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Abstract: Granite residual soil (GRS) exhibits favorable engineering properties in its natural state.
However, a hot and rainy climate, combined with vibrations generated during mechanical construc-
tion, can cause a notable decrease in its strength. In this study, the evolution of stress–strain curves
and strength parameters (cohesion c and internal friction angle φ), unconfined compression strength
(UCS) under drying and wetting(DW) cycles and vibration were investigated by means of direct
shear test and UCS test. Furthermore, modified formulas for calculating shear strength and UCS
under DW cycles and vibration were proposed, and their accuracy was verified. The results are
as follows: The stress–strain curve of shear strength exhibits strain-hardening characteristics, and
the shear compressibility of the sample increases with the number of DW cycles and vibration time.
However, the stress–strain curve of UCS shows strain-softening properties, and the peak strength
shifts forward with the number of DW cycles and vibrations. With the increase in the number of
DW cycles and the vibration time, c shows a non-linear degradation, with a maximum degradation
of 58.6%. φ fluctuates and increases due to the densification effect of DW cycles, but the influence
of vibration on φ decreases with the increase in the number of DW cycles. UCS rapidly decreases
and gradually stabilizes after DW cycles and vibration, with a maximum degradation of 81.1%. This
study can serve as a reference for the stability analysis of GRS pits subjected to long-term influences
of hot and rainy climates and mechanical vibration, providing valuable insights for future research.

Keywords: granite residual soil; drying–wetting cycle; vibration; strength deterioration

1. Introduction

Granite residual soil (GRS) is a prevalent regional soil in southeast China, characterized
by variations in weathering types and mineral components due to climatic differences [1].
The main mineralogical components of GRS in Xiamen, Fujian Province, are quartz, kaolin-
ite, illite and small amounts of hematite [2–4]. The specific engineering properties of GRS
are determined via its mineral compositions and structural properties. While the natural
state of GRS exhibits high strength and low compressibility, it is prone to softening and
disintegration when exposed to water [5–7]. These deterioration characteristics pose threats
to the safety of geotechnical engineering projects, such as tunnel construction, highway
subgrade construction and foundation pit excavation [8,9].

The distribution areas of GRS are primarily located in subtropical monsoon regions
with hot and rainy summers, resulting in a constant process of drying and wetting that
leads to changes in its macro-mechanical behavior and microstructural characteristics.
Numerous studies have examined the degradation of the engineering properties of GRS
caused by drying–wetting (DW) cycles. The impact of DW cycles on the macroscopic
mechanical behavior of GRS has been investigated [10–12]. For instance, Jian et al. [13]
found that the cohesion of GRS decreased significantly during the early stages of DW
cycles, then gradually stabilized over time, while the internal friction angle did not exhibit
a clear change. Similarly, Yu et al. [14] reached similar conclusions. Liu et al. [15] conducted
15 triaxial tests and found that the contact between fine particles was enhanced due to
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the effects of DW cycles, resulting in an increase in cohesion with the number of DW
cycles. After four DW cycles, the cohesion doubled while the internal friction angle
slightly decreased. The mechanical properties of GRS are closely related to changes in
microstructure and cracks [4]. Several studies have analyzed the effects of DW cycles on the
macro-mechanical behaviors from the changes in microstructure and cracks. Liu et al. [16]
investigated the correlation among the development of cracks, shear strength degradation
and DW cycles in GRS and proposed a calculation formula for crack depth and strength
degradation. An et al. [17] found that exponential decreases in effective cohesion and
effective internal friction angle occur with the increase in the number of DW cycles, using
trianxial consolidation undrained tests. With the help of computer tomography, nuclear
magnetic resonance and scanning electron microscopy it was demonstrated that the fracture
evolution and a transition in particle and pore structure led to fatigue damage of soil
structure, resulting in the attenuation of the mechanical properties of GRS.

