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In collapsible loess area, migration of soil moisture often causes the temporal discontinuity and spatial nonuniformity of
collapsibility, which leads to great damage for infrastructures. Therefore, the research on water infiltration is the key to solving
the problem of collapsibility. The aim of this paper is to investigate the spatiotemporal evolution of infiltration characteristics of
collapsible loess. A field soaking experiment was conducted on collapsible loess in western China, in which a soaking pool with
diameter of 15m was built. Time-Domain-Reflectometry (TDR) system and soil sampling were employed to measure the water
content within the depth of 12 m. Then the saturation isograms were drawn for visualization of the process of infiltration. Also, a
pilot tunnel was excavated to investigate how the free face can affect the infiltration behaviors. The experimental results revealed the
characteristics of infiltration in both horizontal and vertical directions. Moreover, the response of free face on infiltration behaviors
was also found. These findings of research could provide the data for the infiltration laws of unsaturated loess and thereby provide

the basis for integrated treatment of collapsible loess.

1. Introduction

Distribution of loess soil reaches 13,000,000 km? in the world,
covering about one-tenth of the earth. Loess is wind-brown
sediment, which is typically formed in arid and semiarid areas
with the widely known properties of macropores, root-like
channels, and unsaturated structure. In engineering charac-
teristics, collapsible loess belongs to a metastable structure
which can withstand high vertical loads with a small amount
of settlement at dry, but this soil is particularly susceptible to
certain water conditions, which shows an upsurge in settle-
ment and a plunge in load capacity upon wetting [1-8]. Col-
lapsible loess is characterized by temporal discontinuity and
spatial nonuniformity of collapsibility upon wetting, which
contributes to a safety hazard for infrastructures constructed
in this region [9-15]. The reason for that is the discontin-
uous and nonuniform variation of water content of loess
soil. Therefore, it has become central issue for understanding
of the spatiotemporal development of infiltration in natural
loess.

Admittedly, the occurrence of loess collapsibility is closely
correlated with the movement of water. Because of the

interaction between moisture and air, the unsaturated infil-
tration properties of loess soil are rather complicated [16-
20]. At present, ample researches have been conducted on
matrix suction of loess in theory and laboratory [21-27],
which is considered as an essential parameter in unsaturated
soil and can reveal the moving direction of moisture and the
interaction between moisture and air. Gavin and Xue [28]
successfully predicted the time needed for the wetting front
development by using the modification of traditional Green-
Ampt infiltration model. Munoz-Castelblanco et al. [29]
summarized water retention properties of unsaturated loess
in northern France and observed its microstructure; Haeri
et al. [30] obtained the suction stress characteristic curve
for collapsible loess to describe the constitutive relationship
between matrix suction and suction stress; Zhou et al. [31]
summarized the results of laboratory test and analyzed insta-
bility mechanism of loess slope subjected to water infiltration.
Compared with laboratory test, the field experiment can
maintain the original structure, water content, and stress
status of natural soil; in particular, the actual seepage field
can be observed, which is irreplaceable by laboratory test.
Meanwhile, in situ measurement of water content is the key
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FIGURE 1: Panorama of test field.

to providing the direct expression for the process of water
infiltration [32]. Tu et al. [33] disclosed the infiltration process
of rainwater into shallow loess through field monitoring in
loess plateau, China; Wu [34] constructed a soaking pit with
the diameter of 20 m to study the loess collapsibility and
the process of water infiltration and dissipation in Donghai,
China; Kong et al. [35] and Wang et al. [36] built a soaking
pit with the diameter of 40 m so as to research the loess
collapsibility and vertical infiltration laws in Lanzhou, China.

However, research on spatiotemporal law of infiltration
remains to be further studied and there are no observations
from the perspective of horizontal infiltration behaviors in
unsaturated loess. Moreover, little research results have been
reported concerning how the free face influences the seepage
field.

The main aim of the present experiment is to explore
the infiltration characteristics of collapsible loess. By estab-
lishing a soaking pool with diameter of 15m, a large-scale
field soaking experiment was conducted on collapsible loess
in Lanzhou, China. Using the methods of Time-Domain-
Reflectometry (TDR) system and soil sampling test, the
behaviors of migration of soil moisture and its response
impacted by free face were studied, respectively.

