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Experimental study of the effect of freeze-thaw cycles on dynamic characteristics
of silty sand

SUN Jing!, GONG Mao-sheng?>, XIONG Hong-giang!, GAN Lin-rui
1. School of Civil Engineering, Heilongjiang University, Harbin, Heilongjiang 150080, China
2. Institute of Engineering Mechanics, China Earthquake Administration, Harbin, Heilongjiang 150080, China

Abstract: By using the GDS dynamic triaxial apparatus tests, the effect of freeze-thaw cycles on dynamic stress, dynamic modulus,
dynamic modulus ratio and damping ratio of silty sand under different negative temperatures has been investigated in this study. It is
found that under the same dynamic strain, the freeze-thaw cycles are negatively correlated with dynamic stress and dynamic modulus,
but positively correlated with dynamic modulus ratio and damping ratio. With the increasing of freeze-thaw cyclic numbers, the
dynamic stress and dynamic modulus decrease while the dynamic modulus ratio and damping ratio increase. The normalized fitting
models for the dynamic modulus ratio versus the shear strain and the damping ratio versus the shear strain have been presented by
regression analysis. The freeze-thaw cycles have a significant effect on the initial dynamic modulus and the maximum damping ratio.
With the increasing of freeze-thaw cyclic numbers, the initial dynamic modulus decreases and the maximum damping ratio increases.
The effects of freeze-thaw cycles on the initial dynamic modulus and the maximum damping ratio under different negative
temperatures have also been analyzed, and the calculation formulae of the number of freeze-thaw cycles correlation coefficients have
been given. The results indicate that the effect of freeze-thaw cycles on dynamic characteristics of silty sand is obvious with
decreasing of the temperature, and the dynamic characteristics after five freeze-thaw cycles are relatively stable. It is suggested that
the dynamic parameters after five freeze-thaw cycles can be used as the basic parameters for the dynamic response analysis.
Keywords: freeze-thaw cycles; silty sand; dynamic characteristics; dynamic modulus; damping ratio

1 Introduction the variation law of dynamic modulus and damping ratio of

Suberades | v q biected frozen soil under different frequency and moisture content
ubgrades in seasonally frozen ground areas are subjecte . . . .
& ) Y . & i JA i conditions. Yan et al.l¥! studied the variation law of silty sand
to repeated freezing and thawing, which changes the original . .
dynamic parameters under repeated freeze-thaw conditions.

structure and particle composition of the soil due to cryogenic . .
p P Y08 Wang et al.l’ studied the influence of freeze-thaw cycles on the

i i i 0
course, thereby changing the mechanical properties of the soil'!. dynamic propertis of subgrade soils with different plastic

The repeated freezing and thawing results in frost heave and indices. Wang et al.[%] studied the deformation characteristics of

thaw  settlement, causing road grouting and collapse, causing Qinghai-Tibet frozen silty clay under train loads. Yu et al.l”]

cracking and settlement of houses, instability of dam slopes, etc. studied the influence of the low temperature on the dynamic

Freezing and thawing is one of the main factors that affect the shear modulus and damping ratio of soil. Ma et al.® studied the

safety and stability of projects in cold regions, and directly dynamic friction angle and dynamic cohesion of subgrade silty

affects the safety and operation of geotechnical structures in clay under different freezing and thawing times. Yu et al.l9

cold regions. Therefore, the mechanical characteristics of the studied the effect of freeze-thaw on the shear performance of

thawed soil under the repeated freezing and thawing of the saturated silty clay. He et all'® used the low-temperature

roadbed in seasonally frozen ground need special attention and
are worthy of in-depth study.

The dynamic modulus and damping ratio of soil are the two
basic parameters in soil dynamics, which are the necessary
dynamic parameters in the seismic safety evaluation of the
engineering site, and are also essential parameters in the
seismic calculation of major engineering structures?l. Many
scholars have conducted extensive researches on the dynamic
modulus and damping ratio of soil, and have obtained many

valuable research results?!. For instance, Christ et al.l}) studied
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dynamic triaxial test to study the relationship between the
dynamic elastic modulus, damping ratio and vibration
frequency, confining pressure, and negative temperature of the
test on the Qinghai-Tibet Railway.