The mechanical properties of GRS are also significantly affected by mechanical vi-
brations during subway and tunnel construction [18–22]. Indoor tests of simulating soil
sample disturbance mainly use sample vibration and sample extrusion. Since a vibration
test can quantitatively control parameters such as vibration time, this method is more
used for disturbance research. Commonly used vibration methods include the shaking
table [23,24], the GDS dynamic triaxial instrument [25,26] and the vibrating sieve ma-
chine [27,28]. These methods destroy the original structure between soil particles through
vibration and obtain disturbed samples. Currently, the research on vibration affecting the
mechanical and compression properties of soils mainly focuses on silt clays and soft clays.
Deng et al. [23] simulated the disturbance of soft soil using an indoor shaking table and
determined that the unconfined compression strength (UCS) decreases with increasing
vibration time. Additionally, the slope of the consolidation compression curve increases
before yielding. Liu et al. [29] investigated the impact of vibration on the thixotropic
strength recovery of silt. They found that, at the same frequency and rate, longer vibration
times result in greater disturbance. The absolute strength recovery of silt was positively
correlated with its disturbance degree, while its relative strength recovery was negatively
correlated under the same static time. Based on this research, Liu et al. [30] examined the
effect of different water contents on the strength recovery of disturbed silt. When the soil
is vibrated for the same duration, the degree of disturbance is positively correlated with
the water content, and the strength recovery is negatively correlated with water content.
Liu et al. [31] employed dynamic and static triaxial instruments to investigate the changes
in static shear strength of silty clay under different vibration loads, perimeter pressures
and overconsolidation ratios. The results indicated that the specimen behaved similarly to
the overconsolidated soil under vibration loads. When the similar over-consolidation ratio
(SOCR) was less than 1.25, vibration had a minimal effect on the shear strength. However,
when the SOCR exceeded 1.25, the shear strength rapidly decreased.

In summary, the impact of DW cycles on GRS has been thoroughly investigated from
macroscopic to mesoscopic to microscopic levels. However, the research on the effects
of vibration on GRS is still inadequate, and studies on the combined influence of both
factors are exceedingly rare. Nevertheless, under the interaction between DW cycles and
vibrations, GRS will undergo multi-field coupling and discrete damage processes, resulting
in a complex deterioration process of its strength characteristics. Consequently, this work
focuses on the strength characteristics of GRS under DW cycles and vibrations. DW cycle
tests and vibration tests are conducted to simulate the effects of hot and rainy climates
as well as mechanical vibration on GRS. Straight shear tests and UCS tests are utilized to
explore the effect of DW cycles and vibrations on the strength characteristics of GRS. Based
on these tests, the aim of the present research is to contribute more reliable calculation
results when applied to the stability analysis of GRS foundations affected by hot and rainy
weather and mechanical vibration.
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2. Experimental Setup
2.1. Test Materials

GRS from a foundation pit in the Xiamen Metro Line 3 was used as the test soil in
this study. It was obtained through open excavation at a depth ranging from 5 m to 6 m.
Samples were taken from the site, and remolded specimens were prepared in the laboratory
(Figure 1).
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Figure 1. Sample taken on site and made.

According to the specification Standard for Geotechnical Testing Method (GB/T 50123-
2019) [32], the physical and mechanical properties and the particle grading of GRS were
measured, and the results are shown in Table 1 and Figure 2. The soil sample composition
is mainly composed of gravel (19.2%), sand (72.7%) and fine particles (8.1%). According to
the design code for building foundations (DBJ/T-15-31-2016) [33], when the gravel content
does not exceed 20% of the total mass, it is considered sandy clay, so the soil used in this
experiment is classified as residual sandy clay.

Table 1. Physical and mechanical properties of GRS.

Natural
Density

ρ/g·cm−3

Water Content
w/%

Dry
Density

ρd/g·cm−3

Specific
Gravity

Gs

Liquid
Limit
LL/%

Plastic
Limit
PL/%

Plasticity
Index
PI/%

Void Ratio
e

2.01 17.4 1.71 2.72 31.92 18.83 13.09 0.58
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Figure 2. Grain size distribution curve of GRS.

