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ABSTRACT: The effects of sand grain size and interface groove spacing on the shear behavior of the sand-concrete interface were
investigated under consistent roughness conditions through a series of interface shear tests. Tests utilized different grain sizes of
sand and concrete slabs with varying surface textures, based on the sand pouring method. The results were compared with those of
pure sand shear tests to evaluate variation characteristics in parameters such as shear stress and friction angle in the interface shear
tests. Additionally, the particle flow model was employed to comprehensively analyze rotation characteristics of sand particles and
the development trend of shear band width. The findings indicate that: (1) interface shear strength is closely linked to grain size
distribution range and groove spacing; (2) thickness of the shear band is positively correlated with particle size, while its correlation
with groove spacing is weaker.
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Sand particle size range.
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RESUMEN: Mecanismo de influencia del tamaiio de las particulas y las caracteristicas geométricas de la interfaz en el
comportamiento mecanico de corte de la interfase arena-hormigon. Para estudiar el efecto del tamafio de grano de arena y el
espaciado de ranuras en el corte de la interfase arena-hormigon, se realizaron ensayos usando el método de irrigacion de arena. Se
usaron arenas de diversos tamafios y losas de hormigoén con diferentes texturas superficiales. Se analizaron cambios en el esfuerzo
cortante y el angulo de friccion. También, se empled un modelo de flujo de particulas para examinar como las caracteristicas de
rotacion de las particulas de arena influyen en el ancho de la banda de corte. Los resultados mostraron que: (1) La resistencia al corte
de la interfaz esta estrechamente relacionada con la distribucion del tamafio de las particulas y el espaciado de las ranuras; (2) El
grosor de la banda de corte se correlaciona positivamente con el tamaiio de las particulas, mientras que su relacion con el espaciado
de las ranuras es menos notable.

PALABRAS CLAVE: Superficie de contacto arena-hormigon; Rugosidad; Programa de Flujo de Particulas PFC; Textura de ranura
semicircular; Gama granulométrica de la arena.
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1. INTRODUCTION

Soil-artificial structure contact surfaces widely exist in geotechnical infrastructure, such as pipelines, retaining
walls, anchors, pile foundations, abutments, slopes, and various other geotechnical structures (1-3). The shear strength
of the contact surface is frequently lower than that of the soil’s interior, rendering the contact surface vulnerable as the
primary point of instability in geotechnical engineering. Investigating the interaction mechanisms between soil parti-
cles and the concrete interface, as well as enhancing the interface shear strength, is crucial for improving the safety of
geotechnical engineering. The interfacial interaction mechanism primarily relies on the soil material, the surface prop-
erties of the artificial structure, and the pressure conditions. Key factors influencing the soil material include porosity,
particle size distribution, particle shape, compactness, particle stiffness, and drainage conditions (4-10) and significant
factors influencing the surface properties of the structure encompass surface roughness, surface stiffness, and texture
arrangement characteristics(11-14).

Macroscopic factors such as porosity, compactness, and drainage conditions are easily measurable in laboratory, and
the influence of macroscopic factors on interface shear strength is already clear, while the impact of microscopic fac-
tors like particle size range, shape, particle stiffness, surface roughness, and other variables on interface shear strength
remains under-researched (15). Research had demonstrated that the peak shear strength of the interface exhibited a
significant positive correlation with changes in coarse particle content and particle size ratio. However, this correlation
diminished as the coarse particle content increases beyond a certain threshold. Conversely, the residual shear strength
showed a negative correlation with coarse particle content (16). The thickness of the interface shear band showed a
correlation with the coarse particle content in stages. Specifically, when the coarse particle content was low, the two
were positively correlated, but when the content exceeded a certain proportion, they became negatively correlated (17).
Because of the inherent randomness and complexity of soil particles, the research on particle size distribution, particle
shape and other microscopic influencing factors were still at the stage of phenomenal analysis. A unified system of
quantitative indexes for microscopic parameters of particles had not yet been established (18, 19). Furthermore, nu-
merous studies had improved surface roughness by incorporating regular or irregular texture patterns onto structural
surfaces, resulting in a notable increase in interface shear strength. The extent of enhancement in shear strength was
closely related to factors such as the form, geometric characteristics, and spatial distribution of the pattern (20, 21).

