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Abstract 

The assessment of pile capacity using correlations with the cone penetration test (CPT) 

end resistance is gaining in popularity largely due to the continued growth of the CPT 

worldwide and to the ability for such in-situ test methods to eliminate user subjectivity 

and facilitate automation of pile capacity directly from CPT data. The shift to design using 

CPT data has already occurred for driven piles, as evidenced by the phasing out by the 

American Petroleum Institute (API) of the traditional earth pressure approach in favour 

of CPT-based methods that have been shown to have much higher reliability. Direct 

empirical methods for capacity estimates are available for bored and continuous flight 

augered (CFA) piles although these methods are less reliable than the new CPT-based 

methods for driven piles. 

The primary aim of this Thesis is therefore to develop a reliable and rational in-situ test 

(CPT) based method for bored and CFA pile capacity estimation. This aim has been 

achieved using a variety of laboratory and field based studies in combination with 

database studies. The largest experimental component involved tension testing of buried 

piles in a laboratory pressure chamber and geotechnical centrifuge in reconstituted 

normally consolidated clay-sand mixtures. The relationships between shaft friction (qs) 

in these tests and results of CPTs in these mixtures are investigated based on the rationale 

that both drained CPT end resistance (qtd) and shaft friction on buried piles are considered 

to vary directly with the in-situ horizontal stress (σʹh0). As qtd also varies with the soil 

stiffness and strength, cavity expansion theory supplemented with element test data are 

used to develop a simple expression that identifies the relative contributions of factors 

relating qs with qtd. Studies that proceeded in parallel with this research included 

laboratory investigations of interface shear and variable rate CPTs in addition to a full 

scale instrumented bored pile test, with associated site characterisation, in a very stiff fine 

grained soil in Perth. 

The final component of the Thesis involves compilation of a high quality database of 68 

bored and CFA piles at 37 sites from around the world. The research on buried piles is 

used to assist in the development of a new method for determination of the shaft and base 

capacity of bored/CFA pile capacity, which is shown to have improved predictive 

performance compared with existing CPT-based methods. 
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CHAPTER 1   

INTRODUCTION  

 

 

1.1. RESEARCH MOTIVATION AND AIM 

Restrictions on the use of driven piles due to noise and vibration limits have meant that 

bored and continuous flight augered (CFA) piles are now the most common pile type 

used in urban areas. A crucial component at the early stages of a development is the 

assessment of a pile's carrying capacity in the absence of supporting load test 

information. The reliability of popular approaches employed for such assessments is, 

however, very poor (e.g. see Briaud & Tucker 1988 and Prezzi & Basu 2005) and 

consequently a global safety factor of about 3 is required to achieve a probability of 

failure of less than 0.1% (Randolph 2003 and Paikowsky et al. 2004). Even with 

such a factor, statistics reported by Dithinde et al. (2010) and others indicate that there 

is still a 5% chance that ultimate conditions for a single pile are reached. The same 

statistics for bored piles show that there is a greater than 10% chance that the capacity 

is under-estimated by 300%. Such statistics are clearly incompatible with modern 

day standards for structural reliability and it is clear that both developers and the 

engineering profession would benefit enormously from improved axial capacity 

estimates for bored and CFA piles. 

Despite loading of piles being essentially drained under both static test conditions and 

when piles are in service (Chandler & Martins 1982, Brown et al. 2006 and Sheil & 

McCabe 2016), traditional static formulae used to assess pile capacity in sands and 

clays are completely different. For a bored pile in sand, the unit shaft friction is 

usually related to the product of an estimate of the lateral effective stress acting on the 

pile shaft at peak conditions (σʹhf) and the coefficient of friction between the pile and 

the soil. However, the most commonly used approach for bored piles in clay does 

not invoke Coulomb’s friction law and assumes a unit shaft friction equal to αsu 

where su is some measure of the undrained strength and α is an empirical factor (with a 

typical value of about 0.5); the implicit assumption in this approach is σʹhf that varies 

directly with su. The guidance available to practitioners for bored piles in intermediate 

soils (e.g. silts, clayey sands) is extremely limited and, as a consequence, Engineers 



Chapter 1  Introduction  

 

 

The University of Western Australia   1-2 

default to using either a 'clay' or 'sand' approach, depending on the grading. The adoption 

of a clay approach leads to an over-prediction of shaft capacity (because su is large due to 

dilatancy) while the accuracy of a using a sand approach depends on the assumption made 

to assess σʹhf. Similar inconsistencies occur when assessing the base response of piles and 

Engineers continue to use undrained bearing capacity theory to estimate the unit end 

bearing for a bored pile in clay despite the operational condition being generally drained. 

Again, little or no guidance is available to allow estimation of actual (i.e. drained) end 

bearing of piles in intermediate soils. 

Given such difficulties, the assessment of pile capacity using correlations with the cone 

penetration test (CPT) end resistance (qt) is gaining in popularity largely due to the 

continued growth of the CPT worldwide and to the ability for such in-situ test methods 

to eliminate user subjectivity and facilitate automation of pile capacity directly from qt 

data. 

The shift to design using CPT data has already occurred for driven piles, as evidenced by 

the phasing out by the American Petroleum Institute (API) of the traditional earth pressure 

approach in favour of CPT-based methods that have been shown to have much higher 

reliability (API 2020 and Lehane et al. 2017). Direct empirical methods for capacity 

estimates are available for bored/CFA piles in sand and clay (e.g. Bustamante & 

Gianeselli 1982). However, these methods are far less reliable than the new CPT-based 

methods for driven piles as direct proportional relationships between qt and the shaft and 

base capacity were over-simplified and do not reflect the mechanisms controlling bored 

pile capacity in various soil types. Although considerable advances in understanding 

mechanisms controlling the axial capacity of bored piles have been made (Finno et al. 

1997, O'Neill 2001 and Loukidis & Salgado 2008), no systematic study incorporating 

such mechanics in a direct CPT formulation applicable to sands, silts and clays has been 

performed. 

The primary aim of this research is therefore to develop a reliable and rational in-situ test 

(CPT) based method for bored pile capacity estimation, which is expected to be also 

applicable to continuous flight augered (CFA) piles. A unified approach for the full range 

of soil permeabilities encountered in practice and accommodating various factors 

controlling pile capacities is investigated. Additional and supplementary investigations 

have examined the rate dependence of CPT end resistance, CPT end resistance and 

friction ratio characteristics in young normally consolidated soils, interface shear 
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behaviour and the influence of clay fraction, shaft friction of bored piles in hard fine 

grained soils and shaft frictions developed by displacement piles in clayey sands. 

 

1.2. THESIS OUTLINE 

This thesis has been arranged as a series of papers that have either been published or 

prepared for publication. A general literature review has been omitted in the thesis to 

avoid some repetition as the background for each topic is discussed in each chapter. An 

outline of each Chapter and Appendix is provided below.  

Chapter 2: CPT data in normally consolidated soils 

Chapter 2 presents the results from a series of CPTs performed under controlled 

laboratory conditions at various penetration rates in normally consolidated clay-sand 

mixtures. These results are combined with data from field tests to develop a relationship 

for CPT data in young normally consolidated soils. An updated soil behaviour type (SBT) 

chart for normally consolidated soils and a new chart assisting judgement in relation to 

likely levels of under-consolidation, structure and overconsolidation in any given soil 

deposit have been developed. 

 

Chapter 3: Effects of clay fraction and roughness on tension capacity of 

displacement piles 

Chapter 3 examines the effect of clay fraction and roughness on the relationship between 

the ratio of the CPT end resistance (qt) to unit shaft friction (f) for displacement piles in 

clay-sand mixtures. Tension load tests were performed on both smooth and fully rough 

model piles that were jacked into sand, sand-clay mixtures and clay. Parallel constant 

normal load and constant normal stiffness direct shear interface tests were conducted to 

assist interpretation and allow separation of effects of interface friction angle and dilation 

on the capacities. 

Chapter 4: Relating shaft friction of buried piles and CPT resistance in clayey sands 

Chapter 4 investigates factors controlling the ultimate shaft friction developed on buried 

piles in normally consolidated clay-sand mixtures and explores the relationship between 

this friction and the cone penetration test end resistance. Results from tension load tests 

on buried piles in a laboratory pressure chamber and geotechnical centrifuge are 

presented. Variable rate CPTs combined with Rowe cell, undrained simple shear and 
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interface direct shear tests are used to characterise the mixtures. A simple expression 

derived from cavity expansion theory in an elastic Mohr-Coulomb soil and parameters 

assessed from the laboratory tests were developed to form a relationship between shaft 

friction and CPT end resistance. This correlation reveals the significant effects of soil 

stiffness, stress level, dilation and drainage during cone penetration and is shown to be 

consistent with a recently proposed empirical formula for bored piles. 

Chapter 5: Axial capacity of bored piles in very stiff intermediate soils 

Chapter 5 presents the results and interpretation of an instrumented pile test in a very stiff 

to hard overconsolidated fine grained deposit. Dilation at the shaft of the pile is identified 

as contributing a significant proportion of the unit shaft friction. The current relationship 

between shaft friction and the CPT end resistance is observed to differ appreciably from 

established empirical correlations for bored piles in typical fine grained soils. This is 

inferred to be largely because of the similarity between the drained and undrained CPT 

resistances in this soil type as well as the influence of dilation.  

Chapter 6: A CPT based design method for axial capacities of drilled shafts and 

auger cast-in-place piles 

Chapter 6 presents a newly compiled database of static load tests comprising 68 

instrumented drilled shafts/bored piles and auger cast-in-place piles continuous flight 

auger (CFA) piles (also known as auger cast-in-place piles) in sands, sand mixtures, silt 

mixtures and clays at worldwide sites. The measured localised unit shaft friction and base 

resistance of the database piles are compared with calculated values using direct CPT-

based methods including LCPC 1982, LCPC 2012, Eslami & Fellenius 1997 and Niazi 

& Mayne 2016. The coefficient of variation (COVs) of the ratio of calculated to measured 

pile capacities are surprisingly higher than expected. A unified approach for the full range 

of soil permeabilities encountered in practice accommodating various factors controlling 

pile capacities is proposed. 

Chapter 7: Concluding remarks 

The final chapter of the thesis summarises the key findings of the research conducted and 

puts forward recommendations for future studies. 
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Appendixes 

Appendix A: Interface shear tests under constant normal stiffness conditions in 

clayey sands 

Appendix A presents a series of interface shears tests in clayey sands employed under 

various normal stiffness conditions to investigate the effects of normal stiffness, initial 

normal stress, over-consolidated ratio, and shearing rate on the soil-interface 

characteristics. 

Appendix B: Effects of partial drainage on the assessment of the soil behaviour type 

using the CPT 

Appendix B presents the results from a series of CPTs performed at various penetration 

rates in kaolin, two kaolin-sand mixtures and fine silica sand. The CPTs were conducted 

in laboratory pressure chambers at penetration velocities varying from 0.0002 to 3 mm/s. 

The measured dependence of cone end resistance (qt), sleeve friction (fs) and pore 

pressure (u2) on penetration rate is used to examine implications for the assessment of 

soil behavior type from CPT parameters. Element tests using triaxial and direct interfaces 

tests are used to assist interpretation of the test results. 

Appendix C: Shaft resistance of non-displacement piles in normally consolidated 

clay 

Appendix C explores results from a series of tension pile load tests on buried piles in 

normally consolidated kaolin and compares trends observed with shaft friction inferred 

from constant normal load (CNL) and constant normal stiffness (CNS) direct shear tests. 

It is shown that a CNL test with allowance for a 10% reduction in lateral effective stress 

during shearing provides a simple way of obtaining an accurate estimate of the available 

pile shaft friction. The capacities predicted using four different empirical methods, 

including more recent CPT methods, are under-predicted by a factor of between 1.5 and 

2.2. 
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Appendix D: The influence of pile diameter on the relationship between the unit 

shaft friction of bored piles in sand and the CPT end resistance 

Appendix D examines mechanisms controlling the axial capacity of bored piles in sand 

and uses these to examine the effect of pile diameter on unit resistance and to assist 

development of a general direct CPT formulation. A new database of static load tests on 

field-scale continuous flight augered (CFA) piles is combined with load test data from 

buried piles in the centrifuge and pressure chamber to establish a database of bored/buried 

piles with diameters ranging by more than three orders of magnitude. 

Appendix E: Shaft capacity of non-displacement piles in silts and clays 

Appendix E presents a new database of static load tests comprising 38 instrumented bored 

and continuous flight augered piles in sedimentary and residual silts and clays from 20 

sites worldwide. The unit shaft friction of the database piles calculated using the total 

stress method and recent CPT-based methods are compared with the measured frictions. 

These comparisons highlight the level of uncertainty associated with various methods. 

Appendix F: Pile database and case records 

Appendix F provides the details of instrumented pile load tests presented in Chapter 6 of 

the thesis. 
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CHAPTER 2   

CPT DATA IN NORMALLY CONSOLIDATED SOILS  

 

 

Abstract 

This paper presents the results from a series of CPTs performed under controlled 

laboratory conditions at various penetration rates in normally consolidated clay-sand 

mixtures. These results are combined with data from field tests to develop a relationship 

for CPT data in young normally consolidated soils that combines end resistance and 

friction sleeve data. This relationship can be used to assist assessment of soil type and 

CPT parameters and also allow assist judgement in relation to likely levels of under-

consolidation, structure and overconsolidation in any given soil deposit.  
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2.1. INTRODUCTION 

The cone penetration test (CPT) end resistance (qt) and sleeve friction (fs) measured in 

any given soil horizon can be used in conjunction with the soil behaviour type (SBT) 

charts of Robertson (2009, 2016) to assess its likely soil type and response. This paper 

examines the locus occupied by normally consolidated soils in the SBT charts to provide 

practitioners with information that can assist assessment of soil type and CPT parameters, 

and provide a benchmark to assess likelihood of under-consolidation (as may be the case 

at a tailings storage facilities or during embankment construction) or over-consolidation 

(with clear implications on material response).  

The SBT charts plot the normalised cone end resistance (Qtn) against the normalised 

friction ratio (Fr) and the Robertson (2009) version employs, Ic, which combines the 

measurements of qt and Fr into a single index, to assist in soil classification. Qtn, Fr and Ic 

are calculated using the following equations (where σv and σʹv are the total and effective 

vertical stress, fs is sleeve friction and pa (=101 kPa) is atmospheric pressure): 

𝑄tn = [(𝑞t − 𝜎v )/𝑝a ][𝑝a /𝜎′v]
𝑛
 (2.1a) 

𝐹r = 𝑓s/(𝑞t − 𝜎v) (2.1b) 

𝑛 = 0.381𝐼c + 0.05𝜎′v/ 𝑝a − 0.15  where n  1.0 (2.1c) 

𝐼c = [(3.47 − 𝑙𝑜𝑔𝑄tn)2+(𝑙𝑜𝑔𝐹r + 1.22)2]0.5 (2.1d) 

 

An Ic index of 2.6 marks the transition from sand-like soils (e.g. sands and sand mixtures) 

to clay-like soils (e.g. silt mixtures and clays). Robertson (2016) presents a SBT IB index 

as an alternative to Ic where IB is defined as follows; and an IB value of 32 marks the 

boundary between sand-like and clay-like soils.  

𝐼B = 100(𝑄tn + 10)/(𝑄tn𝐹𝑟 + 70)   (2.1e) 
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Robertson (2016) also defined the boundary between contractive soils via the following 

equation for CD, where CD is in excess of 70 for materials that are dilative at large strains. 

𝐶𝐷 = (𝑄tn − 9.5)(1 + 0.06𝐹r)17 (2.1f) 

 

This paper presents the results from a series of CPTs performed under controlled 

laboratory conditions at various penetration rates in normally consolidated clay-sand 

mixtures. These results are combined with data from field tests to investigate CPT data 

trends in normally consolidated soils and to illustrate how these trends differ from other 

commonly encountered ground conditions. 

2.2. CONE PENETRATION TESTS 

The investigation of the locus on the SBT chart for normally consolidated unaged soils 

was conducted in a series of piezocone tests performed in pressure chambers containing 

four normally consolidated soils, namely kaolin, fine silica sand and mixtures of sand 

mixed with 5% and 25% kaolin (by dry weight) were prepared for element tests and CPTs 

performed in a pressure chamber. The respective mixtures are referred to as kaolin (K), 

sand, 5%K and 25%K. Various elements tests on these and other kaolin-sand mixtures 

are reported by Suzuki (2014) and in Section 4.2, Chapter 4. Stress paths measured in 

typical undrained simple shear and triaxial tests are shown on Figure 2.1. These indicate 

that the 25%K soil has a lower undrained strength than kaolin and that the samples 

containing 5% and 10% kaolin have an initial strong contractive response before phase 

transformation, after which dilation is observed. Rowe cell tests gave best estimate 

coefficients of consolidation (cv) at the stress level employed in the pressure chamber 

tests (=32 kPa) of 3, 22, 33,000 in K, 25%K and 5%K soils, respectively. The 

approximated cv value for the sand based on its oedomeric stiffness and permeability is 

70,000 m2/yr. 
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Figure 2.1 Stress paths measured in (a) undrained simple shear tests and (b) 

isotropically consolidated undrained triaxial tests 

The CPTs were conducted in steel chambers with an inner diameter of 395mm and height 

of 400mm. The K, 5%K and 25% soils were consolidated from a slurry to a normal 

effective stress (𝜎v
 ) of 32 kPa using dead weights and a lever system applied to an 

aluminium top plate. The sand was placed by air pluviation to a relative density, Dr of 

50%. A teflon coating was sprayed to the inner wall of the steel chamber and to the top 

plate to minimize friction. A photo of the test set-up is provided in Figure 2.2. Details of 

the chamber test procedures and checks are described by Lim & Lehane (2014) and Doan 

& Lehane (2019). 

The cone penetrometer employed had a diameter (dcone) of 10 mm and a pore pressure 

filter located at the shoulder (u2) position. An actuator was used to push the penetrometer 

via a pre-drilled hole in the chamber’s top plate to a maximum embedment of 220 mm at 

a variety of penetration velocities (v) varying from 0.0002mm/s to 3 mm/s. A maximum 

of 4 CPTs at a minimum spacing of 100 mm was performed in each chamber. Recorded 

values of corrected cone tip resistance (qt), sleeve friction (fs) and pore pressure (u2) were 

virtually constant after an initial cone development length of between 25 and 60 mm 

depending on the soil stiffness, hence providing verification of the uniformity of the 

sample consistency and vertical stress. It is also noted that the normalised velocity (V= v 

dcone/cv) of the cone associated with the fastest velocity employed of 3mm/s is 24 times 

less than that of the standard 10cm2 (36 mm diameter) CPT performed at 20 mm/s. 
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Figure 2.2 Setup of CPTs in a pressure chamber 

 

Figure 2.3a presents results of normalised end resistance (Qtn) against normalised velocity 

(V) for all normally consolidated kaolin-sand mixtures tested (including those reported 

separately by Suzuki & Lehane 2015). As expected, there is no velocity dependence of 

Qtn for the sand. Qtn values in the 5%K mixture are also relatively constant as V increases 

from 10-5 (v = 0.01 mm/s) to 0.03 (v = 3 mm/s). In the 25%K mixture, fully drained 

penetration occurs at V < 0.01 and fully undrained penetration required V > 7. The ratio 

of normalised drained end cone resistance (QtD) to normalised undrained end cone 

resistance (QtUD) is 10  2, which is similar to the ratio measured by both Kim et al. 

(2008) and Jaeger et al. (2010) in the same sand-kaolin mixture. In kaolin, partially 

drained penetration occurs over a normalised velocity range between 0.08 and 100 (with 

v ranging with 0.001 mm/s and 1 mm/s) and the average QtD/QtUD ratio of 2.2 is about 4 

times lower than for 25%K soil; this ratio is in good agreement with variable rate CPTs 

performed in centrifuge tests by Randolph & Hope (2004). The very low QtUD values in 

the 25%K mixture (and resulting high QtD/QtUD ratio) is consistent with its highly 

contractive response seen in element tests (see Figure 2.1). Δu2 values were zero during  
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Figure 2.3 Normalised cone resistance (Qtn) and normalised friction ratio (Fr) against 

normalised velocity 
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penetration in the sand and 5%K but became progressively larger with an increase in V 

as Qtn reduced with V over the partially drained range in the 25%K and kaolin soils. 

Little data in the literature exist with regard to the rate dependence of the Fr values in the 

partially drained region. These are seen in Figure 2.3b to be independent of the cone 

velocity in the sand and 5%K mixture between v = 0.002 mm/s and 3 mm/s. However Fr 

increased by a factor of 7 in the 25%K soil and 3 in kaolin as the penetration rate increased 

from 0.002 mm/s to 3 mm/s. 

 

Figure 2.4 Effects of various penetration velocities on Qtn-Fr charts 

 

The CPTU data recorded at all penetration velocities employed are presented in Figure 

2.4. It may be inferred from Figure 2.3 that the results plotted for all velocities in the sand 

and 5%K mixtures correspond to fully drained conditions and the results plotted at v ≥3 

mm/s for the 25%K and K soils correspond to undrained penetration. These results are 

the same as those expected with the standard 10cm2 CPT with a velocity of 20 mm/s and 

vido
Stamp
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classify the 25%K and K soils as clay-like-contractive (CC) clays (Zone 2) and classify 

the sand and 5%K soils as sand-like-dilative sand (Zone 6).  

 

Figure 2.5 Variations of Qtn and Fr with SBT index Ic at different drainage conditions 

 

 

Figure 2.6 Variations of Qtn and Fr with SBT index IB at different drainage conditions 

 

The same CPT data were used to calculate Ic indices (Equation 2.1d) and these are 

presented on Figure 2.5 in the form of plots against Ic of Qtn and Fr. It is seen that all data 

fall within relatively tight bands, although the band width for Qtn is lower than that of Fr. 
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The arrows on this figure denote the translation of Qtn, Fr and the apparent Ic values as 

the cone velocity decreases and conditions move from undrained to partially drained or 

drained penetration. It is seen that the data remain within the shaded zone for all 

normalised velocities, suggesting that this zone is independent of the drainage conditions. 

An equivalent plot of Qtn and Fr (to a log scale) vs. IB (Equation 2.1e) also show the data 

points falling within a curved envelope, although the bandwidth of this envelope is larger 

than that of Qtn and Fr vs. IB seen on Figure 2.6. 

2.3. DATABASE FOR NORMALLY CONSOLIDATED SOILS 

CPT data obtained in field in un-aged normally consolidated soils were assembled from 

the literature to compliment the results from the pressure chamber tests. The dataset 

comprises Drammen sand (Lunne et al. 2003), Kornbloom flood plain silt (Krage & 

DeJong 2016), Silt tailings (Reid et al. 2018), Silty sand (Wride et al. 2000), Hydraulic 

fill (Bray et al. 2018) and Calcareous sand (Robertson 2016). Additional pressure 

chamber tests by Kim et al. (2008) in clay sand mixtures are also included in the database. 

The CPT data in these deposits are presented along with the pressure chamber results on 

the Qtn vs. Fr SBT chart on Figure 2.7. It is clear that the locus of the data points falls 

below the normally consolidated region identified by Robertson (2009) for friction ratios 

between 0.3% to 3%. This difference may reflect the inclusion by Robertson (2009) of 

both aged and new natural normally consolidated deposits. 

The dataset on Figure 2.7 is re-plotted on Figure 2.8 and 2.9 using Qtn vs Ic and Qtn vs IB 

formats. All data fall within a narrow shaded band width. The best-fit equations for the 

dataset are as follows, with both equations having a similar coefficient of variation of 

approximately 0.3. 

𝑄tn = [(4.2 ± 0.2)/𝐼c ]
5
  (2.2a) 

[𝑙𝑜𝑔𝑄tn]2 = 4.74[ 1 − (
𝐼𝐵−140

126
)

2

] (2.2b) 
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Figure 2.7 Locus for young normally consolidated soils in Qtn-Fr  chart 
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Figure 2.8 Locus for young normally consolidated soils in Qtn-Ic chart 

 

Equation (2.2) provides a simple means of assessing if CPT data measured in a given soil 

deposit are representative of a young normally consolidated soil. If the soil type/zone is 

known, the same equation can assist estimation of the actual qt profile in young normally 

consolidated soil for use in design (e.g. pile capacity assessment). If the soil type/zone is 

not known, as equation (2.2) is independent of the drainage conditions, it can also be used 

to assist in determination of the actual soil type (assuming normal consolidation) when 

penetration fluctuates between undrained or drained conditions and partially drained 

conditions. 
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Figure 2.9 Locus for young normally consolidated soils in Qtn-IB chart 

 

Equation (2.2) defines the locus of CPT end resistance and friction sleeve data in young 

normally consolidated materials. An illustration of how soils deviate from this locus is 

provided on Figure 2.7, 2.8 and 2.9 which plots CPT data for (a) residual Piedmont 

residual soil (Mayne 2009), (b) siltstone, Los Angeles (Robertson 2016), (c) residual 

gneiss (Truong 2017), (d) over-consolidated alluvium (Doan 2019, Chapter 5), (e) under-

consolidated clayey mine tailings (Tschuschke et al. 2015) and (f) soft clay at a 

reclamation undergoing consolidation (Rahardjo et al. 2016). 
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Figure 2.10 Comparison of CPT  data with locus of young normally consolidated 

region in (a) Qtn-Fr  chart, (b) Qtn-Ic chart and (c) Qtn-IB chart 

 

It is seen that soils (a), (b), (c) and (d) in Figure 2.10 fall well above the normally 

consolidated locus confirming the overconsolidated nature of the alluvium and the 
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presence of a relic structure in the siltsone and residual soil. These trends are analogous 

to those proposed by Schneider & Moss (2011) and Robertson (2016) using the 

normalised small strain stiffness (determined from seismic CPTs) rather than Ic (noting 

Robertson (2016) also uses soils (a) and (b) as an example of structured soil). 

Normalised T-bar resistances measured during consolidation of clay slurry samples in the 

drum centrifuge at the University of Western Australia (e.g. Wu 2008) increase in 

proportion to the current vertical effective stress while undrained strength ratios increase 

with time when the vertical effective stress is assumed to be the fully consolidated value. 

This trend is exhibited by soils (e) and (f) which fall below the normally consolidated 

locus, reflecting the under-consolidated nature of these deposits. 

2.4. CONCLUSIONS 

Normalised CPT end resistance data measured in a range of young normally consolidated 

soils have been shown to follow a systematic relationship with the soil behaviour type 

(SBT) index, Ic. This relationship, which is insensitive to drainage conditions during cone 

penetration, may be used to estimate of the actual qt profile in young normally 

consolidated soil and to assist in determination of the actual soil type (assuming normal 

consolidation) under variable drainage conditions during penetration. It can also be used 

to assess if full consolidation has been achieved under self-weight or surcharge loading 

in deposits which do not fall into the high sensitivity category (Zone 1 on the SBT chart).  
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CHAPTER 3   

EFFECTS OF CLAY FRACTION AND ROUGHNESS 

ON TENSION CAPACITY OF DISPLACEMENT PILES 

 

 

Abstract 

This paper examines the effect of clay fraction and roughness on the relationship between 

the ratio of the CPT end resistance (qc) to unit shaft friction (f) for displacement piles in 

sand. Tension load tests were performed on smooth and rough model piles that were 

jacked into sand, sand-clay mixtures and clay. Parallel constant normal load and constant 

normal stiffness direct shear interface tests were conducted to assist interpretation and 

allow separation of effects of interface friction angle and dilation on the capacities. It is 

shown that even a small amount of clay within a sand mass can have a major impact on 

the available shaft friction. The effects of pile roughness are important for developing the 

pile shaft capacities in these soils. 

  



Chapter 3          Effects of clay fraction and roughness on tension capacity of displacement piles 

 

 

The University of Western Australia   3-2 

3.1. INTRODUCTION 

There is not a universally accepted method for estimation of the unit shaft friction of 

displacement piles in intermediate soils such as silts and clayey sands. Shaft friction can 

be severely over-estimated when applying the standard total stress α method for clay in 

such materials due to the effects of dilatancy on the measured undrained strength. 

Conversely, if a design approach for sand is adopted, effects of pore pressures generated 

during in-situ testing complicate the interpretation of the state of the material.  

The assessment of pile capacity using direct correlations with the cone penetration test 

(CPT) end resistance (qt) is rapidly becoming the industry standard partly because of  the 

proven reliability of CPT-based methods, but also because of the ease with which 

capacities can be calculated without user subjectivity (Niazi & Mayne 2016, Doan & 

Lehane 2016). Lehane et al. (2017) reviewed the most up-to-date CPT methods namely 

UWA-05 (Lehane et al. 2005), ICP-05 (Jardine et al. 2005), NGI-05 (Clausen et al. 2005), 

Fugro-10 (Van Dijk & Kolk 2010) and UWA-13 (Lehane et al. 2013), and concluded that 

CPT methods give the most reliable predictions of axial pile capacities in clay and sand. 

However, the same authors also highlight difficulties with application of these methods 

in intermediate soils.  

This paper examines some of the important issues for displacement piles in intermediate 

soils and investigates the relationship between shaft friction and CPTu data in 

experiments conducted in laboratory pressure chambers in normally consolidated kaolin 

clay, two kaolin-sand mixtures and fine silica sand. Parallel direct shear (DS) tests 

employing rough and smooth interface tests assist interpretation of the contribution of 

dilation to the shaft friction. 

3.2. INTERFACE SHEAR CHARACTERISTICS 

Kaolin, fine silica sand and mixtures of sand combined with 5% and 25% kaolin (by dry 

weight) were prepared for element testing. The mixtures are referred to as kaolin (K), 

sand, 5%K and 25%K. The same soils were employed for the pile tests and accompanying 

CPTs. 

