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Abstract. To explore the mechanisms concerning adfreezing strengths at the interface
between frozen fine sand and structures, a series of experiments were conducted using a
direct shear apparatus. The main results are as follows: All adfreezing strengths increased
with decreasing temperature and increasing normal stress and surface roughness. Peak
adfreezing strength (peak shear stress at failure) had a linear relationship with temperature,
its relationship with normal stress was in line with the Mohr-Coulomb criterion, and its
relationship with roughness satisfied a logarithmic function. Residual adfreezing strength
(post-peak shear stress) varied with temperature and normal stress, and three typical
regular patterns were presented: sustained stable, first stable and then fluctuating, and
circularly fluctuating. The fluctuation cycle about strength curves increased with increasing
roughness. An empirical formula on adfreezing strengths incorporating temperatures,
normal stress, and roughness was constructed.

(© 2018 Sharif University of Technology. All rights reserved.

1. Introduction

The shield method is commonly used in subway con-
struction, where the start and end of the tunnel as
well as the contact channel are the key risk control
points. In soft soils, soil reinforcement in the contact
channel and the ends of the tunnel is, therefore, a
decisive factor in tunnel construction safety. A variety
of engineering methods are used to reinforce soil; for
a soft, water-rich sand environment, artificial freezing
is commonly used. However, adfreezing force occurs at
the interface between frozen soil and structure in this
method, and the structure may include shield segment,
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shield machine shell in artificial frozen soil area, pile
foundation in permafrost regions, etc. This adfreezing
force causes redistribution of the structural stress field,
or even causes damage to tunnel segments. When
a horizontal freezing technique is used at the shield
originating or receiving stage, the shield housing and
cutter may freeze due to adfreezing if the frozen soil
temperature is too low, making the proper advance-
ment of the lead shield more difficult. Therefore, the
research on adfreezing force and adfreezing strength
at the interface between artificially frozen soil and
structural elements has important practical significance
in tunnel engineering and may lead to more reliable
tunnel construction using the shield method.

Several researchers [1-9] did some experimental
and numerical studies on the general behavior of
geomaterial interfaces. However, at present, research
results on adfreezing strength at the interface be-
tween artificially frozen soil and structures are rela-
tively few and basic. Concerning adfreezing strengths,
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Parameswaran [10], Ladanyi and Theriault et al. [11],
Terashima et al. [12], and Weaver and Morgenstern [13]
studied adfreezing strengths between frozen soil and
piles. Jianming and Zhang [14] pointed out that the
decrease speed of adfreezing strength under dynamic
loading was higher than that under static loading. The
adfreezing strength of model piles reached its maximum
when the moisture content of frozen soil approached
the saturation value. The rigidity of concrete piles was
a more obvious influence on adfreezing strength than
that of steel-pipe piles.

In view of high-speed railway construction in
western China, a new requirement for the study of
adfreezing strength under dynamic loads was proposed.
Liu et al. [15] and Lv et al. [16] developed a frozen
soil direct shear instrument for dynamic shear strength
testing and made general conclusions where the dy-
namic shear strength at the interface between frozen
soil and concrete was affected by temperature, normal
stress, water content, roughness, loading cycles, etc.
However, they did not provide a specific explanation of
the adfreezing strength or its variation laws.

On adfreezing strengths of different soils, Biggar
and Sego [17] researched adfreezing strength between
frozen saline soil and bored pile. They found that
temperature and salinity influenced the content of
unfrozen water, and then had an impact on adfreezing
strength. Ueda et al. [18] studied the single effective
factor of normal stress, and pointed out that adfreezing
strength of frozen sand and frozen clay interfaces all
increased with increasing normal stress; in addition,
the increase rate of frozen sand was faster than that of
frozen clay.

