
Unified gradation index (Sm) for 
shear mechanics and particle 
breakage at calcareous sand-
structure interfaces
Ruiming Liu1,2,4, Wenbang Zhu1,2,4, Yabo Shi3, Yali Cao1,2, Longlong Wei1,2, Chaochao Sun1,2 
& Xiumei Zheng1,2

This study investigates the influence of particle gradation on the shear behavior and particle breakage 
at the interface between calcareous sand and structural materials (concrete, aluminum alloy, and 
steel piles) using a self-developed large-scale interface shear apparatus. An enhanced two-parameter 
gradation equation was proposed to unify the representation of both uniform grading curves and 
continuous grading curves, incorporating a novel gradation index (Sm) to quantitatively evaluate 
gradation effects. The results demonstrate that increasing coarse particle content reduces both 
peak and residual shear stresses while intensifying particle breakage, with these effects being more 
pronounced under higher normal stresses. Finer gradations exhibited greater softening behavior 
(βs = 47.66–54.98%), and surface roughness dominated shear strength (concrete > aluminum 
alloy > steel piles). Friction coefficients decreased with coarser gradations due to modified particle-
structure interlocking, following a power-law relationship for shear strength. The proposed Sm index 
effectively unified continuous and discontinuous gradation characterization, showing exponential 
correlation with friction coefficients and linear relationship with breakage rates. These findings provide 
fundamental insights into granular-structure interactions and establish a predictive framework 
applicable to diverse engineering scenarios, including offshore foundations and extraterrestrial 
soil-structure systems. The study advances interfacial mechanics through its quantitative gradation 
approach while offering practical tools for geotechnical design optimization in particle-sensitive 
environments.
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The calcareous sand region involves numerous infrastructure construction and development issues, such as 
the construction of port engineering in calcareous sand areas, the development of airport facilities, and the 
protection of calcareous sand coastlines1–7. It is not difficult to observe that during the construction of these 
island and reef projects, the interactions between calcareous sand and structures is involved, and the in-depth 
research on the mechanical properties of the interface is an important part of calcareous sand and structure 
interaction.

At present, the research on the mechanical properties of the calcareous sand-structure interface mainly 
involves factors such as roughness8–11, structural material8,9,12, particle size13–17, and particle breakage11,12,18–20. 
Research on the influence of gradation on the mechanical properties of interface is relatively scarce. However, 
existing studies21–27 have shown that soils with different gradations exhibit significant differences in engineering 
properties, which have a considerable impact on the mechanical properties of interface. Therefore, it is of great 
significance to explore the influence of gradation on the mechanical properties of the calcareous sand-structure 
interface.

Overall, the existing literature contains limited research on the impact of soil gradation on the shear strength 
of soil-structure interface. Uesugi and Kishida23 characterized various gradation sands using the uniformity 
coefficient (Cu) and discovered that the impact of gradation on the interfacial strength is minimal. However, 
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this conclusion is subject to limitations. Primarily, the test utilized sand with only two gradations, and the 
relative roughness of the sand and the corresponding steel plate ranged from 0.006 to 0.03, which is significantly 
below the critical relative roughness (0.1–0.18). Kim and Ha28 conducted an analysis of the interfacial shear 
strength between three parallel graded coarse-grained soils and geogrids, discovering that the interface friction 
coefficient decreased as the maximum particle size increased. Liang et al.29 studied the influence of the gradation 
distribution of gravel sandstone and mudstone mixed soil on the shear behavior of the soil-steel interface and 
found that the peak interfacial friction angle decreased linearly with the increase of characteristic particle sizes 
(d10, d30, d50, d60). Wang et al.24 discovered a linear decrease in both the peak and residual interfacial friction 
angles with an increase in the Cu through the direct shear test of Fujian sand-steel interfaces with five gradations 
(where d50 is the same but Cu is different).

From the aforementioned research, it is evident that scholars primarily utilize single characteristic particle 
sizes (d10, d30, d50, d60) or the coefficient of uniformity (Cu) or coefficient of curvature (Cc) to delineate gradation 
differences when examining the impact of gradation on interfacial shear behavior. However, Cu and Cc, which 
can only quantify the width and continuity of the gradation distribution, fall short in describing the micro-scale 
arrangement among the various components. Consequently, sands with identical Cu and Cc values can exhibit 
differing gradations24. Similarly, even with an identical single characteristic particle size, the gradation curve 
may still vary28. Therefore, neither Cu and Cc nor a single characteristic particle size can uniquely characterize 
the gradation curve, rendering the aforementioned research conclusions challenging to generalize to other 
engineering situations.

Consequently, it is imperative to identify a method capable of quantitatively and precisely representing 
the grading and subsequently quantifying the influence of grading on the mechanical properties of interface. 
Talbot and Richart30, Swamee and Ojha31, Zhu et al. 201832, Zhu et al.33, and Wu et al.25,26 have all contributed 
extensively to the research on soil grading equations, concluding that it represents a superior approach. In the 
literature reviewed by Zhu et al.32, the shapes of numerous soil gradation curves were analyzed and summarized 
into two primary types: hyperbolic and inverse S-shaped. The fractal gradation equation, as proposed by Talbot 
and Richart30 and others, is limited to describing hyperbolic gradation curves. Zhu et al.32, Zhu et al.33, and 
Wu et al.25,26 can describe both hyperbolic and inverse S-shaped gradation curves, but their applicability is 
primarily confined to continuous grading curves and excludes uniformly graded soils. However, as noted by 
Zhang et al.34 and Dong et al.35, even uniformly graded soils require gradation analysis to establish baseline 
mechanical behavior (e.g., peak friction angle dependency on particle uniformity). For pile-soil interface shear, 
Liu and Lehane36 demonstrated that uniform sands exhibit distinct dilatancy effects compared to well-graded 
soils, necessitating gradation curve documentation. Therefore, constructing a gradation equation capable of 
uniformly describing both uniform grading curves and continuous grading curves is crucial for quantitatively 
assessing the impact of gradation on mechanical behavior of soil and soil-structure interface.