Direct shear tests were performed with an initial normal effective stress of 50 kPa using 

rough and smooth interfaces with identical properties to those of the model test piles. The 

rough interface was shotblasted in order to achieve Rmax (defined as the relative height 



Chapter 3          Effects of clay fraction and roughness on tension capacity of displacement piles 

 

 

The University of Western Australia   3-3 

between the highest peak and the lowest trough over a 2.5 mm gauge length) of about 

100-132 m. The normalised roughness Rn = Rmax/D50 (e.g. Kishida & Uesugi 1987)  was 

such that this interface could be assumed fully rough for the sand, 5%K and 25%K soils. 

The smooth (aluminium) interface was polished to achieve Rmax of 2 to 3 m (as measured 

using a stylus profilometer). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 CNL interface tests with 𝜎n
′  of 40-50 kPa 

 

Fifty soil-soil and soil-interface direct shear tests were performed under constant normal 

load (CNL) and constant normal stiffness (CNS) conditions using the computerised ‘in 

house’ apparatus at UWA. Both the rough and smooth interfaces were fitted precisely 

into the lower half of the shear box. Both the upper and lower boxes were made from 
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teflon to mimimise friction (Boukpeti & White 2017, Lehane & Liu 2012). This friction 

was corrected for using data measured in preliminary experiments (and typically 

amounted to about 1 kPa). 

Kaolin, 5%K and 25%K samples were mixed and water was added to form slurries that 

were first subjected to de-airing; the water content employed was approximately two 

times the liquid limit of the respective mixtures. Samples were poured into Shelby tubes 

and pre-consolidated in stages using dead weights with a maximum stress of 20 kPa. 

Samples were then removed from the tubes, trimmed and placed into a ring with diameter 

of 71 mm and height of 20 mm. They were transferred to the upper half of the box (on 

the top of the interface plate) and consolidated to a normal effective stress of 50 kPa. The 

unit weights of the samples at the beginning of the tests had average values of 16.5 kN/m3, 

20.5 kN/m3 and 19.5 kN/m3 for Kaolin, 25%K and 5%K, respectively. 

Shearing was conducted in a displacement-controlled mode at a nominal constant rate of 

horizontal displacement of 0.05 mm per minute. One test performed on kaolin included 

three pause periods of 24 hours at shear displacements of 0.7 mm, 1.4 mm and 3.5 mm. 

An identical response to that obtained with no pause periods was obtained indicating that 

the displacement rate of 0.05mm/min led to a fully drained response. 

Results obtained in the CNL tests using smooth and rough interfaces are summarised in 

Figure 3.1, which also includes a test for sand sheared against a rough interface reported 

by Lehane et al. (2005). These show that the peak stress ratios (𝜏/𝜎n
′ ) and the tendency 

for dilation increase as the clay fraction reduces. Peak stress ratios are approximately 0.9 

for sand, 0.63 for 5%K, 0.56 for 25%K and 0.4 for Kaolin; these ratios are in good 

agreement with experimental observations of Suzuki (2014). It is evident that the 

introduction of just 5% clay into the sand causes the maximum stress ratio to drop to two 

thirds of the ratio developed in clean sand. 

It is also apparent that the roughness has a strong influence on interface shearing 

characteristics. In 5%K, for example, the peak shear stress developed on the smooth 

interface is about 30% less than measured with the rough interface. For the same soil, 

significant contraction occurs when shearing against the smooth interface, whereas a 

dilative response is observed with the rough interface. Visual inspections of the samples 

at the end of the tests confirmed that the failure shear plane was within the soil for the 

rough interface tests, as shown on Figure 3.2  
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Figure 3.2 Shear surface for full rough interface tests 

 

3.3. CPTU AND PILE TENSION LOAD TESTS 

3.3.1. Experimental set-up 

CPTu and pile tension tests were performed in UWA kaolin and sand as well as in 5%K 

and 25%K mixtures. All ten samples tested were normally consolidated in steel pressure 

chambers with an inner diameter of 395 mm and height of 400 mm (see Figure 3.3). 

Details of the chamber and test set up are described by Doan & Lehane (2018a, b). 

The model piles employed were aluminium rods with a diameter (D) of 10 mm. Both 

smooth and rough piles were tested and pile surfaces were prepared in the same manner 

and to the same Rmax values used in the direct shear tests. 

All soil samples were prepared from a slurry (as for the shear box tests) and first 

consolidated in the steel chamber to a vertical effective stress of 32 kPa. After sample 

consolidation (which took up to 45 days for the kaolin sample), two test piles were jacked 

into each sample via access holes in the top cap at a constant rate of 0.5 mm/s to a final 

embedment (L) of 200 mm; this gave a final (typical) pile aspect ratio (L/D) of 20. An 

equalization period of 24 hours was then allowed prior to tension testing of the piles, 
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which was performed by slow extraction using an actuator at a constant displacement rate 

of 0.005 mm/s. A 0.5 kN capacity load cell was placed in series between the pile head 

connector and the actuator, as indicated in Figure 3.3. 

 

 

Figure 3.3 Setup of the experiment 

3.3.2. CPTu tests 

CPTu tests were performed in the samples using a 10 mm diameter piezocone with a 

friction sleeve area of 1162 mm2. The pore pressure filter was situated behind the shoulder 

of the cone (u2 position), which was also monitored during dissipation tests. The 

normalised friction ratio (Fr) was calculated from equation (3.1), where fs is the sleeve 

friction, qt is the corrected cone end resistance and σv is the vertical total stress. 

𝐹r = 𝑓s/(𝑞t − 𝜎v) (3.1) 

CPT qt traces recorded in each soil type at a penetration rate of 3 mm/s are plotted on 

Figure 3.4. The normalised velocity of the cone associated with this rate is less than that 

of the standard cone, but Doan & Lehane (2018) show that all of the plotted qt and Fr 

values are essentially the same as the standard CPT parameters. 
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It is interesting to note the influence of the clay fraction on the qt and Fr values on Figure 

3.4. The steady state qt value in the sand is over 5 MPa and about 5 times higher than the 

5%K mixture, even though the penetration in both soils is fully drained (see Doan & 

Lehane 2018a). The qt values measured during undrained penetration in 25%K and K 

mixtures are 10 times smaller again that the 5%K soil, with slightly lower qt values in the 

25%K mixture. The effects of the clay content within a sand mass on the normalised 

sleeve friction (Fr) measured are illustrated on Figure 3.4b. It is evident that the Fr values 

increase with an increase in clay content. The average Fr in kaolin is 3.7%, which is about 

1.5 times and 8 times the respective Fr values in the 25%K and 5%K mixtures.  

 

 

Figure 3.4 Corrected cone resistance (qt) and (b) Normalised friction ratios (Fr) at 

penetration rate of 3 mm/s 

 

Dissipation tests indicated that a period of 7 hours was required to allow full dissipation 

of excess pore pressure in kaolin (see Doan & Lehane 2018b). Noting that the CPT device 

and the piles had the same diameter, it can therefore be inferred that full dissipation of 

installation induced pore pressures had occurred around all the piles after the set 

equalization period of 24 hours. 
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3.3.3. Tension load tests 

 

 

 

Figure 3.5 Average shear stress against pile head displacement curves measured in 

pile tension tests 
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Average shear stresses (av), derived as the measured tension load divided by the pile shaft 

area, determined during some typical chamber pull-out tests are plotted against the pile 

head displacement (w) in Figure 3.5  

The dramatic effect of the addition of 5%K to the sand sample is evident, with peak shaft 

shear stresses (pav) being more than 4 times less than for clean sand. The pav mobilised 

in the 5%K mixture is also slightly lower than that measured in Kaolin. Figure 3.5 shows 

that the smallest pav value is developed in the 25%K mixture. This trend could be 

explained by a typical strong contractive response of this material at large strains (Doan 

& Lehane 2018). 

The importance of roughness for these soils is also apparent. The peak shear stress 

developed on the smooth piles is about 45 % less than that mobilised on the rough piles. 

A similar influence of roughness was observed by Thomas & Fahey (2007) in centrifuge 

model tests of piles tested in kaolin. 

Peak friction develops at lower displacements against the smooth interfaces (when there 

is a contractive response); a similar response has been observed by Lehane et al. (2005). 

3.4. RESULTS AND DISCUSSION 

The ratio of the average CPT qt along a pile shaft (qt,av) to the peak average shaft friction 

(τav) measured in the tension tests, referred as βc (=qt,av/τav), varied from 345 in the test on 

the smooth pile in sand to 15 in the test on the rough pile in kaolin. These βc ratios are 

plotted on Figure 3.6 against the soil behaviour type (SBT) index, Ic, as defined by 

Robertson & Wride (1998) and Robertson (2016):  

𝐼c = [(3.47 − 𝑙𝑜𝑔𝑄𝑡𝑛)2+(𝑙𝑜𝑔𝐹𝑟 + 1.22)2]0.5 (3.2) 

𝑄tn = [(𝑞t − 𝜎v )/𝑝a ][𝑝a /𝜎′𝑣]
𝑛
 (3.3) 

𝑛 = 0.381𝐼c + 0.05𝜎′𝑣/ 𝑝a − 0.15  where n  1.0 (3.4) 

 
where Qtn is the normalised CPT cone resistance; Fr is the normalised friction ratio 
obtained from equation (3.1); n is the stress exponent that varies with Ic; σv and σʹv  are 
the current in-situ vertical total and effective stresses and pa is atmospheric reference 
pressure in the same units as qt. 

A relatively consistent variation of βc with the SBT index, Ic, is evident on Figure 3.6, 
which uses a logarithmic scale for βc. The βc ratios for the smooth piles are typically about 
double those for the rough piles for all soil types. The plotted trend lines are described by the 
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following equations and are seen to provide a good representation of the data recorded. The 
legends for the tests plotted on this figure employ the symbols R and S to denote ‘rough’ and 
‘smooth’ pile interfaces and use the symbol ‘F’ to indicate that CPT installation was 
conducted at a normalised velocity reasonably close to that of a standard CPT (as discussed 
above). 
 

 

Figure 3.6 Variation of βc with SBT Ic index 

For rough interfaces: 

βc =200 for Ic ≤ 1.8 (3.5a) 

𝛽c = 103.45−0.65𝐼𝑐 for 1.8< Ic< 3.6 (3.5b) 

βc =15 for Ic ≥3.6 (3.5c) 

For smooth interfaces: 

βc =350 for Ic ≤ 2 (3.6a) 

𝛽c = 103.8−0.65𝐼c for 2< Ic< 3.6 (3.6b) 

βc =30 for Ic ≥3.6 (3.6c) 
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Doan & Lehane (2018) also present cone penetration qt and Fr values recorded in the four 

soil types, using drained penetration velocities (e.g. velocities of 0.0005 mm/s in kaolin 

and 0.001 mm/s in 25%K). These drained parameters are substituted into equation (3.2) 

to derive what is referred to here as modified SBT index, given the symbol Ic*. Values of 

βc are then evaluated for all the tests included in Figure 3.6 using both the standard qt 

values and the drained qt values and plotted against Ic* on Figure 3.7. 

 

 

Figure 3.7 Variation of βc with Ic* index 

 

It is apparent on Figure 3.7 that the same trend lines for βc with Ic on Figure 3.6 are also 

valid for the βc vs. Ic* trend lines on Figure 3.7. It is seen, for example, how the reduced 

Ic* values in kaolin and 25%K (due primarily to higher drained cone resistances) lead to 

correspondingly higher βc values. This is an important result when considering effects of 

partial drainage on cone penetration as it indicates that errors due to a misinterpretation 

of partial drainage do not arise provided that a direct correlation with the measured qt 

value is employed using a formulation of the form of equation (3.7) for (typical) rough 

interfaces with a pile aspect ratio (L/D) of 20: 
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Ic
* can be substituted for Ic in equation (3.6) to find the corresponding formulation for 

smooth piles. It should also noted that these equations were derived for a single aspect 

ratio (L/D=20) and methods such as Lehane et al. (2013) indicate that the friction 

developed on displacement piles varies mildly with L/D. 

βc =200 for Ic
*

 ≤ 1.8 (3.7a) 

𝛽c = 103.45−0.65𝐼𝑐
∗
 for 1.8< Ic

*< 3.6 (3.7b) 

βc =30 for Ic
* ≥3.6 (3.7c) 

 

3.5. CONCLUSIONS 

A series of direct shear interface, CPTu and pile tension load tests conducted in laboratory 

pressure chambers involving clayey sands, sand and clay indicate that: 

(i)  The presence of even a small amount of clay within a sand mass leads to a very 

large reduction in the shaft capacity of displacement piles. The peak shaft shear 

stress of displacement piles in a 5%K mixture was more than 4 times less than 

that of in clean sand. 

 (ii)  Pile roughness has a critical effect on the shaft friction that can develop in sands, 

clayey sands and clays. The shaft friction mobilized on the ‘rough’ piles was 

typically double that of the smooth piles.  

(iii)  The pile test data combined with CPTs performed at various rates indicate that, 

for piles with L/D=20, βc varies in a systematic manner with the modified soil 

behaviour type index, Ic
*. The consistent nature of this trend provides the basis for 

a promising approach for predicting pile capacities without the need to consider 

effects of partial drainage during cone penetration. 
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CHAPTER 4   

RELATING SHAFT FRICTION OF BURIED PILES 

AND CPT RESISTANCE IN CLAYEY SANDS  

 

 

Abstract 

This paper examines factors controlling the ultimate shaft friction developed on buried 

piles in normally consolidated clay-sand mixtures and explores the relationship between 

this friction and the cone penetration test (CPT) end resistance. Results from tension load 

tests on buried piles in a laboratory pressure chamber and geotechnical centrifuge are 

presented. Variable rate CPTs combined with Rowe cell, undrained simple shear and 

interface direct shear tests are used to characterise the mixtures. It is shown that the 

measured drained CPT end resistances could be predicted using parameters assessed from 

the laboratory tests and a simple expression derived from cavity expansion theory in an 

elastic Mohr-Coulomb soil. The tension pile tests indicate how changes in radial effective 

stresses during loading can be inferred from interface shear tests and these combined with 

the cavity expansion analysis allow derivation of a relationship between shaft friction (τf) 

and CPT end resistance (qt). This expression reveals the significant effects on the qt/τf 

(=βc) ratio of soil stiffness, stress level, dilation and drainage during cone penetration and 

is shown to be consistent with a recently proposed empirical formula for bored piles. 
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4.1. INTRODUCTION 

4.1.1. Existing approaches for estimation of shaft friction 

Factors affecting the unit shaft friction (τf) developed on bored piles in intermediate soils, 

such as silts and clayey sands, have received little attention in the literature and, as a 

consequence, designers often consider application of empirical methods developed for 

sands and clays. Shaft friction can be over-estimated significantly if the total stress ‘α-

method’ used for bored piles in clay is applied in such materials due to the inference of a 

high undrained strength. Conversely, application of an empirical factor established for 

sands to the CPT end resistance (qt) can lead to a large under-estimation of shaft friction. 

In the absence of additional guidance and given the advantages of the CPT, direct 

application of an empirical factor (αs or βc where βc = 1/αs) to qt is the most popular design 

approach for estimation of shaft friction for bored piles in intermediate soils, where: 

τf = αs qt or τf = qt /βc (4.1) 

 

Bustamante & Gianeselli (1982) recommend βc values of between 60 and 120 in ‘compact 

silt’ while the formulations of Eslami & Fellenius (1997) suggest βc between about 35 

and 115 in silty or clayey sand. These wide ranges reflect significant uncertainty in the 

assessment of shaft friction in intermediate soils. Another approach employed for 

intermediate soils is to adopt the sand βc value after ‘correction’ of the measured qt value 

to its ‘clean-sand’ equivalent using relationships such as proposed by Moss et al. (2006) 

and Robertson & Wride (1998). Niazi & Mayne (2016) present the most recent approach 

based on a large amount of pile test data and propose a gradual reduction of βc with 

increasing CPT soil behaviour type index, Ic, (Robertson 2009). This method gives typical 

βc values of 225 in sand, 80 in sandy silt and 40 in clayey silt.  

4.1.2. Components of shaft friction 

The ultimate shaft friction that can develop on a bored pile can be expressed using 

Coulomb’s friction equation as: 

τf = σʹhf  tan δ = (σʹh0 + Δσʹhc + Δσʹhd) tan δ (4.2) 
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where σʹhf is the lateral effective stress at peak unit skin friction and δ is the interface 

friction angle between the soil and the concrete shaft. The magnitude of σʹhf differs from 

the in-situ lateral effective stress (σʹh0) due to the changes in lateral stress that arise due 

to pile construction procedures (Δσʹhc) and during shearing at pile-soil interface (Δσʹhd). 

The value of Δσʹhc is zero for a buried pile and available evidence indicates that it is of 

relatively small magnitude for typical bored piles (e.g. Burland 1973, Burland & Twine 

1988, Lehane 2009 and Vardanega et al. 2012). Fleming et al. (2008) suggest that the 

weight of wet concrete can lead to a positive value of Δσʹhc in some soils but also consider 

this effect to be largely negated by stress relief, which can be significant if the bore 

remains open for an extended period. Construction details such as the form of temporary 

support (e.g. casing or drilling fluid), the drilling procedure (e.g. drilling bucket or 

continuous flight auger, CFA), concreting details (e.g. tremie pipe, pressure) and concrete 

properties (e.g. workability, shrinkage) all contribute to variable Δσʹhc values in practice. 

4.1.3. Basis for relationship between τf and qt 

Houlsby & Hitchman (1988) show that the CPT qt value correlates directly with the in-

situ lateral effective stress (σʹh0) in sand and this observation provides a basis for a 

correlation between τf and qt in sand. However, the shear induced increases in lateral 

stress on a pile shaft (Δσʹhd) can be a large component of σʹhf (e.g. see Foray et al. 1998, 

Lehane et al. 2005 and Tehrani et al. 2016). As a consequence, as shown by Lehane 

(2009), values of βc backfigured from tests on bored piles in sand are about half of the 

values estimated if the contribution of Δσʹhd to shaft friction is ignored. These 

backanalyses assumed δ = ϕʹcv (where ϕʹcv is the soil-soil constant volume friction angle), 

which is consistent with expectations at the end of dilation when shearing against a fully 

rough interface (e.g. see Lehane et al. 1993). 

The drained tip resistance of a cone penetrometer in clay may also be expected to vary 

with σʹh0 and hence provide a basis for a correlation between τf and qt. Chandler & Martins 

(1982), Francescon (1983) and Mochtar & Edil (1988) examined the response to tension 

loading of buried piles in normally and lightly overconsolidated kaolin. Unlike the piles 

in sand, lateral stresses acting on the pile shafts reduced during these tests and σʹhf was 

inferred to be approximately 0.85 σʹh0 at peak friction. These same tests indicated that 

shearing occurs in a narrow zone close to the pile shaft and, as such, commonly adopted 

loading rates used in static load tests lead to essentially drained conditions at the shaft 
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(see Chandler & Martins 1982). Burland & Twine (1988) argue that the value of δ to be 

employed in equation (4.2) is the residual (large strain) soil-soil friction angle. 

For Δσʹhc = 0 and drained pile loading, equations (4.1) and (4.2) imply that βc is given by: 

βc = qt/ (σʹh0 + Δσʹhd) tan δ = qt / (1 + ) σʹh0 tan δ (4.3) 

 

where  = Δσʹhd/σʹh0, which previous experimentation (e.g. Lehane et al. 2005) has shown 

to be in excess of 10 for model scale piles in sand. Lower qt values generally develop in 

clays because cone penetration is undrained, hence contributing to the lower βc values in 

clay observed in practice. 

It appears from the foregoing that the dependence of qt on σʹh0 is the primary rationale 

behind relationships for βc for bored piles. There are, however, few measurements 

available to examine the factors affecting the various quantities in equation (4.3) and their 

effect on the range of βc values developed in sands and in clays. Even fewer investigations 

have been performed for bored piles in intermediate soils, where cone penetration is likely 

to be partially drained.  

This shortage of information prompted the experimental programme described in this 

paper, which involved tension tests of model piles buried in normally consolidated clay-

sand mixtures. These tests were conducted in a laboratory pressure chamber and 

geotechnical centrifuge. Variable rate CPTs performed close to the pile tests as well as a 

series of laboratory element tests on clay-sand samples assist interpretation of the factors 

controlling the βc values of the test piles and enable development of a framework to assist 

the estimation of shaft friction from the CPT. 

4.1.4. Methodology for this study 

The paper first describes the relevant mechanical characteristics of the soil mixtures 

employed in the model pile tension tests. These characteristics include (i) the stiffness, 

strength and dilation properties, which are required for a subsequent numerical estimation 

of the CPT end resistance and (ii) the interface friction angle (δ), as required for shaft 

friction predictions. Variable rate CPTs in the soils are used to determine the respective 

fully drained end resistance (qtd) as well as the end resistance at a typical in-situ 

normalised velocity (qt). The shaft frictions (τf) measured in the pile tension tests are 
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compared with the estimated in-situ horizontal stresses (σʹh0) and δ value to assess the 

likely change in horizontal stress during pile loading (Δσʹhd). 

The paper then establishes a theoretical relationship between τf and qtd, based on the 

expectation that both quantities are directly proportional to σʹh0. This relationship involves 

derivation of a simple formulation for qtd expressed in term of the stiffness, strength and 

dilation properties, as measured in element tests. It is shown that the expression provides 

a reasonable match to both the qtd and τf values measured in the experiments. A 

modification to allow for partial drainage is subsequently used to develop the required 

expression for βc (=qt/ τf) which is then compared with a range of empirically established 

βc correlations for bored piles. 

4.2. LABORATORY CHARACTERISATION OF INVESTIGATED 

SOILS  

The tension pile tests and associated in-situ and element testing were conducted in 

normally consolidated kaolin, fine sub-angular silica sand and mixtures of the sand 

combined with 5% and 25% kaolin (by dry weight). The four soils mixtures are referred 

to as kaolin (K), sand (S), 5%K and 25%K and a summary of their respective properties 

is provided in Table 4.1. 

The particle size distributions of the four soils are presented on Figure 4.1. These reveal 

the gap-graded nature of the clay-sand mixtures, which arises because of the deficiency 

in silt sized particles. The sand has a mean effective particle size (D50) of 0.16 mm and 

uniformity coefficient of about 1.6 while the kaolin has a liquid limit of 61%, a plasticity 

index of 34% and a clay fraction of 79%. Clay fractions (CFs) for the four soils vary from 

zero to 79% while void ratios at a vertical effective stress of 32 kPa (used in the chamber 

tests) for all the materials other than kaolin are typically about 0.55. Further details 

concerning the mechanical properties of these materials are provided in Lehane et al. 

(2005), Lehane et al. (2009) and Suzuki & Lehane (2015). 

The dry sand and kaolin powder used to create the clayey soils were first mixed for 2 

hours and then water was added to the mixer to form slurries that were subsequently de-

aired for a period of 24 hours; the water contents employed were 120% for the kaolin and 

30% for the 25%K and 5%K soils. Samples for the element tests were poured into 

sampling tubes and pre-consolidated in stages using dead weights to a maximum stress 

of 20 kPa. This slurry deposition method was also used to prepare samples for the model 
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pile testing and is considered by Carraro & Prezzi (2008), Rosatto et al. (1992) and Brown 

et al. (2004) as the most suitable method to minimise segregation. The sand samples were 

air pluviated before full saturation and were therefore likely to have a different fabric to 

samples prepared from a slurry. Such a difference is not of significance to the focus of 

the current study on clayey-sands. 

 

Table 4.1 Soil properties  

Soils K 25%K 5%K S 

CF (%) 79 20 4 0 

D50 (mm) 0.0006 0.13 0.16 0.16 

σʹv (σʹv of 32 kPa) 10 37 100 400* 

cv (m
2/year) 3 22 33 000 60 000 

e at σʹv of 32 kPa 1.48 0.53 0.55 0.62 

 = ϕʹcv (
0) 18 26 29 33 

ϕʹp (
0) 23 29 32 39 

K0 0.69 0.56 0.52 0.46 

ψ (0) at γ = 10% in DSS -5 -10 +5 +10 

*M varied with σʹv0.5 in the sand tests and therefore the M/σʹv value quoted corresponds to that at σʹv =32 kPa 

 

Rowe cell and oedometer data reported by Suzuki & Lehane (2015) indicate that the 

vertical coefficients of consolidation (cv) of these mixtures vary from 3 to 60000 m2/year; 

see Table 4.1. The cv value for sand is evidently more than four orders of magnitude 

greater than that for kaolin. 1-D constrained tangent moduli (M) measured over the stress 

range of 20 kPa to 300 kPa normalised by the vertical effective stress (σʹv) are also 

provided in Table 4.1. 
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Figure 4.1 Particle size distribution curves for materials investigated 

 

Small strain shear moduli (G0) were measured in triaxial tests on samples with differing 

clay-sand proportions using bender elements at the end platens. These test data combined 

with other G0 measurements reported by Carraro et al. (2009) and Choo et al. (2017) on 

normally consolidated clay-silt-sand mixtures (that were also consolidated from slurries) 

are presented on Figure 4.2. It is seen that all data sets are in reasonable agreement and 

show a consistent trend with clay fraction (CF) that does not appear to vary with the 

degree of plasticity of the fines. The variation of equivalent shear modulus (Geq) derived 

from the measured M/σʹv values, adopting a Poissons ratio (υ) of 0.2, is also shown on 

Figure 4.2. It is apparent that, although G0 is significantly larger than Geq, both moduli 

reduce systematically with CF.  

Typical responses observed in undrained simple shear of the four investigated soils are 

presented on Figure 4.3. It is apparent that the 25%K mixture exhibits the most 

contractant behaviour (largest positive pore pressures) and lowest ultimate undrained 

shear strength, which is about 25% lower than kaolin. It is also evident that even the 

addition of just 5% kaolin to sand leads to significant initial contraction before phase 

transformation is reached, after which dilation is observed. The strong influence of clay 

fraction on undrained shear response is consistent with the response in undrained triaxial 

compression tests conducted on the same soils (Doan 2019) as well as with general trends 

reported by Georgiannou et al. (1990), Carraro et al. (2009), and others.  
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Figure 4.2 Variation of the shear modulus with clay fraction (CF) 

 

Appendix A presents results for a large range of direct shear soil-soil and soil-interface 

tests conducted on the four soils under both constant normal load (CNL) and constant 

normal stiffness (CNS) conditions. Typical direct shear interface test data with a constant 

normal effective stress (σʹn) of 50 kPa are plotted on Figure 4.4 for samples in the same 

state as the soils used in the model pile tests. The direct shear tests employed an 

aluminium interface, which was shot-blasted to the same roughness as the shafts of the 

model piles. The roughness value employed, Rmax (defined as the relative height between 

the highest peak and the lowest trough over a 2.5 mm gauge length) of about 120 m led 

to fully rough conditions; this was verified in equivalent soil-soil direct shear tests. 

Shearing was performed at a constant rate of horizontal displacement of 0.05 mm/min. 

One test performed on kaolin included three pause periods of 24 hours at shear 

displacements of 0.7 mm, 1.4 mm and 3.5 mm. An identical response to that measured 

with no pause periods was obtained indicating that the rate of 0.05 mm/min led to a fully 

drained response. 

Figure 4.4 shows that the peak and ultimate stress ratios (τ/σ'n) reduce progressively as 

the kaolin content increases. The mean interface friction angles (δ) recorded at the end of 

dilation for all tests conducted are provided in Table 4.1 and indicate that shaft friction  
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Figure 4.3 Undrained simple shear test results 

 

on a pile in sand should be 50% higher than in kaolin considering differences in 

coefficients of friction alone. The kaolin and 25%K soils contract in direct shear whereas 

the sand (at the tested relative density, Dr of 50%) dilates. Interestingly, the responses 

observed for 5%K mixtures are variable, as shown by the two examples plotted on Figure 

4.4. Some samples dilate whereas others contract although the same ultimate interface 
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friction angle is developed; such a variable response is likely to be due to differences in 

fabric arising because of the relatively small quantity of kaolin present. 

 

 

 

Figure 4.4 Constant normal load interface tests with σʹn =50 kPa 

 

4.3. TENSION PILE TESTS 

Model pile tension tests and piezocone tests were performed in the four normally 

consolidated soils investigated in laboratory pressure chambers and the geotechnical 

beam centrifuge at the University of Western Australia (UWA). Full details concerning 

the pressure chamber and associated procedures are described by Lim & Lehane (2014) 

while the UWA centrifuge is described by Randolph et al. (1991). The procedures 

employed to create the soil samples for the pile tests were identical to those described for 
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the element tests. All piles were closed-ended, aluminium rods with fully rough shafts 

(with Rmax = 120 μm, as described above). 

The test series is summarised in Table 4.2 and involved 17 tension tests on model piles 

located in pressure chambers and 3 corresponding tests in the geotechnical centrifuge. 

The minimum spacing between piles or a pile with the wall of the pressure chamber or 

centrifuge strongbox was 10 pile diameters, ensuring minimal interaction and boundary 

effects (e.g. see Bolton et al. 1999). 

Table 4.2 also provides details from an identical series of tension tests conducted in the 

pressure chamber in sand with a relative density (Dr) of 75%; these tests are reported by 

Lim & Lehane (2014) and supplement the findings of the current investigation. It is also 

noted that a number of additional repeat tests reported by Doan (2019) were performed 

in separate chambers and within the centrifuge strongboxes. These revealed a high level 

of repeatability of the test data acquired.  

Initial trials involved tension testing of piles in the soil with lowest permeability (i.e. 

kaolin) at displacement rates between 0.0002 mm/s and 0.005 mm/s. No rate dependence 

of capacity was observed at rates less than 0.01mm/s and hence a rate of 0.005 mm/s was 

deemed sufficient to ensure fully drained conditions adjacent to the piles in all soils. 

4.3.1. Pressure chamber tests  

The investigation of pile tension capacity in the laboratory pressure chambers comprised 

tests in all four soils investigated. A schematic of the test set-up adopted is shown in 

Figure 4.5, which employed steel chambers with an inner diameter of 395 mm and height 

of 400 mm. All samples were consolidated in stages to a final vertical effective stress of 

32 kPa. The variation of settlement with applied stress was monitored throughout the 

consolidation process and showed that a consolidation period of 45 days was required to 

ensure full consolidation of the kaolin samples. The water level was maintained at a level 

20 mm above the top plate so that samples remained fully saturated. 

