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Abstract  The water content distribution in the surface layer of Maoping slope has been 
studied by testing the water content at 31 control sites. The water content profiles at these 
sites have also been determined. The water content distributions at different segments 
have been obtained by using the Kriging method of geostatistics. By comparing the water 
content distributions with the landform of the slope, it was shown that the water content is 
closely dependent on the landform of the slope. The water content distribution in the 
surface layer provided a fundamental basis for landslide predication and treatment. 
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1  Introduction 

Pre-determination of the water content distribution of a landslide is necessary for cal-
culating the landslide volume weight and judging the position of weak intercalary strata 
in the landslide. It is significant for further investigation of the landslide mechanism, the 
prediction of occurrence and the control of landslides[1－3]. In recent decades, remarkable 
advances in water content testing techniques for individual points and local average have 
been achieved along with considerable progress in automatic measurement techni-  
ques[4－9]. Generally, there are three kinds of water content determination methods: (i) 
Field point measurement methods: these methods include the direct testing method, dry-
ing weighing method, time domain reflectometery method, neutron radiation and other 
indirect testing methods. The advantage of the field point measurement method is that 
the results possess relatively high precision. The disadvantage is that either the testing 
sample is small or much tiresome works needs to be done to define the water content for 
a relatively large region. (ii) Telemetry methods: these methods can be divided into ac-
tive and passive microwave measuring techniques, which include remote sensing and 
radar testing methods. Their advantage is that the measuring range can cover 1－1000 
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km2. However, only the average water content of the whole region can be determined by 
these methods. (iii) Numerical simulation methods[10－13]: these methods are based on the 
geological and mechanical parameters of the slope layers. The methods partly depend on 
the test results of the above two methods, so they are only an evaluation method and do 
not belong to the range of field tests. There exists a range (about 0.1－10 km2) in which 
it is difficult to obtain in situ testing results by the first and second methods mentioned 
above. It was indeed within this scope where numerous landslides and other geological 
hazards happened. How to determine the water content in this scope is one of the hot 
topics[14－22] in agricultural engineering, hydraulic engineering and hydrologic geology. It 
is also one of the issues far from being resolved, including how to deduce the water 
content at untested points and the space distribution of water content based on the data 
from the tested points. 

Maoping slope was selected to assess the field test and to evaluate the method of wa-
ter content distribution. Through more than two years of geological investigation and 
field tests, 31 test sites were selected to test the water content in the surface layers by 
using the drying weight and direct measurement methods. The Kriging geostatistics 
method and other analytical methods were employed to determine the water content dis-
tributions in the surface layer of Maoping slope based on the in situ tests. The water 
content distribution in the intermediate range has been obtained by combining the field 
tests and numerical analysis, and it provides the basic data for the stability analysis of 
Maoping landslide. 

2  General geography and landform of Maoping slope 

Maoping slope is located on the left bank of the Qingjiang River, 66 km above the 
Geheyan hydropower station and 25 km below the Shuibuya hydropower station. Ma-
oping slope is the largest ancient landslide in the Geheyan Reservoir region, with a 
length of about 1600 m, a maximum width of 600 m, a thickness of 8—86 m and a total 
volume of about 2.350×107 m3. Fig. 1 shows the profile and the geologic sketch of Ma-
oping landslide in a birds-eye view. If the sliding body goes down at high speed, the 
Qingjiang River would be jammed, and the normal operation of the two hydropower 
stations would be affected. Additionally, Maoping slope is an ancient stack on bedrock, 
and this kind of slope is widely distributed within Three Gorges Reservoir region. The 
Geheyan Reservoir has been operating for more than ten years and its operational mode 
is similar to that of the Three Gorges reservoir. Hence, further study of the Maoping 
landslide will be valuable for the evaluation and control of landslides in the Three 
Gorges reservoir area. 

The early investigations suggested that Maoping slope is relatively stable but that lo-
cal collapse or local sliding may occur in the leading edge near the Qingjiang River after 
water storage. The operation of the Geheyan Reservoir began in 1993, and the maximum 
water level was reached in the next year. Since 1993, the deformation of Maoping slope 



Water content distribution in the surface layer of Maoping slope 159 

www.scichina.com 

has been monitored by the Changjiang Water Conservancy Committee[23,24]. The moni-
toring data indicated that the surface deformation was very small from 1993 to 1995, but 
the deformation velocity subsequently increased. Up to 2001, the maximum displace-
ment of the sliding body was 2100 mm and the annual average displacement was about 
25 cm. So the abundant monitoring data is useful and very important to probe the 
mechanism of the initiation and evolution of the landslide. 
 