Other scholars!'"1®] have also studied the dynamic modulus
and damping ratio of seasonally frozen soils to varying degrees.
However, due to the development level of the test equipment
and technology, the research on the seasonal frozen soils still
has the following deficiencies: (i) Most of the research results

are based on the dynamic characteristics of the frozen soil, and
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few studies focus on the dynamics characteristics of the frozen
soil after multiple freeze-thaw cycles. (ii) In the past, the
confining pressure used in the dynamic triaxial test is too large,
while the actual maximum depth of frozen soil is less than 10 m,
which results in the in-situ ground pressure of about 100 kPa.
(iii) At present, most dynamic triaxial devices need to complete
the freeze-thaw cycle with the help of an external high-low
temperature freeze-thaw cycle box, which has two obvious
deficiencies. First, the freeze-thaw process has no confining
pressure, which cannot characterize the actual soil conditions.
Second, it is difficult to precisely control the impact of soil
disturbance on the test results.

In this paper, the low-temperature dynamic triaxial test
method is used to study the relationship between dynamic
parameters of silty sand roadbed in the seasonally frozen area,
such as dynamic modulus and damping ratio, and multiple
freeze-thaw cycles. The normalized fitting model of dynamic
modulus ratio and damping ratio is proposed, which includes a
formula for calculating the correction coefficient of freezing
and thawing times of initial dynamic modulus and maximum
damping ratio. Part of the basic data provides a more reasonable
and reliable theoretical basis for the analysis and calculation of

dynamic response in actual projects in the future.

2 Test method

2.1 Test equipment
This study uses the dynamic triaxial instrument developed
by the British GDS company, which is composed of a control

system, a test system, and a cold bath circulation system, as

shown in Fig.1. The cold bath circulation system uses Thermo
Fisher's water bath circulator, which communicates with the
cooling tube in the spiral pressure chamber to increase or
decrease temperature. The temperature can vary within the
range of —40 °C-50 °C, and the accuracy is 0.01 °C. The
temperature sensor arranged in the pressure chamber and the
variable differential pressure sensor at the top of the soil sample
can monitor and collect data in real time. The GDS dynamic
triaxial instrument adopts the method of dynamic servo motor
loading from below the pressure chamber to overcome the
shortcomings of other products that need to complete the
freeze-thaw test with the help of high and low temperature
freeze-thaw boxes. Saturation, consolidation, freeze-thaw and
test integration can be completed in the triaxial pressure
chamber, which is more in line with the actual soil conditions,
and reduces the impact of soil disturbance. The main

parameters are shown in Table 1.

Test system

circulation system

Fig.1 The adopted GDS dynamic triaxial apparatus

Table 1 Main performance parameters of the adopted GDS dynamic triaxial apparatus

Load frequency range

Control range and accuracy of Range and accuracy of axial

Range and accuracy of Range and accuracy of

Sample size / mm

pressure chamber temperature force confining pressure displacement
0.01-2.00 , 0.01-5.00 Hz >-30°C, 0.01 °C 0-16 kN, I N ©39.1x80.0, ©60.0x80.0 0-2 MPa, <1 kPa 100 mm , 35 um
2.2 Sample preparation 39.1 mm.
The tested silty sand was taken from the Bacha area of 10 -
Heilongjiang Province, with a natural water content of 9.88%, a 100
compacted dry density of 1.74 g/cm?3, a maximum dry density & 38 i
of 1.84 g/cm?3, an uniformity coefficient of 4.66, a curvature §° Zg i
coefficient of 1.30. It has a poorly-graded particle size ; 50 F
distribution, shown in Fig.2. & ‘3‘8 i
The dried soil sample was evenly mixed with distilled water =0 f
to achieve a water content of 5%. In order to ensure that the soil 18 I L L L '
10! 10° 107! 1072 107

water content is uniform, the soil sample was infiltrated for
24 h before measuring the real-time water content. Triaxial
specimens were prepared with 95% compaction degree to
control dry density. After calculation, the three-valve saturation
mold was used to compact it in 4 layers. Each layer has 47.55 g
soil samples, and each layer was hit 30 times. The layers were
shaved at the top to prevent delamination. The resulting triaxial

specimen has a height of /' = 80.0 mm and a diameter of D =

https://rocksoilmech.researchcommons.org/journal/vol41/iss3/2
DOI: 10.16285/j.rsm.2019.5679

