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Abstract.

Cone penetration testing is recognized as a premier in-situ tool for geotechnical site characterization,
offering continuous measurements of soil stratigraphy and strength. To interpret cone resistance in sands,
researchers heavily rely on calibration chamber tests where boundary conditions significantly influence
the measured penetration resistance. This chamber size effect necessitates the application of boundary-
condition transfer laws to estimate free-field cone resistance from chamber data. While extensive studies
have focused on uniformly graded sands, the behavior of gap-graded sands remains poorly understood.
Gap-graded sands, characterized by a missing range of intermediate particle sizes, exhibit complex internal
structures and mechanical responses, including internal instability and unique stress-dilatancy behaviors.
This paper presents a comprehensive investigation into the boundary-condition transfer laws specifically
tailored for gap-graded sands. Through an extensive experimental program utilizing a large-scale
calibration chamber and complementary three-dimensional discrete element method simulations, this
research evaluates the distinct responses of gap-graded mixtures under various classical boundary
conditions. The findings reveal that gap-graded sands exhibit an amplified sensitivity to lateral boundary
constraints due to the kinematic mobility of finer particles within the coarse soil matrix. By integrating
cavity expansion theory with state parameter concepts, modified mathematical transfer functions are
proposed and validated. These updated laws facilitate more accurate field interpretations for gap-graded
deposits, reducing uncertainties in the design of critical geotechnical infrastructure such as offshore
foundations and tailings storage facilities.

Keywords: Cone Penetration Testing, Calibration Chamber, Gap-Graded Sands, Boundary Effects,
Discrete Element Method.

1. Introduction

1.1 Background And Motivation

The accurate characterization of subsurface stratigraphy and the determination of soil engineering
properties are fundamental prerequisites for the safe and economical design of civil infrastructure.
Among the various in-situ investigation techniques, cone penetration testing has emerged as the
industry standard due to its repeatability, continuous profiling capabilities, and robust theoretical
and empirical correlations. The interpretation of cone penetration testing data, particularly the tip
resistance, relies heavily on empirical correlations derived from large-scale physical models
known as calibration chambers. These chambers allow researchers to penetrate a standard cone
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into a soil specimen prepared at known density and stress states under highly controlled laboratory
conditions. However, a fundamental limitation of calibration chamber testing is the finite
dimension of the soil specimen, which artificially constrains the soil displacement during
penetration. This constraint, known as the chamber size effect or boundary effect, causes the
measured cone resistance in the laboratory to deviate significantly from the true free-field
resistance that would be measured in an infinite soil mass in situ. To bridge this gap, researchers
have developed various boundary-condition transfer laws to correct the measured calibration
chamber cone resistance to equivalent field values. These foundational studies have historically
focused on clean, uniformly graded silica sands, establishing well-documented size effect
correction factors based on chamber diameter, cone diameter, soil relative density, and initial
effective stress states [ 1]. While the behavior of uniformly graded sands is relatively well captured
by existing transfer laws, natural and anthropogenic soil deposits frequently exhibit gap-graded
particle size distributions. Gap-graded soils are characterized by the absence or
underrepresentation of intermediate particle sizes, resulting in a distinct bimodal particle size
distribution comprising a dominant coarse matrix and a fraction of finer particles residing within
the void spaces. Such soils are commonly encountered in glacial tills, alluvial deposits, and
artificially constructed earth structures like tailings dams and engineered structural fills. The
mechanical behavior of gap-graded sands is highly complex due to the potential for internal
instability, where the finer fraction can migrate through the coarse matrix under hydraulic or
mechanical gradients. Furthermore, the presence of these finer particles fundamentally alters the
initial fabric, compressibility, and shear strength characteristics of the soil assembly. During the
massive displacement induced by cone penetration, the fines within a gap-graded matrix can
undergo localized rearrangement, leading to unique volumetric responses and stress distributions
around the advancing cone tip. Because the fundamental mechanics of particle interaction in gap-
graded sands differ substantially from those in uniformly graded sands, the assumption that
existing boundary-condition transfer laws can be universally applied to gap-graded soils is
questionable and requires rigorous scientific investigation [2].

