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Abstract

Red clay is widely distributed in Zhejiang Province, China. Rain-induced shallow landslides easily occur on red clay slopes
due to the reduction in shear strength caused by rainwater infiltration. The aim of this paper was to study the soil-water
characteristic of red clay and its application on analyzing the stability of red clay slope. A series of field tests at different
depths of red clay slope were carried out to monitor the variations of water content and matric suction under typical climate
conditions. The results showed that the distribution of water content in red clay slope is complex because of long-term
wetting—drying cycles. The water content within shallow layer is sensitive to external environment, and the response time
of the water content is related to rainfall intensity. It is also observed that the soil water characteristic curve (SWCC) varies
at different depths. The SWCCs of red clay can be fitted by linear function. The SWCCs from laboratory tests illustrated
that saturated water content is more than 40%. Most of the SWCCs obtained at the depth of 90 cm are within the hysteresis
loops of the SWCCs from laboratory test. The short-term rainfall has less effect on the stability of the slope, but the stability
continuously decreases after the rain stops. The SWCCs obtained from laboratory were applied to analyze slope stability.
Considering the influence of cracks, the computed results are close to field data. The study has a certain directive significance
to the design of red clay slopes.

Keywords Slope stability - Red clay - Rainfall infiltration - Matric suction - Water content - Soil water characteristic curve
(SWCC)

1 Introduction the effect of rainfall infiltration on slopes [1-3]. The reduc-

tion in matric suction is a major cause of the instability of

Landslides can be caused by many factors such as mor-
phology, geology, soil origin. In some mountainous area of
southeast China, landslides often occur during the summer
or fall, especially after rainy days. Water infiltration during
rainfall is a significant issue when designing and protecting
infrastructure slopes in expressways and water conservancy
projects. Numerous studies have been conducted to illustrate
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unsaturated soil slopes [4-6].

There are various methods to evaluate the stability of
slopes during or after rainfall including numerical simula-
tions [2,7], analytical solutions [2,7—-10] and field monitoring
[2,7-14]. Numerical studies can be used to simulate the pro-
cess of infiltration and calculate the factor of safety [7,15].
The parameters obtained through laboratory or in-situ tests
are crucial to the numerical analysis and analytical methods
in geotechnical engineering [16,17]. Moreover, the data from
field monitoring are closer to the real condition, which makes
the analysis more accurate and effective [18,19].

Unsaturated soil slopes composed of loess [14,20,21] and
expansive soil [22,23] have been studied in field and labora-
tory. Most of the field tests were only carried out to measure
the variation of water content and matric suction. However,
few research results were compared with laboratory results
and applied into further slope stability analysis. In China,
red clay is widely distributed in some mountainous areas.
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Red clay usually has high liquid limit and low permeability,
which is unfavorable soil for engineering projects accord-
ing to the related Chinese criterions. Compared to expansive
soil, red clay has lower dilatability. Landslides may occur on
red clay slopes during rainfall due to its sensitivity to water.
Although researchers have demonstrated the characteristics
of red clay by laboratory experiments and numerical study
[24-26], few field studies on red clay slopes have been con-
ducted. In situ, the infiltration process of water into slope
is different from laboratory tests. Furthermore, soil in field
is always under complicated condition. And it is difficult to
illustrate the stress state under soil layer with various bound-
ary conditions [22,27]. Finally different selections of soil
water characteristic curves (SWCCs) are always ignored in
the conventional numerical analysis, which causes errors to
the assessment of slope stability [28]. In some studies, differ-
ent soil water characteristic curves were applied into slope
analysis [29,30]. However, the data from SWCC curves were
based on pore space distribution (PSD) and previous models
rather than actual field measurement.

In this paper, the variations of water content and matric
suction at different depth of red clay slope were measured
during sunny and rainy days. The results are reported and
analyzed with an aim of giving an insight into moisture
movement and mechanism of rain-induced landslides under
rainfall. The SWCCs measured by field monitoring were
compared with laboratory tests. Numerical simulation was
also conducted to analyze the stability of red clay slopes using
SWCCs from both filed monitoring and laboratory test. This
study is meaningful for the analysis and design of red clay
slope.