In terms of adfreezing strength calculation, Choi
and Ko [19], Lee et al. [20], Ko and Choi [21], Lee
and Choi [22] and Lee and Choi [23] proposed a new
method that used a conversion coefficient to calculate
adfreezing strength between frozen soil and structures
based on the shear strength of frozen soil. Liu et
al. [24] carried out direct shear tests, and discovered
that shear strength had linear relations with normal
pressure and temperature, but a nonlinear relation with
water content. However, the influence of the roughness
of the shear plate was not considered in these direct
shear tests; therefore, significant variations in residual
adfreezing strength were not found. They had no
thorough explanation of these phenomena from the
standpoint of the formation mechanism of adfreezing
strength. Although they presented fitted equations
between factors and shear strengths, the equations
could not incorporate all the various factors that
affected adfreezing strength.

Zhao et al. [25], who are members of the present
research group, developed a large-scale, multifunc-
tional, frozen soil circulation direct shear apparatus,
which provided good conditions for studies of the frozen

soil-structure interface by Zhao et al. [26-27] and Sun
et al. [28].

In summary, the aforementioned studies on ad-
freezing strength were carried out as experimental
studies or numerical analyses. These studies came to
a preliminary understanding concerning the effects of
temperature or normal stress and other single factors
on adfreezing strength. However, there has not been a
thorough explanation on the inherent formation mech-
anism of adfreezing strength, or a detailed classification
of adfreezing strength. No laws have been formulated
on variations of residual adfreezing strength, nor have
there been multivariate quantitative analyses of the
multiple factors influencing adfreezing strength. There-
fore, in this paper, a series of direct shear tests at
the interface between frozen soil and structures were
carried out by means of a self-developed, large-scale,
frozen soil direct shear apparatus.

2. Test equipment and test programs

2.1. Test equipment

To carry out this project, a self-developed, large-
scale, frozen soil, direct shear apparatus (DDJ-1 type)
was used whose main components included a load-
ing system (including horizontal and vertical loading
devices), a sensor system (including horizontal and
vertical displacement sensors, horizontal and vertical
load sensors, and a temperature sensor), a refrigeration
and temperature control system, a data acquisition
and self-stabilizing system, and an auxiliary unit.
For the apparatus’s specific configuration and testing
parameters, see [25].

2.2. Test scheme

2.2.1. Test material

Nanjing city is located in the Yangtze River floodplain
area, where fine sand is widely distributed and a num-
ber of subway lines pass through the fine sand layer.
For tunnel construction in these regions, strengthening
soil by artificial freezing is often used adjacent to the
shield originating and receiving ends and the contact
channel. So, the typical fine sand of Nanjing city was
chosen for this study. The main properties of the sand
are shown in Table 1, and its particle size distribution
curve is shown in Figure 1. In this experiment, samples
of fine sand were remolded in accordance with undis-
turbed fine sand (its water content was 26%).

The soil sample was remolded in conformity with
the original soil water content and layered into the
copper soil sample box, whose inside shape was a
rectangular block (length 200 mm, width 100 mm,
height 87 mm). The soil sample was remolded into
the soil sample box in three layers. Each layer was
compacted evenly and densely, such that the average
density of the soil sample was 1.96 g/cm 3. Finally, the
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Table 1. Physical and mechanical properties of the Nanjing silty fine sand.

Water Bulk Void Coefficient of Modulus of Angle of
content, density, ratio, compressibility, compression, internal friction,
w (%) ~ (kN /m?) e a (MPa™") E, (MPa) ¢ (deg)
26.0 19.8 0.721 0.145 12.98 30.2
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Figure 1. Particle size distribution curve of Nanjing silty
fine sand.

soil sample surface was trimmed smoothly with a soil
repairing knife.

2.2.2. Test programs

To account for the factors most closely related to
adfreezing strength of the interface between frozen sand
and structures, this project used four factor tests and
three level tests: normal stress at the interface, o
(100 kPa, 300 kPa, 500 kPa, and 700 kPa), shear
plate roughness, R (0 mm, 0.3 mm, 0.8 mm and
1.4 mm), and interface temperature, T (-2°C, —6°C,
-10°C, and -14°C), a total of 64 tests. Because
shear plate replacement took a long time, it greatly
influenced the test progress; therefore, the tests were
divided into different groups according to the roughness
value of the shear plate. Each group was subjected
to different interface temperatures and normal stress
and underwent a total of 16 combination tests. The
test parameters of the direct shear apparatus were as
follows: shearing amplitude 11 mm, shearing rate 5
mm /min, data acquisition cycle 1 time/2.5 sec.