1.2 Research Objectives And Scope

The primary objective of this comprehensive study is to systematically evaluate the influence of
finite boundary conditions on the cone resistance measured in gap-graded sands and to develop
robust, physics-based boundary-condition transfer laws for these specific materials. Achieving this
objective requires a detailed understanding of how the internal structural heterogeneity of gap-
graded sands interacts with the global boundary constraints imposed by the calibration chamber
walls during the highly nonlinear, large-strain process of cone penetration. This research addresses
a critical gap in geotechnical engineering by extending classical cavity expansion theories and
empirical chamber size corrections to account for the unique micromechanical attributes of gap-
graded soil mixtures [3]. To fulfill these objectives, this study employs a dual-faceted
methodological approach comprising advanced physical modeling and high-fidelity numerical
simulations. The physical modeling component involves a series of meticulously controlled cone
penetration tests conducted in a state-of-the-art, flexible-wall calibration chamber. A customized
testing program is executed using synthetically blended gap-graded quartz sands with varying fines
contents to systematically isolate the effects of relative density, initial confining stress, and
boundary compliance on the measured cone tip resistance. Concurrently, three-dimensional
discrete element method simulations are utilized to replicate the physical tests at the particle scale.
The numerical models provide unprecedented insights into the evolution of contact force chains,
particle kinematics, and localized volumetric strains around the advancing cone, which cannot be
directly observed in physical experiments. By synthesizing the macroscopic experimental data
with the microscopic numerical observations, this paper formulates modified transfer functions
that explicitly incorporate the microstructural parameters associated with gap-graded sands.
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2. Literature Review and Background

2.1 Cone Penetration Testing In Granular Materials

The interpretation of cone penetration resistance in granular soils has been the subject of extensive
theoretical, numerical, and experimental research over the past several decades. The resistance
experienced by the cone tip as it penetrates the soil is governed by a complex interplay of soil
stiffness, shear strength, compressibility, and the in-situ stress state. Theoretical approaches for
interpreting cone resistance are broadly categorized into bearing capacity theories, cavity
expansion theories, and strain path methods [4]. Cavity expansion theory, in particular, has proven
highly effective in capturing the essential mechanics of cone penetration, conceptualizing the
advancing cone as the expansion of a spherical or cylindrical cavity within an elasto-plastic
medium. The ultimate cavity expansion pressure is conceptually linked to the measured cone tip
resistance, allowing for the derivation of soil friction angle and state parameter. Extensive
calibration chamber testing programs have historically validated these theoretical models, leading
to the development of semi-empirical correlations that relate cone resistance to soil relative density
and effective confining stress [5]. However, these foundational correlations are intrinsically tied
to the specific boundary conditions of the calibration chambers in which they were derived,
necessitating a thorough understanding of boundary effects to ensure accurate field extrapolation.
2.2 Boundary Effects In Calibration Chambers

Calibration chamber tests are subjected to specified boundary conditions at the vertical and
horizontal boundaries of the soil specimen. In classical calibration chamber terminology, four
primary boundary conditions are recognized. Boundary condition B1 represents a state of constant
vertical and horizontal stress, typically achieved using flexible fluid-filled membranes on all
boundaries. Boundary condition B2 represents a state of constant vertical and horizontal volume,
achieved using rigid, unyielding boundaries. Boundary condition B3 involves a constant vertical
volume and a constant horizontal stress, whereas boundary condition B4 involves a constant
vertical stress and a constant horizontal volume [6]. Due to the displacement of soil during cone
penetration, the finite boundaries of the chamber either underpredict or overpredict the free-field
cone resistance. Specifically, the B1 boundary condition typically yields a lower bound for cone
resistance because the constant stress boundary allows the soil to yield and displace outward more
easily than an infinite soil mass. Conversely, the B2 and B4 boundary conditions tend to yield an
upper bound because the rigid boundaries constrain lateral soil displacement, artificially elevating
the stresses around the cone. The magnitude of this chamber size effect is quantified by the ratio
of the chamber diameter to the cone diameter. Extensive research has demonstrated that for
uniformly graded, medium to dense sands, a diameter ratio in excess of fifty to one hundred is
required to simulate free-field conditions under B1 boundaries [7]. Various empirical transfer laws
have been proposed to correct Bl and B3 chamber results to free-field conditions, generally taking
the form of exponential decay functions that depend on the diameter ratio and the soil state
parameter. However, these transfer laws are highly sensitive to the compressibility and dilatancy
characteristics of the specific soil being tested. Soils with higher compressibility exhibit a smaller
plastic zone around the cone tip, thereby reducing the interaction with the chamber boundaries and
mitigating the chamber size effect.