2 Field Monitoring
2.1 The Test Site

The test site is located in Lishui, Zhejiang Province, China
(Fig. 1), where the Longquan-Pucheng expressway project is
under construction. The project is in a mountainous area in
the southwest of Zhejiang Province. The average rainfall is
1600 mm per year in the area of the project. In Lishui city, it
rains heavily a lot in summers and rains continuously in falls
because of the seasonal typhoons. The slopes under research
are left and right cutting sides at around the K15 + 560 sec-
tion of the expressway. The heights of the two slopes are
14.5 m and 15 m respectively. Both slopes are cut into two
stages with a step of 2 m width, and the gradients of the
upper and lower sections are 1:1.25 and 1:1.1, respectively
(Figs. 2, 5a). The soil of the slopes consists mainly of red
clay. The physical and mechanical properties of the typical
slope soil from previous laboratory experiments are shown in
Table 1. Figure 3 shows the particle distribution curve of the
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Fig.1 Site location for the field study

soil in the studied slopes. The measurement of the tests in this
paper followed the Chinese Standard for Soil Test Method.
According to the Unified Soil Classification System (USCS),
the soil in this study was classified as CH.

2.2 Monitoring Instruments and Methods

Field monitoring mainly included volumetric water content,
matric suction and rainfall measured by TDR water con-
tent sensors, tensiometers and rain gauge, respectively. TDR
sensors are labeled as MP306 with a measurement range of
0-100% and accuracy of +2% (Fig. 4a). And tensiometers
are labeled as TEN with a measuring range of 0-100 kPa
and accuracy of £2.5 kPa (Fig. 4b). These instruments were
calibrated before the field monitoring. The TDR sensors and
tensiometers were set at middle steps of the slopes. The mon-
itoring data were collected once a day. There were two obser-
vation periods: November to December, 2014, and August to
September, 2015, both of which lasted about 20 days.

Previous studies had reported that soil layers within 3 m
would be affected by the common rainfall, while more
obvious affect occurs within 1 m [12,17]. Considering the
specification of the instrument as well, the TDR sensors and
tensiometers were installed at 30 cm, 60 cm and 90 cm below
the slope surfaces, and both were at the appropriately same
depth of two slopes. The setting location of installed monitor-
ing instruments is shown in Fig. 5. The test points at different
depths on the left and right slopes were labeled as L3, L6 and
L9 (on left slope) and R3, R6 and R9 (on right slope).

2.3 Monitoring Results

(1) Water content

The variation of the volumetric water content measured at the
middle stage of the left slope on November 2014 is shown



Arabian Journal for Science and Engineering (2019) 44:5107-5116

5109

Fig.2 Photographs of field
monitoring on the slope

Table 1 Physical and mechanical properties of slope soil (average values from multiple tests)

Natural Dry density ~ Specific Void Saturation  Free Liquid Plastic limit  Plasticity Saturated
water 0d (g/cm3 ) gravity Gy  ratioe (%) swelling limit wp(%) index Ip permeability
content w ratio (%) w1 (%) coefficient
(%) k (cm/s)
352 1.28 2.72 1.12 85.1 54 28 26 3x 1073
100 —— data presented in Fig. 7 indicate that with light rain, the water
2! / content of the slope surface fluctuated considerably, while the
80 water content at depths of 30, 60 and 90 cm remained sta-
9 7 / ble or only changed slightly. Because of evaporation, water
T @ content of surface even shows decline after rain. The water
£ 0 / content increased after the rain lasted a few days, especially
£ 40 at deeper positions under the surface of the slopes.
£ The data also revealed that the water content had no signif-
= 20 J icant relationship with the depth, because the initial moisture
10 had been affected by a complex co-action of early rainfall and
00507 o i | 0 evaporation. However, the depth contributes to the change of

Particle size(mm)

Fig.3 Particle size distribution curve of red clay

in Fig. 6. Two rounds of rainfall occurred on November 23
and December 6 during the 2014 monitoring period, and the
cumulative rainfall was 41.2 mm and 23.2 mm, respectively.
According to the meteorological grade, the two rounds of
rains belong to heavy and moderate rain, respectively. When
there was no rainfall at the site, the moisture changed slightly.
Under varied level intensity of sunlight, the water content
decreased to different degrees. After the heavy rain, the vol-
umetric water content of the soil at the monitored depth
increased rapidly, peaking at about 40%, then decreased grad-
ually. After the moderate rain, the water content increased
slightly and then showed a tendency to stabilize.

