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Protection against frost heave of L-typeretaining wallsin cold regions
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Abstract: In order to investigate protection againgt the frost heave of seasonal frozen soil behind precast L-type retaining walls
in cold regions, test walls areinstalled in the campus of Kitami Institute of Technology (KIT, Hokkaido, Japan) in two sections.
One is incorporated countermeasures against frost heave and the other has no such countermeasures. The freezing front
distribution and ground temperature within the backfill are observed, and deflections of the walls are measured over three
freeze-thaw seasons. Some understanding of the mechanisms of the build-up of frost heave pressure is gained, and the
effectiveness of replacement method is observed. A simulation is performed to predict the shape of the freezing front in the
backfill behind L-type walls with various cross sections. These findings are employed to propose a method for determining the
appropriate zone for replacement with frost unsusceptible backfill materialsin cold regions.
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I ntroduction water, or regarding soil, but actual construction

Freezing of the ground causes a variety of damages
to structures in contact with the ground in cold regions,
such as cracking of paved road surfaces and frost heave
of buildings. Previous studies on frost damage in civil
engineering  structures  have mainly  addressed
countermeasures against frost heaving in road subgrades
or base course. Few have taken up such measures for
retaining walls, canal works, box culverts or other
structures. Generally, construction standards have
provided inadequate guidance against frost heave!™.

The fundamentals of frost heave proofing structures
consist of countermeasures against low temperatures,

procedures vary widely. The most trusted and widely
employed procedure is to replace the soil within the zone
vulnerable to freezing with a material that does not frost
heave, generally, sand or gravel. Thus, the designer must
determine the replacement zone and the frost
unsusceptible material to be used for backfill*?.

The present study focused on precast L-type concrete
retaining walls of 1 mto 4 min height, with the goal of
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Fig. 1 Schematic diagram of retaining walls

establishing efficient design procedures for replacement
method'®. Concrete L-type walls were installed in a test
bed at Kitami Institute of Technology and freezing
conditions, wall deformation and other parameters were
observed through winters over a period of three yearsin
order to obtain a precise record of the behavior of the
wall. This test also compared and assessed different
backfills (replacement materials) and the effectiveness of
replacement method. A computer simulation was
conducted to extend these results to typical conditions by
varying wall configurations and freezing fronts, and to

develop a method for specifying the replacement zone.

1 Performance of retaining walls

Fig. 1 and Fig. 2 show a schematic representation of
the concrete L-type retaining walls, while Fig. 3 shows
these in cross section. The walls are 1.5 m high, 2.0 m
wide and the base length is 1.7 m. Six such walls are
erected. The overall installation is divided into two
sections as described below, each differing with respect
to thefill conditions behind each wall.

Fig. 2 Photo of test wallsin winter season
(1) Volcanic ash soil section: The “refilled zone” is
filled with frost unsusceptible vol canic ash soil.

(2) Clayey soil section: The “un-replaced zone” is
filled with clayey soil that was prone to frost heaving.
Table 1 Soil properties

Soil type Clayey soil Volcgillcash
pd(gomd) 2.59 2.51
Gravel/% 5.80 13.90
Sand/% 57.00 63.90
Partidle size Silti% 27.50 18.20
distribution Clay/% 9.70 4.00
C. 43.40 21.20
C. 1.74 1.37
. Wop/ % 29.40 29.80
Compaction = l(gem?d) 131 115
Frostheave o o heaveratio%  21.30 0.82

tests

Table 1 gives the properties of backfill material. The
volcanic ash soil is employed as a frost unsusceptible
layer for roadways in the Hokkaido region. Conversely,
clayey soil is strongly proneto frost heave.

The inclinometers and copper-constant thermo-
couples are installed as shown in Fig. 3 to measure the
action of walls and the temperatures of the front and
back surfaces of the wall. The inclinometer and thermo-
coupl e sensors readings are automatically recorded every
2 hours. The rated capacity of inclinometer is +5°, and
operating temperature is -20~ 70 ‘C (+0.01° ). The
copper-constant  thermo-couple accuracy control is
+1°C(-40~133°C). The frost depth in the backfill is also
measured once a day with a meth yleneblue frost depth
meter and recorded.

2 Resultsand discussions
2.1 Ground freezing condition

The mean daily temperature, frost heave amount,
frost depth, frost heave force of three seasons from
November, 1999 to April, 2002 in the flat test field is
shown in Fig. 4, respectively.
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Fig. 4 Ground freezing conditions of experiment season

The freezing index in the first season is 875°C -days,
second season is 1077°C-days, third season is
737°C-days. Considering the warm winter tendency in
recent years, the three experiment seasons had the

comparatively strong cold tendency. The second season
shows especially the maximum freezing index in the past
ten years. The frost heave pressure is the force acting on
adisk with a diameter of 10 cm on the ground surface 1.
2.2 Frost penetration of backfill