The piles had an embedded length of 200 mm and diameters of 8 mm, 10 mm, 14 mm 

and 20 mm. Piles for tests in the 5%K, 25%K and kaolin soils were placed in the 

respective slurries and then clamped to the top cap during sample consolidation to 

eliminate relative displacements between the piles and the soils. The clamps were 

removed prior to the tension tests; see Figure 4.5. For the sand tests, piles were clamped 
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in position while the sand was pluviated and during application of the vertical 

consolidation stress. 

 

Table 4.2 Test programme and results 
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Figure 4.5 Schematic elevation of pile test set-up in pressure chamber (not to scale), 

based on set-up employed by Lim & Lehane (2014) 

 

4.3.2. Centrifuge tests 

Pile tension tests on fully rough piles in the UWA beam centrifuge were performed in 

kaolin and 5%K soils. The model tension piles had diameters of 8 and 14 mm with an 

embedded length of 100 mm. These were designed to have neutral buoyancy when 

located in the 5%K and kaolin slurries that were first placed in the strongboxes. A pin 

attached to a plate at the top of the strongbox was located centrally in the pile heads to 

maintain the piles in position during in-flight consolidation and to facilitate their 

movement in the axial direction. These procedures ensured no negative skin friction on 

the pile and lateral stresses acting on the pile shaft prior to tension loading that closely 

approximated normally consolidated K0 conditions. CPTs performed at an acceleration of 

100g during the consolidation process confirmed that full consolidation of the 5%K and 

kaolin soils had been attained after 2 and 4 days respectively.  
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4.4. CONE PENETRATION TESTING 

CPTs with pore pressure measurements were performed at various penetration rates in 

the pressure chamber and centrifuge samples. The cone penetrometer had a diameter 

(dcone) of 10 mm and the pore pressure filter was located at the shoulder (u2 position) of 

the cone. 

A summary of the CPTu results measured at a penetration rate (v) of 3 mm/s in the 

chamber tests is provided on Figure 4.6; this figure presents profiles of the corrected cone 

tip resistance (qt), normalised friction ratio (Fr) and normalised pore pressure (u2/σ'vo). 

The near constant values of these parameters below an initial cone development length of 

about 20mm provides verification of the uniformity of the sample consistency and vertical 

stress. It is noted that the normalisedvelocity (V= v dcone/cv) of the cone associated with 

this rate is 24 times less than that of the standard 10cm2 (36 mm diameter) CPT performed 

at 20 mm/s. 
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Figure 4.6 (a) Cone tip resistance (qt), (b) Normalised friction ratio (Fr) and (c) 

Normalised pore pressure u2/ ʹvo at penetration rate of 3 mm/s 
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It is evident that the steady state qt value in the sand is over 5 MPa and about 5 times 

higher than that in the 5%K mixture, even though the penetration in both soils is 

essentially fully drained with Δu2/σ'vo ~ 0. The normalised pore pressures in 5%K were 

low but variable (ranging from 0.06 to 0.25) reflecting, as for the δ values, variations in 

fabric due to the small quantity of kaolin in the sand. Significant excess pore pressures 

develop during penetration in the 25%K and kaolin samples and qt values are an order of 

magnitude lower than in the 5%K soil, with slightly lower qt values in the 25%K mixture 

(in keeping with its lower undrained simple shear strength; see Figure 4.3). The average 

Fr value in kaolin is 3.7%, which is about 1.5 times higher than in the 25%K mixture and 

8 times higher than in the 5%K soil. 

The normalised CPT end resistances, Qt= (qt- σv)/σ'v, measured in variable rate CPTs 

conducted in the four soils in the pressure chamber and centrifuge are plotted on Figure 

4.7 against the cone velocity (v) and the normalised velocity (V), where the cv values used 

to calculate V were measured during normal consolidation at the relevant effective stress 

level (see Table 4.1). Additional CPT data reported by Doan & Lehane (2018) and Suzuki 

& Lehane (2015) are also included on Figure 4.7. It is evident that no significant 

difference in end resistance is observed for penetration rates (v) between 0.002 and 3 

mm/s in the sand and 5%K mixture, indicating a fully drained response. The effect of the 

cone velocity on CPT parameters measured in 25%K and kaolin is more obvious for the 

velocity range investigated. The data indicate fully drained conditions in these materials 

when V is less than about 0.01 and fully undrained conditions when V is greater than 

about 30. These V limits are such that the end resistances plotted at a cone velocity of 

3mm/s on Figure 4.6 can be considered fully drained values (qtd) in the sand and 5%K 

soils and fully undrained in the 25%K and K soils. Higher drained cone resistances were 

measured in kaolin than in 25%K whereas lower undrained resistances were recorded by 

the latter. As a consequence, the ratio of the undrained to drained cone resistances in 

kaolin averaged at about 0.59 but was 0.26 in 25%K. These ratios are in good agreement 

with those reported by Jaeger et al. (2010), Kim et al. (2008) and Randolph & Hope 

(2004). 

Few data in the literature exist with regard to the rate dependence of the Fr values in the 

partially drained region. These were observed to be independent of the cone velocity in 

the sand and 5%K mixture between v = 0.002 mm/s and 3 mm/s but increased by a factor 
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of 7 in the 25%K soil and 3 in kaolin as the penetration rate increased from 0.002 mm/s 

to 3 mm/s. 

 

 

Figure 4.7 Normalised cone resistance (Qt) variation with cone velocity (v) and 

normalised cone velocity (V); Open symbols in plot from Suzuki & Lehane (2015) 
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4.5. MEASURED SHAFT FRICTION ON BURIED PILES 

4.5.1. Shaft friction dependence on soil type 

The peak and ultimate shaft shear stresses (pav and ultav) developed in the model pile 

tension tests are provided in Table 4.2. Typical measurements are shown on Figure 4.8, 

which plots variations with pile head displacement (w) of the average shear stresses (av) 

obtained in four tension tests conducted in the pressure chamber on 8 mm diameter piles 

and in two tension tests conducted in the centrifuge. 

Figure 4.8 highlights the dramatic effect of the addition of 5%K to the sand sample, with 

the peak shaft shear stress (pav) being less than 50% of that for clean sand. It is also 

apparent that peak frictions for piles in 5%K, 25%K and kaolin are closely comparable, 

despite respective differences in interface friction angle (see Figure 4.4). The similarity 

of pav and ultav values, as listed in Table 4.2, indicates a low level of brittleness of skin 

friction (averaging at 10%). The normalised displacements required to develop peak 

friction (wp/D) are also presented in Table 4.2 and show, as seen on Figure 4.8a, wp/D 

reducing with increasing clay fraction. In addition, the test series showed no clear 

dependence of shaft friction on pile diameter over the (relatively small) range 

investigated. 

The effect of stress level is also illustrated on Figure 4.8, which shows that the ratios of 

the average peak and ultimate shear stresses to the estimated initial mean horizontal 

stresses (σʹh0av) are similar at σʹh0av =32 and 65 kPa. As suggested by Mesri & Hayat 

(1993), Burland (2012), and others, the value of σʹh0av in these figures was derived 

assuming Jaky’s in-situ horizontal earth pressure coefficient (K0) using the constant 

volume friction angle (ϕʹcv) i.e. K0 = 1-sinϕʹcv. 

4.5.2. Inferred changes in lateral effective stress 

Given that Δσ'hc in equation (4.2) is zero for buried piles and that 'h0 for a normally 

consolidated soil can be estimated as the increase in lateral stress (from 'h0) that takes 

place after the buried pile is loaded to ultimate conditions can then be evaluated from the 

following expression, where tanδ is the ultimate coefficient of friction and χ is the ratio 

of the change in lateral stress to the initial lateral stress: 
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σʹh0 = (1 - sinϕʹcv) 'v0 (4.4) 

 

f = (1 + σ'hd /σ'h0) σ'h0 tanδ  

   = (1+ χ) σ'h0 tanδ = fL σ'h0 tanδ = fL K0 σ'v0 tanδ (4.5) 
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Figure 4.8 Typical variations of average shear stress with pile head displacement 

measured in tension pile tests 

Values of the loading coefficient, fL = (1+χ), determined from equation (4.5) for all model 

pile tension tests are plotted against the clay fraction (CF) of the respective soils in Figure 

4.9. fL values inferred from tests reported by Lim & Lehane (2014) on model buried piles 

of a similar diameter in sand with a relative density (Dr) of 75% are also included in 

Figure 4.9. 
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Figure 4.9 Dependence of fL on clay fraction (CF) for tests listed in Table 4.2 

 

It is clear that there is a significant difference between the fL values inferred for clay 

fractions greater than 4% compared to clean sand. Those determined for kaolin and 25% 

kaolin mixtures are typically about 0.9 whereas fL values for the 5% kaolin mixture have 

the same average value but display significantly greater variability. These trends are 

consistent with the contraction in direct shear tests observed for kaolin and 25%K samples 

and the variable contraction and dilation of 5%K samples; see Figure 4.4. The fL values 

for sand are much larger than those of clayey sands and also show a tendency to increase 

with relative density.  

Lehane et al. (2005) show that fL values can be in excess of 10 for small diameter 

displacement piles in very dense sand and that these values reduce with pile diameter (D), 

giving rise to a reduction in unit shaft friction (τf) with D. The fL values plotted on Figure 

4.9 for clay and clayey sand are almost identical to those inferred from previous studies 

on a range of pile diameters (e.g. Chandler & Martins 1982 and Vardanega et al. 2012), 

which is consistent with the independence of τf  on pile diameter shown by databases of 

Lehane et al. (2013), Niazi & Mayne (2016), and others. It can therefore be inferred that 

the shaft frictions measured at model scale in the laboratory chamber and centrifuge are 

applicable to full scale bored piles in silts and clays, if construction related lateral stress 

changes are considered small. Furthermore, the measured frictions are assumed 

tentatively to also apply to estimation of compression shaft capacity, as presently there is 
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no clear evidence indicating a systematic difference between shaft friction developed in 

tension and compression for stiff bored piles in silts and clays. 

4.6. RELATING SHAFT FRICTION WITH CPT RESISTANCE 

4.6.1. Approximate expression for drained cone resistance 

Before considering design correlations with the CPT, it is important to understand the 

factors controlling the magnitude of the end resistance, qt. These factors are examined 

here using a cavity expansion approximation for modelling cone penetration such as 

employed and verified by Yu & Houlsby (1991), Yu & Mitchell (1998), Suzuki & Lehane 

(2015) and others. The simple approach proposed by Yu (2006) and Yu & Carter (2002) 

in a linear-elastic Mohr-Coulomb soil is employed. This allows for the spherical and 

cylindrical nature of cavity expansion in the vicinity of a penetrating cone and expresses 

the drained cone tip resistance (qtd) as: 

𝑞𝑡𝑑 = 𝑝0


3𝛼′

2 + 𝛼′
(𝐹

𝑐

𝑎
)

2(𝛼′−1)/𝛼′

 (4.6) 

where pʹ0 is the initial mean effective stress, F is a plastic zone shape factor assumed to 

be 0.8 (as suggested by Yu 2006) and αʹ is a function of the friction angle (ϕʹ). The value 

of c/a represents the relative size of the plastic zone and is derived from an analytical 

solution given by Yu (2000) for the expansion of a cylindrical cavity from zero radius. 

The format of equation (4.6) does not provide a clear indication of the relative influence 

of the parameters affecting qtd. A regression analysis of solutions to equation (4.6) was 

therefore performed for a wide range of equivalent linear soil shear stiffness values (G), 

friction and dilation angle (ϕʹ & ψ) and initial mean effective stresses (pʹ0). This analysis 

yielded the following best-fit simple relationship with a coefficient of variation of 0.2 

𝑞td/𝑝0
′ = 3.6 (𝐺/𝑝0

′ )0.7tan ( + 𝜓) (4.7) 

Houlsby & Hitchmann (1988) show that the CPT end resistance in sand is largely 

independent of the vertical effective stress but varies directly with the in-situ lateral 

effective stress (σ'h0). Making this assumption for the normally consolidated clay-sand 

mixtures and assuming Poissons ratio is 0.2 to convert shear moduli to 1-D normalised 
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(normally consolidated) constrained moduli (M/σʹv) leads to the following expression for 

qtd, where C is an empirical constant: 

𝑞td = 𝐶 𝜎′h0(𝑀/𝜎ʹv)0.7tan ( + 𝜓) (4.8) 

There is no means of selecting an appropriate operational equivalent linear elastic shear 

stiffness in equation (4.7) and therefore the constant C in equation (4.8) represents the 

unknown (assumed) proportional relationship between the operational G value and the 

soil’s constrained modulus (M). An alternative relationship could be determined using G0 

rather than M. Equation (4.8) is consistent with the dependence of qtd /p'0 on soil 

compressibility and state parameter (ξ) observed for sand by Been et al. (1986, 1987) in 

calibration chamber tests. 

4.6.2. Validation of equation (4.8) 

The validity of the form of equation (4.8) was examined by comparing its predictions 

with qtd values measured in the normally consolidated soils. Dilation angles (ψ) for the 

soils were selected using the ϕʹ values provided in Table 4.1 to obtain the best fit to the 

model’s prediction for the response in undrained direct simple shear (DSS) data (Figure 

4.3). As an infinite strength is predicted by this model for ψ >0 and strengths tend to zero 

for ψ <0, the fitting exercise aimed to achieve a match to strengths measured at a shear 

strain of 10%. Soil shear stiffnesses employed for the model predictions were nominally 

equal to the Geq values plotted on Figure 4.2. The comparisons of measured and predicted 

responses in the DSS tests are shown on Figure 4.10 and indicate a reasonable estimate 

of the ultimate strength of all samples is obtained, despite the limitations of this soil 

model. 
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Figure 4.10 Stress paths measured in undrained simple shear (SS) compared with 

predictions using elastic Mohr-Coulomb (MC) model 

 

The best-fit MC parameters, which are provided in Table 4.1, are employed in equation 

(4.8) at the appropriate stress level to obtain an estimate of qtd measured in the chamber 

and centrifuge tests. Approximate correspondence between measured and predicted qtd 

values is achieved when the constant ‘C’ in equation (4.8) is 6 i.e. using the following 

equation: 

qtd = 6 σʹh0 (M/σʹv)
0.7 tan (ϕʹ + ψ) (4.9) 

 

Predictions obtained using equation (4.9) are compared with measured qtd values on 

Figure 4.11, where a reasonable match is observed. 
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Figure 4.11 Comparison of drained cone resistances (qtd) predicted by equation (4.9) 

with measured qtd values 

 

As CPT penetration in intermediate soils and clay is not fully drained, the cone end 

resistance (qt) may be written more generally as: 

qt = 6 fd σʹh0 (M/σʹv)
0.7 tan (ϕʹ + ψ) (4.10) 

 

where fd is the drainage factor, fd = qt/qtd, which is unity for drained cone penetration. 

Mean fd values of 0.59 in kaolin and 0.26 in 25%K were measured during undrained 

penetration in the chamber and centrifuge experiments. In comparable studies reported 

by Jaeger et al. (2010), Kim et al. (2008) and Suzuki & Lehane (2015), corresponding fd 

values varied between 0.35 and 0.65 and between 0.2 and 0.3. 

4.6.3. Relative contribution of factors affecting qt 

While acknowledging the shortcomings of the MC model, equation (4.10) provides a 

simple means of understanding the relative contributions of various factors to the CPT 

resistance (which, for drained penetration, is often considered to only depend on the soil’s 

friction angle e.g. Mayne 2006). Equation (4.10) indicates that qt depends strongly on the 

dilative tendency of the soil (approximately doubling as ψ increases from -10o to + 10o). 
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The effects of stiffness are even more significant with the equation showing that, for the 

M/σʹv values listed in Table 4.2, differences in stress-normalised stiffness alone account 

for a four-fold difference in cone resistance between kaolin and 5%K. CPT end resistance 

(qt) in a standard cone test is also dependent on the (reloading) coefficient of 

consolidation, which controls the value of the drainage factor, fd. This factor can also have 

a very large influence on the measured qt value, as shown, for example, by the qt data 

measured in 25% kaolin where the drained resistance was about 4 times larger than the 

undrained resistance.  

4.7. CORRELATION OF CPT RESISTANCE WITH SHAFT FRICTION 

While the unit shaft friction (τf) under typical pile static load testing is drained, cone 

penetration in intermediate soils and clay is partially drained or undrained. The 

relationship between the CPT end resistance and the pile shaft friction can therefore be 

obtained by combining equations (4.5) and (4.10) to give: 


c

=  
𝑞t

𝜏f
=  

6 𝑓d(𝑀/𝜎′𝑣)0.7 tan ( + 𝜓) 

𝑓L tan 𝛿
    (4.11) 

This equation indicates that βc is independent of the lateral effective stress (σ'h0), which 

is a difficult parameter to determine in practice. In contrast to the response seen in sands, 

the experiments have shown that the value of fL is relatively constant with a value of about 

0.9 for soils with a clay fraction (CF) of 4% and more. As the quotient tan (ϕʹ + ψ)/tan δ 

can be approximated as (1 + ψ(0)/20) for rough piles with δ = ϕʹcv, the value of βc for clay 

and clayey sands (CF>4%)  can be expressed as:  


c

=  
𝑞t

𝜏f
≈ 6.6 𝑓d(𝑀/𝜎′v)0.7 [1 +

𝜓o

20
]             𝐶𝐹 ≥  4%  (4.12) 

The value of βc when defined in terms of the drained CPT resistance (βcd= qtd/τf) is 

determined from equation (4.12) using fd=1.0.  

Equation (4.12) highlights the sensitivity of the relationship between shaft friction and 

cone resistance in clayey sands on the soil stiffness, stress level and dilation tendency (or 

state), and the degree of drainage during cone penetration. The effects of stiffness and  
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Figure 4.12a Predicted variation of cd values  

with constrained modulus and dilation angle (ψ) 

 

Figure 4.12b Predicted and measured variation of c with clay fraction 

 

dilation are illustrated on Figure 4.12a, which compares βcd values evaluated using the 

parameters in Table 4.1 with βcd values measured in the 5%K, 25%K and kaolin samples. 
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Good general agreement is evident for the three soils, although the assumption of a 

constant loading coefficient fL of 0.9 for 5%K is evidently inconsistent with the high range 

of measured fL values and hence βcd values (see Figure 4.9). 

For undrained cone penetration, as mentioned above, values of fd of 0.26 and 0.59 were 

measured in 25%K and kaolin respectively. βc predicted by equation (4.12) using these 

factors, as well as predicted βcd values, are plotted against clay fraction on Figure 4.12b, 

where they are compared and shown to be in reasonable agreement with measured β 

values. 

4.8. COMPARISON WITH EMPIRICAL FORMULAE 

It is seen on Figure 4.12b that βc values inferred from equation (4.12) drop significantly 

as the clay fraction increases from 4% and 20%. The high sensitivity of βc in this range is 

due to changes in normalised stiffness and dilation capacity, as discussed above, but also 

due to the transition from drained to undrained cone penetration over the same range. The 

wide range of βc values indicated by the correlations of Bustamante & Gianeselli (1982) 

and Eslami & Fellenius (1997) for intermediate soils is shown on Figure 4.12b and 

corresponds with expected values for a clayey sand for a surprisingly narrow clay fraction 

range of 5 to 15%.  

4.8.1. βc value assessed using Equation (4.5) and an empirical expression for Ic 

Niazi & Mayne (2016) present relationships with the CPT soil behaviour type (SBT) 

index, Ic, and the ratio of the effective cone resistance, qE = qt -u2 (where u2 is the pore 

pressure measured on the cone shoulder) to the shaft friction. Their correlation for tension 

tests on bored piles was re-evaluated as a βc vs. Ic relationship and is plotted on Figure 

4.13, where it is seen to predict a smooth transition from the high βc values typical of 

sands and silty sands to the low βc values exhibited by clays. 

Chapter 2 shows that Ic in normally consolidated reconstituted or recent deposits can be 

determined approximately from the following relationship with the normalised CPT end 

resistance, Qtn, without knowledge of the friction ratio: 

𝐼c =  4.2/𝑄tn
0.2  for OCR=1 where (4.13a) 

𝑄tn = [(𝑞t − 𝜎v )/𝑝a ] [𝑝a /𝜎′
𝑣

]
𝑛
 (4.13b) 
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𝑛 = 0.381𝐼c + 0.05𝜎v
′ / 𝑝a − 0.15  where n  1.0 (4.13c) 

where pa is atmospheric pressure (101 kPa) and n is a function of Ic and varies from 0.5 

for a sand to 1.0 for a clay, as defined by Robertson (2009). 

Combining equations (4.13a-c) with the shaft friction (τf) given by equation (4.5) leads to 

the following expression for the variation of βc with Ic: 


c

=  
𝑞t

𝜏f
= (

4.2

𝐼c
)

5 (𝜎′v/𝑝a)n−1

𝑓L𝐾0𝑡𝑎𝑛𝛿
 + 

𝜎v

𝑓L𝐾0𝜎′
v

𝑡𝑎𝑛𝛿
   𝑓𝑜𝑟 𝑂𝐶𝑅 = 1 (4.14) 

where n varies with σ'v and Ic, as given by equation 4.13c. 

Equation (4.14) was evaluated for a range of friction angles and stress levels using 

parameters representative of concrete piles in normally consolidated clayey soil i.e. fL= 

0.9, δ= ϕʹcv and K0= 1-sinϕʹcv. The envelope to the evaluated values is plotted on Figure 

4.13a where it is seen to be in good agreement with the Niazi & Mayne (2016) 

formulation, which was determined using pile test data in both normally and over 

consolidated soils. 

4.8.2. βc value assessed using Equations (4.10) and (4.12)  

Greater insight into the βc vs Ic relationship can be achieved by employing equation (4.10) 

to determine qt directly and equation (4.12) to calculate βc. The envelope of βc values and 

its variation with Ic is plotted on Figure 4.13b, where Ic is determined using equation 

(4.13) and the calculated qt value. This envelope was derived employing friction angles 

between 20o and 40o, ψ values ranging from -10o to 10o and vertical effective stresses up 

to 200 kPa. Fully undrained conditions were presumed for the 25%K and kaolin mixtures 

while, in line with published experimental evidence mentioned previously, respective fd 

ratios were assumed to vary between 0.35 and 0.65 and between 0.2 and 0.3. Cone 

penetration in the 5% kaolin was assumed to be drained with fd =1.0. The envelope 

established was relatively insensitive to M/σʹv, as higher M/σʹv values gave lower Ic and 

larger βc values. It should be noted that, while Ic values were calculated using the normally 

consolidated approximation (equation 4.13a), the Robertson SBT chart (Robertson 2009) 

indicates that Ic is largely independent of the overconsolidation ratio for material other  
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Figure 4.13a Comparison of c vs Ic range predicted using Equation 4.14 for OCR=1 

with experimental data and empirical correlations 

 

Figure 4.13b Comparison of c vs Ic range predicted using Equations 4.10 to 4.13 

with experimental data and empirical correlations 

than very stiff soils and soft sensitive soils (for which the use of the Ic index is not 

recommended). 

As seen on Figure 4.13b, the model pile test results recorded in the clay-sand mixtures 

fall within the computed band, although the mean βc value predicted for the 5%K soil lies 

below the mean value (due to variable fL values in this material). There is evidently good 
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general agreement between the theoretical expressions developed here for buried piles in 

clay and clayey sands (Equations 4.10 and 4.12) and the band of values derived 

empirically for normally consolidated clayey soils (Equation 4.14). The βc values derived 

from Equations 4.10 and 4.12 (Figure 4.13b) do not require an estimate of the in-situ 

lateral effective stress (this is implicitly accounted for by the qt value) and may therefore 

be considered applicable to overconsolidated clayey soils. The envelope of βc values also 

includes a range of typical fd values for soil with a given Ic index and the observed trend 

with Ic is, as the case on Figure 4.13a for OCR=1, likely to be applicable to partially 

drained cone penetration as well as drained and undrained penetration. The broad 

agreement seen in Figure 4.13b with the Niazi & Mayne empirical relationship provides 

support to these inferences and also suggests that the shaft friction of buried and bored 

piles in clayey soils are similar.  

The envelope for the βc vs. Ic variation on Figure 4.13b can be expressed as: 


c

=  
𝑞t

𝜏f
≈ (

5.8  0.3

𝐼c
)

5

     𝐶𝐹 ≥ 4%   (4.15) 

This equation provides a simple means of obtaining a first order estimate of shaft friction 

for bored piles in clayey soils. Reference to Equation (4.12) should be made for 

appreciation of the factors contributing to the scatter about the mean trend line observed 

in Figure 4.13b.  

4.9. CONCLUSIONS 

The paper explores the relationship between the CPT end resistance (qt) and the shaft 

friction (τf) developed on a buried (or wished-in-place) pile in clay-sand mixtures. 

Although justification for a relationship between τf and qt is provided by the latter’s 

dependence on the in-situ horizontal stress, inferences from cavity expansion analysis and 

model pile test data explain the wide variation of βc values backfigured from load test 

data, even in normally consolidated clayey sands. It is shown that βc depends on the level 

of drainage during CPT penetration as well as on the soil state (and capacity for dilation) 

and the stress normalised stiffness. The relationship developed for βc facilitates 

appreciation of the factors controlling its value in any particular soil and is shown to be 

in good agreement with an empirical relationship with the soil behaviour type index (Ic) 

that was derived from numerous bored pile tests in a wide range of both normally and 

over consolidated natural soils. 
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CHAPTER 5   

AXIAL CAPACITY OF BORED PILES IN VERY STIFF 

INTERMEDIATE SOILS  

 

 

Abstract 

There is a significant shortage of good quality load test data for bored piles in stiff to hard 

intermediate soils such as silts and clayey sands. This paper presents the results and 

interpretation of an instrumented pile test in a very stiff overconsolidated fine grained 

deposit. It is shown that, unlike typical fine grained soils, dilation at the shaft of the pile 

makes an important contribution to the unit shaft friction. The relationship between shaft 

friction and the CPT end resistance is observed to differ appreciably from established 

empirical correlations for bored piles in less stiff fine grained soils. This is inferred to be 

largely because of the similarity between the drained and undrained CPT resistances in 

this soil type as well as the influence of dilation. Existing empirical methods to assess end 

bearing of bored piles are also seen to provide inconsistent estimations in this soil type. 
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5.1. INTRODUCTION 

A wide variety of design recommendations are available for evaluation of the axial 

capacity of bored piles (drilled shafts) in clays and sands. There is, however, a significant 

shortage of good quality load test data for bored piles in stiff to hard intermediate soils 

such as silts and clayey sands. As a consequence, designers for this soil type often employ 

correlations developed for either sands or clays (whichever is the dominant) or use direct 

correlations with the cone penetration test (CPT) developed by Bustamante & Gianeselli 

(1982), Robertson et al. (1988) and Briaud & Tucker (1988). Niazi & Mayne (2016) 

recently proposed a CPT-based method for estimating the pile capacity based on soil type 

behaviour index (Ic) using 153 pile load tests. However, no pile load test data were 

available to validate their approach for very stiff fine grained soils. Moreover, the 

calculated Ic index for such soils is not always reflective of the soil behaviour type, as 

discussed by Robertson (2009). 

To assist assessment of relationships predicting shaft friction (τf) for bored piles in stiff 

to hard fine grained soils, it is instructive to consider the components of Coulomb’s 

friction equation corresponding to fully drained loading conditions i.e. 

τf = σʹhf tan δ = (σʹh0 + Δσʹhc + Δσʹhd) tan δ (5.1) 

where σʹhf is the lateral effective stress at peak unit skin friction and δ is the interface 

friction angle between the soil and the concrete shaft. The value of σʹhf differs from the 

in-situ lateral effective stress (σʹh0) due to the changes in lateral stress that arise because 

of pile construction procedures (Δσʹhc) and during shearing at the pile-soil interface 

(Δσʹhd). The value of Δσʹhc is indeterminate but is likely to make a relatively small 

contribution to friction in typical bored piles. Burland & Twine (1988), for example, 

consider available laboratory and field tests for piles in clay and conclude that little 

change in lateral stress is induced by boring. It appears that potential softening and lateral 

stress reduction induced by boring is compensated by the increase in lateral pressure 

applied by the weight of wet concrete. Lateral stress changes during shearing (Δσʹhd) can, 

however, be very significant. Lehane et al. (2005) show that Δσʹhd can be between 2 and 

14 times σʹh0 for (model scale) buried centrifuge piles in sand due to the effects of 

constrained dilation while Lehane (2009) shows that Δσʹhd/ σʹh0 values are typically in 

excess of unity for full scale bored piles in sand. Doan & Lehane (2019) (see Chapter 4), 

and others, show that Δσʹhd values are negative during shearing in normally consolidated 
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clayey soils, and observed an average reduction of 10% in the lateral stress acting on a 

buried pile in normally consolidated clay-sand mixtures. This degree of reduction is the 

same as that measured by Lehane & Jardine (1994a,b) for jacked piles in clays with a 

wide range of overconsolidation ratios. Values of Δσʹhd in high plasticity London clay 

have been assessed by Burland & Twine (1988) and Vardanega et al. (2012) as being 

minimal for bored piles and were measured by Bond (1989) to be virtually zero for jacked 

piles; this is considered to be due to the early development of a residual shear surface at 

the pile interface (with a low δ value) on which little dilation takes place.  

As low strength residual surfaces are not generally expected in stiff to hard fine grained 

soils, it can be deduced from the foregoing that the initial in-situ horizontal stress (σʹh0) 

and the dilation under shear of such materials control the magnitude of peak friction that 

can be developed. These factors are examined in this paper to assist understanding of 

frictions developed in a recently conducted load test on an instrumented bored pile 

installed in a hard clayey silt, known as the ‘Guildford formation’. The soil at the test site 

was characterised using conventional laboratory and in-situ tests, while information 

regarding the in-situ horizontal stress and cavity expansion stiffness (controlling Δσʹhd) is 

obtained from self-boring pressuremeter and dilatometer data. Direct shear tests on block 

samples of the material are used to determine interface shear characteristics. The paper 

presents much needed pile load test data at a well characterised site and compares the 

observations from other published load test data for bored piles in hard fine grained soils. 

