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Experimental study on rate of frost heave by artificial freezing

YU Lin-lin, XU Xue-yan, QIU Ming-guo
(School of Civil Engineering, Harbin Institute of Technology, Harbin 150090, China)

Abstract: The developing characteristics of rate of frost heave of silty clay (undisturbed and disturbed) by artificial freezing are
revealed, and different experimental results are compared. The influence of diverse experimental parameters on the rate of frost
heave is analyzed and concluded. 12 artificial freezing tests are performed on silty clay samples for this investigation, and the
experimental parameters consist of two kinds of cooling temperature models for artificial freezing (sine-varying and constant),
three kinds of freezing directions (vertical freezing, lateral freezing and vertical-lateral freezing), and different water contents
(23.5%, 28% and 32%), with or without water supply. It is significantly concluded that the existence of seasonal frozen layer
will reduce or suppress the second frost heave caused by artificial ground freezing in the engineering projects. This study will
provide significant instruction for the construction of artificial ground freezing, especially in seasonally frozen ground.

Key words: rate of frost heave; artificial freezing; sine-varying; temperature models; lateral freezing

CLC number: TU443
Biography: YU Lin-1in(1979 -

Document code: A Article ID: 1000 - 4548(2009)12 - 1902 - 05

), male, PhD of Civil Engineering. His Current research interests include geotechnical

engineering and frozen soil engineering. E-mail: lubote 2008@163.com.
a5 27 -k o
AL HREFEBER LR
Taah, R, W
(R R TR LR AR A B, PROBYL WA JRIE 150090)

OE: T ARSI AT ORISR B N LRI A S SRR s I B S5 R BT T AT RIS
ST BEE T AR R FON N LR A S B B L R AT ST, ERET T 12 N LR, W
IR I B FPSE W PRI 3R AR = PRI N R 45 sl B AR A —— I S A A U L S R E R AR, = AN AR Lk

8507 1) ——RE [ VR4

M) R 8 DL R ARG (R — M R ), AR KR ——23.5%. 28%H1 32%, AN[A]7K 5 #b

BEAT——TFIBR R B AR . WS Z AR ZR9 1 b 2 AR AE K 2D s 910 e N TR 45 T 5 1A 1) — IR K 11
P J . WHICETRAS N TR SEBR TR, R AR R L I LRSS TRt i iR R .
R HKHEA; NTLVRES: B2 BSR; m Res

0 Introduction
Rate of frost heave, 1.e., amount of frost heave of
has studied

intensively for many years, and considerable laboratory

soil developing per unit time, been
freezing experiments and field tests have been carried
out. The rate of frost heave is one of the most important
characteristic parameters for the evaluation criterion of
the feasibility and security of artificial ground freezing
projects. It is essential to investigate which factor
influences the frost-heaving rate most in the artificial
freezing process.

Horiguchi presented that as the rate of heat removal
from the freezing front increases, the rate of frost heave
increases, reaches the maximum, and then decreases!'!.

Loch concluded that there exists a maximum heave

rate[z].

Konrad and Morgenstern proposed a new
parameter, the segregation potential[3]. The segregation
potential theory assumed that rate of frost heave is
proportional to the overall temperature gradient in the
frozen fringe. However, the segregation potential theory
of Loch involves the assumption that the heave rate is
equal to water intake rate. E. Penner and T. Walton
studied the influence of overburden pressure on the
relationship between rate of heave and cold-side
temperature, and the results showed that the heave rate

for various overburden pressures tends to converge as the
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cold-side temperature is lowered”. Hermansson used
data from Loch to show that

fine-graded soils can heave, at least during the first few

initially  saturated
days, three times more than water intake!®. Furthermore,
Guthrie and Hermansson reported, for freezing tests on
variably saturated specimens, heave-uptake ratios as high
as 2.2 for highly frost susceptible soil. Ake Hermansson
researched the relationship between the rate of frost
heave and the heat extraction by laboratory and field
testing[G].

However, for a long period of time, most of the
researches on the rate of frost heave only focused on
disturbed soil and with simple test conditions. Currently,
artificial ground freezing is used in many engineering
projects with different geological conditions, which
results in the un-applicability of the former test results.
Therefore, some new experimental parameters have been
considered in this study on the rate of frost heave and the
results are analyzed and compared in detail, to provide

some references to artificial freezing engineering.

