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ABSTRACT: A laboratory study was performed of how soft clays respond to repeated sequences under cyclic loading. Two types of 
soft Swedish clays were tested in a triaxial cell. Each load sequence consisted of a number of stress-controlled load-cycles during 
undrained conditions, equalization of pore water pressure and subsequent draining. The frequency of axial stress variation during 
cyclic loading was 0.1 Hz. The tested clays were normally consolidated and had a low to medium plasticity, a low to very low 
undrained shear strength and a medium to high sensitivity. For two of the tests, where the cyclic loading of each sequence had been 
interrupted for draining well before the increment per cycle of the cyclic average of axial strain had started to increase, the value of 
the increment decreased with number of sequence. It was concluded that the capacity of the clays to withstand cyclic loading 
increased during these tests. 

RÉSUMÉ : Une étude a été effectué en laboratoire pour savoir comment les argiles tendres répondent à des séquences répétées avec 
des charges cyclique. Deux types d'argiles tendres suédois ont été testés avec une cellule triaxiale active. Chaque séquence de charge 
se composait d'un certain nombre de cycles de charge de contrainte imposée pendant des conditions non drainées, l'équilibrage de la 
pression de l'eau interstitielle et drainage ultérieur. La fréquence de variation de contrainte axiale durant le chargement cyclique est de 
0,1 Hz. Les argiles testés ont été normalement consolidés et avaient une plasticité moyenne à basse, une faible à très faible résistance 
au cisaillement et une sensibilité moyenne à élevée. Pour deux des essais, où le chargement cyclique de chaque séquence a été 
interrompu pour drainage avant l'incrément par cycle de cycle moyenne de la déformation axiale a commencé à augmenter, la valeur d 
'incrément diminue avec le nombre de séquence. Il a été conclu que la capacité de l'argile de résister à la charge cyclique a augmenté 
lors de ces tests. 
KEYWORDS: Cyclic load, soft clay, triaxial test, increased capacity, consolidation 

 
1  INTRODUCTION 

Traffic-loads, such as train-passages, may generate repeated 
cyclic loading of subsoils. The paper is part of a study of how 
traffic-load influence stability and settlement in soft subsoils. 

Wichtmann et al (2013) have presented nomograms for 
prediction of the number of load-cycles to failure for soft clays. 
The nomograms were primarily based on tests of a soft clay 
from Drammen. Åhnberg and Larsson (2012) have presented 
measurements of the number of load-cycles to failure for some 
Swedish soft clays. Åhnberg and Larsson (2012) noted that the 
number of cycles to failure varied with frequency, OCR, and 
characteristics of the clay, such as plasticity and organic content. 
The abovementioned studies concerned continuous cycling until 
failure. 

One aim of the study was to see if cycling that was 
interrupted with pauses for consolidation could lead to an 
increase in capacity to withstand further cyclic loading. A 
second aim was to study how the axial strain varied with 
number of cycles. 

 
2  SAMPLING AND BASIC PARAMETERS 

Samples were taken in a soft clay at Munkedal and at Surte in 
the county Västra götaland, in Sweden, from depths of 6,8 m 
and 6,6 m respectively. A pistonsampler of type St-II was used 
for the sampling. The samples for triaxial tests were taken from 
the lower and middle tubes respectively. Specimens were 
prepared with a diameter of 50 mm and a height of 100 mm. 
Some characteristics were measured on the specimens. Some 
characteristics were estimated from soundings and 
measurements on specimens from adjacent samples. 

For soft virgin clays from Västra götaland it is common to 
assume that OCR is around 1,25 and that K0nc is around 1,65. 
At Surte, a top layer of fill has influenced the OCR and the K0nc. 
At Munkedal, a lowering of the ground-water surface may have 

influenced the OCR and the K0nc. The stress-levels of the tests 
are chosen to lower values than the corresponding in-situ 
stresses. The specimens were therefore expected to behave 
stiffer than corresponding clay in situ. 
 
3  MEASUREMENT EQUIPMENT AND PROCEDURE 

The tests were force-controlled. The bottom and the top of the 
specimens were in contact with permeable filter-stones. During 
the undrained phases of the tests, the axial force (applied at the 
specimen-top) and the pressure of oil surrounding the specimen 
(separated from the specimen with an impermeable layer) were 
monitored. The axial deformation (at the specimen-top) and the 
pressure of the water that was in contact with the specimen-
bottom (via the permeable stone-material) were measured. 

Draining was conducted through the filter-stone at the 
specimen-top and through filter paper around the specimen in 
contact with the filter-stone at the specimen-top. During the 
drained phases of the tests, the water at the top and at the 
bottom of the specimen was kept at a constant (back-) pressure. 
The flow of water needed to keep the back-pressure constant 
was measured and assumed to be a direct measure of the change 
of specimen-volume.  