Currently, the direct shear test remains the most prevalent and stable method compared to other interface test meth-
ods (such as tilt table test, ring shear test). It had been extensively used to investigate the shear behavior of soil-geo-
technical material interfaces, soil-steel material interfaces, and soil-concrete interfaces (22-27). It was worth noting
the rapid development in test materials and observation methods, such as Particle Image Velocimetry (PIV), soil par-
ticle 3D printing technology, Computed Tomography, particle stiffness measurement technology, and transparent soil
technology (28-30), these advancements had enabled the analysis of interfacial shear mechanisms at the mesoscopic
scale. Furthermore, with the advancement of numerical simulation technology, the Discrete Element Method (DEM),
which involved generating soil particles and assembling them into geological bodies, had been extensively utilized
(31-36), this method could realize the large-scale interactions between particles and particles and between particles and
structures, allowing the assembly of spherical particles into new particles with complex morphology. Consequently, it
offered an effective analytical tool for uncovering the mechanism of particle combination on the overall behavior of
the soil. Currently, microscopic parameters are typically calibrated through macroscopic phenomena, such as particle
stiffness, particle friction coefficient, particle elastic modulus, and other parameters, directly establishing particle me-
soscopic parameters through indoor experiments remains challenging (37, 38).

In summary, extensive research had delved into various factors such as different material structures, surface rough-
ness, surface texture pattern types, coarse particle content, particle shape, and others. These studies had led to sig-
nificant progress in understanding interface shear behavior. However, research on the interfacial shear behavior of
concrete surfaces with different morphological characteristics and particle size ranges under the same roughness condi-
tions is relatively scarce. In this study, concrete slabs with different semi-circular groove spacings were designed using
the sand filling method while maintaining the same surface roughness. Additionally, three types of sand materials with
typical particle size ranges were prepared (Type A sand (0.075-0.5 mm), Type B sand (0.5-2 mm), and Type C sand
(2-5 mm)). To avoid the influence of particle shape, the three types of sand were sourced from the same location and
possessed identical particle strength conditions and shape characteristics. Through standard direct shear tests, shear
displacement-stress curves were obtained for both pure sand and sand-concrete interfaces with varying particle size
ranges. Furthermore, a numerical model under identical conditions was established using Discrete Element Method
(DEM) for comprehensive analysis. The influence of sand particle size range and groove arrangement characteristics
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on interface shear strength was analyzed. In this study, it was found that different morphological characteristics and
different particle size ranges did have a significant effect on the shear behavior of the interface. The results of the
study revealed the influencing mechanism of particle size and geometric characteristics of the interface on the shear
mechanical behavior of the sand-concrete interface, and it was found that the shear strength could be increased by up to
29.3% by adjusting the groove morphology. The results of the research could be widely used in actual projects such as
retaining walls, pile foundations and underground structures. Engineers could choose the appropriate design scheme of
the interface according to the characteristics of sand materials at different sites to improve the stability and bearing ca-
pacity of engineering structures. The data of the thickness of shear band and shear strength obtained in the study could
be used to validate and calibrate the numerical model under similar working conditions, thus improving the accuracy
of the prediction of engineering behavior under complex geological conditions.

2. TEST METHOD AND MATERIAL

2.1. Preparation of test samples

To investigate the variations in interface shear strength under different particle sizes and numbers of grooves, three
types of natural sand with distinct particle size ranges were screened: Type A sand (2-5mm), Type B sand (0.5~2mm),
and Type C sand (0.075~0.5mm). The basic physical parameters of the sand materials were outlined in Table 1, the
sand samples were shown in Figure 1, and the sand gradation curve was presented in Figure 2. The test equipment
utilized was the ZJ type strain-controlled direct shear instrument manufactured by Nanjing Soil Instrument Factory
Co., Ltd.

Ficure 1. The appearance of particles in three types of sand samples. FiGURE 2. Particle size of all three sands used in this study.

TaBLE 1. The physical properties indicators of three types of sand soil samples.

Physical properties indicators Coarse sand (Type A) Medium sand (Type B) Fine sand (Type C)

D, 2.24 0.59 0.1
D, 2.81 0.78 0.178
D, 3.47 1.0 0.22
Dy, 3.8 1.15 0.25
Coefficient of uniformity (Cu) 1.70 1.95 2.50
Coefficient of curvature (Cc) 0.93 0.90 1.27
Dr (%) 50 50 50
P, (8em®) 1.25 1.30 1.33
P (8/cm?) 1.70 1.61 1.58
Maximum void ratio (e, ) 1.14 1.03 0.97
Maximum void ratio (e, ) 0.57 0.64 0.66
void ratio (e)) 0.86 0.84 0.82
Particle specific gravity (G) 2.67 2.64 2.62
V (cm?®) 60 60 60
m_(g) 85.7 86.1 86.4
m_(g) 16.7 16.4 16.2
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Before conducting the test, a self-made glass mold was used to carry out concrete mud diffusion test based on sand
filling method, and a random sand-concrete interface was prepared under the action of gravity. Based on CT technol-
ogy, Ms voxel 450 industrial CT scanner was used to scan the test sample, and 9 slice images of the 3D model of mud
diffusion samples were obtained to determine the average sand filling depth of the grooves on the concrete surface
(39). The contact cross-section curve was considered as a function of x, with the lowest point of the contact surface
designated as the y=0 position, as shown in Figure 3. The average depth of sand filling was obtained by integrating ac-
cording to Equation [1], which was the average surface roughness (Ra), and the random surface morphology roughness

of concrete measured in this study was 2.64 mm.

