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ABSTRACT 

The cone penetration test (CPT) is the most commonly conducted test in geotechnical site 

investigations. The continuous penetration resistance profiles can be used to interpret soil 

stratifications and soil properties within layers. Past studies have noted that during its 

penetration, the cone resistance could sense not only the soil layer where the cone is 

embedded, but also the soil layers ahead and behind the cone. The conventional 

interpretation methodologies for CPT data are mainly based on the results derived from 

a cone in a single soil layer. Direct application of the methods to layered soils can result 

in faulty interpretation if the adjacent layers’ effects are not considered. This is 

exacerbated when a thin layer is encountered by the CPT. This thesis focuses on CPTs in 

layered soils where both sand and clay layers are involved. 

As the cone penetration is a typical large deformation problem, Large Deformation Finite 

Element (LDFE) analysis with the remeshing and interpolation technique with small 

strain (RITSS) method was deployed to simulate continuous penetration of the cone 

penetrometer. For sand, an extended Critical State Mohr-Coulomb (CSMC) model was 

deployed to capture its stress dependent behaviour under drained conditions. The CSMC 

model was calibrated for boundary problems in this project. A simple Tresca failure 

criterion was deployed for clay under undrained conditions. The LDFE/RITSS method 

was validated against existing centrifuge test data, before extensive parametric studies 

were carried out. 

In the comprehensive parametric studies, the layered soil profiles included: (1) stiff clay 

over soft clay; (2) sand over clay; (3) a thin sand layer embedded in a uniform clay; and 

(4) a thin sand layer sandwiched between two different but uniform clay layers. For soil 

profiles (1) and (2), the studies were focusing on mini-cone penetration tests that are used 

in centrifuge test, where the prototype cone diameter varies with the centrifuge 
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acceleration levels. For soil profiles (3) and (4), a standard cone in field applications (i.e. 

cone diameter = 0.0357 m) was studied. Cone penetration resistance profiles, soil flow 

mechanisms, soil stress fields and soil failure patterns were analyzed based on the 

LDFE/RITSS results. 

It is found that the cone resistance profile within an individual soil layer was affected by 

the layer thickness and the layer stiffness ratios to the adjacent layers. When a sand layer 

was involved in the soil profiles, the stress development in the sand layer was the 

determining factor for cone resistance profile in the sand layer. A soft clay layer ahead of 

the cone penetration had more influences on the cone resistance in sand than a soft clay 

layer behind the penetrating cone. Based on the parametric study in each soil profile, 

guidelines to interpret the soil strength of each individual layer are proposed for the mini-

cones used in centrifuge tests and for the standard cone used in geotechnical site 

investigations. 
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1 INTRODUCTION 

1.1 BACKGROUND 

1.1.1 Why does the cone penetration test (CPT) need to be investigated? 

The CPT is the most commonly used site investigation test worldwide. The standard cone 

penetrometer has a conical tip with a base area of 10 cm2 (diameter = 3.57 cm) and 60° apex angle 

at the tip. As suggested by the International Reference Test Procedure (IRTP) and the American 

Society for Testing and Materials (ASTM) standards, the cone travels at a rate of 2 cm/s into the 

ground to make the drainage condition feasible to the assumption that the fully drained and fully 

undrained conditions prevail for clean sand and pure clay respectively (Kim et al., 2008). The cone 

tip resistance (qc) is recorded by the sensors installed near its shoulder, along with the sensors 

installed around the cone shoulder and sleeve for the measurement of pore water pressure (u) and 

sleeve friction (fs). Figure 1-1 illustrates the cone penetrometer with the three measurement 

components. 

Due to its continuous penetration and good repeatability, CPT has been adopted in both onshore 

and offshore practices. Practice engineers use the measured CPT data to interpret the underground 

stratification and soil classification. Recent developed full-flow penetrometers (i.e. T bar and ball) 

have attracted increasing attention for their better profiling ability in soft sediments (Zhou et al. 

2013). In stiffer soils (i.e. stiff clay or sand), the cavity formation during T-bar or ball penetrations 

can hinder the interpretation of soil parameters based on full-flow mechanisms. Hence, CPT is still 

a more preferred probe for site investigations in stiff soils (i.e. very stiff clay or sand). Various 

engineering properties of soils can be derived from the cone resistance profile. For example, the 

undrained shear strength of clay (su) can be obtained by normalizing the cone resistance by a 

bearing factor (Nb) and the relative density of sand calculated by empirical formulas that relate 

cone resistance to density (Lunne et al., 2002). The information and properties derived by the CPT 
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about the ground is crucial for engineering design and risk assessment of foundations and other 

geotechnical infrastructure. Therefore, any improvement on the interpretation of CPT data has the 

potential to benefit the geotechnical engineering community. 

1.1.2 Why does CPT in layered soils need to be studied? 

Soils are often deposited in layers during their long history of geological processes. In the offshore 

environment, where foundations are built for oil, gas and renewable energy infrastructure, layered 

seabeds are commonly encountered, particularly in emerging operating fields. Many such areas 

have been reported across the globe, such as (1) multilayered clay deposits in the Gulf of Thailand 

and Sunda Shelf (Castleberry and Prebaharan, 1985, Handidjaja et al., 2004, Kostelnik et al., 2007, 

Chan et al., 2008, InSafeJip, 2010) and (2) multilayered deposits with interbedded sand in the Gulf 

of Suez, Southeast Asia, Gulf of Mexico and offshore South America (Baglioni et al., 1982, Dutt 

and Ingram, 1984, Teh et al., 2009). Care needs to be taken for offshore engineering designs in 

layered soils, as engineering failures can occur when the stratification is poorly understood. One 

example of this is the punch-through failure of foundations in strong over soft soil conditions (Lu, 

2008, Ullah et al., 2017).  

Another example, where the understanding of layered soil is crucial, is soil liquefaction assessment. 

Liquefiable conditions are rarely found in uniform deposits but more often require liquefiable soil 

deposits to be overlain by less permeable soils. Reliable interpretations on the engineering 

properties of each soil layer serves as a crucial basis for liquefaction assessment. 

Although the CPT has a long history of being utilized to detect soil stratifications, caution remains 

when using the measured profile to interpret soil parameters for each individual layer, especially 

where a thin layer is involved. The cone senses the impact from soils ahead and behind the cone 

by several cone diameters from the cone tip (Lunne et al., 2002). When the sensing zone expands 

across layer interfaces, the measured resistance not only represents the characteristics of the soil 
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layer where the cone is currently embedded, but also includes the impact from the layers above 

and/or below. The well-established guidelines on interpreting CPT data are based on CPTs in single 

layer soils. Applying such guidelines in layered soils directly can result in faulty interpretations 

(Tehrani et al., 2017). For example, the strength parameters of the layer could be underestimated 

when the layer is embedded in softer soils, while they could be overestimated when the layer is 

embedded in stiffer soils (Ma et al., 2016, Ma et al., 2017). Therefore, improving the understanding 

and interpretation of the CPT in layered soils is necessary and important.  

With the advances in numerical methodology and computational capability, the whole process of 

the cone penetration and its measured cone resistance were modelled in this study. After verifying 

the numerical method against existing physical test data, comprehensive parametric studies were 

carried out for a CPT in different layered soil profiles. This investigated the soil-cone interactions 

during the continuous penetration of the cone through layered soils in order to establish guidelines 

to interpret the soil strength in each layer. 

1.2 RESEARCH OBJECTIVES 

There are three objectives in this thesis, which will be achieved in sequence. 

1.2.1 Objective I 

Provide guidelines to interpret CPT data in layered soil: based on the measured cone resistance 

profile formulas will be proposed to identify the layer interface(s) and to estimate the soil 

parameters of each layer. For clay and sand, the identified soil parameters are the undrained shear 

strength and the relative density respectively.  

1.2.2 Objective II 

Reveal flow mechanisms and provide insightful information on the soil response to the cone 

penetration test. The developments of soil stresses and soil displacements will be revealed around 
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the penetrating cone to understand the cone resistance profiles. Particular attention is offered when 

the cone penetrates across soil layer interfaces. 

1.2.3 Objective III 

Explore the efficiency of modelling the deep penetration of the cone in layered soils: various model 

setups are explored and compared to provide recommendations on modelling cone penetration 

problem in layered soils efficiently.  

1.3 THESIS OUTLINE 

The thesis is organized by five Papers 1 to 5, they are either published or ready for submission. 

Figure 1-2 illustrates five soil strata being studied, (a)-(d) being included in Papers 1 to 4; (c) and 

(e) being included in Paper 5. The soil strata range from two-layers (i.e. stiff over soft clay and 

sand over clay) to three-layer soils with both stress-dependent material (sand) and stress-

independent material (clay) involved. Figure 1-3 summarizes the thesis structure that links the 

Chapters to the corresponding publications and the relevant objectives. A brief summary of each 

chapter is provided below. 

 Chapter 2 studies a miniature cone penetration test in stiff over soft clay in centrifuge testing 

scenario (high g) by a numerical parametric study. The study aims to reveal the soil flow 

mechanism with the cone penetration and to provide guidelines to interpret CPT profiles 

for the top stiff clay layer. 

 Chapter 3 studies a miniature cone penetration test in sand over clay in centrifuge testing 

scenario (high g). The study aims to provide insights in the soil flow mechanism and stress 

development with the cone penetration. A parametric study is conducted to establish 

interpretation framework for the CPT profiles in the soil strata. 

 Chapter 4 studies a standard cone (cone diameter = 0.0357 m) penetration test in a thin sand 

layer embedded in clays. The study aims to reveal the soil flow mechanism and stress 
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development with the cone penetration. A parametric study is conducted to propose 

formulas for interpretation purpose. 

 Chapter 5 studies a standard cone (cone diameter = 0.0357 m) penetration test in a thin sand 

layer sandwiched between different clay layers (i.e. different undrained shear strengths). 

The study investigates the flow mechanism and stress development for various clay layer 

combination (stiff clay on top and soft clay at bottom; soft clay on top and stiff clay at 

bottom). A parametric study is conducted to propose guidelines on the CPT data 

interpretation. 

 Chapter 6 investigates different methodologies to model the CPT problem in soft-stiff-soft 

soils: (i) small strain analysis for pre-embedded cones at various depths; (ii) large 

deformation finite element (LDFE) analysis for the cone penetrating from soil surface; and 

(iii) to conduct LDFE analysis for cones pre-embedded at various depths. Comparison of 

their results is made to search for ways to save computation cost for numerical modelling 

probe penetration problem. 

 Chapter 7 summarizes the main findings of the thesis and their practical implications and 

provides the recommendation to future works. 

1.4 REFERENCE 
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Figure 1-1 Schematic of CPT 
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ABSTRACT 

This paper describes a numerical study on soil characterization of stiff over soft clays in centrifuge 

tests using cone penetration test (CPT), especially when the top stiff layer is thin relative to the 

centrifuge cone size. An extensive parametric study was conducted using the Large Deformation 

Finite Element (LDFE) analysis, with the cone penetrating continuously from the soil surface. The 

LDFE model has been validated against existing physical test data with very good agreement. Since 

the bottom soft clay was normally thick enough to fully mobilize the ultimate cone resistance, its 

undrained shear strength can be interpreted by the existing approach for cone deep penetration in a 

uniform clay layer. Thus, the challenge was to interpret the strength of the top stiff layer, where the 

layer thickness was not thick enough to fully mobilize its ultimate resistance. Both top layer 

thickness ratios (to the cone diameter) and layer strength ratios were considered in the parametric 

study. Based on the results from LDFE analyses, the interpretation formula of the undrained shear 

strength in the top stiff layer was proposed as a set of new bearing factors. The proposed cone 

bearing factor was a function of the ratio of the measured peak cone resistance in the top layer to 

the stable/ultimate cone resistance in the bottom layer and the ratio between the top layer thickness 

to the cone diameter. The formula can be used directly when the top layer thickness was known 

based on the sample preparation. However, the layer interface can be identified based on the study 
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here, if the top layer thickness was not certain. A design flow chart was provided for the 

interpretation of top clay layer strength and top layer thickness based on the cone resistance profile 

obtained from the CPT test. 

KEYWORDS  

Cone Penetration test, layered soil, centrifuge test, LDFE analysis 
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2.1 INTRODUCTION 

2.1.1 Background 

Offshore oil and gas exploration is moving towards deeper and undeveloped environments due to 

the depletion of the known reserves in shallow waters in traditional hydrocarbon regions. Layered 

soils have been encountered at a high frequency in such areas. For example, a Joint Industry Funded 

Project (Osborne et al., 2009), covering many popular oil and gas exploration areas (e.g. The Sunda 

Shelf, offshore Malaysia, Australia’s North-West Shelf, South China Sea), reports that over 75% 

of its case study datasets involve stratified seabed profiles. The layered deposits are also 

encountered in the Gulf of Mexico and Gulf of Guinea (Menzies and Roper, 2008, Colliat and 

Colliard, 2010, Menzies and Lopez, 2011). 

To study the behaviour of offshore foundations in layered soils, centrifuge tests are often conducted 

(Teh et al., 2010, Hu et al., 2013, Ullah et al., 2017) due to its ability to model the dimensions of 

typical offshore foundations (e.g. spudcan) under in situ stress levels. The proper characterization 

of soil layers in the test is the basis to analyse the foundation (e.g. spudcan) response profiles 

obtained in the tests. The soil characterisation includes two aspects: (1) the thickness ratio of the 

soil layers relative to the structure diameter and (2) the strength ratio between the two successive 

soil layers, since these two ratios are the main factors that affect the foundation behaviour in layered 

soils.  

To quantify the characteristics of layered soils, CPT is the most commonly used in-situ 

investigation test for both onshore and offshore site investigations. It is also a commonly used 

probe in laboratory tests, including centrifuge model tests (Teh et al., 2010).  

Due to the high acceleration level (i.e. high g) in centrifuge test, the different cone sizes used in the 

tests can have large prototype cone diameters. With the limited space (or sample height) in the 

strong box, when stiff-over-soft clay samples are prepared, the top layer thickness can be relatively 

thin compared to the cone diameter. This can make the interpretation of the soil strength in the top 
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stiff layer rather difficult. Although many formulas are available to interpret soil strength using 

CPT data with deep penetration, the relative thin top stiff clay layer cannot fully mobilize the cone 

resistance. The conventional interpretation formulas cannot be used. 

2.1.2 Previous work 

There were a number of studies conducted on cone penetration in single-layer clay with uniform 

shear strength using analytical, numerical and experimental methods. The bearing capacity factor 

of the cone has been extensively studied by the strain path method, hybrid strain path method, 

cavity expansion method and conventional small strain finite element analysis (Baligh, 1985, Teh 

and Houlsby, 1991, Yu, 2013). Recently, the methods of large deformation finite element analysis 

and centrifuge tests have been applied to study the problem (Van den Berg, 1994, Bolton et al., 

1999, Lu et al., 2004, Walker and Yu, 2006, Liyanapathirana, 2009). Despite these efforts, the 

conventional practice is still to directly evaluate the in-situ shear strength (su) for clay by a constant 

cone bearing capacity factor, Nb, as su = qnet/Nb in-situ. The cone factor can be obtained by 

correlating the net cone tip resistance to the shear strength measured from element tests conducted 

in laboratory (Chan et al., 2008, Ozkul et al., 2013), as Nb = qnet/su in laboratory. Hence, once Nb 

is known, the soil strength can be calculated by cone penetration resistance profile. However, based 

on typical laboratory tests (such as triaxial test and simple shear test) data, Nb can range from 7.2 

to 18 (Low et al., 2010, Low et al., 2011). 

In contrast to the large amount of studies on CPT in single layer soils, there has been relatively 

little research on the effect of soil layering on CPT measurement. A small number of experimental 

tests (Treadwell, 1976, Silva and Bolton, 2004, Xu, 2007) provided the observation of the transition 

through soil layers. Numerically, Berg et al. (Berg et al., 1996), Ahmadi et al. (Ahmadi et al., 2005), 

Xu and Lehane (2008) and Walker and Yu (2010) studied the layering effects and influence zone 

around soil interfaces. The first analytical solution for cone penetration in layered soils was 

proposed by Vreugdenhil et al. (Vreugdenhil et al., 1994) using elasticity theory. 
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In brief, Berg et al. (Berg et al., 1996) presented an Eulerian analysis method of cone penetration 

in multilayer soils which is characterized by a non-associated Drucker-Prager criterion. 

Vreugdenhil et al. (Vreugdenhil et al., 1994) suggested correction factors to increase the 

insufficiently mobilized cone resistance in a thin layer, the factors are a function of the layer 

thickness ratio and layer strength ratio. However, for the interpretation of thin interbedded sand 

layer, lower correction factors were recommended for conservative interpretation of field test data. 

(Robertson and Fear, 1995, Youd et al., 2001, Ahmadi et al., 2005). Analytical solutions, i.e. cavity 

expansion, were employed to analyse the problem and a correction factor for the thin layer was 

proposed that fitted well with the reported field data (Mo et al., 2016). All these researchers, except 

Vreugdenhil et al. (Vreugdenhil et al., 1994), studied the layering effect for sediments with either 

surface or interbedded sand layers. More recently, a study was conducted for a CPT in many 

alternating sand and clay layers by physical tests [31]. Practical implementation suggestions were 

provided but no interpretation method was proposed (Van der Linden et al., 2018). 

For cone penetration in multilayer clays, Walker and Yu (2010) studied the cone penetration in 

two-layer stiff-soft and three-layer stiff-soft-stiff layer by LDFE analysis in the FE package 

Abaqus/Explicit. The characteristics of cone resistance profiles during its continuous penetration 

into different layers were investigated, and the soil deformation around the cone tip provided better 

understanding of the soil failure mechanisms around the cone. However, there was no interpretation 

guideline provided in the study. Recently, numerical studies were conducted by LDFE analysis on 

soft-stiff-soft layering system in AFENA (Ma et al., 2014, Ma et al., 2015). These studies 

conducted comprehensive parametric analysis on variables of shear strengths and layering soil 

profiles. They provided a guideline on interpreting the undrained shear strength based on cone 

resistance profiles. The key findings can be summarized as following: (1) The layer interface can 

be identified at 0.8D below the kink of the resistance profile in the soft layer for the cone passing 

the soft-to-stiff interface, while 1.3D above the kink in the soft layer for the cone passing the stiff-

to-soft interface, when the middle stiff layer was relatively thick (i.e. 15D ~ 20D); (2) The 
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influencing distance to sense the upcoming stiff middle layer was a function of the normalized 

middle layer thickness as 4 < t/D < 40; (3) Formulas have been proposed for the cone factors in the 

top soft layer and correction coefficients to the cone factors for the middle stiff layer when the 

middle layer was not sufficiently thick to mobilize the ultimate cone resistance; (4) A flow chart 

was established to interpret soil layer boundaries and the undrained shear strengths in each 

identified layer. Moreover, the same researchers above also reported their investigations on cone 

roughness effect on layer interface identification, a new set of formulas were provided based on 

their results (Ma et al., 2017). 

2.1.3 Objective of present work 

This paper investigates soil characterisation in centrifuge model tests using CPT in stiff over soft 

clays using the LDFE analysis, where the mini cone used in centrifuge can have a large diameter 

in prototype dimensions due to high g-level. In the limited depth of the strong box, this means the 

ratio of the top layer thickness to the cone diameter can be so low that the ultimate cone penetration 

resistance can’t be reached. The LDFE analysis will be validated against centrifuge test data. Then 

a parametric study will be performed considering both top stiff layer thickness ratios to the cone 

diameter and the clay layer strength ratios within the range of centrifuge tests. Soil flow 

mechanisms will be revealed, and a framework to interpret soil layer interface and soil strength in 

each layer will be established for centrifuge modellers. 

2.2 NUMERICAL ANALYSIS 

2.2.1 Geometry and parameters 

This paper studies a cylindrical cone penetrometer with a diameter D with an apex angle 60°, 

penetrating into stiff over soft clays as illustrated in Figure 2-1. The top stiff layer has an undrained 

shear strength of sut, an unit weight of γt and a thickness of H, and the bottom soft layer has an 

undrained shear strength of sub, an unit weight of γb and nominally infinite thickness. Thus both 
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layers have uniform strengths. As the miniature cone used in the centrifuge is made of either 

stainless steel or aluminium with a polished surface, a fully smooth cone was simulated. 

In centrifuge model test, the strength of a stiff clay sample ranges from 40 kPa to 120 kPa, and the 

strength of a soft clay sample ranges from 10 kPa to 40 kPa (Ma et al., 2015). The typical diameters 

of a centrifuge cone are 6 mm, 7 mm and 10 mm, where 10 mm cone is most common for 

centrifuges at the University of Western Australia. In a single layer of uniform clay, the cone 

resistance reaches its steady state when its penetration is deep (i.e. d > 12D, where d is cone 

penetration depth). The centrifuge facility is commonly operated at 50 to 200 g. Therefore, in order 

to cover the practical range in centrifuge tests, the strength ratio of sut/sub ranging 2-10 and the top 

stiff layer thickness ratio ranging 2-16 are considered in the parametric study. A summary of the 

selected parameters are listed in Table 2-1. 

2.2.2 LDFE analysis 

FE analysis was performed using the FE package AFENA developed by Carter and Balaam (1995) 

at the University of Sydney. To study the continuous penetration of the cone, large deformation 

finite-element analysis incorporating the remeshing and interpolation technique with small strain 

(RITSS) technique was employed, which was implemented in the AFENA package by Hu and 

Randolph (1998a). The RITSS method can be categorised into an arbitrary Lagrangian-Eulerian 

(ALE) FE method, whereby a series of small strain incremental analyses is combined with 

automatic remeshing of the whole domain, followed by interpolation of field variables from the old 

mesh to the new mesh. To optimize the mesh after each remeshing step, H-adaptive mesh 

refinement cycles (Hu and Randolph, 1998b) were implemented to minimize discretization errors. 

In this paper, the displacement increment and the remeshing steps are chosen such that the 

cumulative penetration between remeshing stages remained in the small strain range and is less 

than half of the minimum element size. 
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The simulation of the cone penetration started with the cone tip embedded in soil and the cone 

shoulder at the soil surface. Before starting the cone penetration in layered soils, initial in-situ 

stresses were created in the soil domain. The cone penetration depth reported in this paper is 

referencing the cone shoulder point as illustrated in Figure 2-1. An axisymmetric soil domain was 

set as 100D in radius and 100D in depth to avoid domain boundary effects. Hinge and roller 

conditions were applied along the base and vertical side of the soil domain. Six-noded triangular 

elements with three internal Gauss points were used. Figure 2-2 illustrates a typical mesh setup at 

the start of the cone penetration analysis. The cone is modelled as a rigid body. This is achieved by 

defining all the boundary nodes of the cone and all the nodes are displaced at the same rate (i.e. 

displacement controlled analysis). 

The clay was modelled as a linear elastic-perfectly plastic material obeying a Tresca yield criterion. 

The two elastic parameters for the model are Young’s modulus (E) and Poisson’s ratio (v). The 

plastic parameter is the undrained shear strength (su) defining the size of the yield surface. The 

elastic parameters are considered independent of the stress conditions, hence a constant values was 

adopted with a constant stiffness ratio of E/su = 500 for all the analyses. The effect of the variation 

of E/su on cone resistance in layered soil has been systematically explored by Ma et al. (2017). The 

cone penetration rate was set high enough to reach an undrained condition in the centrifuge test. 

For undrained clays, the Poisson ratio (v) in LDFE/RITSS analysis is set to  = 0.49 (i.e. close to 

0.5) to give minimal volumetric strains while maintaining numerical stability. 

2.2.3 LDFE model validation 

The LDFE result was validated against centrifuge test data. The centrifuge test was operated at 50g 

for an 11.29 mm diameter model cone in a two-layer clay at the Technical University of Denmark. 

After the tests, the water content of each clay layer was measured. The undrained shear strength 

was then calculated based on the overconsolidation ratio and the water content of the sample 

(Koumoto and Houlsby, 2001). The undrained shear strength at the top layer was 26 kPa while the 
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shear strength at the bottom layer is 6 kPa (see Group I in Table 2-1). To verify the numerical 

model, the centrifuge test was simulating the cone test in the prototype dimension, with a cone 

diameter of 0.5645 m (i.e. 11.29 mm×50 = 0.5645 m) and top layer thickness of 2.7m. Shear 

strength of each layer was assigned as the measurement (i.e. sut = 26 kPa and sub = 6 kPa). Figure 

2-3 shows the comparison of the numerical results with the experimental data. It is clearly shown 

that the numerical model works very well. For the standard cone used in site investigations (i.e. D 

= 0.0357 m) of single and double layer clays, the LDFE/RITSS model was validated against site 

investigation data (Ma et al., 2014, Ma et al., 2015). The difference of cone performance in 

centrifuge and in situ is due to the cone diameter. As the in situ cone diameter is relatively small, 

the cone resistance can reach its steady state fairly easily with relatively high H/D. However, in 

centrifuge tests, H/D is relatively low, as D is quite large in prototype, the cone resistance cannot 

reach its steady state in a relatively thin clay layer. This will make the soil strength interpretation 

erroneous. Hence, this study can provide new interpretation formulas for centrifuge tests. 

2.3 RESULTS AND DISCUSSION 

2.3.1 Soil failure mechanisms 

Soil flow mechanisms and resistance profiles during cone penetration process are linked directly, 

as shown in Figure 2-4 and Figure 2-5. Figure 2-4 shows a typical resistance profile with sut/sub = 

4 and H/D = 4. Cone penetration resistances at six discrete penetration depths (i.e. six Stages of A1 

to A6) are marked on the profile in Figure 2-4. Figure 2-5 depicts soil flow mechanisms 

corresponding to these penetration depths. 

At Stage A1 of d/D = 0.8 the soil around the cone tip is being pushed both vertically and laterally 

in the outward direction, while the soil around the cone shoulder flows upwards, leading to soil 

heave to the surface (Figure 2-5 (a)). When the cone penetrates to Stage A2 of d/D = 1.2 the soil 

flow is concentrated in a limited zone beneath the cone in the top stiff layer in Figure 2-5 (b). At 

this stage, the once reaches its peak resistance in Figure 2-4. After this Stage, the cone starts to 
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sense the bottom soft layer and the cone resistance starts to drop sharply. Once the cone tip enters 

the bottom soft layer at Stage A3 of d/D = 3.5, the cone shoulder is still in the top stiff layer, soil 

flow is predominantly attracted to the underlying soft clay layer (see Figure 2-5 (c)), leading to a 

bending of the layer interface. When the cone is passing through the layer interface to Stage A4 of 

d/D = 4.5, the cone penetration resistance continues to drop sharply (i.e. Stages A3 to A4 in Figure 

2-4). Finally, when the full cone tip passes the deformed top stiff layer, and is fully embedded in 

the bottom soft layer (Figure 2-5 (e) and (f)), the soil flow is confined in the bottom soft layer.  