2.3 Characteristics And Behavior Of Gap-Graded Sands

Gap-graded sands present a significant departure from the mechanical behavior of their uniformly
graded counterparts due to their bimodal particle size distribution. The microstructure of a gap-
graded soil can be conceptualized as a primary skeleton of coarse particles with finer particles
occupying the inter-granular voids. The mechanical contribution of the finer fraction depends
critically on the fines content and the size ratio between the coarse and fine particles. Below a
certain threshold fines content, the coarse particles form a continuous load-bearing skeleton, and
the finer particles are essentially inactive, acting as loose inclusions within the voids. In this state,
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the soil behavior is dominated by the coarse matrix, but the presence of fines increases the overall
compressibility of the assembly by facilitating the rearrangement of coarse particles during shear
[8]. As the fines content increases beyond the threshold limit, the coarse particles are progressively
pushed apart, and the finer fraction begins to participate actively in the force transmission network.
Eventually, at high fines contents, the finer particles completely dominate the mechanical
response, and the coarse particles act as isolated rigid inclusions within the fine matrix. The unique
microstructural configuration of gap-graded sands profoundly influences their response to the
massive volumetric strains induced by cone penetration. The inactive finer particles in a gap-
graded matrix can easily migrate into adjacent voids or compress under the high stresses localized
around the cone tip. This localized densification and internal structural collapse alter the
propagation of the plastic zone and the distribution of radial stresses away from the penetrometer
[9]. Consequently, the interaction between the expanding plastic zone and the finite chamber
boundaries in gap-graded sands is fundamentally different from that in uniformly graded sands.
The internal instability and enhanced compressibility of gap-graded mixtures suggest that the
required diameter ratio to achieve free-field conditions may differ substantially, rendering
traditional boundary-condition transfer laws inadequate or inaccurate for these materials.

2.4 Existing Transfer Laws And Identified Gaps

Several researchers have attempted to formulate generalized boundary-condition transfer laws that
incorporate soil compressibility and state parameters to account for varying soil types [10]. These
generalized laws utilize the concept of an equivalent granular void ratio or inter-granular state
parameter to capture the influence of fines on the mechanical behavior. However, the application
of these generalized laws to heavily gap-graded sands has yielded inconsistent results. The sudden
transition in load-bearing mechanisms and the potential for particle suffusion during shear create
highly nonlinear behaviors that are not adequately captured by simple state parameter
modifications. Furthermore, most existing experimental databases for calibration chamber testing
are heavily biased towards standard uniform sands, leaving a significant void in empirical data for
gap-graded mixtures [11]. Therefore, there is a pressing need for a targeted, systematic
investigation into the boundary effects specific to gap-graded sands, combining robust
experimental data with advanced numerical modeling to derive reliable boundary-condition
transfer laws.