2.2. Test Methods

The experiment consists of sample preparation, vibration simulation, DW cycle process
and mechanical test. A flowchart is shown in Figure 3.
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2.2.1. Sample Preparation

The GRS samples were prepared according to the specification [32]. Firstly, the re-
trieved soil samples were gently crushed with a rubber hammer and dried. Subsequently, a
suitable amount of distilled water was added to the dried soil to achieve the same water
content and dry density as the in situ soil (w = 17.6%, ρd = 1.71 g/cm3). The mixture was
then placed in a sealed bag for over 24 h to ensure uniform moisture distribution within the
soil. Finally, according to the dry density and water content, the required sample soil mass
is weighed. The direct shear sample was pressed into a ring cutter using static pressure
through a sampler to make a sample with a diameter of 61.8 mm and a height of 20 mm;
the triaxial samples were compacted in five equal layers on the bottom plate inside a split
mold with a diameter of 39.1 mm and a height of 80 mm. After the samples are prepared,
they need to be reweighed to ensure that the difference in quality between the samples
does not exceed 1%.

2.2.2. Vibration Simulation and Drying–Wetting Cycle Process

In order to simulate the effects of mechanical vibration and hot and rainy climates on
the soil samples, the specimens were first vibrated and then simulated with DW cycles.

(1) Vibration simulation

Referring to the vibration method in Refs. [27,28], a ZBSX-92A shock vibrating sieve
machine was used to simulate the effect of mechanical vibration on the soil. To observe the
effect of specimen disturbance on strength degradation of GRS, the duration of vibration
was determined based on previous preliminary experiments. The vibration duration was
different for the direct shear specimens and the UCS specimens. The former was set at
15 min, 30 min and 45 min and the latter at 5 min, 10 min and 15 min. To prevent moisture
loss during vibration, the specimens were wrapped in cling film and placed on a matching
vibrating sieve tray. The completion of these steps marked the end of the vibration specimen
preparation process.

(2) Drying–wetting cycle process

In this study, the number of DW cycles for the tests was set to range from 0 to 5 cycles.
Each DW cycle consisted of two stages: drying process and wetting process. The specific
path of the DW cycle can be found in Figure 4.
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Drying process. The soil specimens were put into the oven at 55 ◦C for about 8 h, then
taken out and left for 24 h to naturally cool down to room temperature. When the moisture
content of a specimen is maintained at about 10%, it is considered to be completely dry.

Wetting process. The unconfined compression strength specimens and direct shear
specimens were placed in the triaxial saturation apparatus and the disk saturation ap-
paratus, respectively, before being placed in the saturation chamber. Subsequently, the
saturation chamber was evacuated using a vacuum pump for 2 h. Then, the water inlet
valve of the saturation chamber was opened to fully submerge the specimens. Finally, the
interior of the saturation chamber was connected to the atmosphere, and the specimens
were left undisturbed for a minimum of 24 h to complete the saturation process.

2.2.3. Mechanical Test

The specimens that underwent vibration and DW cycle simulations were used for
both direct shear tests and unconfined compression strength tests. For each test condition,
two sets of control experiments were set up, and the coefficient of variation (Cv) for the
same group of experiments should be less than 10%. When the Cv < 10%, the average of
the two is taken. If Cv > 10%, the experiment needs to be reconducted until Cv meets the
requirements. The specific experimental plans can be found in Table 2.

Table 2. Mechanical test program for GRS.

Test Name Vibration
Duration/min

DW Cycles
/Times

Normal Load
/kPa

Number of
Specimens/pc

Direct shear test 0, 15, 30, 45 0, 1, 2
3, 4, 5

100, 200
300, 400 288

UCS test — 72

(1) Direct shear test

The direct shear tests were conducted using consolidated quick shear on an EDJ-2
strain control direct shear apparatus. The normal stress on the specimens was set at 100 kPa,
200 kPa, 300 kPa and 400 kPa. After applying the normal stress for 5 min, water was filled
into the shear box. When the vertical deformation changed less than 0.005 mm per hour,
the consolidation was considered complete and the shearing process began, with a shear
rate of 0.8 mm/min.