The cone resistance reaches the peak in top stiff layer and stabilizes in bottom soft layer when the 

cone is fully restricted in the soil layer where it is embedded (A2 and A5). There is no soil being 

trapped down from the top stiff layer to the bottom soft layer by the cone.  

2.3.2 Interpretation of shear strength of the top-stiff layer 

The effect of the absolute soil strength on the cone resistance profile is studied by keeping the soil 

layer strength ratio constant at sut/sub = 4, but varying the absolute bottom layer strength, sub = 10 

kPa and 20 kPa (Group III in Table 2-1). The effect of the absolute top layer thickness is explored 

by keeping the normalized top layer thickness and the layer strength ratio constant at H/D = 4 and 

sut/sub = 4 but varying the absolute top layer thickness (Group IV in Table 2-1). It is found that, 

although the cone resistance profiles (qnet) are affected by the absolute sub and H, the normalized 

cone resistance (qnet/sub) profiles are not affected. Hence, the soil strength ratio (sut/sub) and the 

normalized top layer thickness (H/D) are the two factors that influence the normalized cone 

resistance profiles. Therefore, these two factors are studied further in the following Sections. 

2.3.2.1 Effects of top layer thickness ratio and soil strength ratio 

The effects of the normalized top layer thickness (H/D) and soil layer strength ratio (sut/sub) on cone 

resistance profiles are shown in Figure 2-6. The top layer thickness ratio varies from H/D = 2 to 12 

at constant strength ratio of sut/sub = 4 (Group V in Table 2-1); and the soil layer strength ratio 

varies from sut/sub = 2 to 6 at constant normalized top layer thickness of H/D = 4. It is apparent that 
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the stable cone resistances in the bottom soft layer are not affected by the top stiff layer thickness 

and the strength ratio of the layers. This can also been seen in Figure 2-5 (f) as the soil flow 

mechanism is confined to the bottom layer without the influence from the top layer. However, the 

cone peak resistance in the top stiff layer varies with both factors of H/D and sut/sub. 

2.3.2.2 Proposed interpretation methodology  

To establish a framework for interpreting the shear strength of the top stiff layer, a cone bearing 

factor is proposed based on the peak cone resistance (qp) in the top layer and its soil strength (sut). 

The proposed cone bearing factor is expressed as Nbq in Equation 2-1, 

p
bq

ut

q
N

s
        Equation 2-1 

Based on the numerical results for the Groups V, VI and VII in Table 2-1, the cone bearing 

resistance factor (Nbq) is a function of qp/qb and H/D. The best fitted equation can be expressed as 

shown in Equation 2-2 with R2 = 0.996. 

p
bp

b

q H
N 0.6 ln 2.8ln 5.44

q D

         
  

     Equation 2-2 

Once the cone bearing factor is obtained by Equation 2-2, the top layer soil strength can be 

interpreted using the cone peak resistance as shown in Equation 2-3 below. 

p
ut

bp

q
s

N
        Equation 2-3 

2.3.2.3 Identification of layer interface 

In most cases in centrifuge testing, the top layer thickness is known during test design. However, 

due to the handling of the sample during sample preparation, it would be beneficial that the layer 

interface can also be identified/confirmed based on the CPT resistance profile. Figure 2-7 shows 

the geometry of one typical resistance profile where the thickness of the stiff layer could be 

calculated by subtracting the distance between the kink point and layer interface (Hk/D) from the 
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measured total distance from the top surface to the kink (Ht/D), i.e. H/D = Ht/D - Hk/D. Since Ht/D 

can be measured from the cone resistance profile directly, the identification of the layer interface 

is down to finding out Hk/D.  

From Figure 2-6, it can be seen that Hk is a function of both H/D and sut/sub. Table 2-2 summarizes 

the results of Hk/D from all cases studied in the parametric analysis (see all Groups in Table 2-1). 

It shows that, for lower top layer thickness ratio of H/D < 8, Hk/D is a function of both ratios of 

H/D and sut/sub. However, for higher top layer thickness ratio of H/D 8, Hk/D is only related to 

sut/sub. 

However, when the top layer thickness is unknown, Hk/D needs to be estimated based on the known 

cone resistance profile only. As Ht/D and qp/qb can be measured directly, these two variables can 

be used for layer interface identification, i.e. Hk/D estimation.  

To estimate Hk/D based on the measured Ht/D and qp/qb, the critical Ht, i.e. Hc, needs to be defined 

first. For all cone resistance profiles, Hc is defined as, for all resistance profiles with constant qp/qb, 

but different H/D, Hk/D increases with increasing H/D when Ht < Hc; Hk/D becomes constant when 

Ht > Hc. By collating all LDFE results of all case studies, the Hc/D at various qp/qb are plotted in 

Figure 2-8. The fitted curve can be expressed in Equation 2-4 with R2 = 0.9633 

pc

b

qH
0.22 ln 8.31

D q

 
  

 
    Equation 2-4 

After finding Hc/D, the soil layer interface of Hk/D can be estimated based on the curve fitting of 

the LDFE results under two scenarios:  

(a) When Ht/D < Hc/D, Hk/D is a function of Ht/D and qp/qb and can be expressed as Equation 

2-5 with R2 = 0.984, 

p tk

b

q HH
0.42 ln 0.19 ln 0.2

D q D

        
  

    Equation 2-5 
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(b) When Ht/D ≥ Hc/D, Hk/D is a function of only qp/qb and can be fitted in Equation 2-6 with 

R2 = 0.9633, shown in Figure 2-9. 

pk

b

qH
0.22ln 0.81

D q

 
  

 
     Equation 2-6 

2.4 INTERPRETATION FRAMEWORK 

Based on the above analysis, both shear strength and layer thickness of the top stiff layer can be 

obtained through the cone resistance profiles. As the bottom layer thickness should be always large 

enough to develop the ultimate resistance which can be interpreted by conventional interpretation 

methods, there is no need to set additional guidelines for the bottom layer. Figure 2-10 provides 

the interpretation framework for sut and Hk.  

2.5 CONCLUSION 

The paper reports the results from LDFE analysis using the state-of-the-art RITSS method, 

simulating continuous penetration of a mini-cone penetration in soil sample in a centrifuge test in 

prototype dimensions. The detailed flow mechanism was revealed regarding to the layer interface 

deformation and the effect of new layer to the soil movement around the penetration cone. The 

extensive parametric study on the stiff over soft clay layers covered a range of normalized soil 

properties and layer geometries. Based on the analysis results, a formula was proposed to interpret 

the undrained shear strength of the top stiff layer using the measured cone resistance directly, 

provided the thickness of the top stiff layer was known. However, if the thickness of the top stiff 

layer is unknown (or uncertain), a framework was established to identify the layer interface location 

(i.e. the thickness of the top layer). As the formulas are proposed based on the planned ranges of 

soil layer profiles and parameters, any interpolation outside of the ranges needs to be conducted 

with caution. 

Current study has been focusing on uniform layers of soils. The study of centrifuge cone 

penetrating into stiff over NC clay layers is underway.  



Published paper in OMAE 2019 

 2-14  

2.6 REFERENCES 

AHMADI, M. M., BYRNE, P. M., & CAMPANELLA, R. G. (2005). Cone tip resistance in sand: 
modeling, verification, and applications. Canadian Geotechnical Journal, 42(4), 977-993.  

BALIGH, M. M. (1985). Strain path method. Journal of Geotechnical Engineering, 111(9), 
1108-1136.  

BERG, P., BORST, R., & HUETINK, H. (1996). An Eulerean finite element model for 
penetration in layered soil. International Journal for numerical and analytical methods in 
geomechanics, 20(12), 865-886.  

BOLTON, M. D., GUI, M.-W., GARNIER, J., CORTE, J. F., BAGGE, G., LAUE, J., & RENZI, 
R. (1999). Centrifuge cone penetration tests in sand. Géotechnique, 49(4), 543-552.  

CARTER, J. P., & BALAAM, N. P. (1995). AFENA users’ manual. Centre for Geotechnical 
Research, Department of Civil Engineering, University of Sydney, Australia.  

CHAN, N. H. C., PAISLEY, J. M., & HOLLOWAY, G. L. (2008). Characterization of soils 
affected by rig emplacement and Swiss cheese operations-Natuna Sea, Indonesia, a case 
study. Paper presented at the Proceedings of the 2nd jack-up Asia conference and 
exhibition, Singapore. 

COLLIAT, J. L., & COLLIARD, D. (2010). Set-up of suction piles in deepwater Gulf of Guinea 
clays. In Frontiers in Offshore Geotechnics II (pp. 741-746): CRC Press. 

HU, P., STANIER, S. A., CASSIDY, M. J., & WANG, D. (2013). Predicting peak resistance of 
spudcan penetrating sand overlying clay. Journal of Geotechnical and Geoenvironmental 
Engineering, 140(2), 04013009.  

HU, Y., & RANDOLPH, M. F. (1998a). A practical numerical approach for large deformation 
problems in soil. International Journal for numerical and analytical methods in 
geomechanics, 22(5), 327-350.  

HU, Y., & RANDOLPH, M. F. (1998b). H-adaptive FE analysis of elasto-plastic non-
homogeneous soil with large deformation. Computers and Geotechnics, 23(1), 61-83.  

KOUMOTO, T., & HOULSBY, G. T. (2001). Theory and practice of the fall cone test. 
Géotechnique, 51(8), 701-712.  

LIYANAPATHIRANA, D. S. (2009). Arbitrary Lagrangian Eulerian based finite element 
analysis of cone penetration in soft clay. Computers and Geotechnics, 36(5), 851-860.  

LOW, H. E., LUNNE, T., ANDERSEN, K. H., SJURSEN, M. A., LI, X., & RANDOLPH, M. F. 
(2010). Estimation of intact and remoulded undrained shear strengths from penetration 
tests in soft clays. Géotechnique, 60(11), 843-859.  

LOW, H. E., RANDOLPH, M. F., LUNNE, T., ANDERSEN, K. H., & SJURSEN, M. A. (2011). 
Effect of soil characteristics on relative values of piezocone, T-bar and ball penetration 
resistances. Géotechnique, 61(8), 651-664.  

LU, Q., RANDOLPH, M. F., HU, Y., & BUGARSKI, I. C. (2004). A numerical study of cone 
penetration in clay. Géotechnique, 54(4), 257-267.  

MA, H., ZHOU, M., HU, Y., & HOSSAIN, M. S. (2014). Large deformation FE analyses of 
cone penetration in single layer non-homogeneous and three-layer soft-stiff-soft clays. 
Paper presented at the ASME 2014 33rd International Conference on Ocean, Offshore and 
Arctic Engineering: 703-708. 

MA, H., ZHOU, M., HU, Y., & HOSSAIN, M. S. (2017). Effects of cone tip roughness, in-situ 
stress anisotropy and strength inhomogeneity on CPT data interpretation in layered 
marine clays: numerical study. Engineering geology, 227, 12-22.  

MA, H., ZHOU, M., HU, Y., & SHAZZAD HOSSAIN, M. (2015). Interpretation of Layer 
Boundaries and Shear Strengths for Soft-Stiff-Soft Clays Using CPT Data: LDFE 
Analyses. Journal of Geotechnical and Geoenvironmental Engineering, 142(1), 
04015055.  



Published paper in OMAE 2019 

 2-15  

MENZIES, D., & LOPEZ, C. R. (2011). Four atypical jack-up rig foundation case histories. 
Paper presented at the Proceedings of the 13th international conference on the jack-up 
platform: design, construction and operation, London. 

MENZIES, D., & ROPER, R. (2008). Comparison of jackup rig spudcan penetration methods in 
clay. Paper presented at the Offshore Technology Conference. 

MO, P.-Q., MARSHALL, A. M., & YU, H.-S. (2016). Interpretation of cone penetration test data 
in layered soils using cavity expansion analysis. Journal of Geotechnical and 
Geoenvironmental Engineering, 143(1), 04016084.  

OSBORNE, J. J., HOULSBY, G. T., TEH, K. L., BIENEN, B., CASSIDY, M. J., RANDOLPH, 
M. F., & LEUNG, C. F. (2009). Improved guidelines for the prediction of geotechnical 
performance of spudcan foundations during installation and removal of jack-up units. 
Paper presented at the Proceedings of the 41st Offshore Technology Conference, 
Houston, OTC (Vol. 20291): C93 

OZKUL, Z. H., REMMES, B., & BIK, M. (2013). Piezocone profiling of a deepwater clay site in 
the Gulf of Guinea. Paper presented at the Offshore Technology Conference. 

ROBERTSON, P. K., & FEAR, C. E. (1995). Liquefaction of sands and its evaluation. Paper 
presented at the Proceedings of the 1st International Conference on Earthquake 
Geotechnical Engineering, Tokyo: 1253-1289 

SILVA, M. F., & BOLTON, M. D. (2004). Centrifuge penetration tests in saturated layered 
sands. Paper presented at the Proceedings of 2nd International Conference on Site 
Characterization, Vol. 1: 377-384. 

TEH, C. I., & HOULSBY, G. T. (1991). Analytical study of the cone penetration test in clay. 
Géotechnique, 41(1), 17-34.  

TEH, K. L., LEUNG, C. F., CHOW, Y. K., & CASSIDY, M. J. (2010). Centrifuge model study 
of spudcan penetration in sand overlying clay. Geotechnique, 60(11), 825.  

TREADWELL, D. D. (1976). The influence of gravity, prestess, compressibility, and layering on 
soil resistance to static penetration: University of California, Berkeley. 

ULLAH, S. N., STANIER, S., HU, Y., & WHITE, D. (2017). Foundation punch-through in clay 
with sand: centrifuge modelling. Géotechnique, 67(10), 870-889.  

VAN DEN BERG, P. (1994). Analysis of soil penetration. Doctoral thesis, Delft University of 
Technology. 

VAN DER LINDEN, T. I., DE LANGE, D. A., & KORFF, M. (2018). Cone penetration testing 
in thinly inter-layered soils. Proceedings of the Institution of Civil Engineers-
Geotechnical Engineering, 171(3), 215-231.  

VREUGDENHIL, R., DAVIS, R., & BERRILL, J. (1994). Interpretation of cone penetration 
results in multilayered soils. International Journal for numerical and analytical methods 
in geomechanics, 18(9), 585-599.  

WALKER, J., & YU, H. S. (2006). Adaptive finite element analysis of cone penetration in clay. 
Acta Geotechnica, 1(1), 43-57.  

WALKER, J., & YU, H. S. (2010). Analysis of the cone penetration test in layered clay. 
Geotechnique, 60(12), 939-948.  

XU, X. (2007). Investigation of the end bearing performance of displacement piles in sand. Ph.D 
thesis, University of Western Australia,  

XU, X., & LEHANE, B. M. (2008). Pile and penetrometer end bearing resistance in two-layered 
soil profiles. Géotechnique, 58(3), 187-197.  

YOUD, T. L., IDRISS, I. M., ANDRUS, R. D., ARANGO, I., CASTRO, G., CHRISTIAN, J. T., 
HYNES, M. E. (2001). Liquefaction resistance of soils: summary report from the 1996 
NCEER and 1998 NCEER/NSF workshops on evaluation of liquefaction resistance of 
soils. Journal of Geotechnical and Geoenvironmental Engineering, 127(10), 817-833.  

YU, H.-S. (2013). Cavity expansion methods in geomechanics: Springer Science & Business 
Media.  



Published paper in OMAE 2019 

 2-16  

 

Figure 2-1. Schematic diagram of cone penetration in stiff over soft clays 

 

 

 

Figure 2-2. Mesh setup of cone in two-layer clay 
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Figure 2-3. Validation against centrifuge test 

 

 

 

Figure 2-4. Resistance profile with marked stages (H/D = 4, sut/sub = 4, base case in Table 2-1) 
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Figure 2-5. Soil flow mechanisms at different penetration stages 



Published paper in OMAE 2019 

 2-19  

 

                                          (a)                                                                      (b) 

Figure 2-6. Resistance profiles for (a) various top layer thickness ratio (H/D) at sut/sub = 4; (b) 

various soil layer strength ratio (sut/sub) at H/D = 4 

 

 

Figure 2-7. Resistance profile with defined variables for interpretation purpose 
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Figure 2-8. Relationship between critical depth Hc/D and qp/qb 

 

 

 

Figure 2-9. Relationship between Hk/D and qp/qb for Ht/D ≥ Hc/D 
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Figure 2-10. Interpretation framework of sut and H 

 

 

 

 

 

 

 

 

 



Published paper in OMAE 2019 

 2-22  

Table 2-1. Summary of study cases in LDFE analysis 

Group H/D sut/sub Purpose 

I 4.8 4.33 LDFE model Validation 

II 4 4 Base case (sub=10 kPa and D=1 m) 

III 4 4 
Study the effect of absolute shear 
strengths (sub1=10 kPa and sub2=20 kPa) 

IV 4 4 
Study the effect of absolute top layer 
thickness (H1=1 m and H2=2 m) 

V 2;4;6;8;10;12;14;16 4 
Study the effect of normalized top layer 
thickness 

VI 4 2;4;6;8;10 Study the effect of soil strength ratio 

VII 2;6;8;10;12;14;16 

2 

Full range of parametric study for 
establishing interpretation framework 

6 

8 

10 

 

 

Table 2-2. Results of Hk/D for all case studies 

Hk/D 
sut/sub 

2 4 6 8 10 

H/D 

2 0.65 0.8 0.83 0.85 0.9 

4 0.8 0.95 1 1.05 1.1 

6 0.85 1.05 1.1 1.12 1.15 

8 0.9 1.1 1.18 1.2 1.25 

10 0.9 1.1 1.18 1.2 1.25 

12 0.9 1.1 1.18 1.2 1.25 

14 0.9 1.1 1.18 1.2 1.25 

16 0.9 1.1 1.18 1.2 1.25 

 

 



Paper draft on CPT in sand over clay in centrifuge test 

 3-1  

3 INTERPRETATION OF CPT DATA IN SAND OVER UNIFORM CLAY 

IN A GEOTECHNICAL CENTRIFUGE- LDFE ANALYSIS 

Qiang Xie 

PhD candidate, School of Engineering, University of Western Australia 

Yuxia Hu 

Professor, School of Engineering, University of Western Australia 

Mark J Cassidy 

Professor, Melbourne School of Engineering, University of Melbourne 

Mi Zhou 

Associate Professor, State Key Laboratory of Subtropical Building Science, South China 
University of Technology  

ABSTRACT 

This paper presents the results of numerical investigations on the cone penetration tests (CPTs) in 

sand over clay soils in centrifuge test scenarios by the large deformation finite element (LDFE) 

analysis method. Due to the high accelerations and limited strongbox dimensions, the interpretation 

of the CPT data of sand over clay in centrifuge tests needs to be established because the 

conventional interpretation methods are for a single layer of sand is no longer applicable. In the 

LDFE analysis, the critical state Mohr-Coulomb (CSMC) model for sand was deployed to capture 

its stress-dependent response under drained conditions. A linear elastic-perfect plastic model was 

used for clay under undrained conditions. After the validation of the LDFE method with existing 

centrifuge test data, a parametric study was conducted. A typical CPT test profile is divided into 

six stages from shallow penetration at the sand surface to deep penetration into the bottom clay 

layer. The development of the soil flow mechanism and stress bubbles are displayed at these six 

stages. The cone peak resistance in the sand was reached when the cone sensed the bottom soft 

clay. After reaching the peak resistance, double shear planes were formed as the cone approached 

the bottom clay. The shear planes disappeared when the cone was fully embedded in the bottom 

clay. Based on the comprehensive parametric study, the cone peak resistance, the peak location and 

the kink distance in the clay were found to be functions of the sand relative density, sand layer 
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thickness and shear strength of the clay layer. Based on the LDFE results, formulas are proposed 

to identify the relative density of the top sand layer and the sand-clay layer interface. The formulas 

can be used to interpret CPT data in centrifuge tests with sand-over-clay soil sample. Compared 

with existing formulas derived for single layer soil, the proposed interpretation framework worked 

better. 

KEYWORDS 

CPT test, centrifuge test, critical state soil model, large deformation FE analysis, layered soil 
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3.1 INTRODUCTION 

3.1.1 Background 

Layered soils are commonly encountered in emerging areas for offshore explorations. Many such 

areas have been reported across the globe, such as (1) multilayered clay deposits in the Gulf of 

Thailand and Sunda Shelf (Castleberry and Prebaharan, 1985, Handidjaja et al., 2004, Kostelnik et 

al., 2007, Chan et al., 2008, InSafeJip, 2010) and (2) multilayered deposits with interbedded sand 

in the Gulf of Suez, Southeast Asia, Gulf of Mexico and offshore South America (Baglioni et al., 

1982, Dutt and Ingram, 1984, Teh et al., 2009). Correct identification of the soil stratigraphy and 

soil properties for each layer is crucial for offshore foundation design and geohazard assessment 

(e.g., punch-through failure). 

Centrifuge testing is an effective methodology in geotechnical engineering for investigating the 

behaviours of offshore structures in layered soils. It has been successfully used to study offshore 

structure (e.g., spudcan) penetration problems in multilayered soils, such as layered clay (Hossain 

and Randolph, 2010), sand over clay (Teh et al., 2010) and clay-sand-clay soils (Ullah et al., 2017). 

It is capable of modelling full-scale structures under field stress levels and strength gradients with 

small-scale models (Mo et al., 2015). Therefore, geotechnical centrifuge tests have become a 

routine test for investigating large offshore structure foundations interacting with soils. 

Due to its reliability and repeatability, the cone penetration test (CPT) has gained wide acceptance 

for soil characterization (Lunne et al., 2002). Data collected during the CPT method include the 

cone tip resistance, qc and sleeve friction, fs. The piezocone penetration test (CPTu), a modified 

CPT with an added water pressure sensor, can measure the pore pressure at the shoulder of the 

cone, u2, to provide additional information. 

For geotechnical centrifuge tests, a series of in-flight miniature CPTs were performed to evaluate 

the soil characteristics of each layer for sand over clay prior to the model structures (e.g., spudcan) 

penetration test being conducted (Teh et al., 2010). Results showed that the CPT peak resistance in 
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the sand layer was significantly affected by the sand layer thickness, relative density and centrifuge 

gravity level (i.e., g-level), which made the interpretation of the CPT data inconclusive. Thus, 

rather than relying on the CPT data, the measured sand relative density (ID) was used during the 

preparation of the sample and to estimate the undrained shear strength (su) of the clay based on the 

vertical effective stress (σ ) of clay.  

3.1.2 Previous works 

Many studies have been conducted on the CPT in single layer clay to understand its penetration 

mechanism and provide guidelines for interpreting the shear strength parameters. The undrained 

shear strength, su, can be derived by 

c vo
u

b

q
s

N





      Equation 3-1 

where σv0 is the overburden pressure at the cone shoulder and Nb is the bearing capacity factor 

(cone factor in some studies). Appropriate values for this cone factor have been extensively derived 

using different techniques, such as the strain path method, hybrid strain path method, cavity 

expansion method and conventional small strain finite element (FE) analysis (Baligh, 1985, Teh 

and Houlsby, 1991, Yu, 2013). As numerical techniques have advanced, large deformation finite 

element (LDFE) analysis has been applied to study such problems (van den Berg, 1994, Lu et al., 

2004, Liyanapathirana, 2009). LDFE analysis gives more rigorous solutions compared with small 

strain finite element analysis, since the latter cannot generate the residual stress field around the 

cone (Houlsby et al., 1985). An agreed upon conclusion from these analyses is that the cone factor 

is a linear function of the logarithm of the rigidity index, cone roughness and stress anisotropy 

factor. Different studies have proposed different values for the coefficient as a linear function. By 

assembling high-quality databases worldwide, Low et al. (2010) reported an average value of 13.5 

for lightly overconsolidated clays. 
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For CPT in sandy deposits, although it has been repeatedly reported that the strength of 

cohesionless soil is too complicated to be represented by only the relative density, the concept of 

the relative density is still commonly used by many practising engineers (Lunne et al., 2002). The 

complexity is introduced since the cone resistance in cohesionless soil is a function of not only the 

soil density but also other factors, such as the in situ effective stress and compressibility. The 

chamber calibration (CC) test is heavily employed to establish the relationship between the relative 

density, in situ stress and measured cone resistance. Many correlations between the cone resistance 

and sand relative density have been provided by CC tests (Baldi et al., 1981, Chapman and Donald, 

1981, Villet and Mitchell, 1981). However, there is no unique relationship across all types of sand 

(Robertson and Campanella, 1983). 

In contrast to the extensive studies with the CPT in single layer soils, there has been relatively little 

research on the layering effect on the CPT results. Physically, a small number of researchers have 

observed the transition through soil layer interfaces in the resistance profiles in their tests 

(Treadwell, 1976, Silva and Bolton, 2004, Xu, 2007). Researchers have numerically studied the 

layering effect on the cone resistance profile and cone influence zone near the soil layer interface 

(Van den Berg et al., 1996, Ahmadi et al., 2005, Xu and Lehane, 2008, Walker and Yu, 2010, Ma, 

2016, Mo et al., 2015). The first analytical solution was proposed by Vreugdenhil et al. (1994) 

using elasticity theory. 

Key findings for the layer effects are summarized here: (1) the cone resistance is not only 

determined by the soil at its location, but the cone can sense the impact from the soil several 

diameters ahead and behind the cone tip. (2) The size of the influence zone is a function of various 

factors, such as the soil stiffness difference between the layer interface or the soil density. (3) The 

cone is not able to achieve its ultimate resistance when the soil layer is not sufficiently thick. The 

correction factor needs to be applied as a multiplier for the measured cone resistance before the 

data can be used for soil characteristic interpretation. (4) Some research has proposed functions for 



Paper draft on CPT in sand over clay in centrifuge test 

 3-6  

calculating the correction factor as a function of the layer thickness and the stiffness ratio between 

two adjacent layers (Vreugdenhil et al., 1994, Ahmadi et al., 2005). Youd and Idriss (2001) 

suggested a lower bound to the correction factors for a conservative interpretation based on an 

extensive analysis of field data. 

Teh et al. (2006) performed a series of miniature piezocone tests in sand over normal consolidated 

(NC) clay in a centrifuge test under an acceleration of 100 g. They found that the cone resistance 

profile varied substantially with the top layer thickness, which highlighted the effect of the 

influence zone. The influence zone ahead and behind a penetrating cone was examined in their 

study. The key conclusions can be summarized as follows: (1) the effect of the top layer thickness 

is greater than the effect of the relative density on the cone resistance; (2) the influenced zone in 

sand (of ID = 72%) extends at a distance of 4.5D ahead of the cone shoulder and 2.5D behind the 

cone shoulder, where D is the cone diameter; (3) when the top layer has a thickness of 10D, the 

layer is thick enough to generate fully mobilized resistance, which can be used to interpret the shear 

strength profile based on conversional methods derived for single layer soil. However, due to the 

limited dataset, where only three sets of CPTs were conducted, the study did not propose guidelines 

for interpreting the CPT data. 