The direct shear apparatus used in this project
had been improved so that the surface area of the shear
plate could be larger than that of the contact area
between the soil and the plate, and thence the contact
surface could be kept constant during the direct shear
process. Therefore, shear stress and normal stress did
not have to be modified for reducing area.

2.2.3. Refrigeration and temperature control system

The DDJ-1 frozen direct shear apparatus for refrig-
eration and temperature control systems comprised a
copper soil sample box, a low-temperature (isothermal)

mixing reaction bath (power 2 kw), and temperature
sensors, as shown in Figure 2. The lowest control
temperature of the mixing reaction bath was —25°C, the
temperature control range of the stability test was 0°C
to —20°C, and the temperature control precision was
40.3°C. To measure temperature, six PT-100 platinum
thermal resistance temperature sensors were used; their
measurement accuracy was £0.1°C. All temperature
sensors were arranged in the soil sample box in two
layers: four in the upper set and two in the lower
set. The measured average values of six temperature
sensors were taken as the measurements of tempera-
ture. According to the temperature measurements, the
temperature control system adjusted the reaction bath
to achieve thermal self-stabilization.

3. Definition and classification of adfreezing
strengths

In study of Qiu et al. [29], the definitions of adfreezing
force and adfreezing strengths are as follows: adfreezing
force is the shear force by which the interface between
the side surface of a foundation and frozen soil could
transmit; adfreezing strength is the maximum shear
stress that the interface between the side surface of a
foundation and frozen soil could bear.

Based on the relevant literature and the research
results of this project, we divided adfreezing strength
at the interface between frozen sand and structures
into two types: peak adfreezing strength and residual
adfreezing strength. The moment when the shear stress
reaches its maximum and begins to slip is called the
critical state of shear slip damage. Peak adfreezing
strength is the peak shear stress at the critical state
of shear slip damage, commonly called adfreezing
strength. Residual adfreezing strength is the post-
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Figure 3. Longitudinal profiles of rough shear plate.

peak shear stress after the shear slip damage, and its
value varied with the relative shear displacement. Peak
adfreezing strength is more meaningful for engineering
practice; therefore, this article focuses on quantitative
analysis of the peak adfreezing strength and only
qualitative analysis of residual adfreezing strength.

4. Analysis of factors influencing adfreezing
strengths

The relation curves between shear stress, 7, and shear
displacement, g, could clearly reflect variations in
adfreezing strength, so factors influencing adfreezing
strength were analyzed based on 7 versus u curves.

A shear steel plate with grooves of different depths
was used to simulate different structural roughnesses;
Figure 3 is a longitudinal profile of the plate. Interface
roughness value, R, was defined as the height of
the trapezoidal teeth of the plate groove, measured
in millimeters. Shield segment surface is smooth,
and its surface roughness value is generally 0.2 mm;
concrete pile surface is relatively rough, and its surface
roughness value is generally 1.2 mm. In order to study
the influence of roughness on adfreezing strength of
contact surface, considering the surface roughness of
two kinds of typical underground structure above, the
surface roughness values were chosen to be 0.0 mm,
0.3 mm, 0.8 mm, and 1.4 mm.

4.1. The influence of temperature on
adfreezing strengths

In tunnel construction using artificial freezing, the
average temperature of the freezing wall is generally
—10°C, and the interface temperature between frozen
soil and structure is usually not uniform. To study the
influence of temperature on the adfreezing strength of
the interface, we tested the strengths at four tempera-
tures: —2°C, —6°C, —10°C, and -14°C.

Due to similar laws of 7 versus p curves under
different stresses, for instance, we only show these 7
versus i curves for each temperature under constant
roughness (R = 0.0 mm and R = 0.3 mm) and normal
stress (0 = 500 kPa), as shown in Figures 4 and 5.