Through interface shear tests, we investigated the impact of grading on the properties of the calcareous 
sand-structure interface and particle breakage. Subsequently, utilizing the two-parameter grading equation 
proposed by Zhu et al.32, we developed a novel equation capable of uniformly describing both uniform grading 
curves and continuous grading curves. Additionally, we formulated a new grading index based on this equation. 
Ultimately, we examined the correlation between the friction coefficient and particle breakage rate with this 
newly established grading index.

Laboratory tests
Test soils
Calcareous sand is a unique type of sand characterized primarily by its CaCO3 content. It consists primarily of 
calcareous fragments, marine algae, and shellfish remains. Owing to its irregular shape, pronounced angularity, 
and extensive internal pore structure, calcareous sand is more susceptible to fragmentation than other 
terrigenous siliceous sands, experiencing measurable particle breakage at low stress levels, as shown in Fig. 1. 
Calcareous sand displays spindle-shaped, flaky, and granular morphologies, distinguished by a high degree of 
angularity, porosity (including internal voids), and irregular shapes. The angularity coefficient (Ag) of carbonate 

Fig. 1.  Particle morphology of calcareous sand: (a) 50X; (b) 1000X.
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sand ranges between 0.8 and 1.2, while the statistical values for particle roughness (γ) lie between 0.9 and 1.1. In 
contrast, the statistical values for sphericity (S) and overall contour coefficient (α) exhibit greater dispersion. The 
primary chemical constituents of calcareous sand were analyzed using X-ray fluorescence spectroscopy (XRF), 
As shown in Table 1.

Based on the statistical analysis of the original particle size distribution curve of calcareous sand in existing 
practical engineering projects, four gradation curves were designed with the content of coarse particles (2 ~ 5 mm) 
of 100%,50%,15% and 5% respectively. Particles in the range of 2–5 mm were classified as the coarse fraction. 
This classification is consistent with the practical application of the Unified Soil Classification System (USCS) 
and is specifically justified by the fact that particles above 2 mm are the primary contributors to the particle 
crushing behavior and shear strength characteristics under investigation12,14. The particle size distribution 
curves are shown in Fig. 2. The basic physical parameters of the grading curves are presented in Table 2.

Test pile
The model piles are concrete piles (4C0), steel piles (3S0) and aluminum alloy piles (3A0) with diameters of 
4 cm, 3 cm and 3 cm, respectively. The concrete pile is made of C60 high-strength self-compacting concrete. In 
order to obtain the smooth surface and verticality of the concrete pile, the split seamless steel pipe polished on 
the inner surface is used as the mold, and the rebars with a diameter of 12 mm and a length of 120 cm are used 
as the main reinforcements. The concrete is poured slowly at a constant speed and the concrete is compacted by 
tapping the outside of the mold with a rubber hammer. The aluminum alloy pile is made of 6061 aluminum alloy 
tube, and it is sandblasted and oxidized. The sandblasting model is 40 mesh emery. The steel pile is made of 45# 
steel optical axis with good surface finish and linearity. The roughness treatment methods and basic properties 
of the test pile surfaces are shown in Table 3.

In this paper, the surface roughness of piles was measured using a surface roughness tester of the TR200 
model with a moving speed of 0.1 mm/s and was calculated using the arithmetic mean deviation of the profile, 
Ra. The calculation formula for Ra is as follows:

Gradation

Percentage finer (%) ρdmax ρdmin d50

Cu Cc

2 ~5
mm

1~2
mm

0.5~1
mm

0.25 ~0.5
mm 0.075 ~0.25 mm  < 0.075 mm g/cm3 g/cm3 mm

1# 100 0 0 0 0 0 1.38 1.02 3.5 - -

2# 50 25.62 14.21 7.89 1.88 0.4 1.56 1.18 2 5.26 1.16

3# 15 16.74 18.96 37.2 11 1.1 1.61 1.29 0.52 3.61 0.81

4# 5 7.94 16.76 52.2 17 1.1 1.60 1.30 0.4 2.7 1.26

Table 2.  Basic characteristics of calcareous sand.

 

Fig. 2.  Particle size distribution curves for calcareous sand.

 

CaCO3 SrO MgO SiO2 SO3 Fe2O3 Al2O3 Na2O ZnO Others

93.123 2.774 1.906 0.743 0.412 0.316 0.269 0.268 0.088 0.10

Table 1.  Main components of experimental calcareous sand (%).
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where, L represents the length of the sample, and z represents the absolute height of the profile distance from 
the mean line.To ensure accurate measurements, two measurements were taken at different positions along the 
pile circumference, and three measurements were taken along the length of the pile with each length of 15 mm. 
The results obtained from the tester are presented in Table3. Photographs of the 3 test piles are shown in Fig. 3.

Test apparatus
The experimental device utilized in this study is a large-scale interface shear apparatus37, which overcomes several 
limitations of conventional devices. Key improvements include a well-defined normal load direction, a constant 
interface area during shearing, and adaptable specimen dimensions. The apparatus is equipped with a 20 kN 
capacity force sensor (accuracy: 0.01 kN) for direct shear force measurement and a 10 cm range displacement 
sensor (accuracy: 0.001 cm) for displacement monitoring. The dimensions of the specimen used in this study are 
66.8 cm × 25 cm. A schematic diagram of the interface shear apparatus is shown in Fig. 4.

Test procedure
The experimental operation primarily involves the following steps: Initially, the model pile is securely affixed 
in a vertical position, utilizing a limiting bearing. Subsequently, sand is gradually introduced in layers via an 
air pluviation method device38. Concurrently, normal loads are incrementally applied at a rate of 25 kPa per 
increment, mediated by an air compressor through the inlet hole. The precise control of normal stress on the 
pile surface has been calibrated through sand calibration tests. Upon achieving the designated normal stress, 
this stress level is sustained to accomplish pre-compression. Once pre-compression is successfully concluded, 
interface shearing is executed through a precision servo control system. Our pre-experimental tests evaluated 
the shear stress–shear displacement curves at termination displacements of 45 mm, 60 mm, and 90 mm. The 
results revealed that the difference in residual values was only 1.33% when shearing to 60 mm and 90 mm. This 
suggests that the strength has largely stabilized at a shear displacement of 60 mm. Therefore, the pre-compression 

Fig. 3.  Schematic diagram of piles. (a) steel pile 3S0; (b) aluminum alloy pile 3A0; (c) concrete pile 4C0.

