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ABSTRACT: Up to now, the effects of freezing-thawing on the dynamic characteristics of silty clay have been less studied. In this 
paper, the dynamic cyclic triaxial tests, the scanning electron microscope (SEM) &mercury intrusion porosimetry(MIP) tests were 
conducted to study the dynamic characteristics of silty clay before and after freezing-thawing. H-D model can well fit the backbone 
curves of the silty clay in triaxial cyclic tests. The shear modulus and the damping ratio of freezing-thawing samples are larger than 
those of undisturbed samples. The lower the frequency and the larger the cyclic stress ratio (CSR) are, the larger the axial strain and 
the higher excess pore pressure develop. The freezing-thawing samples can produce up to 26.7% larger strain and 53% higher excess 
pore pressure than the undisturbed samples, respectively. The porosity of samples in SEM tests increases about 11.24% after 
freezing-thawing. In MIP tests, the mercury intrusion volume of the freezing-thawing samples is about 6.0% larger than that of the 
undisturbed samples. In addition, the pore size distribution (PSD) of silty clay can be used to predict the water retention curve 
(WRC)of the soils. 

RÉSUMÉ: Jusqu'àprésent, les effets de la congélation-décongélation sur les caractéristiquesdynamiques de 
l'argilelimoneuseontétémoinsétudiés. Danscet article, les essaisdynamiquestriaxiauxcycliques, les tests SEM et MIP ontétéréalisés. Le 
modèle H-D peutbiens'adapter aux courbes du squelettedans des essaiscycliquestriaxiaux. Le module de cisaillement a diminué avec 
l'augmentation de la contrainte de cisaillement, et le rapport d'amortissementestopposé. Plus la fréquenceestbasse et plus les CSR sont 
grands, plus la déformationaxiale et la pression de pore excédentaire plus élevée se développent. Les échantillons de 
congélation-décongélationpeuventproduirejusqu'à 26,7% de souche et 53% plus de pression de pore excédentaire que les échantillons 
non perturbés, respectivement. La porosité des échantillonsdans les tests de MEV augmented'environ 11,24% après 
congélation-décongélation. Dans les essais MIP, le volume d'intrusion de mercure des échantillons de congélation-décongélationest 
environ 6,0% plus grand que celui des échantillons non perturbés. De plus, les PSD d'argilelimoneusepeuventêtreutilisés pour prédire 
la CMR des sols. 
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1  INTRODUCTION 

The subway has been considered as a significant way to solve 
the urban traffic problems.However, the vibration loading may 
result in degradation or even failure of soil foundations. Besides, 
the artificial freezing method used in the subway construction 
may aggravate the foundation deformation. A comprehensive 
research on the dynamic characteristics of soils before and after 
freezing-thawing is necessary. 

Tang et al. (2008) studiedthe responsefrequencies of soil 
around the tunnel by in-site monitoring.Matsui et al. (1992) 
carried out cyclic triaxial tests for Senri clay with frequencies 
between 0.02 Hz and 0.5Hz. The lower the frequency was, the 
higher the pore pressure and the axial strain were. However, the 
contrary conclusion was obtained by Yasuhara et al. (2003) 
when the cyclic triaxial tests were conducted for Ariake clay 
with frequencies between 0.1 Hz and 10Hz. The limit of cyclic 
stress ratio, which was defined as the largest cyclic stress ratio 
in the process of soil failure, was proposed byLarew and 
Leonards (1962) for the saturated soft clay.Then it was proved 
by Sangrey et al. (1978). Besides, the directions of principal 
stress, the stress history, and the strain rate also had a great 
influence on the dynamic characteristics of clayey 
soil(Matasovic and Vucetic 1995, Atkinson 2000, Chai and 
Miura 2002). 