3.1.3 Objectives 

This paper aims to study the miniature CPT penetration in sand over uniform clay soils in centrifuge 

testing to provide guidelines in data interpretation. Figure 3-1 shows a sketch of the cone in the 

sand over clay soil. The LDFE analysis was first verified using the centrifuge test data. Then, a 

series of parametric studies were conducted to study the characteristics of cone resistance profiles 

to establish a soil strength interpretation framework. The soil flow mechanism was revealed to 

provide insights into the cone-soil interaction, especially when the cone passed through the layer 

interface. 
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3.2 METHODOLOGY 

3.2.1 RITSS method 

In this study, an LDFE analysis was performed by the remeshing and interpolation techniques with 

the small strain (RITSS) method (Hu and Randolph, 1998). The RITSS method belongs to the 

arbitrary Lagrangian-Eulerian (ALE) FE methods (Ponthot and Belytschko, 1998). A series of 

small strain analysis increments are combined with the automatic remeshing of the entire domain, 

followed by the interpolation of the field variables (such as the stress and soil density) from the old 

mesh to the newly re-established mesh. The process is repeated until the soil deforms to the 

expected extent (e.g., the probe penetrates to the required depth for the CPT problem). The 

displacement increment size and the number of steps in the small strain analysis between the 

remeshing stages are chosen such that the cumulative penetration between the remeshing stages 

remains in the small strain range and is less than half of the minimum element size, as suggested 

by Hu and Randolph (1998). In the study, the displacement increment in clay was chosen to be a 

constant value, matching the above requirement. The increment in sand could be further reduced 

along the LDFE process to assist convergence.  

The RITSS method has been implemented into the FE package AFENA (Carter and Balaam, 1995), 

along with the H-adaptive mesh refinement cycles to optimize the mesh and minimize 

discretization errors in the stress concentration zone. 

3.2.2 Soil models 

An extended Mohr-Coulomb model is deployed to capture the stress-dependent behaviour of sand 

in this study. The model is developed under the critical state framework, with the goal of striking 

a balance between accuracy and simplicity in the LDFE analysis. It is essential to include minimum 

control variables to maintain stability during the analysis and encourage efficient periodical 

remeshing. A brief description of the CSMC model is provided here, and more details can be found 

in the work by Li et al. (2013). 
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(1) Critical state line (CSL): A power relation is recommended by Li et al. (1999) to represent 

the CSL, rather than the conventional log-linear equation. The power relation shows a lower 

slope of the CSL at the lower stress level than that at the higher stress level, and the CSL 

has the potential to accurately predict the sand behaviour at low stress conditions, which 

has been difficult to achieve with the standard MC model. 

c
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p '
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    Equation 3-2 

where ec is the critical void ratio at the mean effective stress p’; eГ is the critical void ratio 

at the mean effective stress diminishing to zero; pa is the reference pressure taken as the 

atmospheric pressure (pa = 101 kPa); and λ is the slope of the CSL in e to 
a

p'

p


 
 
 

 space. 

(2) State parameter (Ψ): Following the proposal of Been and Jefferies (1985), the state 

parameter is used to represent the soil relative position in e-p space.  

ce e        Equation 3-3 

The state parameter is the governing variable since it links the soil void ratio with the soil 

strength parameters by the following formulas. 

(3) Dilation angle (ψ) and mobilized friction angle (ϕ): By examining the best fit to sets of 

experimental data, a three-parameter relationship was adopted to estimate the dilation angle 

by the state parameter (Ψ). 

 n
sign( )mtan A 1 e          Equation 3-4 

where A is a scaling factor, n is a factor controlling the curve shape and m is a factor that 

mainly influences the curve shape in the zone with a positive state parameter. The slope of 

the curve at  = 0 is steeper with lower value of n and with higher value of m. A steep slope 

of the curve (i.e. higher d/d) can cause difficulty in numerical convergence. Thus, the 

model parameters m and n need to be adjusted to represent the sand behaviour and maintain 
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the numerical stability at the same time by increasing n and reducing m appropriately. 

Figure 3-2 displays the results of Equation 3-4 for Toyoura sand calibrated in this study, 

and its parameters are listed in Table 3-1. The energy relevant equation proposed by Taylor 

(1948) is adopted to link the dilation angle and the mobilized friction angle (ϕ). 

ctan tan tan          Equation 3-5 

where ϕc is the critical state friction angle. Combining Equations 3-4 and 5, as discussed in 

(2), the soil dilation and shear strength are both linked with the soil state parameter Ψ. 

(4) Young’s modulus (E): The sand stiffness varies with its void ratio and stress level by  

 2

0
a

2.97 e p '
E E

1 e p





    Equation 3-6 

where E0 is a reference stiffness and is recommended to be 6~10 MPa. Figure 3-3 displays 

the Young’s modulus of the sand varying with the void ratio (e) and the mean effective 

stress (p’) at ID = 60% and E0 = 10 MPa. The bulk and shear modulus, K and G, can be 

calculated by the usual elastic relations from the Poisson ratio (ν) and Young’s modulus 

(E). 

(5) Yield function (f): The model is based on non-associated plasticity. Yield function of a 

classic Mohr-Coulomb model is given in Equation 3-7. 

1 3f ( , ) (1 sin ) (sin 1)           Equation 3-7 

where σ1 and σ3 are major and minor principle stresses. In the model, the hyperbolic Mohr-

Coulomb formulation was used, to make the yield function and plastic potentials continuous 

and differentiable. The detailed implementation of this formulation is described by Abbo 

and Sloan (1995). 

The clay was modelled as a linear elastic-perfectly plastic material obeying the Tresca criterion. 

The Young’s modulus (E) and Poisson’s ratio (ν) are the two elastic parameters of the model. The 

plastic parameter in the model is the undrained shear strength (su), which is used to determine the 
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size of the yield surface. The elastic parameters are independent of the soil stress state, and a 

constant stiffness ratio (E/su = 500) is used in this study.  

For the clay, the Poisson’s ratio is selected to be νc = 0.49 for an undrained condition (close enough 

to 0.5 for undrained analysis, but below 0.5 to maintain numerical stability) due to its low 

permeability. For the sand layer, the Poisson’s ratio is taken as νs = 0.3 for a fully drained condition 

due to its high permeability. As the miniature cone used in the centrifuge is made of either stainless 

steel or aluminium with a polished surface, a fully smooth cone was simulated. 

3.3 NUMERICAL MODELLING AND VERIFICATION 

3.3.1 Model setup 

The problem was simplified as an axisymmetric problem. The mesh setup is shown in Figure 3-4. 

The soil domain includes a radius of 100D and a depth of 100D to eliminate the boundary effects. 

For numerical simplicity, the cone tip is initially embedded in the soil with the cone shoulder level 

with the soil surface. Both the vertical sides adopt roller conditions to constrain the horizontal 

movements of the soil. The bottom boundary is in a hinge condition to constrain soil movement in 

both the vertical and horizontal directions.  

Six-node triangular elements with three Gauss points are used. A refined mesh zone is defined 

around the penetrating probe in the sand layer to maintain the accuracy and stability of the analysis. 

When the cone penetrates the underlying clay, the refined zone in the sand layer is released, where 

the refined zone only applies to the area around the cone tip and the shaft up to the layer interface. 

In this way, the total number of elements can be substantially reduced, minimizing numerical cost 

and analysis time. 

The soil-cone shaft and soil-cone tip interfaces were modelled as fully smooth, using nodal joint 

elements (Herrmann 1978). 
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3.3.2 Validation of the LDFE/RITSS analysis 

Three sets of miniature CPTs conducted in a centrifuge by Teh et al. (2010) are used to verify the 

numerical model. The top sand layer and the underlying NC clay layer are formed in the Toyoura 

sand and Malaysia kaolin clay, respectively. Table 3-1 summarizes the parameters of the CSMC 

model for Toyoura sand (following Teh et al, 2010). The virgin void ratio is calculated as eΓ = 0.85 

× emax + 0.15 × emin, as suggested by Li et al. (2013). The values of A, m and n are obtained through 

a back analysis of the triaxial test data from Teh et al. (2010). 

The setups of the three verification cases are summarized in Table 3-2. All the tests were conducted 

at 100 g. Prototype dimensions are obtained by multiplying the model dimension by the g-level of 

100. The diameter of the model miniature cone used during the test is 10 mm; thus, the prototype 

diameter is D = 1 m. The prototype dimensions are used in the numerical analysis.  

Figure 3-5 displays the comparison between the LDFE/RITSS results and the centrifuge test data. 

The numerical results agree very well with the centrifuge test data when the sand layers are very 

dense (ID = 88 and 95%, Table 3-2). The LDFE analysis can accurately capture the peak resistance 

in the top sand layer for Test 1 and Test 2 (see Table 3-2). However, for Test 3 (i.e., ID = 95% and 

H/D = 10), the LDFE result shows a slight underestimation but with a difference of less than 10%. 

Therefore, the numerical model performs reasonably well for cone penetration in sand over clay 

soils in centrifuge tests.  

3.4 LDFE RESULTS AND DISCUSSION 

The miniature cone penetration test in sand over uniform clay in the centrifuge test is investigated 

through a series of parametric studies. The cone diameter in the prototype (D), top sand layer 

thickness (H), sand relative density (ID) and bottom clay layer shear strength (su) are varied in the 

ranges that are commonly found in centrifuge tests. All dimensions of the prototype are listed in 

Table 3-3. 
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3.4.1 Six cone penetration stages 

A typical cone resistance profile in a dense sand over uniform clay is plotted in Figure 3-6 for D = 

1 m, H/D = 5, ID = 70% and su = 10 kPa. The resistance is the net-tip resistance, qn (qn = qt – σv’, 

where qt is the total resistance and σv’ is the overburden pressure). There are six stages indicated 

on the resistance profile: Stage A1 (d/D = 0.07) – when the cone tip is fully embedded in the soil 

and the cone shoulder is level with the soil surface; State A2 (d/D = 1.5) – when the cone resistance 

increases fairly linearly with the penetration depth; State A3 (d/D = 2.7) – when the cone resistance 

reaches its peak in the top sand layer; State A4 (d/D = 4) – when cone resistance decreases fairly 

linearly as it approaches the clay layer; State A5 (d/D = 4.8) – when the cone passes through the 

sand-clay interface; State A6 (d/D = 6) – when the cone is fully embedded in the bottom layer and 

a steady resistance is reached in clay. The soil flow mechanisms under these six stages are discussed 

below. 

3.4.1.1 Soil flow mechanisms 

Figure 3-7 displays the soil flow mechanisms around the cone face at the six stages. At Stage A1, 

the cone behaves like a surface foundation, where the surface soil near the cone shoulder heaves 

up and only a small portion of the sand underneath the tip moves downwards. At Stage A2, the soil 

near the cone face shows a cavity expansion type of flow mechanism, and the soil besides the cone 

shaft moves vertically upwards within the band with a radius of approximately 0.4D. Hence, the 

soil surface keeps heaving, and the cone resistance increases with depth. At Stage A3, where the 

cone peak resistance is reached, the soil displays mostly downward movement, and there is no more 

upward flow beside the cone shaft. Thus, the soil surface heave ceases. The change in the soil flow 

mechanism suggests that the cone senses the bottom soft clay as the soil flow is being attracted. 

Therefore, the cone resistance decreases after this point due to the influence of the soft clay.  

At Stage A4, the increasing influence of the bottom layer can be clearly seen as the layer interface 

sags downwards. Double shear planes (i.e., SP1 and SP2) appear in the sand layer between the cone 
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face and the layer interface. Above SP1, the soil moves upwards; between SP1 and SP2, the soil 

moves outwards and perpendicular to the cone face; and below SP2, the soil moves fairly vertically 

downwards towards the clay. This phenomenon could be due to the bending of the layer interface. 

As the interface bending encourages the upward movement of the layer interface away from the 

cone tip, the reappearance of the upward soil movement is observed besides the cone shaft. At 

Stage A5, the cone shoulder reaches the initial location of the layer interface. Due to the sagging of 

the soil interface, the cone tip just enters the bottom soft layer, and the cone shoulder is still above 

the deformed layer interface. At this stage, SP2 disappears, and SP1 remains. A similar phenomenon 

(e.g., two shear planes reduce to one) has been observed for a spudcan penetrating from sand to 

clay by both numerical studies (Qiu and Grabe, 2012) and centrifuge tests (Teh et al., 2008). 

However, no shear plane was observed in clay when cone penetrates from stiff layer to soft layer, 

as presented in Chapter 2. At Stage A6, the cone is fully embedded in the bottom soft clay. As the 

cone shoulder is just past the sagged layer interface, the upwards movement of the layer interface 

away from the cone induces upwards soil movement in the top sand beside the cone shaft and above 

the layer interface. The sagging and heaving of the layer interface can be explained by the bottom 

clay behaving as an undrained condition without volume change; thus, any sagging of the interface 

underneath the cone should inevitably induce heaving of the clay away from the cone. There is no 

sand being trapped underneath the cone when it penetrates into the bottom clay layer because the 

cone is smooth.  

3.4.1.2 Soil stress development 

Figure 3-8 displays the mean stress development for Stages A1 to A6. In the early stages (Stages A1 

and A2), the stress bubble grows in both magnitude and size with the penetration depth, and the 

stress bubble is fully contained in the sand layer. At Stage A3, the stress bubble boundary reaches 

the bottom soft clay. This indicates that the cone reaches the soft clay and that the cone resistance 

starts to decrease with further penetration, resulting in peak resistance. At Stages A4 to A5, the 

stress bubbles are extended into the soft clay layer, and the stresses in the sand decrease 
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dramatically. The stresses in the sand layer are largely released when the cone enters the soft clay 

layer at Stage A6; thus, the influence of the sand layer on the cone resistance diminishes, and the 

cone resistance is only dependent on the clay strength. 

As soils fail in shear, the deviator stresses can directly display the soil failure mechanisms. Figure 

3-9 shows the deviator stress (q) contours for all six stages. In addition to their similarity to the 

mean effective stress development, the deviator stress contours clearly show shear band formation 

from the cone face to the sand-clay interface, especially in Stages A4 and A5. More interestingly, 

in Stage A5, there is a clear shearing plane along the sand-clay interface, which is induced by the 

lateral spreading of the clay layer (i.e., cavity expansion). The interface shearing remains (i.e., 

Stage A6) until the cone passes through. When the cone enters the bottom soft clay in Stage A6, the 

magnitude of the deviator stress around the cone drops dramatically, as the maximum deviator 

stress of the clay is expected to be max uq  2 s  20 kPa   . 

3.4.2 Parametric analysis 

3.4.2.1 Effect of normalized sand layer thickness – H/D 

Figure 3-10 plots the cone penetration resistance profiles with different top sand layer thicknesses 

at H/D = 3 to 10 (Group I in Table 3-3, ID = 70%, su = 10 kPa, and D = 1 m). All the resistance 

profiles show a peak resistance in the top sand layer and the same stable resistance in the bottom 

clay. The peak resistance, qp, and its location, Hp/D (as defined in Figure 3-6), increase with 

increasing normalized sand layer thickness. At a shallow penetration, the cone resistance profiles 

converge together. The resistance profiles start to deviate from the profile with a thicker sand layer 

(e.g., H/D = 10) when the cone reaches the soft bottom clay. The peak resistance is reached quickly 

after deviation, followed by a dramatic reduction in the resistance until it reaches a stable state. As 

the cone ‘cleanly’ penetrates into the clay layer (i.e., no sand is trapped underneath the cone), all 

the stable resistances in the bottom clay layer converge together, which is the ultimate cone 

resistance in single uniform clay with deep penetration.  
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3.4.2.2 Effect of relative density of sand - ID 

Figure 3-11 plots the cone penetration resistance profiles when the relative density of the sand 

varies from ID = 30% to 90% (Group II in Table 3-3, H/D = 5, su = 10 kPa, and D = 1 m). The 

location of the peak resistance, Hp/D, is mostly unaffected by the relative density of the sand (i.e. 

at d/D = 2.7 for H/D = 5). The peak resistance increases with the relative density, but the rate of 

increase increment decreases. This can be explained by the CSMC model shown in Figure 3-2. For 

dense sands, the state parameter () is located towards the negative side (i.e.  < -0.1), and the 

change in  of the two dense sands only induces a small change in tan(). However, when the 

sand density becomes looser (i.e.,  > -0.1), the same change in  can induce a larger change in 

tan(). The larger change in the dilation angle leads to a larger change in the friction angle (by 

Equation 3-4), producing a more noticeable change in the peak cone resistance. 

3.4.2.3 Effect of undrained shear strength in clay - su 

Figure 3-12 depicts the cone resistance profiles with various undrained shear strengths of the 

bottom clay from su = 5 to 20 kPa (Group III in Table 3-3, H/D = 5, ID = 50%, and D = 1 m). During 

the shallow penetration cone test (d/D < 2), all the cone resistance profiles merge. The resistance 

profiles start to diverge at d/D > 2. The peak cone resistance (qp) increases with the clay undrained 

shear strength as more support is given to the sand layer. At the same time, the peak resistance 

depth (Hp/D) increases as well. Therefore, a stronger bottom clay increases the peak cone resistance 

and moves the peak resistance location towards itself.  

3.4.2.4 Effect of cone diameter - D 

Figure 3-13 shows the effect of cone diameter (D) on the resistance profiles as D = 0.2 to 2 m 

(Group IV in Table 3-3, H/D = 5, ID = 70%, and su = 5 kPa). The cone resistance is dependent on 

D in the sand but not in the clay. The peak resistance (qp) increases with increasing D, and its 

location becomes shallower. Figure 3-14 displays the soil displacement and deviator stress contours 

of a small cone (D = 0.2 m) and a large cone (D = 2 m) at the same normalized depth of d/D = 2.5. 
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When the cone with D = 0.2 m shows upward soil movement and the deviator stress bubble is only 

confined near the cone area. The cone of D = 2 m already exhibits a soil response that is the same 

as that described for the post peak in Figure 3-7, and the deviator stress bubble reaches the clay 

layer. 

3.4.3 Peak resistance (qp) and peak distance (Hp) in sand 

The above discussion demonstrates that the cone peak resistance in the sand layer increases with 

(i) increasing thickness of the top sand layer (i.e. H/D in Figure 3-10); (ii) increasing relative 

density of the sand (i.d. ID in Figure 3-11); (iii) increasing undrained shear strength of the bottom 

clay (i.e., ID in). su in Figure 3-12); and (iv) increasing cone diameter (i.e., D in Figure 3-13). By 

considering all these influencing parameters, the cone peak resistance can be fitted by Equation 3-

8. 

31 2 bb b'
p 0 D pv uq B I s       Equation 3-8 

where σ  is the vertical effective stress at the peak resistance location, B0 = 7.98, b1 = 0.41, b3 = 

0.078 are constants and b2 is a function of H/D, as shown in Figure 3-15 (a). The predicted cone 

peak resistances from Equation 3-8 are compared with the measured cone peak resistances, and 

Figure 3-15 (b) shows a substantial correlation with R2 = 0.99. 

The peak resistance depth (Hp/D as shown in Figure 3-10, Figure 3-12 and Figure 3-13) in the 

resistance profile is a function of the in situ stress and clay undrained shear strength but irrelevant 

to the relative density (see Figure 3-11). The irrelevance implies a lean relationship, which can be 

used to find the top layer thickness (H). Figure 3-16 (a) shows the relationships between Hp/D and 

H/D for various undrained shear strengths and for various relative densities (ranging from 30%, 

50%, 70% and 90%). The top layer thickness is a linear function of the peak resistance depth for 

various undrained shear strengths. 
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Normalizing Hp/D by (su/𝜎 )α would scale the peak depth (Hp/D) for various values of su into a 

linear function of only H/D, where 𝜎  is the in situ vertical stress at the middle point of the top 

sand layer. Figure 3-16 (b) demonstrates this linear function; it has a high R2, implying a strong 

relevance. 

p

0.11

u
'
m

H
HD 0.71 - 0.53
Ds


 
  

     Equation 3-9 

3.4.4 Distance Hk in clay  

As shown in Figure 3-6, Hk is the distance measured from the initial layer interface to the kink 

point. Figure 3-17 shows the effects of the thickness of the sand layer (H/D), relative sand density 

(ID) and clay strength (su) on the normalized kink distance (Hk/D). In the figure, Hk/D increases 

with increasing H/D and ID, but it decreases with increasing su. 

In general, the kink distance is influenced by the top layer soil that is trapped underneath the cone 

and the layer interface deformation when the cone is passing through. As the cone is fully smooth, 

no sand is trapped above the clay. Thus, the layer interface deformation becomes the determinative 

factor for Hk/D. The deformation of the layer interface is governed by the stiffness ratio between 

the upper and lower layers (Es/Ec); when Es/Ec is much higher than 1.0, the top layer is much stiffer 

than the bottom layer, and the layer interface will bend into the bottom soft layer to induce large 

interface deformation (as shown at Stage A6 in Figure 3-7). As shown in Equation 3-6, the Young’s 

modulus of sand (Es) is a function of the void ratio (e) and the mobilized mean effective stress (p’). 

The void ratio is low and a high stress is easily developed during loading in a dense sand; hence, 

Es will be higher near the layer interface when the cone is approaching it. As the clay stiffness is 

defined as Ec = 500su, the clay stiffness is constant under a constant su. Thus, in Figure 3-11, it can 

be seen that, with the same bottom clay layer (su = 10 kPa, hence Ec = 5,000 kPa), Hk/D increases 

with increasing ID (i.e., increasing Es/Ec).  
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To express the normalized kink distance (Hk/D) as a function of the stiffness ratio (Es/Ec), the 

stiffness of sand (Es) is calculated using Equation 3-6 by substituting the mobilized peak resistance 

as p’ (i.e., p’ = qp). The stiffness of clay is Ec = 500su. An equation can be fitted for the kink distance 

based on the numerical results.  

sk

c

EH
0.22ln -1

ED





 
  

 
    Equation 3-10 

where the curve fitting parameters are α = 2.2 and β = 0.93 with R2 = 0.9622. Figure 3-18 illustrates 

this equation. As there are fewer data on Es
α/Ec

β ≥ 20000, it is suggested that Equation 3-10 needs 

to be used with cautious when Es
α/Ec

β ≥ 20000. 

3.5 INTERPRETATION FRAMEWORK 

In this section, the previously established formulas are rearranged for data interpretation purposes. 

A framework is established to estimate the soil strength parameters and identify the layer interface 

(or top layer thickness). The bottom clay layer strength, su, needs to be interpreted first, and then 

the layer interface location, H, can be interpreted based on su. After both su and H are known, the 

sand layer relative density can be interpreted. 

3.5.1 Interpretation of the undrained shear strength of clay 

As shown in Figure 3-10, the cone resistance reaches the ultimate resistance of the clay below the 

kink point in the profiles. The cone merely senses the impact from the above sand once it is fully 

embedded into the bottom clay. Therefore, the conventional interpretation method can apply to the 

bottom clay. The undrained shear strength, su, is derived from the net tip resistance, qn, where Nb 

is the cone bearing capacity factor. The factor can be calculated by Equation 3-11 (Ma et al., 2016).  

b rN 3.47 1.56ln I 1.3         Equation 3-11 
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where Ir is the rigidity index and α is the cone roughness. In this project, the rigidity index for clay 

is 167 as E/su = 500, Cone roughness is assumed to be 0 for a fully smooth cone. The value of Nb 

is calculated to be 11.5 from the equation. 

3.5.2 Interpretation of the layer interface 

The value of Hp is easily identified in the resistance profile and, the soil unit weight and cone 

diameter are usually known. The regression equation (Equation 3-9) only has one unknown 

variable H. Therefore, Equation 3-9 is used to identify the sand layer thickness (H). 

As H occurs in two terms in the equation (H/D and σm’ = H/2×𝛾 ), the method of trial and error is 

required to identify its value. In this study, the initial trail value is recommended as two times Hp.  

3.5.3 Interpretation of the relative density of sand 

As shown by the measured peak resistance (qp) in Equation 3-8, the relative density of the sand, ID, 

is a function of the cone peak resistance of the sand (qp), the in situ vertical effective stress at the 

peak location σ  and the undrained shear strength of the bottom clay (su). Equation 3-8 can be 

rearranged into Equation 3-12 to estimate the relative density from the measured results.  

1

32

d

p
D dd'

0 pv u

q1
I (%)

D s

 
    

    Equation 3-12 

where D0=155.68, d1=2.43, d3=0.078 and d2 is a function of the top layer thickness (H/D). d2 is 

identical to b2 in Equation 3-8, as given in Figure 3-15 (a). 

3.5.4 Evaluation of the interpretation formulas against existing methods 

To evaluate the performance of the proposed formula for estimating the relative density of the sand, 

the predicted ID and the input ID used in this study are compared in Figure 3-19. As a comparison, 

the interpretation performed with a conventional formula derived for a single layer sand is also 
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shown. For Toyoura sand, the conventional formula proposed by Tatsuoka et al. (1990) is as 

follows: 

t v0
D 10

v

q
I (%) 85 76log ( )

'


  


    Equation 3-13 

where 𝜎  and 𝜎  are the total overburden pressure and effective overburden pressure, 

respectively. 

The conventional method (Equation 3-13) detects the relative density of loose sand more accurately 

than dense sand. The difference is due to the size difference in the sensing zone (“influence zone” 

in some other works) in soft or stiff soils. The size of the sensing zone increases with the soil 

stiffness (Lunne et al., 2002). Therefore, the sensing zone is smaller in loose sand (soft soil), and 

the cone resistance senses less impact from the bottom soft clay. Therefore, the fully mobilized 

resistance can be easily obtained in the loose sand, which is based on the interpretation of the 

relative density from the conventional formula. As the conventional equation underestimates the 

relative density in medium dense or dense sands, the necessity of developing new guidelines is 

confirmed. Equation 3-12 clusters the various relative densities well. However, the formula comes 

with limitations, where it could slightly overestimate the relative density for loose and medium 

dense sands (ID = 50% and 70%) while underestimating the relative density for very dense sand (ID 

= 90%), but the difference (overestimation or underestimation) is within 10%. 

3.6 CONCLUSION  

In this study, the continuous penetration of a cone into sand over clay soils was simulated by LDFE 

analysis. The sand layer thickness, sand relative density and clay undrained shear strength were 

varied to study their effects on the cone resistance profiles. 

For a typical resistance profile, the cone penetration could experience six stages. Stage A1 – shallow 

penetration in sand with global flow mechanisms; Stage A2 – deep penetration in sand without the 

influence of the bottom clay, exhibiting a localized flow mechanism; Stage A3 – the cone reaches 



Paper draft on CPT in sand over clay in centrifuge test 

 3-21  

the bottom clay and the peak resistance is reached; Stage A4 – double shear planes are formed in 

the sand between the cone face and the clay surface due to the layer interface deformation; Stage 

A5 – the cone tip enters the clay, the lower shear plane disappears and the top shear plane remains; 

Stage A6 – the cone is fully embedded in the clay, and the cone resistance reaches its ultimate value 

for the clay.  