Particle diameter d/mm

Fig.2 Particle size distribution of the tested soil

The prepared sample is filled in the triaxial pressure
chamber to overcome back pressure saturation, so that the
saturation reaches 90% or more. Then the confining pressure is

applied and the sample is consolidated for 8 h. After the
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consolidation is completed, freeze at negative temperature for 120
12 h and melt at standard room temperature for 12 h, which is a § 100 cx X XX X
freeze-thaw cycle. After the consolidation test is completed, the g 80| x x X * " =
. 2] X | * e
back pressure water supply valve is closed and the freeze-thaw 8 6ok X o 523 5 % oee
Z x " —
cycle is started. During the freeze-thaw cycle, it is in a E x o S.:i:" : 112—(1)
40 | am =
completely closed environment, that is, there is no external § ;5 :3 e A FT=3
. . A 20 #ee® e FT=5
water supply during the freeze-thaw process. The confining e FT=7
pressure o, of the test is 100 kPa, the frequency f is 1 Hz, 0 ! ! ! !
) _ i ) 0.0 0.5 1.0 15 2.0
and the moisture content @ is 5%. Three kinds of negative ) )
Dynamic strain & /%
temperatures of —5, —10, and —15 °C are chosen, and five (b) T=-10C
freeze-thaw cycles (FT) are set to be 0, 1, 3, 5, and 7. In this
test, the stress-controlled stepped cyclic loading method is used 120 1
to pre-add a partial stress of 10 kPa. The dynamic stress is g 100 - cxxx X X
= X
increased by 5 kPa each level, and each level is applied for 5 g 80} X X x ¥ gu U E
@ X
cycles, 50 data points are collected in each cycle. The data S ol X ...‘i: ﬂ;;!:i .‘.‘.0
17 X o0 _
collection, which is completed using the GDS automatic data é 20 X om ; ::2::.‘:" : g:?

. . r 43 o -
collection system, stops once the sample is completely § b ﬂf‘ ¢ A FT=3
d a 20 ¢ FT=5

estroyed. ® FT=7
0 1 1 1 ]
0.0 0.5 1.0 1.5 2.0

3 Analysis of test results
Dynamic strain & /%

3.1 Dynamic stress (¢)T=-15°C

At temperatures of —5, —10, and —15 °C, and different

freczing and thawing cycles, the curves of dynamic stress Fig.3 Curves of dynamic stress oa versus dynamic strain &

0, versus dynamic strain &, after thawing are shown in Fig.3. dul dd ¢ the sil d aft
. ) modulus) E; an namic strain &, of the silty sand after
It can be seen from the figure that at the initial of the loading, ) ) ¢ ) Y ) ¢ Y
. . . . thawing is shown in Fig.4. It can be seen from the figure that
the dynamic stress at different negative temperatures increases ) o
. . . . . . . the dynamic modulus decreases slowly when the strain is small.
approximately linearly with dynamic strain. In this case, the soil ] . ] ) ) .
) . . . . With the continuous increase of the dynamic strain, the soil
has obvious elastic characteristics. As the dynamic strain o ) )
. . . . damage is intensified. The dynamic modulus decreases
increases, the dynamic stress continues to increase, but the e ] ) ] )
. . quasi-linearly with dynamic strain and tends to be consistent.
growth rate slows down, which indicates that the soil enters ] ) ) )
) . . . . The dynamic modulus in the test without freeze-thaw cycles is
elastoplastic deformation stage. With the same dynamic strain, e ] ) ]
. . . . significantly higher than that in the tests with cycles. Due to the
when the temperature is same, the dynamic stress is negatively )
) freeze-thaw effect, the pores of the soil are loosened and the
correlated with the number of freeze-thaw cycles. As the ] .
. . microstructures are destroyed, which reduces the strength of the
number of cycles increases, the dynamic stress decreases. When ) ) ]
. . soil. And the effect of multiple cycles on the particle structure
the number of freeze-thaw cycles is same, the dynamic stress o
. of the soil is gradually weakened. After 5 freeze-thaw cycles,
decreases with temperature. ) ) )
. . the decrease of dynamic modulus is small, and is finally
3.2 Dynamic elastic modulus bilized. With th i )  when th
. stabilized. With the same dynamic strain, when the temperature
At the temperatures of —5, —10, and —15 °C, and different ] ) Y ) ) P ]
. . . . is same, the dynamic modulus is negatively correlated with the
freezing and thawing cycles, the relationship between the
: . ) ) number of freeze-thaw cycles. As the number of cycles
dynamic elastic modulus (hereinafter referred to as the dynamic ] ]
increases, the dynamic modulus decreases. When the number of