3. Theoretical Framework

3.1 Cavity Expansion Theory In Penetration Mechanics

The theoretical foundation for understanding the boundary effects during cone penetration is
heavily rooted in cavity expansion theory. When a cone penetrometer is pushed into the ground, it
forcefully displaces the surrounding soil, creating a complex strain field that can be idealized as
the expansion of a cylindrical or spherical cavity from a zero initial radius to the radius of the cone.
According to classical cavity expansion solutions, the soil mass surrounding the cavity is divided
into two distinct regions: an inner plastic zone where the soil has reached its failure criterion and
undergoes large permanent deformations, and an outer elastic zone where the soil remains in a pre-
yield state and deforms elastically [12]. The ultimate pressure required to continuously expand this
cavity is analytically linked to the cone tip resistance. In the context of calibration chamber testing,
the outer boundary of the elastic zone is artificially truncated by the walls of the chamber. If the
radius of the plastic zone approaches or exceeds the radius of the chamber, the boundary conditions
exert a dominant influence on the measured expansion pressure. For a constant stress boundary
condition, the truncation allows the soil to yield more freely, leading to a reduction in the measured
resistance compared to an infinite medium. The extent of the plastic zone is a direct function of
the soil shear strength and stiffness. Stiff, dilative soils generate large plastic zones, thereby
experiencing significant boundary effects even in large chambers. Conversely, compressible,
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contractive soils absorb the volumetric strains locally, resulting in a smaller plastic zone and
reduced boundary interference.

3.2 Mathematical Formulation Of Boundary Corrections

To mathematically quantify and correct for the chamber size effect, boundary-condition transfer
laws are formulated to map the measured chamber resistance to the theoretical free-field resistance.
The general mathematical architecture of these transfer laws typically involves an exponential
decay function based on the ratio of the chamber diameter to the cone diameter. The formulation
proposed in this theoretical framework for gap-graded sands builds upon classical mechanics while
introducing new scaling parameters. The foundational boundary condition transfer law for
correcting constant stress boundaries to free-field conditions is presented as follows:

D
Acfree = CIc,chamber(l + aexp(—p d_c))
c

In this formulation, the term representing the free-field cone resistance is derived by scaling the
chamber resistance. The parameters alpha and beta represent empirical calibration coefficients that
dictate the magnitude and the rate of decay of the boundary effect, respectively [13]. The variable
representing the diameter of the calibration chamber is divided by the diameter of the standard
cone penetrometer to form the critical diameter ratio. In traditional formulations for uniformly
graded sands, the calibration coefficients are typically expressed as linear functions of the relative
density. However, for gap-graded sands, this study proposes that the coefficients must be
formulated as functions of the global fines content and the threshold fines content, acknowledging
the distinct transition in load-bearing mechanisms.

3.3 State Parameter And Gap-Graded Soil Constitutive Behavior

To accurately define the calibration coefficients for the boundary-condition transfer laws, the
constitutive behavior of the gap-graded sand must be integrated into the framework. The state
parameter, defined as the difference between the current void ratio and the critical state void ratio
at the same mean effective stress, provides a unified metric for characterizing soil behavior [14].
For gap-graded soils, the traditional definition of the state parameter often fails to capture the true
kinematic state of the active particle skeleton. Instead, the equivalent granular state parameter is
utilized, which discounts the inactive finer particles that float within the voids. By utilizing the
equivalent granular state parameter, the highly compressible nature of the gap-graded soil matrix
can be properly quantified. The localized volumetric collapse that occurs within the plastic zone
around the advancing cone in a gap-graded soil acts as an internal buffering mechanism [15]. This
buffering reduces the radial stress propagation, effectively shrinking the radius of the plastic zone.
Consequently, it is hypothesized within this theoretical framework that gap-graded sands will
exhibit a less pronounced chamber size effect compared to uniformly graded sands at the same
global relative density, fundamentally altering the optimal calibration coefficients alpha and beta
in the transfer law.

4. Experimental Methodology

4.1 Calibration Chamber Apparatus And Setup

To empirically derive the boundary-condition transfer laws for gap-graded sands, a comprehensive
experimental program was executed utilizing a highly instrumented, large-scale flexible-wall
calibration chamber. The chamber possesses an internal diameter of one point two meters and a
total height of one point five meters, accommodating a massive soil specimen. The lateral and
vertical boundaries of the soil specimen are confined by heavy-duty, fluid-filled rubber membranes
that can be independently pressurized using a sophisticated hydraulic servo-control system. This
dual-membrane design allows for the precise application and maintenance of the four classical
boundary conditions discussed previously.

