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Abstract: Recently, stability analyses of structures built of granite residual soils, for example, earth
dams or other urban structures, particularly when under vibration, are being recognized as much
more important than previously imagined. In such analyses, it is emphasized that the residual
strength should be utilized considering the seismic effect. Therefore, the residual strength of granite
residual soils must be evaluated accurately in order to reduce the damage to structures built on them.
This paper presented a laboratory study designed to examine the effect of fine-grained particles (FGPs;
particle size < 0.075 mm) on residual strength by the multistage procedure of the Bromhead ring shear
test and evaluate the physical indexes forecasting the residual strength of granite residual soils using
soil samples composed of fifteen different percentages of FGPs artificially adjusted from a reservoir
embankment soil sample. The results showed that the residual strength decreased along with the
increase in FGPs and that the residual frictional angle was rarely dependent on the ratio of FGPs
when the ratio was over 90%. Even in the residual state, a small amplitude of fluctuation in shear
stress still existed and was affected by the coarse-grained particles (CGPs; particle size > 0.075 mm),
such as the quartz particles in the granite residual soils. It was also found that the amplitude of
fluctuation was smaller when the FGP fraction was greater. In addition, under the same normal
stress, the peak strength and residual strength decreased with an increase in the ratio of FGPs. Then,
they remained almost the same when the ratios of FGPs were equal to 85% and 90%, respectively,
and the post-peak attenuation tended to increase initially with an increase in the FGPs and then
remained almost the same. Moreover, based on the sensitivity analysis, the order of influence of
physical indexes on the residual frictional angle was also ranked for the granite residual soils.

Keywords: granite residual soil; residual strength; fine-grained particles; amplitude of fluctuation;

correlation

1. Introduction

The stability of earth dams under vibration has become one of the most serious prob-
lems for civil engineers, particularly after the recent experiences of large earthquakes in the
world. To analyze such problems, residual strength parameters have attracted much atten-
tion in recent decades due to their great significance in stability analyses when evaluating
the influence of large earthquakes on foundation settlements [1-3] or the stability of slopes
that have experienced landslides [4]. On the other hand, landslides are clearly one of the
most serious natural disasters on earth; they cause great loss of life and severe destruction
of the social economy. With the rapid development of urbanization and transportation
in China, granite residual soils are used in many areas, especially in coastal areas [5,6].
However, under the action of earthquakes, a large number of landslides, vibration sub-
sidence, and ground fissures are caused in such granite residual areas. In recent years,
with the continuous improvement of scientific and technological innovations, as well as
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the attention that is being paid to special problems, research on granite residual soils has
been increasing. Granite residual soils are the product of a series of physical and chemical
weathering of the parent rock granite. Compared with other kinds of soils, granite residual
soils belong to one of the special soils due to the following reasons that are different from
other soils. In terms of engineering properties, granite residual soils have been clarified as
having higher shear strength and bearing capacity and lower compressibility under natural
conditions [7]. In terms of mineral composition, granite residual soils are mainly composed
of quartz and kaolinite and lesser amounts of soluble salt and organic matter. In terms of
particle composition, relatively greater amounts of granite residual soils are larger than
0.5 mm or less than 0.075 mm in size, while fewer amounts are between 0.075 and 0.5 mm
in size [8]. However, it should be pointed out that the research on granite residual soils has
not formed a complete system, compared with loess or soft soil, due to the delay in starting
research on these soils.

The mechanical properties of many kinds of soils have been the object of extensive
research for decades. The existing studies on the residual strength of various soils are
mainly focused on clay or clayey soil, and a relatively consistent theory has been realized
for evaluating the residual strength, like the effect of the shear rate [9-18], consolidation
ratio [14,16], and normal stress [17,18] on the residual strength of this clay or clayey soil.
Normal stress refers to the weight applied to soil samples during shearing. Moreover,
the relationships between residual strength and related indexes, such as the plasticity
coefficient, FGPs, CGPs, and so on, have also been shown for clayed soil in a lot of the
literature. The plasticity coefficient mainly contains liquid limit, plastic limit, and plasticity
index, where the liquid limit refers to the boundary moisture content between the plastic
and flowing states of cohesive soil, the plastic limit is the boundary moisture content
between the plastic and semi-solid states of cohesive soil, and lastly, the plasticity index can
be determined by liquid limit minus plastic limit. However, it should be noted that granite
residual soils contain a lot of coarse-grained particles (CGPs), which means the present
theory on the residual strength may not be suitable for granite residual soils.

