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ABSTRACT: This paper investigates the cyclic plastic creep phenomenon in cohesive soils during cyclic loading. Plastic 
creep, defined as the accumulation of excessive plastic strains under a medium stress state in constant stress or strain 
amplitude tests, is part of the shakedown theory for cohesive soils. Cyclic triaxial tests were conducted to understand the 
mechanisms, proposing a cyclic plastic creep mechanism. The soil response was analyzed based on pore pressure, stress 
paths, and plastic strain change, revealing that cyclic plastic creep takes the form of abation for cohesive soils in undrained 
conditions. In this phase, unlike in shakedown, where the accumulation of plastic strain to a steady-state value is observed, 
the sample experiences a decreasing plastic strain accumulation rate due to cyclic loading. Therefore, instead of the 
shakedown criterion, the abation slope is proposed as a form of soil behavior evaluation in long-term cyclic loading. These 
findings have implications for improving the design and performance of structures on cohesive soils, like foundations or 
embankments. 

 

RÉSUMÉ: Cet article examine le phénomène de fluage plastique cyclique dans les sols cohésifs pendant le chargement 
cyclique. Le fluage plastique, défini comme l'accumulation de déformations plastiques excessives sous un état de contrainte 
moyenne dans des tests à amplitude constante de contrainte ou de déformation, fait partie de la théorie de la consolidation 
pour les sols cohésifs. Des essais triaxiaux cycliques ont été réalisés pour comprendre les mécanismes, proposant ainsi un 
mécanisme de fluage plastique cyclique. La réponse du sol a été analysée en se basant sur la pression interstitielle, les 
trajectoires de contrainte et le changement de déformation plastique, révélant que le fluage plastique cyclique prend la forme 
d'une abattement pour les sols cohésifs dans des conditions non drainées. À cette phase, contrairement à la consolidation, où 
l'accumulation de déformation plastique jusqu'à une valeur d'état stable est observée, l'échantillon connaît un taux 
d'accumulation de déformation plastique décroissant en raison du chargement cyclique. Par conséquent, au lieu du critère de 
consolidation, la pente d'abattement est proposée comme une forme d'évaluation du comportement du sol lors du chargement 
cyclique à long terme. Ces résultats ont des implications pour l'amélioration de la conception et des performances des 
structures sur des sols cohésifs, telles que les fondations ou les remblais. 
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1 INTRODUCTION 

Cohesive soils often constitutes a subgrade of 
constructions subjected to cyclic loading. The design 
process of foundations or earth structures founded on 
this soil type must include the most unfavourable 
situations which are undrained conditions.  

Cohesive soils have low permeability and higher 
than non-cohesive soils compressibility and therefore 
this soil type accumulates greater deformation and 
fails at lower stress state (Toyota and Takada, 2021). 

Cyclic loading may have different amplitude levels 
and what is more, the amplitude can vary with time. 
Within a span of service time, the structure can be 
subjected to repeated loading characterised by various 

stress amplitude, frequency and can be subjected to 
large number of cycles (Han et al., 2021).  

The cohesive soils in undrained conditions 
typically exhibits increase in excess pore water 
pressure what brings the soil to and overconsolidated 
state (Han et al., 2021; Nie et al., 2023). The cohesive 
soil deformation is a result of stiffness degradation 
which proceeds with cycle numbers expressed by 
logarithmic relationship (Głuchowski and Sas, 2020). 

Due to high deformability of cohesive soil in 
undrained conditions, the laboratory tests are 
focussing on the deformation characteristics and aims 
to deploy a empirical or constitutive models describing 
effect of cyclic loading (Chai et al., 2015; Feng et al., 
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2021; Lei et al., 2020; Li and Selig, 1996; Sakai et al., 
2003). 

When the deformation during cyclic loading is 
analysed two strain categories can be distinguished: 
resilient strains εr and plastic strains εp. The cohesive 
soil deformation is generally explained within a 
framework of shakedown theory (Hu et al., 2012; 
Pasten et al., 2014; Qian et al., 2016; Xiao et al., 2018). 

