
five and seven cycles of freezing and thawing, respectively. 

 

Tests Procedure.  The triaxial apparatus was employed as loading system, coupled 

with a strain-controlled loading mode and an automatic data-collection system. The 

unconsolidated-undrained triaxial compression (UUTC) experiments were conducted. 

The confining pressure of triaxial compression is 50 kPa, 150 kPa and 250 kPa, 

respectively, with the rate of axial strain of 0.8mm/min. The tests were terminated 

when the axial strain reaches at 15% or appears peak and the axial strain is greater 

than 5%. The test condition of each specimen is shown in Table 2 in detail.  

 

Table 2. Summary of test condition. 

Specimen 

number 

Freeze-thaw 

cycle 

Initial 

compaction 

degree (%) 

Initial water 

content 

(%) 

Confine 

pressure 

(kPa) 

T-01 0 95 12.6 50, 150, 250 

T-02 1 95 12.6 50, 150, 250 

T-03 3 95 12.6 50, 150, 250 

T-04 5 95 12.6 50, 150, 250 

T-05 7 95 12.6 50, 150, 250 

T-06 3 85 12.6 50, 150, 250 

T-07 3 90 12.6 50, 150, 250 

T-08 3 100 12.6 50, 150, 250 

T-09 3 95 10.0 50, 150, 250 

T-10 3 95 14.0 50, 150, 250 

T-11 3 95 16.0 50, 150, 250 

T-12 3 95 18.0 50, 150, 250 

 

STRESS-STRAIN CURVES OF HARBIN SILTY CLAY 

 

Figure 3 shows the effects of freeze-thaw cycles on stress-strain curves of 

Harbin silty clay, with compaction degree of 95%, initial water content of 12.6%, and 

the confining pressure of 50kPa. From this figure, the stress-strain curves of silty clay 

experienced three to seven freeze-thaw cycles exhibit slight strain-softening. 

However, the stress-strain curves of silty clay subjected to zero and one freeze-thaw 

cycle exhibit notably strain-softening in which the peak deviator stress can be 

observed. Moreover, it is very obvious that the stress-strain curves become stable and 

the deviator stress display a little change after three freeze-thaw cycles. From these 

experimental results, they show that the mechanical properties of silty clay soil will 

be stable after three freeze-thaw cycles. The reason is that the micro-structures of soil 

are changed by the frost and thaw action. During the freeze process, the free water 

migrated and frost, and the pore of soil may increase. During the thaw process, the ice 

crystal melt, and the soil particles rearrange. After many freeze-thaw cycles, the 

structures of soil become stable, and the mechanical behaviors would not change. The 
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similar results can be found many previous studies (Wang et al, 2007; Su et al., 2008; 

Yu et al., 2010).  

 

 
Figure 3. Effects of freeze-thaw cycle on stress-strain curves of Harbin silty clay. 

 

Figure 4 shows the effects of initial compaction degree on stress-strain curves 

of Harbin silty clay, with three freeze-thaw cycles, initial water content of 12.6% and 

the confine pressure of 50 kPa. From this figure, it is observed that the stress-strain 

curves display strain hardening at compaction degree of 85%, but display strain 

softening at compaction degree of 100%. Moreover, the deviator stress increases with 

the increasing of initial compaction degree.  

 

 
Figure 4. Effects of initial compaction degree on stress-strain curves of Harbin 

silty clay.  

 

Figure 5 shows the effects of initial water content on the stress-strain curves 

of Harbin silty clay, with three freeze-thaw cycles, the compaction degree of 95% and 

the confining pressure of 50 kPa. After three freeze-thaw cycles, the initial water 

content plays a notable effect on the stress-strain curves mode. Whether strain is 

hardening or softening mode, it depends on the initial water content. Additionally, the 

peak deviator stress increases with the decreasing of the water content. 
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Figure 5. Effects of initial water content on stress-strain curves of Harbin silty 

clay. 

 

FAILURE STRENGTH AND TANGENT MODULUS 

 

Failure strength and modulus are two important parameters of soil mechanical 

properties. The resilient modulus of cohesive soil can be estimated by the stress level 

at 1% strain in UC test (Lee et al., 1995), and Wang et al. (2007) defined the resilient 

modulus as a ratio of deviator stress increment at 1% axial strain to axial strain 

increment relate to initial value. In the present study, the modulus of Harbin silty clay 

is defined as the tangent modulus of the deviator stress at 1% axial strain. Failure 

strength is the deviator stress at the axial strain of 15% for the strain-hardening mode 

curve, and is the peak deviator stress for the strain-softening mode curve. 