 
 

Fig. 1.  Diagram of Maoping slope in the Qingjiang River. (a) Photo of Maoping slope; (b) geologic ichnograph of 
Maoping slope. 

 

3  Test approach and instrument 

3.1  Drying weight method 

The drying weight method is widely used to measure soil water content. Its basic 
principle is to dry the collected soil sample in an oven and to calculate the water content 
by measuring the weight difference of sample before and after drying. The calculation 
formula is as follows: 

 weight of wet sample  weight of dry sampleWater ratio (%)
weight of wet sample weight of  box

−= ×
−

100%,    (1) 

where the weight of wet sample is equal to the sum of the weight of the box and the 
sample weight before drying; the weight of dry sample is equal to the sum of the weight 
of box and the weight of the sample after drying.  

The drying machine used in the experiment is DHG-9023A electric constant-tem-  
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perature oven (Fig. 2 (a)). The controllable temperature range is 5℃—200℃. An elec-
tric scale (made in Germany) with a precision of 0.01 g is also employed (Fig. 2 (b)). 
 

 
 
Fig. 2.  Instruments used in drying weight method. (a) DHG-9023A electric constant-temperature blasting dry box; 
(b) electric scale with the precision of 0.01 g. 

 
3.2  Direct measurement method 

The direct measurement method directly measures the water content of the test stra-
tum with a soil moisture tester. The measuring accuracy of the soil moisture content de-
pends on the measuring principle and the accuracy of the tester. The thetaprobe soil 
moisture content measuring system made by Eijkelkamp Company of Holland was em-
ployed in the experiments. ML2x soil moisture tester and HH2 soil moisture monitor 
(Fig. 3) are included in this measuring system. The system employed the analytical tech-
nique of frequency domain (TDR) to obtain the soil moisture content by measuring the 
variation of the electric medium constant and translating it into electric voltage signals. 
The sensor envelope is waterproof and the four probes penetrate easily into the soil. The  

 

 
 

Fig. 3.  Thetaprobe soil moisture measuring system. 
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water content range of this test system is 0%－55% and the standard calibration preci-
sion is 2%. The signal output is 0－1 V DC. 

The soil moisture at the test point was measured segment by segment during the ex-
cavation process at the test sites. 

4  Field test and results  

4.1  Field test 

Based on the survey of the geological features and the landform of Maoping slope, 31 
test sites were selected scattered over the whole sliding body. Fig. 4 shows the distribu-
tion of the selected sites on the slope. 

Fig. 5 is the excavated profile chart at one test site. The above-mentioned two meth-
ods were adopted to determine the soil water content at different depths throughout the 
excavation process. The soil samples were also taken back to the operating room. After 
being dried for 24 h at constant temperature (105℃), the sample was weighed and the 
water content of the test sample was obtained by using formula (1). Fig. 6 shows the test 
results of the water content profile at some test sites. 

4.2  Comparison of the test results 

To verify the validity of the testing system and the reliability of the test results, the 
test data obtained by the two different methods were compared (Table 1). The maximum 
relative error is about 3.343%, which is basically the same as the errors described in 
most references. Because the error margin is less than 3.5%, both of the methods can 
satisfy the engineering accuracy requirement. 

 

 
 

Fig. 4.  Diagram of test site distribution. 
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Fig. 5.  Excavating profile chart in one test site. 
 

 
Fig. 6.  Testing results of the water content profiles at some test sites. (a) Water content profile at the test site No. 9; 
(b) water content profile at the test site No. 26; (c) water content profile at the test site No. 23; (d) water content 
profile at the test site No. 13; (e) water content profile at the test site No. 25; (f) water content profile at the test site 
No. 19. 
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Table 1  Comparison of the test results by two measuring methods 

Water content (%) Water content (%) Sample 
No. Drying weight 

method 
TDR 

method 

Relative 
error (%) 

Sample
No. Drying weight 

method 
TDR 

method 

Relative 
error (%) 

1 23.1 22.8 1.299 11 27.3 26.7 2.199 
2 26.1 25.9 0.769 12 27.7 27.2 1.805 
3 19.5 20.1 3.077 13 27.5 27.3 0.727 
4 24.4 25.2 3.277 14 20.4 20.5 0.490 
5 31.6 30.8 0.633 15 32.9 31.8 3.343 
6 37.2 37.1 0.269 16 34.3 33.6 2.041 
7 36.6 35.9 1.926 17 37.1 36.5 1.617 
8 32.3 32.1 0.619 18 34.5 34.3 0.580 
9 32.4 31.9 1.543 19 35.5 34.9 1.690 
10 27.2 26.8 1.471 20 37.2 36.8 1.075 

 

5  Theoretical basis of the test data analysis 

In general, only a few of the water content values can be obtained from the field test, 
so it is necessary to use analytical or numerical methods to evaluate the water content 
distribution in the whole slope. Some geo-statistical methods can be used to describe the 
characteristic parameters of the heterogeneous stratum. The Kriging method is one of 
them. 

