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Abstract

Seasonal temperature change makes the frozen ground experiences freeze-thaw cycles in some regions in the world.
The dynamic modulus and damping ratio are indispensable in engineering design, and they are affected by the freeze-
thaw cycles. The previous studies on freeze-thaw effects paid more attention to the unfrozen soil, while the dynamic
properties of frozen soil after freeze-thaw cycles were seldom investigated. The previous studies suggested that freeze-
thaw cycles increased the pore volume and changed the pore size distribution inside the thawed specimens. Compared
to specimens without any freeze-thaw cycles, the thawed specimens had lower shear modulus and shear strength. In this
study, a series of freeze-thaw tests were carried out using a resonant column apparatus. Two cohesive and one
incohesive soils were selected. The clayey and silty soils in the study were taken from Harbin, China, which are
common used in the subgrade construction in Harbin. And the incohesive soil in the study is Chinese Fujian standard
sand. Different from commonly freeze-thaw cycles completed in a refrigerator, the soil specimens experienced freeze-
thaw cycles in the apparatus directly, and were tested in the frozen state. The test results showed that for the three soils
after different numbers of freeze-thaw cycles, the shear moduli decreased with an increase in the strain, which was the
same as those before any freeze-thaw cycle. The initial shear modulus (Gmax) obviously decreased with increasing
number of freeze-thaw cycle for the sandy and silty specimens, but decreased and slightly increased for the clayey
specimen. For the clayey and silty specimens, Gmax became stable after the 2™ or 4™ freeze-thaw cycles, but that for the
sandy specimen kept decreasing. The varying trends of the damping curves followed the trends of the modulus curves,
but damping increased with strain, and it increased with an increase in the number of freeze-thaw cycles. The Hardin-
Drnevich model has been widely used as the seismic analyses of soil ground, and the test results showed that this model
is also available for shear moduli and damping ratio of specimens experiencing freeze-thaw cycles. The trends obtained
in this study on the sandy specimen were similar to previous study. The authors could not find test results on frozen
silty and clayey soils after freeze-thaw cycles in the literature, although those of thawed specimens were reported by
former researchers, which showed that the modulus decreased with an increase in the freeze-thaw cycles for three types
of clayey specimens. It appears that freeze-thaw cycles might disturb the soil structure, which might contribute to the
decrease of soil modulus and increase of damping ratio. However, the present study is still preliminary, and further
studies should be carried out for a comprehensive understanding of the freeze-thaw effects.
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1. Introduction

In the seismic analysis of ground response, shear modulus (G) and damping ratio (D) are indispensable
mechanical parameters. In an unfrozen state, the G and D of soils have nonlinear characteristics: with an
increase in the shear strain amplitude the shear modulus decreases, while the damping ratios increase [1,2].
In a frozen state, the nonlinear responses of soils can also be observed [3-5]. The factors that influence the G
and D of frozen soils are commonly summarized as soil type, temperature, water content, confining pressure,
and loading frequency [4,6,7], while some studies also found that stress history and phase transition history
had effects on the two parameters [6,8,9].

In many areas in the world, such as the Northeastern region in China, soil ground experiences freeze-
thaw (FT) cycles each year. While extensive studies could be found that investigated the dynamic properties
of frozen soils, very limited took into account the FT effect. It is noted that the FT effects on thawed soil
specimens have been substantially studied [10-12]. It was found that FT cycles increased the pore volume
and changed the pore size distribution inside the thawed specimens [13-15]. Compared to specimens without
any FT cycles, the thawed specimens had lower shear modulus and shear strength.

In order to accurately reproduce the seismic responses of grounds that freeze in winter and thaw in
spring each year, it is necessary to understand the change of the frozen-soil dynamic properties after FT
cycles. This note presents a preliminary experimental study for this purpose.

2. Experiments
2.1 Test apparatus

A resonant column apparatus (RCA) was employed in the study, as shown in Fig.1. The torsional excitation
frequency of the apparatus ranges from 5 Hz to 1000 Hz, and the test range of shear strain is 107 ~ 10,
Resonant column test is suitable for the determination of small-strain mechanical parameters, especially the
modulus and damping of soils.
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Fig. 1 —Resonant column apparatus sketch

2.2 Properties of soils

The clayey and silty soils in the study were taken from Harbin, China, which are common used in the
subgrade construction in Harbin. The soils were buried 2 m below ground surface, and were disturbed during
sampling. The cohesionless soil in the study is Chinese Fujian standard sand. Fig.2 shows the grading curves
of the soils, and the basic physical properties of the soil specimens are listed in Table 1.
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Fig. 2 — Grading curves of soils

Table 1 — Physical properties of soil specimens

Dry density | Water content | Degree of Specific Plastic limit | Liquid limit
Soil type .
(g/em®) (%) Saturation gravity (%) (%)
Clayey soil 1.45 28.0 0.82 2.8 21 55
Silty soil 1.75 26.5 1.0 2.7 21.2 30.5
Sand 1.55 20.0 0.73 2.6 / /

2.3 Specimen preparation

The remolded soil specimens were prepared according to the Chinese Standard for Soil Test Methods
(GB/T50123-1999) [16]. The clayey and silty soils were dried in an electric oven for 8 h before specimen
preparation. After moisturization with the desired water content shown in Table 1, the clay and silt samples
were left undisturbed in a sealed condition for 12 h, so that moisture in the soil diffused uniformly. Then the
moist soil was put into a @50 mold and compacted. All the clay and silt specimens were preserved in a
moisturized chamber before use. For the sand, specimens were prepared directly on the RCA pedestal. The
moisturizing procedure was similar to that for the clay and silt. The specimen mold with a rubber membrane
attached inside was placed directly on the RCA pedestal. The air between the membrane and mold was
eliminated by a vacuum pump. Then the sandy soil was poured into the mold and compacted.

