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Abstract: Granite residual soil is widely distributed in Southeast Fujian. Large-scale engineering
construction leads to the exposure of residual soil slopes to the natural environment. Affected by
seasonal climate factors, the soil of slopes experiences a dry-wet cycle for a long time. The repeated
changes in water content seriously affect the shear strength of soil, and then affect the stability of the
slope. In order to explore the influence of the dry-wet cycle on the shear strength of granite residual
soil in Fujian, an indoor dry-wet cycle simulation test was carried out for shallow granite residual
soil on a slope in Fuzhou, and the relationship between water content, dry-wet cycle times, and the
shear strength index, including the cohesion and internal friction angle of the granite residual soil,
was discussed. The results show that when the number of dry—wet cycles is constant, the cohesion
and internal friction angle of the granite residual soil decrease with an increase in water content.
The relationship between the cohesion, internal friction angle, and water content can be described
using a power function. Meanwhile, the fitting parameters of the power function are also a function
of the number of wet and dry cycles. The prediction formulas of the cohesion and internal friction
angle considering the number of dry—wet cycles and water content are established, and then the
prediction formula of shear strength is obtained. The ratio of the predicted value of shear strength
to the test value shall be within +15%. An error transfer analysis based on the point estimation
method shows that the overall uncertainty of the predicted value of shear strength caused by the
combined uncertainty of the predicted value of cohesion and the internal friction angle and the
single-variable uncertainty of the predicted value of shear strength caused only by the uncertainty of
the predicted value of either the cohesion or internal friction angle increases first and then decreases
with an increase in the number of dry-wet cycles. All increase with an increasing water content. The
maximum standard deviation of the proposed shear strength prediction model of granite residual
soil is less than 9%.

Keywords: residual soil; dry-wet cycle; shear strength; water content; granitic lithology

1. Introduction

China is one of the countries most severely affected by landslide disasters in the world.
Studying the mechanism of slope instability is of great significance. The factors affecting
the stability of slopes can be mainly divided into two categories [1,2]. The first category is
the strength of the rock and soil body inside the slope itself, which is also a direct factor
affecting the stability of the slope. Liu’s research in coarse-grained models also shows
that the curing rate of internal particles has a significant impact on the structure [3,4]. The
second category is external factors such as rainfall, human activities, earthquakes, etc.,
which cause slope instability. The two factors are coupled with each other. Slopes with low
strength of the internal rock—soil mass are more prone to instability under the action of
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rainfall, human activities, and earthquakes. The number and range of slope instabilities
caused by rainfall, especially heavy rain, are greater and wider than those affected by
human activities and earthquakes [5]. The landscape of the Fujian province is characterized
by more mountains and fewer plains. In many engineering constructions, a large amount
of rock-soil mass needs to be excavated, forming a large number and wide distribution of
high and steep slopes [6]. Granite residual soil slopes in the Fujian region are numerous and
the soil layer is thick. Residual soil has strong structural characteristics such as anisotropy
and heterogeneity, being easy to collapse when soaked in water and easy to soften [7]. The
granite residual soil slopes widely distributed in the Fujian region, on the one hand, are
triggered into instability and lead to landslide disasters under the influence of rainfall. On
the other hand, due to the long-term wet-dry cycle caused by rainfall and subsequent
drying, the shear strength T of the rock—soil mass of the slopes inevitably weakens [8]. The
rock—soil mass inside the slope is subjected to a long-term cycle of wetting and drying.
The rock—-soil mass within the slope is in a long-term state of dry—wet cycling, causing
the rock—soil mass itself to continuously contract and expand. This leads to the formation
of cracks and channels for rainwater infiltration within the slope’s rock—soil mass. This
process elevates the groundwater level, further resulting in a decrease in the shear strength
of the rock—soil mass, thereby increasing the risk of slope instability and failure.