1 Experimental program
1.1 Materials

The experiments were carried out on silty clay [
(undisturbed silty clay), II (undisturbed silty clay) and
[I (disturbed silty clay) from Harbin, in Northeast
China. Silty clay [ andIl were taken at the same site
with depths of 2 m, 5 m, respectively and silty clay III
was made from silty clay II. The physical properties of
soil are listed in Table 1.

Table 1 Basic physical properties of silty clay

supplying device.

There are three cooling parts of Type-ST5405
device, 1.e., top board, bottom board and test box (air
cooling), and all the experimental data were collected by

computer continually.

——+—— Test box
Displacement
sensor In—out pipe for
Top board — cooling media
B Thermal
insulator
Specimen
Temperature container
sensor Specimen
Warter
supply
Bottom
board T |

Fig. 1 Sketch of experimental apparatus

1.3 Testing procedures

Twelve freezing experiments were conducted on

undisturbed silty clay, and the test schedule 1s given in

Table 2.
Table 2 Test procedures
No Soil type Temperature =~ Water Freezing
) (silty clay) model supply model

1 Disturbed III Constant [ Without Lateral

2 Disturbed III Constant [ With Lateral

3 Disturbed III Sine [ Without Lateral

4 Disturbed III Sine [ With Lateral

5 Undisturbed [ Constant I With Vertical

6 Undisturbed [ Sine II With Vertical

7  UndisturbedII  Constant II With Vertical

8 Undisturbed I Sine II With Vertical

9  Undisturbed | Constant [II With Vertical-lateral
10 Undisturbed [ Sine I With Vertical-lateral
11  UndisturbedII  Constant III With Vertical-lateral
12 Undisturbed IT Sine I With Vertical-lateral

Composition of grains/% Initial

Liquid  Plastic Dry
Type  <0.005 0.005~ >0.05 li‘rlnit limit density water
mm 0.05 1% 1% Y (g_cmﬁ) content
mm /%
I 48.7 439 7.4 30.08 20.93 1.55 235
1I 49.8 433 6.9 31.33 20.83 1.51 28
111 49.9 43.5 7.1 31.50 21.01 1.44 32

1.2 Preparation of specimens and experimental

apparatus

Cylindrical specimens nominally with 100 mm in
diameter and 120 mm high were prepared by in-situ
excavation. In term of experimental requirements, the
authors developed a frost heave test apparatus, shown in
Fig. 1. In this study, the following apparatuses were also
applied, such as advanced Type-ST5405 frost-thaw-cycle
device (attainable precision is £0.1°C), DT615 data
taking system, displacement sensor with a precision of
+0.01 mm to measure frost-heaving amount, Type-T

thermocouples (precise of = 0.01 ‘C) and water-

Note: For sine-freezing, ~19°C was trough value, -5°C peak value

shown in Fig. 2.
0.0
-6.5

-13.0
-19.5
-26.0

Temperature/C

| 1 | | ! 1 )
6200 12400 18600 24800 31000 37200 43400
tls

Fig. 2 Sine-freezing temperature of test box

After being taken from pit, undisturbed silty clay
block was cut into a cylindrical specimen, nominally
with 10 cm in diameter and 12 cm in height, or disturbed
silty clay was made into a cylindrical specimen with the
same size. Then the specimen was put into the test cell
made of synthetic glass. The teflon liners were used to
prevent side friction between specimen and the test cell.

Above-mentioned work was followed by: Type-T
thermal

thermocouples were employed as Sensors

distributed in the specimen to determine the inner
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temperature. From the top (12 cm) to the bottom (0 cm) 0.0045

along the height of specimen, thermal sensors were 0.0035

inserted centrally every 1.5 cm to monitor the simulated 0.0025

temperature of seasonal freezing. 0.0015

Kept for 4 hours (undisturbed silty clay) or 6 hours 0.0005

(disturbed silty clay) in an environment with a constant _0.0005

Rate of frost heave/ (min-min—!)

temperature of 1°C, the specimen was placed into the
Fig. 4 Relationship between rate of frost heave and time of

frost-heave test apparatus, and then an artificial freezing
lateral constant freezing specimen with water supply (32%)

test was started. The temperatures of the three cooling

)