 

Pile material No Roughness treatment description Pile length (mm)
Pile
Diameter (mm) Elastic modulus (GPa) Ra (μm)

Steel 3S0 Surface polishing 1200 30 209 0.2

Aluminium alloy 3A0 Sandblasting and oxidation 1200 30 65 4.1

Concrete 4C0 Not processed 1200 40 37 48.6

Table 3.  Roughness treatment description and properties of the surfaces investigated. The first digit of the pile 
number represents the pile diameter, where "3" indicates 3 cm. The second letter indicates the material of the 
pile, with "A" for aluminum alloy pile, and "C" for concrete pile. The third digit represents the roughness level, 
with "0" indicating natural roughness without special treatment.
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duration was set to 90 min and the shear displacement attained was 60 mm. This study aims to investigate the 
influence of gradation on interfacial friction characteristics. To ensure the correctness of the experimental laws 
obtained in this paper, we also added a set of repeated tests, using concrete pile 3C0, normal stress σn = 50, 200 
kPa. Only used to ensure that all pile types exhibit the same pattern. The detailed experimental protocol is 
outlined in Table 4.

Results of repeated experiments
The results of the repeatability tests in this paper are only used to demonstrate the experimental laws, ensure the 
accuracy of law summarization and the reliability of the gradation equation establishment. The experimental 
results are not analyzed.

Test results
Stress-displacement curves
The shear stress–shear displacement curves of calcareous sand-concrete piles, with varying gradations and 
subjected to normal stresses of 50  kPa, 100  kPa, 150  kPa, and 200  kPa, demonstrate a softening trend, as 
illustrated in Fig. 6. As the coarse particle size content (2 ~5 mm) increases from sand 4# to sand 1#, the initial 
shear modulus, peak shear stress, and residual shear stress of the interface decrease progressively. Additionally, 
an increase in normal stress results in an augmentation of both peak shear stress and residual shear stress.

When the normal stresses are 50 kPa, 100 kPa, 150 kPa, and 200 kPa, respectively, the residual values for 
sand #1 are 15.54 kPa, 29.45 kPa, 42.47 kPa, and 49.13 kPa, and the peak values are 32.01 kPa, 58.81 kPa, 
81.15 kPa, and 106.78 kPa, respectively. Compared to sand #1, sand #4 exhibits increases in residual values by 

Gradations Pile type Normal stress σn (kPa) Relative density Dr

Shear rate
(mm/min)

1#, 2#, 3#, 4# concrete pile 4C0

50,100,150,200
0.7 1.2

3#, 4# steel pile 3S0

3#, 4# aluminum alloy pile 3A0

1#, 2#, 3#, 4# concrete pile 3C0 50, 200

Table 4.  Testing program.

 

Fig. 4.  Schematic of the large-scale multi-functional pile-soil interface shear apparatus.
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19.27%, 24.56%, 28.72%, and 47.74%, respectively, and in peak values by 33.78%, 37.45%, 49.63%, and 50.29%, 
respectively. The increases in peak values are consistently higher than those in residual values, suggesting that 
grading differences have a greater influence on peak values than on residual values. Additionally, as the normal 
stress increases, the impact of grading differences on both peak and residual values gradually intensifies.

The friction strength of the interface depends to a large extent on the interlocking effect of sand particles and 
contact materials, which in turn depends on the relative size of sand particles and structural surface roughness. 
The normalized roughness Rn = Rmax/d50 defined by Uesugi and Kishida23 was introduced to represent the relative 
roughness of soil and structure, but need to be slightly modified as Rn = Ra/d50

39, where Rmax is the vertical 
maximum peak‒valley distance and d50 is the average particle size. Normalized roughness Rn is a measure of the 
relative surface roughness with respect to the particle size. For the four graded calcareous sands (1 ~4#) in this 
paper, the corresponding median particle sizes d50 are 3.5 mm, 2 mm, 0.52 mm and 0.4 mm, respectively. The 
relative roughness Rn corresponding to the four graded sands can be calculated: 0.01, 0.02, 0.09, 0.12. Compared 
with the other three graded sands, sand 4# has the smallest median particle size and the largest relative roughness 
of 0.12, which can be more closely bonded with concrete piles, so it has the highest interfacial friction strength. 
For sand 3#, 2# and 1#, the median particle size d50 increases continuously, the relative roughness decreases 
continuously, and the average size of soil particles decreases gradually with respect to the pits or protrusions on 
the surface of concrete piles. Therefore, the macroscopic performance is that the friction strength is reduced.

The softening coefficient βs is defined to describe the attenuation characteristics of shear strength, and its 
expression is as follows:

	
βs = τp − τr

τp
� (2)

where τp and τr denote the peak and residual shear strengths, respectively. An increase in βs signifies a 
pronounced disparity between the peak and residual values, thereby leading to a more considerable attenuation 
in strength. From Fig. 5, it is also evident that, within the normal stress range studied in this paper, the attenuation 
characteristics of various grades range between 47.66 and 54.98%. The general trend observed is that as the 
content of coarse particle size (2 ~5 mm) decreases, the softening degree increases.

The test results of sand 3# and 4# with steel smooth pile (3S0) and aluminum alloy pile (3A0) are presented 
in Fig. 6. The shear stress–shear displacement curves of steel piles generally exhibit a primarily hardening trend 
or slight softening. However, aluminum alloy piles display a hardening behavior at a normal stress of 50 kPa, 
whereas they exhibit softening characteristics at higher normal stresses ranging from 100 to 200 kPa. In addition, 
when the normal stress is 200 kPa, with the increase of shear displacement, the shear stress decreases rapidly 
after reaching the peak and then increases slightly.

The irregularity observed in the shear stress–shear displacement curve for the aluminum alloy pile at 200 kPa 
is attributed to the competing mechanisms of particle crushing and interface wear. Under this high normal stress, 
the initial peak corresponds to the maximum resistance of the coral sand skeleton, followed by rapid softening 
due to sudden particle crushing near the interface. The subsequent slight regain in shear stress is explained by the 
exposed, rougher aluminum surface after initial wear, which engages with the newly formed finer particles from 
crushing. This creates a denser, interlocked shear zone that enhances post-crushing resistance. This phenomenon 
has been similarly reported in studies on crushable granular materials (e.g.,11,16).