5.1  Ordinary Kriging method 

Ordinary Kriging is the most widely used Kriging method. It is used to estimate a 
value at a point of a region for which the variogram is known, without prior knowledge 
of the mean. It can be used to determine the spatially distributed data by using the opti-
mized, linear and unbiased interpolative estimation method. The method introduces the 
weight coefficients ( 1,2, , )nαλ α =  for each sample to estimate the variation function. 

By considering the data of each sample ( 1,2, , )Z nα α =  and the space structure, the 
geometric characteristic parameters are obtained.  

The unbiased estimation condition is 

 
1

1.
n

α
α

λ
=

=∑  (2) 

The estimation variance is given by  

 2

1 1 1
( , ) 2 ( , ) ( , ).

n n n

E C V V C V v C v vα α α β α β
α α β

σ λ λ λ
= = =

= − +∑ ∑∑  (3) 

That is, to evaluate the weight coefficient ( 1,2, , ),nαλ α =  the estimate variance 
2
Eσ  must reach a minimum value under the unbiased estimation condition. 
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Let 2

1
2 1 ,

n

EF α
α

σ μ λ
=

⎛ ⎞
= − −⎜ ⎟

⎝ ⎠
∑  one can get the partial derivatives vs λα (α = 1,2,⋯,n) 

and μ for F. And then, let the partial derivatives equal 0, the ordinary Kriging equations 
can be derived as: 

 1

1

( , ) ( , ),

1, ( 1,2,..., ).

N

n

C v v C v V

n

β α β α
β

α
α

λ μ

λ α

=

=
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⎪
⎨
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∑

∑
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The estimation variance of the ordinary Kriging equation is 

 2

1
( , ) ( , ) .

n

E C V V C V vα α
α

σ λ μ
=

= − +∑  (5) 

5.2  Lognormal Kriging method 

The lognormal conservation supposes that when sample values appear to follow a 
lognormal distribution, the sample average values follow a lognormal distribution and 
their combined distribution also remains a lognormal distribution. However, the linear 
combination of lognormal distributions disagrees with lognormal conservation. 

It is suggested that the regional parameter xα defined on the information carrier obeys 
the lognormal distribution, where Z is the mathematical expectation, ( , )C v vα α  is the 

variance, namely { } ,Z E xα=  2 ( ) ( , ).D x C v vα α α=  If ln( )y xα=  agrees with the 

normal distribution, its mathematical expectation is { }ln( ) ,Z E xα=  the variance is 

{ }2( , ) ln( ) .eC v v D xα α α=  The relationship of these two distributions is: 

 1exp ( , ) ,
2e eZ Z C v vα α

⎡ ⎤= +⎢ ⎥⎣ ⎦
 (6) 

 2( , ) exp ( , ) 1 .eC v v Z C v vα α α α⎡ ⎤= −⎣ ⎦  (7) 

When the regional parameters xα, xβ defined on the same information carrier 
, ( , 1,2, , ),v v nα β α β =  obey the combined lognormal distribution with the mathe-

matical expectation Z and the covariance ( , ),C v vα β  ln( )xα  and ln( )xβ  agree with 

the combined normal distribution with the covariance ( , ).eC v vα β  Their relationship is 

 2( , ) exp ( , ) 1 .eC v v Z C v vα β α β⎡ ⎤= −⎣ ⎦  (8) 



Water content distribution in the surface layer of Maoping slope 165 

www.scichina.com 

With the lognormal Kriging method, it is suggested that if VZ  is the average value of 

the sample and *
VZ  indicates the evaluated value, *ln VZ  must be the linear combina-

tion of ln( )( 1, 2, , ) :Z nα α =  

 *

1
ln ln( ),

n

VZ C xα α
α

λ
=

= +∑  (9) 

where C, λα are the undetermined coefficients, xα is defined on the information carrier 
( 1,2, , )v nα α =  based on the observed values of n samples. 

Similar to the ordinary Kriging method, the lognormal Kriging equations are 

 1

1

( , ) ( , ),

1.

n

e e

n

C v v C v Vβ α β α
β

α
α

λ μ

λ

=

=

⎧
− =⎪

⎪
⎨
⎪ =⎪⎩

∑

∑
 (10) 

The matrix form is [ ][ ] [ ]ee MK 2=λ . 