S @lar )

Where R is the average surface roughness, L is the sampling length, Y is the height of the contact surface, and x is
the distance of the contact surface from the left endpoint.

FiGure 3. Schematic diagram of surface roughness function.

The groove-like contact form was indeed one of the more common random contact forms. In this study, the ran-
dom groove form was generalized into an ideal semicircular groove, and the impact of the number of grooves on the
interface shear behavior under the same roughness condition was studied. In order to maintain the same roughness as
the natural concrete interface, three types of concrete specimens with the same roughness as the random surface were
prepared in this study by varying the groove spacing and groove radius, and the number of grooves was n=5/9/ 13
respectively. The dimensions of concrete specimens with different number of grooves were shown in Table 2 and the
morphology of concrete specimens with different number of grooves was shown in Figure 4. The concrete was poured
into the molds and demoulded to obtain the grooved concrete specimens used in the test, which was composed of water,
cement, sand and stone, and the mix ratio of the concrete material was 0.5:1:2.11:2.53. The molds were prepared by 3D
printing technology. Firstly, the 3D models of the concrete block test molds were drawn by SolidWork software, and
then the linear resin material was heated and extrated by the processing head of the 3D printer to produce the concrete
block test molds with different contact surface shapes, as shown in Figure 5. concrete block test molds. The concrete
was poured into the molds and then demolded to obtain the grooved concrete specimens used in the test, as shown in
Figure 6.

TaBLE 2. Design parameters of concrete test blocks with different numbers of
grooves.

Concrete L H [ 1 Zz 13 h1

test block (mm) (mm) (mm) (mm) (mm) (mm)

n=>5 96 20 1092 59 8.9 5.46
n=9 96 20 814 167 4.69 4.07
n=13 96 20 6.78 0.13 315 3.39

FiGURE 4. Geometric characteristics of semicircular contact

surfaces with different number of grooves.
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FiGure 5. Concrete block test molds. FiGure 6. Concrete specimens used in the test.

2.2. Test plan

To investigate the influence of different numbers of semicircular grooves and varying sand particle size ranges
on the shear mechanical properties of the contact surface under the same roughness (2.6mm), direct shear tests were
conducted on the three types of configured sand according to the test scheme combinations outlined in Table 3. The
vertical pressures at all levels in the direct shear test should be applied according to the engineering reality and the
softness or hardness of the soil, the difference between the vertical pressures at all levels should be roughly equal. In
the actual operation process, considering the characteristics of the sand sample and the function of the physical experi-
ment device, in order to prevent the crushing of the sand particles when they passed over the grooves due to excessive
pressure, the normal stress was determined as 50kPa, 100kPa, 200kPa, 300kPa. The principle of the direct shear test at
the semicircular groove interface was shown in Figure 7.

TaBLE 3. Direct shear test scheme.

Number of grooves

Sandy soil type P 9 13
Type A AS A9 Al3
Type B BS B9 B13
Type C Cs C9 C13

FiGure 7. Principle of semicircular groove
interface direct shear test.

3. TEST RESULTS AND ANALYSIS

3.1. Analysis of shear stress-displacement curves

Figure 8 to Figure 10 shower the shear stress-shear displacement relationship curves of three types of sand at the
interface with varying numbers of grooves under different normal stresses. In the case of the same roughness of the
contact surface, it could be seen that when the sand particle size range was smaller, the trend of the curve was gentler,
the process of reaching shear failure stress was more uniform, and there were fewer protruding points on the curve. It
was due to the fact that during the shear test, the smaller the particle size of the sand, the smoother it passed through
the grooves on the surface, and the less resistance it had to friction with the surrounding collision.
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(&) n=5

(b) n=9

(c)n=13

FiGuRE 8. Shear stress-shear displacement curves of Type A

sandy soil under different normal stresses and groove numbers.

(a) n=5

(c) n=13

(&) n=5

(b) n=9

(c)n=13

FIGURE 9. Shear stress-shear displacement curves of Type B
sandy soil under different normal stresses and groove number.

(b) n=9

FiGure 10. Shear stress-shear displacement curves of Type C sandy soil under different normal stresses and groove numbers.
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3.2. Shear strength of contact surface and internal friction angle

Four kinds of vertical load ¢ used in the test were 50 kPa, 100 kPa, 200 kPa, and 300 kPa, and the shear strength tf
corresponding to each level of vertical load could be obtained at the end of the test. According to the Mohr-Coulomb
strength theory, the formula for the shear strength in the direct shear test is 1f = cf +otang. The cohesive strength and
friction coefficient were obtained by fitting the data with OriginPro 2024 (64-bit) SR1 software, and the results are
shown in Table 5.