2. Description of Test Field

The Chankou-Liugouhe Highway is an important part of
Lianyungang-Horgos Highway throughout Chinese main-
land from east to west. It starts from Chankou in the east and
ends in Liugouhe in the west with a total length of 77.7 km,
which is also an important economic main artery in western
China.

TABLE 1: Soil parameters.

. Collapsibility Self—w.elg}.lt
Soil coefficient & collapsibility
thickness S coefficientd,
Average = Maximum  Average = Maximum
0-15m 0.072 0.136 0.049 0.126

The test field is located at the south side, outside west
tunnel portal of Xinzhuangling tunnel (K60+818-K62+240),
Chankou-Liugouhe Highway, as shown in Figure 1. Accord-
ing to geological data and laboratory test data, the thickness
of self-weight collapsible loess is approximately 15m and
collapsible grade is IV, and soil parameters surveyed from
exploratory well (depth of 15m) are shown in Table 1 (as
detailed in Tables 2 and 3). Based on field investigation, there
is an irrigation canal above Xinzhuangling tunnel, which
irrigates the area for 6 to 8 times annually. Meanwhile, the
water intake point of west-route of the South-to-North Water
Transfer Project is only dozens of kilometers away from
Xinzhuangling tunnel, which will be unified with current
irrigation system. On this occasion, the large increase of water
will cause huge hidden danger for the safety of existential
tunnels [37-41]. Therefore, performing the large-scale field
soaking experiment near Xinzhuangling tunnel has great
engineering significance.

3. Methodology

3.1 Experimental Design. To meet the complete occur-
rence of collapsibility and eliminate the impact of surface
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cultivation [32], a circular soaking pool was built with
diameter of 15m and depth of 50 cm, as shown in Figure 2.
Sidewall of soaking pool used waterproofing and the bottom
of pool used washed sand so as to form the downward
movement of water. The water level was kept at 15 cm, which
came from phreatic water (depth of 210 m). And a circular
shed with diameter of 20m was equipped to decrease the
impact of climate. Meanwhile, with the aim of understanding
how the free face impact on the behavior of water infiltration,
a pilot tunnel in the soil trough was excavated to simulate
existential tunnel, which was supported by steel plates and
wooden poles [42-44]. The experiment lasted for 65 days.

TRIME-TDR tube access probe (IMKO Inc., Ettlingen,
Germany) was employed for continuous and nondestructive
determination of volumetric soil moisture, which is based
on Time-Domain-Reflectometry (TDR) technique [45-48].
A total of 95 TRIME-TDR probes were installed, as shown
in Figure 2. In detail, probes number 1 to number 7 were
installed in central line of soaking pool, in which probe
number 4 was at the center, probe number 5 was at the radial
center, probes number 3 and number 6 were 30 cm away
from the rim, and probes number 1, number 2, and number
7 were at extending line of the rim. The farther from the
soaking pool, the deeper development of the wetting front
[30, 32]. Hence, probes number 1and number 2 were installed
after the ground was excavated to 2m and 1 m, respectively.
Probes number 8 to number 10 were installed horizontally
in soil trough for measuring the horizontal infiltration data
(Figure 2(b)). Also, the other probes were installed along the
line of OA, OA’, OB, OB', OC, OD, OD’, OE, OF, and OF'
and in soil trough (Figures 2(a) and 2(c)).

3.2. Measuring Scheme. Before soaking, water content was
measured and recorded as the initial value. After soaking,
water content was measured continuously. Subsequently, the
measurement period was gradually increased with the inter-
val of 20 mins, 40 mins, 60 mins, and so forth. Meanwhile, to
overcome the inadequate length of measurement of TRIME-
TDR probes (length of 3m), Luoyang shovel was used for
soil sampling to measure mass water content at a certain
time. Luoyang shovel is a kind of archaeological tool with half
cylindrical shovel, which is widely applied as a common tool
of sampling in Chinese geotechnical engineering, as shown in
Figure 3. The sampling method was to take soil samples every
20 cm depth for measuring its mass water content by oven-
drying method, and the interval of sampling was the same
as that of TRIME-TDR probes; then the sampling holes were
tamped.