Direct correlations with CPT parameters are examined and shown to require adjustments 

for effects of in-situ stress and dilation on shaft friction.  

5.2. SOIL CHARACTERISATION AT MIDLAND TEST SITE 

The Midland test site is located 16 km upstream of where the Swan River meets the Indian 

Ocean in Fremantle, Western Australia. The ground conditions are part of the ‘Guildford 

Formation’, which was deposited in a previously cut deep inset glacial valley during a 

subsequent interglacial period 70,000 to 130,000 years before present (Commander 

2003). The formation comprises interbedded layers of sand, silt and clay, which were 

formed a result of both local-scale and regional-scale changes of river morphology due to 

changes in sea level caused by climatic fluctuations during the Late Pleistocene (Gozzard 

2007). 
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5.2.1. In-situ tests 

A number of boreholes and piezocone tests (CPTu) were performed in close proximity to 

the test pile. As shown in Figure 5.1, the CPTu data indicate a 1m thick layer of medium 

grained siliceous dune sand (normalised friction ratio, Fr ~ 0.4%) underlain by the 

Guildford formation. The upper 7m of the formation at this location was described as a 

very stiff over-consolidated mixed soil (silty clay and clayey sand) with an average CPT 

end resistance (qc) of about 8 MPa and Fr values of 4 to 7%. Pore pressure sensors 

recorded at the shoulder of the cones cavitated during penetration in the Guildford 

formation. The soil behaviour type charts (SBT) proposed by Robertson (2009) classify 

this formation as a hard fined-grained soil (Zone 9). Soils plotting within this zone on the 

SBT chart derive their strong consistency from a high pre-consolidation pressure or from 

cementation.  

 

Figure 5.1 CPT profiles at Midland 

Standpipe piezometers and CPTu results indicate a standing water level at about 3m 

depth. Measurements of water content and bulk unit weight were 19 ± 1.5% and 20.2 ± 

0.3 kN/m3 and showed no systematic variation over the embedded depth of the test pile 



Chapter 5                                            Axial capacity of bored piles in very stiff intermediate soils 

 

The University of Western Australia  5-5 

which was both above and below the water table. These measurements imply an average 

degree of saturation (Sr) of about 0.95 over this depth interval, which is consistent with 

the presence of a small quantity of occluded air in the water filled voids. Alternatively, 

the fact that the average Sr was not precisely unity may reflect errors associated with the 

unit weight measurements. The CPT qc profiles showed no obvious differences over the 

same depth interval indicating that effects of matric suction were negligible. At such high 

Sr values, the response of the soil will be identical to that when fully saturated except for 

the higher compressibility of the pore water. 

The Sr values close to unity above the water table arise due to capillary action and it is 

reasonable to assume a static water pressure profile increasing linearly with depth from -

20 kPa at 1m to +10 kPa at 4m depth (which is the soil horizon relevant to the test pile). 

Shear wave velocities (Vs) measured in seismic cone penetration tests (SCPTs) varied 

from 250 m/s to 280 m/s within this depth interval, giving a range for the small-strain 

shear modulus (G0) of between 130 MPa and 170 MPa. 

 

Figure 5.2 Initial effective horizontal stress and horizontal coefficient  

in Guildford formation 
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Dilatometer tests (DMTs) and self-boring pressuremeter tests (SBPMTs) were performed 

in the Guildford formation. In-situ horizontal effective stresses (σʹh0) are plotted on Figure 

5.2 and were estimated from the lift-off pressures in SBPMTs and using the empirical 

relationship between the DMT earth pressure parameter (KD) and the coefficient of earth 

pressure at rest (K0) (Marchetti 1980). The anticipated trend line for the maximum σʹh0 

values is plotted on Figure 5.2 based on the passive limiting condition with ϕʹ = 35o.  

5.2.2. Laboratory tests 

Particle-size distribution tests on samples obtained between 1m and 4m depth indicated a 

mean fines content (FC) of 40%, clay fraction (CF) of 13%, sand content of 42% and 

mean effective particle size (D50)=0.15mm. X-ray diffraction (XRD) analyses indicated 

that kaolinite dominates the clay fraction and that quartz is the primary mineral in the silt 

and fraction. This composition is consistent with the soil being a weathering product of 

the granite on the adjacent Darling mountain range.  

 

Figure 5.3 Oedometer data for three samples. 

Three 50mm diameter samples were subjected to 1-D compression to a maximum stress 

of 3.2 MPa. Following the proposal of Butterfield (1979) to obtain an improved 
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identification of a yield stress (ʹvy), the results are plotted in Figure 5.3 in the format of 

ln (1+e) vs. vertical effective stress (ʹv), where e is the void ratio and ʹv is plotted to a 

logarithmic scale. It is seen that ʹvy falls in the range 800 kPa to 1200 kPa. Combining 

the average value of 1000 kPa with the relationship between K0 and overconsolidation 

ratio (OCR) proposed by Mesri & Hayat (1993) with ϕʹcv = 35o leads to the profile of σʹh0 

indicated on Figure 5.2. This profile provides a reasonable match to the in-situ test results 

over the depth interval relevant for the test pile. 

 

Figure 5.4 Stress paths measured in undrained simple shear 

The variations of applied shear stress with vertical effective stress recorded in three 

undrained simple shear tests on samples in the pile test area are presented in Figure 5.4. 

Two samples were initially consolidated to a vertical effective stress (ʹv) of 100 kPa and 

the third was consolidated to ʹv = 400 kPa. These tests indicated a mean simple shear 

undrained shear strength (su,ss) of 200 kPa, which is consistent with the following 

relationship developed by Lehane et al. (2007) for the Guildford formation: 

su,ss ≈ su,tc = A ʹv  OCR0.8 (5.2) 
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where A is a function of fines content (FC) and has an average value 0.5 for FC = 40%. 

The test data of Lehane et al. (2007) showed no systematic difference between su,ss and 

the undrained strength measured in isotropically consolidated undrained (CU) triaxial 

compression tests (su,tc). Application of equation (5.2) to the depth interval of 1m to 4m 

and employing the mean ʹvy value of 1000 kPa predicts su,tc is relatively constant at 280 

± 20 kPa between 1m and 4m depth. This mean strength is higher than the two undrained 

shear strengths measured in unconsolidated undrained (UU) triaxial tests (su,uu) values of 

180 kPa and 200 kPa, which is likely due to a loss of suction in the (sandy) UU samples. 

The dataset of Lehane et al. (2007) shows that the cʹ component of strength is zero 

(implying no cementation) and the friction angle at a fines content of 40% is in the range 

33o to 38o. 

Drained direct shear interface tests were performed on two samples consolidated to a 

normal effective stress (σʹn) of 40 kPa. The aluminium interface employed had a 

normalised roughness corresponding to a fully rough value (e.g. see Kishida & Uesugi 

1987 and Doan & Lehane 2018a) . One sample was initially consolidated to σʹn = 500 kPa 

before swelling back to 40 kPa. It is seen on Figure 5.5 that both samples mobilised an 

ultimate (constant volume) stress ratio of about 0.6 (equivalent to an interface friction 

angle of 31o). However, the sample that was pre-loaded indicated a higher peak friction 

and significant dilation compared to the sample that was not pre-loaded. This 

characteristic suggests that the shear and dilatancy properties of the in-situ soil (which 

has a high ʹvy value) can only be re-captured in the laboratory if the stress history is 

reproduced. Even greater dilation of the sample pre-loaded to 500 kPa can be expected 

for preloading to the estimated in-situ vertical yield stress of 1000 kPa. 
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Figure 5.5 Interface shear test results for Midland soil using fully rough aluminium 

interface and initial normal effective stress of 40 kPa 

 

5.3. MIDLAND TEST PILE DETAILS 

The instrumented test pile was 300mm in diameter and 3.8m long with an embedment of 

3.3m in the Guildford formation. The pile bore remained open without support during 

auger excavation and was subsequently tremie-filled to within 0.5m of ground level with 
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40 MPa grout after placement of a 150mm diameter reinforcement cage. Six pairs of strain 

gauges on sister bars were welded to this cage and sealed with epoxy at depths below the 

pile head of 0.12, 0.62, 1.2, 1.82, 2.42 and 3.12 m (see Figure 5.6). The upper two levels 

of gauges were above ground after a small pit was excavated to reduce the influence of 

the upper dune sand on the overall pile response. These upper gauges also allowed site 

calibration of the gauges during the load test to establish the relationship between axial 

load and strain. 

A static compression load test was carried out using the arrangement shown on Figure 

5.6. Axial pile head displacements were measured by four displacement transducers 

attached to two independent reference beams on either side of the test pile. All 

instrumentation was recorded using a data-logger. The load was applied in increments of 

between 25 and 50 kN and maintained for 20 minutes during each increment until the pile 

head displacement exceeded 10% the test pile diameter. The total time of loading to 

failure was 8 hours. 

 

Figure 5.6 Set-up for static load test 
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5.4. LOAD TEST RESULTS 

The compression load test followed the slow maintained load test procedure with 

increments of approximately 50 kN and pause periods between increments sufficient to 

allow the creep rate to fall below 0.004mm/min. The distributions of axial load on 

completion of each load increment during the load test are presented on Figure 5.7a.  

 

 

Figure 5.7 Static compression load test at Midland: (a) distribution of axial load and 

(b) τ-w curves 
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The pile capacity defined at a pile head displacement (δh) of 0.1D (=30mm) was 590 kN 

while the maximum applied load of 650 kN generated a head displacement of 37mm. The 

slopes of the axial load distributions shown on Figure 5.7a vary directly with the shaft 

shear stress and indicate that the ultimate shear stresses develop progressively from the 

pile head to the pile base. The contribution of the shaft friction to the pile capacity is about 

65%. 

5.4.1. Shaft friction 

The local shaft frictions (τ) developed between the strain gauge levels are plotted against 

local pile displacement (w) on Figure 5.7b, where this displacement was calculated from 

the pile head displacement and the axial pile rigidity (measured using the gauges above 

ground); these variations are commonly referred to as t-z curves, with t = τ and z = w. The 

initial stiffness of the curves (ki) is very high and, as indicated on the figure, is consistent 

with the best-estimate small strain shear modulus (G0) of 150 MPa measured in-situ using 

a seismic cone (where ki = G0D/2). The maximum friction (τf) values are 150 ± 20 kPa 

and show no systematic variation with depth. Frictions require large displacements to 

develop and it is evident that the friction at a depth of 2.77m is not quite fully mobilised 

even at a displacement of 30mm (0.1D). 

The mean measured t-z curve is presented in normalised form on Figure 5.8, where the 

shear stress (τ) is normalised by the ultimate shear stress (τf) and the local displacement 

(w) is normalised by the pile diameter. This representation allows comparison of the 

measurements with the average trend line proposed by Reese & O’Neill (1988) for (larger 

diameter) bored piles in clay and with the trend recommended by API (2011) for driven 

piles in clay. Maximum friction develops at between 0.5% and 1% of the diameter for 

these formulations, whereas the Midland pile required in excess of 5% of the diameter to 

generate τf. Such a large relative displacement is similar to that seen for bored piles in 

sand, as shown, for example, by the normalised t-z curve obtained from the data of Lehane 

(2009) for a 4m long, 225mm diameter bored pile in Aeolian sand in Western Australia. 

Such a similarity is likely to arise because of the contribution of dilation to the shaft 

friction in sands and in Midland, as discussed below.  

Tomlinson & Woodward (2014), O’Neill (2001), and others suggest that, when a 

stabilising fluid such as bentonite is not used, the adhesion factor (α = τf /su) for a bored 

pile in clay is approximately 0.5. This factor of 0.5 is in close agreement with the test’s 
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back-calculated α value of 150/280 = 0.54, where the su value of 280 kPa is determined 

from equation (5.2). However, the back-calculated α value is 0.79 if UU test results were 

used directly (for which the average su value is 190 kPa). 

 

 

 

Figure 5.8 Comparison between measured and theoretical load transfer curves for  

(a) shaft and (b) base 
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Niazi & Mayne (2016) present one of the more recent correlations between shaft friction 

and CPT parameters for bored piles. Shaft friction (τf) is assumed to be a constant (Cse) 

times the total cone end resistance less the cone pore pressure (qE = qt - u2), where the 

logarithm of Cse varies linearly as a prescribed function of the soil behaviour type index, 

Ic. The value of u2 in stiff fine-grained soils cannot normally be measured reliably due to 

effects of cavitation and is generally about -50 kPa, which is very small compared to a 

typical qt value in these soils i.e. qE ~ qt. The value of Cse predicted by this approach at 

Midland is about 0.013, which compares to the measured value of 0.018 i.e. the measured 

friction is about 1.4 times the friction predicted by Niazi & Mayne (2016). However, the 

ratio of the CPT end resistance (qt) to shaft friction (τf), given the symbol βc, 

recommended by Bustamante & Gianeselli (1982) for very stiff clays and compact silts 

of 60 is in close agreement with the measured friction. It is also noteworthy that the value 

of βc typical of bored piles in sands (and also measured at the Western Australian sand 

site, mentioned above) is about 3 times the value at Midland. 

5.4.2. Base response 

The pile base had an embedment of 13 diameters, which is well in excess of the 

embedment required to constitute a deep penetration mode that is unaffected by the soil 

surface e.g. see Boulanger & de Jong (2018). The base stress mobilised at a displacement 

of 10% of the pile diameter (qb0.1) was approximately 3 MPa and indicated that additional 

capacity could be developed at higher displacements. The ratio of qb0.1 to the average CPT 

qc value near the pile tip (12.5 MPa), given the symbol, αb, is 0.27 and comparable to the 

qb0.1/qc ratio of 0.22 measured in the test on the 225mm diameter bored pile in sand, 

referred to above (Lehane 2009). Despite the clay-like characteristics of the Midland soil, 

this qb0.1/qc ratio contrasts with typical values of between 0.45 and 0.6 developed by bored 

piles in clay (Bustamante & Gianeselli 1982; Niazi & Mayne 2016). This apparent 

anomaly arises because of the similarity between the drained and undrained CPT end 

resistance in very stiff, overconsolidated (Zone 9) soils, as described by Campanella et 

al. (1983), Powell & Quarterman (1988) and Schneider et al. (2004). Undrained qc values 

tend to be typically between 0.3 and 0.5 times the drained qc values in typical clays and 

silts ( e.g. Randolph & Hope 2004; Kim et al. 2008; Doan & Lehane 2018b) with a 

consequence that qb0.1/qc ratios in clays are typically double those in sand. The CPT cone 

factor, Nkt, at Midland of 30 is about twice the usual value for a clay and therefore an 

undrained bearing stress of 9su (as is often assumed, e.g. Burland 2012) leads to a qb0.1/qc 
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ratio which is about half of that of a typical clay. Such high Nkt values are typical of soft 

rocks e.g. see Guo & Lehane (2015). 

5.5. DILATION CONTRIBUTION TO SHAFT FRICTION  

The Midland tests have illustrated inadequacies in existing approaches for estimation of 

shaft friction of bored piles in very stiff intermediate (Zone 9) soils. These shortcomings 

can be examined with reference to equation (5.1) by assessing the relative importance of 

factors contributing to shaft friction in these materials and their differences with other soil 

types.  

If construction related factors are considered neutral in relation to their effect on lateral 

effective stress (e.g. as suggested by Burland & Twine 1988), for rough concrete piles, 

Equation (5.1) can be written as: 

τf = σʹhf tan δ = (σʹh0 + Δσʹhd) tan ϕʹcv (5.3) 

where, as verified by Lehane et al. (2005) for buried piles, the value of the shear induced 

increase in lateral stress, Δσʹhd is given as: 

Δσʹhd = 4G y /D = kn y  (5.4) 

where y is the maximum dilation and G is the operational shear modulus, in a cavity 

expansion mode, of the soil constraining dilation. The self-boring pressuremeter 

(SBPMTs) test results provide a direct means of obtained this value of G. The available 

SBPMT G values are normalised by G0 values at the relevant depth and plotted against 

cavity strain (=2y/D) on Figure 5.9. A consistent trend emerges and the following 

relationship is seen to provide a good representation of the data: 

𝐺 =
𝐺0

[1 +  (
2𝑦/𝐷

0.0001 
)

0.45

]

   
(5.5) 

The degree of dilation (y) depends on the level of constraint provided by the soil, as 

described by the value of the normal stiffness, kn = 4G/D.  The following relationship was 
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deduced by Lehane et al. (2005) from constant normal stiffness direct shear tests 

conducted in sand sheared against a fully rough interface with a range of kn values, where 

y0 is the free dilation measured in the equivalent constant normal load (CNL) direct shear 

test. 

𝑦 =
𝑦0

[1 + (
𝑘𝑛

500 𝑘𝑃𝑎/𝑚𝑚
   )

0.75

]

 
(5.6) 

Although equation (5.6) was not derived from soil specific tests at Midland, this equation 

combined with equation (5.5) can be used to estimate the value of Δσʹhd in the Midland 

test. A best estimate y0 range of between 0.1mm and 0.3mm was selected based on 

considerations of the D50 of the soil (and typical dilation levels exhibited by sands in shear 

box tests) and the observations made above with respect to the influence of OCR on the 

dilation measured using a fully rough aluminium interface on Figure 5.5. Adopting the 

measured G0 value of 150 MPa, equations (5.5) and (5.6) indicate an expected shear 

induced increase in lateral effective stress (Δσʹhd) of between 35 kPa and 80 kPa. For an 

average in-situ horizontal effective stress acting on the test pile of 120 kPa (see Figure 

5.2) and with ϕʹcv = 35o (see Figure 5.4), equation (5.3) predicts a shaft friction of between 

about 110kPa and 140 kPa, which is similar but a little less than the mean observed shaft 

friction of 150 kPa. 
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Figure 5.9 Normalised pressuremeter moduli in Guildford formation 

 

The mean lateral effective stress acting on the test pile at ultimate shaft friction (ʹhf = 

ʹho + Δʹhd) is about 200 kPa, which equates to about 1.65 σʹh0. This result contrasts 

markedly with the typical ʹhf /ʹh0 ratio observed for piles in clay of 0.9 (e.g. Chandler & 

Martins 1982, Thomas & Fahey 2007, Doan & Lehane 2018c and Lehane & Jardine 

1994a,b), and the difference evidently arises because of the significant positive value of 

Δσʹhd. Although some uncertainty exists in relation to the precise applicability of Equation 

(5.6) to the Midland soil, it is clear on inspection of Figure 5.2 that a significant increase 

in lateral stress is required to explain the inferred average σʹhf  value of 220 kPa between 

1m and 4m depth. 
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5.6. CORRELATION OF SHAFT FRICTION WITH CPT RESISTANCE  

5.6.1. Case history data in stiff fine grained soils 

Seeking a reliable estimate of shaft friction from CPT data is particularly important in 

very stiff fine grained soils where sampling can be problematic and the presence of sand 

partings within the deposit cause a loss in suction and an indeterminate loss in undrained 

strength. Few good quality case histories are reported in the literature involving bored 

piles in these soils. Two exceptions are the instrumented pile load tests conducted in (i) 

residual granite soils in Porto, Portugal, reported by da Fonseca & Santos (2003) and (ii) 

saturated alluvial stiff clay in Khartoum, Sudan, presented by Zein & Ayoub (2012). Full 

details of all piles and the soils at each site are summarised in Table 5.1. 

The Midland and Porto soils have a fines content (FC) of about 40   2% and clay fraction 

(CF) of about 12%. The plasticity of the Khartoum alluvial clay is higher and has a typical 

fines content of 75% and a water content greater than its plastic limit. The normalised 

friction ratio (Fr) at all three sites is 5.5  0.3%. The mean values of normalised cone 

resistance (Qtn) and normalised friction ratio of the soils at these sites as well as those at 

Midland are plotted on Robertson’s soil behaviour type chart on Figure 5.10a. A pore 

pressure of zero was assumed in the calculation of effective stress required for 

determination of Qtn at Porto, in line with data presented by da Fonseca and Santos (2003). 

All three sites fall within the clay-like dilative (CD) zone (Robertson 2016). The Midland 

and Khartoum soils lie within Zone 9 whereas the Porto soil plots at the upper end of 

Zone 4 (silt mixture) with Qtn about half of the value at Midland. The soils can be 

generally considered as un-cemented although the Porto material is reported to have a cʹ 

component of strength of between 4.5 kPa and 12 kPa (da Fonseca et al. 2006 and da 

Fonseca & Coutinho 2008). 

The value of βc (=qt/ τf) measured in the two loads tests at Porto and the single tests in 

Midland and Khartoum are plotted against the corresponding soil behaviour type index, 

Ic on Figure 5.10b. The proposed Niazi & Mayne (2016) relationship between βc and Ic 

(with approximate correction for u2 values) as well as other correlations proposed by 

Eslami & Fellenius (1997) and Doan & Lehane (2019) are also shown on Figure 5.10b. 

It is clear that the βc values for the four load tests considered are closely comparable at 60 

± 5. However, while the design methods predict shaft friction at Porto relatively well, the 

respective shaft frictions developed at Midland and Khartoum are about 45% and 24% 
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greater than predicted by Niazi & Mayne (2016) and Doan & Lehane (2019). It should 

also be noted that the adhesion factor (α) at Porto applied to the undrained shear strength 

determined in consolidated undrained triaxial tests is 0.66 and hence 30% higher than the 

typical value of 0.5 employed for bored piles in clay (Tomlinson & Woodward 2014) 

Table 5.1 Soil and pile properties 

Reference This study da Fonseca & Santos 

2003 

Zein & Ayoub 

2012 

Test Site 
Midland, 
Australia 

Porto, Portugal Khartoum, Sudan 

Soil 
Alluvial sandy 

clay 
Residual soil 

Alluvial clayey 
sand  

D (m) 0.30 0.6 0.2 

L (m) 3.8 6.0 3.5 

 (kN/m3) 20.2 18 18* 

w (%) 19 16-23 30* 

LL (%) 49 32-44 60* 

PL (%) 19 27 28* 

PI (%) 30 5-17 32* 

Sr 0.95-1.0 0.7 to 1.0 1.0 

FC (%) 42 40 75* 

CF (%) 12 10 21* 

Mean su 

(kPa) 
280 90 160* 

cʹ (kPa) 0 4.5 to 12 N/A 

'cv (deg) 35 32 to 45 N/A 

qc shaft (MPa) 8.2 3.9 4.2 

qc base (MPa) 10.9 5.3 4.2 

Qtn 140 65 126 

Fr (%) 5.8 5.3 5.7 

τf  (kPa) 150 59 & 62 72 

qb0.1 (kPa) 3071 1538 & 1149 796 

c 55 66 & 63 58 

b 0.28 0.29 & 0.22 0.19 

* Mean properties from Elsharief et al. (2011) 
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Figure 5.10 (a) Soil at sites of test piles in Robertson SBT chart and  

(b) Comparison of measured and predicted βc values 
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5.6.2. Influence of dilation on βc = qt/τf 

The effects of dilation on the ratio of CPT end resistance to shaft friction (βc = qt/τf) in 

the dilative fine grained soil at Midland can be examined by combining equations (5.3) 

to (5.6) and assuming the constant measured G0/qt ratio of 18; this ratio is in close in 

agreement with that indicated by the correlation of Robertson (2009) for this soil. Dilation 

occurs in a thin shear zone adjacent to the pile shaft and the degree of dilation (y) can be 

assumed to be independent of the pile diameter (e.g. Desrues 1991). As a consequence, y 

reduces as the normal stiffness, kn, increases (and vice versa) and hence the product of kn 

and y (equating to Δσʹhd) does not vary strongly. However, the pile diameter has a large 

influence on kn (=4G/D) and equations (5.3) to (5.6) lead to the predicted variation of βc 

with pile diameter shown on Figure 5.11, which is applicable for all pile lengths for the 

mean Midland parameters of K0 =2 and Qtn =135. It is evident that there is a relatively 

narrow range in βc values over the typical bored pile range of 300mm to 900mm but a 

very significant reduction in βc (and hence higher shaft friction) as the diameter reduces 

below 300mm due to the increasing effects of dilation.  

 

Figure 5.11 Projected variation of βc with pile diameter for fine grained dilative soils 

As the CPT end resistance is usually assumed to vary with the in-situ lateral effective 

stress (ʹh0), an identical βc variation with pile diameter to that shown on Figure 5.11 also 

applies at both Porto and Khartoum when K0 is assumed proportional to the respective 
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Qtn values. The βc values obtained in all test piles considered shows reasonable agreement 

with the predicted trend line, suggesting that that dilation made a significant contribution 

to the shaft friction at all three sites. The agreement seen on Figure 5.10b with the Ic 

correlations at the Porto may therefore be fortuitous or due to potential effects of partial 

saturation, given that Doan & Lehane (2019) show that the plotted design correlations are 

applicable to typical clays and silts in Zones 3, 4 and 5 (see Figure 5.10) for which dilation 

effects on shaft friction are insignificant (i.e. ʹhf ~ ʹh0). 

Evidently design correlations, such as indicated on Figure 5.10b, only provide a 

reasonable estimate of shaft friction for bored piles in clayey soils when dilation effects 

are small and are likely to underestimate frictions in Zone 9 soils. The available limited 

information presented here suggests that use of a constant βc value of 60, as suggested by 

Bustamante & Gianeselli (1982) for this soil type, can provide a reasonable first-order 

estimate of capacity.  

5.7. CONCLUSIONS 

Information available at a well characterised site in Midland, West Australia, enabled 

reliable estimates to be obtained of the in-situ horizontal stress and non-linear cavity 

expansion stiffness required for a detailed interpretation of a static load test on a bored 

pile in very stiff fine grained soil deposit. This case history is combined with two other 

cases in similar ground conditions as well as a bored pile test in sand to assist with 

explanation of the findings. It is seen that: 

(i) The conventional α approach as well as correlations between shaft friction and 

CPT end resistance have mixed success in this soil type and often under-estimate 

shaft capacity. 

(ii) The under-estimation of capacity arises because of the relatively significant 

contribution of dilation to shaft friction that is not observed in others clays and 

silts. Consequently, mobilisation of full shaft friction requires a relative 

displacement of up to 5% of the pile diameter (D), compared to 0.5%D in typical 

clays and silts. 

(iii) The effects of dilation are such that the ratio of CPT end resistance to shaft friction 

(βc=qt/τf) reduces with increasing pile diameter but is relatively constant over the 

typical bored pile diameter range of 300mm to 900mm. The measured values of 

βc are double those of a typical clay and about one third of a typical sand. 
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(iv) The similarity between the drained and undrained CPT resistance in this soil type 

leads to a ratio of the pile end bearing capacity (qb0.1) to the CPT qt that is more 

similar to what is observed in sands and about 50% of the ratio seen in a typical 

clay and silt. 
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CHAPTER 6   

A CPT BASED DESIGN METHOD FOR AXIAL 

CAPACITIES OF DRILLED SHAFTS AND AUGER 

CAST-IN-PLACE PILES 

 

 

Abstract 

This chapter presents observations from a newly compiled database of static load tests 

comprising 68 instrumented drilled shafts and auger cast-in-place piles in sands, sand 

mixtures, silt mixtures and clays at 37 sites around the world. The measured unit shaft 

friction and base resistance of the database piles are compared with values calculated 

using well known methods that correlate capacity directly to the cone penetration test 

(CPT) end resistance. It is shown that the LCPC (2012) method is the best performing of 

existing CPT-based methods. A new CPT approach is proposed that, as for other recently 

published approaches and experimental studies, involves the soil behaviour type index 

(Ic) determined in CPTs in the formulation. This approach can be expected to lead to more 

reliable estimates of pile capacity as it provides an improved fit to the new database while 

also being consistent with the trends implicit in the LCPC (2012) method, which is based 

on a larger and independent data set. 
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6.1. INTRODUCTION 

The assessment of pile capacity using correlations with the cone penetration test (CPT) 

end resistance continues to increase in popularity due to the ongoing growth of the CPT 

worldwide and to its ability to eliminate user subjectivity and facilitate automation of pile 

capacity calculations directly from measured data. The shift to design using CPT data has 

already occurred for driven piles in sand, as evidenced by the phasing out in the API/ISO 

recommendations of the traditional earth pressure approach in favour of CPT-based 

methods that have been shown to have much higher reliability (Phoon & Retief 2016, 

Schneider et al. 2008, API 2020). The most popular CPT-based approaches for the design 

of drilled shafts (bored piles) and auger cast-in-place piles (ACIPs) (also known as 

continuous flight auger, CFA piles) involve direct application of empirical factors (αs or 

βc and αb0.1) to the CPT end resistance (qt) for estimation of unit shaft friction (qs) and end 

bearing stress at a displacement of 10% of the pile diameter (qb0.1), i.e.: 

                           qs = qt / βc = αs qt (6.1) 

                           qb0.1 = αb0.1 qt (6.2) 

6.1.1. LCPC methods 

One of the first comprehensive direct CPT-based methods, which is known as the LCPC 

1982 method, was proposed by Bustamante & Gianeselli (1982) and has been used 

extensively in Europe for many years. Briaud & Tucker (1988), Robertson et al. (1988) 

and O'Neill et al. (1999) indicated that this method provided better predictions than other 

empirical correlations.  

A larger database comprising 174 full scale static load tests (most of which are 

unpublished) was used to update LCPC-1982 and is referred to as LCPC-2012 (Frank 

2017). The unit shaft friction and end bearing resistance for this method are determined 

using the following expressions: 

                           qs = αpile-soil qsoil  (6.3) 

                               where 𝑞soil = (𝑎𝑞c + 𝑏)(1 − 𝑒−𝑐𝑞c) (6.4) 

                           qb0.1 = αb0.1 qc   (6.5) 
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where αpile-soil is an empirical coefficient, which is related to the pile construction method 

and soil type through the a, b and c parameters. Equation 6.4 requires units of MPa to be 

used for qc and this leads to calculation of qsoil (and hence qs) in MPa. The total cone end 

resistance (qt), which requires correction to the qc value for excess pore pressures at the 

cone shoulder (u2), is not employed. 