The frost heaving pressure acts on the normal
direction of freezing front or the direction of heat flow'®.
Therefore, if the freezing front shape can be established,
the designer can calculate the size of the fill zone behind
the wall where damaging frost heaving occurs and tends
to deform the wall. Understanding the freezing front
shape in backfill is the primary and one of the most
essential tasks of countermeasures for protecting civil
engineering structures against frost heaving damage. Fig.
5 shows the backfill freezing front shapes deduced from
the methyleneblue frost depth meter data. The following
can beinferred from these figures:

(1) The shape of the freezing front is primarily
influenced by surface topography (the heat outflow
surface). The frost heaving force acts normal to the
freezing front. A steep freezing front was associated with
the flow of heat out of the volcanic ash soil zone or
clayey soil zone through the wall (Fig. 5). When the
freezing front has this shape and there is frost heave in
the backfill, it increases the horizontal frost heave force
tending to push out the front face of the retaining wall.

(2) Comparison of the results within backfill zones
indicates that freezing penetrats to a greater depth in the
second season (2000-2001). This is consistent with the
freezing index, an indicator of the coldness of the winter,
which is the greatest during the second winter.
Comparing within seasons, the volcanic ash soil section
shows penetration of the frozen zone to a greater depth
than in the clayey soil section. Discrepancies in frost
depth are attributed to discrepancies in water content;
generally, the greater the water content, the more shallow
the frost depth, because of the higher latent heat of
freezing.

2.3 Behavior of retaining walls

Fig. 6(a) is a graph showing the time-dependent
change in the inclination of each wall. In the clayey sail
section, where no particular frost heave prevention is
employed, the wall begins to tilt almost simultaneously
with the onset of freezing in every season. The maximum
values of this inclination are 3.7°, 5.4° and 6.3° in the
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Fig. 5 Freezing front shape of backfill earth

first, second and third seasons, respectively. The maxi-
mum deflection of the top of the wall after the beginning
of the experiment is approximately 14 cm in the third
season. The inclination of the vertical wall rebounds
partially after the back fill begins to thaw in late March,
but sometilt remains after complete thaw in summer and
tilting of the wall is observed to be cumulative. It was
apparent that tilting of the vertical wall supporting the
clayey soil backfill was due to frost heaving pressure.
The tilt and the displacement of the top of the wall
clearly exceed the allowable values for concrete, and
cracks occur at the foot of the wall (Fig. 7). This is
typical for frost heaving pressure-induced cracking in
concrete L-type retaining walls.
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Fig. 6 Inclination of wall over 3 seasons
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Fig. 7 Typical crack occurred at the foot of concrete L-type
retaining walls

Almost no tilting of the vertical wall is observed in
the volcanic ash soil section throughout the observation
periods. A conspicuous advantage is gained by replacing
the soil with the frost unsusceptible volcanic ash sail
backfill within the zone most vulnerable to frost damage.
No cracking like that shown in Fig. 7 is ever observed,
even after the 3 seasons of observations of this section.

Fig. 6 (b) showsthe progression in inclination of the
base of each wall. Slight but detectable tilting occurs in
both sections during the winter seasons. The reason for
the absence of further tilting during the third winter is
thought to be due to the spreading of the cracks in the
lower regions of the vertical walls, which may have
reduced transmission of the forces from the vertical walls
to their bases. The tilting of the base is markedly less
than that of the vertical walls, and the bases return to the
horizontal during the unfrozen seasons. There is almost
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no tilting (rotation) of the wall monoliths ascribable to
inadequate support by the underlying bed. Thetilting and
cracking of the vertical walls is attributed entirely to
frost heaving pressure.

3 Design of backfill zones
3.1 Method for deter mining backfill zone

The previous sections describe (i) the results of
observations of dynamic behavior of L-type concrete
retaining walls during the freezing season, (ii) the
situation of wall failure during backfill freezing, and (iii)
the mechanisms of that failure. Here, procedures for the
design of countermeasures against frost heaving by
replacement are proposed on the basis of those observa-
tions.

Fig. 8 shows the proposed method for determining
the zone to be replaced with frost unsusceptible backfill
material. When the frost depth is Z;, the zone throughout
which frost heaving forces can be considered to act upon
the rear face of the vertical wall (plane c-d) is the volume
extending back to the (a-b) line. Here, point a is referred
to as the border point. Thus, it is assumed that replacing
the volume represented by the cross section (a-b-c-d-€) is
sufficient for preventing push out.
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Fig. 8 Proposed replacement zone

The Japanese standards for retaining walls specify
that the penetration depth of L-type retaining walls must
extend at least 50 cm™®. There is not assumed to be any
penetration depth in the calculations of the freezing
distributions in Fig. 8. The penetration depth varies with
site, support offered by the underlying soil, and several
other conditions, and all should be taken into
consideration when designs are to be implemented in

critical locations. Fig. 8 also does not consider the
influence of drifting snow on the shape of the freezing
front. If the heat-insulating effect of drifting snow was
considered, the replacement zone could actualy be
reduced in size, but it is difficult to make any quantita-
tive estimates of this effect. This analysis makes the
above assumptions estimate a relationship between the
maximum frost depth Z¢ and the parameters A, B, C, in
order to determine the replacement zone (a-b-c-d-€) in
Fig. 8.