A previous study of pore-pressure equalization and 
attenuation after cycling had been made on a specimen from the 
site at Surte. According to the study, the measured pore-
pressure (at the filter-stone at the bottom) tends to 
underestimate the pore-pressure at the center of the specimen, 
partly owing to friction at the contact between specimen and 
filter-stone. 
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 Table 1. Characteristics of specimens 
Parameter Sym-

bol 

Unit Munk8-

D6,8 and 

Munk8-

D6,8 II 

CW8-D6,6 

and CW8-

D6,6-II 

      Value 4) Value 4)

Density  Mg/m3 1,84 M 1,57 E

Water 

content 

wN % 42 M 80 E

Liquit limit wL % 41 M 83 E

Limit of 

plasticity 

wP % 21 M 32 E

Preconsoli-

dation 

pressure 

´VC kPa 91 M 50 E 1)

Earth 

pressure 

coefficient 

K0nc   0,47  

E 

0,74  

E 

2)

Effective 

horizontal 

prestress 

´HC kPa 42  

E 

37  

E 

3)

Undrained 

shear 

strength 

cu kPa 30 E 14,5 E

Effective 

strength 

parameter 

c´ kPa 2,7 E 1,3 E

Effective 

friction 

angle 

´ De-

grees 

30 E 30 E

In situ 

stress 

´V0   86,7 E 41,4 E

Overcon-

solidation 

ratio 

OCR   1,05  

E 

1,21  

E 

Permea-

bility 

k 1∙10-10 

m/s 

2,1 M 8,0 E 1)

1) Determined according to SS 02 71 26 (CRS) 

2) Estimated according to Larsson (1977) as K0nc = 0,31 + 

0,71 ∙ (wL - 0,2) 

3) Estimated according to Larsson (1977) as ´HC = K0nc ∙ 
´VC 

4) M = Measured, E = Estimated 

 
The specimens were first reconsolidated to 71 %, for CW8-

D6,6/-II, and 83 %, for Munk8-D6,8/-II, of the preconsolidation 
stress. For CW8-D6,6/-II an unloading to 55 % of the 
preconsolidation pressure was then applied. These starting 
points correspond to an apparent OCR of 1,78 and 1,20 
respectively. From these starting points, a sinusoidal axial force 
was applied with a frequency of 0,1 Hz, during undrained 
conditions. On one of the specimens from each location and 
depth, a continuous cycling was then allowed to continue. On 
the other specimen, from the same location and depth 
respectively, the cycling was interrupted with pauses. During 
the pauses, the pore-pressure was first enabled to equalize in the 
specimen-volume and then enabled to drain from both ends. 

Each cycling with subsequent undrained and drained pause was 
called a sequence. 

 
Table 2. Measurement parameters 

Parameter Sym-

bol 

Unit Definition

Volumetric strain (compression) V % V/V0

Axial strain (compression) a % H/H0

Axial strain, average over one cycle a.av % 

Axial strain, maximum value during 

one cycle 

a.max % 

Axial strain, minimum value during 

one cycle 

a.min % 

Axial strain, amplitude a.amp % a.max-a.av or 

a.av-a.min
Axial stress a kPa 

Radial stress r kPa 

Deviatoric stress q kPa a - r 

Pore-pressure u kPa 

Effective axial stress ´a kPa a - u 

Effective horizontal stress ´r kPa r - u 

Mean effective stress p´ kPa (´a+2∙´r)/3

Cycle number i 1 

 
Table 3. Measurement procedure and some results 

Test 

(spe-

cimen) 

1) First sequence Subsequent sequences Total 

num-

ber of 

cycles

Number 

of cycles

Drained 

pause 

(min) 

Number 

of cycles 

Drained 

pause 

(min) 

Munk8-

D6,8 

C 700 120 395 2) 1095 

Munk8-

D6,8-II 

I 100 82 100 Between 

82 and 

920 

1500 

CW8-

D6,6 

C 430 3)  -  - 430 

CW8-

D6,6-II 

I 100 90 100 Between 

90 and 20 

2300 

1) Purpose of test: C = Continuous cyclic load, I = Interrupted cyclic 

load 

2) Failed during second sequence 

3) Failed during first sequence

 
 
4  RESULTS 

4.1  Munk8-D6,8 - overview 

After reconsolidation, Sequence 1 (cycling with three different 
force-amplitudes, undrained pause and drained pause) was 
performed, see Figure 1. 
 

 
Figure 1. Munk8-D6,8. Pore-pressure during Sequence 1 (Cycling from 
t=3864 min to t=3982 min, undrained pause until t=4004 min followed 
by the drained pause) 
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The volumetric strain increased during the drained pause of 

Sequence 1, see Figure 2. The rate of increase was still high at 
the beginning of Sequence 2 (t=4120 min). It was concluded 
that a partial consolidation occurred during the drained pause. 

 

 
Figure 2. Munk8-D6,8. Volumetric strain before, during (4004 
min<t<4120 min) and after drained pause of Sequence 1. 

A pore-pressure build-up during cycling can be noted in 
Figure 1. After the cycling, during the undrained pause, a small 
rise of the pore-pressure can be noted. The rise is believed to be 
owing to equalization of pore-pressure within the specimen. 
The same pattern occurred during Sequence 2. 