Based on this theory, the distorted response 
characteristics of coarse-grained materials can be 
classified into three categories: (i) plastic shakedown 
(Range A), (ii) plastic creep (Range B), and (iii) 
incremental collapse (Range C). 

The Ranges of soil response indicates that some 
limits are existing within this framework when soil 
develops plastic deformation in certain range and 
magnitude. Range A – plastic shakedown occurs when 
the plastic strain rate decreases rapidly, Range B 
plastic creep occurs when plastic strain rate keeps 
decreasing or remains at a low level, Range C – where 
plastic strain rate decreases slowly or keeps increasing.  

The strain accumulation models are based mostly 
on relationship to number of cycles as time equivalent 
(Fu et al., 2021; Guo et al., 2013; Zhou and Gong, 
2001; Zhu et al., 2021). Such approach comes from 
Yasuhara et al. (Yasuhara et al., 1992) studies which 
indicated that clay behaviour under cyclic loading is 
similar to that under creep loading. This approach suits 
more for plastic strain development during cyclic 
loading. However, models which utilizes the 
relationship to number of cycles are empirical models 
which limits its applicability.  

This article presents triaxial test results on cohesive 
soil with a mid-probe pore water pressure sensor for 
accurate measurement of Δu, examining the long-term 
response to cyclic loading. 

2 MATERIAL AND METHODS 

2.1 Material 

In this study, sieve and aerometric (Bouyoucos method 
using a modification made by Casagrande) tests were 
conducted on cohesive soil. The test results are 
presented in Table 1. Soil employed in this study is 
commercially acquired kaolin KOM manufactured by 
Surmin-Kaolin (Nowogrodziec, Poland). The mineral 
composition provided by producer is: 51.5% SiO2, 
34.5% Al2O3, 0.63% K2O, 0.54% TiO2, 0.53% Fe2O3 
as well as small quantities of Ca, Mg, Na and Mn 
oxides. The soil was composed of the silt fraction fSi 

which constitutes 88% and the clay fraction fCl which 
constitutes 12% of the total soil mass. Additionally, 
test on the soil dynamic properties were conducted to 

establish the shear wave velocity VS. Table 1 presents 
the results of physical and mechanical tests on 
cohesive soil. 
 
Table 1. Index and mechanical properties of cohesive soil in 

this study. 

Properties Symbol Value 

Dry density ρd (g∙cm-3) 1.93 
OMC (%) 12.3 

Liquid limit wl (%) 20.8 
Plasticity limit wp (%) 40.2 
Plasticity index Ip (-) 19.4 

Void ratio e0 (-) 0.410 
S-wave velocity Vs (m∙s-1) 243.5 
Shear modulus G0 (MPa) 130.0 

2.2 Methods 

Cyclic triaxial tests were performed using a triaxial 
apparatus on four soil samples, each of which having 
a diameter of 0.07 m and a height of 0.14 m. The soil 
samples were compacted using the Proctor method at 
OMC. Initial void ratio e0 ranged from 0.37 to 0.41. 
The tests were performed at 1 Hz frequency for 2·104

 

cycles. The σ'3 during tests was set to 45, 90, 135, 180 
kPa represented by 1.1 to 1.4 abbreviation. The qa – 
deviator stress amplitude (qa = 0.5(qmax - qmin)) was 
equal to ~21 kPa qm deviator stress median (qm = 
0.5(qmax + qmin)) was equal to ~32 kPa.  

3 RESULTS  

Cyclic triaxial test results in q-p’ space are presented 
in Figure 1. The objective of this cyclic loading 
program was to investigate the loading effects at 
various confining pressure levels. Therefore, at higher 
σ'3 values, different soil responses are observed. At σ'3 
= 45 kPa, the observed excess pore water pressure is 
lower than for Test 1.2 with σ'3 = 90 kPa. The slope of 
the critical state line, M, is equal to 0.873 (for φ′ = 
22.4°), and the preconsolidation pressure σp equals 220 
kPa (Proctor compaction effect); therefore, for Test 1.1 
and 1.2, the stress path moves towards the deviator 
stress axis. 