= 0015
parts could be controlled and adjusted by the set .E
computer program to perform the artificial freezing test, -E 0.010 -
and the set temperatures of the three parts of high-low T o005

@ . r
temperature freezing-thaw cycle test device were =
presented in Table 3. For sine-freezing, -19°C was :‘3 0.000 - : S o e :

. L ¢ D 500 1000 1500 2000 2500 3000 3500

trough value, —5°C peak value, shown in Fig. 2. £ o00s. t/min

At the present work, the open system indicates that . . . .
Fig. S Relationship between rate of frost heave and time of

during the test, the specimen could gain water through a lateral sine freezing specimen without water supply (32 %)
porrferous plate at the bottom board of the frost heave 0.0121
test apparatus, connected with an equipment of £ ~ 0.009]
water-supply, and the closed system is just the reverse. "3 S 0.006
:E E 0.003
2 Results and discussion 2 oo ' R
500 1000 1500 2000 2500 3000 3500
The results of lateral freezing specimens are given -0.003L {/min
in the Figs. 3, 4, 5 and 6 with curves of the rate of frost Fig. 6 Relationship between rate of frost heave and time of
heave (disturbed silty soil, w=32%). lateral sine freezing specimen with water supply (32%)
v 0015 From the process of laterally artificial freezing, it
.Efio.mo can be seen that there are approximately four phrases: 1)
é E 0,005 the slow-increasing phase, the rates of frost heave is very
éi small and develops slowly. 2)the fast-increasing phrase,
00 300 000 1500 2000 2300 3000 3500 the rates of frost heave rise rapidly and reach the peak.

/min

Fig. 3 Relationship between rate of frost heave and time of Because of the critical heat, the rates of the specimens

lateral constant freezing specimen without water without water supply are larger than those with water
supply (32%) supply and attain the maximum earlier. With
Table 3 Artificial freezing temperature model
Freezing model Constant [ /11 /11T Sine [ /II/111
Freezing side Top Body Bottom Top Body Bottom
Sequence i ii i i ii iii i ii i ii i i ii iii i ii
I 1 1 1 -12 1 1 1 1 1 -5~-19 1 1
Tempj’fé‘mre n 1 -12 11 1 1 1 519 1 1 11
1 0~-12 -6 1 1 -12 1 1 1 0~-12 -6 1 1 -5~-19 1 1
Total I 6 48 6 48 6 48 6 48 6 48 6 48
time I 4 24 4 24 4 24 4 24 4 24 4 24
/h a4 12 12 4 12 12 4 24 4 12 12 4 12 12 4 24
Cycle I 1 1 1 1 1 1 1 1 1 1 2 1 1
times I 1 1 1 1 1 1 1 1 2 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Note: 1. Sequence 1 was set to make the temperature field of sample homogencous; Sequence ii was settled to carry out freezing test;
Sequence iii was the second experimental stage, but only for freezing temperature model III. 2. The temperature variation of 0~-12C
dropped linearly to make a layer (2 cm) of artificial seasonal frozen soil on the top of specimens. 3.—5 (crest)~-19 (trough)'C was sine-
varvine and the initial temperature was —12°C. with the veriod of 24 hours for Sine [ . 12 hours for Sine II/1II. 4.
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the same experimental conditions, the peaks of 0047
constant-freezing specimens are higher than those of :?-;:\ 003
. ~ . . = | (~
sine-freezing ones. 3) the decreasing phrase, the rates EE 0.02
of frost heave almost decline to 0 mm/min, and the slope EE 0.01
. o . ] 33 .00 , . i sge |
is a lot gentler than that in increasing phrase. As shown = 00 600 000 00 1500 T 1800
-0.01- t/min

in Figs. 5 and 6, for the sine variation of temperatures,
the descending slopes of the rates of frost heave present
the corresponding changes. 4) the stable or relatively
stable phrase (the last one), the rates of frost heave reach
0 mm/min and last to the end of the experiments with
constant-temperature freezing. For the sine-temperature
freezing specimens, the rates of frost heave reach a
relatively stable phrase: although there are still slightly
changes till the end, they vary within quite narrow limits
than those in phrase 2) and 3), and the rates of frost
heave without water supply change a bit harder than the
one with water supply. From the minus values of the
rates of sine freezing specimens, it can be suggested that
a very small quantity of thaw occurs in the frozen part of
the specimens, and at its minimum, the freezing
temperature arrives at the maximum (-5°C) at the same
time. and it is evident that the changes of the rates of
frost heave and sine temperatures are reverse.