120 freeze-thaw cycles is same, the dynamic modulus decreases
£ 100 Lx R XX X a with temperature.
5 Kgat atas 3.3 Dynamic elastic modulus rati
E 80 axm B .rfAlA ot ] . ynamic elastic modulus ratio
E 60 !AAA‘.‘.O. *0e ® * The nonlinear characteristics of the soil adopts the
& *e® FT=0 - . S . .
‘é 20 0’.." :FT= 1 traditional equivalent linearization method. With different
<
Qi .'.. A £¥=g negative temperatures and different freeze-thaw cycles, the
20 * = . . . . .
e FT=7 relationship between the dynamic elastic modulus ratio
0 ' ' ' ' (hereinafter referred to as the dynamic modulus ratio)
0.0 0.5 1.0 1.5 2.0

E, | E,

thawing is shown in Fig.5. It can be seen that the dynamic

and the dynamic strain &, of the silty sand after

Dynamic strain & /% e

@T=-3°C modulus ratio decreases slowly with dynamic strain when the

Published by Rock and Soil Mechanics, 2020



Rock and Soil Mechanics, Vol. 41 [2020], Iss. 3, Art. 2

750 SUN Jing et al./ Rock and Soil Mechanics, 2020, 41(3): 747-754
§1000 - f 12
= X X x — g 1.0 | X FT=0
< 800 X X FT=0 z b LA TN . FT=
E; g m FT=1 k=) * N
3 a Lt A FT=3 g 087
T 600F %o AL g .
g o * FT=5 Z 06 F °
3} = = )
2 40| ® FT=7 E
= g 04
o Q
Q =1
é 200 | E 02 F
g, e 2
2 o . . , £ 00 . . :
1073 102 107! 10° 10! § 1073 1072 107! 10° 10!
Dynamic strain & /% 8 Dynamic strain & /%
(@) T=-5°C (aT=-5°C
< 1000 g 12
=) 5
s 8 90t x FT=0
G S0 F X X Xx x FT=0 S R, » FT=
@ X m FT=1 2 08} A FT=3
_g 600 F l‘l 1 1. *X A FT=3 E e FT=5
g P v Xy * FT=5 2 06 ® FT=7
S 400 b ¢ x e FT=7 4
Z * g 04f
S Q
o =
g 200 % Z 02t 1’&
o x 5
E . . A ZI 2 00 : : e e
) , ~ _
10*3 1072 lofl loﬂ lol § 10 3 10 2 10 1 100 10'
Dynamic strain & /% Dynamic strain & /%
(b) T=-10°C
(b) T=-10"°C
212
<1000 [ <
a9 J =
s X FT=0 S0 an :g_?
3 800 [ X X X x = FT=1 2 "up : Fro
2 *x A FT=3 £ 08 . gzg
2 600 X ¢ FT=5 2 o6 L ° ® FT=7
g " e, % ® FT=7 g "
(J
2 400 A& A& 4 4 X g 04 | o
kS ¢ team K% 8
= Z
g 200 f O.th %g& £ 02t
2
g 0 £ 107 1072 107! 100 10!
107 102 107! 10 10! A

Dynamic strain & /%
(c)T=-15°C

Fig.4 Curves of dynamic elastic modulus Eq versus
dynamic strain in logarithmic scale In&

dynamic strain is small. As the dynamic strain continues to
increase, the dynamic modulus ratio decreases significantly.
When the dynamic strain reaches 1072, the dynamic modulus
ratio becomes stable. With the same dynamic strain and the
same negative temperature, the dynamic modulus ratio is
positively correlated with the number of freeze-thaw cycles. As
the number of freeze-thaw cycles increases, the dynamic
modulus ratio increases.