6.1.2. Eslami & Fellenius (1997) 

Eslami & Fellenius (1997) compiled a database of 102 full-scale pile load tests although 

it is noted that the majority of tests were conducted on driven piles. They proposed the 

following CPT-based correlations, where the unit shaft friction and end bearing resistance 

are related to what is referred to as the effective cone resistance (qE), which is defined as 

the difference between qt and u2: 

                           qs = qE / βcE = (qt - u0) / βcE (6.6) 

                           qb = qE (6.7) 

Recommended βcE values for both displacement and non-displacement piles are 250 in 

sand, 100 in sand-silt mixtures, 40 in silt and 20 in clay; see Figure 6.1. 

 

Figure 6.1 Proposed correlations for shaft and base capacities  

with the effective cone resistance 
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6.1.3. Niazi & Mayne (2016) 

The correlations of Niazi & Mayne (2016) are also written in terms of the effective cone 

resistance (qE) but the constant βcE varies with the soil behaviour type index, Ic, where: 

                                  𝐼c = [(3.47 − 𝑙𝑜𝑔𝑄tn)2+(𝑙𝑜𝑔𝐹r + 1.22)2]0.5 (6.8) 

and Qtn is the stress normalised qt value and Fr is the normalised friction ratio (Robertson 

2009). 

The following relationships are proposed based on 47 pile tests on drilled shafts (bored 

piles). These are written as functions of Ic and hence capture the full grading spectrum. 

The resulting variation of βcE is shown on Figure 6.1 where it is also compared with the 

stepped nature of the Eslami and Fellenius formulation. 

                           qs = qE / βcE = (qt - u2) / tc 10(0.732Ic – 3.605) (6.9) 

                           qb = αb qE = 10(0.325Ic – 1.218) (qt - u2) (6.10) 

where tc varies with loading direction and is 0.85 and 1.11 for piles undergoing tension 

and compression loading, respectively. 

The wide range of methods employed for drilled shafts and doubts related to their 

reliability prompted the investigation reported in this paper which first involved 

compilation of a new and independent database of static load tests performed on drilled 

shafts and ACIPs in sands, sand mixtures, silt mixtures and clays. The existing direct 

CPT-based methods, described above, are used to examine and quantify the level of 

uncertainty associated with each method. A new approach is then proposed and shown to 

provide an improved fit to the database and to be consistent with the trends implicit in 

LCPC-2012, which is based on a larger and independent data set. 

6.2. DATABASE OF STATIC PILE LOAD TESTS 

The database compiled comprises results from static load tests on a total of 68 

instrumented non-displacement piles conducted at 37 sites with soil conditions involving 

clay, silt mixtures, sand mixtures and sand. The instrumented data from the pile tests are 
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distilled into 81 reliable measurements of shaft friction in well-defined soil layers at these 

37 sites. 34 of the pile load tests were performed in sand, 22 were in silt-sand mixtures 

and 12 were in clay. The database piles have lengths and diameters, as plotted on Figure 

6.2 , and a mean diameter (D), length (L) and slenderness ratio (L/D) of about 0.6m, 12m 

and 20 respectively. Descriptions of the soil properties and stratigraphy at each of the 

sites as well as the test data are provided in Appendix F. 

 

Figure 6.2 Pile dimensions in the database compiled for this study 

 

 

Figure 6.3 Soil behaviour types along the pile shafts and at the bases  
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CPT results including corrected end resistance (qt), sleeve friction (fs) and pore pressure 

(u2) closest to each test pile were digitised and recorded. Mean normalised cone 

resistances (Qtn) and friction ratios (Fr) corresponding to the measurements of ultimate 

pile shaft friction (qs) and ultimate end bearing (qb0.1) are presented on Figure 6.3(a) and 

(b). These results were used to evaluate the soil behaviour type index (Ic) proposed by 

Robertson (2009). Silt-sand mixtures are defined as deposits with Ic values between 2.05 

and 2.60 while deposits with Ic values between 2.60 and 2.95, above 2.95 and below 2.05 

are referred to as silts, clays and sands respectively. The database only considered shaft 

friction and back capacity measurements in layers with a near-constant Ic value. The 

normalised cone resistance in partly saturated soils (discussed later) was evaluated 

assuming the vertical effective stress (σ’v) was equal to the vertical total stress (σv). 

Table 6.1 provides a summary of the database piles and includes information related to 

the reference for the case history, the loading direction (tension or compression), the soil 

description, the pile boring method (e.g. ACIP, dry boring, boring under bentonite/ 

polymer/ casing), the length of the soil shaft over which the shaft friction is recorded (Ls), 

the average value of σ’v0 over this segment length (σʹv0) and the Ic index corresponding to 

the shaft friction measurement and that relating to the pile base. The listed values of σ’v0 

are total vertical stresses in partly saturated soils. 

Table 6.2 presents the measured ultimate shaft friction (qsm) over each shaft length 

considered and (when available) the measured ultimate end bearing (qbm), defined as the 

base stress at which the pile head load displacement curve reached a clear plateau (usually 

in clays) or the stress at a pile head displacement (δh) of 0.1D. These measurements are 

also compared with calculated values of ultimate shaft friction (qsc) and end bearing (qbc) 

obtained using the formulations proposed by the LCPC-1982, LCPC-2012, Eslami & 

Fellenius (1997), and Niazi & Mayne (2016); see Equations 6.3 to 6.10. 
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Table 6.1 Database of pile load tests 

  

No 

  

  

Reference 

  

  

Loading 

direction 

  

Boring  

methods 

  

Test Site 

  

  

Soil description 

  

  

D 

  

L 

  

Ls 

Pile shaft Pile toe 

𝝈𝐯𝐨
′  qt Fr  Ic  𝝈𝐯𝐨

′  qt Fr  Ic  

(m) (m) (m) (kPa) (kPa) (%)  (or Ic*) (kPa) (kPa) (%)   

1 Carvalho & Albuquerque 2013 T Dry SP, BR Sediment  0.35 10.0 3.5 57 1070 4.4 2.9         

  Carvalho & Albuquerque 2013 T Dry SP, BR Residual clay  0.35 10.0 9.0 155 2360 6.8 3.1         

2 Carvalho & Albuquerque 2013 T Dry SP, BR Sediment  0.40 10.0 3.5 57 1070 4.4 2.9         

  Carvalho & Albuquerque 2013 T Dry SP, BR Residual clay  0.40 10.0 9.0 155 2360 6.8 3.1         

3 Carvalho & Albuquerque 2013 T Dry SP, BR Sediment  0.40 10.0 3.5 57 1070 4.4 2.9         

  Carvalho & Albuquerque 2013 T Dry SP, BR Residual clay  0.50 10.0 9.0 155 2360 6.8 3.1         

4 Albuquerque et al. 2011 C Dry SP, BR Residual/Colluvial clay 0.40 12.0 2.5 34 2500 1.1 2.2         

  Albuquerque et al. 2011 C Dry SP, BR Residual clay  0.40 12.0 8.5 122 2000 6.6 3.1 177 2060 6.5 3.2 

5 Albuquerque et al. 2011 C Dry SP, BR Residual/Colluvial clay 0.40 12.0 2.5 34 2500 1.1 2.2         

  Albuquerque et al. 2011 C Dry SP, BR Residual clay  0.40 12.0 8.5 122 2000 6.6 3.1 177 2060 6.5 3.2 

6 Albuquerque et al. 2011 C Dry SP, BR Residual/Colluvial clay 0.40 12.0 2.5 34 2500 1.1 2.2         

  Albuquerque et al. 2011 C Dry SP, BR Residual clay  0.40 12.0 8.5 122 2000 6.6 3.1 177 2060 6.5 3.2 

7 Albuquerque et al. 2011 C CFA SP, BR Residual/Colluvial clay 0.40 12.0 2.5 34 2500 1.1 2.2         

  Albuquerque et al. 2011 C CFA SP, BR Residual clay  0.40 12.0 8.5 122 2000 6.6 3.1 177 2060 6.5 3.2 

8 Albuquerque et al. 2011 C CFA SP, BR Residual/Colluvial clay 0.40 12.0 2.5 34 2500 1.1 2.2         

  Albuquerque et al. 2011 C CFA SP, BR Residual clay  0.40 12.0 8.5 122 2000 6.6 3.1 177 2060 6.5 3.2 

9 Albuquerque et al. 2011 C CFA SP, BR Residual/Colluvial clay 0.40 12.0 2.5 34 2500 1.1 2.2         

  Albuquerque et al. 2011 C CFA SP, BR Residual clay  0.40 12.0 8.5 122 2000 6.6 3.1 177 2060 6.5 3.2 

10 da Fonseca & Santos 2003  C Casing PO, PT Residual silt 0.60 6.0 3.0 54 3899 5.3 2.6 108 5298 4.8 2.6 

11 da Fonseca & Santos 2003  C CFA PO, PT Residual silt 0.60 6.0 3.0 54 3899 5.3 2.6 108 5298 4.8 2.6 

12 Zein & Ayoub 2012 C Dry KRT, SU Clayey sand and stily clay 0.20 3.5 1.8 32 4200 5.6 2.4 63 4200 5.7 2.6 

13 Mayne & Harris 1993 C Dry GA, USA Residual silt & sand 0.76 16.9 8.5 137 5205 1.9 2.4 262 7320 2.5 2.6 
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Table 6.1 (Continued) 

  

No 

  

  

Reference 

  

  

Loading 

direction 

  

Boring  

methods 

  

Test Site 

  

  

Soil description 

  

  

D 

  

L 

  

Ls 

Pile shaft Pile toe 

𝝈𝐯𝐨
′  qt Fr  Ic  𝝈𝐯𝐨

′  qt Fr  Ic  

(m) (m) (m) (kPa) (kPa) (%) or Ic*  (kPa) (kPa) (%)   

14 Mayne & Harris 1993 C Dry GA, USA Residual silt & sand 0.76 21.4 8.5 137 5205 1.9 2.4 283 31990 0.7 1.6 

15 Park et at. 2011 C CFA KS, USA Sand, silt, clay 0.46 22.9 11.4 206 27200 0.6 1.6 411 27200 2.0 2.2 

16 Brown 2002 C Casing AL, USA Residual clayey-silt  0.90 11.0 5.5 100 3364 4.6 2.7 141 3382 4.7 2.8 

17 Brown 2002 C Bentonite AL, USA Residual clayey-silt  0.90 11.0 5.5 100 3364 4.6 2.7 141 3382 4.7 2.8 

18 Brown 2002 C Dry Polymer AL, USA Residual clayey-silt  0.90 11.0 5.5 100 3364 4.6 2.7 141 3382 4.7 2.8 

19 Brown 2002 C Liquid Polymer AL, USA Residual clayey-silt  0.90 11.0 5.5 100 3364 4.6 2.7 141 3382 4.7 2.8 

20 Brown 2002 C CFA AL, USA Residual clayey-silt  0.45 11.0 5.5 100 3364 4.6 2.7 141 3382 4.7 2.8 

21 Briaud et al. 2000 C Dry TX, USA Pleistocene stiff clay 0.91 10.4 5.2 92 4000 7.7 2.8 162 6009 8.6 2.9 

22 Briaud et al. 2000 C Bentonite TX, USA Pleistocene sand 0.91 10.4 5.2 90 8400 1.2 2.0 159 8406 1.2 2.1 

23 Brown et al. 2006 C Dry GSY, UK Stiff to firm Silty Clay 0.60 11.8 5.9 59 2120 3.1 2.6 118 2020 3.6 2.9 

24 Elbanna et al. 2007 T Dry AB, Can Silt and clayey Silt 1.40 22.1 12.3 158 4100 3.4 2.7         

  Elbanna et al. 2007 T Dry AB, Can Silt and clayey Silt 1.40 22.1 14.8 178 4100 3.4 2.8         

  Elbanna et al. 2007 T Dry AB, Can Silt and clayey Silt 1.40 22.1 17.0 196 4100 3.4 2.8 237 4100 3.5 2.9 

25 Finno et al. 1989 C Bentonite IL, USA Sand, silty sand 0.46 14.5 3.7 29 18007 1.0 1.6         

  Finno et al. 1989 C Bentonite IL, USA Soft firm clay 0.46 14.5 10.9 131 650 3.7 3.5 116 660 3.4 3.4 

26 Finno et al. 1989 C Casing IL, USA Sand, silty sand 0.46 14.5 3.7 29 18007 1.0 1.6         

  Finno et al. 1989 C Casing IL, USA Soft firm clay 0.46 14.5 10.9 131 650 3.7 3.5 116 660 3.4 3.4 

27 Iskander et al. 2003 C Dry MA, USA Varved clay 0.9 14.4 11.5 92 656 2.9 3.2 115 656 3.3 3.4 

28 O'Neill & Reese 1970 C Dry TX, USA Beaumont clay 0.78 7.0 3.5 70 2240 3.7 2.7 120 2220 3.8 2.9 

29 Doan & Lehane 2019 C Dry WA, AU Silt mixtures, High OCR 0.30 3.8 1.9 48 8140 5.8 2.4 87 10890 4.4 2.3 

30 Durham 2006 C CFA WA, AU Sand and silt mixtures 0.30 7.0 3.5 38 10914 0.7 1.6         
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Table 6.1 (Continued) 

  

No 

  

  

Reference 

  

  

Loading 

direction 

  

Boring  

methods 

  

Test Site 

  

  

Soil description 

  

  

D 

  

L 

  

Ls 

Pile shaft Pile toe 

𝝈𝐯𝐨
′  qt Fr  Ic  𝝈𝐯𝐨

′  qt Fr  Ic  

(m) (m) (m) (kPa) (kPa) (%)  Or Uc* (kPa) (kPa) (%)   

31 Durham 2006 C CFA WA, AU Sand and silt mixtures 0.30 7.0 6.0 58 1886 1.5 2.5 66 1886 1.5 2.5 

32 Lehane 2009 C CFA WA, AU Sand 0.23 4.0 2.0 36 9000 0.5 1.6         

33 Lehane 2009 C CFA WA, AU Sand 0.34 4.0 2.0 36 9000 0.5 1.6         

34 Lehane 2009 C CFA WA, AU Sand 0.34 10.5 5.3 62 4007 0.5 2.0         

35 Lehane 2009 C CFA WA, AU Sand 0.34 10.5 5.3 62 4000 0.5 2.0         

36 Lehane 2009 C CFA WA, AU Sand 0.45 5.5 2.8 50 15000 0.5 1.5         

37 Lehane 2009 C CFA WA, AU Sand 0.45 5.5 2.8 50 15000 0.5 1.5         

38 Lehane 2009 C CFA WA, AU Sand 0.45 6.7 3.4 60 6800 0.5 1.8         

39 Pine 2016 C CFA WA, AU Sand 0.60 15.0 7.5 135 16000 0.5 1.6         

40 Tucker 1986 T ? CA, USA Silty sand 0.53 6.7 3.4 60 9600 0.5 1.7         

41 Franke & Garbrecht 1977 C Bentonite GE Silty sand 1.10 6.0 3.0 54 17000 0.5 1.5         

42 Franke & Garbrecht 1977 C Bentonite GE Silty sand 1.50 6.0 3.0 54 16000 0.5 1.5         

43 Konstantinidis et al. 1987 T ? CA, USA Silty sand and gravel 0.69 4.6 2.3 41 28000 0.80 1.4         

44 Konstantinidis et al. 1987 T ? CA, USA Silty sand and gravel 0.67 3.1 1.6 28 20000 0.80 1.5         

45 Konstantinidis et al. 1987 T ? NV, USA Silty clay 0.65 4.6 2.3 39 28000 4.00 2.0         

46 Konstantinidis et al. 1987 T ? NV, USA Silty clay 0.65 3.0 1.5 26 22500 4.00 2.0         

47 Konstantinidis et al. 1987 T ? UT, USA Silty clay 0.66 3.2 1.6 27 2500 5.3 2.5         

48 Konstantinidis et al. 1987 T ? UT, USA Silty clay 0.66 4.7 2.4 40 5000 5.3 2.4         

49 Kruizinga 1975 C Bentonite BC, NL Sand 0.63 18.0 9.0 72 11018 0.5 1.6 144 11018 0.5 1.6 

50 Kruizinga 1975 C Bentonite SLT, NL Sand 0.59 12.5 6.3 50 11013 0.5 1.6 100 25025 0.5 1.4 

51 Kruizinga 1975 C Bentonite SLT, NL Sand 0.59 18.4 9.2 74 15018 0.5 1.5 147 2537 4.0 2.9 
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Table 6.1 (Continued) 

  

No 

  

  

Reference 

  

  

Loading 

direction 

  

Boring  

methods 

  

Test Site 

  

  

Soil description 

  

  

D 

  

L 

  

Ls 

Pile shaft Pile toe 

𝝈𝐯𝐨
′  qt Fr  Ic  𝝈𝐯𝐨

′  qt Fr  Ic  

(m) (m) (m) (kPa) (kPa) (%) or Ic*  (kPa) (kPa) (%)   

52 Caputo & Viggiani 1988 C Bentonite NAP, ITL Silty sand 1.50 42.0 21.0 157 9998 0.5 1.9 304 10082 0.5 2.1 

53 Mandolini et al. 2002 C CFA NAP, ITL Silty sand 0.80 24.0 12.0 94 2835 0.5 2.2 178 15865 0.5 1.7 

54 Mandolini et al. 2002 C CFA NAP, ITL Silty sand 0.60 22.5 11.3 89 2748 0.5 2.2 168 10796 0.5 1.8 

55 Mandolini et al. 2002 C CFA NAP, ITL Silty sand 0.80 24.1 12.1 94 2314 0.5 2.3 179 17516 0.5 1.7 

56 Cadogan and Gavin 2006 C Dry DUB, IE Overconsolidated sand  0.10 2.0 1.0 20 17000 2.0 1.8 40 17000 2.0 1.8 

57 Cadogan et al. 2010 C Dry DUB, IE Overconsolidated sand  0.10 2.0 1.0 20 15000 2.0 1.8 40 15000 2.0 1.9 

58 Cadogan et al. 2010 C Dry DUB, IE Overconsolidated sand  0.20 3.0 1.5 30 15000 2.0 1.8 60 15765 2.0 1.9 

59 Gavin et al. 2009 C CFA CK, IE Loose and dense sand 0.80 14.0 7.5 60 4626 0.5 1.9 112 10628 0.5 1.7 

60 Gavin et al. 2009 C CFA CK, IE Loose and dense sand 0.45 15.0 9.0 72 4344 0.5 2.0 120 10630 0.5 1.8 

61 Current study  C Dry WA, AU Silt mixtures, High OCR 0.75 15.0 7.5 150 7073 3.0 2.5         

62 Current study  C CFA SA, AU Silt 0.75 15.3 6.0 108 3170 5.0 2.8   3170     

63 Current study C CFA WA, AU Sand 0.60 14.0 7.0 91 11637 0.5 1.7         

64 Current study C CFA WA, AU Sand 0.60 14.0 7.0 91 9957 0.5 1.7         

65 Current study  C CFA WA, AU Sand 0.50 9.2 4.6 83 35660 0.5 1.3         

66 Current study C CFA WA, AU Sand 0.50 9.2 4.6 83 35660 0.5 1.3         

67 Current study C CFA WA, AU Sand 0.45 10.0 5.0 40 16400 0.5 1.4         

68 Current study C CFA SA, AU Silty clay/clays 0.45 13.5 7.0 126 2913 4.9 2.9 243 13721 2.8 2.4 
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Table 6.2 Prediction for Database Piles 

  

No 

  

Reference 

  

Test Site 

Measured LCPC-82 LCPC-2012 Eslami & Fellenius 1997 Niazi & Mayne 2016 

qsm (kPa) qbm (kPa) qsp/qsm qbp/qbm qsp/qsm qbp/qbm qsp/qsm qbp/qbm qsp/qsm qbp/qbm 

1 Carvalho & Albuquerque 2013 SP, BR 26  0.7  0.8  1.0  1.2  

  Carvalho & Albuquerque 2013 SP, BR 57  1.0  0.9  2.1  1.6  

2 Carvalho & Albuquerque 2013 SP, BR 22  0.8  0.9  1.2  1.3  

  Carvalho & Albuquerque 2013 SP, BR 66  0.9  0.8  1.8  1.4  

3 Carvalho & Albuquerque 2013 SP, BR 21  0.9  1.0  1.3  1.5  

  Carvalho & Albuquerque 2013 SP, BR 62  0.9  0.9  1.9  1.5  

4 Albuquerque et al. 2011 SP, BR 39  1.1  1.1  0.6  0.7  

  Albuquerque et al. 2011 SP, BR 44  1.1  1.1  2.3  2.2  

5 Albuquerque et al. 2011 SP, BR 21  3.0  2.0  1.2  1.3  

  Albuquerque et al. 2011 SP, BR 54  0.9  0.9  1.9  1.8  

6 Albuquerque et al. 2011 SP, BR 35  1.2  1.2  0.7  0.8  

  Albuquerque et al. 2011 SP, BR 46  1.1  1.1  2.2  2.1  

7 Albuquerque et al. 2011 SP, BR 80  0.5  0.5  0.3  0.3  

  Albuquerque et al. 2011 SP, BR 47 760 1.1 0.9 1.1 1.2 2.1 2.3 2.0 1.5 

8 Albuquerque et al. 2011 SP, BR 80  0.5  0.5  0.3  0.3  

  Albuquerque et al. 2011 SP, BR 53 530 0.9 1.4 1.0 1.7 1.9 3.3 1.8 2.2 

9 Albuquerque et al. 2011 SP, BR 69  0.6  0.6  0.4  0.4  

  Albuquerque et al. 2011 SP, BR 36  1.4  1.4  2.8  2.7  

10 da Fonseca & Santos 2003  PO, PT 62 1149 1.1 2.1 0.9 1.4 0.6 4.6 1.3 2.0 

11 da Fonseca & Santos 2003  PO, PT 59 1538 1.1 1.5 1.0 1.0 0.7 3.5 1.3 1.5 

12 Zein & Ayoub 2012 KRT, SU 72 796 1.0 2.1 0.8 1.6 0.6 5.3 1.0 2.2 

13 Mayne & Harris 1993 GA, USA 80 1792 0.6 1.8 0.8 1.2 0.7 4.1 1.0 1.7 

14 Mayne & Harris 1993 GA, USA 73 7000 0.7 1.4 0.9 1.4 0.7 4.6 1.1 0.9 
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Table 6.2 (Continued) 

  

No 

  

Reference 

  

Test Site 

Measured LCPC-82 LCPC-2012 Eslami & Fellenius 1997 Niazi & Mayne 2016 

qsm (kPa) qbm (kPa) qsp/qsm qbp/qbm qsp/qsm qbp/qbm qsp/qsm qbp/qbm qsp/qsm qbp/qbm 

15 Park et at. 2011 KS, USA 95 6017 1.9 1.4 1.2 1.1 1.1 4.5 1.1 1.4 

16 Brown 2002 AL, USA 55 1500 1.0 1.0 0.9 0.7 1.6 2.3 1.7 1.2 

17 Brown 2002 AL, USA 36 1000 1.6 1.5 1.4 1.0 2.4 3.5 2.6 1.8 

18 Brown 2002 AL, USA 59 1150 1.0 1.3 0.9 0.9 1.5 3.0 1.6 1.5 

19 Brown 2002 AL, USA 72 1500 0.8 1.0 0.7 0.7 1.2 2.3 1.3 1.2 

20 Brown 2002 AL, USA 45  1.2  1.2  1.9  2.1  

21 Briaud et al. 2000 TX, USA 72 1598 0.9 1.5 0.8 1.1 1.4 3.7 1.7 2.0 

22 Briaud et al. 2000 TX, USA 109 1065 0.8 3.2 0.6 2.4 0.3 7.9 0.6 2.4 

23 Brown et al. 2006 GSY, UK 71 776 0.5 0.9 0.5 1.0 0.7 2.5 0.6 1.3 

24 Elbanna et al. 2007 AB, Can 150  0.5  0.4  0.6  0.5  

  Elbanna et al. 2007 AB, Can 106  0.6  0.6  0.9  0.8  

  Elbanna et al. 2007 AB, Can 77 1600 0.9 1.0 0.8 0.8 1.2 2.3 1.1 1.2 

25 Finno et al. 1989 IL, USA 147  0.8  0.7  0.5  0.5  

  Finno et al. 1989 IL, USA 24 402 0.9 0.7 0.8 0.7 0.3 0.3 0.6 0.2 

26 Finno et al. 1989 IL, USA 130  0.9  0.7  0.6  0.5  

  Finno et al. 1989 IL, USA 28  0.8  0.7  0.3  0.5  

27 Iskander et al. 2003 MA, USA 18 306 1.2 0.9 1.1 0.9 0.4 0.5 0.6 0.4 

28 O'Neil & Reese 1970 TX, USA 48 967 0.8 0.9 0.8 0.7 1.1 2.2 1.1 1.1 

29 Doan & Lehane 2019 WA, AU 148 3071 0.6 1.4 0.6 1.1 0.6 3.6 0.8 1.2 

30 Durham 2006 WA, AU 73  2.5  1.1  0.6  0.6  

31 Durham 2006 WA, AU 27 472 1.2  1.3  0.7  1.2  

32 Lehane 2009 WA, AU 96  0.9  0.8  0.4  0.4  
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Table 6.2 (Continued) 

  

No 

  

Reference 

  

Test Site 

Measured LCPC-82 LCPC-2012 Eslami & Fellenius 1997 Niazi & Mayne 2016 

qsm (kPa) qbm (kPa) qsp/qsm qbp/qbm qsp/qsm qbp/qbm qsp/qsm qbp/qbm qsp/qsm qbp/qbm 

33 Lehane 2009 WA, AU 63  1.4  1.2  0.6  0.6  

34 Lehane 2009 WA, AU 27  2.5  1.6  0.6  1.1  

35 Lehane 2009 WA, AU 25  2.7  1.7  0.6  1.2  

36 Lehane 2009 WA, AU 80  1.2  1.2  0.7  0.6  

37 Lehane 2009 WA, AU 80  1.2  1.2  0.7  0.6  

38 Lehane 2009 WA, AU 50  1.4  1.2  0.5  0.7  

39 Pine 2016 WA, AU 91  1.2  1.1  0.7  0.7  

40 Tucker 1986 CA, USA 52  1.9  1.4  0.7  0.7  

41 Franke & Garbrecht 1977 GE 65  1.7  1.4  1.0  0.8  

42 Franke & Garbrecht 1977 GE 108  1.0  0.9  0.6  0.5  

43 Konstantinidis et al. 1987 CA, USA 80  2.3  1.4  1.4  0.8  

44 Konstantinidis et al. 1987 CA, USA 61  2.2  1.6  1.3  0.8  

45 Konstantinidis et al. 1987 NV, USA 149  1.3  0.8  0.8  1.1  

46 Konstantinidis et al. 1987 NV, USA 147  1.0  0.7  0.6  0.9  

47 Konstantinidis et al. 1987 UT, USA 66  0.4  0.6  0.4  0.6  

48 Konstantinidis et al. 1987 UT, USA 72  0.7  0.9  0.7  0.9  

49 Kruizinga 1975 BC, NL 75 2500 1.5 1.8 1.0 0.9 0.6 4.4 0.6 0.9 

50 Kruizinga 1975 SLT, NL 80 4400 1.4 1.7 1.0 1.1 0.5 5.7 0.5 1.0 

51 Kruizinga 1975 SLT, NL 106 1000 0.9 0.9 0.8 1.0 0.6 2.4 0.5 1.3 

52 Caputo & Viggiani 1988 NAP, ITL 63 1415 1.6 2.9 1.2 2.1 0.6 6.8 1.0 2.0 

53 Mandolini et al. 2002 NAP, ITL 45 2800 1.0 1.7 1.1 1.4 0.6 5.6 0.7 1.2 

54 Mandolini et al. 2002 NAP, ITL 60 3000 0.8 1.4 0.8 0.9 0.4 3.5 0.5 0.8 
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Table 6.2 (Continued) 

  

No 

  

Reference 

  

Test Site 

Measured LCPC-82 LCPC-2012 Eslami & Fellenius 1997 Niazi & Mayne 2016 

qsm (kPa) qbm (kPa) qsp/qsm qbp/qbm qsp/qsm qbp/qbm qsp/qsm qbp/qbm qsp/qsm qbp/qbm 

55 Mandolini et al. 2002 NAP, ITL 55 2900 0.7 1.8 0.7 1.5 0.4 6.0 0.5 1.2 

56 Cadogan and Gavin 2006 DUB, IE 143 4500 0.8 1.1 0.7 0.8 0.5 3.8 0.6 0.9 

57 Cadogan et al. 2010 DUB, IE 120 3500 0.8 1.3 0.7 0.9 0.5 4.3 0.7 1.0 

58 Cadogan et al. 2010 DUB, IE 120 4090 0.8 1.2 0.7 0.8 0.5 3.9 0.7 1.0 

59 Gavin et al. 2009 CK, IE 35 2400 2.2 1.8 1.4 1.1 0.5 4.4 0.9 1.0 

60 Gavin et al. 2009 CK, IE 36 2280 2.0 1.9 1.3 1.2 0.5 4.6 0.9 1.0 

61 Current study  WA, AU 90  0.8  0.9  0.8  1.4  

62 Current study  SA, AU 97  0.5  0.5  0.8  1.0  

63 Current study WA, AU 53  2.2  1.6  0.9  1.0  

64 Current study WA, AU 59  1.7  1.3  0.7  0.8  

65 Current study  WA, AU 204  1.2  0.6  0.7  0.4  

66 Current study WA, AU 188  1.3  0.7  0.8  0.5  

67 Current study WA, AU 82  1.3  1.2  0.8  0.6  

68 Current study SA, AU 97 2400 0.5 1.7 0.5 1.7 0.8 5.7 1.0 2.0 
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6.3. PERFORMANCE OF EXISTING METHODS 

The ability of the four CPT-based methods, described above, to predict ultimate shaft 

friction (qs) and base capacity (qb0.1) of the database piles is examined in Table 6.2 and in 

Figures 6.4 to 6.6. A number of general observations may be made: 

i. qs values in materials with CPT end resistances in excess of about 2 MPa are over-

estimated significantly by LCPC-1982; see Figure 6.4. 