(2) Unconfined compression strength test

For the unconfined compression strength tests, a TSZ fully automatic triaxial apparatus
was used. Vaseline was applied to the surface of the specimens to prevent moisture
evaporation. The shear rate during the test was set at 1.2 mm/min, and the loading was
stopped when the axial strain reached 20%.
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3. Test Results and Analysis
3.1. Analysis of Direct Shear Test Results
3.1.1. Characteristics of Stress–Strain Curve in Direct Shear Test

The stress–strain curves of the specimens after vibration and DW cycles for the direct
shear tests are shown in Figure 5. The stress–strain curves of the GRS mainly exhibit
strain-hardening characteristics. At 100 kPa normal stress, with the increase in the number
of DW cycles, the shape of the stress–strain curve transitions from an ideal plastic type
to a weak strain-hardening type. However, the increase in vibration duration does not
significantly affect the stress–strain curve shape. When the normal stress exceeds 100 kPa,
with the increase in the number of DW cycles and vibration time, the stress–strain curve
changes from weak strain hardening to distinct strain hardening.
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3.1.2. Variation in Shear Strength Parameters

(1) Cohesion

As the stress–strain curve exhibits strain hardening with no distinct peak, the shear
stress corresponding to a shear displacement of 4 mm was taken as the shear strength
according to the specification [32]. Based on the Mohr–Coulomb criterion, the shear strength
parameters under different DW cycles and vibration times were calculated, as shown in
Figure 6. The results show that the cohesion decreases nonlinearly with the increase in the
number of DW cycles and vibration time. When the specimen undergoes only DW cycles
or vibration, the cohesion decreases monotonically, which is in line with a study conducted
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by An et al. [3]. However, when the specimen undergoes both DW cycles and vibration,
the cohesion exhibits fluctuating decreases in the early stages of DW cycles. For example,
under the vibration durations of 30 and 45 min, the cohesion experiencing one DW cycle
was 5.1% and 7.6% higher than that of the specimens without DW cycles, respectively.
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The degradation cohesion index ξt,n was used to quantify the effects of DW cycles and
vibration on cohesion degradation, as defined in Equation (1), and the calculation results
are presented in Table 3.

ξt,n =
c0,0 − ct,n

c0,0
× 100% (1)

where ξt,n is the cohesion degradation index after t minutes of vibration and n times of DW
cycles; c0,0 is the cohesion without DW cycles or vibration; and ct,n is the cohesion after t
minutes of vibration and n times of DW cycles.

Table 3. ξt,n under DW cycles and vibration.

Vibration
Time/mins

Cohesion Degradation Index ξt,n/%

DW Cycles/Times

0 1 2 3 4 5

0 0.0 4.5 10.5 14.8 30.3 35.9
15 26.2 33.1 37.9 40.3 38.8 42.6
30 39.7 36.6 40.6 44.8 44.8 43.1
45 41.4 36.9 41.4 42.8 49.1 58.6

Table 3 shows that the cohesion undergoes significant degradation when specimens
are subjected to either DW cycles or vibration alone. ξt,n reaches 41.4% and 35.9% when the
specimens are vibrated for 45 min or undergo five DW cycles, respectively. The degradation
effect of GRS under the combined action of DW cycles and vibration is not simply additive.
Under the first three DW cycles, the degradation from 0 to 15 min of vibration is remarkably
significant, with a difference in ξt,n exceeding 26%. Under the last two DW cycles, the
difference in ξt,n between 0 and 15 min of vibration is less than 8.5%. Under the same
vibration time (except for 0 min), there is no significant degradation in ξt,n with the increase
in the number of DW cycles. The average difference in ξt,n between 5 and 0 DW cycles is
approximately 15%.