In response to the above observations, many scholars have
explored the attenuation relationship of the dynamic modulus,
and obtained many equivalent calculation, such as linear
viscoelastic model, elastoplastic model, nonlinear equivalent
viscous model. Among them, the hyperbolic model, bilinear
model, Hardin-Drnevich model and some other combined

models are widely used in engineering practice. In this paper,

https://rocksoilmech.researchcommons.org/journal/vol41/iss3/2
DOI: 10.16285/j.rsm.2019.5679

Dynamic strain & /%
(c)T=-15°C
Fig.5 Curves of dynamic modulus ratio Eda/Edmax versus

dynamic strain in logarithmic scale In&

the E,/E,

good agreement, and the dispersion is small, indicating that the

mx —IN & curves and the test data points show
freeze-thaw effect has slight effect on the dynamic modulus
ratio. The hyperbolic model is used to normalize the
relationship between dynamic modulus ratio and dynamic strain
attenuation at different negative temperatures. The fitted model

is

E 1
= — (M
Edmax 1+(€d/€)
where E, . is the initial dynamic modulus; b is the fitting

coefficient; and £ is the reference dynamic strain.

Using Equation (1) to fit the experimental data, the £ is
0.1288 and b is 0.9885. The fitting result is shown in Fig.6,
with a correlation coefficient of R? = 0.999. It can be seen that

the hyperbolic model is more suitable with better fitting result.
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The normalized E,/E,

by temperature and freeze-thaw cycles within this range, and

max —IN &, relationship is not affected
has better representative and practical significance. The
relationship between dynamic elastic modulus and dynamic

strain can be well approximated by the formulas.

B T=-5°C,FT=0 B T'=-5°C,FT=1
® 7=-5°C,FT=3 © T=-5°C,FT=5
AT=-5°C,FT=7 & T=-10°C,FT=0
x T=-10°C,FT=1 & T=-10°C,FT=3

12 - T7=-10°C,FT=5 = T=-10°C,FT=7
x T=-15°C,FT=0 = T=-15°C,FT=1

1.0 e I'=-15°C,FT=3 o T=-15°C,FT=5
+ T=-15°C, FT =7 — Fitted line

0.8

0.6

04 F R2=0.999

02 L _ :
E 1+ (g, /0.128 8)*9%3
1 1

dmax

0.0

Dynamic elastic modulus ratio E¢/Edmax

1073 102 107! 10° 10!
Dynamic strain & /%

Fig.6 Normalized curves of dynamic modulus ratio
Ea/Eamax versus dynamic strain in logarithmic scale In&

3.4 Damping ratio

With different negative temperatures and different
freeze-thaw cycles, the semi-logarithmic relationship curve
between the damping ratio A of the silty soil after thawing and
the dynamic strain &, is shown in Fig.7. It can be seen that the
damping ratio grows slowly when the dynamic strain is small,
and the damping ratio increases rapidly as the dynamic strain
develops. When the dynamic strain reaches 1072, the damping

ratio tends to stabilize. As temperature decreases, the

SUN Jing et al./ Rock and Soil Mechanics, 2020, 41(3): 747754 751
08
X FT=0
m FT=
< 06 [ A FT=3
£ e FT=5
= e FT=7
2 04+
o
g
g
02 F
0.0 L—mm s anotin & .
1073 1072 10!
Dynamic strain & /%
(a) T=-5°C
0.8 r
x FT=0
m FT=1
~ 06 [ A FT=3
2 o FT=5 00
£ e FT=7 . ;f
D04 | ’0 o
g, %
g
PYN
A ooz o
0.0 —foﬁ 1 )
1073 1072 107! 10° 10!
Dynamic strain & /%
(b) T=-10°C
081 x Fr=0
B FT=1
A FT=3
(ﬁ -
S T e Fr=s
s ® FT=7
2 04t
[=5
g
<
a
02 F
0.0 L—senverx '
1073 1072 107! 10° 10!

divergence of each curve increases, and the tests with 7 =
—15 °C show the most prominent divergence, indicating that the
effect of freeze-thaw on the damping ration is more significant
when the temperature is low. After 5 cycles, the damping ratio
does not change much and become stable. With the same
dynamic strain and the same negative temperature, the damping
ratio is positively correlated with the number of freeze-thaw
cycles. As the number of freeze-thaw cycles increases, the
damping ratio increases.