A comparison of Figs. 6 and 7 reveals that, for both aluminum alloy piles and steel piles, the shear strength 
of sand #4 is greater than that of sand #3, which aligns with the test results obtained for concrete piles. This 
comparative trend, observed at 200  kPa, remains consistent across all normal stress levels investigated (50–
200 kPa), with Sand #4 consistently demonstrating higher peak shear strength than Sand #3 for all pile materials. 
Using a normal stress of 200  kPa as an illustration, this study compares the peak shear strength differences 
among three pile types-concrete piles, steel piles, and aluminum alloy piles—in both sand 4# and sand 3#. 
Overall, the peak values and degrees of softening at the interfaces between aluminum alloy piles and steel piles 

Fig. 5.  Shear stress–shear displacement curves with different gradations: (a) σ = 50 kPa; (d) σ = 200 kPa.

 

Scientific Reports |         (2026) 16:1131 6| https://doi.org/10.1038/s41598-025-30892-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


with various graded soils are relatively small, and the shear displacements required to reach these peak values 
are also minimal. This is primarily attributed to the smooth surfaces of the aluminum alloy piles and steel piles, 
which make it difficult for sand particles to generate interlocking friction with these smooth surfaces. During 
the shearing process, sliding primarily occurs between them, leading to the rapid formation of a stable shear 
failure surface. Among these, concrete piles, characterized by their roughness, exhibited the largest discrepancy 
in contact surface strength between the two sands, with a difference of 26.36 kPa. Conversely, steel piles have 

Fig.7.  Shear stress–shear displacement relationship: (a) 3S0 pile; (b) 3A0 pile.

 

Fig. 6.  Shear stress–shear displacement curves with different gradations: (a) σ = 50 kPa; (b) σ = 100 kPa; (c) 
σ = 150 kPa; (d) σ = 200 kPa.
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the smoothest surface; their grooves or protrusions are insignificant compared to the average particle sizes of 
both sands, leading to predominantly sliding shear deformation and the smallest strength difference of 3.58 kPa. 
Aluminum alloy piles, possessing a roughness intermediate to that of concrete and steel piles, exhibited an 
intermediate strength difference of 15.73  kPa. In conclusion, the impact of gradation on shear strength is 
primarily governed by roughness. Within a specific roughness range, a higher roughness corresponds to a more 
significant influence of gradation differences on friction strength.

Interface friction coefficient
To have a better understanding of the effect of the gradation on calcareous sand–structure interface behaviors, 
the interface friction coefficient were compared for each sample. Figure 7a shows the definition of the interface 
friction coefficient for the soil–structure interface (the peak or maximum shear stress of calcareous sand-concrete 
pile interface is taken as an example). For the soil–structure interface shear test, especially for cohesionless soil, 
fitting between the shear and normal stresses can be considered through the origin in the plot (see examples 
in4,40–43). Thus, this fitting method was also applied for the determinations of the interface friction coefficient 
in this study. Following this method, it can be observed from Fig. 8 that the variation of the shear stress τ with 
the normal stress σn presents a linear relationship with high accuracy (coefficient of determination R2 exceeding 
0.980), determining the tangent value of the interface friction coefficient as the slope of the fitting line, and its 
expression is as follows:

	 τ = σnµ=σn tan δ� (3)

where μ is the friction coefficient, δ is the friction angle of the soil-structure interface.
From a mathematical perspective, a linear function suggests that the interface friction coefficient remains 

constant, independent of normal stress. Contrary to the calcareous sand examined in this study, previous research 
by Uesugi and Kishida23, based on simple shear test results of quartz sand-steel interfaces, Pra-ai44, utilizing 
direct shear test results of sand and various structural interfaces, and Ho et al.45 and Rui et al.16, relying on ring 
shear test results of interfaces, consistently indicates that normal stress has a negligible impact on the interface 
friction coefficient. According to Eq. (3), the peak friction coefficient (μp) and residual friction coefficient (μr) 
can be mathematically represented as μp = τp/σn and μr = τr/σn, respectively. The relationship between the friction 
coefficient of the peak and residual values under different normal stresses and the percentage of 2–5 mm soil 
particles is drawn, as shown in Fig. 9.

As illustrated in Fig. 9, the peak and residual friction coefficients exhibit a decreasing trend with an increase 
in coarse particle content. Notably, a distinct turning point is observed at a coarse particle content of 15%. 
Specifically, when the coarse particle content is below 15%, both coefficients decrease rapidly. Conversely, when 
the content exceeds 15%, the rate of decrease slows down significantly, approaching a gradual decline.

Particle breakage
Based on prior scholarly research on the thickness of the interface, it is evident that the average particle size (d50) 
influences, to some extent, the self-locking, rotational, and adjustment capabilities among particles, as well as the 
susceptibility to particle crushing12,16. Feng et al.12, through direct shear tests on coral sand-structure interfaces, 
observed variations in the shear zone thickness during the shear process: it initiates at 3.28d50, increases to 
5.47d50 during the elastic stage, decreases to 3.83d50 at the initial yield stage, and subsequently diminishes to 
3.06d50 in the plastic stage. Particle crushing initiates at the initial yield stage and is predominantly concentrated 
within this range. Furthermore, Zhou et al.46, using ring shear tests on the interface between coral sand and steel 
plates, determined that the extent of particle crushing is approximately 5-6d50 and noted that the roughness of 

Fig. 8.  The relationship between peak shear stress and normal stress concrete piles with different gradations.
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the structural panel and normal stress have negligible effects on the thickness of the shear zone. Based on the 
above literature, this paper assumes that the range of particle crushing is within 6d50 around the pile. The effect of 
gradation on particle breakage was explored by quantitatively analyzing the particle crushing rate of calcareous 
sand in this thickness range. Notably, within the particle crushing zone, the proximity to the structural surface 
correlates positively with the degree of particle crushing. The present study employs Hardin’s relative breakage 
index (Bᵣ) to quantitatively evaluate the particle breakage of calcareous sand. It should be noted that the reported 
breakage rate represents a spatially averaged value across the interfacial shear zone.