4.1.1. Influence of temperature on peak adfreezing
strength

As shown in Figures 4 and 5, shear stress increased

rapidly at the beginning of the shear progress, and

then reached peak shear stress at the relative shear
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Figure 4. 7 versus p curves for each temperature under
constant roughness and normal stress (R = 0 mm and
o =500 kPa).
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Figure 5. 7 versus p curves for each temperature under
constant roughness and normal stress (R = 0.3 mm and
o =500 kPa).

displacement of 0.3 mm. This peak shear stress was
the peak adfreezing strength as defined earlier. The
peak adfreezing strength increased with the decrease
of the interface temperature and the increasing rate
also increased with it, because the curves corresponding
to the increase of the shear stress from zero to the
maximum became steeper as the interface temperature
decreased. The reason is that the quantity and strength
of ice crystals at the interface increased with the
decrease of interface temperature, which increases the
cementation between ice crystals and shear plate, and
also the peak adfreezing strength enhanced at the
moment of shear failure.

Figure 6 shows relation lines of peak adfreezing
strength with temperature for each normal stress under
constant roughness (R = 0.3 mm). This figure shows
that the peak adfreezing strength decreased linearly
with the increasing interface temperature. The de-
creasing rate of the peak adfreezing strength along with
an increasing interface temperature was closely related
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Figure 6. Relation curves of peak adfreezing strength

with temperature for each normal stress under constant
roughness (R = 0.3 mm).

to normal stress; additionally, the rate increased with
increasing normal stress.

The linear relationship between peak adfreezing
strength, 7., and interface temperature, T', could be
expressed by Eq. (1):

Tmax — @ X (_T) + b7 (1)

where a and b are constants representing the slope and
vertical intercept of fitted curves, respectively. The
specific values of a and b are shown in Figure 6.

4.1.2. Influence of temperature on residual adfreezing
strength

When the shear plate roughness was R = 0 mm,
regardless of interface temperature, the post-peak shear
stress, i.e. the residual adfreezing strength, was sta-
ble at a relatively constant value with the increase
of shear displacement, as shown in Figure 4. The
aforementioned issue was brought about when the
interface roughness was 0, the surface of the shear plate
was smooth, and the frozen soil at the interface slid
smoothly along the surface of the shear plate like sliding
friction; therefore, the residual strength was stable at
the constant value.

As shown in Figure 5, when the shear plate rough-
ness was R = 0.3 mm, three laws are derived based on
the residual adfreezing strength curves. First, when the
interface temperature was higher (—2°C), the frozen soil
at the interface was cut off easily in the shearing process
due to its lower strength. In this situation, the residual
adfreezing strength was just the shear strength of
frozen soil; therefore, the residual adfreezing strength
curve was stable at a relatively constant value. Second,
when the interface temperature was lower (-14°C), the
frozen soil at the interface was not cut off, but slid in
fluctuations along the grooves of the shear plate due to
its higher strength. Therefore, the residual adfreezing
curves showed fluctuating cycles. Third, when the
interface temperature was between the above two cases

(-6°C to —10°C), the frozen soil at the interface slid
in fluctuations along the grooves of the shear plate
at the beginning of the shear. Then, the contact
area between the frozen soil and shear plate grooves
increased with the increase of sliding distance, and
its frictional resistance increased accordingly. Once
the friction resistance increased to greater than the
shear strength of the frozen soil, the frozen soil at
the interface was cut off immediately. Therefore, the
residual adfreezing strength first showed a fluctuating
variation, and then became stable at a relative constant
value.