It can be found in Figs. 7, 8, 9 and 10 that just like
the rates of frost heave obtained in the lateral freezing
experiments on disturbed silty clay, there are also four
phrases in the development process of the rates of frost
heave in the vertical freezing experiments with
undisturbed silty clay. The rate peaks of the specimens
with 28% water content are higher than those with 23.5%
under the same conditions, because the higher initial
water content causes the frost heave easily in the starting
stage. The developing time of the rate of frost heave with
23.5% water content lasts longer than the one with 28%,
in that more water (from the exterior water-supplying
device) comes to the specimens with 23.5% water
content in the rear part of the whole process. In
comparison with the lateral freezing, the sine-varying
temperature has less or almost no influence on the rate
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Fig. 7 Relationship between rate of frost heave and time of
vertical constant freezing specimen with water supply (23.5%)

Fig. 8 Relationship between rate of frost heave and time of
vertical sine freezing specimen with water supply (23.5%)
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Fig. 9 Relationship between rate of frost heave and time of
vertical constant freezing specimen with water supply (28%)
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Fig. 10 Relationship between rate of frost heave and time of
vertical sine freezing specimen with water supply (28%)

of frost heave in the 4) phrase, for the lateral freezing
area (376 cm?) is larger than the vertical area (78.5 cm?).

The results of the rates of frost heave of the
vertical-lateral  artificial freezing experiments on
undisturbed specimens with 23% water content and 28%
water content indicate that the majority of the frost heave
occurs in the vertical freezing stage, as presented in Figs.
11, 12, 13 and 14. In the vertical stage (the temperature
linearly descending from 0°C to —-12°C, 240~960 min),
the rates of frost heave arise at about 450 min and ends at
960 min or so. After vertical freezing comes with lateral
freezing, in which stage the second development of rate
of frost heave happens and by reason of the difference
between the lateral freezing temperature models, the
second development of constant freezing specimens
occurs earlier than that of sine freezing specimen. In the
last phrase, the rates of all the four specimens are stable
at 0 mm/min. It is obvious that the value of rate caused
by lateral freezing is far less than that caused by vertical
freezing, because the temperature goes down very slowly,
which provides enough time for most water migrating to
the freezing area to form a simulative seasonal frozen
layer with 3~4 cm in thickness. Thus, the frost heave in
the lateral freezing stage is quite little. Based on the

above results, it can be concluded that if there is a
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seasonal frozen area in the artificial ground freezing area,
the frost heave caused by artificial freezing will be rather
less than that without seasonal freezing, especially for
the area with a deep ground water level, which offers a

certain reference to artificial projects.
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Fig. 11 Relationship between rate of frost heave and time of
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Fig. 12 Relationship between rate of frost heave and time of

Rate of frost heave

vertical-lateral sine freezing specimen with water

supply (23.5%)
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Fig. 13 Relationship between rate of frost heave and time of
vertical-lateral constant freezing specimen with water

supply (28%)
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Fig. 14 Relationship between rate of frost heave and time of
vertical-lateral sine freezing specimen with water
supply (28%)

3 Conclusions

(1) There are four phrases in the process of the
development of the rate of frost heave. The sine-varying
freezing temperature model has a significant impact on
the rate of frost heave in the freezing process and frozen

soil, especially with powerful freezing energy. With the
same experimental conditions, the rate of frost heave
with water supply is easily subjected to the influence
caused by sine-temperature (disturbed silty clay, water
content of 32%).

(2) For the vertical freezing experiments, the heave
rate peaks of the specimens with water content of 28%
are higher than those with 23.5% under the same
conditions. The developing time of the rate (23.5%) lasts
longer than the one (28%) (undisturbed silty clay).

(3) According to the developing analysis of the rates
of frost heave in the vertical-lateral freezing experiments,
the existence of seasonal frozen layer will reduce or
suppress the second frost heave caused by artificial
ground freezing in the engineering projects, especially in

seasonally frozen ground.
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