Taking the shear strength under 300kPa normal stress as an example, the direct shear strengths of different types of
sand at surfaces with different numbers of grooves were shown in Table 4. When the number of grooves in the concrete
test block was 5, the shear strength of Type A sand was 9.93% higher than that of Type B sand and 25.16% higher than
that of Type C sand. When the number of grooves in the concrete test block was 9, the shear strength of Type A sand
was 7.68% higher than that of Type B sand and 25.68% higher than that of Type C sand. When the number of grooves
in the concrete test block was 13, the shear strength of Type A sand was 11.06% higher than that of Type B sand and
31.08% higher than that of Type C sand. The shear strength fitting equation and parameters of the interface between
sand and concrete slabs were shown in Table 5. From the table, the cohesion and internal friction angle of sand in dif-
ferent particle size ranges and the correlation coefficients of the fitting equation could be visually compared.

TABLE 4. Shear strength between different sand soil types and TaBLE 5. Fitting equations and parameters of shear strength for
different numbers of grooves (under 300kPa normal stress). different sands and different grooved concrete contact surfaces.
Number of Particle size . o
Sandy soil Number of grooves arooves ranges (mm) Curve equations ¢, (kPa) o (°) R?
type 5 9 13 TypeAsand  7,=0.9536+0.6345c  0.9536 3240  0.999
Type A 190.15 217.23  228.46 n=5 TypeBsand  7,=0.4307+0.5738c  0.4307 29.85 0.999
Type B 172.98 20173 205.71 Type Csand  7,=02497+05157¢ 02497 2728  0.997

Type C 15192 20173 174.29 TypeAsand  7,=0.9536+0.75126 09536 3691  0.996

f

n=9 Type Bsand  7,=0.4307+0.68110 0.4307 34.26 0.999

f

Type Csand  7,=0.2497+0.5809¢ 0.2497 30.15 0.997

Type Asand  7,=0.9536+0.7855¢ 0.9536 38.15 0.997

f

n=13 Type Bsand  7,=0.4307+0.69770 0.4307 34.90 0.999

f

Type Csand  7,=0.2497+0.6012¢ 0.2497 31.01 0.996

In order to investigate the effects of changes in grain size and the number of grooves on the peak shear strength
of the interface, the median particle size (D50), which is a measure of the change in particle size of the sand, and
the number of grooves, which characterizes the change in the morphology of the contact surfaces, were used as
variables, and the peak shear strength of the interface was used as the dependent variable. In this study, the Origin
Pro 2024 (64-bit) SR1 software was used to fit the data into mathematical equations, and various fitting modes,
such as linear fitting, polynomial fitting, and nonlinear curve fitting, were attempted. In the process of fitting the
particle size (D50) to the peak shear strength of the interface as a function, when the ‘Quick Fit’ category included
in nonlinear curve fitting was tried, the Logistic function contained in ‘Quick Fit’ met the requirements, and the
basic format of the function was:

(2]

During fitting, the Levenberg-Marquardt iterative algorithm was used to gradually approximate the original
data, the fitting curves obtained were shown in Figure 11, and the fitting functions obtained were shown in Table 6.
As the coefficient of determination R2 varied from 0.99885 to 0.99897, the fitting accuracy met the requirements.
In the process of fitting the number of grooves to the peak shear strength of the interface as a function, the
nonlinear curve fitting was also used, when the ‘Origin Basic Functions’ category was used, the ‘ExpAssoc’
function contained in ‘Origin Basic Functions’ met the requirements, and the basic format of the function was:

(3]
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The Levenberg-Marquardt iterative algorithm was also used to gradually approximate the original data, the
obtained fitting curves were shown in Figure 12, and the corresponding fitting functions were shown in Table 6.

From Figure 9, it could be seen that the particle size range of the sand had a significant influence on the shear
strength of the concrete-sand contact surface. With an increase in particle size, the shear strength of the concrete-
sand contact surface also increased. A non-linear relationship between particle size range and shear strength was
observed. When the median particle size was increased from 0.22mm to 1.0mm, the average increase in shear
strength was 23.7% at P=50kPa, 16.7% at P=100kPa, 22.0% at P=200kPa and 16.1% at P=300kPa. When the
median particle size was increased from 1.0mm to 3.47mm, the average increase in shear strength was 10.4%
at P=50kPa, 11.9% at P=100kPa, 17.5% at P=200kPa, and 9.7% at P=300kPa. When the median particle size
was increased from 0.22mm to 3.47mm, the shear strength was increased by a maximum of 43.2%. It was
observed that there was a critical value for the effect of particle size on shear strength. By studying the functional
relationship, it was found that the upper limit of the critical value of the particle size in this study was close to
2.0mm, and the lower limit was close to 0.5mm. The effect of the change in particle size on shear strength was
weakened when it exceeded this critical range.