4.2. Influence of normal stress on adfreezing
strength

4.2.1. Influence of normal stress on peak adfreezing
strength

Figures 7 and 8 show 7 versus pu curves for each

normal stress under constant roughnesses (R = 0.0

mm and R = 0.3 mm) and constant temperature

o = 100 kPa
3504 —&— o = 300 kPa
—&— o = 500 kPa
3004 o =700 kPa

o (mm)

Figure 7. 7 versus p curves for each normal stress under
constant roughness and temperature (R = 0.0 mm and

T =—6°C).
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Figure 8. 7 versus p curves for each normal stress under
constant roughness and temperature (R = 0.3 mm and

T = —6°C).
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(' = —6°C). As shown in those figures, the shear
stress increased rapidly after the shear began, and
then the peak shear stress (peak adfreezing strength)
occurred quickly; all the peak adfreezing strengths
increased with the increasing normal stresses. The
reasons for the above phenomena were as follows. The
frozen soil at the interface was in close contact with
the shear plate at the beginning of the shear. Then,
the shear stress increased rapidly with the increasing
relative shear displacement. When the shear stress
further increased to greater than the peak adfreezing
strength, relative displacement occurred at the inter-
face between the frozen soil and the shear plate, the
bonding force of ice crystals disappeared, the external
adfreezing cohesion decreased rapidly, and the static
friction was changed into sliding friction; therefore, the
post-peak shear stress decreased rapidly. Because the
static and sliding friction forces increased with normal
stress, although the variation tendencies of ultimate
and residual adfreezing strengths were different, they
all increased with the increase of normal stress.

Using data of Figures 7 and 8, normalized shear
stress curves (7/o versus p) for each normal stress
could be obtained under two kinds of roughness (I' =
—6°C), similar to those of Figure 9. This figure shows
that the value of /0 decreased with the increase of
normal stress under two kinds of roughness. This
indicated that the contribution of the normal stress to
the shear stress reduced as the normal stress increased.
Therefore, it was not advisable to increase the shear
stress by unduly increasing the normal stress.

Figure 10 shows relation curves of peak adfreezing
strength with normal stress for each roughness under
constant temperature (I' = —10°C). As shown in the
figure, the peak adfreezing strength increased linearly
with the increase of normal stress, and its change rate
increased with the increase in the roughness value.
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Figure 9. Normalized shear stress curves (7/o versus p)
for each normal stress under two kinds of roughness
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Figure 10. Relation curves of peak adfreezing strength

with normal stress for each roughness under constant
temperature (7" = —10°C).

As expressed in Eq. (2), peak adfreezing strength,
Tmax, and normal stress, o, formed a linear relationship,
and their relationship was consistent with the Mohr-
Coulomb criterion:

Tmax = tan ¢’ x o + ¢’ (2)

where ¢’ is external adfreezing friction angle and ¢’
is external adfreezing cohesion. In addition, ¢’ and
¢ all increased with the increase in roughness value.
Herein, ¢’ and ¢ are different from the friction angle
and cohesion of the soil, and their values are related to
the type of soil, contact surface temperature, contact
surface roughness, etc.

4.2.2. Influence of normal stress on residual
adfreezing strength
As shown in Figure 7, when the roughness value was
R = 0.0 mm, shear stress rapidly decreased with the
increasing shear displacement after the shear stress
reached the peak adfreezing strength. When the shear
stress decreased by 20 kPa to 65 kPa, it was stable
at a relatively constant value, which was the resid-
ual adfreezing strength. Residual adfreezing strength
increased with the increase in normal stress, but it
was stable under the same normal stress condition.
As shown in Figure 8, when the roughness value was
R = 0.3 mm, shear stress also rapidly decreased after
the peak shear stress. The decreased amplitude of shear
stress was 90 kPa to 350 kPa, which was a substantial
increase compared to that of a smooth shear plate.
The reasons for the above phenomena are as
follows. The greater the roughness of the shear plate,
the greater the interface area between the shear plate
and the frozen soil. Correspondingly, the adhesion
of ice crystals to the interface, the cohesion between
the frozen soil and the interface, and the maximum
static friction between the frozen soil and the interface
all increased, which all led to a significant increase in
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the peak adfreezing strength when the shear plate was
rough compared to when it was smooth. The residual
adfreezing strength was related to only the sliding fric-
tion and the cohesion, but unrelated to the adhesion of
ice crystals. Therefore, the increased amplitude of the
residual adfreezing strength was smaller compared to
the peak adfreezing strength. The different increasing
extent between the two kinds of adfreezing strength led
to a wider gap between peak shear stress and post-peak
shear stress when the shear plate was rough.