Because the damping ratio obtained by the experiment is
relatively divergent and the changing characteristics are
complex, the fitting with the Davidenkov model and the
Hardin-Drnevich model is not satisfactory. Therefore, the
exponential function is used for normalized fitting, which yields

better results than the hyperbolic model. The fitted model is
PR LNy )

where €, is the reference dynamic strain; 77 and A4, are the
fitting coefficients.

Fit the experimental data with the help of formula (2), and
the parameters 77 =-0.4914, &, =0.3512, A,=0.4993 can be

obtained. The fitting results are shown in Fig.8, with a

Published by Rock and Soil Mechanics, 2020

Dynamic strain & /%

(¢) T=-15°C

Fig.7 Curves of damping ratio A versus dynamic strain in
logarithmic scale In&

oT=-5°C,FT=0 = T=-5°C,FT=1
oT=-5°C,FT=3 + T=-5°C,FT=5
aT=-5°C,FT=7 = T=-10°C,FT=0
08  XT=—10°C,FT=1 & T=-10°C,FT=3
-T=-10°C,FT=5 ® T=-10°C,FT=7
aT=-15°C,FT=0 = T=-15°C,FT=1
| xT=-15°C,FT=3 = I'=—15°C,FT=5
#T=-15°C, FT=7 — Fitted ling®*
o

0.6

Damping ratio 4
(=]
~
T

R2=0.999
-0.4914e"5%05194.0.499 3

10° 10!

Dynamic strain & /%

Fig.8 Normalized curves of damping ratio 4 versus
dynamic strain in logarithmic scale In&

correlation coefficient of R? = 0.999. It can be seen from the

figure that the data points of the damping ratio are evenly
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distributed on both sides of the fitting curve There is no clear
boundary between different temperatures, but the upper and
lower boundaries are the damping ratio curves of temperature
—15 °C, The damping ratio increases with the dynamic strain.
After normalization the relationship is within this range, which
is not affected by negative temperature and freeze-thaw cycles.
This relationship is more general and easy to use. The damping
ratio corresponding to any dynamic strain can be approximated

by the formula.

4 Freeze-thaw times correction curve

In order to study the influence of freezing and thawing
times on the initial dynamic elastic modulus (hereinafter
referred to as initial dynamic modulus) of melted soil and the
maximum damping ratio, the concept of the correction
coefficient of freezing and thawing times is proposed. In this
paper, soils completely melt to room temperature after
freeze-thaw cycles. By multiplying the dynamic modulus and
damping ratio at room temperature by a correction factor, the
initial dynamic modulus and maximum damping ratio can be

obtained with given freeze-thaw cycles and temperatures:

E(/imax :ﬁEdmaXO (3)
/’i’;nax = aﬂmax 0 (4)

where f and o are the correction coefficients of freeze-thaw
cycles for initial dynamic modulus and maximum damping

ratio, respectively; E,

dmax

and A/ are the initial dynamic
modulus and maximum damping ratio for different freeze-thaw
and A,

‘max 0

cycles, respectively, E are the initial

dmax 0
dynamic modulus and maximum damping ratio for zero
freeze-thaw cycles, respectively.
4.1 Initial dynamic elastic modulus

According to the test data, the initial dynamic modulus is
derived using the 1/Es— &, curve. Because of the linear
relationship, when &, = 0, the ordinate axis intercept is 1
I E Therefore, E,

dmax - under different freezing and thawing
times are obtained. At the same time, under negative

temperature, the initial dynamic modulus is slowly extended by
increasing the number of freeze-thaw cycles, and it is basically
stable after 5 cycles; with the same number of freeze-thaw
cycles, the initial dynamic modulus decreases with temperature.
When the temperature is =5 °C, —10 °C and —15 °C, the initial
dynamic modulus of 7 cycles is reduced by 28.23%, 38.99%
and 63.03%, respectively compared with zero cycles, indicating
that the freeze-thaw cycle has more significant effect on
modulus at low temperature.