The cone peak resistance, the peak location and the kink distance (the distance measured from the 

kink to initial sand-clay interface in the resistance profile) are affected by the sand layer thickness, 

cone size, sand relative density and undrained shear strength of clay. These effects have been 

formulated to form the interpretation framework. The interpretation of the undrained shear strength 

can follow conventional methods because the stable resistance in clay is merely influenced by the 

sand layer. The sand layer thickness can be estimated by measuring the peak resistance depth. The 

proposed formula for the sand relative density was evaluated against the current data. Based on the 

comparison of the existing interpretation formula derived for single-layer sand and the proposed 

formula, the proposed formula provides better predictions. However, as the formulas are proposed 

based on the planned ranges of soil layer profiles and soil parameters studied, any interpolation 

outside of the ranges needs to be conducted with caution. 

Toyoura sand was modelled in this study as it has been commonly used in centrifuge tests. When 

different sands are encountered, the coefficients in the proposed formulas may vary. However, the 

proposed framework is still valuable when the coefficients can be calibrated with new data.  
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Figure 3-1. Schematic diagram of the CPT in sand over clay soils in the centrifuge test 

 

 

 

Figure 3-2. Dilation angle variation with the state parameter 
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Figure 3-3. Young’s modulus variation with the mean effective stress for ID = 30%, 50% and 

90% 

 

 

Figure 3-4. Mesh setup with the illustrated refined zone 
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Figure 3-5. Validation of the LDFE/RITSS analysis against the centrifuge data (Teh et al. 2010, 

in Table 3-2) 

 

 

Figure 3-6. A typical cone resistance profile in sand over uniform clay (D = 1 m, H/D = 5, ID = 

70% and su = 10 kPa) 

0

2

4

6

8

10

12

14

0 2000 4000 6000 8000

N
or

m
al

iz
ed

 d
ep

th
, d

/D

Cone resistance, q(kPa)

Test 1 data
Test 2 data
Test 3 data
LDFE result - Test 1
LDFE result - Test 2
LDFE result - Test 3

0

1

2

3

4

5

6

7

8

9

10

0 400 800 1200 1600

N
or

m
al

iz
ed

 d
ep

th
, d

/D

Net resistance, qn (kPa)

A1

A2

A3

A4

A5

A6

Sand

Clay

Hp/D

Hk/D



Paper draft on CPT in sand over clay in centrifuge test 

 3-28  

 

Figure 3-7. Soil flow mechanisms at six stages from Stage A1 to Stage A6 (D = 1 m, H/D = 5, ID = 

70% and su = 10 kPa) 
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Figure 3-8. Mean stress contours for six stages from Stage A1 to Stage A6 (D = 1 m, H/D = 5, ID = 

70% and su = 10 kPa) 
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Figure 3-9. Deviator stress contours for six stages from Stage A1 to Stage A6 (D = 1 m, H/D = 5, 

ID = 70% and su = 10 kPa) 

 

Figure 3-10. Effect of the thickness of the top sand layer on the cone resistance profiles (Group I 

in Table 3-3, ID = 70%, su = 10 kPa, and D = 1 m) 
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Figure 3-11. Effect of the initial sand relative density on the cone penetration resistance profile 

(Group II in Table 3-3, H/D = 5, su = 10 kPa, and D = 1 m) 

 

 

Figure 3-12. Effect of the undrained shear strength of the clay on the cone penetration resistance 

profile (Group III in Table 3-3, H/D = 5, ID = 50%, and D = 1 m) 
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Figure 3-13. Effect of the cone diameter on the resistance profiles (Group IV in Table 3-3, H/D = 

5, ID = 70% and su = 5 kPa) 
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Figure 3-14. Effect of the cone dimeter on the soil displacement and state parameter contours at 

d/D = 2.5 with (a) D = 0.2 m and (b) D = 2.0 m (Group IV in Table 3-3, H/D = 5, ID = 70% and su 

= 5 kPa) 
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                                         (a)                                                                       (b) 

Figure 3-15. (a) Coefficient b2 in Equation 3-8; (b) Performance of Equation 3-8 

 

 

 
                                         (a)                                                                       (b) 

Figure 3-16. (a) Relationship between Hp/D and H/D; (b) Function between Hp/D and H/D 
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                                         (a)                                                                       (b) 

Figure 3-17. Relationships between Hk/D and ID and su (D = 1 m) (a) su = 5 kPa; (b) su = 20 kPa 

 

 

 

Figure 3-18. Expression of Hk/D as a function of the stiffness ratio (Es
α/Ec
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Figure 3-19. Interpretation results from the proposed formula (Equation 3-12) and the 

conventional formula (Equation 3-13) 
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Table 3-1. List of all the soil parameters for Toyoura sand in the CSMC model 

emax emin eГ λ ξ A m n E0/MPa ϕc/° 
0.985 0.611 0.9289 0.0175 0.75 0.5 7 0.75 10 32 

 

Table 3-2. Summary of the three miniature CPT tests in the centrifuge (Teh et al. 2010) 

Test 
Sand Thickness, 

H (mm) 
Prototype sand 
thickness (m) 

Sand relative 
density, ID (%) 

su at the clay 
surface (kPa) 

Strength gradient, 
k (kPa/m) 

1 50 5 88 12.71 1.56 
2 70 7 94 18.04 1.56 
3 100 10 95 25.82 1.56 

 

Table 3-3. Parametric study of the centrifuge CPT in sand over clay soils 

Group 

Sand 
layer 

thickness, 
H (m) 

Sand relative 
density, ID 

(%) 

Clay undrained 
shear strength, 

su (kPa) 

Cone 
diameter, 

D (m) 

Normalized 
top layer 
thickness 

(H/D) 

Comments 

I 
3, 5, 7, 

10 
70 10 1 3, 5, 7, 10 

Explore the top 
layer effects 

II 5 
30, 50, 70, 

90 
10 1 5 

Explore the 
relative density 

effects 

III 5 70 5, 10, 20 1 5 

Explore the 
effects of the 

underlying clay 
layer 

IV 

1 

70 10 

0.2 

5 
Explore the cone 

size effects 

2.5 0.5 
5 1 

7.5 1.5 
10 2 

V 
3, 5, 7, 

10 
30, 50, 70, 

90 
5, 10, 20 1 3, 5, 7, 10 

Extensive 
parametric study 
for framework 
establishment 
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ABSTRACT 

The Cone Penetration Test (CPT) has been the most commonly used site investigation method in 

both onshore and offshore areas for many decades. Due to its widespread usage, the method attracts 

many researchers’ attention applying various techniques (e.g. analytical solution, numerical 

solution and physical tests) to study the problem. However, most of the solutions are for a cone in 

a single layer of soils. Recently, due to the movement of hydrocarbon exploration and production 

from shallow-water to deep-water area with more complex soil conditions, it has required 

researchers to work on site characterization of layered soils by CPT. However, there have been 

limited work up to date. This paper investigates CPT in three-layer soils, where a thin sand layer is 

embedded in a uniform clay. A parametric study using the large deformation finite element (LDFE) 

analysis is conducted after the LDFE method being validated against published centrifuge testing 

data. For the undrained clay layers, a relatively simple linear elastic-perfectly plastic material 

obeying a Tresca criterion is deployed to model the soil. For the drained sand layer, in order to 

capture the stress-dependent dilative behaviors, a critical state Mohr Coulomb model is deployed 

to model the sand layer. In the merit of LDFE analysis and stress-dependent modelling of sand, the 

insightful soil responds to the penetrating cone has been revealed for the cone penetrating from the 

soil surface. Based on the numerical results of cone resistance profiles, interpretation formulas are 



Paper draft on CPT in a thin sand layer embedded in clay 

 4-2  

proposed to identify the soil interface locations, shear strength of the clay layer and relative density 

of the thin sand layer. The proposed formula for the relative density of the thin sand layer performs 

better than the existing formula, as the layered effects being well considered.  

KEYWORDS 

Cone penetration test; layered soil; critical state sand model; large deformation finite element 

analysis 
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4.1 INTRODUCTION 

The Cone Penetration Test (CPT) has been widely carried out for site investigation in the past 

several decades. The standard cone penetrometer has a conical tip with a base area of 10 cm2 

(diameter = 3.57 cm) and 60° tip apex angle. As suggested by the International Reference Test 

Procedure (IRTP) and the American Society for Testing and Materials (ASTM) standards, it travels 

at a rate of 2 cm/s into the ground and records the soil resistance by the sensors installed near its 

cone shoulder. The standard rate is set to make the drainage condition feasible to the assumption 

that the fully drained and fully undrained conditions prevail for clean sand and pure clay 

respectively (Kim et al., 2008). Sometimes there are also sensors installed around the cone shoulder 

and sleeve allowing measurement of pore water pressure and sleeve friction. 

Due to its continuous penetration and good repeatability, the CPT has gained broad acceptance in 

both onshore and offshore fields. It is also carried out in laboratory scaled model tests (e.g. 

centrifuge test) to detect the soil parameters of the testing sample. The success of the wide-spread 

application is built on the solid foundation of knowledge achieved by extensive research of a CPT 

in a single layer, although a rigorous theoretical analysis is extremely difficult due to the mobilized 

large strains by the cone. Research correlating the cone penetration resistance to soil properties 

commenced in the early-1960s, including limit equilibrium analysis and slip line analysis as 

summarized by Yu and Mitchell (1998). Various methodologies have been utilized to study the 

problem include analytical (e.g. limit equilibrium method by Durgunoglu and Mitchell (1973) and 

the slip-line method by Houlsby and Wroth (1982)), numerical (e.g. finite element analysis by 

Huang et al. (2004) and finite difference analysis by Ahmadi et al. (2005)) and experimental (e.g. 

the calibration chamber test by Arroyo et al. (2011) and the centrifuge test by Roy et al. (2019)) 

solutions. In these studies, both cohesive and cohesionless soils have been explored. 

In contrast to the long history and much research attention for CPT in single layer soils, the two 

pioneering works on CPT in multi-layered soils started much later and fewer research outcomes 

can be found so far (Vreugdenhil et al., 1994, Van den Berg et al., 1996). A simplified solution, 
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based on the elastic theory for a cone in soft-stiff-soft layered soils has been proposed by 

Vreugdenhil et al., (1994). The results suggested a correction factor to be applied to the measured 

resistance in the thin stiff layer, where the layer is not thick enough to reach the fully mobilized 

cone resistance. Based on an Eulerian finite element approach, CPT in sand over clay and clay over 

sand were examined by Van den Berg et al., (1996) and the influence distance was explored with 

various layer stiffness ratios. 

Later on, centrifuge tests have been carried out to investigate cone penetration in layered sands 

(Silva and Bolton, 2004, Mo et al., 2015). The transition between different layers can be observed 

from the cone resistance profiles. They also found that the cone could sense the impact from the 

soil layer ahead and behind in a zone of two cone diameters. However, no interpretation guideline 

was provided based on the physical tests due to the limited data.  

More studies of the CPT in layered soils were conducted by cavity expansion theory and LDFE 

analysis recently. The cavity expansion theory was applied to study the layered sands by Mo et al., 

(2016). Similar to the study by centrifuge tests, no framework was provided for practical engineers 

to interpret the cone resistance data. A series of work has been done on the CPT in multilayered 

clays by LDFE analysis (Ma et al., 2016, Ma et al., 2017a, Ma et al., 2017b). Detailed mechanisms 

of the flow of soil during cone penetration were revealed and guidelines on interpretation of the 

CPT data to identify the layer interfaces and soil strength parameters were proposed. 

For a CPT in a thin sand layer embedded in clay, a correction factor, determined by a function of 

the sand layer thickness to cone diameter, was suggested to increase the measured resistance if the 

sand layer is infinitely thick based on field data (Youd and Idriss, 2001). A finite difference analysis 

was also deployed to study the problem (Ahmadi and Robertson, 2005). It concluded with a similar 

suggestion for the correction factor but the stiffness ratio between sand to clay was taken into 

consideration as an additional variable. A simple Mohr-Coulomb model was used for the sand, and 

the constrained modulus and friction angle were set as stress dependent parameters. The study 
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proposed that the correction factor decreased with the sand layer thickness but increased with the 

stiffness ratio between layers. However, there are two limitations in the study: (1) the initial vertical 

stress is assumed to be a constant over the modelled soil body although it should increase with 

depth in practice; (2) the vertical downward displacement near the cone tip is assumed at 60° to the 

horizontal. The angle was validated by the cone travelling in a single soil layer, however, it might 

not be the case when the cone travels across the soil layer interface.  

This paper focuses on CPT in a thin sand layer embedded in a uniform clay. LDFE analysis was 

performed for a cone penetrating continuously into the three-layer soils from the surface. A 

parametric study was conducted after the validation of the LDFE method against published physical 

test data. The soil flow mechanisms are revealed over the whole penetration process, including the 

cone passing through the layer interfaces. The undrained shear strength of the clay layers, the 

relative density of the thin sand layer, the thickness of the top clay and the thin sand layer were 

varied to study their combining effects on cone penetration resistance profiles. Based on the 

numerical results, the interpretation guidelines of soil layer interface location and layer 

characteristics are provided for use in design practice. 

4.2 PROBLEM DEFINITION AND STUDY PLAN 

A schematic of a standard in situ cone (D = 0.0357 m) penetrating into the clay-sand-clay soils by 

depth (d) is shown in Figure 4-1. Geometric variables are the top clay layer thickness (Ht) and the 

middle sand layer thickness (Hs). Soil strength variables are undrained shear strength (su) for clay 

and the relative density (ID) for sand. The top clay and bottom clay are assumed with the same su. 

Table 4-1 summarizes the ranges of the four independent parameters in this study. The sand layer 

is embedded at a shallow depth (i.e. the top clay layer thickness is up to 40D, about 1.5 m). The 

strength parameters are chosen to cover the range of soft to stiff clays (i.e. su = 10 ~ 80 kPa) and 

loose to dense sands (i.e. ID = 30 ~ 90%). 
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4.3 NUMERICAL METHODOLOGY AND VERIFICATION 

4.3.1 Large deformation finite element analysis 

Analyzing the CPT in layered soils is complex because the soil layers and layer interface deform 

when the cone is passing through. In the analytical study by Vreugdenhil et al., (1994), the layer 

deformation was simplified or ignored. Large deformation numerical analysis allows for a rigorous 

solution for this boundary value problem (Van den Berg et al., 1996). However, numerical analysis 

of the cone penetration problem is also challenging due to the large strains in the ground and around 

the probe (Mo et al., 2015). Therefore, the detailed stress/strain history over the penetration process 

and the load distribution on the probe are still not well understood. 

To overcome the difficulties in the numerical analysis, a remeshing and interpolation technique 

with small strain (RITSS) is deployed to mitigate the mesh distortion caused by the large strains 

(Hu and Randolph, 1998b). The method is categorized as an arbitrary Lagrangian-Eulerian (ALE) 

FE method. It combines a series of small strain analysis with automatic remeshing of the whole 

domain and updating the coordinates in every defined interval. The field variables are interpolated 

from the old mesh to the re-established mesh. Another round of the small strain analysis will start 

on the new mesh with the interpolated field variables. In this study, the process is cycled until the 

desired cone penetration depth is achieved. To keep the analysis stable and accurate, the 

incremental displacement of each step and the number of steps between each remeshing stages 

were chosen to keep the cumulative deformation within each remeshing interval within the small 

strain range. To achieve this, the total penetration depth between each remeshing interval needed 

to be smaller than the half of the minimum element size (Hu and Randolph, 1998b). 

The finite element based computer program AFENA (Carter and Balaam, 1995) was used in this 

study. The RITSS method has been implemented into the program, along with H-adaptive mesh 

refinement cycles to optimize the mesh and minimize discretization errors in the strain 

concentration area (Hu and Randolph, 1998a). 
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4.3.2 Constitutive model 

Sand is a stress-dependent material. The response of the sand around the penetrating cone addresses 

the stress-dependence by (1) the decrease of the internal friction angle with increased confining 

stress; (2) the significant change in volume (Baligh, 1975). To capture these unique responses, the 

critical state Mohr-Coulomb (CSMC) model is deployed in this study for sand. As its name 

suggested, the model collaborates the critical state concept with the Mohr-Coulomb model, and the 

relationships between the soil state and the parameters in Mohr-Coulomb model are established 

under the critical state concept (Li et al., 2013). A full description of the model has been covered 

by Li et al., (2013) and Xie et al., (2020). However, a brief summary is included here as background 

for the subsequent discussion. 

The controlling variable to link the sand state with the soil parameters is the sand state parameter 

(Ψ = e-ec, where e is void ratio at the current stress and ec is the critical state void ratio at the same 

stress level), as proposed by Been and Jefferies (1985). A power equation was chosen for the critical 

state line (CSL), to calculate the ec, because it is simple and flexible, showing good accuracy for a 

wide range of sands. It is worthwhile to note that the power law can capture the critical state line 

at low stress level accurately. The CSMC model has two stress-dependent elastic factors, Young’s 

modulus (E) and shear modulus (G), two stress-dependent plastic factors, dilation angle (ψ) and 

friction angle (ϕ). Table 4-2 summarizes the key equations and their coefficients required as inputs 

for the CSMC model. Figure 4-2 displays the equations for the CSL and the relationship between 

the dilation angle and state parameter. The initial void ratios and state parameters are marked in 

the figures. All the initial void ratios (green markers in Figure 4-2(a)) are below the CSL in the 

study, although the relative density varies. This is because of the low overburden pressure acting 

to the sand layer (low initial in-situ stress) being placed by the relatively thin top clay layer. As in 

Table 4-1, the maximum thickness of the top clay layer is modelled as 40D in this study, resulting 
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in 13.99 kPa of overburden pressure above the sand layer surface. Therefore, the results presented 

in this paper applies to sand layers being embedded shallowly in clay. 

For clay, a relatively simple linear elastic-perfectly plastic material obeying the Tresca criterion is 

chosen to model the clay behaviour. The model requires two elastic parameters, Young’s modulus 

and Poisson’s Ratio. It only requires one plastic parameter, undrained shear strength (su) to 

determine the size of the yield surface. The elastic parameters are assumed as independent of the 

soil stress state and a constant stiffness ratio (E/su = 500) was assumed in this study. 

To meet the assumption of fully drained sand and fully undrained clay, the Poisson’s ratios were 

set to 0.3 for sand and 0.49 for clay (close enough to 0.5 but still below to keep the analysis stable) 

respectively. 

4.3.3 Mesh set-up 

In this study, the cone penetration problem was simplified as an axisymmetric problem. Figure 4-3 

shows the mesh with the cone penetrating into the bottom clay layer in the case where the top clay 

layer is 20D thick and the middle sand is 5D thick (Group IV in Table 4-1). To eliminate the 

boundary effects on the results, the depth of the soil domain was 20D for the bottom clay layer with 

the top clay and sand layer as designed in each case as listed in Table 4-1. The radius of the soil 

domain was the same as the total depth (20D + Ht + Hs). Right and left vertical sides were set as 

roller boundary to constrain horizontal movements with free vertical movements. The bottom 

boundary was set as hinge condition to constrain the soil movements in both vertical and horizontal 

directions. Six-noted triangular elements with three Gauss points were deployed. At the start of the 

analysis, the cone shoulder was embedded in the soil to avoid numerical difficulty. 

To improve numerical stability and achieve high numerical accuracy, a refined zone was added to 

move with the cone tip, as shown in the zoom-in window in Figure 4-3. The size of the refined 

zone was defined as 1D from the cone central axis and 0.5D below the cone apex. The mesh was 
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de-refined (i.e. to make it coarse) in the area moving out of the refined zone, in order to keep the 

total element number low enough to maintain the numerical efficiency. 

4.3.4 Verification 

The AFENA program with RITSS approach has been used extensively for penetration problems in 

the past two decades (Hu and Randolph, 1998b, Ma et al., 2014, Wang et al., 2015). In recent years, 

it was used for CPT in layered clays successfully (Ma et al., 2016, Ma et al., 2017a, Ma et al., 

2017b, Xie et al., 2019). The results in clays were verified against numerical finding results and 

physical modelling results, and both showed good agreements. For the capability of modelling sand 

response to cone penetration, the CSMC model has been proved capable to model pile penetrating 

in purely super fine silica sand by verifying against physical test data (Ma et al., 2014). 

Additionally, the model was used for CPT in sand over clay soils, where the sand model followed 

the Toyoura sand properties (Xie et al., 2020). Figure 4-4 provides further verification of modelling 

the CPT in layered soil composited with both clay and sand. The physical data is the mini-CPT 

conducted in UWA super fine (SF) silica sand over kaolin clay operated under accelerations 50 

times that of Earth’s gravity in a geotechnical centrifuge (Lu, 2008). The top sand was 71 mm thick 

(prototype of 3.55 m) and the cone diameter was 10 mm (prototype of 0.5 m). In the numerical 

analysis the prototype sizes were modelled. The undrained shear strength of the underlying clay 

was 14.62 kPa at the sand-clay interface and increased linearly with depth at a rate of 1.24 kPa/m. 

The CSMC model parameters for the sand are summarized in Table 4-3 as reported by Li et al. 

(2013). The peak resistance in the sand layer was predicted by the numerical study to be 5040 kPa, 

only 2.2% lower than the measured peak resistance in the centrifuge test. The numerical model also 

captured the peak resistance at a similar vertical position in the profiles as in the physical model. 

Additionally, the trends of initial increase and the subsequent decrease due to the bottom clay were 

well captured.  
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The CSMC model was validated for a cone in purely sand as well against centrifuge test data of 

cone penetration in UWA supper fine silica sand (Roy et al., 2019). The tests were conducted using 

a mini-cone of 10 mm in diameter and under 20 g acceleration. Thus, the prototype cone diameter 

becomes 0.2 m. The prototype cone penetration in two sands are selected for validation: loose sand 

with ID = 40.95% and dense sand with ID = 72.2%. Figure 4-5 presents the LDFE numerical results 

against the centrifuge testing results. It can be seen that the LDFE results agree with the centrifuge 

test data very well for both loose and dense sands. The more oscillations of the LDFE results in 

dense sand is due to the numerical instability induced by higher stiffness and more softening effect 

of the denser sand than those of the looser sand. The largest difference between the LDFE results 

and the centrifuge data for dense sand is within 15%, occurred at d/D=2. 

The extensive verification in the mentioned studies and the further verification case in Figure 4-4 

provides confidence for the remaining LDFE results presented in this paper. 

In this study, the sand and clay were modelled as Toyoura sand and Kaolin clay as their properties 

are well calibrated. Table 4-3 summarizes the parameters in the CSMC model for Toyoura sand as 

reported by Xie et al. (2020). 

4.4 RESULTS BY PENETRATION STAGES 

To explore soil response along the continuous penetration of the cone, the cone resistance profile 

of central case (as indicated in Table 4-1) is shown in Figure 4-6 with 10 penetration stages marked 

as A1 to A10. C-S represents the clay-sand interface and S-C represents the sand-clay interface. The 

two factors dkt and dkb are the measured distances of the kink points in the top clay layer and in the 

bottom clay layer to the initial interfaces (C-S and S-C) respectively. The distance of the peak 

resistance in sand, dp, is measured from peak resistance to the original C-S interface.  

There are three penetration Stages in the top clay: shallow penetration (Stage A1, d/D = 2), deep 

penetration with stable resistance (Stage A2, d/D = 15) and kink formation (Stage A3, d/D = 19.35); 

three penetration Stages of the cone passing two layer interfaces (State A4, d/D = 19.8, passing the 
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C-S interface, Stages A7, d/D = 24.8 and A8, d/D = 25, passing the S-C interface); two penetration 

Stages in the middle sand layer: peak resistance (Stage A5, d/D = 21.5) and the one showing 

influence of the bottom clay layer (Stage A6, d/D = 23.5); two penetration Stages in the bottom 

clay: kink formation (showing the diminishing influence of the sand layer, Stage A9, d/D = 26.1) 

and stable resistance being reached again in clay (Stage A10, d/D = 26.4). The developments of soil 

flow mechanisms and stresses in these Stages for the central case are discussed in detail below.  

4.4.1 Flow mechanism 

Figure 4-7 displays the displacement vectors in all penetration Stages defined in Figure 4-6. At 

Stage A1, the clay is being pushed extensively vertically downwards below the cone and upwards 

along the shaft. The upward soil movements above the cone shoulder suggests the heaving of the 

soil surface, similar to the common shallow failure mode. The cone resistance keeps increasing 

with the increasing penetration depth under such failure model. At Stage A2, the soil movement is 

directed vertically downwards and sideways to form cavity expansion type of failure mechanism, 

where soil surface shows no further heaving and the deep penetration flow mechanism in clay is 

reached. The cone resistance reaches its steady state and it is only a function only of the undrained 

shear strength of the current clay layer. At Stage A3 where the cone tip touches the C-S interface, 

due to the stiff sand layer, there is little deformation of the interface, and the clay is squeezed 

horizontally between the cone face and the C-S interface. The squeezing mechanism pushes the 

clay above the cone shoulder moving upwards. At the same time, the movement in the sand layer 

is minimal. The squeezing mechanism in clay continues as the cone is passing through the C-S 

interface at Stage A4. As the cone penetrates into the sand layer, the sand starts to be displaced. 

Similar phenomenon was observed by Wang et al. (2020) with the Particle Image Velocimetry 

(PIV) method when cone penetrated in soft-stiff-soft clay, as shown in plots (a) and (b) in Figure 

4-8. The soil movement in stiff clay was minimal when the cone approached the stiff layer from a 

soft layer. Minimum deformation was observed in the soft-stiff soil interface. 
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Once the cone fully penetrates into the sand layer at Stage A5, the sand is displaced extensively 

until cone resistance reaches its peak. After the peak in Stage A6, since the sand starts to sense the 

soft clay underneath, more downwards movement of sand towards the bottom clay is displayed. 

The cone resistance keeps decreasing as it moves closer to the bottom clay. The dominant 

downwards movement in sand is not observed in Stage A4, as the influence of the bottom clay 

could not reach that height in the sand layer. The flow mechanism of cone in sand was studied by 

Arshad et al., (2017) by Digital Image Correction (DIC) technique, their physical testing results in 

dense sand (ID = 85%) are presented in Figure 4-9. Due to the overburden pressure of the above 

clay, the flow mechanism in sand (i.e. stage A5) revealed by this numerical study is similar to the 

plot (c) in Figure 4-9. 

When the cone is passing the S-C interface at Stages A7 and A8, due to the soft bottom clay, the 

layer interface sags, which is very different from the cone passing the S-C interface. The cone tip 

touches the deformed S-C interface (i.e. sagging by 0.6D) with the soil movement being directed 

to the bottom soft clay. With more and more soil failure in the bottom clay, the cone resistance 

reduces quickly. As soon as the cone enters the bottom clay completely by detaching the deformed 

sand layer (i.e. S-C interface sagging by 1.1D) behind at Stages A9 and A10, the soil movement 

only involves clay and the above sand layer does not have much influence on the measured 

resistance. Hence the sharp kink point of cone resistance at Stage A9 and stable resistance at Stage 

A10 are observed in Figure 4-6. The PIV results, as shown by plots (c) and (d) in Figure 4-8, confirm 

the observed numerical results: stiff-soft interface significantly deformed by the passing cone; and 

minimal soil movement occurred in the stiff layer once the cone is fully in soft layer. 