The post-peak shear stress suggests two kinds of
variation laws. One is a continuous fluctuating cycle
and the other is stabilization after the first wave. The
reasons are as follows. Under low normal stress, due to
the groove lines of the rough shear plate embedded in
the frozen soil, the frozen soil was in close contact with
the shear plate. During the shearing process, the frozen
soil moved along the equally spaced grooves of the
shear plate, so the residual adfreezing strength was in a
continuous fluctuating cycle. Under high normal stress,
the frozen soil still moved along the grooves of the shear
plate at the beginning of the shear process. However,
due to the higher normal stress, the significant effects
of various factors, such as pressure melting of ice, ice
melting caused by friction heat, and damage to the soil
structure, led to a sharp decrease in the strength of the
frozen soil at the interface. Then, the frozen soil at the
interface was cut off, and thus the adfreezing strength
of the frozen soil at the interface evolved into frozen
soil shear strength. Therefore, the value of the residual
adfreezing strength remained constant under the same
temperature condition. As a result, the normal pattern
of the residual adfreezing strength was the varying
fluctuations at first, and then a tendency to stabilize.

4.3. Influence of roughness on adfreezing

strength
4.3.1. Influence of roughness on peak adfreezing
strength
Figure 11 shows 7 versus u curves for each roughness
under constant normal stress (¢ = 300 kPa) and
constant temperature (' = —10°C). As shown in

Figure 11, the influence of roughness on the adfreezing
strength of the frozen soil at the interface was slightly
different from that on the two foregoing factors. When
the shear process began, shear stress increased rapidly,
and soon reached the peak shear stress, which was the
peak adfreezing strength. The peak adfreezing strength
increased with the increasing roughness. The rate of
increase was rapid at first, and then slow and eventually
stable, as shown in Figure 12.

By curve fitting, peak adfreezing strength, max,
and roughness, R, satisfied a logarithmic function,
which could be expressed as in Eq. (3):

Tmax =— @ X In R+ bv (3)

v (mm)

Figure 11. 7 versus p curves for each roughness under
constant normal stress and temperature (¢ = 300 kPa and

T = —10°C).
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Figure 12. Relation curves of peak adfreezing strength
with roughness for each normal stress under constant
temperature (7' = —10°C).

where a and b are constant.

The reasons for the above phenomena are as
follows. The greater the roughness of the shear plate,
the greater the interface area between the shear plate
and the frozen soil. Correspondingly, the adhesion
of ice crystals to the interface, the cohesion between
the frozen soil and the interface, and the maximum
static friction between the frozen soil and the interface
all increased. When the roughness value continued
to increase, the depth of the frozen soil embedded
in the grooves of the shear plate also continued to
increase; therefore, no relative shear displacement
occurred between the frozen soil and shear plate.
Therefore, the adfreezing strength evolved into frozen
soil shear strength, which was dependent on only
interface temperature and normal stress, and unrelated
to the value of roughness. Accordingly, the adfreezing
strength increased with increasing roughness. The
rate of increase was rapid at first, and then slow and
eventually stable.
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4.8.2. Influence of roughness on residual adfreezing
strength

As shown in Figure 11, when the roughness was
R = 0, the residual adfreezing strength stabilized to
a constant value. When the roughness was R > 0,
the residual adfreezing strength increased with the
increase of roughness and was in a fluctuating cycle;
in addition, the length of its cycle increased with
the increase of roughness. The reason is as follows.
When the roughness was R = 0, due to the smooth
shear plate, there was no normal relative displacement
between the frozen soil and the shear plate during the
shear process, which was similar to the sliding friction;
therefore, the residual adfreezing strength was always
stable at a constant value. When the roughness was
R > 0, due to the different deep grooves of the shear
plate, there was normal relative displacement between
the frozen soil and the shear plate during the shear
process, which caused the variation of the residual
freezing strength with the relative shear displacement
to be in a fluctuating cycle. Because of the different
roughness conditions, the spacing of the grooves of the
shear plate was different, and the intervals where the
frozen soil slipped along the grooves of the shear plate
were different. This resulted in different cycle lengths of
the residual adfreezing strength, which increased with
the increase in roughness. When the roughness value
increased, the groove depth of the shear plate increased,
and the shear resistance increased accordingly. As
a result, the value of residual adfreezing strength
increased.