3.2 Numerical simulation

Before predicting the extent of the replacement
zone in Fig. 8, the shape of the freezing front must be
approximated; this is attempted using a numerical
simulation. Two-dimensional unsteady thermal conduc-
tion incorporating the latent heat associated with freeze-
thaw is assumed in developing the fundamental
equations for the analysis. User-determined parameters
are the cross-sectional shape of the analytical model, the
thermophysical properties of the materials, and the
meteorological conditions. Data from the meteorol ogical
tower on the KIT campus are employed for the latter
parameters and the soil temperature at a depth of 5 mis
assumed to be constant at 9°C. The atmospheric
temperature data set is from the winter of 2000, which
had been the coldest winter in the last 10 years™®.

Fig. 9 presents an example of the results of the
simulation. Soil isotherms are indicated by white lines at
intervals of 1°C. This analysis compares different shapes
of the retaining wall rear face (presence vs. absence of
slope; berm width; and wall height) for their effects on
freezing front shape. A draft manual for the design and
construction of precast L-type retaining walls covers
walls of heights from 1 m to 4 m, so this range is
investigated in this simulation. Fig. 9 is an example of
the isotherms at an arbitrary time. This group of lines can
be considered as change in the freezing front over time.
This analysis is carried out for several wall surface
configurations and the relationship between freezing
depth Z; and replacement zone parameters A, B and C
were elucidated for each freezing front configuration.

3.3 Frost depth Z;

Parameters A, B and C which describe the replace-
ment zone are determined by the frost depth. Fig. 10
shows the relationship between the freezing index and
the frost depth™. This figure shows the relationship
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calculated for a one-dimensional case under level ground.
Maximum dry density pgmax @nd optimum water content
Wept Were also employed as parameters, but these are
known to correlate with soil type and thermophysical
properties™ !,
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Fig. 10 Relationship between frost depth and freezing index

34 DeterminingA, B, C

Fig. 11isaplot of the relationship between A and Z;
for different wall heights. The curve predicted for a wall
height of 100 cm resembles those for the higher walls up
to a frost depth of about 40 cm. Behind a low, 100 cm
wall, when Z; is 80 cm, the upper face of the step
matches the depth of the border point (point ain Fig. 7).
In this case, if the frost depth is increased further, the
calculations show that A tends to decrease. For the
purpose of designing actual structures, however, A is
fixed at a constant 80 cm in freezing depth deeper than
80 cm behind 100 cm walls, as shown Fig. 11.

Fig. 12 presents the relationship between parameter
B and Z for the four wall heights. There are minor
differences between wall heights because B is
determined by the shape freezing front at the lowest
portion of the wall, which isitself only dightly influenc-

ed by wall height or berm width. B was fixed at 80 cm
for frost depths exceeding 80 cm behind 100 cm walls;
for the same reason A is fixed as described above. Thus,
for 100 cm walls in locations where freezing is expected
to reach depths of at least 80 cm, a comparison of Fig. 11
and Fig. 12 shows that A = B. This means that the sail
replacement zone isrectangular in cross section.
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Fig. 11 Relationship between frost depth and A for different
wall heights
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Fig. 12 Relationship between freezing depth and B for
different wall heights

Fig. 13 depicts the relationship between depth par-
ameter C and Z for differing berm widths D. The
freezing front shape is dominated by the topography of
the surface, but the narrower the berm, the more closdy
the freezing front parallels and approaches the vertical
wall, so that the border point approaches the top of the
wall. Over longer berm widths, conversely, the freezing
front in the backfill approaches a wedge shape, due to
heat flow out of the ground surface behind the wall, and
the border point recedes from the top of the wall. Similar
to the limiting approximations of parameters A (Fig. 11)
and B (Fig. 12), C is set to 100 cm for the 100 cm wall
and Z > 80 cm, calling for a rectangular cross-section
backfill.
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4 Summary

This study combines the results of outdoor experi-
ments with ground freezing at concrete retaining walls
installed in the KIT campus with the results of
simulations of ground freezing. The study proposes a
method for determining the zone of soil to be replaced in
order to minimize the deleterious effects associated with
freezing. The conclusions can be summarized as follows:

(1) If the backfill behind a concrete wall is allowed
to frost heaving, this causes an accumulating deform-
ation of the wall monolith, which eventually causes the
wall to fail.

(2) Beneficial effects are associated with using frost
unsusceptible backfill behind concrete retaining walls.

(3) The shape of the freezing front in the backfill
varies with frost depth, as well as wall height, wall rear
face configuration and berm width.

(4) If the frost depth Z in the installation site is
known, the fill volume parameters A, B, and C can be
found using Fig. 11, Fig. 12 and Fig. 13, respectively,
and used to determine the zone of soil replacement
necessary for an effective counter- measure against frost
heave pressure.
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