4.4.2 Stress development 

Figure 4-10 shows the development of the mean stress from Stages A2 to A10. The mean stress 

around the cone face in clay is relatively low. The stress increases dramatically when the cone 

penetrates into the sand layer. The highest stress at the cone face is shown at Stage A5. This explains 
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the peak resistance at Stage A5. The stress bubble follows the cone face during its penetration until 

Stage A5. The stress releases along its penetration path (i.e. along the cone shaft) when approaching 

the bottom clay at Stage A6. Although the stress developed in the sand layer releases when the cone 

passes the sand layer, the residual stress can still be observed in the sand layer along the cone shaft 

when the cone penetrates into the bottom clay layer (i.e. Stages A7 to A10).  

The squeezing mechanism observed in Stage A3 in Figure 4-7 can be observed in Figure 4-10 as 

well as the stress development in top clay extending sideways in clay but with minimal stress 

development in the sand layer. When the cone passes through the C-S interface, the stress in sand 

starts to quickly develop since the cone tip touches the interface. As also shown in Figure 4-7, the 

C-S interface has no obvious deformation. In the contrary, when the cone approaches and passes 

through the S-C interface, the interface starts to deform and the stress already develops in clay 

before the cone touches the interface (at Stage A6). More development of stresses in clay can be 

observed when the cone moves closer to the bottom clay layer (Stages A7 to A10).  

To demonstrate the shear plane development in the sand layer, deviator stress contours are depicted 

in Figure 4-11 from Stage A4 to A9. The shear plane appears after Stage A5 (i.e. the peak resistance 

stage). Thus, the cone resistance reduction after this stage (see Figure 4-6) can be linked to the 

shear plane developed in the sand layer. This development forms the pressure area at the surface 

of the bottom clay and triggers the deformation of the S-C interface at Stage A6. Since this stage, 

as the cone is approaching the bottom clay layer, the shear plane becomes shorter and the pressure 

area at the interface becomes smaller and the S-C interface continues to deform in Stage A7 to A8 

until the cone passes the interface at Stage A9.  

4.4.3 Stage parameter development 

To further demonstrate the behaviors of sand during cone penetration, Figure 4-12 shows contours 

of the state parameter (Ψ) from Stage A4 to A9. As the state parameter of sand is Ψ = e - ec, for a 

medium dense sand of ID = 60% with shallow embedment (i.e. 20D, about 0.7 m below the ground 
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surface resulting low geostatic stress), the initial Ψ is less than zero (i.e. dense sand in Figure 4-2). 

When the cone penetrates into the sand layer, Ψ around the cone is increasing and approaching 

zero, where critical state line is. Figure 4-12 colors the soil at critical state in orange (i.e.  -0.02 < 

Ψ < +0.02). The critical zone starts to develop when the cone enters the sand layer at Stages A4. 

This critical zone grows with increasing penetration of the cone. It reaches its maximum of 1.4D 

in width and 2.5D in height at Stage A5. The critical zone stabilizes with further penetration of the 

cone until the cone tip touches the deformed S-C interface. Since Stage A7, the critical zone remains 

its width but shrinks along the cone shaft due to stress release. The reduction of cone resistance 

after Stage A5 is due to the influence of the bottom clay. Once the cone enters the bottom clay at 

Stages A8 and A9, the critical zone reduces its size as no more sand around the cone face, and the 

stress in sand along the shaft keeps relaxing resulting decreased Ψ.  

4.5 RESULTS OF PARAMETRIC STUDY 

4.5.1 Effect of top layer thickness, Ht/D 

Figure 4-13 depicts the resistance profiles for various top clay layer thickness ranging from 5D to 

40D (see Group I in Table 4-1), with layer interfaces marked on the plot. Figure 4-13 (a) shows the 

penetration depth from the soil surface. The resistance profiles in the top and bottom clay layers 

are coinciding for all cases where a steady state in the clay layer is reached. The peak resistance in 

the sand layer increases with increasing top layer thickness. This is because the sand strength and 

stiffness are a function of stresses (see Equation 4-2 in Table 4-2). With increasing top layer 

thickness, the stress level in sand is increasing, so are the sand strength and stiffness. The high sand 

strength induces high peak resistance in sand.  

The variation of peak resistance in sand with top layer thickness can be seen more clearly in Figure 

4-13 (b). The vertical axis is set as the penetration depth below the C-S interface as ds = d – Ht, as 

defined in Figure 4-1. Figure 4-13 (b) shows more clearly that qp increases with increasing Ht/D. 

However, the increment in the peak resistance slows down when the top layer thickness reaches 
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Ht/D = 20. This may be due to the sand strength increases faster with stress increase at lower stress 

level than that at higher stress level. (as suggested by Equation 4-5 and Figure 4-2(b)). Moreover, 

with the increasing top layer thickness, the peak resistance in sand is reached earlier with higher 

Ht/D, which is observed as smaller dp in the profiles. This means that, with higher Ht/D, the sand 

layer is embedded deeper and experiencing higher stresses, hence sand layer stiffness is higher. As 

the stiffness and strength in the top and bottom clays are constant, the stiffness ratio between sand 

and clay (Es/Ec) becomes higher with higher Ht/D. The higher stiffness ratio of Es/Ec could be the 

cause of the earlier cone peak resistance presented in deeper embedded sand layer, as the sand layer 

is more rigid.   

The effect of top layer thickness is also observed on the kink points in the top and bottom clay 

layers (i.e. dkt and dkb in Figure 4-6), as indicated in Figure 4-13 (b). The kink distances in top and 

bottom clays are plotted in Figure 4-14 as a function of Ht/D. It is apparent that, with increasing 

top clay layer thickness, the kink distance in the top clay (dkt) decreases while the kink distance in 

the bottom clay (dkb) increases. This is because that, with increasing Ht/D, the stiffness ratio of 

Es/Ec is increasing as explained above. The higher Es/Ec induces less deformation of the C-S 

interface (with more squeezing mechanism of clay) and more deformation of the S-C interface 

(with more sagging of the interface), hence lower dkt and higher dkb. Both dkt and dkb stabilizes at 

dkt/D = 0.65 and dkb/D = 1.2 for Ht/D > 15 (su = 20 kPa, ID = 60%). The measurements of dkt and 

dkb can be utilized to locate the layer interfaces later. 

4.5.2 Effect of sand layer thickness, Hs/D 

Figure 4-15 (a) shows the effect of sand layer thickness on the CPT resistance profile (Group II in 

Table 4-3). The sand layer thickness covers Hs/D = 3 & 5 and their results are compared with the 

infinite sand layer case (i.e. clay over sand). The resistance profiles in the top clay layer converge 

together with the same kink point identified as dkt/D = 0.65 with different sand layer thicknesses. 

The peak resistance in the sand layer increases with increasing sand layer thickness, with no peak 
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observed for the clay-sand case. This is further evidence that the reduction of cone resistance in a 

thin sand layer after its peak is due to the influence of the bottom soft clay. Regarding the bottom 

kink distance, it is registered as dkb/D = 1.2 for both clay-sand-clay cases. 

Figure 4-15 (b) shows the cone resistance normalized by the overburden pressure (σ ). The 

normalized resistance reaches a constant after cone penetrates 4D below the initial clay-sand 

interface. It implies the cone resistance has been fully mobilized without impact from the adjacent 

layers at this stage. Hence, the cone resistance profile only reflects the condition and properties of 

the current soil layer, which can be interpreted by the conventional method derived for a single 

sand layer. 

4.5.3 Effect of undrained shear strength of the clay, su 

Figure 4-16 shows the effect of clay strength on the cone resistance profiles (Group III in Table 

4-3). As stated before, the undrained shear strengths of the top and bottom clay layers are identical. 

The peak resistance in sand increases with increasing clay strength. At the same time, the location 

of the peak resistance, dp, increases with the clay shear strength. This can be linked to the stiffness 

ratio of Es/Ec. As Es is kept unchanged and Ec is increasing with increasing su, the stiffness ratio of 

Es/Ec is decreasing with increasing su, qp appears later with lower Es/Ec resulting in larger dp. This 

is same as the discussion above that the cone resistance can be influenced by the bottom clay earlier 

(i.e. smaller dp) when the stiffness ratio of Es/Ec is higher in Figure 4-13 (b). However, the variation 

of su does not affect the kink points in both top and bottom clays, as dkt/D = 0.65 and dkb/D = 1.2.  

This strengthens the observation in Figure 4-14 that, with Ht/D > 15, dkt/D and dkb/D become 

constant and are not influenced by Es/Ec 

4.5.4 Effect of relative density of the sand, ID 

Figure 4-17 shows the effect of relative density of sand on the cone resistance profiles (Group IV 

in Table 4-3). The peak resistance in sand increases with its increasing relative density. However, 

the increase in the peak resistance becomes minimal when ID ≥ 60 %. This is because, in Figure 
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4-2, a denser sand has a lower initial void ratio, thus lower initial state parameter (e.g. Point 1 in 

both Figure 4-2(a) and 4-2(b) for ID = 90%). When ID changes between 90% and 60% (i.e. Points 

1 to 4 in Figure 4-2), the dilation angles are similar (Figure 4-2(b)), hence the sand friction angles 

and strengths are similar as suggested by Equation 4-5. Therefore, similar cone resistance profiles 

in sand are displayed in Figure 4-18 for ID = 60 ~ 90%. However, when the sand becomes looser 

as points 5 to 6 of ID < 60%, the dilation angles become more different in Figure 4-2 (b), hence the 

sand peak friction angle and strength. This could be the main reason for the more different 

resistance profiles in sand for ID = 30% and 50%.  

The kink distance in the top clay is not affected by the relative density of sand as dkt/D = 0.65. The 

kink distance in the bottom clay is kept as dkb/D = 1.2, except the very loose sand layer (ID = 30 %) 

as dkb/D = 0.78. This might be due to the much lower dilation angle shown in Figure 4-2 (i.e. Point 

6) that induces much lower stiffness ratio of Es/Ec relative to the cases with ID = 50 ~90%. The 

lower ratio of Es/Ec can potentially reduce the sagging of the S-C interface, even when Ht/D = 20 

> 15, hence less dkb. 

4.6 INTERPRETATION OF CPT DATA 

4.6.1 Identification of layer interface location 

As the cone resistance profiles plotted by the normalized penetration depth (d/D) are consistent, 

the locations of the interfaces of clay-sand and sand-clay can be identified by the kink distances of 

dkt and dkb. Based on the observations discussed above, the kink distances in the top and bottom 

clays are only a function of the top layer thickness ratio of Ht/D, except one case when the relative 

density of sand is very low as ID = 30%, ID affects dkb. Otherwise, all other factors, such as Hs/D, 

su and ID (when ID > 30%), have minimal effect on the kink distance. Moreover, when the sand 

layer is embedded deeply enough (i.e. Ht/D ≥ 15), the kink distances become constant as dkt/D = 

0.65 and dkb/D = 1.2. When the layer is embedded in a shallow depth (Ht/D = 5 and 10), the kink 

distance is a function of Ht/D.  
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For a relatively dense sand of ID  50%, the kink distances can be expressed as functions of the top 

layer thickness. Based on Figure 4-14, the kink distance in the top clay is expressed by Equation 

4-6, and the kink distance in the bottom clay is expressed by Equation 4-7. Figure 4-14 shows the 

good fit of the equations. The layer interface can be interpreted by these Equations. Since the Ht is 

unknown initially, iterations are needed. It is recommended to use the constant values (dkt/D = 0.65 

and dkb/D = 1.2) to initialize the iteration. 
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      Equation 4-7 

4.6.2 Interpretation of undrained shear strength of clay  

The interpretation of the undrained shear strength in a uniform clay is straightforward. The 

undrained shear strength can by interpreted as  

c
u

b

q
s  

N
          Equation 4-8 

where Nb is the cone bearing factor. For a single layer clay, the cone bearing factor increases with 

depth from a value at the soil surface (Ma et al., 2016). It is associated with the common shallow 

failure mechanism, as shown in Stage A1 in Figure 4-7. When the cone penetrates deeply in the 

clay, the localized cavity expansion failure mechanism (see the Stage A2 in Figure 4-7) leads to a 

constant cone bearing factor. In Figure 4-13 (a), it can be noted that the cone resistance in the top 

clay senses minimal influence from the sand layer until the top kink point (where dkt is registered). 

It can be confirmed by the stress distribution at Stages A2 and A3 in Figure 4-10: the mean stress is 
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mainly developed around the cone tip in clay until the tip touches the clay-sand interface, even at 

Stage A3, the stress development in the sand is minimum compared with that in clay. 

Therefore, the paper will not suggest new guideline to interpret the CPT data in clay layers. Existing 

interpretation methods for CPT data in clay layers should be applicable. One example is the formula 

proposed for the top clay layer in a soft-stiff-soft clays by Ma et al. (2016), as shown in Equation 

4-9. 

1.5 0.5 t kt

b
t kt

H dd d
4.45 0.114( ) 3.31( ) , 11

D D DN
H d

11.5,                                          11
D

      


      Equation 4-9 

4.6.3 Interpretation of relative density of sand  

To interpret the relative density of sand, the measured peak resistance can be utilized. At this stage, 

the undrained shear strength of the surrounding clay and the top clay layer thickness are assumed 

as known variables based on the first two steps of interpretation. As discussed in Figures 4-10, 12, 

13 and 14, the peak resistance is a function of both clay relevant variables (top clay thickness and 

undrained shear strength) and sand relevant variables (relative density and layer thickness). The 

results are collected and summarized in Table 4-4. A regression formula can be fitted as Equation 

4-10, with the R2 of 0.813, as shown in Figure 4-18 (a), 
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       Equation 4-10 

where C0 is 0.36, C1 is -0.18, α is 0.85. β is 0.34 for the top layer is thick enough (Ht/D ≥ 15). When 

the top clay layer is less than 15D thick, β increases to 0.8 and 0.5 for Ht/D = 5 and 10 respectively, 

to guarantee the highest correlation. Figure 4-18 (b) visualizes the variation of β. All the variables 

in the formula have been non-dimensionalized.  
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4.6.4 Assessment against the conventional interpretation method 

As discussed in the introduction section, a correction factor is suggested by Youd and Idriss (2001), 

to multiply the peak resistance in the interbedded sand layer before applying the conventional 

method to interpret the sand layer. A conventional method is the formula derived for single layer 

sand, as shown in Equation 4-11, where C0 = 0.175, C1 = 0.5 and C3 = 3.1. The correction factor is 

a function of the normalized sand layer thickness (Hs/D), as shown in Equation 4-12. 
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       Equation 4-11 

2
H sK 0.25[((H / D) /17) 1.77] 1.0         Equation 4-12 

They are used to interpret the numerical results with the interpretation results by Equation 4-10, to 

demonstrate the advantage of the proposed formula in the study. The comparison results are 

depicted in Figure 4-19. The method by Youd and Idriss (2001) overestimates the relative density 

for loose to medium dense sand (ID up to 75%) while underestimates the very dense sand (ID = 

90%). In contrary, the proposed Equation 4-10 can estimate the relative density fairly accurately 

over the whole range of the sand density (from 30% to 90%). Although some defects are still 

existing, the difference between the predicted relative density and the input value is within 10%. It 

is believed that the non-consideration of the precise impact from the surrounding clay by Youd and 

Idriss (2001) results its large deviation in the interpretation results from the input value. 

4.7 CONCLUSION 

This paper studies the standard cone penetrating in the thin sand layer embedded in a uniform clay 

by the LDFE analysis. The numerical model was verified with the centrifuge testing data of a CPT 

in a sand over clay soil. Good agreement was achieved providing confidence in further simulating 

the CPT in layered soils of sand and clay. The paper examines the soil responses during its 

penetration through different layers, including soil flow mechanisms, stress development in all 
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layers and state parameter variation in sand. In the top clay, the soil shows responses identical to 

the cone penetrating in a single uniform clay layer, until the cone tip touches the sand layer surface, 

leaving a kink (dkt) registered in the top clay layer. Similarly, the soil movement is restrained in 

bottom clay once the cone passes through the sand layer, leaving another kink (dkb) registered in 

the profile. When the top clay layer thickness is larger than 15D (D is cone diameter), the measured 

distance of the kinks to the original interfaces are constants, dkt = 0.6D and dkb = 1.2D. When the 

top clay layer thickness is less than 15D, the kink distances are functions of the top layer thickness 

ratio of Ht/D (Ht is top clay layer thickness). When the cone is passing the clay-sand layer interface, 

squeezing mechanism is observed in the clay layer since the cone is entering the stiff sand layer 

from the top soft clay layer. However, when the cone is passing the sand-clay layer interface, the 

sagging of the layer interface is observed since the cone is entering the soft bottom clay layer from 

the stiff sand layer. The squeezing mechanism in the top clay and the sagging in the bottom clay 

make the kink distance in the top clay lower than that in the bottom clay, which can be used to 

locate the layer interfaces. The cone peak resistance in the sand layer is a function of all the 

variables considered in the study, including the sand relative density, sand layer thickness, top clay 

layer thickness and undrained shear strength of the surrounding clay. The peak resistance location 

(dp) is also influenced by the above factors, the influence can be summarized by the stiffness ratio 

between sand and clay (Es/Ec).  

A regression function of peak resistance is fitted to the dataset collected from the study, with high 

correlation achieved. The function is re-arranged to interpret the relative density of the sand. 

Relative to the existing solutions, the proposed prediction formula works much better over a wide 

range of sand densities. The good performance is believed due to the better consideration of the 

surrounding clay than the previous solutions. However, as the formulas are proposed based on the 

planned ranges of soil layer profiles and soil parameters, any interpolation outside of the ranges 

needs to be conducted with caution. 
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Figure 4-1. Schematic plot of the cone penetration in clay-sand-clay soil 

 

 

 
                                            (a)                                                                        (b) 

Figure 4-2. (a) Critical state line; (b) Relationship between dilation and state parameters 
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Figure 4-3. Mesh set-up of the cone penetrating into the bottom clay (Ht/D = 20, Hs/D = 5) 

 

 

Figure 4-4. Verification of the numerical analysis against centrifuge test data from Lu (2008) 
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Figure 4-5. Verification of the numerical analysis against centrifuge test data from Roy et al. 

(2019) 
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Figure 4-6. A typical CPT resistance profile with 10 penetration stages (Ht/D = 20, Hs/D = 5, ID = 

60 % and su = 20 kPa) 
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Figure 4-7. Soil flow mechanisms from Stage A1 to A10 (Ht/D = 20, Hs/D = 5, ID = 60 % and su = 

20 kPa) 
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(a)                                            (b) 

    

(c)                                            (d) 

Figure 4-8. Soil flow mechanisms of cone penetration in soft-stiff-soft clay by PIV method: (a) 

d/D = 6.5; (b) d/D = 8.3; (c) d/D = 14.3; (d) d/D = 17.1, from Wang et al. (2020) (in the figures, 

d- vertical distance from surface of sample to a point; Dc- radius of cone penetrometer; x- 

horizontal distance from a point to the cone penetration axis;) 
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Figure 4-9. Soil flow mechanisms of cone penetration in sand by DIC method: (a) d/D = 2; (b) 

d/D = 6; (c) d/D = 22, from Arshad et al., (2017) (in the figures, σs- applied surcharge pressure; 

DR- relative density of the sand; h*- cone penetration depth measured from the top of the soil 

sample; r- horizontal distance from a point to the cone penetration axis; rc- radius of cone 

penetrometer; z- vertical distance from surface of sample to a point.) 
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Figure 4-10. Contours of mean stress from Stage A2 to A10 (Ht/D = 20, Hs/D = 5, ID = 60 % and su 

= 20 kPa) 
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Figure 4-11. Contours of deviator stress from Stage A4 to A9 (Ht/D = 20, Hs/D = 5, ID = 60 % and 

su = 20 kPa) 
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Figure 4-12. Contours of state parameter from Stage A4 to A9 (Ht/D = 20, Hs/D = 5, ID = 60 % 

and su = 20 kPa) 

 

 



Paper draft on CPT in a thin sand layer embedded in clay 

 4-36  

 
(a)                                                                 (b) 

Figure 4-13. Effect of top layer thickness on cone resistance profile (su = 20 kPa, ID = 60%) (a) 

with normalized penetration depth of d/D; (b) with normalized penetration depth in sand layer of 

ds/D 

 
(a)                                                                 (b) 

Figure 4-14. Effect of top layer thickness on kink distances (a) kink in the top clay, dkt (b) kink in 

the bottom clay, dkb 
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                                           (a)                                                                      (b) 

Figure 4-15. Effect of sand layer thickness on cone resistance profile (Ht/D = 20, ID = 60 % and su 

= 20 kPa): (a) cone resistance profile, (b) normalized cone resistance profile 
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Figure 4-16. Effect of undrained shear strength on cone resistance profile (ID = 60 %, Ht/D = 20 

and Hs/D = 5) 
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Figure 4-17. Effect of relative density of sand on cone resistance profile (su = 20 kPa, Ht/D = 20 

and Hs/D = 5) 

 

 
(a)                                                                 (b) 

Figure 4-18. (a) Interpretation formula for the relative density of sand; (b) Coefficient, β. 
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Figure 4-19. Comparison between the interpretation results by the proposed formula in this paper 

(Equation 4-10) and the method by Youd and Idriss (2001) 

 

 

 

 

 

 

 

 

 

 

 

0

20

40

60

80

100

0 20 40 60 80 100

E
st

im
at

ed
 r

el
at

iv
e 

de
ns

it
y,

 I D
': 

%

Input relative density, ID: %

  Conventional

Series2

Bond solutions (Youd 
& Idriss, 2001)
Formula by current 
study (Eq. 9)



Paper draft on CPT in a thin sand layer embedded in clay 

 4-41  

Table 4-1. Summary of the parametric study plan 

Group 

Normalized 
top clay layer 

thickness 
(Ht/D) 

Normalized 
sand layer 
thickness 

(Hs/D) 

Clay undrained 
shear strength, 

su (kPa) 

Sand relative 
density, ID 

(%) 
Notes 

I 
5, 10, 15, 20, 

25, 30, 40 
5 20 60 

Explore the effect of the 
top clay layer thickness 

II 20 3, 5, infinite 20 60 
Explore the effect of the 

sand layer thickness 

III 20 5 10, 20, 40, 80 60 
Explore the effect of the 

clay shear strength 

IV 20 5 20 
30, 50, 60, 

75, 90 
Explore the effect of the 

sand shear strength 

The bold font is for the central case (Ht/D = 20, Hs/D = 5, ID = 60 % and su = 20 kPa) 

 

Table 4-2. Summary of the key equations in the CSMC model 

Critical state line c
a

p '
e e -

p





 
  

 
 

Equation 4-1 

ec- critical state e at the mean 
effective stress p’; 
eГ- critical state e at the mean 
effective stress diminishing to 
zero; 
p’- mean effective stress; 
pa- atmospheric pressure ; 

Elastic 
parameters 

Young’s 
Modulus (E) 

2

0
a

(2.97 - e) p '
E E

1 e p



  

Equation 4-2 

E0- reference pressure; 

Shear 
Modulus (G) 

E
G

2(1 v)



 Equation 4-3 v- Poisson ratio; 

Plastic 
parameters 

Dilation 
angle (ψ) 

  nsign mtan A 1-e    

Equation 4-4 

A- scaling factor; 
Ψ- state parameter; 
m-factor controlling curve 
shape; 
n- factor mainly controlling 
curve shape with positive Ψ; 

Friction angle 
(ϕ) 

ctan tan tan     

Equation 4-5 
ϕc- critical state friction angle; 
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Table 4-3. Values of the parameters in the CSMC model 

 

 

Table 4-4. Summary of the results in the parametric study 

No. Ht/D Hs/D su/kPa ID (%) dp/D  qp/kPa 
1 5 5 20 60 2 1438 
2 10 5 20 60 1.48 2185 
3 15 5 20 60 1.59 2515 
4 20 5 20 60 1.52 2579 
5 25 5 20 60 1.51 2633 
6 30 5 20 60 1.15 2660 
7 40 5 20 60 1.11 2725 
8 20 5 10 60 1.18 1606 
9 20 5 20 60 1.52 2579 
10 20 5 40 60 1.4 4060 
11 20 5 80 60 2 5871 
12 20 5 20 30 1.41 1577 
13 20 5 20 50 1.6 2254 
14 20 5 20 60 1.53 2578 
15 20 5 20 75 1.92 2580 
16 20 5 20 90 1.98 2623 

 

Sand emax emin eГ λ ξ A m n ϕc/° 
UWA SF silica 0.76 0.46 0.715 0.017 0.75 0.8 3 0.5 34 

Toyoura 0.985 0.611 0.9289 0.0175 0.75 0.5 7 0.75 32 
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ABSTRACT 

The cone penetration test (CPT) has been the most common method adopted in both onshore and 

offshore site investigation practices for decades. Many formulas have been proposed to interpret 

cone resistance profiles in single-layer soils. However, layered soil is less studied, and the layering 

effect is not well included in CPT data interpretation. This paper studies the CPT in a thin sand 

layer sandwiched between two clay layers with different undrained strengths. Large deformation 

finite element analysis was performed to simulate continuous cone penetration from the soil 

surface. An extended critical state Mohr-Coulomb model was utilized to capture the stress-

dependent response for the drained sand. The Tresca failure criterion was used for the undrained 

clay. Based on a comprehensive parametric study, two modes of resistance profiles were identified 

for a stiff top clay with a soft bottom clay and a soft top clay with a stiff bottom clay. Insightful 

soil flow mechanisms and stress development were revealed to explain the characteristics observed 

in the two profiles. The cone resistance profiles were examined by the various sand layer 

thicknesses, relative densities and undrained shear strengths of clay. A linear function was proposed 

for the relationship between the peak resistance and its influential variables. Two sets of 

coefficients were provided for the linear function for the two profiles. Sand relative density can be 
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estimated through the rearrangement of the linear function, as well as through the suggested data 

interpretation methods provided in the paper. 

KEYWORDS 

Cone penetration test; Layered soil; Large deformation finite element analysis; Critical state sand 

model. 