Moreover, there is little research using sensitivity analysis for the strength of granite
residual soils. The related indexes for predicting the residual strength of clayed soil, liquid
limit, plastic limit, plasticity index, FGPs, and CGPs were selected as the specific factors in
this sensitivity analysis under consideration in this study. Therefore, it is worth conducting
this study to analyze the effects of different kinds of soil indexes on the residual strength
parameters of granite residual soils.

The residual strength parameters of many kinds of soils, namely residual frictional
angle ¢, and cohesion, can be obtained through laboratory tests. Due to the obvious
characteristics of their structure and probable fissures, the cohesion of granite residual soils
is neither stable nor credible, and it has been suggested that the residual frictional angle
be obtained by indoor geotechnical tests that have high credibility [8]. Thus, this paper is
also focused on evaluating the main factors influencing the residual frictional angle by the
sensitivity analysis and exploring the possibility of predicting the residual frictional angle
by the available indexes for granite residual soils.

The main objective of this study is to expound the action mechanism of fine-grained
particles (FGPs) on the residual strength of granite residual soils. At the same time, the
possibility of predicting the residual frictional angle of granite residual soils by means
of the available indexes based on the sensitivity analysis, including the Atterberg limits,
the fractions of different kinds of particles, and the relative grading parameter, %, is
illustrated, where rggp and rcgp are the ratio of FGPs and CGPs, respectively. Moreover,
the effect of the fraction of FGPs on the residual strength and peak strength under a normal
stress of 201 kPa, as well as a comparison with the published prediction models for the
residual frictional angle, is also discussed. In this study, ring shear tests and basic physical
property tests, namely grain size analyses, liquid limit tests, and plastic limit tests, were
conducted on all samples.
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2. Materials and Methodologies
2.1. Materials and Sample Treatment

Bishop et al. [19] measured the residual strength of undisturbed and remolded samples
of five kinds of soils by a ring shear apparatus and demonstrated that the residual stress
was independent of the initial structure of the soil. Thus, remolded soil samples that were
remolded from one soil of the study site were suitable for conducting this study to analyze
the effect of FGPs on the residual strength relatively precisely. The samples, comprising
granite residual soils, were taken from Hojo, Matsuyama, Japan, as a suitable material for
reservoir embankments according to the engineers of Ehime Prefecture, Japan. The basic
physical indexes and mineral composition of the taken soils in this study were shown in
Tables 1 and 2, respectively, where all physical indexes in Table 1 were obtained based on
JIS A 1204 and JIS A 1205 [20], and the mineral composition in Table 2 was determined by
X-ray diffraction. In Table 1, the uniformity coefficient is one of the indicators that reflects
the distribution of different particle groups of different sizes, and whether the soil particle
size distribution is good or not can be determined by this indicator. Normally, if the value
of the uniformity coefficient is bigger than 10, we can judge if the soil grading is good.
However, if this value is too big, like the sample in this study, we can judge if the soil
grading is the gap gradation. The above physical indexes in Table 1 followed the general
rule of granite residual soils. A standard for reservoir embankment soils, based on the ratio
of FGPs, was proposed by the Japanese Institute of Countryology and Engineering [21].
For this purpose, the soil samples, composed of fifteen different percentages of FGPs, were
artificially prepared from the above material by varying the FGPs using a 0.075 mm sieve.
Each sample was filtered through a 0.425 mm sieve because a grain size of more than
0.425 mm cannot be used in liquid—plastic limit tests, as specified in the JIS A 1205 test
guide [20]. The ratios of FGPs were from 0% to 100%, as shown in Table 3.

Table 1. Physical indexes of granite residual soil taken from the study site.