Eq. (10) is linear with n+1 orders. By solving the equations, weight coefficients 
( 1,2, , )nαλ α =  and μ can be derived. The abbreviated formula of C can be expressed 

as 

 
1

1 ( , ) ( , ) .
2

n

e eC C v v C v Vα α β α
α

λ μ
=

⎧ ⎫
⎡ ⎤= − −⎨ ⎬⎣ ⎦

⎩ ⎭
∑  (11) 

The unbiased, linear and optimized estimator *
vZ  of VZ  can be written as 

 *

1

1 1 1exp ln( ) ( , ) ( , ) ,
2 2 2

n

V e eZ x C v v C v Vα α α α α
α

λ μ
=

⎧ ⎫⎧ ⎫⎡ ⎤ ⎡ ⎤= + − +⎨ ⎨ ⎬⎬⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦⎩ ⎭⎩ ⎭
∑  (12) 

where the estimated variance of *
vZ  is 

 2 * 2

1 1
exp ( , ) exp ( , ) 2exp ( , ) .

n n

k V e e eZ C V V C v v C v Vα α α α α
α α

σ λ λ
= =

⎧ ⎫⎡ ⎤ ⎡ ⎤⎪ ⎪= + −⎨ ⎬⎢ ⎥ ⎢ ⎥
⎪ ⎪⎣ ⎦ ⎣ ⎦⎩ ⎭

∑ ∑  (13) 

6  Data analysis and discussion  

The data obtained from the field test were analyzed and evaluated with both the ordi-
nary Kriging and lognormal Kriging methods to determine the water content distribution 
in the surface layer of the whole Maoping slope. Fig. 7 is the water content contours in 
different segments of the surface layer in Maoping slope.  
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Fig. 7.  Water content distribution of surface layer in different depths of Maoping slope. (a) Water content distribu-
tion at 5 cm depth; (b) water content distribution at 10 cm depth; (c) water content distribution at 15 cm depth; (d) 
water content distribution at 20 cm depth; (e) water content distribution at 25 cm depth; (f) water content distribu-
tion at 30 cm depth; (g) water content distribution at 35 cm depth; (h) water content distribution at 40 cm depth. 
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By using the Kriging method, several statistical characteristic parameters can also be 
obtained. These parameters are shown in Table 2. The analytical results indicated that 
the characteristic parameters of the water content distribution at different depths of the 
sliding body are normally distributed. The following conclusion can be drawn: the water 
content distribution is centralized and mainly at the low end of the value distribution.  

Table 2  Statistic characteristic parameters evaluated with Kriging methoda) 
Layer 
No. 

Layer 
deepth Mean Variance Mean square 

derivation
Cv 

value 
Cs 

value EC value Probability  
distribution type 

1 00 28.156 25.207 5.021 0.178 −0.170 1.979 normal distribution

2 05 30.510 18.106 4.255 0.139 0.320 2.487 normal distribution

3 10 29.764 39.151 6.257 0.210 0.244 2.892 normal distribution

4 15 29.480 37.037 6.086 0.206 0.298 2.698 normal distribution

5 20 29.770 38.112 6.174 0.207 −0.342 2.137 normal distribution

6 25 29.027 51.268 7.160 0.247 −0.706 2.329 normal distribution

7 30 28.783 42.039 6.484 0.225 −0.531 2.213 normal distribution

8 35 28.601 37.739 6.143 0.215 −0.119 2.037 normal distribution
a) Cv is the variation coefficient, Cs is the skewness coefficient, EC is the kurtosis coefficient. 

 

In addition, the landform map of Maoping slope (Fig. 8) shows that there exist rela-
tively large step changes at both the top and the bottom of the landslide. The changes are 
basically similar to the water content step changes at the corresponding positions of the 
landslide, and the water content distribution changes at different depths also agree with 
this change. Therefore, the water content distribution in Maoping slope is in close rela-
tion with the slope landform. 
 

 
Fig. 8.  Landform of Maoping slope. 

 

7  Conclusion 

Through geologic investigation and field tests, the water content profiles of the Mao-   
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ping landslide were obtained by using the drying weight method and the direct meas-
urement method. On the basis of the test data, the Kriging geostatistics method was used 
to analyze and calculate the water content distribution of Maoping slope. The water 
content distribution at different depths of the slope is in close relation with the practical 
landform. The testing and analytical results obtained in this study provided basic data for 
further monitoring and treatment of Maoping landslide. 
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