Figure 6 shows failure strength and tangent modulus for various numbers of 

freeze-thaw cycles. The failure strength decreased with the increasing of number of 

freeze-thaw cycle, and it is stable basically after three freeze-thaw cycles. The 

strengthen decrease by 48%, 36% and 35% after three freeze-thaw cycles at confining 

pressure of 50 kPa, 150 kPa and 250 kPa, respectively. Moreover, It is obvious that 

the tangent modulus notably affected by freeze-thaw action. The tangent modulus of 

soil decreases by 50~62% at various after three freeze-thaw cycles, and then change a 

little at rest freeze-thaw cycles action.  

 

  
Figure 6. Effects of freeze-thaw cycles on failure strength and tangent modulus. 
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Figure 7 shows failure strength and tangent modulus of Harbin silty clay, with 

three freeze-thaw cycles and initial water content of 12.6%, for various initial 

compaction degree. The failure strength and tangent modulus of soil increases with 

increasing of initial compaction degree and confining pressure. 

 

 
Figure 7. Effects of initial compaction degree on failure strength and tangent 

modulus. 

 

Figure 8 shows failure strength and tangent modulus, with three freeze-thaw 

cycles and compaction degree of 95%, for various initial water content. It is clear 

from this figure that failure strength and tangent modulus decrease with increasing of 

water content.  

  
Figure 8. Effects of initial water content on failure strength and tangent 

modulus. 

 

EMPIRICAL MODEL AND VALIDATION 

 

Normalized Failure Strength and Normalized Tangent Modulus.  To determine 

the standard failure strength Nfq  and standard tangent modulus NtE , Equation (1) 

and Equation (2) were applied and fitted to all of the failure strength and the tangent 

modulus under different experiments conditions, respectively. Then the relationships 

between the failure strength and confining pressure, the tangent modulus and 

confining pressure were proposed, respectively.  
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p

⎛ ⎞σ
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⎝ ⎠
                                               (1) 
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n
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E K p
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⎝ ⎠
                                                (2) 

Where 
Nfq  is standard failure strength, NtE  is standard tangent modulus, 3σ  is 

confining pressure, ap  is standard pressure generally with 100 kPa, fK , tK , m  

and n  are material constants with fK =5.50, tK =272.95, m =0.29 and n =0.25, 

respectively. These material constants were determined by fitting the relationship of 

failure strength, tangent modulus and confining pressure. 

Figure 9 shows normalized failure strength and normalized tangent modulus 

of soil for various numbers of freeze-thaw cycles. It is obvious that the normalized 

failure strength and normalized tangent modulus decreases with the increasing of 

numbers of freeze-thaw cycles, and the curve is stable after three freeze-thaw cycles. 

The relationship of normalized failure strength, normalized tangent modulus and 

numbers of freeze-thaw cycle can be fitted by Equation (3) and Equation (4) as 

follows, respectively.  

2

1 1
f A N

N

Nf

q
g A e

q

⋅= = ⋅ +                                                (3) 

1

2

C Nt
N

Nt

E
f e C

E

⋅= = +                                                  (4) 

Where Ng  is normalized failure strength effected by number of freeze-thaw cycle, 

Nf  is normalized tangent modulus effected by number of freeze-thaw cycle, fq  is 

failure strength, tE  is tangent modulus, N is numbers of freeze-thaw cycle, 1A , 

2A , 1C and 2C  are model parameters with 1A =0.69, 2A =-0.75, 1C =-1.23 and  

2C =0.99, respectively.  

 

   
Figure 9. Effects of freeze-thaw cycles on normalized failure strength and 

normalized tangent modulus. 

 

0 1 2 3 4 5 6 7
0.5

1.0

1.5

2.0

2.5

N
o

rm
al

iz
ed

 f
ai

lu
re

 s
tr

en
g

th

Number of Freeze-thaw cycle

 50kPa

 150kPa

 250kPa

 Fitting curve by Eq.(3)

0 1 2 3 4 5 6 7
0.5

1.0

1.5

2.0

2.5

N
o

rm
al

iz
ed

 t
an

g
en

t 
m

o
d

u
lu

s

Number of Freeze-thaw cycle

 50kPa

 150kPa

 250kPa

 Fitting curve by Eq.(4)

Innovative Materials and Design for Sustainable Transportation Infrastructure 207

© ASCE

https://www.civilenghub.com/ASCE/166841549/Innovative-Materials-and-Design-for-Sustainable-Transportation-Infrastructure?src=spdf


Figure 10 shows normalized failure strength and normalized tangent modulus 

of soil for various initial compaction degree. It obvious the normalized failure 

strength and normalized tangent modulus increases with the increasing of initial 

compaction degree. The relationship of normalized failure strength, normalized 

tangent modulus and initial compaction degree can be fitted by Equation (5) and 

Equation (6) as follows. 