 

Figure 6.4 Comparison of measured shaft friction and base resistance with LCPC (1982) 

ii. Measured βcE values fall below those recommended by Eslami & Fellenius (1997) 

and Niazi & Mayne (2016) in the lower Ic range (Ic <2.4), indicating these methods 

under-predict shaft friction in sands and silty sands; see Figure 6.5. 

iii. Base capacities tend to be over-predicted by all methods. The Eslami & Fellenius 

(1997) approach over-predicts significantly in all soil types while that of LCPC-

1982 overestimates for qc,base in excess of about 5 MPa. The Niazi & Mayne 

(2016) base capacity predictions are reasonable in sands but over-estimate qb0.1 

values in silt and clay soils (Ic >2.2); see Figure 6.5. 

iv. As illustrated in Figure 6.6, the ratio of calculated to measured capacities for the 

methods are close to unity and therefore the significant under and over-predictions 
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of the methods when considering specific soil types are masked. However, the 

coefficients of variation (CoV) of calculated to measured ratios, qsc/qsm and 

qbc/qbm, are large and, in general, indicate a higher level of uncertainty compared 

with a mean CoV value of 0.4 expected for drilled shafts (Phoon & Retief 2016).  

 

Figure 6.5 Relationship between the shaft and base resistances of the database piles 

with the effective cone resistance 

 

Figure 6.6 Performance of different calculation methods 
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The mean (μ) and CoV for ratios of calculated to measured shaft frictions are summarised 

in Table 6.3. The CoVs for qsc/qsm obtained for the LCPC-1982, Eslami & Fellenius 

(1997) and Niazi & Mayne (2016) methods have an average of about 0.5. This is higher 

than reported by the associated references for these methods and suggests that, if the ratios 

of qsc/qsm are normally distributed, there is a probability as high as 1/40 that the calculated 

shaft friction of a pile is more than 2 times the actual capacity (noting 2 is a typical factor 

of safety). The LCPC- 2012 method has the best statistics with a CoV for qsm/qsc of 0.33 

and, for this method, the probability that the calculated shaft friction of a pile is more than 

2 times the actual capacity is less than 1/750 (again assuming a normal distribution). 

Table 6.3 Calculated to measured shaft frictions and base resistances 

Method 

Ratios of calculated to measured capacities 

Shaft friction (qsc/qsm) Base resistance (qbc/qbm) 

Mean (μ) CoV (=σ/μ) Mean (μ) CoV (=σ/μ) 

LCPC 1982 1.17 0.48 1.49 0.38 

LCPC 2012 0.98 0.33 1.17 0.36 

Eslami & Fellenius 1997 0.94 0.61 3.79 0.46 

Niazi & Mayne 2016 1.02 0.52 1.35 0.37 

Equation 6.12 and 6.15  1.00 0.29 1.00 0.30 

Equation 6.13 and 6.15 1.00 0.30 1.00 0.30 

 

The CoV for the ratios of calculated to measured base capacities (qbc/qbm) are a little lower 

than the corresponding ratios for shaft friction although the mean values (μ) are generally 

considerably larger than unity and hence non-conservative. The base capacity statistics 

for LCPC-2012 are the best of the four methods considered. 

6.4. CONSIDERATIONS FOR FORMULATION DEVELOPMENT 

Doan & Lehane (2019) (see Chapter 4) examine the basis for a correlation between shaft 

friction (qs) of buried piles and the CPT qt value. This study concludes that while qt 

reflects the in-situ horizontal effective stress and hence provides this basis, the qt value 

also depends significantly on the frictional strength and compressibility of the soil 
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surrounding the cone as well as on the degree of drainage during cone insertion. Doan & 

Lehane (2019) propose use of the Ic index to reflect these additional parameters and 

provide evidence in support of a correlation between qs, qt and Ic. Such a correlation is 

examined in the following while also allowing for the potential non-linear relationship 

between qs and qt such as indicated in Figure 6.4. Other factors that required consideration 

are first described. 

6.4.1. Pore pressure measurement (u2) 

Correlations between shaft friction and the effective cone resistance (qE), such as those 

adopted in equations (6.6) to (6.10), require accurate measurements of the cone pore 

pressure, u2. This measurement is, however, often unreliable as pointed out by Lunne et 

al. (1997), Mayne (2007) and others, who show that the improper saturation of the porous 

filter element or desaturation during the cone penetration in dilatant soils results in 

sluggish response times. These effects can be very significant in soils with low cone end 

resistances, and consequently qE is not considered a suitable parameter to employ in 

correlations. 

6.4.2. Effects of dilation and vertical effective stress 

Centrifuge tests reported by Foray et al. (1998) and Lehane et al. (2005) demonstrated 

the importance of dilation on the shaft capacity in sands of rough piles with various 

diameters and stress levels. The radial expansion or dilation that arises due to shearing 

induced at the interface of a pile leads to an increase in lateral stress (Δσ'rd) and hence in 

the friction that can develop because of the constraint to the dilation provided by the 

surrounding sand mass. The cavity expansion stiffness controls the level of constraint and 

equals 4G/D, where G is sand’s operational (non-linear) shear stiffness and D is the pile 

diameter. As a consequence, the relative contribution of dilation to shaft capacity reduces 

as the diameter increases and also as the stress level increases. 

The influence of dilation on the βc values is verified on Figure 6.7a and Figure 6.8a which 

show that βc in soils with Ic <2.05 (i.e. sands) is greater (implying qs is smaller) in piles 

with larger diameters and at higher stress levels. However, Figure 6.7b and Figure 6.8b, 

which plot βc in soils with Ic>2.05 (i.e. silts and clays), show no dependence on diameter 

or stress level. These trends are consistent with observations of Doan and Lehane (2019) 

(see Chapter 4) from pile tests conducted in pressure chambers which showed a 
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significant dilation contribution to capacity in sands but no dilation contribution in clayey 

sands with a clay fraction greater than 4%. 

 

Figure 6.7 Effect of pile diameter on the measured βc values 

 

 

Figure 6.8 Effects of stress level on the measured βc values 

If follows from the foregoing that a relationship between shaft friction and CPT end 

resistance in sands needs to allow for the effects of pile diameter and stress level. 

However, given the relative shortage of high quality load test data, a mean correlation is 

proposed in the following which is considered representative of typical drilled shafts. This 

was achieved by removing piles with diameters less than 300mm and piles less than 3m 

in length from the regression analysis. Lehane et al. (2020) show that, for driven piles, 

the contribution of dilation for piles with diameters between 300mm and 1m is typically 
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about 10%. The same trends have also been exhibited in tension tests on drilled shafts 

presented by Turner & Kulhawy (1994). 

6.4.3. Degree of saturation (Sr)  

Many onshore sites, including a number in the database compiled for this paper, are not 

fully saturated i.e. Sr <1. The CPT end resistance of partially saturated soils (Sr<1) differs 

from the end resistance in saturated deposits due to variable levels of suction. Such 

differences may also be accentuated by a range of degrees of bonding and cementation. 

The Ic index cannot be determined when Sr<1 as the vertical effective stress which is used 

to determine Qtn is unknown. An alternative index, referred to here as Ic* is employed in 

the following when Sr<1 and is evaluated using equation (6.8) assuming an ambient water 

pressure of zero with σ'v=σv. 

 

Figure 6.9 Comparison of βc values in partly and fully saturated soils 

It has been shown by Niazi & Mayne (2016) that that there is general tendency for the 

value of βc to reduce with Ic. This tendency is examined on Figure 6.9 by plotting the 

database βc values for pile tests in both partially saturated and fully saturated soils against 

Ic but employing Ic* when Sr <1. It is seen that the trends of much of the data are very 

similar with most data falling on the best-fit regression line. Despite such relative 
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insensitivity to the degree of saturation, the best-fit correlations presented below do not 

include the data points obtained in the partially saturated deposits. 

6.4.4. Direction of loading 

There is a considerable body of literature indicating that the shaft friction developed on 

piles in sand under tension loading is about 20% less than that developed under 

compression loading (De Nicola & Randolph 1993, Brown et al. 2007, Allen 2005). 

However reduced shaft friction under tension loading is not generally observed in silts 

and clays (Brown et al. 2018, O'Neill 2001). The correlations examined in the following 

section therefore employ a loading direction parameter, ft/fc, which is 1.0 and for all cases 

except for tension piles in sand when a value of 0.8 is adopted.  

6.5. BEST-FIT FORMULATIONS 

6.5.1. Shaft friction 

Based on the foregoing, formulations with the following formats were investigated for 

the database of shaft friction measurements: 

𝑞𝑠/(𝑓𝑡/𝑓𝑐) =  𝑓𝑛. (𝑞𝑡 , 𝐼𝑐, 𝑢2) 
                     

(6.11) 

Statistical analyses indicated that the following expression provided a best overall fit to 

the database with the lowest coefficient of variation for the ratio of calculated to measured 

shaft friction: 

𝑞𝑠 = 0.008 𝑝𝑎 (𝐼𝑐)1.5(𝑞𝑡 𝑝𝑎⁄ )0.8      𝑝𝑎 = 101 𝑘𝑃𝑎        CoV = 0.29 (6.12) 

Observations from the analyses are summarised below and in Figures 6.10 to 6.12. 

v. A second expression provided a comparable fit to the database to equation (6.12) 

and is the best-fit regression line when βc is expressed as a unique function of Ic 

(see Figure 6.9): 

𝑞𝑠 = 𝑞𝑡/𝛽𝐶      where 𝛽𝐶 = [575/𝐼𝐶
2.5]  ≤ 175                CoV = 0.30 (6.13) 
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Equation (6.13) leads to βc values that are comparable to those derived using a 

similar expression proposed by Doan & Lehane (2019) for buried piles in clayey 

sand. A maximum cut-off value of 175 is employed in equation (6.13) to provide 

a better fit to the shaft frictions measured in sands (Figure 6.9). 

vi. Virtually identical mean and CoV values were obtained using Ic and Ic* in 

Equations 6.12 to 6.13 suggesting that the relationships are also applicable in 

partially saturated deposits. 

vii. The analyses indicated lower CoVs when allowance was made for the lower shaft 

friction developed in tension compared with compression in sands, hence 

justifying the adoption of the ft/fc factor employed. 

viii. The best-fit relationship obtained using the effective cone resistance (qE) was as 

follows: 

𝑞𝑠 = 𝑞𝐸/𝛽𝐶𝐸     where 𝛽𝐶𝐸 = [560/𝐼𝐶
2.5]                   CoV = 0.36            (6.14) 

 

Figure 6.10 Performance of calculation methods in different soil types 

ix. Closer inspection of the effect of soil type indicated that CoVs for qsc/qsm in the 

clays was lower than in the sands and silts; see Figure 6.10. This observation is 



Chapter 6                                                       A CPT based design method for pile axial capacities 

 

The University of Western Australia  6-23 

consistent with observations made by Alsamman (1995), Reddy & Stuedlein 

(2017), Phoon & Kulhawy (2005) and others. 

x. An examination of the effect of the boring technique on Figure 6.11 shows that, 

on average, the ratios of calculated to measured shaft friction of the database piles 

using Equation 6.12 are approximately unity for all boring techniques. Greatest 

variability in ratios of calculated to measured shaft frictions arises for piles drilled 

under bentonite. Separate studies by Brown (2002) and Basu et al. (2010) also 

showed no clear systematic dependence on the boring method. Brown (2002) did 

note, however, that bores stabilised with polymer lead to greater friction that those 

supported by bentonite in Piedmont residual soil. 

 

Figure 6.11 Performance of calculation methods for piles  

with different boring techniques 

 

xi. The relatively good predictive performance of Equation 6.12 and the LCPC-2012 

method arises because the latter method indirectly predicts a similar shaft friction, 

qs variation with Ic. This is demonstrated in Figure 6.12 which plots the ratios of 
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shaft frictions calculated using Equation 6.12 to those calculated using the LCPC-

2012 for a database of CPTs available to the authors from Australian and New 

Zealand. The deviation in the plotted ratio about unity is small indicating good 

agreement of the two formulations.  

 

Figure 6.12 Comparison between Equation 6.12 and LCPC-2012 

Equation 6.12 captures the strong influence of soil type via the Ic parameter and also the 

non-linear dependence of qs on qt that has emerged empirically in this database study and 

that of LCPC-2012. 

6.5.2. End bearing 

The pile base resistance at a displacement of 10% of the pile diameter (qb0.1) also varies 

with Ic, as proposed by Niazi & Mayne (2016) and shown on Figure 6.5. The best fit 

simple correlation with Ic achieved for the database is as follows and compared with the 

database measurements on Figure 6.13. 

𝑞b0.1 = 𝛼b0.1𝑞t = 0.11 𝐼c𝑞t       1.5 ≤  𝐼c  ≤  3.6            CoV = 0.30 (6.15) 



Chapter 6                                                       A CPT based design method for pile axial capacities 

 

The University of Western Australia  6-25 

 

Figure 6.13 Database values of αb0.01 plotted as a function of soil behaviour types 

The coefficient of variation of calculated to measured end bearing stresses is 0.3, which 

is an improvement on the four other empirical methods considered (see Table 6.3). The 

expression is consistent with analyses such as those of Lee & Salgado (1999) who show 

 𝛼b0.1 (=qb0.1/qt) reduces with increasing soil stiffness and hence reducing Ic value. 

Drainage effects also clearly affect the 𝛼b0.1 ratio, noting that while qt is likely to be 

almost fully undrained in silts and clays, the pile end bearing may be fully drained in a 

typical maintained load static test. 

6.6. CONCLUSIONS 

A new and independent database comprising 68 static load tests on largely instrumented 

drilled shafts and ACIPs is presented. The shaft friction and end bearing measurements 

are compared with capacities calculated using four popular existing CPT-based 

approaches. The LCPC-2012 method was shown to be most reliable approach although, 

in general, the degree of method uncertainty for all methods was found to be poorer than 

reported values. 
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A new formulation for shaft friction (qs) is proposed that incorporates a dependence on 

the soil behaviour type index (Ic), as seen in experimental studies, and the non-linear 

relationship with qt adopted by the LCPC-2012 method. A direct formulation linking the 

base capacity and Ic is also proposed. These formulations are consistent with the LCPC-

2012 method (which was derived from an independent and larger database) but can be 

expected to have improved reliability with a coefficient of variation (CoV) for ratios of 

calculated to measured capacities of about 0.3 in sands reducing to about 0.2 in clays. 

These CoVs showed no systematic dependence on the boring method or the degree of 

saturation.  
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CHAPTER 7   

CONCLUDING REMARKS 

 

 

7.1. CONTRIBUTIONS & MAIN FINDINGS 

An extensive range of tension load tests and variable rate cone penetration tests (CPTs) 

was performed in various clay-sand mixtures in the pressure chamber and in the 

geotechnical centrifuge. A full scale instrumented pile load test was also performed. 

These results combined with corresponding laboratory soil element tests and 

numerical/analytical analyses are used to provide fresh insights into the relationship with 

the CPT end resistance of the shaft and base resistance of bored piles in soils covering the 

full spectrum of permeabilities from sand to clay. 

The major findings of this thesis corresponding to the research aims discussed in Chapter 

1 is summarised in the following: 

 

Figure 7.1 Proposed locus for young normally consolidated soils in Qtn-Fr and 

Qtn-Ic charts 

(i) Normalised CPT end resistance data measured in a range of young normally 

consolidated soils have been shown to follow a systematic relationship with the 

soil behaviour type (SBT) index, Ic as shown in Figure 7.1. This relationship, 

which is insensitive to drainage conditions during cone penetration, may be used 
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to estimate qt profiles in young normally consolidated soils and assist in 

determination of the actual soil type (assuming normal consolidation) under 

variable drainage conditions during penetration. It can also be used to assess if 

full consolidation has been achieved under self-weight or surcharge loading in 

deposits which do not fall into the high sensitivity category (Zone 1 on the SBT 

chart) 

 

(ii) The presence of even a small amount of clay within a sand mass leads to a very 

large reduction in the shaft capacity of both displacement piles (jacked piles) and 

non-displacement piles (buried piles). Pile roughness (e.g. full rough or smooth 

pile shaft) has critical effect on the mobilised shaft friction in full range of soils. 

 

(iii) The relationship between the CPT end resistance (qt) and the shaft friction (τf) 

developed on a buried (or wished-in-place) pile in clay-sand mixtures was 

explored. While justification for a relationship between τf and qt is provided by 

the latter’s dependence on the in-situ horizontal stress, inferences from cavity 

expansion analysis and model pile test data explain the wide variation of βc values 

backfigured from load test data, even in normally consolidated clayey sands. It is 

shown that βc depends on the level of drainage during CPT penetration as well as 

on the soil state (and capacity for dilation) and the stress normalised stiffness. The 

relationship developed in this thesis for βc facilitates appreciation of the factors 

controlling its value in any particular soil and is shown to be in good agreement 

with an empirical relationship with the soil behaviour type index (Ic) that was 

derived from numerous bored pile tests in a wide range of both normally and over 

consolidated natural soils. 
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(iv)  The conventional α approach as well as correlations between shaft friction and 

CPT end resistance have mixed success in very stiff intermediate soil deposit and 

often under-estimate shaft capacity. The under-estimation of capacity arises 

because of the relatively significant contribution of dilation to shaft friction that 

is not observed in others clays and silts. The effects of dilation are such that the 

ratio of CPT end resistance to shaft friction (βc=qt/τf) reduces with increasing pile 

diameter but is relatively constant over the typical bored pile diameter range of 

300mm to 900mm. The measured values of βc are double those of a typical clay 

and about one third of a typical sand.  

 

(v)  A new formulation for estimation of the shaft friction of bored piles is proposed 

which is informed by the theoretical study of the relationship for βc=qt/τf and based 

on a new compiled database of instrumented static load tests. This approach is 

seen to provide a better fit to the database of measurements than other existing 

CPT-based methods and is also consistent with the trends implicit in the LCPC 

(2012) method, which is based on a larger and independent data set.  

 

(vi)  A new CPT based approach, which is also related to the Ic index, is proposed for 

end bearing of bored piles and is seen to provide more reliable predictions than 

existing methods for the database piles. 

  For calculating pile unit shaft friction   

            𝑞s = 0.008 𝑝a (𝐼𝑐)1.5(𝑞t 𝑝a⁄ )0.8𝑓t/𝑓c       

            where ft/fc = 1.0 for all cases except for tension piles in sand ft/fc = 0.8 
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                    For calculating pile base resistance  

                     𝑞b0.1 = 𝛼b0.1𝑞t = 0.11 𝐼c𝑞t                  

7.2. FUTURE RESEARCH 

This research has un-covered interesting aspects related to both CPT data characteristics 

and shaft and based capacity of non-displacement piles. There are ample opportunities to 

extend this work in future research projects. Some of the topics that could be examined 

include: 

i. Quantification of overconsolidation ratio (OCR) from CPT data: the chamber tests 

reported in this thesis could be performed with clay-sand mixtures 

preconsolidated to a range of OCRs. These tests would enable effects of partial 

drainage and over-consolidation to be separated in the soil behaviour type (SBT) 

chart. 

 

ii. Verification of the proposed formulation for shaft friction in over-consolidated 

soils: the tension tests on buried piles in the pressure chamber tests should be 

repeated in over-consolidated clay-sand mixtures to verify the formulation 

proposed in this thesis. 

 

iii. Confirmation of stress level dependence on pile shaft capacity and end bearing: 

this could also be examined in further pressure chamber tests involving a range of 

different stress level. 

 

iv. Development of a new unified (CPT) based method for displacement pile capacity 

estimation: Existing CPT-based design methods for driven piles are primarily for 

either sand or clay soils, with little guidance available for intermediate soils. The 
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engineering profession would benefit enormously from development of a unified 

CPT based approach covering the full range of soils from sand to clay. 

 

v. Additional pile testing in soils with Ic>3.6: there is an acute shortage of pile tests 

in clays with Ic>3.6. Instrumented pile load tests in these soils are required to 

improve confidence in predictions in this soil type. 

 

vi. CPT research in partly saturated soils: this is an area in real need of carefully 

designed systematic investigations. 
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APPENDIX A 

SUMMARY OF INTERFACE TESTS IN CLAYEY 

SANDS 

 

 

Abstract 

Interface shear tests on clayey sands were performed to investigate the effects of normal 

stiffness, initial normal effective stress, overconsolidation ratio (OCR), and shearing rate 

on the soil-interface characteristics. The dependence on the OCR of the change in normal 

effective stress on the interface is investigated in both constant normal load (CNL) and 

constant normal stiffness (CNS) direct shear tests. Both the peak and ultimate friction 

coefficients displayed a normal stiffness dependency and decreased with higher values of 

initial normal effective stress. 
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INTRODUCTION 

The background and previous research on the subject of the investigation presented in 

this Appendix is summarised in the following. 

(i) Most of the research work on soil-interface shear behaviour has performed using 

sand (DeJong et al. 2003, Dietz & Lings 2006, Evgin & Fakharian 1997, Kishida 

& Uesugi 1987, Lehane 1992, Lehane et al. 2005, Lehane & Liu 2012, Lings & 

Dietz 2005 and Uesugi & Kishida 1986) 

(ii) Research on interface shear in clays is reported by Boukpeti & White (2016), 

Ganesan et al. (2014), Lehane & Jardine (1992), Lemos & Vaughan (2000), 

Pedersen et al. (2003), Potyondy (1961), Taha & Fall (2014), Tsubakihara & 

Kishida (1993) and Tsubakihara et al. (1993). However, almost all of this research 

has involved testing under constant normal load conditions and changes in normal 

stress during shearing in the CNS mode have not been examined specifically.  

(iii) There have been specific investigations into the change in radial stress 

experienced during load testing of displacement piles (e.g. Bond et al. 1993, 

Lehane 1992, Lehane & Jardine 1994a, b and Lehane et al. 1993). The 

applicability of the findings of these studies to non-displacement piles is in need 

of investigation.  

(iv) Tsubakihara & Kishida (1993) found that when the peak to peak (total) interface 

steel roughness, Rmax, was lower than a critical value of 10 m, interface sliding 

occurred between the interface and clay at the peak strength. In contrast, shear 

failure occurred within the clay specimen when the interface roughness exceeded 

10μm.  

(v) The effect of shearing rate on shearing modes has been recognized (e.g. Boukpeti 

& White 2016, Ganesan et al. 2014, Lehane & Jardine 1992, Lemos & Vaughan 

2000; Tika-Vassilikos 1991 and Tika et al. 1996) with potential ‘turbulent sliding’ 

occurring at high shearing rates. 

This Appendix presents an investigation using interface shear box (ISB) tests to examine 

the influence of normal stiffness, initial normal stress, overconsolidation ratio (OCR) and 

shearing rate on the soil-interface shearing characteristics of clayey sands. 

 



Appendix A   Summary of interface tests in clayey sands 

 

The University of Western Australia  A3 

DATABASE OF DIRECT SHEAR TESTS IN KAOLIN 

Table A.1 and Figure A.1 present a newly compiled database of direct shear tests 

comprising 20 kaolin-kaolin and kaolin-interface in kaolin at different normal effective 

stresses. 

TEST RESULTS IN UWA KAOLIN 

A total of 22 soil-soil and soil-interface experiments were employed using kaolin with a 

variety of normal stresses, normal stiffnesses and OCRs.  

Samples were prepared by mixing with water to form a slurry at a moisture content of 

120% and subsequently de-airing under a vacuum of 100 kPa. The samples were first pre-

consolidated under a normal stress of 20 kPa in stainless steel tubes. The specimens had 

a diameter of 71mm and were cut to a height of 20mm for soil-interface shearing tests 

and 40mm for soil-soil shearing tests.  

The results of the testing programme in UWA Kaolin are summarised in Table A.2. This 

programme included constant normal load and constant normal stiffness interface and 

soil-soil shear box tests as well as other tests, which examined the effect of shearing rate. 

The primary observations are as follows:  

(i) Both peak and ultimate shearing resistances decrease with an increase in initial 

normal effective stress. The reduction in ultimate resistance is not anticipated 

from critical state soil mechanics and may reflect fabric differences arising from 

different consolidation stresses. 

(ii) The shear strength in soil-soil tests is similar or slightly higher than shear strength 

developed against rough interfaces. Visual inspection of the samples after testing 

showed that no sliding between kaolin and rough interfaces. Shearing failure 

evidently occurred in the thin section of soil mass offset from the rough interface, 

as noted by Chandler & Martins (1982), Lehane & Jardine (1992) and 

Tsubakihara & Kishida (1993). 

(iii) A reduction in both peak and ultimate shearing strength was observed with the 

increase of shearing rate. 

(iv) Contractive and dialative characteristics at the soil-interface when sheared depend 

on interface surfaces (e.g. rough and smooth interface), overconsolidated 

conditions and shearing rates. 

(v) UWA kaolin with higher OCR (e.g. OCR≥5) tends to be dilative when sheared. 
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Table A.1 Database of direct shear tests in kaolin 

 

No References Descriptions Initial normal effective stress Stress ratio 
     'n0 (kPa) at peak p/n0 at ultimate u/n0 

1 Kenney 1967 Kaolin-Kaolin 100   0.27 

2 Lupini 1981 Kaolin-Kaolin 519   0.21 

3 Lupini 1981 Kaolin-Kaolin 519   0.22 

4 Tika 1989 Kaolin-Kaolin 500   0.23 

5 Tika 1989 Kaolin-Kaolin 500 0.24 0.23 

6 Tika 1989 Kaolin-Kaolin 250   0.24 

7 Tika 1989 Kaolin-Kaolin 250   0.26 

8 Kenney 1967 Kaolin-Kaolin 25   0.35 

9 Kenney 1967 Kaolin-Kaolin 100   0.27 

10 Kenney 1967 Kaolin-Kaolin 300   0.23 

11 Kenney 1967 Kaolin-Kaolin 600   0.22 

12 El-Gharbawy 1998 Kaolin-Kaolin 2 0.53   

13 Pedersen et al. 2003 Kaolin-Kaolin 2 1.43   

14 Pedersen et al. 2003 Kaolin-Interface 2 1.04   

15 Pedersen et al. 2003 Kaolin-Interface 2 1.11   

16 Littleton 1976 Kaolin-Interface 45 0.31 0.26 

17 Littleton 1976 Kaolin-Interface 100 0.29 0.21 

18 Littleton 1976 Kaolin-Interface 130 0.29 0.21 

19 Littleton 1976 Kaolin-Interface 200 0.30 0.20 

20 Littleton 1976 Kaolin-Interface 270 0.30 0.22 
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Table A.2 Testing programme in UWA Kaolin 

No. Test 
Normal stiffness Initial normal effective stress 

OCR 
Shearing rate 

Description 
(kPa/mm) 'n0 (kPa) (mm/min) 

1 CNL, 50 kPa, OCR=1, S 0 50 1 0.05   

2 kn=100 kPa/mm, 50 kPa, OCR=1, S 100 50 1 0.05   

3 kn=200 kPa/mm, 50 kPa, OCR=1, S 200 50 1 0.05   

4 kn=1000 kPa/mm, 50 kPa, OCR=1, S 1000 50 1 0.05   

5 CNL, 100 kPa, OCR=1, S 0 100 1 0.05   

6 CNL, 100 kPa, OCR=1, 3P 0 100 1 0.05 Three 24h pause periods 

7 CNL, 100 kPa, OCR=1, F 0 100 1 1 Fast shearing rate 

8 CNL, 100 kPa, OCR=2, S 0 100 2 0.05   

9 kn=100 kPa/mm, 100 kPa, OCR=2, S 100 100 2 0.05   

10 kn=200 kPa/mm, 100 kPa, OCR=2, S 200 100 2 0.05   

11 kn=1000 kPa/mm, 100 kPa, OCR=2, S 1000 100 2 0.05   

12 CNL, 100 kPa, OCR=5, S 0 100 5 0.05   

13 kn=100 kPa/mm, 100 kPa, OCR=5, S 100 100 5 0.05   

14 kn=200 kPa/mm, 100 kPa, OCR=5, S 200 100 5 0.05   

15 kn=1000 kPa/mm, 100 kPa, OCR=5, S 1000 100 5 0.05   

16 CNL, 200 kPa, OCR=1, S 0 200 1 0.05   

17 CNL, 200 kPa, OCR=1, F 0 200 1 1 Fast shearing rate 

18 kn=100 kPa/mm, 200 kPa, OCR=1, S 100 200 1 0.05   

19 kn=200 kPa/mm, 200 kPa, OCR=1, S 200 200 1 0.05   

20 kn=1000 kPa/mm, 200 kPa, OCR=1, S 1000 200 1 0.05   

21 CNL, 300 kPa, OCR=1, S 0 300 1 0.05   

22 SS, 100 kPa, OCR=1, S 0 100 1 0.05   
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* Effect of normal effective stress 

- Figure A.1 presents the results of direct shear tests compiled from the database (see 

Table A.1). Stress ratios at peak and ultimate conditions decrease with higher values of 

initial normal effective stress. 

 

 

Figure A.1 Stress ratio at ultimate  (u /
n0


)  against initial normal effective stress (n0
 ) 
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- Figures A.2 shows typical responses of interface direct shear tests in UWA kaolin at 

constant normal load (CNL) with different levels of normal stress. 

 

 

Figure A.2. Interface direct shear tests under different levels of normal stress in kaolin 
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- Figures A.3 shows typical responses of interface direct shear tests in UWA kaolin under 

both constant normal load (CNL) and constant normal stiffness conditions at initial 

normal effective stress of 50 kPa. 

 

 

Figure A.3 Interface direct shear tests under CNL and CNS  

at initial normal effective stress of 50 kPa in kaolin 
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- Figures A.4 shows typical responses of interface direct shear tests in UWA kaolin under 

both constant normal load (CNL) and constant normal stiffness conditions at initial 

normal effective stress of 200 kPa. 