To further explore the relationship between the
roughness value of the shear plate and the fluctuating
cycle of the residual adfreezing strength, a 7 versus p
curve (R = 0.8 mm and 7' = —10°C) was arbitrarily
selected as the research object, as shown in Figure 13.
Average distance, L, between the adjacent peaks of the
residual adfreezing strength curve was 2.69 mm (L =
(L1 + L2)/2 = (2.72 + 2.65)/2) = 2.69 mm).
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Figure 13. 7 versus u curve (o = 300 kPa, T'=—10°C
and R = 0.8 mm).
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Figure 14. Vertical displacement against horizontal shear
displacement (o = 300 kPa and 7' = —10°C).

According to the schematic diagram of the rough
shear plate (Figure 3) and the definition of the rough-
ness value, distance L' between the adjacent teeth
of the rough shear plate was 2.73 mm (L' = VR +
2R = 1.414 x 0.8 + 2 x 0.8 = 2.73 mm). Calculation
results showed that L' and L were approximately equal,
verifying that the fluctuating cycle of the residual
adfreezing strength was due to the fluctuating sliding
of the frozen soil at the interface along the grooves of
the shear plate.

As shown in Figure 14, the trend of vertical
displacement was similar to that of shear stress. As
the rough shear plate slid along the dented surface of
the frozen soil, the vertical displacement increased as
the horizontal shear displacement increased, and the
vertical displacement showed cyclical fluctuations when
shear plate is rough; moreover, its peak spacing with
the shear plate roughness decreased.

The real interface between frozen soil and a
structural surface will be quite random and irregular,
compared with the grooves used in this study. At
present, there are many kinds of methods to calculate
the surface grooves of the structure. In most cases,
they are calculated by taking the average depth of the
grooves in a certain area. It can be understood that the
structural grooves are treated as regular and equidis-
tant spacing in the evaluation process. Although the
law of residual strength fluctuation in this study is not
exactly the same as the actual one, but its general rule
is instructive and meaningful in practice.

5. Formation mechanisms of adfreezing
strength

Based on our experimental research and analysis of
the relevant factors influencing adfreezing strengths
at the interface between frozen sand and structures,
the mechanisms of adfreezing strength formation were
revealed.

The peak adfreezing strength consisted of three
parts. The first was the bond strength between the
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structure and the crystals formed by water in the soil at
negative temperatures. The second was the maximum
static friction force at the interface at the critical state
of shear failure due to the sliding trend between the
frozen soil and the shear plate under the action of
a horizontal load. The third was a small amount of
adhesion at the interface between the frozen soil and
the structure due to the adhesion of the soil itself.

Residual adfreezing strength was the peak shear
stress after shear slip failure. When the interface
was smooth, the residual adfreezing strength value
was a constant. When the interface was rough, the
relation curves of residual adfreezing strength with
shear displacement showed a state of fluctuating cy-
cles. Therefore, a typical stick-slip phenomenon ap-
peared.

The formation mechanisms of residual adfreezing
strength are as follows. Residual adfreezing strength
mainly consisted of sliding friction and cohesive force at
the interface between the frozen soil and the structure.
The stick-slip phenomenon was caused by the different
depths and different spacing grooves on the surface of
the shear plate with different roughnesses, as shown in
Figure 15(a). Due to normal pressure, the frozen soil
at the interface was squeezed by the shear plate, so its
grooves formed dents in the frozen soil (Figure 15(b)).
After the shear stress reached the peak value, the shear
plate slipped along the frozen, dented soil surface.
In shear process 1 (Figure 15(c)), sliding resistance
was relatively large, while, in shear process 2 (Figure
15(d)), sliding resistance was relatively small. Under
the actions of changing sliding resistance, the sliding
friction force, i.e. the residual adfreezing strength, was
in fluctuating cycles.
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(a) Before normal loading (b) After normal loading
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(c) Shear progress 1 (d) Shear progress 2

Figure 15. Schematic diagram detailing the shearing
process.