  



Paper draft on CPT in a thin sand layer sandwiched by different clay 

 5-3  

5.1 INTRODUCTION 

The practice of inserting a rod into soft soil to find embedded stiff layers can be dated back to the 

19th century. The first recognizable form of the cone penetration test (CPT) was developed in the 

Netherlands and involved the identification of the ultimate bearing capacity of piles in 1934 

(Barentsen, 1936). The early form of the CPT relied on a mechanical system of pushing rods to 

measure the rod tip resistance. In the late 1960s, the electric penetrometer became available for 

general usage, enabling the continuous and automatic recording of resistance (Walker and Yu, 

2010). Sensors to measure the friction force along the probe shaft and pore water pressure around 

the cone shoulder were later introduced onto the probe to provide additional information on the 

tested soil. Currently, the CPT is the most widely used in situ test method to investigate sites in 

geotechnical practice because it provides a continuous profile and avoids the difficulty of retrieving 

undisturbed soil samples for laboratory tests. Due to its reliability and repeatability, the CPT has 

been used to detect various soil properties and to delineate between layers of different soil types 

and states (ISSMGE, 1999). 

The traditional design charts or formulas to identify soil properties based on CPT data were built 

through CPTs in uniform soils with a single layer (Silva and Bolton, 2004). The application of such 

an interpretation method directly to layered soils could be faulty. This is because the sensing zone 

of a cone can span several cone diameters both behind and ahead of the cone tip. When the sensing 

zone is across layer interfaces, the measured quantities (e.g., cone tip resistance, shaft friction and 

pore water pressure) not only represent the properties of the local soil around the cone tip but also 

include the impact from other layers. The size of the sensing zone (or the sphere of influence as it 

is called in some studies) increases with the soil stiffness. The sensing zone can be as small as two 

to three cone diameters in soft soils, whereas it can be up to 10 or even 20 cone diameters in stiff 

soils (Lunne et al., 2002). It could underestimate the soil strength of the embedded layer when it is 

not thick enough to mobilize the full resistance (i.e., the resistance when the embedded layer is 

infinitely thick). 
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The inability to accurately capture the thin layering effect may not be of importance in some areas 

of practice, but there are certain situations when the layering effect could be crucial. For example, 

the existence of a thin sand layer can be very important in soil liquefaction analysis (Boulanger and 

DeJong, 2018). Through examining the field data (Yost et al., 2019) and studying historical cases 

(Munter et al., 2017), thin layering effects, among other factors, could contribute to an 

accumulation of conservatism or bias in predicted liquefaction behaviours. Another driver for 

studying the thin layering effect is the substantial use of centrifuge tests to study offshore structures 

in layered soils. Centrifuge tests have been used extensively to study the structure and soil 

interaction problem in layered soil due to their ability to model the prototype stress response on the 

structure at laboratory scales (Ullah et al., 2017, Teh et al., 2010, Hossain and Randolph, 2010). 

The CPT can be conducted in flight to detect the strength profile of the layered soil. The smallest 

that the centrifuge cone can be made is around 7-10 mm in diameter (effectively 0.7 – 1 m in 

prototype dimensions if tested at 100 g), to match the requirement from the scaling effect in 

centrifuge (Garnier et al., 2007). Therefore, in the test setup, the soil layers can be as small as three 

cone diameters. Without corrections to the cone resistance measured in a thin layer, the soil 

characteristics of the thin layer cannot be estimated accurately (Teh et al., 2006). 

There are relatively few studies on CPTs in layered soils. The existing research has mainly focused 

on idealized soil profiles and two or three uniform soil layers in different sequences: weak soil over 

strong soil or vice versa and a strong layer embedded in soft soils or vice versa. Methodologies 

have included elastic analysis (Vreugdenhil et al., 1994, Yue and Yin, 1999), cavity expansion 

theory (Mo et al., 2016), chamber testing (Tehrani et al., 2017), centrifuge testing (Mo et al., 2015) 

and field data analysis (Youd and Idriss, 2001). Recently, large deformation finite element (LDFE) 

analysis has emerged for CPTs in layered soils under practical stress fields (Ma et al., 2016, Ma et 

al., 2017). 
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CPTs in clay-sand-clay soils have been researched through analytical analysis, field data summary 

and numerical studies. The analytical solutions were obtained by elastic analysis to investigate the 

“error” between the resistance in a thin embedded stiff layer and the ultimate resistance in an 

infinitely thick layer of the same stiff soil (Vreugdenhil et al., 1994). The study suggested that the 

“error” was a function of the middle stiff layer thickness and the stiffness ratio between adjacent 

layers. Based on the results, a correction factor was suggested to multiply the peak resistance in the 

stiff layer before using the resistance to classify the stiff soil (Robertson and Fear, 1995). Although 

the factor is a function of both layer thickness and stiffness ratio, a lower band (corresponding to 

the smallest stiffness ratio in their paper) was suggested for conservative purposes in soil 

liquefaction assessment. Later, an even more conservative band of the factor was suggested based 

on the analysis of the field data (Youd and Idriss, 2001). A numerical examination of the band 

solution suggests that it should only be applicable to thin, young and normally consolidated sand 

layers embedded in soft normally consolidated clays (Ahmadi and Robertson, 2005). Caution is 

needed when applying this procedure in the other cases. The numerical procedure used for the 

previous study has been verified against chamber test data and previous numerical results, which 

showed good agreement. However, the verification was conducted for uniform soil, either clay or 

sand, and not for layered soils. 

In the above numerical studies, the stiffness properties of the top and bottom clays were assumed 

to be identical instead of considering an even more complex situation: the top clay different from 

the bottom clay. The stress history over the penetration process, especially when the cone goes 

across the layer interface, and the detailed soil flow was not revealed. Therefore, this study aims to 

address such limitations. 

In this study, the CPT in sand layers sandwiched by different clays is studied by LDFE analysis, 

along with a stress-dependent model being deployed to capture the sand response. A parametric 

study is conducted to reveal the impacts of influential factors on the cone resistance profile. The 
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influencing factors include clay strengths in the top and bottom layers (i.e., stiff layer on top or soft 

layer on top), sand layer thickness (i.e., 3D to 10D to keep it thin; D is the cone diameter), and sand 

layer relative density (i.e., ID = 30 ~ 90%). Based on the results of this parametric study, an 

interpretation formula for the thin sand layer will be proposed. 

5.2 METHODOLOGY 

5.2.1 RITSS method 

Studying the soil response to probe penetration is a large strain problem. To overcome the mesh 

distortion, the remeshing and interpolation technique with small strain (RITSS) method is deployed 

(Hu and Randolph, 1998b). The RITSS is a type of arbitrary Lagrangian-Eulerian (ALE) FE 

method. It starts with a series of small strain incremental displacement analyses with the initial 

mesh, followed by updating the coordinates of all nodes in the mesh by the displacements 

calculated in the first steps and automatically remeshing the whole domain based on the updated 

domain boundaries, which include layer boundaries (or layer interfaces) in layered soils. On the 

newly established mesh, the field variables (such as soil state parameters) are interpolated from the 

old mesh. Another round of the small strain analysis is carried out on the new mesh. The process 

is cycled until the desired probe penetration depth is achieved (e.g., the expected penetration depth 

of the cone). It should be noted that the total displacement between each remeshing cycle should 

remain in the small strain range and should be smaller than half of the minimum element size to 

maintain both the efficiency and accuracy of the simulation (Hu and Randolph, 1998b). The finite 

element-based computer program AFENA (Carter and Balaam, 1995) is used in this study. H-

adaptive mesh refinement cycles are also implemented in the program to optimize the mesh density 

and minimize the discretization errors in the stress-concentrating zones (Hu and Randolph, 1998a). 

5.2.2 Soil constitutive model 

As the tip resistance in granular material often exceeds the stress level encountered in other 

geotechnical applications, a realistic soil response at an elevated stress level must be considered to 
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calculate the resistance accurately (Baligh, 1975). On the other hand, the soil model used for large 

deformation problems cannot be too complex, as it would increase the computational cost 

dramatically and cause numerical instability (i.e., non-convergence). To address both issues, the 

critical state Mohr-Coulomb (CSMC) model (Li et al., 2013) is utilized in this study to capture the 

stress-dependent response of sand. The model introduces the critical state concept into the classical 

Mohr-Coulomb (MC) model by linking the friction angle and dilation angle in the MC model with 

the soil state parameter (Ψ). The soil state parameter is the difference between the current soil void 

ratio (e) and the critical state void ratio (ec) at the same stress level, as given in Equation 5-1. 

ce-e      Equation 5-1 

Detailed development of the model can be found in (Li et al., 2013). Here, a brief description 

provides the necessary base for the discussion in the following sections. There are two elastic 

parameters: Young’s modulus (E), shear modulus (G) and Poisson’s ratio (v). Poisson’s ratio is a 

constant in this study at 0.3, while both Young’s modulus and shear modulus vary with the stress 

level and void ratio. The formula to calculate Young’s modulus is given in Equation 5-2. 

2

0
a

(2.97 - e) p '
E E

1 e p



   Equation 5-2 

where E0 is suggested as 6~10 MPa; e is the void ratio at the mean effective stress (p’) and pa is the 

reference pressure taken as the atmospheric pressure (pa = 101 kPa). Young’s modulus increases 

with increasing stress level and decreasing void ratio (i.e., denser soil). For the plastic aspect, there 

are two expressions to determine the mobilized dilation angle (ψ) and friction angle (ϕ) by the soil 

state parameter, given in Equation 5-3 and Equation 5-4, respectively. 

  nsign mtan A 1- e     `   Equation 5-3 

ctan tan tan         Equation 5-4 
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where A is a scaling factor, n is a factor controlling the curve shape, m is a factor mainly influencing 

the curve shape in the positive state parameter and ϕc is the critical state friction angle. 

In contrast to the advanced model used for sand, a simple Tresca model is used for clay. There is 

only one plastic parameter, undrained shear strength (su), in the model to determine the yielding 

surface. The elastic parameter, Young’s modulus, is assumed to be proportional to the shear 

strength (E = 500 × su). The stiffness ratio (E/su) is within the commonly adopted range (Hossain 

et al., 2005). To keep the fully undrained assumption for clay, Poisson’s ratio is chosen at 0.49 to 

prevent volumetric change while the numerical analysis is kept stable. 

The CSMC model along with the LDFE/RITSS method for CPTs in layered soil, including a sand 

layer, has been verified with centrifuge test data (Xie et al., 2020a and 2020b). The good agreement 

shown in the verification can provide confidence in the soil model and the numerical results 

presented in this study. The soil parameters are calibrated for Toyoura sand and Kaolin clay and 

provided in Table 5-1. 

5.3 NUMERICAL MODEL AND PARAMETRIC STUDY 

Figure 5-1 graphically defines the problem and includes all important variables. The cone 

penetrates the layered soil from the soil surface to depth d, measured from the cone shoulder to the 

soil surface. The reaction force acting on the tip will be calculated and recorded through LDFE 

analysis. The controlling variables on the soil strata dimensions are layer thicknesses for the top 

clay layer (Ht) and the interbedded sand layer (Hs). The controlling variables on the soil 

strength/stiffness are the undrained shear strength (sut and sub the for top and bottom clay layers, 

respectively) for the clay and the relative density (ID) for the sand. 

Table 5-2 shows the study plan designed by varying the four controlling variables (Hs/D, sut, sub 

and ID). The top clay layer thickness is set as a constant at 20D to achieve the fully mobilized 

resistance in that layer (Ma et al., 2016). The values of the undrained shear strength for the clays 

and the relative density for the sand are chosen to cover the commonly encountered range. This 
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paper focuses on the scenario where the top clay layer and bottom clay layer have different 

undrained shear strengths, following the study by the same authors for a sand layer embedded in a 

uniform clay (Xie et al., 2020a) 

The mesh setup is shown in Figure 5-2. To save numerical cost, the cone penetration is simplified 

as an axisymmetric problem. The bottom clay layer is 25D thick to avoid boundary effects, and the 

radius of the domain is the same as the total height (sum of the thicknesses of the three layers). The 

lateral sides are set as roller conditions to eliminate horizontal movements with free vertical 

movements. The bottom boundary is set as the hinge condition to eliminate both vertical and 

horizontal movement. A six-node triangular element with three Gauss points is deployed. To avoid 

numerical difficulty, the cone shoulder is buried in the soil at the start of the analysis. A mesh 

refined zone is added adjacent to the cone and moves with the cone tip to improve the accuracy in 

the localized high stress/strain area. 

5.4 RESULTS AND DISCUSSION 

5.4.1 Typical resistance profile 

Figure 5-3 shows the resistance profiles of two scenarios: (a) Case A - the top clay is stiffer (sut = 

80 kPa) than the bottom clay (sub = 10 kPa); (b) Case B - the top clay layer (sut = 10 kPa) is softer 

than the bottom clay (sub = 80 kPa). Depending on the noticeable changes in the profile gradient, 

both profiles are coloured in three zones when the cone penetrates in the sand layer: (I) blue zone 

- the resistance profile increases linearly and sharply when the cone penetrates shallowly into the 

sand layer, starting from the kink point registered in the top clay layer above the clay-sand interface; 

(II) red zone - there is another linear increase in the resistance profile while the increasing gradient 

is lower than that of Zone I, leading to the peak resistance at the end of this stage; (III) orange zone 

– the cone resistance decreases after reaching the peak and then converges to the ultimate resistance 

in the bottom clay. 
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To investigate the evolution of soil failure mechanisms during cone penetration in clay-sand-clay 

soils, there are 10 stages denoted for Case A and Case B in Figure 5-3. For Case A: Stage A1 - the 

cone resistance is stabilized at its ultimate resistance in the top clay; Stage A2 - the resistance 

decreases after the stabilized resistance is reached and before entering the sand layer; Stage A3 - 

the kink point is formed right above the clay-sand interface; Stage A4 - the cone shoulder goes 

across the original location of the clay-sand interface while the resistance increases linearly; Stage 

A5 - the resistance reaches a turning point at which the resistance increases at a lower rate than that 

in Stage A4; Stage A6 - the resistance is increasing at the reduced rate; Stage A7 - the peak resistance 

is reached in the sand layer; Stages A8 to A9 and A10 - the resistance gradually decreases until 

reaching stable resistance in the bottom clay. There are some numerical oscillations at the end of 

the simulation near the sand-clay interface. For Case A, the cone in the top clay layer reaches its 

ultimate resistance at 12D (i.e., 920 kPa, resulting in a bearing factor of 11.5). Then, the cone 

resistance decreases with further penetration until the kink point at 19.3D above the clay-sand 

interface. After the kink point, the cone resistance starts to increase sharply due to the influence of 

the approaching sand layer. 

Correspondingly, 10 stages for Case B are chosen in a similar manner to Case A. The differences 

observed in the cone resistance profiles between Case A and Case B are as follows: (a) there is no 

resistance reduction in the top clay layer after the ultimate resistance is reached at Stage B1 (d/D = 

12); (b) after the kink point in the top clay (i.e., Stage B3), the sharp increase in resistance lasts 

shorter to Stage B5; (c) the resistance increases linearly at a reduced rate that lasts longer between 

Stage B5 and Stage B7; (d) the rate of resistance increase between Stages B5 and B7 is higher than 

that in the corresponding period between Stages A5 and A7; (e) the peak resistance at Stage B7 is 

higher than that at Stage A7, which shows that the bottom clay has more influence on the cone peak 

resistance in sand; (f) after the peak resistance, the cone resistance decreases more sharply from 

Stage B7 to Stage B10 than that from Stages A7 to A10. 
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The corresponding penetration depths of d/D at the different stages are listed in Table 5-3 

5.4.2 Flow mechanism 

5.4.2.1 Case A: the sand layer interbedded in stiff top and soft bottom clays 

Figure 5-4 shows the flow mechanism from stage A1 to A10 for Central Case A in Figure 5-3. In 

the top clay, a cavity expansion failure is observed at Stages A1 and A2 until the cone tip touches 

the clay-sand interface at Stage A3. The localized failure mode results in the constant ultimate cone 

resistance being reached, and the resistance only depends on the local shear strength in the clay. 

As the clays are assumed to be uniform in the study, the cone resistance should be constant from 

Stage A1 as long as the cone does not sense the new layer. At Stage A2, the reduction from the 

ultimate constant resistance suggests that the cone has sensed the new layer, but the change is not 

noticeably reflected in the flow mechanism. From Stages A3 to A5, the cone passes through the 

clay-sand interface and corresponds to Zone I in Figure 5-3 (a). As the magnitude of the stress 

being mobilized in the sand layer is much higher than that in the clay, the penetration in the sand 

increases the resistance at a high gradient, resulting in a sharp increase over the three stages from 

A3 to A5, and the kink is registered at Stage A3. Soil movement is disconnected by the layer 

interface. The clay is squeezed sideways between the cone face and the interface, while the sand 

near the cone face is pushed downwards. The clay-sand interface sags from its original location by 

0.18D at Stage A3, 0.25D at Stage A4 and 0.35D at Stage A5. From Stages A5 to A7, the cone is 

fully embedded in the sand, and the cone resistance increases with the penetration depth at a lower 

rate (Zone II in Figure 5-3 (a)) than that observed from Stages A3 to A5 (Zone I in Figure 5-3 (a)). 

At Stage A6, the typical cavity expansion is observed again, similar to that at Stage A1. This implies 

that the cone merely senses influences from the surrounding clay other than the overburden 

pressure at the stage. However, at Stage A7, the soil displacement exhibits more sideways 

movement around the cone shoulder, and the displacements bend downward below the cone face. 

This minor change in the flow mechanism implies the sensing of the bottom soft clay. After Stage 
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A7, the influence of the bottom soft clay becomes increasingly noticeable with resistance 

continuing to decrease and then converging to the ultimate resistance in the bottom clay (Zone III 

in Figure 5-3 (a)). Hence, the peak resistance is observed at Stage A7. From Stages A8 to A10, the 

soil displacements continue to bend downward as the cone approaches the bottom layer. The size 

of the mobilized sand continues to decrease. This reduction in the mobilized sand causes the 

decreasing cone resistance in Zone III in Figure 5-3 (a). The sand-clay interface sags extensively 

by 1D, compared to only 0.18D for the clay-sand interface, as the bottom clay is much softer than 

the top clay (i.e., sut/sub = 8), which results in a kink formed in the profile far from the original 

location of the interface (e.g., dkb > 1D). 

5.4.2.2 Central Case B: the sand layer interbedded in soft top and stiff bottom clays 

The soil flow mechanism over the 10 stages for Central Case B is shown in Figure 5-5. Many 

characteristics observed in Case A can also be noted for Case B, including (1) cavity expansion 

when the cone penetrates in the top clay before the cone tip touches the clay-sand interface (Stages 

B1 and B2); (2) cavity expansion when the cone becomes fully embedded in the sand without 

sensing the bottom clay (Stages B5 and B6); and (3) displacements bending downwards due to 

attraction by the soft bottom layer (Stages B7 to B9). The similarity of the flow mechanisms between 

Case A and Case B explains their similar scopes of the resistance profile (three-stage development 

as demonstrated in Figure 5-3 (a) and (b)). 

However, there are noticeable differences between the cone resistance profiles of Case A and Case 

B, as mentioned above, which can be explained in more detail using the mechanisms displayed in 

Figures 5-4 and 5-5. By comparing the flow mechanisms of Stages B3 to B5 and those of Stages A3 

to A5, the squeezing effect is much stronger for Case B than for Case A, as the top clay in Case B 

is softer. The sagging of the clay-sand interface is smaller (or nearly no sagging) for Case B, as the 

sand layer is much stiffer than the top clay layer. The minimal sagging of the layer interface for 

Case B makes the cone tip touches the sand layer early, resulting a larger dkt/D for Case B than 
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Case A. When the cone passes the sand-clay interface after the peak resistance in the sand layer 

(i.e., Zone III in Figure 5-3), the sagging of the sand-clay interface is smaller for Case B (i.e., Stages 

B7 to B10 in Figure 5-5) than that for Case A (i.e., Stages A7 to A10 in Figure 5-4). This makes the 

kink registered in the bottom clay closer to the initial location of the sand-clay interface, resulting 

in a smaller dkb in Case B (dkb/D < 1). At Stage B10, the cone becomes fully embedded into the 

bottom clay layer, and soil flow only occurs in the bottom clay layer; hence, the cone reaches 

ultimate resistance in the bottom clay. 

5.4.3 Further discussion on the profile characteristics 

The above discussion revealed the soil flow mechanisms around the cone for both Case A and Case 

B and their linkage to the features of the cone resistance profiles. In this section, further discussion 

on two particular questions is provided. 

(i) Why does the reduction from the ultimate resistance in top clay only appear in Case A? The 

phenomenon can be explained by the relative stiffness between each layer in the clay-sand-clay 

soils. Figure 5-6 shows the mean stress for Cases A and B. The stress bubble decreases from Stages 

A1 to A2 but increases slightly from Stages B1 to B2. For both cases, the cone sensing zones 

(indicated by the outlier of the stress bubble) are fully contained in the top clay at d/D = 12, while 

they expand into the sand layer at d/D = 16.5. When the top clay layer is stiff (sut = 80 kPa for Case 

A), the sand in the sensing zone responds with high stress in the 50 kPa-100 kPa band, while the 

sand in the sensing zone at Stage B2 responds with low mean effective stress in the 10 kPa-20 kPa 

band when the top layer is soft (sut = 10 kPa for Case B). As suggested by Equation 5-2, the sand 

stiffness (Es) is a function of the mean effective stress and void ratio. In Figure 5-6, a point is 

selected to represent the sand stiffness right below the cone, measured one diameter away from the 

central line and one diameter below the initial clay-sand interface. Young’s modulus of the point 

is calculated by Equation 5-2: for Case A, Es = 10.26 MPa at Stage A1 and 20.79 MPa at Stage A2; 

for Case B, Es = 4.68 MPa at Stage B1 and 10.53 MPa at Stage B2. The stiffness of the top clay (Ec) 
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is calculated by its constant ratio to the undrained shear strength (Ec/su = 500): for Case A, Ec = 80 

kPa × 500=40 MPa; for Case B, Ec = 10 kPa × 500 = 5 MPa. The mobilized Young’s modulus of 

the sand (10.53 MPa) increases to larger than that of the top clay (5 MPa) at Stage B2, resulting in 

the cone resistance in the clay continuing to increase. However, the sand stiffness (Es = 10.26 MPa 

at Stage A1 and 20.79 MPa at Stage A2) is below the top clay stiffness (Ec = 40 MPa). The sand 

layer behaves as a soft layer below the cone, resulting in reduction in the cone resistance. This 

phenomenon remains until the cone penetrates into the sand with high stress being mobilized. 

(ii) What are the factors influencing the kink distances (dkt and dkb)? The kink distances are directly 

related to the deformation of the layer interfaces. As seen in Figures 5-3 to 5-5, the kink points in 

the top clay layer occur when the cone tip touches the deformed clay-sand interface. The kink 

points in the bottom clay layer occur when the cone shoulder detaches from the deformed sand-

clay interface and enters the bottom clay layer. The interface deformation is influenced by the 

stiffness ratio of the adjacent layers. 

For the kink point in the top clay, where Ect/Es > 1 (Ect: stiffness of the top clay) for Case A, the 

clay-sand interface tends to sag downwards to the softer layer underneath (Figure 5-4), resulting in 

the kink appearing later. In Case B, where Ect/Es < 1, there is minimal interface sagging but apparent 

squeezing of the clay (Figure 5-5), resulting in the kink appearing early. Thus, a lower dkt is 

observed for Case A than that for Case B. For the kink point in the bottom clay, a similar 

phenomenon is observed. Where Es/Ecb > 1 (Ecb: stiffness of the bottom clay) for Case A, the sand-

clay interface sags more into the bottom clay as the underneath clay layer is softer, resulting in a 

higher kink distance dkb. Where Es/Ecb < 1 for Case B, less interface sagging results, hence less 

distance dkb. However, since the cone diameter is only 0.0357 m, the variation in the kink distance 

from the influential factors can be fairly small (for example, the difference in dkt between Case A 

and Case B is 0.36 cm, i.e., ~0.1D). Therefore, the study suggests constant values for dkt/D and 
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dkb/D of 0.75 and 1, respectively. They are the averages values of Case A and Case B. It can be 

confirmed by profiles in the later section that the constant values are reasonably accurate. 

(iii) What are the differences in the flow mechanism of the cone in sand layer sandwiched by same 

clays and by different clays? When a sand layer is sandwiched by two clay layers with different 

strengths, the three layers work systematically to affect the flow mechanisms in the sand layer. As 

discussed early, when the top clay is stiffer than the bottom clay layer, both top stiff clay and sand 

layers act on one soft bottom clay layer. Thus, once the cone enters the sand layer, the stresses in 

sand are mobilized to a high level near the top layer interface (C-S) due to the top stiff clay, which 

results a stiffer sand layer being mobilized. Due to the soft bottom clay layer, the soil movements 

are attracted to the soft soil very early, hence the cone peak resistance is registered near the top C-

S interface. When the top clay is softer than the bottom clay layer, the stiff bottom clay acts as a 

strong foundation for the top clay and the sand layer. During the cone penetration in the sand layer, 

the stresses in sand gradually increases until near the bottom layer interface, where the cone senses 

the bottom stiff clay and a peak resistance is registered. However, when the cone penetrates in a 

sand layer sandwiched between two clay layers with the same strength, the flow mechanism in the 

sand layer is influenced fairly equally by the two clay layers. Thus the cone resistance profile in 

the sand layer is more smooth and rounded (i.e. without sharp peak) and the peak resistance is more 

or less appearing at the mid-point of the sand layer. 

5.4.4 Effect of the undrained shear strength of clay, sut and sub 

Figure 5-7 shows the effects of the clay undrained shear strength on the cone resistance profile. In 

Figure 5-7 (a), where the top clay layer is stiffer than the bottom clay (sut/sub > 1), the shear strength 

of the top clay is kept constant at 80 kPa while varying the shear strength of the bottom clay from 

10 kPa (sut/sub = 8) to 60 kPa (sut/sub = 1.33). The cone resistance reduction in the top clay after its 

ultimate value (qclayult at d/D = 12) occurs for all cases in Figure 5-7 (a). The reduction decreases 

with the decreasing ratio of sut/sub. This means that the bottom soft clay can impact the cone 
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resistance in the top clay layer across the 5D-thick medium-dense sand layer (ID = 60%). The 

influence reaches up to 6D above the sand layer. Similarly, in the sand layer, the bottom soft clay 

influences the cone resistance, as the increasing measured peak resistance with the bottom clay 

stiffness implies. Therefore, the three-layer soils act as a system. The bottom soft layer can affect 

the cone resistance profile in both the top clay and middle sand layers. The clay strength ratio of 

sut/sub also affects the shape of the cone resistance profiles in the sand layer. After the peak 

resistance, the reduction in resistance is sharp for sut/sub ≥ 4, while the reduction is more progressive 

for sut/sub ≤ 2. The location of the peak resistance moves closer to the midpoint of the sand layer 

when sut/sub varies from 8.0 to 1.0. The difference is caused by the bottom clay stiffness. As shown 

by the flow mechanism (Figure 5-4), the peak resistance is reached when the cone senses the bottom 

clay. The softer the bottom clay is (i.e., higher sut/sub), the earlier it is sensed, hence the earlier 

appearance of the peak resistance and lower peak resistance. In Figure 5-7 (b), the effect of clay 

strength is shown for sut/sub < 1.0, where the top clay layer is softer than the bottom clay layer, and 

the undrained shear strength of the top clay layer is kept constant at sut = 10 kPa while varying that 

of the bottom clay layer from 20 kPa (sut/sub = 0.5) to 80 kPa (sut/sub = 0.125). Due to the stronger 

bottom clay layer, no resistance reduction is observed in the top clay layer. Combined with the 

observations from Figure 5-7 (a), it can be seen that when sut/sub  1.0, all resistance profiles in the 

top clay merge together (see the inserted graph in Figure 5-7 (b)). This means that the soil failure 

mechanisms are contained in the top clay when the bottom clay is strong enough (i.e., sut/sub  1.0) 

to provide support for the embedded thin sand layer. The peak resistance in the sand layer increases 

with the decreasing strength ratio of sut/sub, and the location of the peak resistance deviates from 

the midpoint of the sand layer towards the bottom clay when sut/sub decreases from 0.5 to 0.125. 