Similarly, from the Figure 10, it could be seen that the number of grooves also had a significant effect on the
interfacial shear strength, and the shear strength rose with the increase in the number of grooves. Under lower
normal stress conditions (e.g., P = 50 kPa), the interfacial shear strength was close to linear with the number of
grooves, whereas the interfacial shear strength showed a nonlinear relationship with the number of grooves when
the normal stress rose, and the fitted functional relationships were shown in Table 6. When the number of grooves
increased from 5 to 9, the average increase in shear strength was 10.7% at P=50kPa, 24.2% at P=100kPa, 21.7%
at P=200kPa and 15.0% at P=300kPa.When the number of grooves increased from 9 to 13, the average increase
in shear strength was 7.3% at P=50kPa, 4.1% at P=100kPa, 5.0% at P=200kPa and 2.7% at P=300kPa. When the
number of grooves was increased from 5 to 13, the shear strength was increased by a maximum of 29.3%. It was
observed that there was a critical value for the impact of the number of grooves on shear strength. Studying the
functional relationship, it was found that the critical value of the number of grooves in this study was close to 9.
Beyond this value, the change in the number of grooves had a weakened effect on shear strength. Additionally,
when the normal stress was 100-200kPa, the change in the number of grooves had the highest efficiency in im-
proving shear strength.

(a) normal stress=50kPa (b) normal stress=100kPa

(c) normal stress=200kPa (d) normal stress=300kPa

Ficure 11. Fitted shear strenght curves under different sand particles size ranges.
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(a) normal stress=50kPa (b) normal stress=100kPa

(c) normal stress=200kPa (d) normal stress=300kPa
FiGure 12. Fitted shear strength curves under different groove numbers..

TaBLE 6. Fitted equations between shear strength and median particle size (D50) and number of grooves.

Serial number  functional relationship Particle size range (mm) Curve equation R?
Type A sand y =101.6 +67(1—e™*%) +67.7(1 —e™**) 1
y: shear strength ‘
Type B sand y =-198.9+202.7(1-e ") +202.67(1-¢™") 1
x: D50
Type C sand y = -464.8 +319.6(1 -e™"*) +319.6(1 —e™"*) 1
-38.6
Type A sand = . +190.5 0.999
P 1+(x/0.95)
y: shear strength -44.4
2 Type B sand = S +217.2 0.999
X: groove number 1+(x/0.82)
-54.
Type C sand Zu +228.6 0.999

Y 1+ (x/0.89)°

According to the fitting equations for shear strength in Table 5, the interfacial friction angle of various types of sand
under the condition of different number of grooves was determined, and the relationship between it and the type of
sand was drawn as shown in Figure 11. Figure 13 visually reflected the relationship between the internal friction angle
and the particle size range of sand, it indicated that the larger the particle size range, the larger the interfacial friction
angle. When the number of grooves was 5, the friction angle of the Class A sand-concrete interface was 111.00% of
the Class B sand-concrete interface and 124.11% of the Class C sand-concrete interface. When the number of grooves
was 9, the friction angle of the Class A sand-concrete interface was 110.65% of the Class B sand-concrete interface and
130.29% of the Class C sand-concrete interface. When the number of grooves was 13, the friction angle of the Class A
sand-concrete interface was 112.93% of the Class B sand-concrete interface and 131.58% of the Class C sand-concrete
interface. Under the same roughness, it could be seen that the greater the number of grooves, the greater the internal
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friction angle of the contact surface. However, the internal friction angles measured under different shear conditions
were smaller than that of pure sand.