From August 20 to September 7, 2015, the slope region
experienced a number of intermittent rains, and the corre-
sponding rainfall intensity was less than 20 mm/day. The

water content under conditions of rainfall and evaporation.
Under precipitation condition, the water content at shallower
positions was higher than that at deeper positions. Addition-
ally, the water content of shallower layers decreased less than
that of deeper layers. At the same time, the decrease in water
content seems to be more rapid when the rainfall intensity
was more than 40 mm/day, while the increase process lasted
for a long time with lighter rain.

The variations of the soil moisture at different depths after
the rainfall on August 28, 2015, are shown in Fig. 8. The
horizontal coordinate represents water content at the specific
depth. From August 28 to 30, the monitored area received
continuous light or moderate rain; the moisture changed from
the shallower to the deeper layer. The initial water content
(on the morning of August 28, r = 0) at slope surface, depth
0f0.3m, 0.6 mand 0.9 mis21.8%,25.1%,36.9% and 24.2%,
respectively. Then the specific depth was influenced by rain
infiltration. When the value changed, the “wetting front” [31]
had arrived or passed the depth. In this case, after continuous
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Fig.4 Monitoring instruments:
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Fig. 6 Variation of volumetric water content of slope from November
19 to December 9, 2014

rain for 7 h, the wetting front had arrived at 30-60 cm below
the surface of the slope. And after raining for 32 h, the wetting
front arrived at a certain depth between 60 cm and 90 cm.

A
Q @ Springer

Fig. 7 Variation of volumetric water content of red clay slope from
August 20 to September 7, 2015

The rain ended on August 30, with the evaporation effect,
the moisture of the surface soils decreased gradually from
33.7 to 26.9%, and it occurred later at a further depth of
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Fig. 9 Variation of the matric suction in the slope from November 19
to December 9, 2014

30cm. Accordingly, itis evident that there is also a conceptual
evaporation front, where moisture would begin to decrease
passing this front.

(2) Matric suction

The variation of matric suction with time at different depths
in 2014 is shown in Fig. 9. Matric suction dropped when it
began to rain, but it started to rise slightly 4 ~ 5 days after
the rain stopped. Water transport was more sensitive during
rainfall. The reduction in the matric suction almost showed
no response lag. However, when the rain stopped, the suction
increased with lag, which is consistent with the changes in
moisture wetting and drying of the SWCC detected by lab-
oratory experiments [32]. Overall, matric suction decreased
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Fig.10 Variation of the matric suction in the red clay slope from August
20 to September 7, 2015

with the increase of depth. At the depth of 90 cm, the suction
was completely lost after the heavy rain, which indicated that
the shearing strength of soil at this depth would be less. In
the summer of 2015, with continuous light rain, the matric
suction measured at the depth of 30 cm and 60 cm fluctuated
greatly (Fig. 10).

(3) Field-measured SWCCs

The SWCC, based on the field collected data, was plotted
as shown in Fig. 11, where the horizontal and vertical coor-
dinates represent the matric suction and volumetric water
content, respectively (data acquired in 2015 are not shown
because of their little variation). The field-measured matric
suction SWCC mainly ranges from 0 to 60 kPa, and no obvi-
ous hysteresis effect was observed. The curves at different
depths show various shapes: curves at 30 cm depth are steep,
while curves at 60 cm and 90 cm depth are relatively smooth.