3.3. Data Processing. The data collection, processing, anal-
ysis, and management were based on the comprehensive
data processing system, which was programmed by Visual
C++, Matlab, and Microsoft Access. Due to small spacing of
measurement (20 cm), linear interpolation method was used
for data algorithm. To describe the spatiotemporal evolution
of infiltration behaviors, saturation isograms were drawn
by each discrete point of degree of saturation (%), which
was transformed from volumetric water content measured
by TRIME-TDR probes and mass water content measured

by soil sampling. Porosity and dry density were taken from
laboratory test, as detailed in Tables 2 and 3.

4. Experimental Results

4.1. Infiltration Behavior of Shallow Soil

4.1.1. Soaking Period. Figure 4 presents the distribution of the
degree of saturation varying with soaking time. In Figures
4(a)-4(d), it can be observed that moisture moved downward
by the combined efforts of gravity and matrix suction, and
the wetting front moved downward to 1.7 m, while little
horizontal movement developed after soaking for 10 hours.
In Figure 4(e), the wetting front moved downward to 2.2m
and broke through the left edge of soaking pool within
the depth of 0.5 to 1.4m. Comparing Figures 4(e)-4(m),
it can be seen that the horizontal wetting front developed
gradually. Interestingly, the wetting front did not nearly
extend horizontal boundary of unsaturated zone but moved
downward. Also in Figure 4(m), the horizontal wetting front
remained in 3 to 4 m away from the edge of soaking pool.
Apparently, under the force of gravity and matrix suction,
the speed of wetting front moving downward was strikingly
faster than that in horizontal direction. It can be indicated
that the movement of wetting front is due mainly to gravity
and secondarily to matrix suction. As time goes on, there was
an obvious difference in saturation isolines on both left and
right sides of soaking pool (see Figure 4(n)); it can be seen
that the unsaturated zone on the left was larger than that
on the right. There are three possibilities for this behavior.
First, the porosity of soil on the left side is bigger than that
on the right side, which results in the difference of horizontal
infiltration coefficient. Second, the content of collapsibility on
the left side is larger than that on the right side, which causes
different hydraulic head. Third, the boundary conditions of
seepage field are changed by the free face on the left side.

4.1.2. Water Cutoff Period. Figure 5 displays the distribution
of the degree of saturation as the time of water cutoft. It can be
seen that the smaller the depth was, the faster the saturation
decreased. Based on observation, the degree of saturation
within the depth of 2 m decreased fast because the soil close
to the surface dries fast. However, the rate of decline of water
content was less than 1% per day beyond depth of 2m. We
may conclude that deep soil slowly replenishes the air, which
depends on the conduction of seepage field. Due to the low
permeability, the degree of saturation of deep soil shows a
slow-moving decrease.

Also, we could infer that unsaturated loess undergoes five
stages at different depth. (1) Loess soil is in natural unsatu-
rated status before soaking. (2) Loess soil is in unsaturated
seepage status when wetting front passes. (3) Loess soil is in
saturated seepage status after wetting front passes. (4) Loess
soil is in unsaturated seepage status again after water cutoff.
(5) Loess soil returns to natural unsaturated status after a
period of water cutoff.

4.2. Infiltration Behavior of Deep Soil. During the test, the
samples were taken from 10 vertical profiles along radial
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FIGURE 3: Luoyang shovel.

direction of soaking pool by Luoyang shovel with the different
depth of 8 to 12 m. In combination with the data measured
by TRIME-TDR probes, the saturation isograms of different
vertical profiles can be drawn, as shown in Figure 6.

In Figures 6(a) and 6(b), the unsaturated wetting front
was fairly obvious and the maximum degree of saturation was
80% within 1 to 3 m away from soaking pool. The saturation
of shallow soil was within the scope of natural saturation;
hence, shallow soil was unaffected by soaking. Meanwhile,
the saturation of deep soil was bigger than natural saturation
and the saturation of middle soil reached the maximum,
which was obviously affected by soaking. The shape of
saturation isolines was approximately a part of an ellipse.
It can be indicated that unsaturated infiltration pattern is
approximately ellipsoid in early period of soaking.