(1) Evolution of particle size distribution curve.
The particle size distribution curves for calcareous sands, both prior to and following interface shear tests 

involving 4C0 piles under a normal stress of 100 kPa, are depicted in Fig. 9.
As illustrated in Fig. 10, during the shearing process, notable particle fragmentation was observed on the 

interface between calcareous sand of varying gradations and the concrete pile. This observation is evident in the 
overall upward trend of the particle size distribution curve. A comparison of the particle size distribution curves 
among different gradations reveals that sand #1 exhibits the most significant differences in particle size content, 
whereas sand #4 displays minimal differences. Furthermore, the alterations in particle size pre- and post-testing 
are predominantly within the range of 0.5 to 2 mm.

The strain-softening behavior observed in Fig.  6 is closely related to the particle breakage and volume 
response of calcareous sand at the interface. The initial peak shear stress corresponds to the maximum shear 
dilation potential of the soil skeleton, where particle rearrangement and interlocking dominate. The subsequent 
softening stage is synchronous with the development of particle breakage, indicating a fundamental transition of 
the volume response from shear dilation to contraction. The breakage of coarse particles fills the pores, reduces 
the overall porosity, and forms a denser shear band.

Fig. 10.  The change of particle size distribution before and after the test under different gradations.

 

Fig. 9.  The relationship between friction coefficient and percentage of 2-5 mm soil particles. a peak friction 
coefficient; b residual friction coefficient.
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This mechanism is quantitatively explained by the relative breakage rate Br. As shown in Fig. 10, Sand #1 with 
a high content of coarse particles experiences the most significant breakage. Its severe particle breakage rapidly 
destroys the initial dilatant skeleton, resulting in a sharp post—peak strength decay (higher softening coefficient 
βs). In contrast, Sand #4, which has finer particles and stronger anti—breakage ability, can maintain a more stable 
particle structure10. Therefore, its softening response is slower, with less volume shrinkage, and the interface 
shear is maintained by a more durable particle framework.

(2) Evolution of gradation characteristic parameters.
To analyze the variations in particle breakage and state evolution laws of sands with varying gradations, Table 

5 presents the changes of single characteristic particle size (d10, d30, d50, d60), the coefficient of uniformity (Cu), 
and the coefficient of curvature (Cc).

As Table 5 indicates, for various gradations, each individual characteristic particle size (d10, d30, d50, d60) 
exhibited a decreasing trend both before and after interface shear. However, the changes in the coefficient 
of uniformity (Cu) and the curvature coefficient (Cc) were inconsistent. Using d50 as a representative of the 
individual characteristic particle size index, the relationships among d50, Cu, Cc, and the content of coarse 
particles are illustrated in Fig. 10.

From Fig. 11, it is evident that for various gradations, d50 exhibits a decreasing trend following shearing, 
suggesting that particle breakage results in an overall reduction in the particle size. As the fine particle content 
increases, this decreasing trend gradually diminishes, indicating a decrease in the degree of particle breakage. 
The variations in Cu and Cc among different gradations are inconsistent. Specifically, Cu increases after shearing 
for all graded sands except sand 3#, and Cc increases for all graded sands except sand 2#. Consequently, among 
the aforementioned gradation characteristic parameters, individual particle sizes (d10, d30, d50, d60) provide a 
more accurate description of the differences in particle breakage among various gradations.

Improvement of gradation equation
Based on the aforementioned research, it is evident that scholars primarily employ single characteristic particle 
sizes (d10, d30, d50, d60) or the coefficient of uniformity (Cu) to delineate differences in gradation when analyzing 
the influence of gradation on interfacial shear behavior. However, sands with identical Cu and Cc values can 
exhibit differing gradations24. Similarly, even with an identical single characteristic particle size, the gradation 

Fig. 11.  Changes of characteristic parameters before and after test for different gradations.

 

Contact type Loading conditions

Gradation characteristic parameters

d10 d30 d50 d60 Cu Cc Sm

Sand 1#-4C0 pile
Original gradation 2.30 2.90 3.50 3.80 1.65 0.96 3.66

100 kPa 1.03 2.49 3.21 3.57 3.46 1.69 3.46

Sand 2#-4C0 pile
Original gradation 0.49 1.22 2.00 2.60 5.26 1.16 3.21

100 kPa 0.22 0.68 1.56 2.08 9.26 1.00 3.03

Sand 3#-4C0 pile
Original gradation 0.22 0.37 0.52 0.78 3.61 0.81 2.76

100 kPa 0.15 0.32 0.44 0.50 3.32 1.36 2.66

Sand 4#-4C0 pile
Original gradation 0.17 0.31 0.40 0.45 2.70 1.26 2.66

100 kPa 0.13 0.28 0.37 0.41 3.04 1.42 2.54

Table 5.  Change of characteristic parameters for different gradations.

 

Scientific Reports |         (2026) 16:1131 10| https://doi.org/10.1038/s41598-025-30892-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


curve may still vary28. Therefore, neither Cu and Cc nor a single characteristic particle size can serve as a unique 
descriptor of the gradation curve, and it is more challenging to uniformly describe the impact of individual 
particle sizes and various gradations on interfacial friction strength, thereby limiting the generalizability of the 
aforementioned research conclusions to other engineering scenarios. Scholars have endeavored to address this 
issue by developing grading equations, as demonstrated by Talbot and Richart30, Zhu et al.32, Zhu et al.33, and 
Wu et al.25,26.

Applicability verification of existing gradation equation
Currently, the commonly used grading equations are the fractal grading equation proposed by Talbot and 
Richart30, the two-parameter grading equation proposed by Zhu et al.32 and Zhu et al. 33, and the single-
parameter grading equation proposed by Wu et al.25,26. The precise formulations of these equations are depicted 
in Eqs. (4) to (7), respectively.