Through the comparative analysis of the models, the
hyperbolic model is used to fit the regression coefficients of the
freezing and thawing times of the initial dynamic modulus for
the three groups. The fitting degree is relatively high. The

fitting model is expressed by

https://rocksoilmech.researchcommons.org/journal/vol41/iss3/2
DOI: 10.16285/j.rsm.2019.5679

1
_ 5
g 1+(n/y,) ©)

where n is the number of freeze-thaw cycles; ¥, and y are the
parameters related to the number of freeze-thaw cycles.
Through data fitting, the relationship between the number of
freeze-thaw cycles n and the correction coefficient 3 of the
initial dynamic modulus at different negative temperatures is
obtained, as shown in Fig.9. It can be seen from the figure that
at the same temperature, as the number of freeze-thaw cycles
f decreases. The

decrease from 0 to 5 cycles is rapid, but it tends to be gentle

increases, the correction coefficient

after 5 times. With the same number freeze-thaw cycles, as the
temperature decreases, the correction coefficient £ becomes
small. It shows that the lower the temperature, the more
significant the effect of freeze-thaw cycles on the correction
coefficient, and the correction coefficient f at 7 = —15 °C

decreases most rapidly.

1

12 1A= i sRes 07 .

T=-5°C == T=-5°C

S OLOR \(R=099) g 7o jooc — T=-l0°C
2 eI o T=-15°C == T=-15°C
c O S
S 06 s
8 /"'“«.-‘
g 04r IR EIES SO
£ B o=
& oo |7 Tenm0™ BT T4 o

0.0 (R =099 (R} =0.989)

0 2 4 6 8 10

Freeze-thaw times / time

Fig.9 Correction curves of n—ffor initial dynamic elastic
modulus

When the temperature is constant, the freezing will cause
the soil to freeze and expand. The particles will be redistributed,
and the microstructure will change. Melting increases the
porosity of the soil, weakens the adhesion between the soil
particles, destroys the microstructure, increases the local
moisture content, and reduces the strength. As a result, the soil
mass macroscopically exhibits to be soft and thawed, and the
dynamic modulus decreases. As the number of freeze-thaw
cycles increases to 5, the soil forms a new balance. So the curve
first falls and then stabilizes. When the number of freeze-thaw
cycles is fixed, the lower the negative temperature is, the higher
the ice content of the soil has, and the greater the ice binding
force between the particles is. Macroscopically, the larger the
soil frost heave volume is, the higher the strength is. Therefore,
after the melting, the porosity ratio of the soil is also larger, and
the original skeleton structure is also damaged more seriously,
causing the curve to decline significantly.

4.2 The maximum damping ratio
Based on the test data, the measured damping ratios at

different negative temperatures and freezing and thawing times
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are exponentially fitted and regressed to obtain the
corresponding maximum damping ratio A4, . The comparison
results show that at the same temperature, as the number of
freeze-thaw cycles increases, the maximum damping ratio
increases slowly; with the same freeze-thaw cycles, the lower
the temperature is, the greater the maximum damping ratio is.
When the temperature is —5 °C, —10 °C, and —15 °C, the
maximum damping ratios of 7 cycles increase by 34.82%,
40.12%, and 55.21%, respectively compared with zero cycles,
indicating that the lower the temperature is, the more obvious
effect of freeze-thaw cycles on the maximum damping ratio
has.

After analysis and comparison, it is found that the
maximum damping ratio obtained under different freezing and
thawing times is regressed with an exponential function, and
the fitting degree is the highest. The fitted model is

a=n,e""+ ©)

where 77, and p, are the parameters related to the number of
freeze-thaw cycles.

Through data fitting, the relationship between the number of
freeze-thaw cycles n and the correction coefficient & with the
maximum damping ratio at different temperatures is obtained,
as shown in Fig.10. As can be seen from the figure, at the same
negative temperature, as the number of freeze-thaw cycles
increases, the correction coefficient ¢ gradually increases. After
5 cycles, the effect of freeze-thaw weakens and o eventually
stabilizes. With the same number of freeze-thaw cycles, as the
temperature decreases, the correction coefficient o becomes
larger. It shows that the lower the temperature is, the more
significant the effect of the freeze-thaw cycle on the correction
coefficient orhas. The increase of the correction coefficient ¢ is

more significant when 7'=—15 °C.
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Fig.10 Correction curves of n—¢a for maximum damping
ratio

The damping ratio is a parameter that characterizes the
energy consumption of the soil. The difference between before
and after freezing and thawing at different temperatures is due

to the changes of microstructure and pore channels of the soil.