4

3

f A K

K

Nf

q
g A e

q

⋅= = ⋅                                                 (5) 

4

3

C Kt
K

Nt

E
f C e

E

⋅= = ⋅                                                 (6) 

Where Kg  is normalized failure strength effected by initial compaction degree, Kf  

is normalized tangent modulus effected by initial compaction degree, K is initial 

compaction degree of soil, 3A , 4A , 3C and 4C  are model parameters with      

3A =0.0071, 4A =5.26, 3C =0.0055 and 4C =5.42. 

 

  
Figure 10. Effects of initial compacted degree on normalized failure strength and 

normalized tangent modulus. 

 

Figure 11 shows normalized failure strength and normalized tangent modulus 

of soil for initial water content. It obvious the normalized failure strength and 

normalized tangent modulus decreases with the increasing of initial water content. 

The relationship of normalized failure strength and initial water content displays 

linear dependence, and the relationship of normalized tangent modulus and initial 

water content displays exponential dependence. 
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Figure 11. Effects of initial water content on normalized failure strength and 

normalized tangent modulus. 

 

The relationship of normalized failure strength, normalized tangent modulus 

and initial compaction degree can be fitted by Equation (7) and Equation (8) as 

follows. 
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Where wg  is normalized failure strength effected by initial water content, wf  is 

normalized tangent modulus effected by initial water content, w is initial water 

content, 5A , 6A , 5C and 6C  are model parameters with 5A =-12.98, 6A =2.65,  

5C =14.02 and 6C =-21.42, respectively.  

 

Model and Validation.  Basic structure of failure strength and tangent modulus of 

Harbin silty clay subjected to freeze-thaw cycle is composed of one modification 

parameter and three modification functions. The parameters and functions of 

normalized failure strength and normalized tangent modulus were discussed in above 

and are shown from Equation (1) to Equation (8). The failure strength and tangent 

modulus model are written as follows in Equation (9) and Equation (10). 
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Where λ  is modification parameter with 0.92 for failure strength, η  is 

modification parameter with 1.08 for tangent modulus, Nfq  is normalized parameter 

which is determined by Equation (1), NtE  is normalized parameter which is 

determined by Equation (2), Ng , Kg , wg , Nf , Kf  and wf  are modification 

functions influenced by numbers of freeze-thaw cycle, initial compaction degree and 
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initial water content, respectively. 

For the validation of the models which are proposed in this paper, the 

comparison of the experimental results and the calculated results through the 

Equation (9) and Equation (10) are shown in Figure 12. From the figure, the overall 

agreement between the model and experimental data can be called well, although 

some calculated data depart experimental data. This demonstrates that the presented 

failure strength and tangent modulus model are suitable for the description of failure 

strength and tangent modulus of compacted soil for various numbers of freeze-thaw 

cycle, initial compaction degree and initial water content. 

 

  
Figure 12. Comparison of experimental results and calculated results. 

 

CONCLUSIONS 

 

An unconsolidated-undrained triaxial compression experiments were 

conducted on compacted Harbin silty clay, the effect of the stress-strain curve, failure 

strength and tangent modulus on different confining pressure, number of freeze-thaw 

cycle, initial compaction degree and initial water content were investigated. The 

following conclusions are drawn based on this study: 

(1) The confining pressure, number of freeze-thaw cycle, initial compaction 

degree and initial water content are notable effect the stress-strain curve mode, such 

as strain-hardening and strain-softening.  

(2) Failure strength and tangent modulus are stable after three freeze-thaw 

cycles, and decrease by 35~48% and 50~62% of the strength of un-experienced 

freeze-thaw cycle, respectively. Failure strength and tangent modulus increase 

notably with the increasing of initial compaction degree and decrease notably with 

the increasing of initial water content. Moreover, the normalized failure strength and 

tangent modulus display similar rules. 

(3) The empirical models of failure strength and tangent modulus were 

proposed and validated based on experimental results. They can consider the effects 

of the confining pressure, number of freeze-thaw cycle, initial compaction degree and 

initial water content. 
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