The water content W of soil is an important indicator affecting the shear strength 7.
The water content W will change during the dry—wet cycle process [9]. The number of
dry-wet cycles N will also have a significant impact on the shear strength of the soil. There-
fore, conducting experimental research on the deterioration of soil’s shear strength under
different dry—wet cycle times for residual soil with varying water contents is crucial [10,11].
It is a vital step toward ensuring the safety and stability of slopes, especially in regions
prone to heavy rainfall and seismic activities.

At present, significant progress has been made in studying the influence of dry—
wet cycles on the shear strength T of slope soil [12-19]. These studies have established
predictive models between soil shear strength T, water content W, and dry—wet cycle times
N. However, these models typically establish empirical relationships between the water
content W and dry-wet cycles N and soil shear strength separately. The empirical formulas
established do not simultaneously consider the combined influence of water content W and
dry-wet cycles N on shear strength [12-19]. The related articles mainly focus on research
on soils such as silty clay and expansive soil [13-19]. However, there is less research on the
degradation of the shear strength T of granite residual soil, such as that in Fujian, under the
action of dry—wet cycles.

Some researchers [20,21] have conducted scanning electron microscopy experiments to
explore the microstructural impacts of various soils subjected to dry—wet cycling conditions.
Granite residual soil exhibits significant heterogeneity, reflected in the high variability
of various physical and mechanical indicators of the soil body [22,23]. Chen Hongjiang
and Cui Guanying [24] tested and statistically analyzed various physical and mechanical
indicators of granite residual soil in the Guangdong and Fujian provinces. The results
showed that the water content W, internal friction angle ¢, and cohesion c of granite
residual soil have significant variability. As the water content of the rock mass increases,
the weight of the rock mass increases, the matric suction decreases, and the infiltration depth
of the rock slope increases. This can cause the safety factor of the slope to decrease [25,26].
Wet—dry cycles can cause the expansion and connection of cracks within the rock mass,
thereby reducing the shear strength and elastic modulus of the rock mass [27-29]. Similarly,
some researchers [30-32] found that the initial dry—wet cycles had the most significant
impact on the strength of unsaturated sands and compacted clays. The cohesion c of the soil
is formed via the chemical bonding between soil particles. After rainfall, the soil gradually
enters a dry state, and the water content W gradually decreases. As the water content W
decreases, the volume of the soil shrinks, cracks appear inside the soil, and the strength of
the structural soil will be destroyed due to the presence of cracks. Under new rainfall, the
cracks inside the soil will become channels for rainwater infiltration, causing the bonding
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material between soil particles to dissolve and be lost due to rainwater erosion, further
destroying the structure of the soil and producing more gaps inside the soil as water flow
channels. This ultimately leads to a decrease in the soil cohesion c and shear strength .
The above process is a mutually reinforcing process. The strength of the soil on natural
slopes will gradually accumulate with long-term dry—-wet cycles over decades. Although
some studies have established prediction formulas for shear strength T with W and N as
variables, they have not given the uncertainty law of the prediction formula with changes in
W and N. The prediction formulas for cohesion c and internal friction angle ¢ with W and
N as variables both have uncertainties, which will be transmitted to the shear strength 7.
Studying the uncertainty of the prediction formula for shear strength under dry-wet cycle
conditions can help to deepen our understanding of the advantages and disadvantages of
prediction formulas for shear strength with W and N as variables.

The point estimation method is indeed an effective approach for analyzing error
propagation [33,34]. Zhu [35,36] uses neural network learning methods to eliminate the
errors generated by nonlinear regression. In this study, samples were taken from a granite
residual soil slope in Fuzhou city, and indoor simulated dry-wet cycle tests were conducted.
The initial water content of the soil was artificially controlled during the test. A relationship
was established between the number of dry—wet cycles N, the initial water content W, and
the cohesion c and internal friction angle ¢ of the granite residual soil. A prediction model
for the soil shear strength T considering the influence of N and W was obtained. Using
the point estimation method, the uncertainty of the prediction formula for shear strength
T with N and W as variables was analyzed. This analysis aims to provide guidance for a
deeper understanding of the deterioration law of the shear strength indicators of granite
residual soil in the Fujian province under dry—wet cycle conditions and the uncertainty of
shear strength prediction models. This is a significant contribution to the field and will
undoubtedly aid in future research and practical applications.