(2) Internal friction angle
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Figure 7 presents that the internal friction angle increases in a fluctuating manner
with the increase in the number of DW cycles and vibration time. The research results
regarding the influence of DW cycles on the internal friction angle are inconsistent. Some
scholars believe that DW cycles mainly weaken interparticle bonding, but the main factor
affecting the variation in the internal friction angle is the frictional characteristics between
soil particles. Therefore, the impact of DW cycles on the internal friction angle is not
significant [4,14]. However, some scholars argue that the matric suction generated by DW
cycles can cause consolidation and volume shrinkage of the soil, enhancing the contact
between soil particles, thereby leading to an increase in the internal friction angle [34,35].
The latter view is more in line with the results of this study. During the experiment, the
specimens indeed underwent significant irreversible shrinkage after DW cycles, as shown in
Figure 8. The left and right images in Figure 8 depict the morphology of the specimen before
and after DW cycles, respectively. Initially, the specimen occupies the entire space within
the ring cutter. However, after the DW cycles, noticeable gaps form between the specimen
and the ring cutter, clearly indicating that the specimen has experienced a reduction in
volume due to the DW cycles, and the consolidation effect of DW cycles on the soil volume
is greater than the development of internal cracks within the soil, resulting in an increase in
the internal friction angle.

Appl. Sci. 2024, 14, x FOR PEER REVIEW  8  of  17 
 

increase in the number of DW cycles. The average difference in ξt,n between 5 and 0 DW 

cycles is approximately 15%. 

Table 3. ξt,n under DW cycles and vibration. 

Vibration 

Time/mins 

Cohesion Degradation Index ξt,n/% 

DW Cycles/Times 

0  1  2  3  4  5 

0  0.0  4.5  10.5  14.8  30.3  35.9 

15  26.2  33.1  37.9  40.3  38.8  42.6 

30  39.7  36.6  40.6  44.8  44.8  43.1 

45  41.4  36.9  41.4  42.8  49.1  58.6 

(2) Internal friction angle 

Figure 7 presents  that  the  internal  friction angle  increases  in a fluctuating manner 

with  the  increase  in  the number of DW cycles and vibration  time. The research results 

regarding the influence of DW cycles on the internal friction angle are inconsistent. Some 

scholars believe that DW cycles mainly weaken interparticle bonding, but the main factor 

affecting the variation in the internal friction angle is the frictional characteristics between 

soil particles. Therefore, the impact of DW cycles on the internal friction angle is not sig-

nificant [4,14]. However, some scholars argue that the matric suction generated by DW 

cycles can cause consolidation and volume shrinkage of the soil, enhancing the contact 

between soil particles, thereby leading to an increase in the internal friction angle [34,35]. 

The latter view is more in line with the results of this study. During the experiment, the 

specimens indeed underwent significant irreversible shrinkage after DW cycles, as shown 

in Figure 8. The left and right images in Figure 8 depict the morphology of the specimen 

before and after DW cycles, respectively. Initially, the specimen occupies the entire space 

within the ring cutter. However, after the DW cycles, noticeable gaps form between the 

specimen and the ring cutter, clearly indicating that the specimen has experienced a re-

duction in volume due to the DW cycles, and the consolidation effect of DW cycles on the 

soil volume is greater than the development of internal cracks within the soil, resulting in 

an increase in the internal friction angle. 

 

Figure 7. Angle of internal friction change graph. Figure 7. Angle of internal friction change graph.
Appl. Sci. 2024, 14, x FOR PEER REVIEW  9  of  17 
 

 

Figure 8. Specimen volume shrinkage diagram. 

Compared with the effect of the DW cycle on the internal friction angle of GRS, the 

effect of vibration is not significant. The vibrations not only lead to closer contact between 

soil particles but also cause the breakup of larger particle aggregates. Therefore, the influ-

ence of vibration on the internal friction angle is not as significant as that of the drying–

wetting cycle. In addition, the effect of vibration on the internal friction angle gradually 

weakens with an increase in the number of DW cycles. When the number of DW cycles 

reaches five, the effect of vibration is almost negligible. 

3.1.3. Modification of the Shear Strength Formula 

The above analysis indicates that both the DW cycle and vibration have a significant 

influence on the cohesion and internal friction angle of GRS. Therefore, it is necessary to 

modify the shear strength formula. 