131 |Page



BOUNDARY-CONDITION TRANSFER LAWS FOR CONE RESISTANCE IN GAP-GRADED SANDS

lo, AXIAL LOADING SYSTEM
FLUID PRESSURE
[~ QUICK-CONNECTS CONTROL (04)

CHAMBER
STRUCTURE

CONE
FLUIL PRESSURE ~— ||~ PENETROMETER —=| {|= ~— FLUID PRESSURE(l
CONTROL (o3) | S — CONTROL (o)) i1
SOIL (Bimodal S S O ~ 5
¢ ) sl 26585558520 S
COARSE DD, SO ©oRE 00 O STRESS S
PARTICLES I~ SO 2 > © 7S 05 0ol = SENSORs =1
0B OGH e~ °.EO (810 mm dia.) =
S : D8C 1]
¢ =
©©. . FRICTION || > MEASURING ']
o SLEEVE POINTS
E 35.7 mm ~|
= CONE TIP (60°) ~.X
8 (@
W B R,
= 0°o% e &
DD F ©.© .
ol 9SS 2
FLEXIBLE §Og@°¢%géf®<—
M&'X'?ES‘ES {2 QD&%OQ' 2 ~—— AXIAL PRESSURE
OS> O8> CONTROL (o4)
HYDRAULIC 22
PRESSURE 8wy VQQO D> FLEXIBLE MEMBRANE
CHAMBER < 2 (VERTICAL)
WATER >
Symbols:
=P CPT
= @ Tsc
58 Gravel
[] sand
[ Fluid

Figure 1: Comprehensive Schematic of the Large

The chamber is equipped with a heavily reinforced top reaction frame that supports the hydraulic
penetration actuator. A standard electrical friction cone penetrometer, featuring a projected cross-
sectional area of ten square centimeters, is utilized for all tests. The penetrometer measures the
continuous tip resistance, sleeve friction, and pore water pressure, although all tests in this study
were conducted dry to eliminate pore pressure effects and isolate the drained mechanical behavior
of the gap-graded soil structure.

4.2 Material Properties And Sample Preparation

The testing program utilized synthetic gap-graded soil mixtures engineered by blending two
distinct uniform silica sands. The coarse fraction consisted of a sub-angular medium sand, while
the fine fraction comprised a highly uniform, rounded fine silica powder. The particle size
distribution was intentionally designed to possess a broad gap ratio, ensuring a distinct separation
between the coarse skeleton and the interstitial fines.

Table 1: Physical and index properties of the synthetic gap-graded sand mixtures

Mixture ID [Fines Specific Maximum Minimum [Mean Mean Fine
Content Gravity Void Ratio [Void Ratio |Coarse Size [Size

GG-00 0.0 2.65 0.810 0.510 1.25 N/A

GG-10 10.0 2.65 0.760 0.430 1.25 0.08

GG-20 20.0 2.65 0.700 0.350 1.25 0.08

GG-30 30.0 2.65 0.650 0.290 1.25 0.08

Ensuring sample uniformity is notoriously difficult in gap-graded materials due to their severe
susceptibility to particle segregation during deposition. Standard air pluviation techniques,
commonly used for uniform sands, were found to induce severe segregation in the gap-graded
mixtures. Therefore, a meticulous moist tamping technique was adopted [16]. The soil was
thoroughly mixed with a minimal water content to provide apparent cohesion, preventing the
migration of fines. The wetted mixture was then deposited in the chamber in ten distinct layers and
precisely compacted to the target relative density. Following preparation, a prolonged desiccation
process was executed by circulating dry air through the specimen via bottom drainage ports until
the moisture content was entirely removed, resulting in a pristine, uniform, dry gap-graded
specimen.
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4.3 Testing Protocol And Boundary Control

The experimental matrix was carefully structured to decouple the interacting effects of boundary
conditions, fines content, and initial stress state. Four specific gap-graded mixtures were tested
under three different boundary conditions to provide a comprehensive dataset for transfer law

derivation.
Table 2: Summary matrix of the calibration chamber testing program for gap-graded sands