5.4.5 Effect of sand layer thickness, Hs 

Figure 5-8 shows the effects of normalized sand layer thickness on the resistance profiles for both 

Case A (sut/sub > 1.0, Figure 5-8 (a)) and Case B (sut/sub < 1.0, Figure 5-8 (b)). It is apparent that, 



Paper draft on CPT in a thin sand layer sandwiched by different clay 

 5-17  

in both cases, the peak resistance in sand increases with increasing sand layer thickness. The 

resistance reduction in the top clay from its ultimate resistance is observed for Case A in Figure 5-

8 (a) but not for Case B in Figure 5-8 (b) for the same reason stated above. The magnitude of 

resistance reduction decreases with increasing sand layer thickness, with the highest reduction for 

Hs/D = 3 at 13.3%. This means that the sand layer and the bottom clay layer act together to influence 

the resistance in the top clay layer. For Case A, when the cone penetrates into the thick sand layer 

(Hs/D = 10), the soil failure mechanism is fully retained in the sand layer for 2.4D (from Stage A5 

at 20.3D to Stage A6 at 22.7D, Zone II in Figure 5-3 (a)). However, when the sand layer is as thin 

as Hs/D = 3 and 5, Zone II disappears where Zone I (i.e., resistance increasing sharply) is followed 

by Zone III (i.e., resistance decreasing sharply) directly. Clearly, when the sand layer is too thin 

(i.e., Hs/D < 7), there is not enough volume to fully develop the flow mechanism in the sand layer 

without sensing the bottom clay. 

However, for Case B of sut/sub< 1.0 in Figure 5-8 (b), the three zones defined in Figure 5-3 (b) can 

always be observed in all cases of Hs/D = 3, 5 and 10. This is because the stronger bottom clay 

provides enough support to the top clay and sand layers; hence, the cone resistances in the top clay 

and Zone I are not affected by the sand layer thickness. The rate of cone resistance increase in Zone 

II decreases with sand layer thickness. This is because the bottom stronger clay has less influence 

on the cone resistance in the zone when the sand layer is thicker. However, the rate of decrease in 

resistance in Zone III is similar for all cases, which means that the bottom clay has the dominant 

effect at the stage. This effect can be confirmed by Figure 5-7 (b), where the rate of decrease in 

resistance in Zone III increases with increasing strength of the bottom clay. 

5.4.6 Effect of sand relative density, ID 

Figure 5-9 shows the impact of the relative density of the thin sand layer on the resistance profiles. 

The cone penetration curves show characteristics similar to those discussed above regarding 

Figures 5-3, 7 and 8, such as: (i) in the top clay layer, the reduction from the ultimate resistance in 
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the top stiff clay for Case A; (ii) in the sand layer, the sharp peak resistance for Case A (sut/sub = 

8.0) but progressive peak resistance for Case B (sut/sub = 0.125); (iii) in the sand layer, the resistance 

profile having two development zones for Case A and three development zones for Case B. As in 

Case U (a sand layer in uniform clay, sut = sub, as in Figure 5-9 (c)), the cone peak resistance in sand 

increases with its relative density from loose (ID = 30%) to medium dense sand (ID = 60%) for both 

Cases A and B. However, the peak resistance in the very dense sand (ID = 90%) shows a different 

trend: for both Cases A and B, the resistance profiles show the three development zones (Zone I: 

sharp increase in resistance; Zone II: gradual increase in resistance; Zone III: decrease in 

resistance), and the peak resistances are 10.3% and 10.7% lower than that in the medium dense 

sand (ID = 60%) for Cases A and B, respectively. After the peak, the cone resistance decreases to 

the ultimate resistance in the bottom clay once the cone enters the bottom clay layer, which is 

similar to those observed for ID = 30% and 60%. 

Although the peak resistance in the very dense sand of ID = 90% is expected to be the highest based 

on the observations for Case U, the thin sand layer behaves differently for Cases A and B when sut 

 sub. Figure 5-10 shows the stiffness development for Case A with ID = 60% and 90%. The sand 

stiffness is a function of the sand relative density and the mean effective stress, as shown in 

Equation 5-2. By comparing the sand stiffness of ID = 60% and 90%, due to the high density of ID 

= 90%, the stiffness develops more quickly towards the bottom soft clay layer. The stiffness ratio 

of Es/Ecb is higher for ID = 90% than that for ID = 60%. This higher stiffness ratio can encourage 

punching-through failure immediately after the cone enters the sand layer and make the thin stiff 

sand behave like a brittle beam. 

The effect of punching-through failure can be seen more clearly in the normalized vertical 

displacement graphs for both ID = 60% and 90% in Figure 5-11. In Figure 5-11, substantial 

downward movement is observed from d/D = 20. Over the four depths, there are more downward 

movements in ID = 90% than in ID = 60%. The movement of the whole punched block substantially 
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releases the stress and transfers the loading to the bottom clay. The earlier reliance on the bottom 

soft clay results in no development of cavity expansion in the sand layer, hence the lower cone 

resistance in the development Zone II and the lower peak resistance of ID = 90% than that of ID = 

60%. Thus, the lower cone peak resistance in the very dense sand is due to the ‘brittleness’ of the 

thin sand layer. The difference in the strengths of the top and bottom clay layers encourages the 

brittle behaviour of the sand layer. In Case U, as shown by Figure 5-9 (c), when ID = 75% and 90%, 

the rate of resistance increase before the peak is lower than that of ID = 60%, although the peak 

reduction is not obvious. This could be a sign of punching through failure. For Case U, the peak 

resistance will be nearly constant when ID > 60%; for Case A and Case B, the peak resistance will 

decrease when ID > 60%. 

5.5 SUGGESTIONS FOR INTERPRETING CPT DATA  

5.5.1 Interpretation of the clay layers 

In this study, the resistance in the top clay layer reaches the ultimate resistance at 12D. The ultimate 

resistance remains until the cone senses the impact of the bottom layers at 6D above the sand layer 

for Case A, resulting in a reduction in the resistance. For Case B, the resistance in the top clay starts 

to change due to the bottom layers until the top kink. When the cone penetrates into the bottom 

clay, the ultimate resistance is quickly reached in the bottom clay. Therefore, the ultimate cone 

resistance can be directly utilized to interpret the clay layers by the existing method derived for 

single-layer clay. 

5.5.2 Relative density of the sand layer 

As discussed above, the cone resistance in the sand layer is influenced by both the top and bottom 

clays. Based on all the results from LDFE/RITSS analysis, Figure 5-12 shows a regression term 

between the peak resistances and the factored undrained shear strengths of both clay layers. The 

regression term is designed to include the impact from the surrounding clay (sut and sub), the relative 

density of the sand (ID) and the stress level of the sand layer (p ). The dataset where the sand layer 
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is embedded in uniform clay (Case U) is also included in Figure 5-12. As the top clay layer was 

varied in the study of Case U, the regression term in Figure 5-12 also includes the normalized top 

layer thickness (Ht/20D). 

With the two soil flow modes for Case A and Case B as discussed above, two linear functions can 

be fitted for sut > sub and sut < sub, respectively, with high R2. The two lines intersect at αsut + (1-

α)sub = 31.6 kPa. It can be noted that the relationship for the sand in uniform clay follows the sut < 

sub line when the factored clay shear strength is less than 31.6 kPa but follows the sut > sub line when 

the factored clay shear strength is more than 31.6 kPa. 

Formulas can be proposed to interpret the sand relative density by rearranging the regression linear 

functions as follows: 

 

2 2 2 5 2
p ut ub t s

D 2 ' 6
1 ut ub 2 0

q s s (H / 20D) ( D)
I (%) 100

C ( s (1 )s ) C p




   
   Equation 5-6 

where α = 0.3, p  is the initial mean effective stress at the middle point of the sand layer and γ’s is 

the sand effective unit weight in KN/m3. For Case A (sut/sub> 1.0), the factors are C1 = 7269.7 and 

C2 = 215331, and for Case B (sut/sub < 1.0), C1 = 518.89 and C2 = 1640. 

5.5.3 Identification of the very dense thin sand layer 

The inconsistency in increasing peak resistance with relative density introduces complexity to the 

data interpretation. The different profile mode (progressive peak) for the very dense sand could be 

utilized as evidence to note the very high density in Case A (see Figure 5-9 (a)): when the top clay 

is much stiffer than the bottom clay layer (i.e., sut/sub ≥ 4 in Figure 5-7(a)), a sharp peak resistance 

is exhibited in loose to medium dense sand layers, while a progressive peak resistance is observed 

for very dense sand. This indicates that the sand relative density cannot be directly estimated by 

the peak resistance, even just qualitatively. Therefore, careful sampling for laboratory tests could 

be considered as an option when very dense sand is noted. 
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5.6 CONCLUSION 

The paper reports LDFE results for the CPT in a thin sand layer sandwiched between clay layers 

with different undrained shear strengths. Two modes of the resistance profiles are defined for a 

stiff top clay with soft bottom clay and a soft top clay with stiff bottom clay. These two profiles 

have been explained by their flow mechanism and the mean stress mobilization. The common 

characteristics in the two profiles are the three-stage resistance development: (1) the cone resistance 

sharply increases when the cone penetrates through the clay-sand interface; (2) the cone resistance 

continuously increases at a reduced rate until reaching the peak resistance, with the cone merely 

sensing the bottom clay; and (3) the resistance eventually decreases to converge with the ultimate 

resistance in the bottom clay. However, due to the various clay strengths around the sand layer, 

with different “support” being provided by the bottom clay, the resistance profile registers different 

peak resistances at different locations. A stronger bottom clay contains the flow mechanism to the 

top layers, resulting in the peak resistance being registered closer to the sand-clay interface. The 

change of upper clay strength alters the stress development in the shallow penetration in the sand 

layer, which results changes in mobilized stiffness of the sand and hence influence the flow 

mechanisms of the sand layer. Additionally, when the bottom clay is soft relative to the top clay, 

the soft bottom provides less support to the sand layer, and the impact of the bottom layer can be 

transferred through a 5D-thick medium sand layer. Reduction from the ultimate resistance of the 

top clay is observed at less than 6D above the sand layer when the cone approaches the embedded 

sand layer. 

Using the collected numerical data, a relationship of the peak resistance in the sand with the clay 

undrained shear strengths, sand density and initial stress level are established. A linear function 

and two sets of coefficients in the function are provided to predict the relative density for the sand 

layer embedded in stiff-over-soft clay and soft-over-stiff clay. As the formulas were derived based 

on the numerical results in this study, they need to be taken with caution when extrapolating any 

data outside of the study range. The results show that when the sand layer is of very high density 
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(i.e., 90%), the peak resistance can be even smaller than that of less dense sand. This result adds 

complexity to interpretation of the CPT data. Sampling for laboratory tests is suggested for these 

conditions. 

The study highlights the necessity of adopting an advanced sand model in numerical analysis to 

capture the complex behaviour of granular materials. More physical test data should be welcomed 

to further verify the results and build comprehensive guidelines for interpretation purposes. 
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Figure 5-1. Schematic graph of the CPT in a clay-sand-clay soil 

 

 

Figure 5-2. Mesh setup for the CPT in clay-sand-clay 
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(a)                                                                   (b) 

Figure 5-3. CPT resistance profile in clay-sand-clay soils (Ht/D = 20, Hs/D = 10 and ID = 60% in 

Table 5-2): (a) Case A: sut/sub = 8 and sut = 80 kPa; and (b) Case B: sut/sub = 0.125 and sut =10 kPa 

(C-S refers to the clay-sand interface, while S-C refers to the sand-clay interface) 
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Figure 5-4. Soil flow mechanism from Stages A1 to A10 for Central Case A (Ht/D = 20, Hs/D = 

10, sut/sub = 8, sut = 80 kPa and ID = 60%, Table 5-2) 
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Figure 5-5. Soil flow mechanism from Stages B1 to B10 for Central Case B (Ht/D = 20, Hs/D = 10, 

sut/sub = 0.125 and ID = 60% in Table 5-2) 
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Figure 5-6. Mean stress contours at (a) Stage A1, (b) Stage A2, (c) Stage B1, and (d) Stage B2 (MS 

refers to the mean stress) 
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(a)                                                                   (b) 

Figure 5-7. Effect of undrained shear strength sut and sub on the cone resistance profile (Hs/D = 5, 

ID = 60%, Group I and Group IV in Table 5-2), (a) Case A: sut = 80 kPa and sub = 10, 20, 40 and 

60 kPa and (b) Case B: sut = 10 kPa and sub = 20, 40, 60 and 80 kPa 
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(a)                                                                   (b) 

Figure 5-8. Effect of sand layer thickness Hs/D on the cone resistance profile (ID = 60%, Group I 

and Group IV in Table 5-2), (a) Case A: sut = 80 kPa and sub = 10 kPa and (b) Case B: sut = 10 

kPa and sub = 80 kPa 
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                                              (a)                                                                  (b)                                                                 (c) 
Figure 5-9. Effect of sand relative density ID on the cone resistance profile (Hs/D = 5, Group I and Group IV in Table 5-2; data from another study (Xie 

et al., 2020a)), (a) Case A: sut = 80 kPa and sub = 10 kPa (b) Case B: sut = 10 kPa and sub = 80 kPa and (c) Case U: Case B: sut = 20 kPa and sub = 20 kPa
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Figure 5-10. Stiffness development in the sand layer for Case A (sut = 80 kPa and sub = 10 kPa) 

with ID = 60% and 90% 
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Figure 5-11. Vertical normalized displacement comparison between ID = 90% and 60% for sut = 

80 kPa and sub = 10 kPa 
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Figure 5-12. Relationship between the peak resistance in sand and the factored undrained strength 

of the surrounding clay (α = 0.3) 
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Table 5-1. Basic engineering properties of Toyoura sand and its parameters in the CSMC model 

emax emin ϕc/° A m n 
0.985 0.611 32 0.5 7 0.75 

Table 5-2. Summary of the parametric study plan 

Category Group 

Top clay 
undraine
d shear 

strength, 
sut (kPa) 

Normalized 
sand layer 
thickness 

(Hs/D) 

Sand relative 
density, ID 

(%) 

Bottom clay 
undrained 

shear 
strength, su 

(kPa) 

Notes 

Stiff-
over-soft 

clay 
(Case A) 

I 80 3, 5, 10 60 10 
Effect of the 
sand layer 
thickness 

II 80 5 30, 60, 90 10 
Effect of the 
sand relative 
density 

III 80 5 60 10, 20, 40, 60 
Effect of the 
clay undrained 
shear strength 

Soft-
over-stiff 

clay 
(Case B) 

IV 10 3, 5, 10 60 80 
Effect of the 
sand layer 
thickness 

V 10 5 30, 60, 90 80 
Effect of the 
sand relative 
density 

VI 10 5 60 20, 40, 60, 80 
Effect of the 
clay undrained 
shear strength 

Central Case A 80 10 60 10 Results on the 
flow mechanism Central Case B 10 10 60 80 

Table 5-3. Penetration depths for the penetration stages 

Stage number 
Normalized depth (d/D) 

Case A Case B 
1 12 12 
2 16.5 16.5 
3 19.3 19.25 
4 20 19.6 
5 20.3 20.05 
6 22 23.7 
7 22.7 27.3 
8 26 28.3 
9 29 29 
10 30.2 30.85 
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ABSTRACT 

Cone penetration test (CPT) is regularly used during offshore site investigations to interpret soil 

stratification and soil characteristics due to its continuous penetration resistance profile. However, 

its use could be improved if better numerical methods to simulate its penetration could be 

developed. Finite element (FE) analysis, for instance, has the potential to provide insightful 

information on soil response and soil flow mechanisms. However, it is challenging to simulate CPT 

in layered soils, as the soil experiences extremely large strains around the cone and the simulation 

costs are high. In this study, the efficiency of using a partial large deformation FE (LDFE) approach 

was explored to examine the pre-embedment depth allowed for saving LDFE analysis cost. The 

LDFE analysis was conducted using the remeshing and interpolation technical with small strain 

(RITSS) method to model the large strain problem. Both soft-stiff-soft clays and clay-sand-clay 

soil were considered to study the thin stiff layer effect when it was sandwiched in soft clay. The 

LDFE/RITSS analysis compared a CPT penetrating from the soil surface with penetrations from a 

pre-embedded depth above the stiff layer. Pre-embedded small strain analysis was also conducted 

for comparison.  

The results show that the small strain analysis underestimated the resistance in both clay and sand. 

For the partial LDFE analysis with pre-embedment in the top clay layer, the CPT response in the 

middle stiff clay layer could be well captured regardless of the initial pre-embedment depth. 

However, for the middle medium dense sand layer (ID = 60%), the pre-embedment depth needs to 
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have sufficient distance above it (10D, D is cone diameter) to capture the soil response in the sand 

layer correctly. 

KEYWORDS  

Cone penetration test; layered soil; large deformation finite element analysis; critical state sand 

model 
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6.1 INTRODUCTION 

CPT is a commonly deployed test method for site investigations in both offshore and onshore fields. 

The test facility comprises a steel probe with 60° apex cone tip connected at the end of the shaft, 

rolling-down system and data collection program. The standard cone is 35.7 mm in diameter 

resulting in a 1000 mm2 basement area. It measures the reaction force acting on the cone tip, friction 

force along the shaft and the water pore pressure around the cone (i.e. piezocone). Among the three 

measurements, the cone tip resistance is of prime importance to interpret the engineering properties 

of soils by established correlations. Many researchers have worked on establishing the correlations, 

but a rigorous solution is extremely difficult due to the large strain and material nonlinearity 

associated with the CPT. 

There are many studies on CPT in single layer soils using different approaches, including bearing 

capacity theory, cavity expansion theory, steady state deformation solution, finite element analysis 

and calibration chamber testing, as reviewed in (Yu and Mitchell, 1998). There are fewer studies 

on CPT in layered soil compared with those in single layer soils. Approaches being utilized for 

layered soils include cavity expansion theory (Mo et al., 2016), physical testing (Mo et al., 2015) 

and large deformation finite element (LDFE) analysis (Ma et al., 2017). It has been suggested that 

the LDFE numerical analysis methodology has many advantages over the other methods as it 

potentially provides additional insights into the relationships between soil characteristics and cone 

responses (Mo et al., 2015). However, there are difficulties in modelling the cone penetration 

numerically due to the large strain induced in the localized area around the probe and the non-linear 

nature of soil behaviours. 

To overcome the problem, it is necessary to deploy advanced numerical techniques to track the 

development of the stress/strain around the probe. There are three common approaches capable of 

accounting for large strain deformation in geotechnical engineering: the implicit remeshing and 

interpolation technique by small strain (RITSS), the efficient Arbitrary Lagrangian–Eulerian 

(ALE) implicit method and the Coupled Eulerian–Lagrangian (CEL) method. All the approaches 



Accepted paper in OMAE 2020 

 6-4  

have been applied to the cone penetration problem successfully and detailed comparison can be 

found in the other study (Wang et al., 2015). Thought the consistency in the three methods was 

shown, the RITSS method stood out by its remarkably smooth resistance profiles obtained. 

However, the analysis costs heavily in computational burden and time for cases when the cone 

penetrates deeply. For an example case in this study, it takes 82 hours to simulate a cone penetrating 

through a top clay layer of 20D and a middle sand layer of 5D, to achieve stable reading in the 

bottom clay on a PC with i7-4790 CPU at 3.60 GHz. 2,116 six-node triangular elements with three 

Gauss points are used for the analysis.  

This paper is to study the CPT resistance profiles in layered soils, where a thin stiff layer is 

sandwiched in a soft clay. Both stiff clay and sand layers are considered as the thin stiff layer. The 

efficiency of LDFE analysis is explored for the cone penetration starting either from the soil surface 

or from different initial pre-embedment in the top soft clay layer. Furthermore, pre-embedded small 

strain analysis is also conducted as a comparison.  

6.2 PROBLEM SETUP 

Table 6-1 shows the set-up of the cone penetration in layered soft-stiff-soft soils. The stiff layer is 

either stiff clay with undrained shear strength su = 60 kPa or medium dense sand with relative 

density ID = 60%, while the soft layers are soft clay with su = 20 kPa. In this study, the top soft 

layer thickness, Ht, is 20D, which is thick enough to mobilize stable resistance within the layer. 

The middle thin stiff layer thickness, Hs, is 5D. For the full LDFE analysis, the cone shoulder is set 

at soil surface level (i.e. dpre = 0) at the start of the analysis. For small strain and partial LDFE 

analysis, the cone is pre-embedded at the designed depth (i.e. dpre > 0) to save LDFE computational 

cost. ds is the distance measured from the cone shoulder to the surface of the sand layer. 

Table 6-1 summarizes the parametric study plan for a cone with different pre-embedment depths, 

dpre in small strain and LDFE analyses. For the convenience of discussion, the distance to the stiff 

layer, ds, as shown in Figure 6-1, will be used in the following sections to represent the different 
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pre-embedment depths. For the small strain analysis, dpre ranges from 0 (i.e. at the soil surface) to 

27D (i.e. 2D below the bottom of the stiff layer), to obtain the cone resistance at the various depths. 

There are more dpre designed in the stiff layer aiming to capture the peak cone resistance in the 

layer. In the study, the cone is assumed as fully smooth. 

6.3 METHODOLOGY 

The RITSS method (Hu and Randolph, 1998b) is chosen for the large deformation analysis. The 

method can be categorized as the ALE FE method. It starts with a series of small strain analysis 

with displacement control. Then the mesh is re-generated based on the deformed soil domain 

boundary from the small stain analysis results. The field variables (such as soil properties, strain 

and stress) are interpolated from the old deformed mesh onto the new mesh. Then another series of 

small strain analysis is performed on the new mesh. The process is repeated until the required cone 

penetration depth is achieved.  

To model the stress-dependent behaviour of sand, the extended Critical State Mohr Coulomb 

(CSMC) model (Li et al., 2013) is deployed. The model modifies the Mohr Coulomb model by 

linking the state parameter, Ψ, under critical state concept to the variation of friction angle ϕ and 

dilation angle ψ. The state parameter is the difference between the in-situ void ratio and the critical 

state void ratio under the same stress level. In terms of the elastic parameters, the Young’s modulus 

is a function of the in-situ mean effective stress and void ratio to consider the stress-dependence. 

The model was specifically developed for the RITSS method, and it strikes a balance between 

accuracy and simplicity to keep the analysis numerically stable and efficient. For clay, a simple 

Tresca failure criterion is used. The clay Poisson ratio is chosen at 0.49 (i.e. close to 0.5 for 

saturated clay with no volume change and below 0.5 to keep numerical stability). Sand Poisson 

ratio is selected as 0.3. 

The RITSS method and CSMC model are implemented in the AFENA package (Carter and 

Balaam, 1995), which is used in the study. H-adaptive mesh refinement is also implemented (Hu 
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and Randolph, 1998a) to optimize the mesh and minimize discretization errors. The method has 

been verified against to both physical data (Ma et al., 2014, Xie et al., 2019) and existing numerical 

solution (Ma et al., 2016) for cone penetration in layered clay and sand by full LDFE analysis, due 

to the page limit, it is not presented here. 

6.4 RESULTS & DISCUSSION 

6.4.1 Comparison between small strain and full LDFE Analysis 

6.4.1.1 Soft-stiff-soft clays 

Figure 6-2 shows the load-displacement results of small strain FE analysis for a pre-embedded cone 

at the soil surface (dpre/D = 0), in the top clay layer (dpre/D = 10 and 15), in the stiff clay layer 

(dpre/D = 22) and in the bottom soft clay (dpre/D = 26). In the Figure 6-2 (a), only the surface cone 

(dpre/D = 0) reaches its ultimate capacity at d/D = 0.1, all other cones with dpre/D > 0 have not 

reached their ultimate capacity even when d/D > 0.3. Such phenomenon was also observed by 

previous studies (De Borst and Vermeer, 1985). In Figure 6-2 (b), the cone resistance is normalized 

by the clay strength, qc/su, which is known as bearing capacity factor of cone penetrometer. Same 

as Figure 6-2 (a), a constant bear capacity factor is only observed in the case where cone is pre-

embedded at surface, the bearing capacity factor keeps increasing in the cases of deeply embedded 

cones. The calculated bearing capacity factors by the small strain analysis is well below the 

conventional average value, about 11.5 for cone at deep penetration depth. The different load-

displacement responses are due to the different failure mechanisms between surface cone and the 

pre-embedded cone. The surface cone can generate a surface footing failure mechanism where 

stable shear failure lines reach the soil surface when the ultimate capacity is reached, while the pre-

embedded cone follows the cavity expansion failure mode. By the cavity expansion mode, the 

displacement increment by the cone keeps pushing the soils laterally and vertically, hence the stress 

around the cone increases consistently. The bearing resistance of the cone at certain embedment 

depth can be identified when an ultimate value is reached within a small strain range, i.e. d/D  
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0.3. Otherwise, the failure load is selected at the range of d/D  0.3. In this study, the failure loads 

at both d/D = 0.1 and 0.3 are selected. It can be seen that, in Figure 6-2, the load-displacement 

curves at d/D = 10, 15 and 26 coincide with each other when the cone is pre-embedded in the top 

and bottom soft clay with the same undrained shear strength. Thus, the loads are a function of the 

local undrained shear strength, where the middle thin stiff layer has no influence on these three 

embedment cases. The different embedment does not change the resistance readings for dpre/D =10, 

15 and 26. Small strain analysis cannot model the increasing resistance with depth (from dpre/D = 

10 to dpre/D = 15). 

The failure loads from small strain analysis at various pre-embedment depths from Figure 6-2 are 

compared with the full LDFE analysis result in Figure 6-3. The difference between the failure loads 

at d/D = 0.1 and 0.3 indicates the load is increasing with further displacement. The comparison 

between the loads from small strain and full LDFE analyses shows that, except for the surface cone, 

the small strain analysis always underestimates the resistance. In the soft clay, the small strain 

analysis underestimates the failure load by 44% when compared to the LDFE analysis. In the stiff 

middle clay layer, although the small strain analysis shows a peak load at the same location as the 

LDFE analysis, the peak load from small strain analysis is 31% lower than that of LDFE analysis. 