Freezing-thawing may destroy the nature properties of soil 
in the process of frost heave and thawing settlement. For silty 
clay, the freezing-thawing process affected the hydraulic 
conductivity seriously. The non-linear behavior of Taipei silty 
clay was investigated by Lee and Sheu (2007)through a series 
of undrained cyclic strain-controlled tests and the strength and 

stiffness of soil would enhance after freezing.Moreover, the 
dynamic modulus increased with the freezing temperature 
descending (Christ et al. 2009). However, the elastic modulus 
changed significantly when the frozen clay melt (Konrad 1989). 
Zhang and Hulsey (2015) studied the effects of 
freezing-thawing on soil dynamic properties by the triaxial 
strain-controlled cyclic tests.The soil became looser and the 
void ratio increased after freezing-thawing, which led to larger 
strain under loadings (Cui et al. 2014, Zhou and Tang 2015). In 
addition, freezing-thawing cycles reduced the modulus and 
enlarged the damping ratio of soils (Wang et al. 2015). 

In this paper, the effect of freezing-thawing on the dynamic 
behaviors of the silty clay was studiedby cyclic triaxial tests.In 
addition, the SEM and MIP tests were conducted to investigate 
the microstructurevariation of the silty clay before and after 
freezing and thawing.The results can offer a reference to the 
design and construction of subway tunnel in soft soil areas. 

2  TEST METHODS 

2.1 Soil properties 

The samples were taken from the grey silty clay of layer No. 5 
in Shanghai. Some freezing-thawing samples with freezing 
temperatures-30ºCwere prepared. The properties of the silty clay 
before and after freezing-thawing are summarized in Table 1. 
 
Table 1Properties of the silty clay. 
Parameter F U

Water content(%) 36.7 35.4

Initial density(g/cm3) 1.78 1.81
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 Void ratio 1.060 1.013

Liquid limit 38.4 36.7

Plastic limit 21.2 21.3

Cohesive strength(kPa) 8.699 7.461

Angle of internal friction(°) 28 30
Note: F represents freezing-thawing clay; U represents undisturbed 
clay. 

2.2 Test procedures 

In this paper,the sine wave was chosen and stress-controlled 
cyclic triaxial tests were conductedwith the GDS apparatus. 

Each sample with the size of 39.1 mm in diameter and 80 
mm in height,was saturated with the back pressure of 100 kPa. 
Thenit was consolidated under K0-condition to perfectly 
simulate the in-site stress state. The parameter K0 was taken as 
0.7. In addition, the confining pressure kept 240 kPa. The axial 
CSR was defined as the ratio of the deviator stress amplitude to 
the undrained shear strength obtained from monotonic triaxial 
tests, being 80 kPa. The schemes of the cyclic triaxial tests are 
summarized in Table 2. 
 
Table 2Schemes of undrained cyclic triaxial tests. 

Soils Frequency(Hz) CSR 
F 0.5, 1.0, 2.5 0.375 
F 0.5 0.125, 0.250, 0.375 
F 0.5 Step-amplitude 
U 0.5, 1.0, 2.5 0.375 
U 0.5 0.125, 0.250, 0.375 
U 0.5 Step-amplitude 

 
At the end of cyclic triaxial tests, the samples were taken out 

carefully for the SEM & MIP analysis. The “freeze-drying” 
method (Shi et al. 1999)was adoptedto dehydrate the samples 
while keeping the fabric of the material invariant. 

3RESULTS ANALYSIS 

3.1  Dynamic stress-strainrelationship 

In order to obtain the backbone curves, the step-amplitude 
cyclictriaxial testswere performed on the freezing-thawing and 
undisturbed samples, respectively.The peak points of hysteretic 
curves wereattached and the backbone curves were obtained as 
plotted in Fig. 1. Furthermore, the H-D model (Hardin and 
Drnevich 1972) are frequently used to describe the backbone 
curves for its simple formula and clear physical meaning. The 
H-D backbone model can be expressed as 
 

0 ult1 +G


 

       (1) 

 
where   is the dynamic shear stress,  being the shear strain, 

0G being the initial dynamic shear modulus, ult being ultimate 
shear stress. 