Water
Content (%)

Void Ratio, e  Particle Size,

Average Uniformity Curvature Specific Gravel Sand Silt and Clay

Coefficient, Cy Radius, C, Gravity, G Content (%) Content (%) Content (%)
dsp (mm)

>2 mm 0.075-2 mm <0.075 mm

26.26

0.32 85.65 0.37 18.30 26.00 34.10 39.90

Table 2. Mineral composition of granite residual soil taken from the study site.

Quartz Kaolinite Illite Hematite

62.3 31.9 3.7 2.1

Table 3. Ratios of CGPs and FGPs, rcgp and rggp, respectively, in samples used in drained ring shear

tests.
Ratios of CGPs and FGPs in Each Sample Used in
No. Sample Characters Drained Rll‘lg Shear Tests (0/0)
CGPs: 0.075-0.425 mm FGPs: 0-0.075 mm

1 HM1 100 0

2 HM2 70.59 29.41
3 HM3 60.01 39.99
4 HM4 51.62 48.38
5 HM5 44.46 55.54
6 HMé6 38.38 61.62
7 HM7 32.42 67.58
8 HMS8 28.58 71.42
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Table 3. Cont.

Ratios of CGPs and FGPs in Each Sample Used in

No. Sample Characters Drained Ring Shear Tests (%)
CGPs: 0.075-0.425 mm FGPs: 0-0.075 mm

9 HM9 24.59 7541

10 HM10 21.40 78.60

11 HM11 15.09 84.91

12 HM12 10.26 89.74

13 HM13 6.25 93.75

14 HM14 2.88 97.12

15 HM15 0 100

The Atterberg limits of all the samples belong to the common clay mineral group on
the Casagrande plasticity chart [22], shown in Figure 1. All samples were classified as low
clay (CL) according to the Unified Soil Classification System (USCS).
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Figure 1. The plasticity of soil samples is plotted on the plasticity chart.

2.2. Methodologies

For the next step, tests to determine the physical properties, including the liquid limit,
plastic limit, and plasticity index, were conducted based on the standard of JIS A 1205 [20].

Three test methods are commonly used to measure the shear strength, namely the
direct shear box test, the triaxial shear test, and the ring shear test, among which the triaxial
shear test is the most popular, as it is able to regulate the drainage conditions and to gauge
the pore water pressure. However, it has been demonstrated that the triaxial shear test is
not suitable for obtaining the residual strength of soil for two reasons. Firstly, the strain
exerted on a specimen is limited, especially for sliding zone soils with a great amount
of CGPs [23]. Secondly, the strength along the sliding surface is difficult to determine.
It is worth noting, however, that this type of test has a great advantage in obtaining the
residual strength of soil with the ring shear apparatus; that is, the ring shear apparatus
can continuously shear the soil in the desired direction of displacement without changing
the cross-sectional area of the sample. This allows the orientations of the particles to be
completely parallel to the shearing direction and the residual strength of the soil to be
determined in a more convenient way [24]. Therefore, it is worth suggesting that the ring
shear test be utilized to obtain the residual strength of the soil. In this study, the Bromhead
ring shear apparatus, shown in Figure 2, was used to determine the residual strength
of granite residual soils. It has the advantages of simple operation, reasonable cost, and
strong practicability. Proving rings are used for obtaining the shear stress by the strain
of the rings. There are four main test procedures for determining the residual frictional
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Ring shearing

box

=

angle of soil with the Bromhead ring shear apparatus: the single stage, pre-shearing stage,
multistage, and proposed “flush” stage procedures. Full descriptions of these procedures
can be found in Stark and Vettel [24] and Anderson and Hammoud [25]. Compared with
the other procedures for Bromhead ring shear tests, the multistage procedure can save
quite a lot of time.

Proving ning

=

Proving ring
(a) (b)

Figure 2. Schematic diagrams of the Bromhead ring shear apparatus: (a) side view of the apparatus
and (b) aerial view of the specimen container ready for shearing.