2. Materials and Methods

The ring knife method is typically used to measure the bulk density and other physical
properties of soil. The specific procedure involves inserting a ring knife into the ground to
obtain a soil core, which is then placed into a sterile plastic bag and sealed for lab drying.
The weight of the dried soil is then measured [37,38]. Therefore, we used the ring knife
method to sample the shallow soil of a slope in Fuzhou. The physical and mechanical
indicators of the soil were measured using indoor geotechnical tests. The initial water
content of the test soil samples was artificially controlled to different values. The soil
samples were subjected to indoor simulated dry-wet cycle tests. Finally, the shear strength
indicators of the soil samples after different dry—wet cycle times were tested using direct
shear tests, and the mathematical relationship between soil shear strength indicators, water
content W, and dry-wet cycles N was obtained.

2.1. Overview of Soil Samples

As depicted in Figure 1, the grain distribution curve of granite residual soils reveals a
significant fabric characteristic: both fine and coarse particles constitute a high proportion of
it, while intermediate-size particles are less prevalent. This means that the grain distribution
is mainly in particles above 0.5 mm and below 0.074 mm, and the total amounts of coarse
and fine particle groups are relatively similar. However, in the coarse particle group, the
content of medium and fine sand and silt is less. This is the most distinctive feature of
granite residual soils. This indicates that granite residual soil is mainly composed of coarse
particles (gravel, coarse sand, and some medium sand) that form the soil skeleton. The
connection between coarse particles is primarily achieved via the encapsulation and filling
of free oxides, with some residual connections between the grains of the original rock
minerals. However, due to the low content of medium and fine sand and silt filling the
coarse grain skeleton, the pores are relatively large, resulting in strong permeability.
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Using X-ray diffraction (XRD) analysis, An et al. [39] found that granite residual soil is
mainly composed of non-clay minerals (such as quartz and hematite) and clay minerals
(such as kaolinite and illite). Due to the incomplete weathering of the parent rock, granite
residual soil contains a large amount of coarse grains dominated by quartz. Owing to the
cyclical nature of seasonal climate changes, the microstructural characteristics of granite
residual soil are susceptible to periodic water infiltration and evaporation. This dynamic
process paves the way for water and ionic species to penetrate the soil particles, thereby
inducing alterations in its permeability [40,41]. Therefore, due to the effects of multiple dry—
wet cycles, the mechanical properties and stability of granite residual soil will gradually
decrease, while its permeability will slowly increase [42,43].

Fujian belongs to a subtropical marine monsoon climate with abundant rainfall and
sufficient sunshine. The average annual rainfall is 14002000 mm, which is one of the
provinces with the richest rainfall in China. Equally, 70% of the area in the province has an
average annual accumulated temperature above 10 °C. Therefore, the soil samples used in
this paper were taken from the slope behind the animation building of Fuzhou Software
Park Industrial Base Development Co., Ltd. (Fuzhou City, Fujian Province, China). As
shown in Figure 2, the slope is a soil slope, and the upper layer (shallow layer) of the slope
is mainly artificial backfill soil and residual soil (the depth is about 0.8 m).