Figure 9 shows the relationship between the cohesion degradation index ξt,n and the 

number of DW cycles. The relationship for unvibrated and vibrated specimens is different. 

When there is no vibration, ξt,n is approximately exponentially related to the DW cycle. 

However, when  there  is vibration, ξt,n  is approximately  linear with  the number of DW 

cycles. 

 

Figure 9. Cohesion degradation index vs. DW cycles. 

For the purposes of nondimensionalization and applicability, let v equal t/45, and by 

substituting Equation (1) into the fitting formula, the modified formulas for cohesion un-

der different vibration times are obtained, as shown in Equation (2). 

Figure 8. Specimen volume shrinkage diagram.

Compared with the effect of the DW cycle on the internal friction angle of GRS,
the effect of vibration is not significant. The vibrations not only lead to closer contact
between soil particles but also cause the breakup of larger particle aggregates. Therefore,
the influence of vibration on the internal friction angle is not as significant as that of the
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drying–wetting cycle. In addition, the effect of vibration on the internal friction angle
gradually weakens with an increase in the number of DW cycles. When the number of DW
cycles reaches five, the effect of vibration is almost negligible.

3.1.3. Modification of the Shear Strength Formula

The above analysis indicates that both the DW cycle and vibration have a significant
influence on the cohesion and internal friction angle of GRS. Therefore, it is necessary to
modify the shear strength formula.

Figure 9 shows the relationship between the cohesion degradation index ξt,n and
the number of DW cycles. The relationship for unvibrated and vibrated specimens is
different. When there is no vibration, ξt,n is approximately exponentially related to the DW
cycle. However, when there is vibration, ξt,n is approximately linear with the number of
DW cycles.
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For the purposes of nondimensionalization and applicability, let v equal t/45, and by
substituting Equation (1) into the fitting formula, the modified formulas for cohesion under
different vibration times are obtained, as shown in Equation (2).

cv,n =

{
c0,0(1.23 − 0.23en/5.13), v = 0, 0 ≤ n ≤ 5

c0,0(0.75 − 0.03n − 0.13v), 1
3 ≤ v ≤ 1, 0 ≤ n ≤ 5

(2)

where v is the normalized vibration time, v = t/45, where t is the vibration time and 45 is
the maximum vibration time; cv,n is the cohesion under nth DW cycles and the normalized
vibration time v; and c0,0 is the initial cohesion (without DW cycles and vibration).

Figure 10 presents the relationship between the normalized internal friction angle and
the number of DW cycles. The internal friction angle ratio is approximately linear with the
number of DW cycles, and the correction formula for the internal friction angle is shown in
Equation (3).

φn =

{
(0.073n + 1)φ0, v = 0, 0 ≤ n ≤ 5

β(0.073n + 1)φ0, 1
3 ≤ v ≤ 1, 0 ≤ n ≤ 5

(3)

where φn and φ0 are the internal friction angle for the nth and initial friction angle, respec-
tively; β is the correction factor, taking 1.1 for 0 ≤ n ≤ 2 and 1.03 for 3 ≤ n ≤ 5.



Appl. Sci. 2024, 14, 458 10 of 16

Appl. Sci. 2024, 14, x FOR PEER REVIEW  10  of  17 
 

/ 5.13(1.23 0.23 ), 0 0 5
0,0

, 1
(0.75 0.03 0.13 ), 1 0 5

0,0 3

nc e v n
c
v n

c n v v n

     
      


，

，

  (2) 

where v is the normalized vibration time, v = t/45, where t is the vibration time and 45 is 

the maximum vibration time; cv,n is the cohesion under nth DW cycles and the normalized 

vibration time v; and c0,0 is the initial cohesion (without DW cycles and vibration). 

Figure 10 presents  the relationship between  the normalized  internal  friction angle 

and  the number of DW cycles. The  internal  friction angle ratio  is approximately  linear 

with the number of DW cycles, and the correction formula for the internal friction angle 

is shown in Equation (3). 