In this study, the drained ring shear tests were organized into two main steps, namely
consolidation and shearing. As explained in the section on the material preparation, the
soil samples that passed through a 0.425 mm sieve were packed into a shear box with
inner and outer diameters of 60 mm and 100 mm, respectively. Skempton [26] showed that
the residual strength values obtained from laboratory tests were almost the same under
normal consolidation or overconsolidation conditions, but the time required by normal
consolidation to obtain the residual strength was much longer than by overconsolidation.
Based on this finding, the condition of overconsolidation was applied in the present study
for preparation the samples before shearing. The value of the pre-consolidation pressure
was calculated by the weight of a 10 m high embankment, equal to nearly 200 kPa. Thus,
considering the situation of the weight that was applied to normal stress in the ring shear
apparatus, the stress of 270 kPa was used as the overconsolidation for the pre-consolidation
pressure. So and Okada [14] and Li et al. [15] showed that the effect of the overconsolidation
ratio on the residual strength was unworthy of being mentioned, which implies that the
270 kPa of pressure used for overconsolidation in this research is appropriate. After
consolidation for more than 2 days, the soil samples were sheared slowly at a shear rate
of 0.05 mm/min to ensure that no pore water pressure would occur [16]. Scaringi and Di
Maio [27] also pointed out that the effect of the shear rate on the residual strength could be
ignored as long as the shear rate was less than 0.1 mm /min.

Shear stress T and horizontal displacement D were calculated based on Equations (1)
and (2), respectively, according to previous studies [28,29]. The maximum data acquisition
rate of the Bromhead ring shear apparatus could be 1000 readings per second. In this study,
the data were obtained every 10 s due to the simplicity of data processing and the storage
of used SIM cards, but the stress—displacement curve can be obtained as planned.

_ 3(F+F) 1
T (R R @
D= (R, + Rz)nw% @)

where F; and F; are the measured torsion forces, R; is the inside sample radius, equal to
3 cm, R; is the outside sample radius, equal to 5 cm, w is the rate of displacement (deg/min),
and ¢ is the time in minutes.

For the sensitivity analysis, a single-factor analysis and multiple regression analysis
were both used to illustrate the effect of physical indexes on the residual frictional angle. In
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the single-factor analysis, the determination coefficient (R?), which ranges from 0 to 1, was
selected to evaluate the sensitivity of related indexes to the residual frictional angle. The
closer to 1 the determination coefficient is, the more sensitive to the residual strength of the
granite residual soil the index is. In the multiple regression analysis, adjusted R?, which
also ranges from 0 to 1, was selected to show the degree of fitting of regression lines to
observed values. Detailed information about the sensitivity index can be found in [30,31].

3. Results and Discussion
3.1. Effect of FGP Content on the Strength of Granite Residual Soils

The residual stress levels of fifteen soil samples were determined through the multi-
stage procedure, as shown in Figure 3. The shear stresses at the peak and residual states
are referred to as the peak strength and the residual strength, respectively. It was evident
that it took a great deal of time to reach the residual strength, whereas it took a short
amount of time to reach the peak strength. The distance to the peak strength was less than
0.5 cm. Based on different studies [9,24], as well as this study, it is difficult to say exactly
when the residual strength will be reached with different types of soils. However, both
the peak strength and the residual strength decreased with the increasing fraction of FGPs
under the same normal stress.

Ratio of FGPs:

0%
29.41%
—39.99%
48.38%
55.24%
—61.62%
67.58%
—71.42%
—75.41%
—78.60%
84.91%
—89.74%
—93.75%

16 18 97.12%
—100%

4 6 8 10 12 14

Horizontal displacement (cm)

Figure 3. Shear stress versus horizontal displacement for all samples.