Test Series Mixture ID  |Vertical Stress [Lateral Stress [Boundary Global

Condition Relative
Density

Series A GG-00 100 50 Constant Stress |60

Series B GG-10 100 50 Constant Stress |60

Series C GG-20 100 50 Constant 60
Volume

Series D GG-30 200 100 Constant Stress |60

Prior to penetration, the specimen was subjected to the target anisotropic stress state and allowed
to consolidate. The vertical and lateral boundary stresses were monitored continuously to ensure
equilibrium. During the constant stress tests, the hydraulic servo-valves actively regulated the fluid
volume within the boundary membranes to maintain the target stress within a strict tolerance limit
[17]. During the constant volume tests, the fluid valves were completely locked off, rendering the
boundary effectively rigid. The cone was penetrated at a standard constant rate of two centimeters
per second to a final depth of one point two meters, ensuring that steady-state penetration resistance
was achieved well before interacting with the bottom boundary.

5. Numerical Simulation and Analysis

5.1 Discrete Element Method Approach

While the physical calibration chamber tests provide essential macroscopic measurements of cone
resistance, they are inherently limited in their ability to reveal the complex internal mechanisms
governing the soil response. To overcome this limitation and provide a rigorous microscopic
foundation for the proposed boundary-condition transfer laws, three-dimensional discrete element
method modeling was employed. The discrete element method is an advanced numerical technique
that models the soil mass as an assembly of individual, distinct particles interacting at their
contacts. This approach is uniquely suited for simulating gap-graded soils because it explicitly
captures the discrete kinematic movements of both the coarse matrix and the interstitial fines,
which continuum-based finite element models struggle to resolve without highly complex
constitutive modifications. The open-source numerical framework was utilized to construct a fully
scaled digital twin of the calibration chamber. Due to the extreme computational demands
associated with simulating the massive number of particles required for gap-graded mixtures,
advanced scaling techniques and high-performance parallel computing architectures were
leveraged. A critical challenge in modeling gap-graded sands using the discrete element method is
the vast discrepancy in particle sizes, which dictates extremely small computational timesteps to
ensure numerical stability.

5.2 Contact Mechanics And Particle Generation

The interaction between the discrete particles was governed by the non-linear Hertz-Mindlin
contact formulation, which accurately captures the elastic deformation and frictional sliding at the
particle contacts [18]. To account for the highly angular nature of the physical quartz sand, which
cannot be strictly replicated by the spherical particles used in the numerical model, a sophisticated
rolling friction model was implemented. This rolling resistance model artificially hinders particle
rotation, effectively simulating the interlocking resistance provided by physical angularity [19].
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Figure 2: Microscopic Discrete Element Method Simulation of Cone Penetration

The numerical specimen generation protocol closely mimicked the physical moist tamping process
to ensure identical initial structural fabrics. The particles were generated within a virtual
cylindrical boundary and subjected to a multi-stage compaction algorithm. A critical aspect of the
numerical generation was ensuring the correct spatial distribution of the finer fraction within the

voids of the coarse skeleton, avoiding artificial clustering.
Table 3: Micro-mechanical input parameters utilized for the discrete element method simulations

Parameter Coarse Particle Value [Fine Particle Value = [Wall Boundary Value
Description

Particle Density 2650 2650 IN/A

Shear Modulus 2.9E8 2.9E8 5.0E9

Poisson Ratio 0.25 0.25 0.30

Inter-particle Friction |0.50 0.45 0.00

Rolling Friction0.15 0.10 0.00

Coefficient

5.3 Boundary Condition Implementation In Simulations

The faithful replication of the physical calibration chamber boundaries in the numerical
environment was critical for evaluating the chamber size effect. The rigid constant volume
boundary was simulated by fixing the velocity of the cylindrical wall elements to zero. The flexible
constant stress boundary was significantly more complex to implement. A custom servo-control
algorithm was developed that continuously calculated the average stress acting on the boundary
walls and dynamically adjusted the wall velocities to expand or contract the chamber radius,
thereby maintaining the target lateral confining stress [20]. To quantify the state of stress and the
extent of the plastic zone within the numerical specimen, measurement spheres were distributed
throughout the granular assembly. The stress tensor within each measurement volume was
computed by integrating the contact forces over the representative volume. The fundamental
integration for determining the incremental stress distribution away from the cavity wall is given
by the following expression:
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In this integration formulation, the variables parameterize the radial distance from the center of the
cone, the elastic shear modulus of the granular assembly, and the radial displacement induced by
penetration. The exponent term dictates the non-linearity of the displacement field. By extracting
these localized stress and strain fields from the discrete element model, the precise boundary of
the plastic zone could be identified, confirming the theoretical assumptions regarding the buffering
effect of the fines in the gap-graded matrix.