0

0

(0.073 1) , 0 0 5

(0.073 1) , 1,0 5
3

n

n v n

n v n




 

   
 

    

，

  (3) 

where φn and φ0 are the internal friction angle for the nth and initial friction angle, respec-

tively; β is the correction factor, taking 1.1 for 0 ≤ n ≤ 2 and 1.03 for 3 ≤ n ≤ 5. 

 

Figure 10. Internal friction angle ratio vs. DW cycle. 

So, the fitting formula for shear strength can be modified as follows: 

 

 

/5.13
0 0,0

,

0 0,0

tan (0.073 1) (1.23 0.23 ), 0 0 5

tan (0.073 1) (0.75 0.03 0.13 ), 1,0 5
3

n

v n

n c e v n

n c n v v n

 


  

      
  

       

，
  (4) 

where τv,n is the shear strength under nth DW cycles and the normalized vibration time v; 

σ is the normal stress. 

Figure 11 shows a comparison of shear strength calculated using Equation (4) and 

the measured values for all DW cycle numbers and vibration times. The diagonal line is 

the contour line, where the measured values are equal to the predicted values. The data 

errors are all within 10%, demonstrating  that  the modified shear strength  formula has 

high prediction accuracy. 

Figure 10. Internal friction angle ratio vs. DW cycle.

So, the fitting formula for shear strength can be modified as follows:

τv,n =

{
σ tan[(0.073n + 1)φ0] + c0,0(1.23 − 0.23en/5.13), v = 0, 0 ≤ n ≤ 5

σ tan[β(0.073n + 1)φ0] + c0,0(0.75 − 0.03n − 0.13v), 1
3 ≤ v ≤ 1, 0 ≤ n ≤ 5

(4)

where τv,n is the shear strength under nth DW cycles and the normalized vibration time v;
σ is the normal stress.

Figure 11 shows a comparison of shear strength calculated using Equation (4) and
the measured values for all DW cycle numbers and vibration times. The diagonal line is
the contour line, where the measured values are equal to the predicted values. The data
errors are all within 10%, demonstrating that the modified shear strength formula has high
prediction accuracy.
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3.2. Analysis of Unconfined Compression Strength Test Results
3.2.1. Characteristics of Stress–Strain Curve in UCS Test

Figure 12 presents the stress–strain curve of the UCS test. Most of the stress–strain
curves are strain-softening, i.e., there is a clear downward trend after reaching a peak.
Additionally, the DW cycle and vibration have a significant influence on the shape of the
stress–strain curve. With an increase in the number of DW cycles and vibration time, the
UCS gradually decreases. The most significant change was observed after the first DW
cycle or 5 min of vibration for the specimens. Compared to vibration, the DW cycle has a
greater impact on the stress–strain curve. After undergoing five DW cycles, the UCS of the
specimen without vibration decreases by approximately 60%, while after 15 min of vibration
without DW cycles, the UCS decreases by 44%. The combination of the DW cycle and
vibration causes the specimen to reach the UCS at a small axial strain. From Figure 12a,b, it
can be observed that the UCS is at around 15% axial strain. From Figure 12c,d, it can be
observed that after four DW cycles, the UCS shifts to before 7.5% axial strain, indicating
that the coupling effect of both factors greatly deteriorates the structure of the soil specimen,
leading to rapid failure of the soil specimen under compression.
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3.2.2. Unconfined Compression Strength

Figure 13 shows the relationship between UCS and the number of DW cycles and
vibration time. The UCS decreases rapidly with an increase in the number of DW cycles
and vibration time, the rate of decrease gradually slows down and eventually stabilizes
and the trend of changes caused by vibration time is similar to that of Liu et al. [29].
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To further quantify the effect of DW cycles and vibration on the UCS, the degradation
of UCS is calculated using Equation (5).

ηt,n =
UCS0,0 − UCSt,n

UCS0,0
× 100% (5)

where ηt,n is the UCS degradation index after t minutes of vibration and nth DW cycles;
UCS0,0 is the UCS without DW cycles and vibration; and UCSt,n is the UCS after t minutes
of vibration and nth DW cycles.