6. Comnstruction of empirical formula of peak
adfreezing strength

The analysis of the factors influencing adfreezing
strength at the interface was focused on the intrinsic
mechanism of adfreezing strength from the perspective
of a single factor. However, in actual working condi-
tions, adfreezing strength is affected by multiple factors
at the same time; therefore, it was necessary to com-
prehensively analyze all factors influencing adfreezing
strength.

According to the correlation analyses mentioned
earlier, the relationship between peak adfreezing
strength, Tax, and surface temperature, 7', and that
between peak adfreezing strength 7,.x and normal
stress, o, were all linear, as shown in Egs. (1) and (2).
The relationship between peak adfreezing strength,
Tmax, and interface roughness, R, was logarithmic, as
shown in Eq. (3). Therefore, relationships between
Tmax and T, o and R could be assumed as in Eq. (4):

Tma)(:ax|T|+bXO'+CX1nR+d, (4)

where a, b, ¢, and d were all constants to be determined.
Parameter R for an interface is generally measured by
roughness measurement, and it is calculated by taking
the average depth of the grooves on interface in a
certain area.

To determine the values of the four constants in
Eq. (4), MATLAB software was used to carry out mul-
tivariate nonlinear regression analysis. Based on the
functional characteristics of Eq. (4), the mathematical
model was initially built as shown in Eq. (5):

y = bhxr + Pawa + Pzxs + Sa. (5)

A total of 64 sets of test data on the peak ad-
freezing strength were sampled. Based on y and 7.,
r1 and T, x5 and o, and x3 and R, 4 arrays were built
first. By calculating the multiple nonlinear regression
using the MATLAB nlinfit function, the regression
coefficients were calculated: [B1 was 41.9898, 32 was
1.2356, 33 was 97.9437, and 54 was —1.7194. The value
of Rmse (residual standard deviation) obtained by the
MATLAB export function was 26.2575. Interactive
pictures of calculation results are shown in Figure 16.

The calculation results showed that the ratio be-
tween Rmse (the value of residual standard deviation,
26.2575) and Tmax (the average value of peak adfreez-
ing strength, 632.5938) was 4.15%. The interactive
pictures of calculation results show that the linear
relationships between y and z1, x5, and the logarithm
relationships between y and z3 were substantial, and
their confidence intervals were reasonable. Therefore,
the mathematical model (Eq. (5)) drafted prelimi-
narily was certainly reasonable, and the calculation
results were valid. Based on the above analyses, the
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Figure 16. Interactive pictures of calculation results regressed by MATLAB software.
empirical formula of peak adfreezing strength, max, at - An empirical formula on peak adfreezing strengths
surface temperature, T', normal stress, o, and interface was constructed. This formula might be used to
roughness, R, is as shown in Eq. (6): predict the value of peak adfreezing strengths and
provide a basis for the design of shield segments
Tmax = 41.99 x |T|+1.24d x 0 + 9794 x In R — 1.72. and the advanced construction of tunnel boring
(6) machines.
Therefore, under any condition of known values
of interface temperature, normal stress, and roughness, Acknowledgments
the value of peak adfreezing strength could be predicted
by Eq. (6). This work was supported by the National Natural

Science Foundation of China (Grant No. 51278251),

the Construction Project of Dominant Subjects in

Colleges and Universities of Jiangsu Province, and the

The main research conclusions are as follows: Research Project of Ministry of Housing and Urban-
Rural Development of China (2014-k3-029).

7. Conclusions

- The adfreezing strengths at the interface between
frozen sand and structures were defined as peak
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