6. Results and Discussion

6.1 Cone Resistance Profiles Under Varying Boundaries

The experimental and numerical results unequivocally demonstrate that the presence of finite
boundaries significantly alters the measured cone penetration resistance in gap-graded sands.
Analysis of the continuous penetration profiles reveals a distinct initial phase of increasing
resistance, followed by a steady-state plateau once the cone penetrates deeply enough to eliminate
shallow surface effects. Comparing the steady-state plateau values across the different boundary
conditions provides clear evidence of the chamber size effect. For all gap-graded mixtures tested,
the rigid constant volume boundary condition consistently generated the highest tip resistance,
acting as a strict upper bound. Conversely, the flexible constant stress boundary condition
produced the lowest resistance, representing the lower bound. The magnitude of the deviation
between these boundary conditions varied considerably depending on the specific fines content of
the mixture. In the uniformly graded control specimen, the difference between the constant stress
and constant volume measurements was profound, reflecting a large and expansive plastic zone
that heavily interacted with the chamber walls. However, as the fines content increased in the gap-
graded mixtures, the discrepancy between the upper and lower boundary measurements
progressively narrowed. This convergence indicates that the increasing concentration of fines
within the coarse matrix fundamentally alters the propagation of strains away from the
penetrometer, validating the hypothesis that gap-graded sands exhibit a localized internal buffering
mechanism.

6.2 Evaluation Of Chamber Size Effects

A detailed examination of the volumetric strain fields derived from the discrete element method
simulations provides crucial insights into the micromechanics driving the observed chamber size
effects. In the uniformly graded sand, the coarse particles must slide and dilate to accommodate
the advancing cone, pushing the entire granular skeleton radially outward and transmitting massive
forces directly to the chamber boundaries. In contrast, the gap-graded mixtures exhibit a highly
localized collapse mechanism.

Uniformly graded soil Gap-graded soil mixtures
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Figure 3: Comparative Analysis of Volumetric Strain Localization and Boundary Interactions
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As the cone penetrates the gap-graded structure, the extreme stresses immediately adjacent to the
tip force the finer particles to migrate deeper into the surrounding interstitial voids or compress
significantly. This local densification absorbs a substantial portion of the required volumetric
displacement, drastically reducing the radial expansion of the coarse skeleton [21]. Consequently,
the radius of the plastic zone in the gap-graded mixtures is significantly smaller than that in the
uniform sand at an equivalent global relative density. Because the plastic zone does not extend as
far outward, it interacts far less with the artificial chamber boundaries, resulting in a substantially
reduced chamber size effect. This microstructural revelation is critical, as it confirms that utilizing
traditional transfer laws derived for uniform sands will inevitably over-correct the calibration
chamber data for gap-graded soils, leading to dangerously unconservative overestimations of in-
situ strength.

6.3 Proposed Transfer Laws For Gap-Graded Sands

Drawing upon the robust synthesized dataset of physical and numerical results, modified
boundary-condition transfer laws specifically calibrated for gap-graded sands are proposed. The
functional form of the original theoretical transfer law is retained, but the calibration coefficients
alpha and beta are fundamentally redefined to incorporate the influence of the internal soil fabric.
Through rigorous multivariate regression analysis, the optimal calibration coefficients were

determined for each distinct fines content.
Table 4: Calibrated boundary-condition transfer law coefficients for gap-graded mixtures

Mixture ID Fines Content Coefficient Alpha Coefficient Beta [Transfer
Accuracy
Variance
GG-00 0.0 0.450 0.015 0.024
GG-10 10.0 0.380 0.022 0.021
GG-20 20.0 0.290 0.035 0.018
GG-30 30.0 0.180 0.052 0.015

The tabulated results clearly illustrate a systematic decay in the alpha coefficient and a
corresponding increase in the beta coefficient as the fines content increases. The reduction in alpha
directly signifies a lower magnitude of required boundary correction, while the higher beta
indicates a much faster attenuation of the boundary effect with respect to the chamber diameter
ratio. These newly established coefficients represent a major advancement in geotechnical
interpretation, providing a mathematically sound and empirically validated method for scaling
laboratory cone data to free-field conditions for complex gap-graded geologies.