The calculation results of ηt,n are shown in Table 4. It can be observed that the DW
cycle and vibration have a significant degradation effect on the UCS, reaching a maximum
of 81.1%. The initial DW cycles and vibration have the most significant impact, with ηt,n
reaching 30.2% and 30%, respectively. When the vibration time increases from 5 min to
15 min, there is little change in ηt,n, with an average increase of about 10%.

Table 4. ηt,n under DW cycles and vibrations.

Vibration Time/mins

UCS Degradation Index ηt,n/%

DW Cycles/Times

0 1 2 3 4 5

0 0.0 30.2 35.7 42.0 48.5 59.4
5 30.0 41.2 45.5 57.5 69.8 75.2
10 36.2 50.2 55.7 63.7 73.2 77.2
15 43.5 47.7 54.0 67.7 76.5 81.1

Figure 14 presents the relationship between the UCS degradation index ηt,n and the
DW cycle. The relationship is nonlinear for unvibrated specimens, while it is approximately
linear for vibrated specimens. By substituting Equation (5) into the fitting formula, the USC
under DW cycles and vibrations can be obtained, as shown in Equation (6).

UCSv,n =

{
UCS0,0(1 − 0.27n0.45), v = 0

UCS0,0(0.74 − 0.1n + 0.045nv − 0.45v), 1
3 ≤ v ≤ 1

(6)

where v is the normalized vibration time, v = t/15, where t is the vibration time, and 15 is
the maximum vibration time; UCSv,n is the UCS under nth DW cycles and the normalized
vibration time v.
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Figure 15 shows a UCS comparison of the calculated and measured values for different
vibration times under 0–5 DW cycles. The diagonal line is the contour line, where the
measured values are equal to the predicted values. The data errors are all within 8%,
indicating that the modified UCS formula has good accuracy.
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4. Conclusions

Through direct shear and UCS tests, the stress–strain curves, cohesion, internal friction
angle and UCS of GRS were studied. Modified calculation formulas for shear strength
and unconfined compression strength under DW cycles and vibration were proposed. The
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proposed modified formulas enable the use of more accurate GRS mechanical parameters in
numerical simulations, as opposed to the outdated parameters often found in geotechnical
survey reports. Furthermore, the research provides specific mechanical parameter changes
for considering soil in different influencing areas, such as areas affected only by DW cycles,
areas affected only by vibrations and areas where the two factors intersect. By applying
more precise grid mechanical parameters to these distinguishing regions, researchers can
obtain more accurate simulation results. The following conclusions were drawn:

(1) The stress–strain curve of shear strength mainly exhibited strain-hardening char-
acteristics. Due to the volume shrinkage caused by DW cycles and vibration, the
shear compressibility of the sample increased with the number of DW cycles and the
vibration time. The stress–strain curve of unconfined compression strength showed
strain-softening characteristics, with a significant decrease in the stress peak due to
DW cycles and vibration, and their combined effect shifted the stress peak forward in
the stress–strain curve.

(2) The cohesion decreased nonlinearly with the increase in the number of DW cycles
and the vibration time, and the degradation of cohesion reached 58.6% under their
combined effect, but the degradation effect was not simply additive. The compaction
effect of DW cycles on the soil caused a fluctuating increase in the internal friction
angle with the increase in the number of DW cycles. The influence of vibration on the
internal friction angle decreased with the increase in the number of DW cycles.

(3) The UCS rapidly decreased and then stabilized with the increase in the number of
DW cycles and vibration time. The degradation effect of UCS due to DW cycles and
vibration was significant, with a maximum degradation of 81.1%. Without vibration,
the degradation of UCS increased nonlinearly with the number of DW cycles, while
after experiencing vibration, the degradation of UCS increased linearly with the
number of DW cycles.

(4) Modified formulas considering the effects of DW cycles and vibration on shear
strength and UCS were established. The calculated values of the two modified
formulas were within a reasonable range of error compared to the measured values,
indicating that the modified formulas can effectively predict the effects of DW cycles
and vibration on shear strength and UCS.
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