4.2  Munk8-D6,8 – details during cycling 

The successive increase of u (see Figure 2) and the 
corresponding decrease in p´ during the cycles of Sequence 1 
(and Sequence 2) meant that the stress-path crossed the critical 
state, see Figure 3. It should be noted that the measured value of 
the pore-pressure (which was used for calculation of the mean 
effective stress, p´) was uncertain and probably lower than the 
pore-pressure in the shearing-zone. 

 

 
Figure 3. Munk8-D6,8. Critical line, yield surface, in-situ stress, stress-
path for consolidation, stress-path for cycle no 1 and cycle no 700 

The axial strain varied during the cycling of Sequence 1 
according to Figure 4, 5 and 6. The derivative of a.av with 
respect to i, da.av/di, was constant up to around i=540 (where 
the force amplitude was increased, see Figure 1 at t=3954 min). 
After i=540, da.av/di increased.  

a.amp increased with i, with da.amp/di somewhat decreasing, 
at least up to around i=540. Between cycle no 540 and cycle no 

700, da.amp/di was constant. After cycle no 700, da.amp/di 
increased. 

 

 
Figure 4. Munk8-D6,8. Cyclic average of axial strain, a.av, during 
cycling of Sequence 1 

 
Figure 5. Munk8-D6,8. Cyclic average of axial strain during cycling of 
Sequence 2 

 
Figure 6. Munk8-D6,8. Amplitude of axial strain, a.amp, during cycling 
of Sequence 1 

4.3  Munk8-D6,8-II – details during cycling 

The p´-values of the cycles in Figur 8 are uncertain in detail 
because equalization of pore-pressure and consolidation might 
not have been completed during the intermediatedrained pauses. 
However, it is obvious, from a comparison between Figur 3 and 
Figure 7, that the cycling of Munk8-D6,8-II did not pass the 
critical state to the same extent as the cycling of Munk8-D6,8. 
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Figure 7. Munk8-D6,8-II. Critical line, yield surface, in-situ stress, 
stress-path for consolidation, stress-path for cycle no 1, no 500 and 
cycle no 1500 and stress-path during shearing at end of test. 

The axial strain varied during the cycling of Sequence 1 to 
Sequence 15 according to Figure 8 and 9. Within each sequence, 
da.av/di at first decreased and then was constant. The value of 
the constants decreased with respect to no of sequence.  

Within each sequence, a.amp increased with i, with da.amp/di 
somewhat decreasing. a.amp decreased with respect to no of 
sequence. 

a.av increased 0,4 % during the first 100 cycles, see Figure 8, 
and 0,04 % during the last 100 cycles.  

cu after the last sequence was measured to 76/2 = 38 kPa, see 
the curve “Shearing…” in Figure 7. This value is higher than 
the value 30 kPa which was estimated for the specimen before 
the test. 

From the observation that the value of (within each 
sequence) constant increment of cyclic average of axial strain 
decreased with number of sequence and the observation that the 
amplitudes decreased with number of sequence it was 
concluded that  the sam-ple had increased its ability to 
withstand further cyclic loading. 

 

 
Figure 8. Munk8-D6,8-II. Cyclic average of axial strain during cycling 
of Sequence 1 

4.4  CW8-D6,6 and CW8-D6,6-II 

Similar results as for Munk8-D6,8 and Munk8-D6,8-II was 
obtained for CW8-D6,6, see Figur 10, with continuous cycling,  
and test CW8-D6,6-II, with interrupted cycling.  

For CW8-D6,6 da.av/di changed from constant to increase 
and da.amp/di changed from decrease to constant, at around 
i=170. 

For CW8-D6,6-II, a.av increased 0,5 % during the first 100 
cycles and less than 0,05 % during the last 100 cycles. 

CW8-D6,6 failed after 430 cycles. CW8-D6,6-II reached 
2300 cycles without failure. 

 
 

 
Figure 10. CW8-D6,6. Critical line, yield surface, in-situ stress, stress-
path for consolidation, stress-path for cycle no 1 and cycle no 430 

 
5  SUMMARY 

For Munk8-D6,8-II and CW8-D6,6-II, the cyclic loading of 
each sequence was interrupted before da.av/di had changed 
from constant to increase. During the interruptions the 
specimens were allowed to drain. This procedure led to smaller 
values of cyclic strain during subsequent sequences and, at least 
for Munk8-D6,8-II, an increase in cu. 
 
6  CONCLUSION 

Undrained cyclic loading interrupted by drained pauses can lead 
to an increased ability to withstand further cyclic loading. 

During undrained cyclic loading, a change of da.av/di from 
constant to increase may indicate that a pause for consolidation 
cannot increase the ability to withstand further cyclic loading. 
 
7  SUGGESTIONS FOR FURTHER RESEARCH 

An study is suggested, of the hysteresis loops (stress-strain 
moduli) in the tests reported here and how they are expected to 
change when similar tests are performed at higher frequencies.   

Further studies are suggested to identify the limits of cyclic 
loading beyond which pauses for consolidation cannot increase 
the ability to withstand further cyclic loading. 
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