyclic loading is composed of two parts. The first one 
includes stiffness degradation. When the resilient 
modulus reaches its lowest value then the hardening 
process starts and a decrease in plastic strains rate is 
observed. 

In Table 2 results of EUROCODE 7 calculations 
are presented based on Equation (1). The results show 
that none of the three tests meet the Werkmeister limit 
proposition. Based on the definition of shakedown 
limits, all three tests were in the cyclic plastic creep 
zone. 

The response of compacted sandy silty clay to 
cyclic loading was analyzed in this study. A 
mechanism of soil response that is a part of cyclic 
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plastic creep in shakedown theory was recognized. 
Test results for cohesive soil loaded by cyclic force 
have led to plastic creep response based on 
EUROCODE 7 limit. Nevertheless, the limit was 
established for non-cohesive soils and direct 
comparison might be not correct. 
 
Table 2. Results of calculation of soil response to 
cyclic loading based on EUROCODE 7 shakedown 
criteria. 
Test no. 1.1 1.2 1.3 
εP3000 [%] 1.08 4.15 9.37 
εP5000 [%] 1.13 4.23 9.46 
ΔεP [%] 0.0407 0.076 0.0995 
ΔεP [-] 0.0004 0.00076 0.00099 
EUROCOE 
7 limit [-] 0.0004 

εP3000 – accumulated plastic strain at 3000th cycle, εP5000 – 
accumulated plastic strain at 5000th cycle  
 
5. CONCLUSIONS 

 
Based on three cyclic loading tests conducted in 

different deviator stress conditions, the reaction of 
cohesive soil to cyclic loading in undrained 
conditions, for the cyclic plastic creep zone, was 
divided into three phases.  

1. During the first phase of cyclic loading, soil 
responds to cyclic loading with plastic strain 
development and rapid pore pressure growth. This 
phase was divided into two stages based on resilient 
modulus change analysis.  

a. The first stage is characterized by rapid 
stiffness drop and moderate plastic strain 
accumulation. During this stage, pore pressure grows 
at a constant rate.  

b. The second stage is characterized by the 
lowest value of the stiffness, and which can be 
observed with the high rate of the plastic strain 
accumulation. The excess pore water pressure does 
not follow this pattern and rises at the same rate as in 
the first stage. 

2. The second phase starts when the pore water 
pressure decrease is observed. The plastic strain rate 
decreases in each cycle which is similar to the abation 
phenomena.  

3. The third phase begins when the excess pore 
water pressure remains almost at the same level and 
plastic strain accumulation is almost not observed. 
Soil skeleton reaches optimum configuration and no 
additional plastic strains in one cycle can be observed. 

In the performed test, the plastic strains were 
registered in the third phase. This occurrence can be 
noted only when multiple cycles are analyzed, and 
these plastic strains are caused by secondary effects 
which are connected to the cyclic plastic creep 

phenomena.  
The first phase of cyclic plastic creep behavior 

was identified as the pre-failure stage caused by the 
increase of pore water and reduction of the effective 
stress. Nevertheless, the constant stress method 
applied in this cyclic triaxial test prevents continuing 
soil samples from failure and effective stress rises 
which can be observed as the second step.  

The above-presented mechanism shows how 
cohesive soil reacts to cyclic loading in undrained 
conditions. The observed cyclic plastic creep 
response of the soil sample was the same for different 
stages of applied deviator stress value. 

The previous works on the topic on cohesive soil 
stiffness degradation in undrained conditions shows, 
that (i) the stiffness degradation and plastic strain 
accumulation are governed by cyclic stress paths with 
deviatoric stress variation [42], (ii) .excess pore water 
pressure accumulated during cyclic loading reduces 
soil strength, and when the sample is allowed to drain, 
the soil strength increases [43], (iii) plastic strains 
development leads to critical shear strain level, called 
yield shear strain, where softening starts [44]. The 
presented above summary shows that the literature 
agrees with the presented here conclusions. 

The recommendation is to include abation as a 
possible way of response of cohesive soil in 
undrained conditions during cyclic loading. The test 
results indicate that there is rather soft change 
between soil response rather than one which can be 
represented by limits in the case of non-cohesive 
soils. 
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