In Figures 6(c) and 6(d), the maximum degree of satu-
ration was 60%, which was less than 80% (Figures 6(a) and
6(b)). That is because the distance to soaking pool is farther
than the previous two.

By comparing Figure 6(e) with Figure 6(f), the saturation
isolines of 70% almost presented no horizontal movement,
while those of 60% showed a small amount of horizontal
movement and those of 50% showed a considerable amount
of horizontal movement. Particularly, it can be seen that
another surface water source (melted snow) in the upper right
area affected the infiltration behavior (see Figure 6(e)).

According to Figures 6(g) and 6(h), it can be seen that the
degree of saturation increased with the growth of depth. And
the saturation isolines of 50% and 60% hardly had horizontal
movement, while those of 40% showed a large amount of
horizontal movement. It can also be seen that the saturation
isolines were almost vertical downward, which represented
the edge of seepage field in OB direction at this moment (see
Figure 6(g)). In Figures 6(i) and 6(j), the horizontal scope of
infiltration of OC profile was 6 m and that of OE profile was
5.5 m away from the edge of soaking pool when the soaking
time was 48 days. From Figures 6(g)-6(j), it can be seen that
the saturation isolines almost distributed vertically in mid-
to-late period of soaking, which could lead to the conclusion
that the moisture mainly moves downward due to gravity.
And the horizontal movement of isolines with the degree of
saturation of more than 50% stagnated, while isolines of lower
degree of saturation (less than 50%) moved quite slowly. It

appears that the horizontal movement of isolines with high
degree of saturation (more than 50%) is mainly driven by
water pressure from higher saturation zone, while that with
low degree of saturation (less than 50%) is mainly driven by
matrix suction.

4.3. Infiltration Behavior Affected by Free Face. In order
to understand how the free face can affect the infiltration
behavior, a horizontal pilot tunnel was excavated from soil
trough in depth of 7m towards the center of soaking pool
after soaking for 38 days. The response of infiltration behavior
after the excavation of pilot tunnel is displayed in Figure 7.
It can be observed that the degree of saturation around pilot
tunnel increased gradually, and the movement patterns of
soil moisture presented “V” shape. It appears that free face
can accelerate the horizontal movement of wetting front in
unsaturated zone.

Figure 8 presents the horizontal variation of saturation,
both inside and outside the pilot tunnel. It can be observed
that the degree of saturation within pilot tunnel was greater
than that outside pilot tunnel in the vicinity of free face.
Gradually, the degree of saturation, both inside and outside
pilot tunnel, tended to be consistent with longer distance to
free face. Comparing Figures 8(a)-8(c), within the distance
of 1.5 m away from free face, the degree of saturation inside
pilot tunnel increased up to a steady value (50% to 60%) as
time goes by. There are two aspects for this behavior. On one
hand, the influence range of free face is limited when free face
and wetting front are a longer distance apart. On the other
hand, the increased degree of saturation makes the motion
of air more difficult. It could be concluded that free face has
an obvious impact on horizontal infiltration behavior with
saturation of less than 50% and within the distance of 1.5m
away from free face.

5. Discussion

The paper aims at exploring the infiltration characteristics of
collapsible loess. Based on the above experiment, the speed
of downward movement of wetting front was obviously far
greater than that of horizontal movement, which indicates
that the property of permeation has typical anisotropism. The
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FIGURE 4: Saturation isograms within the depth of 3 m at different soaking stages. (a-n) represent the soaking time of ¢ = 0 to 30 d, respectively.

inequivalence of infiltration characteristic in both directions
will be discussed as follows.

5.1. Saturation Permeability. Based on the code of Test
Methods of Soils for Highway Engineering, variable head
permeability test was used for measuring the saturation
permeability of undisturbed loess [49, 50]. The laboratory test
results are given in Table 4.