Gravel Sand Silt Particle

10

1 0.1
Particle Diameter (mm)

Figure 1. Grain size distribution curve of granite residual soil. The classification of soil refers to the
“Standard for Engineering Classification of Soil” [44].
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Figure 2. Slope soil sample information diagram: (a) Soil layer distribution of the slope; (b) slope soil
layer borehole column diagram.
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According to the “Standard for Geotechnical Tests” (GB/T50123-2019) [38], indoor
geotechnical tests were carried out on the soil samples. Because the gravel particle content
no less than 2 mm in the soil is greater than 20%, according to Wu Nengsen's [45] classifica-
tion method for granite residual soil, the name of the soil body is determined as residual
gravelly soil. The basic physical properties of the soil samples are shown in Table 1.

Table 1. Geotechnical test results of granite residual soil.

Moisture Content Dry Density Proportion Void Ratio Saturation Level
W/% pql(g/m3) Gs e S¢/%
23.2 1.56 2.78 0.71 86.59

2.2. Experimental Plan

This experiment mainly includes on-site sampling, indoor geotechnical tests, indoor
simulated dry—wet cycle tests, and direct shear tests. The ring knife method was used for
on-site sampling. Because this study mainly focuses on the shallow soil of the slope, the
soil sampling depth was controlled at 0.8 m. The results of the indoor geotechnical tests are
shown in Table 1. Next, the steps of the indoor simulated dry—wet cycle tests and direct
shear tests are mainly introduced.

2.2.1. Indoor Wet and Dry Cycle Simulation Test

Rainfall infiltration mainly affects the strength of the shallow rock-soil mass of a slope.
The water content of the shallow rock-soil mass of a slope usually ranges from 12% to
saturation under dry-wet cycle conditions [16]. The initial water content of the soil is set at
20%, 25%, 30%, and 35%, and the number of dry-wet cycles is set at 2, 4, 6, 8, and 10. The
experimental operation is as follows:

1.  According to the physical properties of the soil samples given in Table 1 and the water
content and density of the soil samples, calculate the mass of the soil when the water
content reaches 12%, 20%, 25%, 30%, and 35%.

2. Use an electric fan to accelerate the air-drying speed of the soil samples. Measure
the quality of the soil samples every hour to detect whether the water content of the
soil samples has reached the predetermined value. When the water content reaches
12%, turn off the electric fan, stop air-drying dehydration immediately, wrap the soil
with plastic wrap, and seal it for 24 h to ensure that the moisture inside the soil is
evenly distributed.

3. Put the soil sample with an initial water content of 12% into a stacked saturation
device, and use a vacuum suction device combined with a vacuum suction saturation
method to perform suction saturation on the soil sample. After the soil is saturated,
use step 2 of the method, using an electric fan to air-dry and dehydrate the saturated
soil samples. When the water content of the soil sample reaches 20%, stop air-drying
dehydration and wrap it with plastic wrap for sealed curing for 24 h. At this point, a
soil sample with a water content of 20% has undergone a complete dry—wet cycle.

4. According to steps 2-3, continue to perform dry—-wet cycle tests on soil samples with
a water content of 20% 2, 4, 6, 8, and 10 times.

5. According to steps 1-3, perform indoor simulated dry—wet cycle tests on soil samples
with a water content of 25%, 30%, and 35%.

2.2.2. Quick Shear Test

After the indoor simulated dry-wet cycle test, it is necessary to immediately measure
the strength indicators of the soil to prevent changes in water content due to long placement
time. The soil is grouped according to different initial water contents. Each group of soil
has 6 test samples, and 4 test samples are randomly selected from the 6 test samples for
quick shear tests. After the quick shear test is completed, in order to verify whether the
water content of the soil sample remains stable during the test process, the water content of
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the soil on the shear surface is tested. If the tested water content differs significantly from
the predetermined initial water content, the relevant soil sample must be discarded and a
backup soil sample must be used to remeasure the strength of the soil.