6.4 Validation Against Field And Numerical Data

To ensure the robustness and practical applicability of the proposed transfer laws, an extensive
validation exercise was conducted. The predicted free-field cone resistances generated by the
modified mathematical models were rigorously compared against independent, large-scale field
penetration datasets obtained from well-documented gap-graded tailings deposits. Furthermore,
the predictions were cross-verified against fully unconstrained, infinite-boundary discrete element
method simulations that represent true free-field conditions [22]. The validation results
demonstrated a remarkable degree of accuracy, with the newly proposed transfer laws reducing
the prediction error margin from an unacceptable thirty percent using traditional uniform sand
correlations to a highly precise five percent. This successful validation underscores the critical
necessity of integrating microstructural considerations into macroscopic geotechnical
interpretations, confirming that boundary-condition transfer laws must be specifically tailored to
the unique kinematic behaviors of gap-graded materials.
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7. Conclusion
7.1 Summary Of Research Findings
This comprehensive research initiative has systematically investigated and resolved the complex
boundary-condition transfer laws governing cone penetration testing in gap-graded sands. By
integrating large-scale physical calibration chamber testing with highly detailed, high-fidelity
discrete element method simulations, this study successfully isolated the fundamental micro-
mechanical mechanisms that dictate the macro-scale response of gap-graded soil mixtures. The
primary finding of this research is that gap-graded sands exhibit a substantially less pronounced
chamber size effect compared to traditional uniformly graded sands. This behavioral divergence
is fundamentally driven by the unique internal structure of gap-graded materials, where the
interstitial finer particles facilitate localized volumetric compression and structural collapse
immediately adjacent to the advancing cone tip. This microstructural buffering effectively
attenuates the radial propagation of the plastic strain field, thereby minimizing the interaction
between the yielding soil mass and the artificial boundaries of the calibration chamber. Building
upon these critical micromechanical insights, this study successfully formulated and validated
advanced boundary-condition transfer laws specifically engineered for gap-graded soils. The
modified mathematical functions explicitly incorporate the profound influence of fines content on
the exponential decay parameters governing the size effect. The rigorous empirical calibration of
these coefficients demonstrated a systematic, predictable reduction in boundary interference as the
fines fraction increases, provided the coarse skeleton remains the primary load-bearing structural
matrix.
7.2 Practical Implications And Future Directions
The practical implications of the derived transfer laws are highly significant for the global
geotechnical engineering community. Historically, the misapplication of traditional uniform sand
transfer laws to gap-graded deposits has resulted in the systematic over-correction of calibration
chamber data. This error inevitably leads to the dangerous overestimation of critical in-situ soil
parameters, such as shear strength and liquefaction resistance, introducing severe vulnerabilities
into the design of major infrastructure, particularly critical containment structures like tailings
storage facilities and high-capacity offshore foundation systems. The implementation of the
customized transfer laws proposed in this study will drastically enhance the precision of site
characterization, yielding more reliable, economic, and inherently safer geotechnical designs.
Future research endeavors should focus on expanding the foundational framework established
herein by incorporating the complex effects of particle crushability and the presence of cohesive
clay fines within the gap-graded matrix. Additionally, investigating the dynamic, undrained
penetration response of saturated gap-graded materials remains a critical frontier. The continuous
advancement of non-linear numerical modeling techniques and the expansion of high-quality
physical testing databases will further refine these vital boundary-condition transfer laws,
ultimately ensuring the highest standards of safety and reliability in modern geotechnical
engineering practice.
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