	
P =

(
d

dmax

)3−D

× 100%� (4)

	
P = 1

(1 − b)(dmax/d)m + b
× 100%� (5)

	
P = 1 − e−cxn

1 − e−c
× 100%� (6)

	
P = 1

(1 − β)(dmax/d)
√

β + β
× 100%� (7)

where P represents the percentage of particles with a size less than d, d denotes the particle size, dmax is the 
maximum particle size, and D represents the fractal dimension. When b = 0 and m = 3-D, Eq.  (5) coincides 
with Eq. (4). In this context, x denotes d/dmax, c and n are model parameters, Additionally, β is the gradation 
parameter with a value range of (0 < β < 1). When m =

√
b, Eq. (7) is identical to Eq. (5). Figure 11 illustrates the 

fitting results of the four grading equations mentioned above to the grading curves of four types of calcareous 
sand, while Table 6 lists the fitting parameters for these four grading equations.

By examining Table 6 and Fig. 12, we observe that, with the exception of the Talbot fractal equation, the 
remaining three grading equations are capable of describing the grading characteristics of Sands 2#, 3#, and 4# 
to some extent. Among these equations, the order of their descriptive accuracy is as follows: the two-parameter 
grading equation proposed by Zhu et al.32, the two-parameter grading equation proposed by Zhu et al.33, and 
the single-parameter grading equation proposed by25,26. However, none of these four grading equations can 
effectively fit Sand 1#. The primary reason for this is that these grading equations are primarily designed to 
describe continuous grading curves with a wide range, and they are not applicable to single-size fractions. 
Specifically, in this study, Sand 1# consists entirely (100%) of particles in the 2–5 mm size range, categorizing it 
as a single-size fraction, and thus, all four grading equations are unsuitable.

Improvement of gradation equation
To uniformly describe both uniform grading curves and continuous grading curves, this paper enhances 
the two-parameter gradation equation proposed by Zhu et al.32. It introduces a gradation equation capable 
of simultaneously depicting both uniform grading curves and continuous grading curves, and examines the 
variation patterns of gradation parameters across different single particle size groups.

After transforming the two-parameter gradation Eq. (5) proposed by Zhu et al.32, we obtained:

	
P = 1

(1 − b)(dmax/d)m + b
× 100%� (8)

When fitting a uniform grading curve (such as 20 ~10, 5 ~2, 0.25 ~0.075, etc.) using Eq. (8), we found that the 
parameters b and m exhibited abnormalities and were not uniquely determined. This is primarily attributable to 
the fact that Eq. (4) solely specifies the maximum particle size (dmax), which implicitly assumes a default particle 
size range of 0 to dmax. Consequently, it cannot accurately describe a uniform grading curve with a non-zero 

Gradation

Talbotfractal 
equation 
(Talbot,30)

Two-parameter 
gradation 
equation32

Two-parameter 
gradation equation33

Single 
parameter 
gradation 
equation25

D0 R2 b m R2 c n R2 β R2

1# – – – – – – – – – –

2# 2.12 0.993 0.628 1.411 0.999 1.907 1.335 0.999 0.484 0.955

3# 2.6 0.885 0.967 1.634 0.985 6.913 1.133 0.973 0.815 0.967

4# 2.7 0.776 0.999 2.896 0.993 414.989 2.54 0.989 0.904 0.927

Table 6.  Initial gradation parameters.
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minimum particle size. In response to this shortcoming, we have modified Eq. (8), and the improved form is as 
follows:

	
P = 1

(1 − b)
(

dmax
d

)m + b exp
(
c0

dmin
dmax

) × 100%� (9)

where c0 denotes a small constant, set to 0.001, and dmin represents the minimum particle size. Equation (9) 
specifies dmin in the denominator of Eq. (8), ensuring that the particle size description interval is confined to 
dmin ~dmax, thereby uniquely determining the parameters m and b. When dmin = 0, Eq. (9) reduces to Eq. (8).

When Eq.  (9) is utilized to describe continuous grading curves, Zhu et al.32 have conducted a detailed 
discussion on the range of values for the grading parameters m and b. This study solely examines the values of 
grading parameters for uniform grading curves. Regardless of whether the grading curve represents continuous 
grading or a uniform grading curve, P is an increasing function of d. Therefore, according to Eq. (9), we can 
conclude that the partial derivative of P with respect to d should be greater than 0.

	

∂P

∂d
= mdm−1(1 − b)dm

max[
(1 − b)

(
dmax

d

)m + b exp
(
c0

dmin
dmax

)]2 > 0� (10)

Equation (10) holds only if m (1-b) > 0. There are two combinations of the values of parameters m and b: ①m > 0 
and b < 1; ②m < 0 and b > 1. In addition, when the grading curve represents a single particle size, the value of d 
has only two possibilities: d = dmax or d = dmin.

	
d = dmin, P = 1

1 − b
[
1 − exp

(
c0

dmin
dmax

)] = 100%� (11)

	
d = dmin, P = 1

(1 − b)
(

dmax
dmin

)m + b exp
(
c0

dmin
dmax

) ≈ 0� (12)

Fig. 12.  Applicability of different gradation equations to three kinds of graded sands. (a) Sand 2#; (b) Sand 3#; 
(c) Sand 4#
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For Eq. (11) to be valid, b = 0 is necessary. Substituting b = 0 into Eq. (12), the requirement for Eq. (12) to hold 
true necessitates that m adopt a larger positive value. By comparing the parameter ranges for m and b in Eq. (10), 
it becomes evident that when b = 0 and m assumes a large positive value, Eq. (9) satisfies the monotonic increase 
of the single particle size grading equation, along with the value characteristics of the maximum and minimum 
values. Equation (9) was utilized to fit uniform grading curve, and the resulting grading parameters are presented 
in Table 7.

From Table 7, it is evident that for distinct single-size fractions, when dmin/dmax is identical, they exhibit the 
same grading parameters m and b. However, for a given dmax, the grading curve can be uniquely determined 
solely by Eq. (9). Consequently, Eq. (9) can serve as a unified grading equation for describing both uniform and 
continuous grading curves.

Gradation index
Equation  (9) can uniformly represent both uniform grading curves and continuous grading curves, but it 
contains two gradation parameters, m and b. To quantitatively analyze the impact of gradation on the mechanical 
properties of soil or interfaces, it is essential to establish distinct relationships between the gradation parameters 
m and b and mechanical property indicators. However, this increases the complexity of the description and 
hinders practical application. Consequently, it is necessary to explore more reasonable gradation indicators to 
more conveniently and quantitatively describe the influence of gradation. Zhu et al.32 proposed the concept of 
gradation area S to represent the influence of gradation. This area refers to the region enclosed by the maximum 
particle size line, the gradation curve, the abscissa axis, and d = dk in the P-lgd plane, as shown in Fig. 13a.