4. NUMERICAL MODELING AND ANALYSIS

4.1. The establishment of PFC model and the determination of parameters

During the shear process, the particles near the interface moved due to the dislocation between the upper and lower
shear boxes. Rotational motion was a direct result of shear stress, the rotation angle of the particles could indicate the
strength of the particles subjected to shear, and the distribution range of the rotating particles could indicate the distri-
bution range of the interfacial shear band. It was still not able to capture the particle rotation characteristics accurately
and intuitively under indoor test conditions. Therefore, this study utilized PFC2D 6.0 software to establish a discrete
element analysis model with the same size as the sample in the indoor test according to the shear test conditions. In the
modelling process, the typical particle morphology in the sand specimen was selected, and then the CAD software was
used to depict the 2D profiles of the typical particles and save the outlines as DXF files. The profiles of 7 types of typi-
cal particle were shown in Figure 14, and the maximal profile diameter of each particle was approximated to be equal.
The PFC software was used to import DXF files to identify and generate templates. Each template was then filled with
a number of circular particles. The ratio of the maximum circular particle diameter to the minimum circular particle di-
ameter in each template was set to 0.1, and the proportion of circular particles exceeding the template boundary was set
to 5%. The resulting rigid cluster particle template formed after particle filling was shown in Figure 15. In the process
of generating the sand model, the particle sizes of each template were multiplied in order by the amplification coeffi-
cient designed in equal proportions. This ensured that the minimum and maximum particle sizes generated conformed
to the maximum and minimum particle sizes in the gradation curve. Additionally, the particle sizes of other templates
were distributed in the particle size range according to the principle of equal proportion. Finally, the same mass fraction
as the gradation curve was generated according to the template order. Unfortunately, the current sand model did not
fully reflect the true mass fractions of different shapes of sand particles, as a detailed classification of the shapes of sand
particles had not been carried out along with an investigation of the mass fractions of the different shapes.

Ficure 13. The relationship between the FiGURE 14. 7 types of typical particle Ficure 15. Clump templates filled with
internal friction angle of the contact surface profiles. circular particles.
and the grain size range of sand.

The upper and lower shear boxes and shear surfaces of the model were simulated through “generalized walls”, as
shown in Figure 16(a), and the size of the model was 96mmx4.0mm (length x height). No.(1)(2)(3) was the upper
shear box, No.(4)(6) was the blocking structure, No.(7)(8)(9) was the lower shear box, and No.(5) was the shear sur-
face with semicircular grooves. During the shearing process, No.()(2)(3)(6) were fixed, No.(4)(5)(7)(8)(9) moved to
the right at a speed of 1.2mm/min, and the maximum shearing displacement was set to 7mm. The normal and tangential
contact stiffness between particles was set to 2x108 N/m, the normal and tangential contact stiffness between particles
and walls was also set to 2x108 N/m, the normal pressure was set to 300 kPa, the interfacial friction coefficient was
set to 0.32, and the interparticle friction coefficient was set to 0.91. Figure 16(a), (b), and (c) represented shear models
corresponding to type A sand samples, type B sand samples, and type C sand samples respectively. To increase the
continuity of the change in the number of grooves, two working conditions with the number of grooves n=7 and n=11
were added to the numerical model, and the geometrical characteristics of the grooves of the added interfaces were
shown in Table 7. Finally, a total of five types of semicircular shear interfaces with the same roughness (n=5/7/9/11/13)
were designed into the numerical model.
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FiGure 16. Numerical model of direct shear for serrated contact surfaces (n=9).
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4.2. Analysis of numerical simulation results

The accuracy of numerical simulation results is closely related to the input parameters. Regrettably, it is unable to
acquire particle parameters such as contact stiffness, interparticle friction angle, and particle elastic modulus at the
microscopic level through laboratory experiments in this study. As an alternative, the relevant microscopic parameters
were determined by reviewing references and using analogy methods. While the shear curves obtained through
numerical simulation may not perfectly reflect the actual shear process, its reliability was high regarding particle
motion laws and interparticle interaction mechanisms. Therefore, the shear displacement curves obtained through
numerical simulation were not presented but instead explored the results of the numerical simulation in the perspective
of shear mechanisms.

It shows that increasing the particle size can not only improve the interfacial shear strength, but also increase the
thickness of the shear zone (14, 16 40, 41). From Figure 17, it can be seen that the influence of the particle size range
on the interfacial shear characteristics is as follows: (1) the shear band thickness increases rapidly with the increase
of particle size, and the fluctuation range of the shear band thickness in different particle size ranges also increases.
Specifically, the shear band thickness of Type A sand is 12.4-16.4mm, the shear band thickness of Type B sand was
8.5-10.92mm, and the shear band thickness of Type C sand is 5.0-6.5mm. (2) The boundaries of the shear bands
generated in Type B sand and Type C sand are clear, while the boundaries of the shear bands of Type A sand are blurred.
Presumably due to the influence of the particle size effect, the matching degree between the particle diameter and the
size of the shear box is reduced.