The underestimation emphasizes the large strain nature in CPT penetrations, since the small strain 

analysis could not mobilize continuous soil movement and soil layer deformations. Therefore, the 

small strain analysis cannot provide accurate prediction for the CPT load in the soft-stiff-soft 

layered clay except the cone is wished-in-placed at the soil surface. 

6.4.1.2 Clay-sand-clay 

Figure 6-4 shows the small strain analysis results for clay-sand-clay soils at various pre-embedment 

depths. Similar to the results from the layered clay, there is no ultimate resistance observed except 

for the surface cone. The resistance in the sand layer (dpre/D =22) increases with displacement at a 

much higher rate than those in clays.  



Accepted paper in OMAE 2020 

 6-8  

Figure 6-5 collates the CPT bearing resistance of small strain analyses at d/D = 0.1 and 0.3 in the 

clay-sand-clay soil. The full LDFE analysis result in the same layered soil is also displayed for 

comparison. A large difference in the results from small strain and large strain analyses is observed 

when the cone is embedded in the sand layer as the bearing resistance constantly increases with 

further displacement (see Figure 6-4). The small strain analysis shows the peak resistance at 23D, 

which is 1.5D below the peak resistance location from the LDFE analysis. Moreover, the peak 

resistance from the small strain analysis is 82% lower than that from the LDFE analysis. The 

deviation between the small strain and LDFE analysis becomes more significant in the middle sand 

layer when the stress-dependent model is deployed. 

6.4.2 Comparison between partial and full LDFE analyses 

6.4.2.1 Soft-stiff-soft clay 

Figure 6-6 shows the resistance profiles of the partial LDFE analysis along with the full LDFE 

analysis. It is clear that, in partial LDFE analyses, as long as the cone is pre-embedded in the top 

soft clay (ds/D  2), the cone resistance profiles in the stiff and the bottom soft layer are consistent 

with the full LDFE analysis results. When ds/D = 2 (i.e. dpre/D = 18), the partial LDFE result 

converges to the full LDFE results at d/D = 19.2 where the cone tip touches the stiff layer, since 

cone tip height is around 0.8D and the stiff layer is embedded at 20D. This implies that the 

deformation of the topside interface is minimal when the cone penetrates from soft to stiff clay.  

The stress development is examined by comparing the case of partial LDFE analysis of dpre/D = 15 

with the full LDFE analysis of dpre/D = 0, as shown in Figure 6-7. At d/D = 16, the cone in partial 

LDFE analysis only penetrates 1D, while it penetrates 16D in the full LDFE analysis. Thus the 

mean stress around the cone in the full LDFE analysis is fully developed and reaches its ultimate 

level, while that in the partial LDFE analysis of dpre/D = 15 is still developing. After 3D of 

penetration in the partial LDFE analysis (i.e. d/D = 18), the stress contours in the partial LDFE 

analysis start to match those in the full LDFE analysis. Once the cone penetrates into the middle 
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stiff clay layer (d/D = 20 and 21.2 at its peak reading), the stress around the cone becomes identical 

from both partial and full LDFE analysis. Hence, the cone resistance profiles in the stiff layer and 

the bottom soft layer converge (Figure 6-6). 

Regarding the computational cost, it takes around 23, 14, 12 and 10 hours to model the cone 

penetrating through the stiff clay layer from dpre/D = 0, 10, 15 and 18 (corresponding to ds/D = 20, 

10, 5 and 2) respectively on the same machine as mentioned before. If the peak resistance in the 

thin stiff layer is the key concern, the pre-embedded cases can save substantially computational 

time. 

6.4.2.2 Clay-sand-clay 

Figure 6-8 includes the results of partial and full LDFE analysis for a cone clay-sand-clay soils. 

For all the partial LDFE analyses with the cone pre-embedded in the top clay layer (i.e. dpre/D < 

20), although the cone resistance profiles converge to that of the full LDFE analysis in the top soft 

clay layer after ~2D penetration, the cone resistance profiles in the middle sand layer are greatly 

affected by the initial pre-embedment, including both peak resistance value and its location. The 

only resistance profile in the sand layer coincides with the full LDFE results is when dpre/D = 10 

(i.e. ds/D = 10). 

Compared with the full LDFE analysis, the partial analysis underestimates the peak resistance in 

the sand layer by 6.2%, 12.5% and 19.9% for ds/D = 5, 2 and 0 respectively. At the same time, the 

location of the peak resistance is moving downwards when the cone initial embedment is closer to 

the sand layer. 

Figure 6-9 illustrates the mean stress development of the partial LDFE analysis with dpre/D = 18 

and full LDFE analysis at d/D = 19, 20 and their peak reading locations. It shows the mean effective 

stress is less mobilized through all the three stages by the partial LDFE analysis. At the stage of 

d/D = 19, the zone of developed stress by the full LDFE analysis is much larger than that by the 

partial LDFE analysis in both clay and sand. This means that the 1D penetration depth (from its 
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initial 18D to 19D now) could not fully develop the stresses in the soft clay layer. The non-fully 

mobilized stress in the clay layer impacts the stress development in the sand layer as the sand 

stiffness and strength are functions of stress level. Such impact can also be observed at the stage of 

d/D = 20 and at the peak resistance locations. At d/D = 20, the mobilized stress in the sand layer 

by the partial LDFE analysis is also lower than that by the full LDFE analysis. The lower stress 

could explain the difference in the peak resistance location. When the mobilized stress zone is 

smaller, the cone needs to be closer to the sand-clay interface to sense the softening effect from the 

soft clay layer to register the peak reading. The lower mobilized stress could also explain the 

decreasing peak resistance in sand layer when the cone is pre-embedded closer to the C-S interface 

in Figure 6-8. Sand is a stress-dependent material, different stresses being mobilized will result 

different initial state of the sand layer, hence varying the peak resistance in the layer. When the 

cone is embedded close to the C-S interface, the short distance could only mobilize low stresses, 

and less stiff sand, hence the peak resistance decreases. 

From the above discussions, it is apparent that ds/D = 10 can be considered as the minimum distance 

to the sand layer to obtain the fully mobilized stresses in the middle sand layer. 

Regarding the computational cost, it takes 46 and 20 hours to model the cone penetrating through 

the sand layer from dpre/D = 0 and 10 (correspondingly, ds/D = 20 and 10) respectively. The 

computation cost is higher for the cone penetrating into the clay-sand-clay soil than that in the soft-

stiff-soft clay. A long time is spent to solve the sand equations as the sand parameters are stress-

dependent. 

In summary, the stress developed in the top clay influences the mobilized stress in the middle layer. 

If the middle layer consists of stress-dependent material (i.e. sand), the strength condition of the 

layer is dependent on the different mobilized stresses, hence resulting different resistance profiles. 

When the middle layer material is independent of stresses (i.e. stiff clay), the resistance profile in 

the middle layer senses minimal influence from the stresses developed in the top layer. Therefore, 
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the resistance profiles in the middle stiff clay layer are the same from the partial and full LDFE 

analyses as ds/D  2. 

6.5 CONCLUSION 

The paper examines three methods to model CPT in three layered soils with soft-stiff-soft profile: 

small strain analysis, partial LDFE and full LDFE analysis. The soft layers are clay (su = 20 kPa) 

and the stiff layer is either stiff clay (su = 60 kPa) or medium dense sand (ID = 60%). The efficiency 

of the partial LDFE analysis is investigated to save computational cost.  

(a). The small strain analysis underestimates the cone resistance, except the cone is at the soil 

surface. The surface cone can reach its ultimate resistance within the small strain range. However, 

the pre-embedded cone never reaches the ultimate resistance up to d/D = 0.3. The results confirm 

the necessity of large deformation analysis to model the CPT problem. 

(b) In order to save computation cost (i.e. time), the partial LDFE analysis can capture the cone 

resistance profile in the middle layer and below, as long as the cone is pre-embedded with enough 

distance to the middle stiff layer. For the soft-stiff-soft clay, ds/D  2 is required; and for the clay-

sand-clay soil, ds/D  10 is essential for medium dense sand (ID = 60%). ds is the pre-embedded 

distance to the middle stiff layer. 

(c) Based on the numerical results for a cone in soft-stiff-soft clay and clay-sand-clay soils, the 

influence of pre-embedment to the cone resistance profile is relatively small if the middle layer is 

stiff clay as its strength is not related to the soil stress level. However, the influence of pre-

embedment is more significant if the middle layer is sand as its strength is dependent on the soil 

stress level. 

This is a preliminary study on the effective partial LDFE analysis of CPT in soft-stiff-soft soil 

profiles. There is only one soil strength combination considered in each profile. More study is 

needed to provide more concrete suggestions with different soil strength combinations. 
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Figure 6-1. Schematic plot of CPT in soft-stiff-soft soil 

 

 

                                            (a)                                                                      (b)     

Figure 6-2. Load-displacement results of small strain analysis of CPT in soft-stiff-soft clay: (a) 

net resistance, qc, (b) resistance ratio, qc/su. (FL: failure load) 
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Figure 6-3. Comparison of cone resistance profiles by small strain and LDFE analyses for CPT in 

soft-stiff-soft clays (C-C: clay-clay interface; SS: small strain analysis) 

 

 

Figure 6-4. Load-displacement results of small strain FE analysis in clay-sand-clay soil 
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Figure 6-5. Comparison of cone resistance profiles by small strain and LDFE analyses in clay-

sand-clay soils (C-S: clay-sand interface; S-C: sand-clay interface) 
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Figure 6-6. Comparison between the results of partial and full LDFE analysis for CPT in soft-

stiff-soft clays 
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Figure 6-7. Mean stress development for partial (dpre/D = 15) and full (dpre/D = 0) LDFE analysis 

of CPT in soft-stiff-soft clay 
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Figure 6-8. Comparison between the results of partial and full LDFE analysis for CPT in clay-

sand-clay soils 
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Figure 6-9. Mean effective stress development for partial (dpre/D = 18) and full (dpre/D = 0) LDFE 

analysis of CPT in clay-sand-clay soils 
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Table 6-1. Summary of parametric study plan with cone pre-embedment depth (dpre) 

Analysis stream Pre-embedded depth, dpre/D 

Small strain analysis 
0, 10, 15, 18, 20, 21, 22, 23, 

24,25,26,27 

Partial LDFE analysis 10, 15, 18, 20 

Full LDFE analysis 0 (starting from the soil surface) 
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7 CONCLUSION 

7.1 SUMMARY 

This thesis reported a study of cone penetrations into layered soils using large deformation finite 

element (LDFE) analysis. The cones included both mini-cones used in centrifuge tests and the 

standard cone used in field tests. The layered soils included two to three-layer soil profiles 

involving both sand and clay, where sand was stress-dependent material under drained conditions 

and clay was modeled as a stress-independent material under undrained conditions. The Critical 

State Mohr-Coulomb (CSMC) model was deployed for sands in Chapter 3 to 6. The Tresca failure 

criterion was deployed for clays in Chapters 2 to 6. 

This study has contributed to the advanced understanding of the cone penetration problem in 

layered soils aligned with the three objectives being laid out in Chapter 1. Figure 7-1 summarizes 

the contributions of this study with their coverage of soil strata and the corresponding cones. 

7.2 CONTRIBUTION I 

The thesis examined five different soil strata, as shown in Figure 7-1. For the first four strata (a- 

stiff over soft clay; b- sand over clay; c- a thin sand layer embedded in uniform clay; d- a thin sand 

layer sandwiched between different clays), formulas have been proposed to interpret the 

engineering properties of the soil in each layer and to identify the locations of the layer interfaces 

based on the measured cone resistance profiles, as included in the Chapters 2 to 5. For the strata e 

(soft-stiff-soft clay), interpretation formula has been proposed in other studies (Ma et al., 2016, Ma 

et al., 2017), as the objective of this study was to examine the efficiency of modelling methods. 

All the proposed formulas can be illustrated based on standardized cone resistance profiles, as 

shown in Figure 7-2, where the horizontal axis is the net cone resistance (measured cone resistance 

excluding soil overburden pressure), and the vertical axis is the normalized penetration depth by 



Conclusion 

7-2 

 

the cone diameter. The penetration depth is the depth measured from the cone shoulder (set as 

reference point) to the initial soil surface.  

The two-layer soils (a- stiff over soft clay; b- sand over clay) are for miniature cones used in 

centrifuge tests. As the gravity level in centrifuge tests varies and can be up to 200g, the modelled 

cone size in the numerical study varies accordingly. The proposed interpretation formulas are 

independent of the cone prototype size for CPT in layered clays, which are a stress-independent 

material. However, the cone size does influence the interpretation formulas for CPT in layered 

soils, where sand is involved. 

The three-layer soils are for the standard cone used in the field. The cone diameter is 0.0357 m, 

resulting in a 10 cm2 cone basement area, and this is consistent for all the analyses (c- a thin sand 

layer embedded in uniform clay; d- a thin sand layer sandwiched by different clays),  

Table 7-1 summarizes the proposed formulas by using the parameters depicted in Figure 7-2, to 

interpret soil strength and to identify layer interfaces. Soil strength parameters include the 

undrained shear strength (su) for clay and the relative density (ID) for sand. The layer interface is 

identified through the kink points in the cone resistance profiles. The study assumed the top or 

bottom clay layers were thick enough to allow the cone resistance to reach its ultimate values, so 

the undrained shear strength of clay can be interpreted by the existing value of cone bear factor (Nb 

= 11.5).  

It is worthwhile to note that the proposed formulas applies to thin layered soils, where the cone 

resistance could not be fully mobilized in the layer and cone senses impact from adjacent layers. 

When the layer is thick enough, the cone resistance will be fully mobilized and the fully mobilized 

cone resistance profile can be interpreted by conventional interpretation methods for single soil 

layers. For uniform layered clays, a constant net cone resistance with penetration depth can be 

deemed as ultimate resistance (fully mobilized resistance); while for sand layer, a constant 
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normalized cone resistance with penetration depth can be used as ultimate resistance (fully 

mobilized resistance). 

7.3 CONTRIBUTION II 

Over all the cases in this study, some typical soil flow mechanisms can be observed. They include 

(i) shallow flow mechanism; (ii) cavity expansion flow mechanism; (iii) flow towards lower soft 

layer; (iv) squeezing mechanism and (v) layer interface bending. The flow mechanisms can be 

linked to the characteristics of resistance profiles, including: (a) peak resistance in the stiff layers; 

(b) stable resistance in soft uniform clay layers; (c) kinks registered before and after the stiff layer. 

The shallow flow mechanism, where the soil around the cone moves extensively with upward 

movement around the cone shaft to form soil heave, is always observed when the cone penetrates 

from the soil surface until either reaching deeply enough to form a localized flow mechanism (i.e. 

cavity expansion) or sensing a new soft layer underneath (i.e. flow towards lower soft layer). It is 

reflected as a nonlinear resistance increase in the resistance profiles initially until either reaching a 

constant ultimate resistance in a thick clay layer or a peak resistance in a thin stiff layer. The former 

is observed of a CPT in clay-sand-clay soils, where the top clay layer is thick, and the latter is 

observed of a CPT in stiff over soft soil. 

The cavity expansion flow mechanism is observed when the cone penetrates deeply enough (more 

than 12D in uniform clay) and does not sense the influence from adjacent layers. The flow 

mechanism starts to be localized around the cone without reaching the soil surface for a top layer 

soil. Only limited soils around the cone moves vertically downward and laterally away from the 

cone. It is reflected as the ultimate constant resistance in uniform clay and linear resistance increase 

in sand in the cone resistance profiles. 

Soil flow towards lower soft layer is observed when the cone senses a soft layer beneath the current 

soil layer. Soil vertical downwards displacement dominates. This soil flow mechanism starts when 
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the cone resistance in the stiff layer reaches its peak. With further penetration of the cone, shear 

planes form with the cone approaching the soft layer. At the same time, the high stresses around 

the cone tip in the current stiff layer are released gradually, resulting in cone resistance reduction 

to the ultimate resistance in soft layers. The soil flow towards lower soft layer happens in all the 

stiff layers, including stiff clay and sand layers, when the cone senses the underlying soft clay. 

Soil squeezing is observed when the cone approaches a stiff layer from a soft clay. The soil is 

pushed laterally away from the cone face when the cone tip touches the layer interface, where soil 

horizontal displacements dominate. The soil squeezing mechanism induces a kink point of the cone 

resistance profile in the soft layer. With further penetration of the cone, the cone resistance 

increases sharply. The soft soil around the cone face keeps squeezing away until the cone shoulder 

passes through the layer interface. As the soil squeezing mechanism induces minimal deformation 

of the layer interface (i.e. soft-stiff interface), the kink distance (the distance measured from the 

kink to the original layer interface location) is close to the height of the cone face (i.e. ~0.87D). 

The layer interface bending is observed when the cone penetrates from stiff to soft layers. The stiff-

soft interface could sag into the soft layer with more than 1D. This is largely due to the soil 

mechanisms of flow towards lower soft layer, where downwards vertical displacements are 

dominant. This happens after the peak resistance is obtained in the stiff layer. The dominant 

downwards displacements in the stiff layer deforms the stiff-soft layer interface as sagging. A large 

sagging of the layer interface from its initial location can delay the cone passing through the 

interface, hence entering the lower soft layer. Therefore, the kink distance (i.e. the distance from 

the point when the cone resistance reaches its stable resistance in the soft layer to the initial layer 

interface location) become larger. The magnitude of the interface sagging (or the deformation of 

the interface) is a function of the stiffness ratio (i.e. stiffness of the stiff layer to the stiffness of the 

soft layer) between the adjacent layers. The higher the stiffness ratio, the more deformation (or 

more sagging) of the interface occurs.  
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When a thin sand layer is sandwiched in two different uniform clay layers, which is either stiff-

sand-soft clay or soft-sand-stiff clay, a systematic soil failure is observed where all three soil layers 

are involved. For a cone penetration in stiff-sand-soft clay, the impact of the bottom soft clay can 

be sensed even when the cone is in the top stiff clay. This results in a cone resistance reduction in 

the top stiff clay after the ultimate stable resistance is reached. The less support from the bottom 

soft clay layer makes the thin sand layer behave like a beam, which is the sand layer sagging as the 

cone penetrates through it. Therefore, the mechanism of soil flow towards lower soft layer is 

observed in the very early stage of cone entering the sand layer, which induces the cone peak 

resistance near the top layer interface (i.e. clay-sand interface).  

However, for a cone penetration in the soft-sand-stiff clay, the bottom stiff clay provides more 

support to the sand layer. Hence the sand layer exhibits much less bending and the mechanism of 

soil flow towards lower soft layer is observed in the later stage of cone entering the sand layer. 

Therefore, the cone peak resistance in sand appears closer to the lower interface (i.e. sand-clay 

interface).  

The systematic soil flow mechanism become more obvious when the sand relative density (ID) is 

very high. For the sand layer of ID = 30% and 60%, the sand layer sags when the cone penetrates 

through it. The cone peak resistance in sand increases with increasing ID. However, when the sand 

layer become very stiff as ID = 90%, a punching failure of the sand layer is observed. The punching 

failure makes the higher stress developed in sand around the cone can be released quickly. Hence 

the cone peak resistance in a sand of ID = 90% lower than that of ID = 60%.   

7.4 CONTRIBUTION III 

As LDFE analysis for a deep penetration analysis of a cone in layered soils can be very time 

consuming, two means, which can save computational cost were examined to model cone 

resistance profiles in layered soils. The two means are: (i) pre-embedded small strain analysis; and 

(ii) pre-embedded LDFE analysis. The two means were applied to two soil strata profiles: (a) soft-
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stiff-soft clay; and (b) clay-sand-clay. All results were benchmarked by the resistance profiles when 

LDFE analysis starts from the soil surface. The following conclusions resulted. 

The pre-embedded small strain analysis is proved as always underestimating the cone resistance 

except when the cone is pre-embedded at the soil surface. The cavity expansion failure mode, when 

cone penetrates deeply, cannot be captured by the small strain analysis. In stress dependent 

materials, the analysis cannot reach a genuine failure load in the sense of displacement increment 

under the constant loading. It confirms that the LDFE analysis is necessary to model the soil 

response to cone penetration. 

The pre-embedded LDFE analysis, which means to pre-embed the cone at certain distance to the 

stiff layer rather than starting from the soil surface, was examined to compute the cone resistance 

in the stiff layer embedded in soft clay. The resistance in the stiff layer can be correctly captured 

in two conditions: (1) when the cone is pre-embedded 2D above the stiff clay layer; (2) when the 

cone is pre-embedded 10D above the stiff sand layer. The latter long pre-embedment distance is 

required to mobilize the same stress field in the stiff sand layer as by full LDFE analysis. Based on 

the results, 10D is suggested as the minimum distance for medium dense sand (ID = 60%). When 

it aims to model the resistance profile in the embedded stiff layer, the pre-embedded LDFE analysis 

can be considered as one way to save computational cost compared with always starting the cone 

from the soil surface. 

7.5 FUTURE WORK RECOMMENDATIONS 

The project has extended the understanding of CPT in layered soil using LDFE analysis. The sand 

layer was modeled by an advanced soil model (critical state Mohr Coulomb – CSMC model) to 

capture its stress-dependent behaviors. The model was calibrated for Toyoura sand and UWA super 

fine silica sand. Guidelines on interpreting the CPT data in layered soil have been proposed for 

several soil strata. To expand the knowledge generated from this study, the following future work 

is recommended: 
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 When sands of interest are different from Toyoura sand and UWA super fine silica sand, 

the sand model needs to be calibrated for the corresponding sands. The proposed 

interpretation formulas in the study might need to be adjusted for different sands. 

 The clay layers were modelled with a uniform shear strength in this study. A simple Tresca 

model was deployed to model its undrained behavior. In the future, the clay layers can be 

modelled as non-homogenous, with the undrained shear strength increasing linearly with 

depth. A lower value of E/su could also be deployed in the future analysis to cover softer 

clays. Additionally, advanced constitutive models covering anisotropy, strain rate-

dependence and strain-softening could be used to study their effects on CPT in offshore/soft 

clay. However, since the FE analysis results of probe penetration problems by a simple 

Tresca model agree well with plasticity solutions, and the effect of anisotropy was less than 

5% (Randolph and Anderson, 2006), the LDFE results in this study should present 

reasonable soil responses. 

 The cone interface in this study was set as fully smooth. The cone roughness can be included 

in the future analysis to consider its effects on cone penetration resistance profiles. 

 The thickness of the top clay layer was 20D for soil strata (d), where a thin sand layer is 

sandwiched by different clays. The top layer thickness can be varied to study its impact on 

the resistance profiles. 

 The sand based LDFE modelling method could be applied to other penetration problems 

(e.g. a spudcan penetrating in layered soil), to further verify and extend the method. 

 This work studied the cone penetrometer in clay under fully undrained condition and in 

sand under fully drained condition, hence pore water pressure generation is not considered.  

The excessive pore pressure generation and dissipation effects in layered soils could be 

studied in the future. 
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Figure 7-1. Summary of contributions and their corresponding soil strata and cone 
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                                         (a)                                                                       (b) 

Figure 7-2. Typical cone resistance profile of (a) two-layer soil; (b) three-layer soil 
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Table 7-1. Summary of the equations to interpret the soil parameters 

Group Soil strata Location of the layer interfaces Engineering properties of the soils 

Two-layer 
soils 

Stiff over soft 
clay 

 A pre-defined critical height (Hc) needs to be 

calculated: pc

cly

qH
 0.22 ln 8.31

D q
  ,          Equation 7-1 

  then, 

p ttlk
ttl c

cly

pk
ttl c

cly

q Hd
  0.42ln 0.19ln 0.2, H H

D q D

qd
  0.22ln 0.81, H H

D q


   



   

 

                                                                   Equation 7-2 

 Finally, ttl kH H d                                   Equation 7-3 

 For the top stiff clay layer, the bearing factor (Nbp) is 

defined as: p
bq

ut

q
N   

s
                             Equation 7-4 

 p
bp

cly

q H
N   0.6ln 2.8ln 5.44

q D

             
  

                                                                Equation 7-5 

 For the bottom soft clay, the bearing factor (Nb) is 
11.5. 

Sand over clay 

 p

0.11

u
'
m

dH
0.746

D s
0.71

 
 
  

*1                     Equation 7-6 

where σm’ is the initial averaging effective stress in the 

sand layer: ' '
m

H

2
   , γ’ is the effective unit weight 

of the sand. 

 For the top sand layer, 

2.3

p 0
D ' C 0.094

0 pv u

q p
I (%)=23 ( )

p s

 
   

               Equation 7-

7 

where p0 is the atmosphere pressure as the reference 
pressure. C is a coefficient changing with the sand 
layer thickness (H), as shown in Figure 7-3   (a).  

 For the bottom soft clay, the bearing factor (Nb) is 
11.5. 
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Three-
layer soils 

A thin sand 
layer 

embedded in 
uniform clay 

 For the top dink distance *2: 
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               Equation 7-8 

 For the bottom kink distance *3: 
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              Equation 7-9 

 Finally, ttl kt kbH H d d                        Equation 7-10 

 For the sand layer: 
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                Equation 7-11 

where γ is the unit weight of the clay. β is a 
coefficient varying with top layer thickness, as 
shown in Figure 7-3 (b). 

 For the top clay, 

1.5 0.5 t kt

b
t kt
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D D DN
H d

11.5,                                          11
D

      


 

                                                              Equation 7-12 

 For the bottom soft clay, the bearing factor (Nb) is 
11.5. 

A thin sand 
layer 

sandwiched by 
different clays 

 Same as the sand layer embedded in uniform clay. 
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                                                              Equation 7-13 

where α is 0.3. For sut/sub> 1.0), the factors are C1 = 
7269.7 and C2 = 215331; and for sut/sub < 1.0, C1 = 
518.89 and C2 = 1640. 
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 For the top clay, the bearing factor (Nb) is applied to 
the ultimate resistance, which is reached after 12D. 

 For the bottom soft clay, the bearing factor (Nb) is 
11.5. 

*** It requires iteration process to solve these three equations, as the unknown variables are on both sides of the equation. 

 *1 - the total height measured from the soil surface to the kink point (Httl) is suggested to start the iteration. 
 *2 and *3 - the measured depth from the soil surface to the top kink point is suggested for the value of Ht/D to start the iteration. 

 

 

                                                                                           (a)                                                     (b) 
Figure 7-3 (a) Coefficient C in the interpretation formula for the relative density of the sand layer over clay (Equation 7-7); (b) Coefficient β in the 

interpretation formula for the relative density of the sand layer embedded in clay (Equation 7-11). 

 

0.88

0.92

0.96

1

1.04

1.08

2 4 6 8 10 12

C
oe

fi
ci

en
t, 

C

Sand layer thickness, H/D

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40

C
oe

ff
ci

en
t, 

β

Top clay layer thickness, Ht/D