It has been found that the shape of the SWCC is related
to overburden stress of the soil. The smaller the overburden
stress was, the smaller the slope of the curve was. Under a
larger overburden stress, the SWCC is smoother and has a
greater slope after the point of air entry value. The values
measured at depth of 30, 60 and 90 cm, and the overburden
stress at each measuring point was approximately 6, 12 and
18 kPa. Thus, the regulation of the field SWCC is the same as
that of laboratory tests [32]. Under more vertical stress, soil
is compacted into a higher degree, where the void among soil
particles is less and more homogeneous. Thus, it is hard for
air and water to run into or out of void during the process of
transport and the rate of transportation is also at a low level.
In another word, shapes of SWCCs can be affected by stress
state of soil because the void structure is changed.

Without taking the subsection of SWCC into account, the
measured data can be fitted to a linear equation and the results
are shown in Table 2. The correlation coefficient 72 of the
5 test points is greater than 0.90, which indicates that the

@ Springer
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Fig. 11 Soil-water characteristic curves measured in the field

Table 2 Fitting of SWCCs in the field

Correlation
coefficient r2

Test  Fitting formula (volumetric water
points content 6, Matric suction (uy — Uy))

L3 6 =41.086e 0008 —uw) 0.9745
R3 6 = 42.163¢ 00090 —uw) 0.9224
L6 6 =39.923¢0-003(ua—uw) 0.7561
R6 0 = 41.206¢ 0003 (a1 0.9670
L9 0 =40.629¢ 0003w 0.9519
R9 6 = 39.893¢0:003(a—uw) 0.9659

fitting effect is preferable. The data at 60 cm under the left
slope surface did not fit well, probably because there were
measurement errors in the matric suction when suction was
less than 5 kPa. The first fitting parameter of function can be
represented as the saturated water content of the red clay on
the slopes, and the second parameter can more directly show
the morphology of the SWCCs. In addition, it was revealed

@ Springer

Fig. 12 FGJ-20 consolidation apparatus on unsaturated red clay

in the fitting result that the saturated water content of each
depth is around 40%, and the slope varies with the depth.

3 Laboratory Test on SWCC

To compare the SWCCs from field monitoring with those
form laboratory tests, a few soil specimens were sampled
at the monitoring site and brought to the laboratory to con-
duct tests for the determination of SWCC. The samples were
disturbed and reshaped into the same condition as field site.

3.1 Method of Laboratory Test

Laboratory SWCC test was conducted using an FGJ-20
unsaturated soil consolidation apparatus (Fig. 12), which
adopts axis translation technique to control the suction of
samples. The sample had a diameter of 61.8 mm and a height
of 20 mm with a cross-sectional area of 30 cm?. The test was
started after the soil sample is vacuum-saturated. Different
suction values were set up in the appropriate order as follow-
ing: 0.1, 20, 40, 60, 80, 100, 200, 300, 400, 300, 150, 80, 40,
10 and 0.1 kPa, which formed a complete path of moisture
drying and wetting. The data were collected when variation
of water content was less than 0.02% of sample volume in
24 h at each suction level.

3.2 Test Results

The consolidation tests of the red clay were conducted in the
range of 0 ~ 400 kPa, and the two curves of dehydration and
wetting were obtained (Fig. 13). The test results reveal that
the air entry value of the drying SWCC was around 20 ~
50kPa, while that of the wetting SWCC was around 1 ~
10 kPa. Furthermore, the inflection point appeared at a water
content of more than 25%, which is higher than that of other
general soils. There was a large gap between the wetting and
drying curves, which formed a hysteresis loop.
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Fig. 13 Comparison of SWCC between field and laboratory test

Field and laboratory SWCCs are plotted in Fig. 13 for
comparison, and the following points shall be noted:

(1) It was found that the saturated volumetric water content
of red clay is around 40% in both the field and laboratory
SWCCs.

(2) There are some differences between the SWCCs
obtained from the laboratory tests and field monitoring,
but most of field SWCCs are between the moisture wet-
ting curve and the drying curve of the laboratory tests.
The shape of the curves is related to the applied stress,
and the SWCC measured at the depth of 30 cm is close
to that of the laboratory moisture wetting curve without
applied load. Meanwhile, it is found that confinement
condition is another vital factor [32,33]. In the labora-
tory tests, soil is completely confined by rigid circular
knife, while in-situ soil in shallow layer was considered
to be confined by surrounding soil which is a different
confinement condition. Because the data were collected
in rainy days, the wetting curve was compared with the
field curved. Under completely confined condition, lab-
oratory SWCCs show less suction in same water content
than field curves, which is consist with results of some
other research [34,35].