Based on the concept of grading area S proposed by Zhu et al.32, the calculation equation of S can be derived 
according to the improved grading Eq. (9)

	
S = − 1

m ln 10

( 1
bt

ln 1 − bt

1 − kbt
− ln 1 − b

1 − bt

)
� (13)

where

	
k = 1

(1 − b)(dmax/dk)m + bt
� (14)

Fig. 13.  Definition of gradation area index. (a) Gradation area S32, (b) Gradation area Sm (in this paper).

 

Grain size

Parameters The area surrounded by d = 0.001mm line (mm)

b m Sm calculated by Eq. (20) Sm calculated by Trapezoidal segmentation method

0.075 ~0.25 0 9.562 2.35 2.14

0.25 ~0.5 0 16.61 2.67 2.55

0.5 ~1 0 16.61 2.97 2.85

1 ~2 0 16.61 3.27 3.15

2 ~5 0 12.565 3.66 3.50

5 ~10 0 16.61 3.97 3.85

10 ~20 0 16.61 4.27 4.15

20 ~40 0 16.61 4.58 4.45

40 ~60 0 28.394 4.76 4.69

Table 7.  Gradation parameters of different particle size groups.
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where, t = exp(c0*dmin/dmax), dk represents the corresponding particle size when P = k. The Eq. (14) represents the 
area enclosed by the gradation curve and the coordinate axes as the parameter k approaches 0. When k tends 
towards 0, theoretically, the corresponding particle size d would be 0 mm. However, in practice, the minimum 
particle size of soil particles cannot be 0 mm. Therefore, we assign k a minute nonzero value, which aligns more 
closely with the actual gradation distribution. Specifically, when b = 0, using Eq. (13) and the limit conception, 
we can obtain

	
S = 1 − k

m ln 10
� (15)

From Eq. (15), it can be observed that the calculated result of S only depends on k and m. Among them, k is 
usually taken as a constant, while the parameter m corresponding to different single particle sizes may be the 
same (as shown in Table 8). This can lead to the possibility that the area S enclosed by different gradation curves 
and the coordinate axes may be the same. Therefore, the area S enclosed by the gradation curve and the maximum 
particle size line, as defined by Zhu et al.32, cannot reflect the influence of single particle size gradation.

In the process of developing the relative breakage rate indicator Br, Hardin47 employed a methodology that 
utilizes the area enclosed by a particle size of d = 0.074 mm and the initial grading curve as a measure of breakage 
potential, providing significant insight for this study. Although in the P-lgd coordinate system, individual particle 
size curves may exhibit the same slope due to identical dmin/dmax ratios, the areas enclosed by different particle 
sizes and the d = 0 mm line, as well as the P = 100% line, necessarily vary. Consequently, this area can be utilized 
to represent differences in grading and is denoted as Sm, as illustrated in Fig. 13(b). However, given that soil 
particle sizes in nature cannot reach a minimum of 0 mm, this study utilizes d = 0.001 mm as the minimum 
value for calculations. This paper intends to derive the area Sm of the gradation curve in the P-lgd plane through 
the gradation equation (Eq. (9)), that is, the area enclosed by the d = 0.001 mm line, the gradation curve and the 
P = 100% line, which can be expressed as

	
Sm =

ˆ 1

0
(lg d − lg 0.001)dP� (16)

It can be obtained from Eq. (5),

	
lg d = lg dmax + 1

m
lg P (1 − b)

1 − P bt
� (17)

Since the minimum value of P can only approach zero asymptotically but cannot attain zero exactly, it is 
impractical to directly integrate P within the range of 0 to 1 when calculating the area using integration. In this 
study, the area Sm enclosed by the gradation curve, the d = 0.001 mm line, and the P = 100% line is partitioned 
into two segments, S1 and S2, as illustrated in Fig. 13b. Specifically, S1 is enclosed by the gradation curve, the 
d = 0.001 mm line, the P = 100% line, and the P = k1 line. Here, P can be integrated, where k1 is a minute value 
typically set to 0.001. S2 is a rectangle with a length of lgdk1-lg0.001 and a height of k1, and its area can be 
computed directly. As k1 approaches zero, the sum of S1 and S2 approximates the total area Sm.

Combining Eqs. (16) and (17), we can get

	

S1 =
ˆ 1

k1

(
lg dmax + 1

m
lg P (1 − b)

1 − P bt
− lg 0.001

)
dP

= (1 − k1) lg dmax

0.001 + 1
m ln 10(

ln 1 − b

1 − bt
− k1 ln k1(1 − b)

1 − k1bt
+ 1

bt
ln 1 − bt

1 − k1bt

)
� (18)

	

S2 = k1(lg dk1 − lg 0.001)

= k1 lg dmax

0.001 + k1

m ln 10 ln k1(1 − b)
1 − k1bt

� (19)

Gradation

Improved two-parameter gradation 
equation Gradation area

Parameters Coefficient of determination

Smb m R2

1# 0 12.565 1 3.66

2# 0.628 1.411 0.999 3.21

3# 0.967 1.634 0.985 2.76

4# 0.999 2.896 0.993 2.66

Table 8.  Initial gradation parameters.
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Sm = S1 + S2 = 1

m ln 10

(
m ln dmax

0.001 + ln 1 − b

1 − bt
+ 1

bt
ln 1 − bt

1 − k1bt

)
� (20)

In particular, when b = 0, we can obtain

	
Sm = S1 + S2 = 1

m ln 10

(
m ln dmax

0.001 + k1 − 1
)

� (21)

We have derived the grading curve area, Sm, based on the modified two-parameter grading equation (Eq. (9)). 
Compared to Eqs.  (13), (20) introduces an additional control parameter, dmax, which enables differentiation 
between individual particle size gradings. Consequently, using the grading curve area, Sm, derived from the 
modified two-parameter grading equation (Eq. (9)), we can quantitatively describe the impact of both individual 
particle sizes and continuous grading curves.