Meanwhile, another phenomenon that should be noted in the shear tests is the fluctu-
ation of shear stress in the residual state. Some representative examples under a normal
stress of 201 kPa were picked and shown in Figure 4. It is widely recognized that even in the
residual state, a small amplitude of fluctuation still existed and remained stable when the
phenomenon of particle orientation occurred [27,32]. In Figure 4, it is seen that even after a
long horizontal displacement in the shearing process, a small amplitude of fluctuation still
existed and was relatively regular. The shape of the shear band is not an ideal flat layer,
which we can understand easily because CGPs, like quartz and kaolinite particles, existed
in the sample. During shearing, complex interactions resulting from bigger contact surfaces
led to the fluctuation of shear stress. Moreover, it is evident that as the fraction of FGPs
increased, the amplitude of such fluctuations under the same normal stress decreased.
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Shear stress 7 (kPa)

Horizontal displacement (mm)

Figure 4. Fluctuations in the residual state of soil samples under a normal stress of 201 kPa for
different ratios of FGPs: (a) 29.41%, (b) 71.42%, and (c) 97.12%.

The residual frictional angles, which can be determined from the data in Figure 3, are
summarized in Table 4, along with the soil properties. In this table, the ratio of FGP (rpgp)
and index of the CGP to FGP contents (3<S2) can be obtained by the grain size distribution
curve. The liquid limit (wy ) and plastic limit (wp) can be determined by the liquid limit
test and the plastic limit test, respectively, and the plasticity index (Ip) is equal to the liquid
limit minus the plastic limit. Notably, it is found that the residual frictional angles of the
samples vary considerably, from 13.9° to 32.9°. It is also evident that the liquid limit, plastic
limit, and plasticity index increase with an increase in FGPs, whereas the residual frictional
angle is inversely proportional to the liquid limit, plastic limit, plasticity index, and ratio
of FGPs.

The peak strength and residual strength versus the ratio of FGPs under a normal stress
of 201 kPa are shown in Figure 5. The peak strength is seen to first decrease with an increase
in the FGP content and then remain almost the same when the ratio of FGPs is more than
85%. Similarly, the residual strength is seen to first decrease with an increase in the FGPs
and then remain almost the same when the ratio of FGPs is equal to around 90%. From
both peak strength and residual strength against the FGP fractions, we can find that the
decrease value in strength is big when the ratio of FGPs increased from 0 to 100%. We
can understand that compared to FGPs, the peak strength and residual strength are highly
affected by CGPs, which can be attributed to the complex interactions between particles,
as observed by Wen et al. [33]. The greater the CGPs, the higher the peak strength and
residual strength. Moreover, Skempton [4] also proved that the residual strength is affected
almost entirely by the minerals of soil when the clay fraction exceeds 50%, and any further
increase in clay content will not affect the residual strength. The results obtained in the
present study are considered to be appropriate. Moreover, in Figure 5, it is evident that the
difference in value equaled the peak strength minus the residual strength, which is called
the post-peak attenuation, and this value increased with the increasing FGPs. This means
that the greater the FGP fraction, the stronger the post-peak intensity attenuation, which



Coatings 2024, 14, 105

8 of 13

could provide instructions for slope protection in the aspect of controlling the FGP fraction
in the slope.

Table 4. Soil properties and residual frictional angle of each granite residual soil sample.

Sample Character regp (%) iﬁg;’ wr, (%) wp (%) Ip (%) ¢: ()
HM1 0 X X X X 32.94
HM2 2941 2.40 24.65 X X 30.85
HM3 39.99 1.50 25.10 14.68 10.42 27.81
HM4 48.38 1.06 28.43 15.08 13.35 25.75
HM5 55.54 0.80 30.87 15.58 15.29 23.69
HMe6 61.62 0.62 31.50 16.00 15.50 21.66
HM7 67.58 0.47 32.74 16.96 15.78 21.47
HMS 71.42 0.40 33.82 18.36 15.46 20.41
HM9 7541 0.32 34.45 18.97 15.48 19.90
HM10 78.60 0.27 36.64 19.49 17.15 18.01
HM11 84.91 0.17 40.16 19.96 20.2 15.98
HM12 89.74 0.11 42.01 20.42 21.59 14.15
HM13 93.75 0.06 45.19 20.81 24.38 13.90
HM14 97.12 0.03 46.27 21.18 25.09 13.87
HM15 100 0 47.03 21.69 25.34 13.97

x means that the value could not be obtained.