During the shearing process, the upper sand particles underwent rotation and translation movements, and
the movement rules were closely related to factors such as the position of the sand particles, the amount of shear
displacement, and the geometric characteristics of the interface. Particle rotation was primarily caused by shear action
at the interface, so these rotation characteristics could directly reflect the development characteristics of the shear band
within the interface range. Therefore, in this study, the angle of particle rotation was used as an analytical variable
to analyze the influence of particle size range on the development laws of the shear band under different numbers of
semicircular grooves. To conserve pages, the state at a shear displacement of 3 mm was taken as the analysis object, and
the rotation angle of the particles at the beginning of the shear test was 0°. During the numerical test, the monitoring
function of PFC was used to record the particle rotation angle, and after the numerical test was completed, the data such
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as the particle position and the cumulative particle rotation angle in the result file were exported to TXT data text by
using the compilation function of the FISH language in the PFC software. The data text was imported into OriginPro
2024 (64-bit) SR1 software, and the cloud diagrams were drawn using the plotting function of the software, with the
diameter of the specimen as the X-coordinate and the height of the specimen as the Y-coordinate. The ‘surface’ splatter
was used to fill in the color of the cloud diagrams, which had 20 gradients, in order to increase the contrast of the cloud
diagrams, the gradient of the cloud diagram was displayed in non-linear type ‘probit’, so that it was easy to analyse
the distribution pattern of the shear bands. Since there was no rotation and corresponding particle information in the
lower part of the groove model, the boundary lines of the groove model were plotted by using Auto CAD software and
exporting the geometric information of the boundary lines as TXT text. After modifying the format, the text data were
imported into OriginPro 2024 (64-bit) SR1 software, and a column of data with particle rotation angle of 0 was added
for plotting within the specified analysis range. Finally, the two plots completed before and after were superimposed to
obtain the distribution cloud diagrams shown in Figure 18 to Figure 20.
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Ficure 18. Cloud diagram of particle rotation angles of Type A sandy soil under different numbers of grooves.
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The thickness of the shear band increases with surface roughness (30), while changes in the number of grooves in
this study do not affect surface roughness. The influence of the grooves number on shear characteristics is as follows:
(1) Increasing the number of grooves do not result in a significant increase in the thickness of the shear band, and the
degree of particle rotation do not change regularly.(2) The distribution of particle rotation at both ends of the upper
shear box is closely related to the shear direction. When the shear direction is from left to right, there are significantly
more particles rotating at the left end of the upper shear box compared to the right end. This occurs because, after shear
displacement, the gap between the particles at the left end increases, leading to a higher probability of particle rotation.
Conversely, the right end is compressed, resulting in a reduced gap and a decreased probability of particle rotation.

Overall, the rotation angle of the particles increases along the depth of the contact surface, with the maximum
rotation angle occurring near the contact surface. The areas where intense rotation occurred are primarily distributed
at the top edge of the groove surface. It can be seen that the sand particles at the upper corner of the groove have
greater amplitudes of sliding and rotation. The resistance between these sand particles is consequently higher, resulting
in greater shear stress being generated in this area. With an increase in the number of grooves on the concrete slab,
there is a corresponding increase in the number of sand particles that rotate at the interface, leading to more frequent
interactions between the sand particles and consequently resulting in higher interface shear strength. As the particle
size of the sand decreases, there is a transition in the rotation angle distribution of sand particles from discrete to
continuous along the cross-section. It leads to clearer boundaries between the rotation angles of the sand particles,
particularly evident at the upper edge of the groove, where there is an overall decrease in the values of rotation angle.
The reason behind this phenomenon is that smaller sand particles have weaker resistance against the edges of grooves.
Consequently, the force required to counteract bite force, rolling friction, and sliding friction decreases. It results in
smoother and more uniform force characteristics at the interface. Comparing the results of numerical simulation with
the results of indoor shear experimental, it is found that the shear mechanical properties demonstrated by both sets of
results are fundamentally consistent.
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5. ANALYSIS OF SHEAR MECHANISM

After the direct shear test, the contact situation of the interface between sand in different particle size ranges and the
concrete surface with grooves can be intuitively observed by photographing the contact surfaces, as shown in Figure
21. Distribution characteristics of interfacial particles in each working condition after direct shear test., where the
letters represent the types of sand and the numbers represent the number of grooves.

In the case of the same number of grooves, the larger the particle size of the sand, the larger the contact area between
a single sand particle and the groove surface, resulting in greater resistance to the groove surface. On the contrary, the
smaller the size of the sand particles, the greater the number of sand particles that can be filled in a single groove, the
smaller the friction and bite force between the sand grains and the groove surface, and between the sand particles and
sand particles, resulting in the less shear force required for friction, flip, and dislocation of particles.

The number of grooves on the contact surface also affects the interaction between the sand particles and the concrete
slab. During the direct shear test, under the conditions of same sand sample, increasing the number of grooves results
in more interfacial edges and corners, leading to greater shear stress generated by the resistance between sand particles
and concrete. Consequently, under a certain surface roughness, the shear strength increases as the number of grooves
increases.

Ficure 21. Distribution characteristics of interfacial particles in each working condition after direct shear test.

The number of grooves on the contact surface also affects the interaction between the sand particles and the concrete
slab. During the direct shear test, under the conditions of same sand sample, increasing the number of grooves results
in more interfacial edges and corners, leading to greater shear stress generated by the resistance between sand particles
and concrete. Consequently, under a certain surface roughness, the shear strength increases as the number of grooves
increases.