3. Results
3.1. Relationship among Cohesion, Moisture Content, and Drying and Wetting Cycles of Granite
Residual Soil

Figure 3 shows the relationship between cohesion ¢ and water content W and dry—-wet
cycles N in the shear strength indicators of soil after different dry-wet cycle times N. When
the water content of the soil is the same, the cohesion ¢ of the soil decreases with an increase
in the number of dry—wet cycles N. When N < 6, the rate of decrease in c with N is higher;
when N > 6, the rate of decrease in ¢ with N is lower. As shown in Figure 3b, when the
dry-wet cycles N are constant, the cohesion ¢ of the soil decreases with an increase in water
content W and the rate of decrease changes slightly. The nonlinear relationship between
the two can be described using a power function.

c=AWS, (1)
20
= Moisture content W=20% I
" ® Moisture content W=25% 18r
Moisture content W=30% I
° - ¥ Moisture content W=35% © 16
s L
- n % 14r
° o |
° s .2
[ ) E 12F
o L
@)
v 10
X X v v 8r
] , ] ] , ] , ] A 6 . 1 . 1 . 1 . 1 .
2 4 6 8 10 12 15 20 25 30 35 40
Number of wet and dry cycles N/time Moisture content W/%
(a) (b)

Figure 3. Relationship between cohesion and water content under different dry—wet cycles: (a) the
relationship between cohesion and the number of dry—wet cycles; (b) the relationship between
cohesion and moisture content.

Among them, A and B are the fitting parameters, and the values of A and B are shown
in Table 2. At the same time, Figure 4 shows the relationship between parameters A and
B in Formula (1) and dry-wet cycle times N. Both decrease as the number of wet and dry
cycles increases, and there is a relationship between parameters A and B and N:

A=mN", 2)

B = a;N"2, (3)
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Table 2. Values of parameters in cohesion and internal friction angle equation.
Number of Cohesion ¢ Coefficient of Internal Friction Angle ¢ Coefficient of
Cycles A B Determination R? C D Determination R?
2 463.86 —1.05 0.981 80.75 —0.43 0.931
4 439.97 -1.12 0.892 87.73 —0.44 0.944
6 425.99 -1.11 0.902 102.31 —0.51 0.905
8 410.94 -1.13 0.861 108.66 —0.53 0.872
10 390.95 —1.16 0.871 114.32 —0.55 0.956
480 -1.04
® Parameter 4 4 -1.06
A\ n E
450 | \ Parameter B
1 —-1.08
T Q
8 1 -1.10 5
[5) 2
420 1 0
S - -1.12 E,
300 F ' -1.14
- 1 —1.16
360 — ' ' A —1.18

0 2

4

6

8 10

Number of wet and dry cycles N/time

12

Figure 4. Relationship between parameters A and B and the number of dry-wet cycles.

Among them, a7, by, a5, and b; are the fitting parameters, and their values are shown

in Table 3.

Table 3. Values of coefficients of prediction equations for parameters A, B, C, and D.

Coefficient

Prediction Equation Coeff{aer.\t of >
a; b; Determination R
A =g NP? 500.52 —0.098 0.972
B = a, NP2 —-1.01 0.05 0.912
C = a3Nb3 66.75 0.23 0.981
D = a4Nb* —0.37 0.10 0.953

3.2. Relationship among Internal Friction Angle, Moisture Content, and Number of Drying and
Wetting Cycles of Granite Residual Soil

Figure 5 shows the relationship between internal friction angle ¢ and water content
W and dry-wet cycles N in the shear strength indicators of soil after different dry-wet
cycle times N. Generally, when the water content W of the soil is the same, the internal
friction angle ¢ of the soil decreases with an increase in the number of dry—-wet cycles
N. Compared with Figure 3a, when the water content W is constant, the influence of the
number of dry-wet cycles N on the internal friction angle ¢ of the soil is smaller than that
on cohesion c. When the number of dry-wet cycles N is constant, although the internal
friction angle ¢ of the soil decreases with an increase in the dry—wet cycles N, it decreases
slightly. As shown in Figure 5b, when the number of dry wet cycles N remains constant,
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the internal friction angle of the soil @ As the water content W increases, it decreases, and
the relationship between the two is:

¢ =CWP", @)

24 24
® Moisture content W=20% 4 Moisture content W=30%

© Moisture content W=25% ¥ Moistre contery W=35%
n

N3
S}

[
[\S}
T

Angle of internal friction ¢/°
= S
T T
Angle of internal friction ¢/°
o
S
T

Ju—
o]
T

16 1 1 1 1 1 16 L 1 1 1
0 2 4 6 8 10 12 15 20 25 30 35 40

Number of wet and dry cycles N/time Moisture content /%

(@) (b)

Figure 5. Relationship between internal friction angle and water content under different dry—wet
cycles: (a) the relationship between the internal friction angle and the number of dry-wet cycles;
(b) the relationship between internal friction angle and moisture content.

Among them, C and D are the fitting parameters, and their values are shown in Table 2.

Figure 6 shows the relationship between parameters C and D in Formula (4) and dry-
wet cycle times N. Both decrease and increase with an increase in the number of dry—wet
cycle times, and the relationship between the two is:

C = a3N"s, &)
D = a4Nh4, (6)
120 ® Parameter C —040
\ ® Parameter D
n
\
105 | 1 —044
@) Q
8 8
[} o
: :
590 1 -048 §
=¥ ="
L}
75 1 —0.52
n
60 —_ -0.56

0 2 4 6 8 10 12
Figure 6. Relationship between parameters C and D and the number of dry—wet cycles.

Among them, a3, b3, a4, and by are the fitting parameters, and their values are shown
in Table 3.

The standard deviations of the parameters A and B, which measure the cohesion, are
0.06 and 3.07, respectively. The standard deviations of the parameters C and D, which
measure the internal friction angle, are 0.03 and 0.8, respectively.
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3.3. Establishment of Prediction Model of Soil Shear Strength

The shear strength of the soil can be calculated using the following formula:
T=c+otang, (7)

Combining Formulas (1)—(3), the predicted formula for cohesion c can be obtained:
c= (alel) W(ﬂszZ)l (8)

Combining Formulas (4)—(6), the predicted formula for internal friction angle ¢ can
be obtained: "
g = (NP )W), ©)

By substituting Formulas (8) and (9) into Formula (7), a prediction formula for soil
shear strength T considering the influence of the water content W and number of dry-wet
cycle N can be established:

7= [(aN")WND] 4 otan| (asNt )WV ], (10)

The specific process of predicting shear strength 7 is shown in Figure 7.

Number of
cycles N

Y Y y Y
A=a NP || B=ag? | | c=aNDs | | D=agNP*

I: Moisture content :

) | !

W(asz%

c=(a|Nb1)

Figure 7. Flow chart for predicting shear strength.

Figure 8 shows the frequency distribution of the ratio of predicted values and experi-
mental values of granite residual soil shear strength 7. The ratio of predicted values and
experimental values of 7 is between 0.8 and 1.2 and shows a normal distribution with a
skewness coefficient 5(1) approximately equal to 0.
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25 2
]
A
= Skewness coefficient
- B (1) =0.002
£,20 1
5 ’
g >
%154 g
s 36
] g
E £
B10
2 ]
=% § \S

5 T T T \ \\

5 10 15 20 25 04 & &
Test value of shear strength 7 /kPa 0.8 0.9 1.0 1.1 1.2

(a) (b)

Figure 8. Frequency distribution of the ratio between predicted and test value of shear strength: (a) the
relationship between the predicted value and the experimental value; (b) frequency distribution of
the ratio of predicted and experimental values.

4. Uncertainty Analysis of Shear Strength Prediction Model

Formulas (8) and (9) are empirical equations for predicting the cohesion ¢ and internal
friction angle ¢ of granite residual soil. Unlike analytical equations, the predicted values
of empirical equations have uncertainties. The predicted cohesion c and internal friction
angle ¢ of granite residual soil obtained from Formulas (8) and (9) have certain errors.
The uncertainty of cohesion c and the internal friction angle ¢ will be transmitted to T via
Formula (10), which will cause uncertainty of the predicted value of shear strength 7. Next,
this paper studies the uncertainty of T caused by the uncertainty of c and ¢ using a point
estimation method with respect to changes in W and N.