 

 

Figure A.4 Interface direct shear tests under CNL and CNS  

at initial normal effective stress of 200 kPa in kaolin 
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- Figures A.5 summarises the results of direct shear tests under both constant normal load 

(CNL) and constant normal stiffness (CNS) conditions. These tests were performed at 

various levels of initial normal effective stress and OCR for kaolin-kaolin and kaolin-

interface direct shear tests. It is evident that the mobilised stress ratios at peak and ultimate 

conditions decrease with increasing initial normal effective stress and decreasing OCR.  

 

 

 

Figure A.5 Kaolin-interface and kaolin-kaolin direct shear tests under CNL and CNS 

conditions at different levels of normal stress and OCR 
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Effect of shearing rate 

- Shearing resistance and corresponding shear displacements obtained during the tests 

were carried out at a displacement rate of 0.05 mm/min (Slow rate), 1 mm/min (Fast rate) 

and 0.05 mm/min included three pause periods of 24 hours at shear displacements of 0.7 

mm, 1.4 mm and 3.5 mm.  

- An identical response to that measured with no pause periods was obtained indicating 

that the rate of 0.05 mm/min led to a fully drained response (see Figure A.6) 
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Figure A.6 Interface direct shear tests at different shearing rates 
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Effect of constant normal stiffness (CNS) and overconsolidation ratio (OCR) 

- Figures A.7, A.8 and A.9 present results of interface direct shear tests at different levels 

of constant normal stiffnesses and overconsolidation ratios. It is seen on these figures that 

the sample that was pre-loaded indicated a higher peak friction and significant dilation 

compared to the sample that was not pre-loaded (higher friction with higher values of 

OCR). The dilative and contractive behaviours depend on OCRs.  

- These results also indicate the negligible influence of constant normal stiffness on the 

ratios of shear stress to normal effective stress ( /𝜎n
′ ) when sheared.  

 

Figure A.7 Interface direct shear tests in lightly overconsolidated kaolin (OCR=2) 
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Figure A.8 Interface direct shear tests in heavily overconsolidated kaolin (OCR=5) 

 

 

Figure A.9 Interface direct shear tests in kaolin with various levels of OCR 
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TEST RESULTS IN CLAYEY SANDS 

- Figures A.10 presents results of interface direct shear tests under constant normal load 

(CNL) and constant normal stiffness (CNS) conditions at initial normal effective stress 

of 100 kPa in 5%kaolin-95%sand mixture. 

  

 

Figure A.10 Interface direct shear tests in 5%kaolin-95%sand mixture at initial 

effective stress of 100 kPa 

 

 

 

 

 

 



Appendix A   Summary of interface tests in clayey sands 

 

The University of Western Australia  A16 

 

- Figures A.11 presents results of interface direct shear tests under constant normal load 

(CNL) at different levels of initial normal effective stress in 5%kaolin-95%sand mixture. 

 

 

Figure A.11 Interface direct shear tests in 5%Kaolin-95%Sand mixture at different 

levels of initial effective stress 
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1 INTRODUCTION 

The standard penetration rate of 20 mm/s employed 
in a CPT typically results in drained penetration in 
sand, undrained penetration in clay and partially 
drained penetration in silts and clayey sands. Partial 
drainage effects are an important consideration when 
assessing the soil behaviour type from charts such as 
those of Robertson (2009). Understanding these ef-
fects in silts and clayey sands is also vital in founda-
tion engineering for examples such as the prediction 
of the embedment of large diameter spudcans using 
CPT data (Erbrich 2005). 

Variable rate CPTs (or ‘twitch tests’) have been 
proposed by Randolph et al. (2007), and others, as a 
means of assessing effects of partial drainage. Lunne 
et al. (2011) also reviewed the benefits of the varia-
ble-rate penetration tests in evaluating strain rate de-
pendency of in-situ soil strength and consolidation 
characteristics. 

CPT rate effects in clayey soils and kaolin have 
been investigated successfully by many researchers 
(DeJong et al. 2012; Kim et al. 2008; Schneider et al. 
2007; Suzuki and Lehane 2015). However, the effects 
of different penetration rates on the assessed soil be-
havior type and on the Robertson Ic index (Robertson 
2009) have not been evaluated for a wide range of 
soils. 

This paper presents CPTu results conducted in la-
boratory pressure chambers with measurements of 
end resistance (qt), cone sleeve friction (fs) and pore 
pressure at the cone shoulder (u2) at different penetra-
tion rates in kaolin clay, two kaolin-sand mixtures and 
fine silica sand; each soil was normally consolidated. 
Previous investigations of this kind at the University 

of Western Australia (UWA) did not measure cone 
sleeve friction and did not enable assessment of the 
soil behaviour type or Ic index.  

 
2 SOIL PROPERTIES 

UWA kaolin, fine silica sand and mixtures of sand 
mixed with 5% and 25% kaolin (by dry weight) were 
prepared for element tests and CPTs performed in a 
pressure chamber. The mixtures are referred to as ka-
olin (K), sand, 5%K and 25%K.  

 
Figure 1. Stress paths measured in CIU triaxial compression tests on 5%K 

 
Isotopically consolidated undrained (CIU) triaxial 

compression tests with consolidation radial effective 
stresses of 50 and 100 kPa were performed as part of 
this study and to supplement simple shear tests per-
formed on other kaolin-sand mixtures reported by 

Effects of partial drainage on the assessment of the soil behaviour type 
using the CPT 

L. V. Doan & B. M. Lehane  
School of Civil, Environmental and Mining Engineering 
The University of Western Australia, Australia 

 

ABSTRACT: This paper presents the results from a series of CPTs performed at various penetration rates in
kaolin, two kaolin-sand mixtures and fine silica sand. The CPTs were conducted in laboratory pressure cham-
bers at penetration velocities varying from 0.0002 to 3 mm/s. The measured dependence of cone end resistance 
(qt), sleeve friction (fs) and pore pressure (u2) on penetration rate is used to examine implications for the assess-
ment of soil behavior type from CPT parameters. Element tests using triaxial and direct interfaces tests are used 
to assist interpretation of the test results. 



Suzuki and Lehane (2015). Stress paths measured in 
these tests are shown on Figure 1 and indicate a highly 
contractive response before phase transformation, af-
ter which strong dilation is observed. 

 Direct shear tests employing rough and smooth in-
terface tests with an effective normal pressure of 50 
kPa were also performed for the 5%K soil with a unit 
weight of 19.5 kN/m3 and a water content of 20%. The 
rough interface was shotblasted to a centre line aver-
age roughness (RCLA) of about 18.5 m or Rmax of 
about 100-132 m. The smooth interface was similar 
to that of the CPT friction sleeve interface (Rmax ~ 2-
3 m). The test results are shown on Figure 2 and in-
dicate that, as seen in the triaxial tests, an initially 
contractive response followed by dilation occurs for 
the 5%K sample sheared against a rough interface. 

 

Figure 2. Smooth and fully rough interface test results on 5%K 
with initial normal effective stress of 50 kPa 

 
However the response of the 5%K when sheared 

against a relatively smooth interface is contractive 
and the mobilized shear resistance is about 25% less 
than for the case of a rough interface. It is evident that 
the shear strength and dilative behaviour increase 
with increasing roughness; a similar response has 

been observed by Hu and Pu (2004) and Pra-ai 
(2013). This observation has important implications 
for the interpretation of cone friction sleeve measure-
ments. 

A more detailed description of the properties of 
UWA sand and kaolin and of the 5%K and 25%K 
mixtures is provided by Lehane et al. (2005; 2009) 
and Suzuki and Lehane (2015). 

 
3 CPT TESTS IN PRESSURISED CHAMBERS 

A series of CPTu tests was performed in normally 
consolidated UWA kaolin and sand as well as in 5%K 
and 25%K mixtures. All nine samples tested were 
normally consolidated in steel pressure chambers 
with an inner diameter of 395 mm and height of 400 
mm (Figure 3).  Details of the chamber and test set up 
are described by Lim and Lehane (2014) and (Doan 
and Lehane 2018a, b).  

The aluminum plate located on the top surface of 
the samples was 20 mm thick and included a 13 mm 
diameter circular opening that facilitated the insertion 
of a removable cap. The cap was fixed to the top plate 
using two screws during soil consolidation and then 
removed to enable CPTu penetration. A teflon coat-
ing was applied to the inner wall of the steel chamber 
and to the top plate to minimize friction. A constant 
normal consolidation stress ( ) of 32 kPa was ap-
plied to samples using dead weights (DWs) and a 
lever system, as indicated in Figure 3. A load cell was 
placed in line with the load transferring rod and top 
plate to measure the stress applied to the sample. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
             
 

Figure 3. Setup of the experiment 
 

An actuator was used to insert the cone at penetra-
tion rates ranging from 0.0002 to 3 mm/s. The minia-
ture piezocone comprised a standard 60° cone tip, 
with a cone and shaft diameter of 10 mm, a friction 
sleeve area of 1162 mm2 and a pore pressure filter sit-
uated behind the shoulder of the cone (u2 position). 
The cone unequal area ratio correction factor (α) of 

 CPTU

Actuator 

DWs 



0.8 was measured when calibrated both by direct 
loading and within a pressure chamber.  

Kaolin, 5%K and 25%K samples were mixed and 
water was added to form slurries that were first sub-
jected to de-airing; the water content employed was 
approximately two times the liquid limit of the re-
spective mixtures. The slurry samples were poured on 
top of two sheets of geotextiles placed at the base of 
the chambers. The sand samples were created by wa-
ter pluvation to achieve a relative density of ~42%. 
The unit weights of these samples were measured at 
the end of the test with average values of 16.5 kN/m3 

for Kaolin, 20.5 kN/m3 for 25%K, 19.5 kN/m3 for 
5%K and 19.7 kN/m3 for sand. The upper aluminium 
plate was located on the top of the samples, which 
were then consolidated in stages to the required nor-
mal stress of 32 kPa. A load cell and two laser LVDTs 
were used to monitor the applied stress and soil set-
tlement. The CPTu penetration was started after the 
LVDT reading showed no change for a period of at 
least three days. The water level was maintained 
about 20mm above the top plate during the consoli-
dation and penetration testing. The procedures em-
ployed ensured that the samples were fully saturated 
and consolidated.  
 
4 RESULTS AND DISCUSSION      

 CPTu testing results 

The testing program comprised CPTu penetrations in 
nine separate chamber experiments to investigate the 
effects of various penetration rates on the CPT param-
eters in clay-sand mixtures. A standard (relatively 
fast) rate of 3 mm/s was selected as a reference rate 
in this study. Steady state deep penetration was at-
tained at depths between 25 and 60 mm depending on 
the soil stiffness. The higher soil stiffness (arranged 
in order of sand, 5%K, 25%K and kaolin) required a 
deeper depth for CPT penetration to stabilize and 
reach the steady state.              

The following normalized CPTu parameters have 
been proposed  by Robertson (2016) and Schneider et 
al. (2008): 
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where qt is the corrected cone resistance and equal 
to [qc + u2(1- α)]; σv and σʹv  are the current in-situ ver-
tical total  and effectives stresses; u2 is the penetration 
pore pressure on the cone shoulder; u0 is the current 
in-situ equilibrium water pressure; u is the excess 
penetration pore pressure; fs is the cone sleeve fric-
tion; pa is atmospheric reference pressure in the same 

units as qt; n is the stress exponent that varies with 
soil behaviour type (SBT) defined by:   
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where n  1.0; Ic is a SBT index initially proposed 
by Jefferies and Davies (1993) and modified by 
Robertson and Wride (1998) to apply to the 
Robertson (2009) Qt - Fr chart, as defined by: 

    5.0
2

22.1log
2

log47.3 



 

r
F

tn
QcI  (5) 

Equation (5) is used to calculate this index at dif-
ferent velocities and is referred to here at Ic

* to distin-
guish it from the Ic

 value measured in a standard CPT. 
Figure 4 summarises the CPTu results at various pen-
etration rates measured in the chamber tests. It is clear 
that a higher kaolin content leads to a lower cone re-
sistance, except for the case of the 25%K mixture for 
which cone resistances in excess of 0.5 mm/s fall be-
low those of pure kaolin.  

In 25%K and kaolin, the data suggest that penetra-
tion at velocities less than  0.001 mm/s is fully drained 
with u2~0 i.e. u2 was virtually identical to u0. The 
calculated normalized drained CPT end resistance 
with a variable stress exponent (QtnD) is approxi-
mately 8 in 25%K, which is 60% higher than QtnD in 
kaolin. In contrast, the normalized undrained CPT 
end resistance with a variable stress exponent (QtnUD) 
in kaolin (at velocities in excess of about 0.5mm/s) is 
about 20% higher than for the 25%K mixture while 
corresponding u2 values are about 25% lower.  

For the 5%K soil, no significant differences in u2 
were observed for penetration rates between veloci-
ties of 0.002 and 3 mm/s. Although the absence of ex-
cess pore pressure suggests that penetration at these 
rates is largely drained, a slight increase in Qtn is evi-
dent as penetration velocities decrease. As expected 
for the sand, Qtn values are independent of the pene-
tration rate (over the range investigated) and excess 
pore pressures are essentially zero. 

The effect of the cone velocity on the normalized 
sleeve friction (Fr) measured in the four soils investi-
gated is illustrated on Figure 4c. It is seen that Fr is 
virtually constant at about 0.3 ± 0.1 % for all veloci-
ties for the 5%K and sand. However, the Fr values 
decrease with slowing penetration velocities for the 
samples with higher kaolin contents (albeit with some 
scatter). The average Fr ratio reduces by a factor of 
between 3 and 7 as the penetration rate reduces from 
an undrained to a drained rate.  

The variation of Ic
* calculated using equation (5) 

at different cone penetration velocities is illustrated in 
Figure 4d. It is seen that Ic

* remains independent of 
cone velocity for the sand and the 5%K mixture, av-
eraging at 1.7 and 2.1 respectively. In kaolin, Ic

* 
shows a relatively small reduction with velocity 
(which varies by four orders of magnitude) reducing  



 
from 3.7 for undrained conditions to 3.2 in drained 
conditions i.e. the index and the assessment of SBT  
is not overly sensitive to the cone velocity. Greater 
sensitivity of Ic

* is exhibited by the 25%K soil,  which 
reduces from a value of 4 during undrained penetra-
tion to 2.8 at a drained velocity. This change in index 
shifts the data point on Robertson’s SBT chart from 
Zone 2 to Zone 4 (see Figure 6c). However, it is im-
portant to note that the SBT chart of Robertson (2009) 
relates to the standard cone penetration velocity of 20 
mm/s for a standard area cone (10cm2).  

 Effect of CPTu penetration rate on end 
resistance (qt) 

The CPTu measurements in this study are combined 
with results obtained in the UWA drum centrifuge 
and 1g chamber reported by Suzuki and Lehane 
(2015) to examine the effect of a wider range of pen-
etration velocities on CPT end resistance (Figure 5). 
A normalized velocity (V) is defined by Finnie and 
Randolph (1994) 

v
c

vd
V     (5) 

where v is the cone velocity; d the cone diameter; 
and cv is the vertical coefficient of consolidation  

 
measured in a one-dimensional consolidation test. 
The cv values employed here are reported by Suzuki 
and Lehane (2015) for the four soils investigated. 

Figure 5 presents results of normalized end CPT 
resistance (Qt) against V for the combined database.  

  

 
Figure 5. Normalized cone resistance (Qt) against normalized 
velocity (V) 
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(c) 

(b) 
(d) 

Figure 4. Effects of different penetration velocities on: (a) Qtn, (b) u2/v, (c) Fr and (d) Ic
* 

*



 

In sand, the Qt value of 170 ± 10 is independent of 
V. For 5%K mixture, a reduction in Qt of only about 
20% is observed as V increases from 10-5 (v = 0.01 
mm/s) to 0.03 (v = 3 mm/s). This reduction occurs 
even though Δu2 was zero at all velocities. 

In the 25%K mixture, fully drained penetration oc-
curred at V < 0.01 and fully undrained penetration re-
quired V > 7. The ratio of normalized drained end 
cone resistance (QtD) to normalized undrained end 
cone resistance (QtUD) is 10  2, which is similar to 
the ratio measured by both Kim et al. (2008) and 
Jaeger et al. (2010). In kaolin, the partially drained 
penetration occurs at a different normalized velocity 
range between 0.08 and 100 and the average QtD/QtUD 
ratio of 2.2 is about 4 times lower than for 25%K soil; 
this ratio is in good agreement with CPTs performed 
in centrifuge tests by Randolph and Hope (2004).  
The very low QtUD values in the 25%K mixture (and 
resulting high QtD/QtUD ratio) is attributed by Suzuki 
& Lehane (2015) to a highly contractive response, as 
seen also in element tests on the material.  

 Soil Behaviour Type 

The data from the variable rate penetration tests are 
plotted on the most up-to-date Soil Behaviour Type 
(SBT) charts on Figure 6. The results obtained by Su-
zuki and Lehane (2015), Kim et al. (2008) as well as 
in this study show that data recorded at rate of 3 mm/s 
with a 10 mm diameter cone are similar to those of 
the standard 36 mm diameter CPTu performed at 20 
mm/s (noting respective normalized velocities differ 
by a factor of 24). This is confirmed on Figure 6a 
which shows the sand, the 5%K mixture and kaolin 
classifying as sand (Zone 6), sand-mixtures (Zone 5)  

 

and clay (Zone 2) respectively. It is interesting to note 
that despite the high sand content, this chart classifies 
the 25%K mixture as a clay; this classification is in 
keeping with the material’s mechanical characteris-
tics measured in element tests. 

The Qtn vs. Fr chart of Figure 6a also includes a 
“CD” line above which material is expected to be di-
lative and below which the material is contractive. 
This line is compatible with the known characteristics 
of the sand, 25%K and kaolin samples but classifies 
the 5%K soil as contractive, despite the strongly dila-
tive response of this material at large strains, as seen 
in undrained triaxial compression in Figure 1. Pene-
tration of the cone in the 5%K mixture was essentially 
drained for all velocities investigated (see Figure 4b) 
and therefore the interface shear response observed in 
drained direct shear plotted on Figure 2 can assist in-
terpretation. This figure indicates that there is likely 
to be a contractive response at the smooth friction 
sleeve of a cone and therefore Robertson’s assess-
ment of a contractive material is correct. If, however, 
a rough friction sleeve was employed, Figure 2 indi-
cates that there would a dilative response at the inter-
face and friction would increase by 30%. Such an in-
crease in friction would move many of the data points 
for 5%K into the dilation zone above the state param-
eter  = -0.05 (≡CD) line shown on Figure 6a. 

Figure 6b shows the Qtn - U2 chart provided by 
Schneider et al. (2008) and updated by Robertson 
(2016) by replacing Qt with Qtn. The effects of rate 
are also apparent on this figure, although it is seen that 
the 5%K mixture classifies as dilative and both the 
kaolin and 25%K soils plot within a transitional zone 
even at the higher (undrained) velocities of 3 mm/s. 

    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

    (a)  Qtn - Fr Robertson (2016) chart 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                     (b)  Qtn - U2 Robertson (2016) chart 

Figure 6. Effects of various penetration velocities on CPT-based soils classification charts 

Soil Behaviour Type 
 

CC Clay-like - Contractive 

CD Clay-like - Dilative 

TC Transitional - Contractive

TD Transitional - Dilative 

SC Sand-like - Contractive 

SD Sand-like - Dilative 

CCS Clay-like - Contractive - 
Sensitive  



5 CONCLUSION 

A series of CPTu employed in laboratory pressure 
chambers  involving clayey sands, sand and clay in-
dicate that: 

(i) The soil behavior type charts of Robertson 
(2009, 2016) are successful in predicting the nature of 
mechanical characteristics of the materials investi-
gated. 

(ii) The presence of just 5% clay within a sand de-
posit can have a significant effect on the response to 
shear, as observed in element tests. CPT data show 
lower cone tip resistance in these materials and a fully 
drained response. Friction ratios in these materials are 
sensitive to the roughness of the friction sleeve and 
can affect interpretation. 

(iii) Undrained CPT end resistances measured in 
sand with a kaolin clay fraction of 25% are almost a 
factor of 2 lower than pure kaolin. Cone parameters 
in these kinds of materials are particularly sensitive to 
the penetration rate. 
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1 INTRODUCTION 

CPT-based methods for predicting the axial capacity 
of driven piles are rapidly becoming the industry 
standard. Chandler and Martins (1982), Francescon 
(1983), Mochtar and Edil (1988), and others exam-
ined the response of piles in kaolin. There is, how-
ever, a relative shortage of experiments performed 
under well-controlled conditions in the laboratory to 
test the validity of CPT methods for non-displace-
ment piles and to compare measured capacities with 
the simple Coulomb friction law. This paper ad-
dresses this scarcity of data by presenting results from 
tension pile tests conducted on buried piles in nor-
mally consolidated kaolin in a laboratory pressure 
chamber and in the centrifuge. CPT qt, fs and u2 data 
were recorded in the same kaolin deposits used for the 
pile tests. Parallel constant normal load (CNL) and 
constant normal stiffness (CNS) direct shear interface 
tests are presented to assist interpretation of the pile 
tests. All piles and interfaces tested were fully rough.  

The relief in lateral stress during boring operations 
is thought to be compensated for the application of 
the head of concrete during shaft construction and 
therefore lateral stresses acting on the pile shaft are 
approximately unchanged from their initial K0 condi-
tion (O'Neill 2001). For this reason, the observations 
made in this paper for buried piles are also considered 
applicable to standard bored piles. 

2 MODEL FOR PILE SHAFT RESPONSE 

Static pile load testing is usually performed at a 
drained rate of displacement. Under these conditions, 
as illustrated in Figure 1, the soil at the soil-pile shaft 

interface will either contract or dilate during shear 
and hence lead to a reduction or increase in lateral ef-
fective stress ( ) acting on the shaft due to the con-
straint provided by the surrounding soil mass. This 
mechanism is similar to that of a soil element sub-
jected to interface shear under CNS conditions (e.g. 
Airey et al. 1992).  

Shaft resistance of non-displacement piles in normally consolidated clay 

L. V. Doan & B. M. Lehane  
School of Civil, Environmental and Mining Engineering 
The University of Western Australia, Australia 

ABSTRACT: This paper presents results from a series of tension pile load tests on buried piles in normally 
consolidated kaolin and compares trends observed with shaft friction inferred from constant normal load (CNL) 
and constant normal stiffness (CNS) direct shear tests. It is shown that a CNL test with allowance for a 10% 
reduction in lateral effective stress during shearing provides a simple way of obtaining an accurate estimate of 
the available pile shaft friction. The capacities predicted using four separate of empirical methods, including 
more recent CPT methods, are under-predicted by a factor of between 1.5 and 2.2.   

Figure 1. Analogy between a pile-soil interface and a CNS test 



Figure 2. Interface shear test results for Kaolin using rough interface with   of 25 kPa and 50 kPa 

The change in lateral stress ( ) on a cylindrical 
pile shaft of diameter D due to a change in shear band 
thickness (t) can be replicated in CNS interface 
shear box test as follows using a CNS stiffness of kn, 
by considering elastic cavity expansion (Boulon and 
Foray 1986) 

tk
D

tG
nh 




4'               (1) 

where G is the operational shear modulus of the soil 
around the pile.  

3 CNL AND CNS INTERFACE SHEAR TESTS 

Five direct shear tests were performed with initial 
normal effective stresses of 25 kPa and 50 kPa using 
rough interfaces with identical properties to those of 
the model test piles. The rough interface was shot-
blasted in order to achieve Rmax (defined as the rela-
tive height between the highest peak and the lowest 
trough over a 2.5 mm gauge length) of about 100-132 
m. The normalised roughness Rn = Rmax/D50 (e.g. 
Kishida and Uesugi 1987) was such that this interface  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

could be assumed fully rough for the clay. 
Soil-interface direct shear tests were performed at 

at normal stiffnesses (kn) of 0 kPa/mm (i.e. a CNL 
test), 100 kPa/mm, 200 kPa/mm and 1000 kPa/mm 
using the computerised ‘in house’ apparatus at UWA. 
The rough interfaces were fitted precisely into the 
lower half of the shear box. Both the upper and lower 
boxes were made from teflon to mimimise friction 
(Boukpeti and White 2017; Doan and Lehane 2018a; 
Lehane and Liu 2012). This friction was corrected for 
using data measured in preliminary experiments (and 
typically amounted to about 1 kPa).   

Kaolin clay with respective liquid and plastic lim-
its of 61% and 27% was used in all tests. The kaolin 
was mixed under a vacuum for 1 day at a water con-
tent of two times the liquid limit (about 120%) to form 
a homogeneous slurry. Samples for the shear box tests 
were poured into Shelby tubes and pre-consolidated 
in stages using dead weights with a maximum stress 
of 20 kPa. Specimens were then removed from the 
tubes, trimmed and placed into a ring with diameter 
of 71 mm and height of 20 mm. They were subse-
quently transferred to the upper half of the box (on the 
top of the interface plate) and then consolidated to in-
itial normal effective stresses ( ) of 25 and 50 kPa. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure 2 summarises the results obtained in inter-
face tests on rough interfaces. The shear displacement 
required to mobilise peak stresses is a little smaller in 
CNS tests, but was typically about 2 mm for the CNL 
and CNS tests. All samples contract under shear with 
peak stresses mobilized just prior to when samples at-
tain constant volume conditions. The ratios of shear 
stresses () to current normal effective stresses ( ) 
at peak and ultimate conditions are comparable for all 
CNS and CNL tests. The mean peak and ultimate 
stress ratios observed are 0.4 and 0.3 respectively. 

It is apparent that the contraction and the decrease 
in normal effective stresses ( ) acting on the inter-
face at peak are higher with higher values of kn (Fig-
ure 2). Significantly higher maximum shear stresses 
are mobilised under CNL conditions as, in contrast to 
the CNS tests, there is no decrease in normal effective 
stress during shear. An unrestrained maximum con-
traction of 0.31 mm is observed in the CNL tests, 
whereas the maximum (t) value is only 0.01 mm for 
the samples sheared with kn = 1000 kPa/mm. Figure 
2 shows the  /  ratios plotted against the normal 
stiffness (kn). The highest  /  ratio of about 0.3 
is obtained for the CNS test with kn = 1000 kPa/mm.              

4 CPTu AND PILE TENSION LOAD TESTS 

4.1 Experimental set-up 

CPTu and pile tension tests were performed in nor-
mally consolidated kaolin in the geotechnical beam 
centrifuge and in a number of laboratory pressure 
chambers at the University of Western Australia 
(UWA). 

4.1.1   UWA beam centrifuge 

One of the samples tested in the UWA centrifuge was 
normally consolidated in a rectangular strongbox 
with internal plan dimensions of 390 mm by 650 mm 
and a height of 325 mm. The strongbox weighs about 
70 kg and permits models with up to 250 mm of sat-
urated soil (about 200 kg) to be tested at maximum 
acceleration level of 200g (Figure 3). A complete 
technical description of the facility is given by 
Randolph et al. (1991).  

The model tension pile employed was a hollow, 
closed-ended, aluminium rod with a diameter of 8 
mm. The embedded length of the pile in the sample 
was 100 mm. The pile surface was prepared in the 
same manner as the rough interface in the direct shear 
tests. The model pile was embedded in kaolin slurry 
and positioned using a pin with a plate at the top of 
the strongbox, as indicated on Figure 3; this pin also 
facilitated vertical movement of the pile. The weight 
of pile was designed to equal the weight of the dis-
placed kaolin to ensure that no relative displacement 
between the pile and the soil took place during in-
flight consolidation of the kaolin. These procedures 

ensured no negative skin friction on the pile and lat-
eral stresses acting on the pile shaft prior to axial load-
ing that closely approximated normally consolidated 
K0 conditions. 

 

 
The kaolin sample (including the pile) was consol-

idated at an acceleration of 100g for 4 days. To ensure 
that the sample was fully consolidated, the soil settle-
ment was monitored and compared with marker lines 
inside of the strongbox, as indicated in Figure 3. A 20 
mm layer of free water was maintained above the 
sample throughout testing. After the sample consoli-
dation completed, the pile was then tension load 
tested by applying a constant displacement rate of 
0.0005 mm/s to the pile head using a 8 kN capacity 
load cell connected to the actuator. 

4.1.2   UWA pressure chamber 

All three samples tested were normally consolidated 
in steel pressure chambers with an inner diameter of 

Buried pile 

Actuator 
Load cell 

Figure 3. Setup of UWA beam centrifuge for tension load tests

Plate 

Pins 

Buried pile 

Strongbox 

Marker lines 



Figure 4. Typical shear stress displacement curves measured in
pile tension tests 

395 mm and height of 400 mm. Details of the cham-
ber and test set up are described by Doan and Lehane 
(2018a, b). 

The model piles were buried in a kaolin slurry 
sample, which was then consolidated to a vertical ef-
fective stress of 32 kPa over a period of 45 days (at 
which point no creep settlement of the kaolin samples 
was detectable). A load cell and two laser LVDTs 
were used to monitor the applied stress and soil set-
tlement during testing. The water level was always 
maintained about 20 mm above the top plate to ensure 
that the samples were fully saturated.  

The model tension piles employed were solid alu-
minium rods with diameters of 8 mm, 14 mm and 20 
mm, each with an embedded length of 200 mm. All 
model piles were tied to the top cap using split clamps 
via access holes with clearance of 1 mm around the 
piles during the sample consolidation. The procedures 
could avoid relative displacements between the pile 
and the soil during the test. When sample consolida-
tion was completed, split clamps were removed be-
fore piles tests. The pile tension load tests were per-
formed by slow extraction using an actuator at a 
constant displacement rate of 0.005 mm/s. A 0.5 kN 
capacity load cell was placed in series between the 
pile head connector and the actuator. 