Published by Rock and Soil Mechanics, 2020

The number of freezing and thawing increases, the soil
structure becomes loose, the porosity ratio increases, and the
dynamic wave propagation path decreases and the energy
consumption increases, so the maximum damping ratio
increases. It shows that the dual effects of the periodic cycle of
freezing and thawing and the continuous decrease of
temperature cause the microstructure of melted silty sand to be
destroyed, which results in a reduction in the rigidity, an
increase in the plasticity, the soil becoming soft. As a result, the
energy consumption of the dynamic wave generated by the
cyclic dynamic load is increased, so that the damping ratio of
the soil is increased. But after more than 5 cycles, the effect is
slight.

5 Comparison of results

With the action of freezing and thawing, there are few
experimental studies on the dynamic triaxial thawing of frozen
soil when it is melted to room temperature. Yan et al.l used
dynamic triaxial tests to study the effect of repeated freeze-thaw
on the dynamic parameters of silty sand in the Qinghai-Tibet
region. Compared with the results of the freeze-thaw cycle test
at —15 °C in this paper, it is found that under the same dynamic
strain, as the number of freeze-thaw cycles increases, the
dynamic stress and dynamic modulus decrease, the damping
ratio increases, and the curve change trend is similar to the
results in this paper. Qualitative results are consistent. Due to
different soil properties, the overall dynamic stress is slightly
higher than the dynamic stress in this paper. In Yan et al. paper,
an in-vitro high and low temperature test chamber was used for
the freeze-thaw cycle. Only the effects of the freeze-thaw cycle
on the dynamic modulus and damping ratio were studied, and
no quantitative analysis results were given.

Wang et al.’) conducted a triaxial test on the dynamic
characteristics of roadbed soils with three types of plastic index
in seasonal frozen areas. The test results show that the dynamic
modulus decreases with the increase of the number of
freeze-thaw cycles. The dynamic modulus tends to stabilize
after 67 freeze-thaw cycles, which is similar to the result of
basic stability after 5 cycles in this paper. Due to the different
plastic indexes and types of soil, the dynamic modulus of
melted soil is slightly smaller than the experimental results in
this paper. In the experiment in Wang et al. paper, an in-vitro
high and low temperature test chamber was also used for
freezing and thawing cycles, and no study was made on the
dynamic modulus ratio, initial dynamic modulus and maximum

damping ratio.

6 Conclusions

The freeze-thaw cycle has a great influence on dynamic
stress and dynamic modulus. With the same dynamic strain, the

dynamic stress and dynamic modulus are negatively correlated
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with the freeze-thaw cycle. As the number of freeze-thaw
cycles increases, both the dynamic stress and the dynamic
modulus decrease. The first 5 freeze-thaw cycles show a
significant decrease, and after 5 times it becomes relatively
stable.

The freeze-thaw cycles only have slight influence on the
dynamic modulus ratio and damping ratio. With the same
dynamic strain, the dynamic modulus ratio and damping ratio
are positively correlated with the freeze-thaw cycle. As the
number of freeze-thaw cycles increases, both the dynamic
modulus ratio and damping ratio increase. Through regression
analysis, normalized fitting models for the relationship between
dynamic modulus ratio and dynamic strain, and the relationship
between damping ratio and dynamic strain are proposed.

The freeze-thaw cycle has a significant effect on the initial
dynamic modulus. With the same dynamic strain, as the number
of freeze-thaw cycles increases, the initial dynamic modulus
first decreases and then becomes stable after 5 cycles. The
equation of the correction coefficient of the initial dynamic
different

temperatures is proposed. The results show that the correction

modulus freezing and thawing times under
coefficient decreases as the temperature decreases and the
freezing and thawing times increase, and the correction
coefficient finally stabilizes.

The freeze-thaw cycle has a significant effect on the
maximum damping ratio. With the same dynamic strain, as the
number of freeze-thaw cycles increases, the maximum damping
ratio increases. The equation for calculating the correction
coefficient of the number of freeze-thaw cycles for maximum
damping ratio at different temperatures is proposed. The results
show that the correction coefficient increases slowly as the
temperature decreases and the number of freeze-thaw cycles
increases, and then gradually stabilizes.

The lower the temperature is, the more obvious the effect of
freeze-thaw cycles on the dynamic characteristics of silty soil is.
The dynamic parameters after 5 freeze-thaw cycles are
relatively stable. It is recommended to use the dynamic
parameters after 5 freeze-thaw cycles as basic parameters for

dynamic response analysis and calculation.
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