Figure 9 reports the results for the average saturation
permeability in vertical and horizontal directions. It can be
seen that the vertical hydraulic conductivity was slightly
larger than the horizontal hydraulic conductivity. The small

difference of hydraulic conductivity in both directions lies in
the occurrence of collapsibility, which causes the failure of
natural structure of loess.

5.2. Unsaturated Permeability. In this paper, the arrival time
of water at various depths was measured as shown in
Table 5. The vertical infiltration characteristics showed that
the wetting front moves downward rapidly in shallow soil and
its movement gradually decreased with an increase of depth,
which is consistent with the results reported in the literature
[34, 36]. There are two main reasons for this characteristic: (1)
the pore resistance and the friction increase with an increase
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FIGURE 6: Saturation isograms within the depth of 8 to 12 m at different time of soaking stages on typical profiles. (a—j) represent the profile
of OF, OF', OD, OD', OA, OA’, OB, OB', OC, and OE, respectively (see Figure 2(a)).

TABLE 4: Saturation permeability.

Average vertical hydraulic Average horizontal hydraulic

Sample depth K,0/K

ample depth (m) conductivity K, (cm/s) conductivity K,,;, (cm/s) n0/Kino
63x107* 45x107* 1.40
41x107° 3.8x107° 1.08

of depth, which results in a loss of water potential energy, and
(2) the occurrence and development of collapsibility cause
a lot of soil compaction, which results in a decrease in void
ratio.

On the other hand, the arrival time of water at various
distances away from soaking pool was measured, as shown
in Table 6. The horizontal infiltration characteristics showed

that the horizontal wetting front was slower to make the move
as the distance was farther away from the soaking pool, which
is consistent with the results reported by the literature [34].
The reason is that matrix suction plays a limited role to drive
the horizontal movement of wetting front. By comparing
the infiltration rate of both directions, the vertical average
value is 0.00697 cm/s, which is approximately 5.5 times the
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FIGURE 7: Saturation isograms after the excavation of pilot tunnel at different depth and soaking stages. (a—c) represent the depth of D = 7 to

7.3 m and the soaking time of t = 38 to 43 d, respectively.

TABLE 5: Vertical infiltration rate (No. 4 probe).

TABLE 6: Horizontal infiltration rate (Depth of 2 m).

Soil thickness Arrival time of water Infiltration rate Distance to soaking pool  Arrival time of water Infiltration rate
(m) (h) (cm/s) edge (m) (h) (cm/s)

0.7 1 0.01944 0.3 12 0.00069

15 7 0.00595 3.0 30 0.00278

1.9 13 0.00406 4.0 360 0.00031

2.5 23 0.00302

3.0 35 0.00238

horizontal average value of 0.00126 cm/s. The inequivalence
of horizontal and vertical infiltration rates reflects the special

structure of loess with root-like channels. Also, the move-
ment of wetting front is due mainly to gravity and secondarily
to matrix suction.
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FIGURE 8: Saturation variation curves at different excavation stages during the soaking period. (a—c) represent the excavation length of L = 0.8

to 1.4m and the time of t = 1 to 5 d after excavation, respectively.

6. Conclusions

In this paper, a large-scale field soaking experiment was
conducted on collapsible loess in Lanzhou, China. TDR
system and excavation sampling method were adopted for
measuring the water content on typical profiles. The spa-
tiotemporal evolution of infiltration behaviors was described
by saturation isograms. The infiltration characteristics of
collapsible loess were obtained as follows:

(1) In soaking experiment, unsaturated loess undergoes
five stages at different depth: natural unsaturated sta-
tus before soaking, unsaturated seepage status when
wetting front passes, saturated seepage status after
wetting front passes, unsaturated seepage status after

water cutoff, and natural unsaturated status after a
period of water cutoff.

(2) The downward movement of wetting front slowed
down with an increase of depth. After cutting off the
water supply, the shallower the depth was, the faster
degree of saturation decreased.

(3) The movement of wetting front is due mainly to
gravity and secondarily to matrix suction. Matrix suc-
tion contributes to a broader range of the movement
of unsaturated wetting front and the movement of
saturated wetting front is mainly driven by gravity.

(4) In unsaturated zone, the horizontal movement of wet-
ting front was very slow-growing, while the vertical
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