It can be seen that H-D model fits the test data well. Since 
the cyclic loading is step-amplitude, where a small amplitude is 
followed by a larger one, both the freezing-thawing and 
undisturbed samples exhibit hardening behaviors. 
 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0

5

10

15

20

25

30

35

40

45

50

 F
 U
 Fitting of F
 Fitting of U

D
yn

am
ic

 s
he

ar
 s

tr
es

s,
 

 (
kP

a)

Parameters F U 

0G (MPa) 38.5635 29.0149

ult (kPa) 45.8936 47.1862
2

R  0.9993 0.9987

Shear strain,  (%)  
Fig. 1 Fitting results of backbone curves by H-D model. 

Fig. 2 illustrates the fitting results of normalized shear 
modulus and damping ratio versus shear strain of silty clay 
subjected to the step-amplitude cyclic loading. The hyperbolic 
function andempirical quadratic function were utilized to fit the 
normalized shear modulus and damping ratio curves, 
respectively. 
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where  ,  , a , b  and c are the fitting parameters. It can be 
seen obviously that the curve trends of shear modulus and 
damping ratio are opposite. The agreementbetweenthe test data 
and the fitting curves meets the requirements. The R-squares 
are all over 0.95. 
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Fig. 2 The fittingresultsof normalized shear modulus and damping ratio 
versus shear strain. 

3.2  The development of axial strain 

Figs. 3and 4 illustrate the axial strain of samples versus number 
of vibration with different frequencies and CSRs, respectively. 
Comparing with the undisturbed samples, the freezing-thawing 
samples have larger deformation.The growth rate decreases 
with the increasing number of vibration and tends to be stable. 
The frequency has a great effect on the axial strain. Larger axial 
strain is produced under lower frequency due to more energy of 
loads transferred to samples.The strain of freezing-thawing clay 
and undisturbed clay increases with the increasing CSR from 
0.125 to 0.375 by 346% and 372%, respectively. With the 
increase of CSR, the amplitude of the dynamic stress is larger, 
and the energy transmitted to the samples is more, which results 
in greater deformation within the samples. 
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Fig. 3 The axial strain of freezing-thawing and undisturbed samples 
with different frequencies. 
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Fig.4 The axial strain of freezing-thawing and undisturbed samples with 
different amplitudes of deviator stress. 

3.3  Development of excess pore water pressure 

The influence induced by cyclic load has been typically 
attributed to the pore pressure generation. With the increase of 
the number of cycles, excess pore water pressure is generated 
and accumulated, which degrades the strength of soils.In order 
to reflectthe relationship between thepore pressure andthe 
number of vibration, an empirical nonlinear model was 
established for predicting pore pressure of soil. 
 

2(lg ) lgu A N B N C        (4) 
 
where A , B  and C  are the fitting parameters. The fitting 
results are shown in Figs. 5 and 6. 
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Fig. 5Variations of excess pore pressure of freezing-thawing and 
undisturbed samples with different frequencies. 
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Fig. 6Variations of excess pore pressure of undisturbed and 
freezing-thawing samples with different amplitudes of deviator stress. 

The developments of excess pore water pressures with 
different frequencies and CSRs are presented in Figs. 5and 6, 
respectively. Comparing with undisturbed samples, the excess 
pore pressure of freezing-thawing samples increases 34%, 41% 
and 53% with 0.5 Hz, 1.0 Hz and 2.5 Hz, respectively. The 
lower the frequency, the higher the excess pore water pressure 
generates. For the frequency of 2.5Hz, the time for the loads 
applied to samples is so short that the excess pore pressure 
almost has no time to develop. The excess pore pressure 
increases as the CSR increases. When the CSR is large, the 
excess pore water pressure increases rapidly at the initial stage 
of vibration. 