The grading area Sm for various uniform grading curves was computed using Eq. (20). The results obtained 
through the trapezoidal segmentation method were utilized for comparison, as presented in Table 8. Analysis 
of Table 8 reveals slight discrepancies between the Sm values calculated using the Eq. (20) and the trapezoidal 
segmentation method. This discrepancy arises because, when calculating the grading area according to Eq. (20), 
the minimum value of P can only asymptotically approach 0, resulting in a deviation from the area computed by 
the trapezoidal method. However, the magnitude of this deviation is relatively minor. Additionally, the grading 
area calculated using the Eq. (20) accurately captures the differences among various uniform grading curves, 
thereby preserving its utility in subsequent research endeavors.

The relationship between friction coefficient, particle breakage and gradation index
To quantitatively analyze the influence of gradation on the shear strength of the interface and particle breakage, 
the gradation area Sm defined previously was employed to examine the relationship between peak friction 
coefficient, residual friction coefficient, particle breakage rate, and gradation index. Using the improved grading 
equation (Eq. (9)), the four grading curves presented in this paper were fitted, and the area Sm enclosed by each 
grading curve with the line d = 0.001 mm and the line P = 100% was calculated through Eq.  (20). The fitting 
results are shown in Table 8.

(1) Evolution of peak friction coefficient and residual friction coefficient.
Figure 13 illustrates the relationship between the peak friction coefficient and residual friction coefficient as 

they vary with the grading area Sm.
Figure 14 demonstrates that the peak friction coefficient decreases gradually with an increase in the grading 

area Sm, eventually leveling off. The residual friction coefficient follows a similar trend, albeit with a slower rate 
of decrease compared to the peak friction coefficient (Fig. 14 and 15). The relationships among the peak friction 
coefficient, residual friction coefficient, and grading area Sm can be modeled using an exponential function, as 
follows:

	 µ = a2∗ exp(b2 · Sc2
m )� (22)

where a2, b2 and c2 are the fitting parameters. For the four gradations discussed in this paper, the peak friction 
coefficient fitting parameters are a2 = 0.56, b2 = 1.8 × 106, c2 = -15.74, with a coefficient of determination R2 = 0.98. 
The fitting parameters of residual friction coefficient are a2 = 0.27, b2 = 6.7 × 108, c2 = -22.06, with a coefficient of 
determination R2 = 0.97.

(2) Evolution of relative breakage rate Br.

Fig. 14.  The relationship between peak and residual friction coefficient and gradation area Sm.
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Under a normal stress of 100 kPa, Fig.  14 illustrates the variation curve of the particle breakage rate Br 
(proposed by47) at the interface for different gradations, plotted as a function of the gradation area Sm.

Figure 16 demonstrates that the relationship between particle breakage rate Br and grading area Sm can be 
approximately represented by a linear function, which can be expressed as

	 Br = ks1Sm + ks2� (23)

where ks1 and ks2 are the fitting parameters. When the normal stress remains constant, the initial gradation has 
a significant impact on the variation of particle size in the interface. Specifically, the coarser the particles in the 
sample, the more severe the particle breakage phenomenon on the interface. However, as the content of fine 
particles increases, the degree of particle breakage gradually decreases.

Conclusion
This study investigates the influence of particle gradation on the shear behavior and particle breakage at the 
interface between calcareous sand and structural materials (concrete, aluminum alloy, and steel piles). A self-
developed large-scale interface shear apparatus was employed to analyze four distinct gradations of calcareous 
sand. An improved two-parameter gradation equation, building upon the model by Zhu et al.32, was formulated, 
and a novel gradation index (Sm) was introduced to quantify gradation effects. Functional relationships between 
Sm, interface friction coefficients, and particle breakage rates were established. The main conclusions are as 
follows:

Fig. 16.  Relationship between particle breakage rate and gradation area Sm.

 

Fig. 15.  Results of repeatability tests.
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	(1)	 Shear Stress Response: Under the tested normal stress range, increasing coarse particle content (from sand 
4# to 1#) reduced both peak and residual shear stresses, with gradation effects amplifying at higher normal 
stresses. Softer shear responses (softening coefficient βs = 47.66–54.98%) correlated with finer gradations. 
Surface roughness dominated shear strength, with concrete > aluminum alloy > steel piles.

	(2)	 Friction coefficients and Breakage: For a given structural surface, friction coefficients (peak/residual) de-
clined with coarse particle content, governed by particle-structure interlocking modulated by relative parti-
cle size and surface roughness. A power-law function best described shear strength, while particle breakage 
intensified with coarser gradations (sand #1 exhibited maximal breakage vs. minimal in #4).

	(3)	 Gradation Quantification: The proposed enhanced gradation equation unified descriptions of both uniform 
and continuous gradations. The derived gradation area (Sm) correlated exponentially with friction coeffi-
cients and linearly with breakage rates, offering a robust metric for gradation impact.

This study provides novel insights into the shear behavior of calcareous sand-structure interfaces through the 
development of an improved gradation equation and the introduction of a quantitative gradation index (Sm). The 
proposed framework successfully correlates particle size distribution with interfacial shear strength and particle 
breakage, offering a universal approach applicable to other granular materials and engineering scenarios, such 
as offshore foundations, slope stability, and even extraterrestrial soil-structure interactions. The exponential 
relationship between Sm and friction coefficients, along with the linear correlation with particle breakage rates, 
establishes a predictive model for optimizing geotechnical designs in particle-sensitive environments. However, 
the empirical models (Eqs. 22 and 23) proposed in this study are derived from a specific dataset, and their 
general accuracy and broader applicability indeed require further validation with a more extensive range of 
experimental conditions in future work.

Looking ahead, future research should explore the effects of cyclic and dynamic loading on gradation 
evolution, integrate Sm with discrete element modeling (DEM) to simulate particle-scale mechanisms, and 
validate the framework across a broader range of materials, including biocemented or fiber-reinforced soils. 
These advancements will further bridge the gap between granular mechanics and practical engineering, 
enabling more resilient infrastructure in challenging geotechnical conditions. The findings not only enhance the 
fundamental understanding of granular-structure interactions but also provide actionable tools for engineering 
applications in marine, terrestrial, and planetary environments.

Data availability
All data generated or analysed during this study are included in this published article.
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