140
4 . ¢ Peak strength
120 4 * . 4 Residual strength
= 100 1 . e e .o, o Difference
& 4 - .
< 80 . o**,
< A
A
= Aa,
40 o
00 o0 O o
20 o5 0 000
o
0 )
0 20 40 60 80 100 120
Ratio of FGPs (%)

Figure 5. Peak strength and residual strength versus the ratios of FGPs under a normal stress of
201 kPa.

3.2. Sensitivity Analysis of Available Indexes on the Residual Frictional Angle of Granite
Residual Soils

The available indexes were selected, including the ratio of FGPs, the relative grading
parameter, the liquid limit, the plastic limit, and the plasticity index. The correlations
between the residual frictional angle and all the available indexes are given in Figure 6.
The determination coefficient (R%) was introduced to show the relationship between the
residual frictional angle and the available indexes. It was found that all the values for
R? were greater than 0.87. These values showed that the compatibility of the fitting line
to the determined values was high. Based on the results of the sensitivity analysis, the
order of impact is rggp > w > wp > Ip > % Additionally, a multiple regression analysis
was also conducted to illustrate the correlation between the residual frictional angle and
available physical indexes, as shown in Table 5. The prediction model can be shown as
¢r = —0.0413 x rpgp + 3.0793 x % — 0.5188 x wp — 0.2945 x Ip + 35.8379. A high

adjusted R? that was equal to 0.8482 implied that the degree of fitting of the regression lines
to observed values was good.
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Figure 6. Residual frictional angle versus available indexes of granite residual soil: (a) ratio of FGPs,
(b) relative grading parameter, (c) liquid limit, (d) plastic limit, and (e) plasticity index.

Table 5. Multiple regression analysis results for the residual frictional angle.

Factor Intercept regp (%) % wr, (%) wyp (%) Ip (%)
Coefficient 35.8379 —0.0413 3.0793 0 —0.5188  —0.2945
Multiple R 0.9910

R? 0.9821
Adjusted R? 0.8482

Based on the above experimental results and analysis, it is evident that the sensitivity
analysis can provide a simple and effective approach to optimizing the effects of related
physical indexes on the residual frictional angle of granite residual soils. The analysis
method can not only provide a possible prediction of the residual frictional angle based
on easily available indexes but it can also rank the effect of their influences. This can
provide researchers and engineers with useful tools for evaluating and predicting the
effects of related indexes on residual strength. However, as has been pointed out from the
correlations of the residual frictional angle versus the plastic limit and the plasticity index,
respectively, some nonlinear relationships seemed to exist, which may be due to the soil
mechanism. A more comprehensive study should be performed in the near future.

After a full comparison, it was seen that the ratio of the FGPs to the total soil, including
the FGP and CGP contents, was mostly related to the residual frictional angle according to
the highest value of the coefficient of determination, as shown in Figure 6. In addition, it
could be evidently found that the residual frictional angle remained almost the same when
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this ratio of FGPs was more than 90%, which was due to the fact that contact between the
CGPs and other grained particles hardly ever occurred.

The determination coefficients of the linear correlations among the parameters are
shown in Table 6. It is evident that as a fundamental index, the ratio of FGPs seems to
be a good tool for estimating the residual frictional angle, liquid limit, and plastic limit
for granite residual soil. However, it should be pointed out that the correlations between
the residual frictional angles and the available indexes are shown for just one type of soil.
Future work, focusing on different types of embankment soils and pointing out a more
precise formula for predicting the residual strength, should also be performed.

Table 6. Determination coefficients (R?) of linear correlations among parameters.

Index ¢ ) wy, (%) wp (%) Ip (%) reGp (%)

o: (°) - 0.94 0.94 0.90 0.96
wr. (%) 0.94 - 091 0.97 0.95
wp (%) 0.94 091 - 0.82 0.96