(3) When the rainfall is less intense (less than 20 mm/day),
the water content and matric suction change slightly
under the effect of the wet and dry cycles in a short
term. When the rainfall is abundant, the water content
and the matric suction will change dramatically; thus,
the sudden heavy rain and the continuous rainfall will
cause adverse safety risks on the red clay slopes.

4 Slope Stability Analysis

The SWCCs obtained from field and laboratory tests were
applied to analyze the stability of the unsaturated soil slope.

35.0
| Upper clay layer

Water level Lower clay layer

! H G

- 60.0 -

Fig. 14 Calculation model of red clay slope (unit: m)

Table 3 Strength index of the soil layers in the red clay slope

Layers Effective friction Effective cohesion
angle ¢ (°) ¢ (kPa)

Upper layer 16.1 23.2

Lower layer 13.3 27.8

The influence of selecting different SWCCs on water distri-
bution and analysis of slope stability is discussed.

4.1 Calculation Model of Slope

The slope of the monitored area was chosen as the calculation
model (Fig. 14). The groundwater flows at about 10 m below
the foot of the slope. And the strength parameters of the
soil layer measured by direct shear tests under saturation
condition are shown in Table 3.

Four different SWCCs obtained from the laboratory wet-
ting, drying, field tests at the depths of 90 cm and 30 cm were
applied to the slope analysis. It was determined by the vari-
able water pressure head test that the saturated permeability
coefficient of the red clay was 3 x 1075 cm/s. Moreover,
according to the permeability coefficient formula proposed
by Van Genuchten [36], the relationship between the perme-
ability coefficient and the change of matric suction can be
obtained from the SWCCs. Based on the field results and
earlier research, the initial volumetric water content was set
at 30%.

4.2 Analysis Method

The strength of the unsaturated soil is calculated using the
relative mature Fredlund double stress variable strength the-
ory, shown below as:

= + (of — ug)ptan @’ + (ua — uy)s tan ¢° (1

@ Springer
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Fig.15 Variation of pore water
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where (o — uy)¢ is the normal stress at the destruction sur-
face under condition of failure, (u, — uyw); is the matric
suction at the destruction surface when failure occurs,
u, is the pore air pressure at destruction surface when
failure, ¢’ is the effective cohesion, ¢’ is the effective
internal friction angle and ¢® is the friction angle asso-
ciated with suction, simplified by ¢® = 1/2¢’ in this
study.

The unsaturated seepage flow field was obtained by the
finite element method. The slope rainfall infiltration can
be considered as a two-dimensional saturated and unsatu-
rated condition, and the governing equation is as follows:

0 (, H +a L OH +Q_ae @
ax " ox ay \'7 ay "ot

@ Springer

(d) Laboratory SWCC (moisture drying )

where k, is the permeability coefficient in the x direction, ky
is permeability coefficient in the y direction, H is total head,
Q is the seepage flow into the soil, 6 is the volumetric water
content, and ¢ is the time of process.

Based on the seepage flow field with, the conventional
Bishop’s divided mesh method combined with the radius
of search was applied, the safety factor at most unfavorable
face of the slope. The simulated meteorological conditions
included a continuous rainfall of 100 mm/day that lasted
3 days and then 2 days of sunny day with evaporation inten-
sity of 7.2 mm/day. When the cracks are considered, the
method of setting fractures was referred to previous liter-
ature [37]. 1-m deep cracks were set under the surface on the
15-m high slope, with a spacing of 3 m. Under rainfall condi-
tion, cracks were filled with water. In other words, the cracks
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Fig. 16 Variation of safety factor with time elapse using different
SWCCs

were set as constant water head boundary, and the water head
elevation is slope surface elevation.