3.4  Variation of microstructures 

In order to research the variation of microstructure of silty clay, 
the SEM & MIP tests were conducted to unloading 
samplesbefore and after freezing-thawing. Fig. 7 illustrates the 
SEM images with magnification of 3000× and size of 
1280×960 pixel. As can be seen, the soil particles show an 
irregular flake structure, leaving a rough surface with a 
three-dimensional sense.Compared with the undisturbed soils, 
the freezing-thawing clay exhibits larger aggregates and larger 
pores among particles.In the analysis of binary images derived 
from SEMimages, the porosity of samples increases about 
11.24% after freezing-thawing. In Fig. 8, the final mercury 
intrusion volume of the freezing-thawing samples is about 6.0% 
larger than that of the undisturbed samples. 
 

 
(a) F   (b) U 

Fig.7The SEM images with magnification of 3000×. 
 

- 337 -



  Proceedings of the 19th International Conference on Soil Mechanics and Geotechnical Engineering, Seoul 2017 

 

0.001 0.01 0.1 1 10 100 1000
0.00

0.05

0.10

0.15

0.20

0.25

Pore radius (m)

N
or

m
al

iz
ed

 v
ol

um
e 

(c
c

g-1
)

 F
 U

 
Fig. 8The intrusion and extrusion curves of samples. 
 

In MIP tests, the theoretical relationship between the 
intrusion pressure and the pore diameter, as shown in Fig. 9,can 
be utilized in the water retention prediction for the reason that 
the mercury intrusion process is similar to the drying process of 
saturated soil. With the surface tension and contact angle 
between water and soil interface of water and mercury, the 
suction pressure s , and the intrusion pressure, are related by: 
 

0.194s p        (5) 
 

Indrying process of saturated clay, the intrusion volume of 
mercury is equivalent to the air volume within the soil. So the 
water content w is written as 

w a w
s s

s s

m V
w w w V

m m


         (6) 

 
where 

wm  is the mass of the water, 
sm being the mass of the 

sample, 
sw  being the saturated water content,

w being the 
density of water, 

aV  being the air volume, andV  being the 
normalized volume of mercury. 
 

 
Fig. 9 Airinjectedindrying WRC and mercury intrusion in the 
cylindrical pore. 
 

Since both the water content and the suction can be obtained 
from the MIP tests, the water retention curves can be fitted 
bythe van Genuchtenmodel: 
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where  is related to the inverse of the air entry suction and 
n is a measure of the PSD.It can be seen from Fig. 10 that the 
MIP derived water content versus suction can be well fitted by 
the van Genuchten model. 
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Fig. 10 Fitting results of the water retention curves. 

4  CONCLUSIONS 

In this paper, a series of cyclic triaxial testshave been conducted 
to investigate the dynamic behavior of silty clay before and 
after freezing-thawing. The stress-strain relationship, axial 
strain and excess pore pressure are compared undercyclic 
loadings. Besides, the variation of the microstructures before 
and after freezing-thawing was analyzed by SEM & MIP tests. 
The main conclusions are obtained as follows. 
(1) H-D model can well fit thebackbone curves of the silty clay 
in triaxial cyclic tests. The curve trends of normalized shear 
modulus and damping ratio are opposite. Both of the shear 
modulus and damping ratioof freezing-thawing samplesare 
larger than those of undisturbed samples. 
(2) The lower the frequency and the larger the CSR are, the 
more energy transferred to soil is; the larger the axial strain and 
the higher excess pore pressure are developed. The 
freezing-thawing clay can produce up to 26.7% larger strain and 
53% higher excess pore pressure than that of the undisturbed 
clay under the same test conditions, respectively. 
(3) In the analysis of binary images derivedfrom SEM,the 
porosity of samples increases about 11.24% after 
freezing-thawing. In MIP test, the mercury intrusion volume of 
the freezing-thawing samples is about 6.0% larger than that of 
the undisturbed samples.The PSDs of silty clay can be used to 
predict the WRC for the test soils. 
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