It's worth noting that the stress paths on the dry 
side, characteristic of overconsolidated soils, may 
intersect the yield surface above the critical state line. 
Therefore, in drained conditions, dilative plastic 
strains would be produced, and the yield surface may 
shrink. In undrained conditions, the stress paths stop 
before the aforementioned mechanism could occur. 
This effect is accompanied by high plastic strain 
accumulation, as seen in Figure 2. For Test 1.2, the 
specimen responds to cyclic loading with a higher p’ 
decrease and lower εp accumulation. The soil response 
on the wet side shows the opposite response. 
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Figure 1. Cyclic triaxial test results –relationship between 

deviator stress q and mean effective stress p’. Res lines 

indicate last 4·103 cycles. 

 

Figure 2. Deviator stress versus axial strain for cyclic 

triaxial test results in this study. 

 
For tests 1.1 and 1.2, the stress paths move toward 

the deviator stress axis. For tests 1.3 and 1.4 the stress 
paths move in opposite direction. This means that in 
the case of tests 1.3 and 1.4, pore pressure is lower than 
at the beginning of the test. 

The plastic strain development during cyclic 
loading shows that the most damaging effect is 
observed in the first cycle. In Figure 3a, Normalized 
accumulated plastic strain is presented. The plot shows 
how much of the plastic strain accumulated in the first 
cycle, εp,1, constitutes the total accumulated plastic 
strain after the Nth cycle, εp,N. After 2·104 cycles, εp,1 
shear is between 19% to 50%, showing the 
significance of the first cycle on soil response. The 
plastic strain accumulated in the first loading cycle 
may have different origins. The technical issues of the 
contact surface between the pedestal and the top cap 
impact the test results. Therefore, in Figure 3b, the 
accumulated plastic strain is presented without 
accounting for the first cycle. 

Figure 3. Plastic strain accumulation characteristics during 

cyclic loading in terms of normalized accumulated plastic 

strain (a) and accumulated plastic strain without first cycle. 

 
Plastic strain accumulation characteristics indicates 

phenomena called abation which represents plastic 
strain increment 𝑑𝜀𝑝 in a constant, decreasing manner 
depicted by logarithmic law. Since the 𝑑𝜀𝑝 in N+1 
cycle is smaller than for N-th cycle, the tests results 
indicate that this rate of changes occurs in constant 
manner. In terms of shakedown theory abation can be 
compared to cyclic plastic creep. The shakedown 
criterion relays on accumulated plastic strain between 
3·104 and 5·104 cycle. In the case of cohesive soil 
instead of this relationship, simple abation slope AS can 
be used as soil behavior criterion as follows (1): 

 

Abation slope is empirical parameter and utilizes 
the classical strain accumulation models by referring 
to number of cycles relationship. 

4 CONCLUSIONS 

In conclusion, the cyclic loading program aimed to 
investigate soil responses at various confining pressure 
levels have shown different soil responses. The σ'3 
values, affected excess pore water pressure and stress 
paths evolution. The stress paths on the dry side may 
intersect the yield surface in drained conditions. In 
undrained conditions, stress paths stop possibly 
achieving yield surface, what is accompanied by high 
plastic strain accumulation. The soil behavior on the 
wet side exhibits the opposite trend. Additionally, the 
plastic strain development shows a significant impact 
in the first cycle, with the phenomenon of abation 
indicating plastic strain increment in a logarithmic 
decreasing manner. Introduced in this article, abation 
slope AS, may become a crucial empirical parameter, 
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which can be used as a soil behavior criterion in 
cohesive soils under cyclic loading. 
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