The data indicate that with the rainfall infiltration, the pore
water pressure changed from shallow to deeper, and the thick-
ness of the saturated layer increases gradually, as depicted in
Fig. 15. After 72 h, with the ceasing of the rain and evapo-
ration, the suction of saturated layer starts to increase from
shallow to deep, while the water content of deeper layers
under the saturated layer keeps rising, which is consistent
with the field monitoring results. Accordingly, even when the
rainfall ends, the suction in deeper layers of the red clay slope
keeps declining, which have adverse effects on the slope. The
different distribution of the water content was determined
using different SWCCs. However, the thickness of the satu-
rated layer (PWP = 0) is in accordance, around 0.6 m.

4.3 Stability Analysis

The changes of the safety factor based on the seepage field
are shown in Fig. 16. Analyzed with the SWCC obtained at
90 cm below the slope surface, the safety factor was smaller
than the SWCC obtained at a depth of 30 cm. The result is
consistent with the results obtained by laboratory tests [4].
Moreover, when taken into account, the safety factor obtained
by the SWCC with more overburden stress is less than that
obtained with less or no overburden stress.

Due to the low permeability of red clay, calculated without
considering cracks, the safety factor changes little with rain-
fall, falling from 1.55 to 1.512. Although the overall decline
is very little, it can be further used to study the trend of the
slope stability during rainfall. In the simulation with field-
measured and laboratory-tested SWCCs, the safety factor
continues to decrease after the rain has ended. After 96 h
(24 h after the rain has stopped), the safety factor calcu-
lated with field SWCC is no longer decreased. However, the
safety factor calculated with the laboratory SWCC still keeps

declining after 120 h, but the trend is obviously decreased.
This is because despite the evaporation occurring with the
stop of the rain, water still passes down through the pores,
which is unfavorable for deeper layers of the red clay slopes
and causes a drop in the safety factors. This phenomenon is
consistent with the change of the seepage flow field, which
also explains the reason that some landslides occur 1-3 days
after it stops raining.

From the perspective of the change trend, the simulation
with the laboratory moisture wetting curve was similar to
the result of the field curve simulation. Under the same con-
ditions, the safety factor calculated with drying curve was
smaller, as well as more conservative. To sum up, without
field data, it is closer to practical conditions to make the sta-
bility analysis of red clay slopes with the laboratory wetting
SWCC. However, it is more conservative to choose the drying
SWCC. When cracks were considered, the relative change of
the stability of the slope was more pronounced and the safety
factor dropped from 1.54 to 1.48. When the rain stopped, with
the effect of cracks, the rate of water infiltration was more
prominent, which caused the safety factor to keep dropping
even 2 days after the rain had ended. Meanwhile the trend
was similar to the simulation without cracks.

5 Conclusion

Based on the above analysis and discussion, the following
conclusions can be drawn:

(1) Red clay slopes are affected by the long-term wetting—
drying cycles by climate variations, which make water
content distribution more complex. The shallow layer
of the slopes is sensitive to the external environments.
The amount of change is related to the rainfall intensity.

(2) Due to the influence of the overburden pressure, the
field-measured SWCCs vary at different depths, and the
curves can be fitted by simple exponential equation.

(3) The SWCC of the laboratory test has an obvious hystere-
sis loop, the saturated water content is more than 40%,
and an inflection point occurs when the water content
is about 25%. The field SWCCs within 1 m below the
surface of the red clay slope are almost among the hys-
teresis loop curves. The differences of results between
laboratory and field derive from their different confine-
ment condition.

(4) Due to low permeability of the red clay, the short-term
rainfall has little impact on the slope stability, but the
adverse effect sustained longer under continuous rain-
fall. The existence of cracks also facilitates rainwater
infiltration leading to a decrease in slope stability.

(5) Different SWCCs were applied to the slope analysis,
the law of water transport is different, but the depth of
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the saturated zone is consistent. A safety factor analysis
is conducted using the laboratory SWCC that is close
to the result using the moisture wetting curves. When
cracks are considered, the regulations are similar. And it
is more conservative to choose the drying SWCC, which
probably has certain reference value for the design of
red clay slopes.
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