4.1. Fundamentals of Point Estimation
The point estimation method was proposed by Rosenblueth [46]. For the probability
distribution function P(x), the m-th moment of the random variable x at x = x is:

m

El(x—x0)"] = [ (x—x0) P(x)dx, an

When xp = 0 and m = 1 in Formula (11), the average value X of x can be obtained; when
xp = X and m = 2, the variance V[x] of x can be obtained. The square root of V[x] is the
standard deviation o[x] of x. For a bivariate function y = y(x1, x2) containing variables x4
and x,, its m-th order matrix is:

Ey") = poryts +pr vt +p sy +py", (12)

where v+ 4+ is the value of the bivariate function y considering the uncertainty of variables
x7 and x:
Y++ = f(X1 £ox1], X2 £ ox2]), (13)

When the skewness coefficient (1) = 0, the weight function p+ 4 is:

1+
Pt =P TP’ (14)

1—
pio=p-t=—, (15)
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where py, x, is the correlation coefficient between x; and x;:

_ Cov(x1,x2) 16
P = T V] (10

and where Cov(x1, x;) is the covariance between x; and x,. The standard deviation of
function y is:

oly] = VEW?) - (Ely)?, (17)

4.2. Uncertainty in Predicting Shear Strength T

The accuracy of the regression equation can be measured using the root mean square

error é:
1 N _
0= \/NZi_l (x;i — xi)2/ (18)

where N is the number of data points, x; is the i-th actual value, and ¥; is the corresponding
predicted value of x;. The root mean square errors d[c] and J[¢] of Formulas (8) and (9)
are 1.330 and 0.044, respectively. Combined with Formulas (7) and (13), considering the
uncertainty of c and ¢, T can be expressed as:

T4+ = (C£6[c]) + otan(@ £ 6[¢]), (19)

Combined with Formulas (10) and (13), considering the uncertainty of c and ¢, T can
be expressed as:

Ty4 = a; NlW(e2N) 4 (5a1Nb1W(“2Nb2) + o tan[azNbs W (asN™) 4 5a3Nb3W(“4Nb4)] (20)

The uncertainty of predicted T can be characterized by the standard deviation of
Formula (17).
Figure 9 shows the uncertainty propagation of c and ¢.

Specify
Nand W

\ |

Calculate the values of ¢ and ¢ Calculate the correlation coefficient p
from equations (8) and (9) between ¢ and ¢ by formula (16)

l

Calculate the weight function
D=+ by formula (14) and (15)

Uncertainty in predicted value | Uncertainty in predicted value

of 7 due to uncertainty incand ¢ |  of 7 due to uncertainty in ¢

When calculating 7. from formula (20), When calculating 7. from formula
substitute the actual values of 0 [c] and J [¢] (20), substitute J [c] and set 0 [p]=0

Calculate E[7*] and (E[¢])* from formula (12)

From formula
(17), get o[7]

Figure 9. Flow chart for determining the uncertainty of the predicted T caused by the uncertainties of
cand ¢.
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The calculation process of the uncertainty of the predicted 7 is as follows. For a given N
and W, when both parameters c and ¢ have uncertainties, you can substitute the predicted
values ¢ and ¢ of c and ¢ calculated using Formulas (8) and (9) and the root mean square
errors J[c] and é[¢] of Formulas (8) and (9) into Formula (20) to calculate 7. When only
one of c and ¢ has uncertainty, for example, if ¢ has uncertainty, you can substitute the
predicted values ¢ and ¢ and J[c] into Formula (20) and take 6[¢] = 0 to calculate T.