The increase in normal stress during direct shear is also an important factor affecting the shear strength of the
concrete-sand contact surface. As the normal stress increases, the bond between sand and concrete is strengthened,
leading to greater bite force generated at the interface. It results in sand particles fitting more closely into the grooves,
leading to increased friction force and higher shear strength. Additionally, as the particle size of the sand increases, the
changes in interfacial shear mechanical properties becomes more obvious.

6. DISCUSSION

6.1. Relationship between shear strength and number of grooves

In this study, it was found that the spacing density of the semicircular groove in contact surface had a significant
effect on the shear strength of the interface under the same roughness, the shear strength of the contact surface could be
improved by 29.3% under the optimal conditions, the shear strength was nonlinearly related to the groove density, and
the functional relationship was in accordance with the ExpAssoc function characteristic. The fitting results indicated
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that the change in shear strength was most sensitive when the number of grooves was between 5 and 9,with the spacing
of grooves varing from 5.9 mm to 1.67mm, the shear strength increases the fastest. When the number of grooves was
greater than 9, the sensitivity to changes in shear strength decreased, probably due to saturation of the action between
the grooves. The study confirmed the hypothesis that the degree of excitation of interfacial shear strength is closely
related to the geometric properties and spatial distribution of interfacial texture (20,21). The findings of this research
have significant implications for the design and construction of a range of practical projects, including retaining walls,
pile foundations, and underground structures, and the engineer can choose the appropriate design scheme for the
contact surface based on the characteristics of the sand materials on different sites.

6.2. Influence of sand particle size on shear strength

The study had also found that particle size had a significant effect on shear strength, verifying the phenomenon of
strong positive correlation between peak shear strength of the contact surface and changes in content of the coarse
particles and particle size ratio (16). In this study, the direct shear test on the contact surface of sand with three different
particle size ranges (2~5mm, 0.5~2mm, 0.075~0.5mm) and concrete revealed that the particle size of sand had a
significant effect on the shear strength under the same roughness of the contact surface, and the shear strength could
be improved by 43.2% when the median particle size was increased from 0.22mm to 3.47mm. Analysis of the fitted
function curves revealed that the efficiency of improving the shear strength was highest when the median particle size
of the sand samples varied between 0.5 mm and 2.0 mm, beyond which the effect of particle size on shear strength
diminished.

6.3. Changes in the thickness of the shear band

The thickness of the shear band at the contact surface is generally not directly observable. In this study, numerical
simulation was used to investigate the change of the thickness of the shear band. The results of numerical simulation
indicated that the thickness of the shear band increased rapidly with the increase of particle size, and the fluctuation
range of thickness of the shear band in different particle size ranges also increased. Among them, the thickness of the
shear band in Type A sand ranged from 12.4mm to16.4 mm, the thickness of the shear band in Type B sand ranged from
8.5mm to 10.92 mm, and the thickness of the shear band in Type C sand ranged from 5.0mm to 6.5 mm. The increase
in the number of grooves did not lead to a significant increase in the thickness of the shear band.

6.4. Changes in particle scale and motion characteristics

The particle motion characteristics in the shear process are generally not directly observable. This study combined
the distribution characteristics of the particles on the contact surface at the end of the shear test and the motion
characteristics of the particles in the shear process of the numerical simulation and found that as the range of particle
sizes varied from large to small, the sand particles change from violent staggering and overturning to low-intensity
inter-particle sliding friction as they pass through the grooves, corresponding to a similar reduction in the resulting
shear strength and a similar reduction in the strain softening effect.

7. CONCLUSIONS

In this paper, the shear mechanical properties of sand with different particle sizes on the surface of concrete slabs
with different grooves were investigated under certain roughness. After systematic work such as indoor direct shear
tests and numerical analysis, the conclusions are as follows:

(1) In this study, it is found that the density of grooves significantly affects the shear strength of the interface under the
condition of same roughness, and the shear strength can be increased by 29.3% under the optimum condition. However,
this effect decreases with the increase of the number of grooves, especially when the number of grooves exceeds 9.

(2) The sand particle size has a significant effect on the shear strength of the interface, and the shear strength can be
increased by 43.2% when the median grain size increases from 0.22mm to 3.47mm. The efficiency of improving shear
strength was most significant when the sand particle size ranges from 0.5mm to 2.0mm.

(3) The results of the numerical simulations shows that the increase in particle size leds to an increase in the thickness
of the shear band, but the increase in the number of grooves do not significantly change the thickness of the shear band.

(4) Changes in the motion characteristics of the particles reveal a transition from staggering to intergranular sliding.
This finding provides a new perspective for understanding the reduction of shear strength.
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