2.4 Freeze-thaw cycles

A negative pressure of 20 kPa was applied to the specimen by a vacuum pump to prevent disturbance on the
specimen while installing the RCA, after which 50 kPa confining pressure was applied on the specimen and
the negative pressure was removed. The pressure was maintained for 10 min and increased to 100 kPa,
followed by 8 h of consolidation for the clay and silt specimens, or 1 h for the sand specimen. Afterwards,
keeping the confining pressure the specimens were frozen for 24 h in a closed system without moisture
exchange with the freezing environment.

The thawing procedure was started after shutting down the cold bath, and the heat insulation cover
outside the pressure cell was removed. The specimen was thawing naturally at room temperature (25°C)
while the confining pressure (100 kPa) was maintained. The thawing procedure lasted for 24 hours. After
thawing the specimen was frozen again, the duration of which lasted 24 hours. Fig.3 illustrates the FT cycles
on the sandy specimens, the other soils followed similar procedure. All FT cycles and tests for a certain soil
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type were conducted on one specimen. The resonant column tests were carried out on the frozen specimens
before and after the FT cycles.
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Fig. 3 —Temperature cycles for sand specimens

2.5 Modulus and damping tests

Eq.1 shows the relationship between the resonant frequency and shear wave velocity in a resonant column
test. Here f'is the tested resonant frequency, L is the height of the specimen, Vs is the shear velocity of the
specimen, / is the mass polar moment of the specimen, and /j is the mass polar moment of the additive mass.
Iy was acquired by the apparatus calibration. Eq.2 was used to obtain the shear modulus of the specimen, in
which G is the shear modulus, and pis the density of the specimen.
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Damping ratio was obtained with the logarithmic decrement of free vibration of the specimen, as
shown in Eq.3. X, and X are the adjacent vibrating peaks, and D is the damping ratio.

3. Laboratory test results

Fig. 4 shows the modulus and damping curves of the three soils. Nonlinear responses were very obvious
before and after the FT cycles.
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Fig. 4 -Modulus and damping ratio results of different soils

For the three soils after different numbers of FT cycles, the shear moduli decreased with an increase in
the strain, which was the same as those before any FT cycle. The shear modulus at a strain of 10° is
considered as the initial shear modulus (Gmax) in this study, which obviously decreased with increasing
number of FT cycle for the sand and silt specimens, but decreased and slightly increased for the clay
specimen. For the clay and silt specimens, Gmax became stable after the 2™ or 4" FT cycles, but that for the
sand specimen kept decreasing. The varying trends of the damping curves followed the trends of the modulus
curves, but damping increased with strain, and it increased with an increase in the number of FT cycles.

The Hardin-Drnevich model has been widly used as the seismic analyses of soil ground. The
relationship between shear modulus and shear strain by this model is shown in Eq.4. Here y: refers to the
shear strain corresponding to half of the Gmax. Eq. (4) can still represent the damping curves of the soil

specimens after FT cycles, as shown in Fig.
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Previous studies [4,6] also showed that logarithmic linear relationship existed between the modulus
ratio and damping ratio of soils. For the test results in this study, this relationship still existed, as shown in

Fig.5 and Eq.5. Here Dmin is the lower limit of the damping ratio, Dmax is the upper limit, and » is a curve-
fitting factor.
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Fig. 5 —Logarithmic linear relationship between G/Gmax and D, (a) clayey, (b) sity, (c)sandy soil

4. Discussions

Very limited results can be found on the effects of FT cycles on the dynamic modulus and damping ratio of
frozen soil. The test results of this study showed that the modulus basically decreased with an increase in the
FT cycles, and it stabilized after certain number of cycles for the clay and silt specimen, while the decrease
was more obvious for the sandy specimen. The trend basically reversed for the damping ratio.

The trends obtained in this study on the sand specimen were similar to those reported in Zhang et al.
[17]. The authors could not find test results on frozen silty and clayey soils after FT cycles in the literature,
although those of thawed specimens were reported in [18], which shows that the modulus decreased with an
increase in the FT cycles for three types of clayey specimens.

At this stage it is not clear what caused the decrease of modulus and the increase of damping ratio
after FT cycles. It appears that for saturated soil specimens or unsaturated soil specimens with high degree of
saturation, like the ones investigated in this study, the freeze-thaw cycle caused disturbance to the soil fabric
and soil structure, which contributed to the changes. The disturbance might be more severe in the sand
specimen. Further study is necessary to fully understand these properties.

5. Conclusions

In this preliminary study, the freeze-thaw effects on the dynamic shear modulus and damping ratio of frozen
soil were investigated. Resonant column tests were carried on three types of frozen soils. It was found that
freeze-thaw cycle had obvious influences on the dynamic shear modulus and damping ratio of frozen soils.
The dynamic shear modulus basically decreased with the FT cycles, while the damping ratio increased. The
change was more obvious for the sand specimen, while it ceased to develop after some cycles for the silt and
clay specimens. The Hardin-Drnevich model was able to describe the dynamic shear modulus and damping
ratio of frozen soils after FT cycles. It appears that freeze-thaw cycles might disturb the soil structure, which
might contribute to the decrease of soil modulus and increase of damping ratio. However, more
investigations should be conducted for a comprehensive understanding of the FT effects.
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