Ip (%) 0.90 0.97 0.82 - 0.89
reGp (%) 0.96 0.95 0.96 0.89 -

3.3. Discussion of the Different Prediction Models for Residual Frictional Angles by
Representative Indexes

In geotechnical engineering, a lot of studies have been conducted to predict the
geotechnical parameters using the index and physical properties of soils, and several re-
liable models are available to predict the mechanical behavior of different types of soils.
The latest techniques, such as machine learning techniques, are available to develop the
predicting models for kinds of indexes of soil [34-37]. However, due to the particular-
ity of granite residual soil that was stressed above in terms of engineering properties,
mineral composition, and particle composition, the attempts to use machine learning tech-
niques to predict the strength of granite residual soil were few. Moreover, a lot of the
literature [38-42] has shown the correlations between the residual frictional angle and the
available indexes, but most studies have focused on clay or clayey soil. That is to say that
previous prediction models may not be suitable for granite residual soils that have certain
structural features and/or fissures. Thus, a discussion on the comparisons between the
previous prediction models and the models built in this paper for the residual frictional
angles by the available indexes was necessary. Figure 7 shows comparisons between the
observed and the predicted values of the residual frictional angles for granite residual soils.
The prediction models were from Wen et al. [33], where ¢, = 18,345 x rF_GllZ 458 i the index
of the ratio of FGP, ¢, = 22.097 X ;CGP + 7.7491 is the index of the CGP to FGP contents, and

cGp
¢r = 455.85 X w| 10384 j5 the index of the liquid limit. It is easy to see in Figure 7 that the

observed and predicted values of the residual frictional angles were greatly different for
granite residual soils by the representative indexes selected here. The differences in values,
which were calculated by the absolute value of the observed value minus the predicted
value, respectively, were even more than 20. Thus, the predictions of the residual frictional
angles were different for different kinds of soils, and the reason should be largely related
to the differences in the origins and source materials of soils, as well as the differences in
mineral compositions, and their interactions within the slip zones. However, the models
pointed out in this study could provide a reference for determining the residual frictional
angle of granite residual soil. Additionally, more comprehensive and complex indexes for
predicting the residual strength of kinds of soils should be found in the near future.
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Figure 7. Comparison between observed and predicted values of residual frictional angles for
granite residual soils by different indexes: (a) ratio of FGPs, (b) relative grading parameter, and
(c) liquid limit.

From the above results, it can be pointed out that previous prediction models for
clay or clayey soil were not suitable for predicting the residual frictional angle of granite
residual soils. However, at the same time, it is worth noting that the difference seen in
Figure 7b is very small, especially when the relative grading parameter, "2, is less than
1. That is to say, when the content of CGPs is less than the content of FGPs, the proposed
prediction model for clay or clayed soil based on % seems to be also suitable for granite
residual soil.

4. Conclusions

Drained ring shear tests, grain size analyses, liquid limit tests, and plastic limit tests
were carried out on granite residual soils to clarify the effect of FGPs on the residual
strength of granite residual soils. Then, the correlations between the residual frictional
angle of granite residual soils and the available indexes, which could be obtained in a
short time, were proposed and compared. The results presented have led to the following
general conclusions.

The residual state of granite residual soils was able to be determined in a long horizon-
tal displacement when the orientation of the particles occurred and was then kept stable.
However, a small amplitude of fluctuation in shear stress still existed and was relatively
regular in the residual state. The shape of the shear band was not an ideal flat layer, which
was caused by the CGPs, such as the quartz particles. It was seen that the lower the FGP
fraction was, the greater the amplitude of the fluctuation would be.

Under the same normal stress, the peak strength and residual strength decreased with
an increase in the ratio of FGPs and then remained almost the same when the ratios of FGPs
were equal to 85% and 90%, respectively. In addition, the post-peak attenuation tended to
increase with the increasing FGPs.
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The residual frictional angle is rarely dependent on the ratio of FGPs when the ratio of
FGPs is around 90%, which was possibly due to the fact that contact between CGPs and
other grained particles hardly ever occurred.

Though predictions of the residual frictional angles seem to be possible for granite
residual soils, we have to note that the models proposed in this study are not suitable for
different kinds of soils. However, the residual frictional angle of granite residual soils was
seen to be closely related to the available indexes used in this study, and it is evident that
the influences of kinds of available indexes on the residual frictional angle can be ranked in

order of rggp > wy, > wp > Ip > :Sgﬁ
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