Figure 10 shows the total uncertainty of the predicted 7 caused by the uncertainty
of ¢ and ¢ of granite residual soil with W = 20%, 25%, 30%, and 35%, and the univariate
uncertainty of the predicted T caused by the uncertainty of a single parameter c or ¢ with
respect to changes in N and W. The total uncertainty and univariate uncertainty of the
predicted T increase first and then decrease with an increase in N. This may be because
when the number of dry—wet cycles is small, the structure inside the soil changes greatly,
which leads to an increase in the variability of shear strength indicators. When N reaches
a certain value, the structure of the soil tends to be stable, and the variability of shear
strength indicators also shows a downward trend. The total uncertainty and univariate
uncertainty of the predicted T increase with an increase in W. This may be because the
structure of the soil becomes unstable with an increase in water content, which leads to an
increase in the variability of cohesion c and the internal friction angle ¢. The uncertainty in
predicting T values for different N and W values is mainly caused by the uncertainty of
c. The total uncertainty and univariate uncertainty of the predicted 7 are largest when N
=4 or 6. Generally, the total uncertainty of the predicted T based on N and W is less than
9%. Therefore, for stability analysis of granite residual soil slopes, it is reliable to predict
T values for different N and W values using empirical formulas established in this paper
considering the influence of N and W.

12 12
—=— Overall uncertainty

—=— Overall uncertainty

—*~ Uncertainty due to cohesion —e— Uncertainty due to cohesion

Uncertainty due to internal friction angle Uncertainty due to internal friction angle

Uncertainty of shear strength 7 /%
Uncertainty of shear strength 7 /%

2 1 1 1 1 1 2 1 1 1 1 1
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Number of wet and dry cycles N/time Number of wet and dry cycles N/time
(@ (b)
12 12 -
—=— Overall uncertainty == Overall uncertainty

—e— Uncertainty due to cohesion —e— Uncertainty due to cohesion

Uncertainty due to internal friction angle Uncertainty due to internal friction angle

(=2
T

.\
®

./

Uncertainty of shear strength 7 /%
N
T

-/

Uncertainty of shear strength /%

1 1
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Number of wet and dry cycles N/time Number of wet and dry cycles N/time

() (d)

Figure 10. Influence of the uncertainties of ¢ and ¢ on the total uncertainty and single univariate
uncertainty of the predicted 7 of soil at various W and N: (a) moisture content W = 20%; (b) moisture
content W = 25%; (c) moisture content W = 30%; (d) moisture content W = 35%.



Water 2023, 15, 3931 14 of 16

5. Conclusions

For the shallow granite residual soil of a slope in Fuzhou, indoor simulated dry-wet
cycle tests were carried out to investigate the influence of the water content W and number
of dry—wet cycles N on the shear strength indicators of granite residual soil. A prediction
formula for soil shear strength T considering the influence of N and W was established.
The uncertainty of T predicted using the formula was analyzed using a point estimation
method. The main conclusions are as follows:

(1) The cohesion c of granite residual soil decreases with an increase in the water content
W, and the approximate relationship between the two satisfies the power function.
The fitting parameters of the power function also satisfy a power function relationship
with the number of dry—wet cycles N. A prediction formula for ¢ considering the
influence of N and W was obtained.

(2) Theinternal friction angle ¢ of granite residual soil decreases with an increase in water
content W, and the nonlinear relationship between the two can be described using a
power function. The fitting parameters of this power function and the number of wet
and dry cycles N also satisfy a power function relationship. A prediction formula for
¢ considering the influence of N and W was obtained.

(38) A prediction formula for soil shear strength T considering the influence of N and W
was established.

(4) The uncertainty of T predicted by the formula jointly caused by the uncertainty of
¢ and ¢ and the univariate uncertainty of T predicted by only c or ¢ increases first
and then decreases with an increase in N, and both increase with an increase in water
content W.
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