4.2  CPTu tests 

CPTu tests were performed at various penetration 
rates in both the geotechnical beam centrifuge and the 
laboratory pressure chambers. The cone penetrometer 
had a diameter of 10 mm and a friction sleeve area of 
1162 mm2. The pore pressure filter was located at the 
shoulder (u2 position) of the cone. 

Apart from the upper 30 mm of the sample where 
cone penetration was not steady-state, the CPTu tests 
in the chambers indicated uniform conditions with 
virtually constant qt and u2 values of 95 kPa and 40 
kPa, when tested at an undrained rate of penetration. 
The qt values in the centrifuge reach their respective 
steady state gradient of 16.7 kPa/m (Randolph and 
Hope 2004). A more detailed description of CPTu re-
sults at various penetration rates is provided by Doan 
and Lehane (2018b). 

4.3 Tension load tests 

Average shear stresses (av), derived as the meas-
ured tension load divided by the pile shaft area, deter-
mined during the chamber and centrifuge pull-out 
tests are plotted against the pile head displacement 
(w) in Figure 4. Peak average shear stress (pav) on 
these rough piles develop at pile head displacements 
corresponding to a w/D ratio of 5%. The magnitudes 
of pav are independent of pile diameter (D), for the 
investigated D range of 8 mm to 20 mm, although the 

higher pile displacements are required for larger pile 
diameters, as indicated in Figure 4.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5 RESULTS AND DISCUSSION 

5.1  Predicting the pile shaft friction using results 
obtained in CNL and CNS interface tests   

The peak ultimate shaft friction f) on a non-dis-
placement pile may be obtained from Coulomb’s fric-
tion equation as: 

f = 'hf tan p = K0'vo (1 + Δ'h/σʹh0) tan p    (2) 

where 'hf is the lateral effective stress at peak unit 
skin friction and p is the peak interface friction angle 
between the soil and the pile shaft. The value of 'hf 

differs from the in-situ lateral effective stress ('h0) 
due to the changes in lateral effective stress that arise 
during shearing at the pile-soil interface (Δ'h). 

The inferred values of Δ'h derived using equation 
(2) are normalised by the mean initial lateral effective 
stress ('h0) and current lateral effective stress ('h) 
provided in Table 1. The K0 value was assumed equal 
to 0.6 and tan δp was taken as 0.4 using the mean ratio 
observed in the CNL and CLS direct interface tests 
(Figure 2). 

 
Table 1. Test results 

Piles  
D pav `h0 `h `h/`h0 

(mm) (kPa) (kPa) (kPa) 

B1 8 7.2 19.5 1.6 0.08 

B2 14 7.1 19.5 2.0 0.1 

B3 20 7.1 19.5 2.0 0.1 

B4* 8 7.7 19.8 0.8 0.04 

* performed in UWA beam centrifuge 

 



Table 1 indicates a mean reduction of 8% in hori-
zontal effective stress during loading of test piles. 
This result is similar to the stress reduction during 
shearing inferred by Chandler and Martins (1982) in 
laboratory model pile tests and is also comparable to 
the mean reduction of 15% measured by Lehane and 
Jardine (1994) for displacement piles in soft clay. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The mean lateral effective stress at peak shear 

stress ('hf) was calculated assuming a 10% reduction 
in lateral stress from the K0 stress and ratios of aver-
age peak shear stress (τpav) to these σ'hf  values are 
plotted against the pile head displacement on Figure 
5. It is evident that Figure 5 closely resembles Figure 
2, confirming direct interface tests can be used di-
rectly in pile capacity predictions. 

5.2 Comparison of measured capacities with 
existing methods 

The pile capacities measured in the chamber and cen-
trifuge tests are compared in this section with popular 
existing design methods. One of the most popular 
methods is the α method where α is typically taken 

equal to 0.5 for bored piles (Tomlinson and 
Woodward 2014). Lehane et al. (2009) show that the 
undrained strength ratio (for simple shear strength) of 
the kaolin used in the experiments is 0.25 and this ra-
tio combined with α = 0.5 was used to estimate the 
ratio of the calculated to measured pile capacities 
(Qc/Qm). The average Qc/Qm ratio obtained using this 
approach for the four pile tests is 0.56, as indicated in 
Table 2. 

Another popular method is the LCPC method pro-
posed by Bustamante and Gianeeselli (1982) where 
peak friction is directly related to the CPT qc value for 
bored piles in soft clay as: 

30/cp q                  (3) 

As indicated in Table 2, this method also signifi-
cantly under-predicts the pile capacities with a mean 
Qc/Qm value of 0.45 for the four test piles. 

Eslami and Fellenius (1997) proposed an improve-
ment on the LCPC method by correlating capacities 
with CPTu parameters using 102 full-scale pile load-
ing tests. They proposed the following formulation 
for bored piles in soft sensitive clays: 

)(08.0 2uqtp                (4) 

where qt is the pore pressure corrected qc resistance. 
As indicated in Table 2, this method performs better 
than the LCPC method but under-estimates capacity 
by about 40%.  

A more recent method proposed by Niazi and 
Mayne (2016) based on data from 153 pile load tests 
gives the following expression for bored pile under 
tension loading mode at a constant rate of penetration:  

))(10(78.0 2
6.373.0 uqt

I
p

c            (5) 

where Ic is the soil behaviour type index defined by 
Robertson (2016). Adopting the Ic value of 3.6 pro-
vided by Doan and Lehane (2018b) for kaolin leads 
to a mean Qc/Qm ratio of 0.67 which is an improve-
ment on the two other CPT methods examined. 
 Table 2 clearly indicates that best predictions are 
obtained using the stress ratio measured in a direct 
shear interface test combined with the assessed K0 
value of 0.6 and a 10% reduction in lateral effective 
stress during shearing. Further research is required to 
improve the empirical methods considered. 
 
Table 2.  Mean Qc/Qm ratios for four test piles in kaolin 

Methods Qc/Qm 

Direct shear test (CNL with Δσʹh/σʹh0 = 0.1) 0.97 

Total stress method (α) 0.56 

Bustamante and Gianeeselli (1982)  0.45 

Eslami and Fellenius (1997) 0.62 

Niazi and Mayne (2016)  0.67 

 

Figure 5. Stress ratios against pile head displacement (w) 



6 CONCLUSION 

The following conclusions are obtained from a series 
of static tension tests on buried piles in normally con-
solidated kaolin, coupled with parallel constant nor-
mal load and constant normal stiffness direct shear in-
terface tests.  

(i) The pile diameter (D) does not affect the mag-
nitudes of the shaft frictions developed (with D rang-
ing from 8 mm to 20 mm). 

(ii) A CNL test with allowance for a 10% reduction 
in lateral effective stress during shearing provides a 
simple way of obtaining an accurate estimate of the 
available pile shaft friction, if the in-situ horizontal 
stress can be reasonably estimated. 

(iii) Existing empirical methods relating capacity 
with the CPTu parameters as well as clay undrained 
strength perform poorly for the buried piles and un-
derestimate capacity by a factor of between 1.5 and 
2.2. 
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ABSTRACT 
This paper examines mechanisms controlling the axial capacity of bored piles in sand and uses these to examine the 
effect of pile diameter on unit resistance and to assist development of a general direct CPT formulation. A new database 
of static load tests on continuous flight augered piles constructed in the field is combined with load test data from buried 
piles in the centrifuge and pressure chamber to establish a database of bored/buried piles with diameters ranging by 
more than three orders of magnitude. It is shown that compensating factors contribute to surprisingly similar ratios of 
CPT end resistance to average pile shaft friction for this range of diameters. 
 
RÉSUMÉ 
Cet article examine les mécanismes contrôlant la capacité axiale des pieux forés pour un sol sableux et utilise ces 
résultats pour comprendre les effets du diamètre du pieux par rapport à la résistance unitaire et pour ainsi aider au 
développement d’une formulation directe et générale des essais de pénétration au cône. Une nouvelle base de données 
de charges statique sur pieux à la tarière creuse installés sur le terrain est associée à une seconde base de données ou 
les pieux sont enterrés en centrifuge et en chambre de compression pour établir une comparaison entre pieux forés et 
pieux battus dont le diamètre varit de plus de trois ordres de grandeur. Il est montré que les facteurs de compensation 
ont des ratios resistance finale des essais de pénétration au cône sur la friction moyenne de la vis de forage similaires 
pour l’ensemble des diamètres testés. 
 
 
 
1 INTRODUCTION 
 
The Cone Penetration Test (CPT) is a widely popular in-
situ test due to its cost-effectiveness and the reliability of 
data obtained. The CPT end resistance (qc) is commonly 
incorporated in empirical correlations for the assessment 
of pile capacity. 

The correlations of pile capacity with CPT qc value 
approach have been shown to have higher reliability than 
the traditional earth pressure approach (e.g. Bustamante 
and Gianeselli 1982). Direct empirical methods for 
capacity estimates are available for bored piles and these 
are usually simplified direct proportional relationships 

between qc and unit shaft friction (f) i.e. 
 

f = qc / c                                                [1] 
 

where c is an empirical factor. 
This paper first provides an overview and discussion 

of the factors affecting unit shaft friction of bored piles in 
sand. Buried piles employed in the centrifuge and 
laboratory pressure chamber as well as instrumented full 
scale continuous flight augered (CFA) piles are then 
examined to highlight the importance of dilation to the 
development of shaft capacity. A database of 
bored/buried piles is developed with diameters ranging 
from 3 mm to 2000 mm and comprising 43 static load 
tests is presented and used to examine the effect of pile 
diameter on shaft resistance.  This investigation reveals 

that values of c are not strongly dependent on the pile 
diameter despite the conventional understanding of 

dilation effects reducing with increasing diameter. 

Compensating factors contributing to relatively uniform c 

values over a large range of diameters are discussed.  
 
 

2 SHAFT FRICTION 
 

2.1 Unit shaft friction 
 

The ultimate shaft friction (f) on a bored pile may be 
obtained from Coulomb’s friction equation as (Lehane 
2009): 

 

f = 'hf tan  = ('h0 + Δ'hc + Δ'hd) tan                    [2]  

 

where 'hf is the lateral effective stress at peak unit 

skin friction and  is the interface friction angle between 

the soil and the pile shaft. The value of 'hf differs from the 

in-situ lateral effective stress ('h0) due to the changes in 

lateral stress that arise due to pile construction 

procedures (Δ'hc) and during shearing at the pile-soil 

interface (Δ'hd). The relief in lateral stress during boring 

operations is often thought to be compensated for  
application of the head of concrete during shaft 

construction (O'Neill 2001) and therefore the Δ'hc term is 

often considered small compared to the relative impact of 

the Δ'h0 and the 'hd terms. Equation 2 may therefore 

be written as: 
 

f = 'hf tan  = ('h0 + Δ'hd) tan                  [3] 
 



 

If 'h0 = K0 'v0 and 'hf = K ’vf, Equation 3 can 

expressed as follows (Kulhawy 1991): 
 

f = (K/K0) K0 ’v0 tan                                                [4] 
 
Rollins et al. (2005) back-figured average K values 

from axial tension tests on bored piles in dense sand and 
gravel and found that they were considerably higher than 
the normally consolidated at-rest earth pressure 
coefficient K0 i.e. the value of lateral effective stress at 

peak unit skin friction ('hf) is higher than that of the in-situ 

lateral effective stress ('h0). A positive dilation component 

(Δ'hd) would explain this difference. As shown in Lehane 

et al. (1993), sand tends to dilate when sheared at the pile 
shaft interface and the constraint provided by the 
surrounding sand mass to this dilation leads to a 

significant Δ'hd term. 
 

 
Figure 1. Correlations of c with qc for bored piles adopted 
in Europe and WIP piles with no dilation in sand 

 
Figure 1 shows correlations between average pile 

shaft friction (f) and qc adopted in various European 
countries (De Cock et al. 2003). This figure also shows 
the expected trend line for a wish-in-place (WIP) pile in 
Leighton Buzzard (LB) sand without any dilation; this was 
derived using the relationship proposed by Houlsby and 
Hitchman (1988) between the qc value and in-situ lateral 

effective stress ('ho) for this sand, taking 'hc and 'hd = 

0 with =350
 in Equation 2. Evidently the frictions 

generated for the no-dilation condition are significantly 
smaller than those measured in the field, suggesting that 
dilation is a major contributory factor to friction generation 

and that 'hf values for bored piles in sand are likely to be 

larger than 'h0 values. 

The c values corresponding to the shaded region in 
Figure 1 correspond to a mean value of 200 and a range 

of 100 to 300 in Europe. In contrast the c values inferred 
for the no-dilation condition vary from about 225 to 2500. 

  

2.2 Dilation at the shaft-soil interface 
 
Previous model testing has shown that a thin shear zone 
exists adjacent to a loaded piles shaft (Lehane et al. 1993; 
Lehane and White 2005). The load transfer behaviour at 
the pile shaft can be idealized as the shearing of a thin 
interface zone surrounded by a soil mass. Changes in 
lateral stress on the pile shaft arise from changes in the 
volume of the shear bands (Lehane 1992; Tabucanon et 
al. 1995). 

Boulon and Foray (1986) explained the effects of 
dilation for piles using a cavity expansion analogy and the 
responses observed in constant normal stiffness (CNS) 
interface shear box test. They proposed the following 

expression for 'hd: 

 

'hd = 4Gy/D= kny           [5] 

 
where G is the equivalent linear shear modulus of the 

sand or gravel mass constraining the dilation, D is the pile 
diameter and kn is the equivalent normal stiffness. This 

equation shows that 'hd values vary in inverse 

proportion to the pile diameter and suggests that the 
relative contribution of dilation to shaft capacity is much 
larger for small scale model piles than for larger diameter 
full scale bored piles in the field. 

 
 

3 CENTRIFUGE INVESTIGATIONS OF SHAFT CAPACITY 
 
Centrifuge tests on buried piles with a range of pile 
diameters in normally consolidated sand were conducted 
by Garnier and Konig (1998), Foray et al. (1998) and 
Lehane et al. (2005). Buried piles were employed in these 
tests so that the lateral stress change due to construction 
(∆σ'hc) could be assumed to be zero. Sand grains were 

glued to the shafts of all piles to create ‘fully rough’ 
interfaces and the piles had diameters ranging from 2 mm 
to 55 mm. 
 

 
 

Figure 2. 'hd as a function of pile diameter (centrifuge 

data from Lehane et al. 2005) 
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Figure 3. Measured and predicted c / f values 
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The inferred increase in average lateral stress ('hd) 

normalized by the initial average lateral stress (σ'h0) 

obtained in the experiments described by Lehane et al. 
(2005) are plotted in Figure 2. This figure shows that, as 

implied by Equation 5, the value of 'hd reduces with 

increasing pile diameter. However the direct inverse 

relationship with D is not evident e.g. 'hd/'h0 value for 

the pile with D=3mm at 100g is about 2.3 times higher 
than that for the pile with D=18mm, whereas Equation 5 
for a constant G and y suggested that it should be six 
times higher. It would appear, as explained by Lehane et 
al. (2005) that, if the value of y is fixed and independent of 
D, the G value adjacent to the larger pile will be larger as 
the associated strain in its vicinity (which is proportional to 
y/D) is lower. 
 
 
4 SHAFT FRICTION PROFILES AT A PERTH SAND SITE 

 
Two instrumented 4m long CFA piles with diameters of 
225 mm and 340 mm diameter were installed and load 
tested at the UWA test bed site at Shenton Park, 
Australia. The instrumentation on each pile comprised a 
steel bar with four levels of strain gauges, placed centrally 
in the pile bore after grout placement. A full description of 
these tests is given by Lehane (2009), who also describes 
the associated self-boring pressuremeter tests and 
constant normal stiffness laboratory shear tests.  

The profiles of f and c obtained for the 225mm 

diameter pile are plotted in Figure 3. Values of f and 

hence c were derived using Equations 3 and 5. The 
operational shear modulus, G, was measured in the 
pressuremeter test and expressed as a function of y/D 
(half the cavity strain) and the initial tangent to this 

relationship (G0) was assessed from seismic cone shear 
wave velocities (giving G0 between 80 MPa and 130 
MPa). The dilation, y, was obtained as a function of 
kn=4G/D from CNS interface shear tests. An iterative 
approach was then used to ensure that the selected value 

of G for calculation of 'hd in Equation 5 was consistent 

with the level of dilation (y). f and hence c were derived 

assuming an interface friction angle () for a rough 
surface equivalent to the soil-soil constant volume friction 
angle of 33o (Uesugi & Kishida 1986, Lehane et al. 1993). 

A comparison of the measured and predicted 
variations in Figure 3 shows reasonable agreement and 
interestingly the analyses confirm the somewhat 
unexpected trend of local shaft friction reducing with depth 
at this site. Frictions predicted assuming no dilation (i.e. 

'hd=0) are also plotted in Figure 3 and are evidently 

much smaller than the measurements. It is also 
noteworthy that the backfigured operational values of G 
used in Equation (5) were significantly less than G0 (which 
has been assumed (for driven piles) by Jardine et al. 
2005). 

This analysis highlights the importance of dilation in 
the development of the ultimate shear stress for bored 
piles in sand. 

 
 

5 BORED/BURIED PILES IN SAND 
 
The relationship between the shaft friction of bored piles 
and the CPT qc value is examined using a new database. 
This database is summarised in Table 1 and comprises 
43 pile tests in both normally and over consolidated sand. 
The tests are divided into two groups: the first group of 21 
(labelled Type B) are buried piles with fully rough shafts 
tested in the centrifuge and pressure chamber. The seco- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Database of load tests on bored/buried piles in sand 
 

Test     Reference    Test Site 
D Length 𝐪𝐜−𝐚𝐯𝐠 𝐪

𝐬
 𝐡𝐨

′ * 𝐡𝐝

′
 

(mm) (m) (MPa) (kPa) (kPa) (kPa) 

B1 Lehane et al. 2005 Centrifuge at 30g 3 0.13 7.6 90 9 125 

B2 Lehane et al. 2005 Centrifuge at 30g 5 0.13 7.6 64 9 86 

B3 Lehane et al. 2005 Centrifuge at 30g 10 0.13 7.6 48 9 63 

B4 Lehane et al. 2005 Centrifuge at 30g 18 0.13 7.6 43 9 55 

B5 Lehane et al. 2005 Centrifuge at 49.8g 3 0.13 11.3 104 15 140 

B6 Lehane et al. 2005 Centrifuge at 49.8g 5 0.13 11.3 74 15 96 

B7 Lehane et al. 2005 Centrifuge at 49.8g 10 0.13 11.3 63 15 78 

B8 Lehane et al. 2005 Centrifuge at 49.8g 18 0.13 11.3 56 15 69 

B9 Lehane et al. 2005 Centrifuge at 99.6g 3 0.13 17.6 157 30 205 

B10 Lehane et al. 2005 Centrifuge at 99.6g 5 0.13 17.6 113 30 138 

B11 Lehane et al. 2005 Centrifuge at 99.6g 10 0.13 17.6 92 30 107 

B12 Lehane et al. 2005 Centrifuge at 99.6g 18 0.13 17.6 81 30 91 

B13 Lehane et al. 2005 Centrifuge at 179.3g 3 0.13 20.1 207 54 255 

B14 Lehane et al. 2005 Centrifuge at 179.3g 5 0.13 20.1 142 54 158 

B15 Lehane et al. 2005 Centrifuge at 179.3g 10 0.13 20.1 129 54 139 

B16 Lehane et al. 2005 Centrifuge at 179.3g 18 0.13 20.1 103 54 101 

B17 Lim and Lehane 2014 Chamber 8 0.3 25.1 200 77 243 

B18 Lim and Lehane 2014 Chamber 10 0.3 25.1 180 77 211 

B19 Lim and Lehane 2014 Chamber 11 0.3 25.1 183 77 216 

B20 Lim and Lehane 2014 Chamber 10 0.3 25.1 192 77 230 

B21 Lim and Lehane 2014 Chamber 11 0.3 25.1 194 77 234 

F1 Caputo and Viggiani 1988 Naples, Italy 1500 42.0 10.0 63 57 52 

F2 Caputo and Viggiani 1988 Naples, Italy 2000 42.0 10.0 57 57 42 

F3 Cadogan and Gavin 2006 Blessington, Ireland 100 2.0 15.0 120 60 125 

F4 Cadogan et al. 2010 Blessington, Ireland 100 2.0 15.0 120 60 125 

F5 Cadogan et al. 2010 Blessington, Ireland 200 3.0 15.0 120 75 110 

F6 Gavin et al. 2009 Killarney, Ireland 800 14.0 4.6 35 45 9 

F7 Gavin et al. 2009 Killarney, Ireland 450 15.0 4.3 36 48 7 

F8 Lehane 2009 South Perth, Australia 340 10.5 4.0 23 31 6 

F9 Lehane 2009 South Perth, Australia 340 10.5 4.0 25 31 9 

F10 Lehane 2009 Shenton Park, Australia 225 4.0 9.0 96 22 126 

F11 Lehane 2009 Shenton Park, Australia 340 4.0 9.0 63 22 76 

F12 Roscoe 1984 Glasgow, UK 600 17.5 6.7 29 41 4 

F13 Roscoe 1984 Glasgow, UK 600 17.5 6.7 30 41 6 

F14 Roscoe 1984 Glasgow, UK 600 16.0 6.7 36 38 18 

F15 Roscoe 1984 Glasgow, UK 600 20.0 7.0 29 45 0 

F16 Roscoe 1984 Glasgow, UK 600 17.5 6.7 33 41 9 

F17 Konstantinidis et al. 1987 California, USA 690 4.6 20.0 70 54 22 

F18 Konstantinidis et al. 1987 California, USA 670 3.1 20.0 52 50 6 

F19 Franke and Garbrecht 1977 Germany 1100 13.0 13.5 35 70 -17 

F20 Franke and Garbrecht 1977 Germany 1500 14.0 13.5 53 76 5 

F21 Franke and Garbrecht 1977 Germany 1100 6.0 16.5 65 57 44 

F22 Franke and Garbrecht 1977 Germany 1500 6.0 16.5 108 57 109 

* ho
′

=  𝐾0𝛾
′
𝐿/2 where 𝛾

′
 is the mean effective unit weight of sand and L is the pile length. 



 

nd group of 22 are full scale bored pile loading tests 
(labelled Type F) located at 8 different sites. 

Table 1 shows the interpreted values of the average 
CPT end resistance (qc−avg), the average measured shaft 

resistance (q
s
), the average initial lateral effective stress 

(ho
′

) and the average increase in lateral stress during 

shearing (hd

′
); all averages are made over the complete 

shaft. hd

′
 values were estimated from the relationship: 

 

∆σhd

′
=  q

s
 / tan δ − σh0

′
= 4Gy/D                               [6]      

 

The mean coefficient of earth pressure at rest K0 (the 
field pile tests denoted from F8 to F11) were measured in 
self boring pressuremeter tests or estimated using the 
method proposed by Mayne and Kulhawy (1982): 

 

 K0 = (1 − sin p) OCR
sin p                                                             [7]  

 

where 
p
 is the mean peak friction angle and OCR is 

the mean overconsolidation ratio along the pile length. 

Ratios of interpreted hd

′
/ho

′
 values are plotted against 

pile diameter (D) on Figure 4 for both model and field 
scale piles. This figure confirms the tendency for values of 

hd

′
/ho

′
  to reduce with increasing pile diameter. 

However, as seen on Figure 2, there is not an inverse 
dependence of this ratio on pile diameter. This arises 
because of the strain dependency of the operational shear 
modulus verified at the Shenton Park site (Figure 3). If the 
dilation (y) is independent of the pile diameter, smaller 

values of y give lower 'hd values from Equation 5 but 

this is partly compensated for by the higher shear 
modulus operating at lower y/D ratios. Stress levels also 
complicate this trend as high stress levels in the sand 
mass imply high shear moduli but lower levels of dilation. 

 

 

Figure 4. Values of hd

′
/ho

′
 as a function of bored/ 

buried pile diameter 
  

 
 

Figure 5. Database values of c for bored/ buried piles 
 

The c values obtained for the database piles are 
plotted against the pile diameters on Figure 5. It is evident 
that, despite the diameters varying by three orders of 

magnitude, c values do not vary significantly with pile 
diameter and are typically between 125 and 250 for the 
full range of diameters. The compensating (but 

complicated) trends for 'hd described above provide the 

basis for understanding this trend.           
 
 

6 CONCLUSIONS 
 
This paper illustrates that dilation makes a significant 
contribution to the shaft friction that develops on bored 
and buried piles in sand. While cavity expansion theory 
can explain this increase, simple linear application of this 
theory suggests that the dilation contribution is inversely 
proportional to the pile diameter. This paper presents a 
new database of bored/buried piles, comprising piles with 
diameters extending over three orders of magnitude. This 
database shows that the ratio of the CPT qc value to shaft 

friction (c) is relatively insensitive to the pile diameter. 
The available studies presented here show that such 
insensitivity arises because of compensating factors 
arising from the non-linear nature of the shear modulus 
constraining dilation combined with the non-linear effect of 
stress level on the capacity for dilation at the interface. 
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1 INTRODUCTION 

Factors affecting the unit shaft friction (qs) developed 
on bored piles in intermediate soils, such as silts and 
clayey sands, have received little attention in the lit-
erature. As a consequence, in this type of soils, de-
signers often consider application of empirical meth-
ods developed for sands and clays. Shaft friction can 
be over-estimated significantly if the total stress ‘α-
method’ used for bored piles in clay is applied in such 
materials due to the inference of a high undrained 
strength. Conversely, application of an empirical fac-
tor established for sands to the CPT end resistance (qt) 
can lead to a large under-estimation of shaft friction. 
In the absence of additional guidance and given the 
advantages of the CPT, direct application of an em-
pirical factor (αs or βc where βc = 1/αs) to qt is the most 
popular design approach for estimation of shaft fric-
tion for bored piles in intermediate soils, where: 

qs = αsqt or qs = qt / βc (1) 

This paper investigates the performance of popular 
design methods against a newly compiled database of 
instrumented pile tests comprising bored and contin-
uous flight augered (CFA) piles in clay, silt mixtures 
and sand mixtures. Only sites at which reliable CPT 
data exist are considered.  The total stress ‘ method’ 
and CPT-based methods proposed by Bustamante & 
Gianeselli (1982), Eslami & Fellenius (1997), Niazi 
& Mayne (2016) and Doan & Lehane (2019) were 

used to predict the unit shaft capacity developed in 
these tests. Predictions are subsequently compared 
with measured capacities to examine the level of un-
certainty associated with each method. 

2 DATABASE OF STATIC PILE LOAD TESTS  

The database, which comprises a total of 38 instru-
mented non-displacement piles tests installed at 20 
sites in clay, silt mixtures and sand mixtures, is sum-
marised in Table 1 and Figure 1. The complete data-
base involved 14 pile load tests in silt-sand mixtures, 
11 tests in silt mixtures and 13 tests in clays. The av-
erage qt values over the pile lengths (L) range from 
0.5 to 8 MPa and pile diameters (D) range from 0.2 to 
2.4 m. Only piles with reported load transfer distribu-
tions along the pile shaft and accompanying CPT pro-
files were included in the database.  

CPTu results including sleeve friction (fs), cor-
rected end resistance (qt) and pore pressure (u2) clos-
est to the test pile were digitized and recorded at depth 
intervals of approximately 1m. The ultimate pile ca-
pacity for piles was defined at a pile head load dis-
placement of 0.1D, where D is the pile diameter. The 
soil type was characterized using the soil behaviour 
type index (Ic) proposed by Robertson (2009) and par-
ticle size distribution indices. Silt-Sand mixtures are 
defined here as deposits with Ic values between 2.05 
and 2.60 while deposits with Ic values between 2.60  
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ABSTRACT: This paper presents a new database of static load tests comprising 38 instrumented bored and 
continuous flight augered piles in sedimentary and residual silts and clays from 20 sites worldwide. The unit 
shaft friction of the database piles calculated using the total stress method and recent CPT-based methods are 
compared with the measured frictions. These comparisons highlight the level of uncertainty associated with 
various methods. It is seen that recently developed CPT-based approaches using the soil behaviour type index 
(Ic) give better predictions than other existing methods. It is also shown that there is a considerably higher level 
of uncertainty associated with the estimation of shaft friction for piles in residual soils compared with allu-
vial/sedimentary deposits. 

          



 

 
 

 
 
 

 
 

No Reference Test Site Soil descriptions D L  suav qtav Icav    cav 

(m) (m) (kPa) (kPa)     

1 Carvalho & Albuquerque (2013) SP, BR Residual clay  0.35 10.0   2360 3.1 41 

2 Carvalho & Albuquerque (2013) SP, BR Residual clay  0.40 10.0   2360 3.1 36 

3 Carvalho & Albuquerque (2013) SP, BR Residual clay  0.50 10.0   2360 3.1 38 

4 De Albuquerque et al. (2011) SP, BR Residual clay  0.40 12.0   2000 3.0 45 

5 De Albuquerque et al. (2011) SP, BR Residual clay  0.40 12.0   2000 3.0 37 

6 De Albuquerque et al. (2011) SP, BR Residual clay  0.40 12.0   2000 3.0 43 

7 De Albuquerque et al. (2011) SP, BR Residual clay  0.40 12.0   2000 3.0 43 

8 De Albuquerque et al. (2011) SP, BR Residual clay  0.40 12.0   2000 3.0 38 

9 De Albuquerque et al. (2011) SP, BR Residual clay  0.40 12.0   2000 3.0 56 

10 Fonseca et al. (2007) PO, PT Residual silt  0.60 6.0   3918 2.6 64 

11 Fonseca et al. (2007) PO, PT Residual silt 0.60 6.0   3918 2.6 66 

12 Mayne & Harris (1993) GA, USA Residual silt  0.76 16.9 175 5215 2.4 65 

13 Mayne & Harris (1993) GA, USA Residual silt  0.76 21.4 175 5775 2.5 79 

14 Vinson & Brown (1997) AL, USA Residual clayey-silt  0.90 11.0 92 3382 2.9 62 

15 Vinson & Brown (1997) AL, USA Residual clayey-silt 0.90 11.0 92 3382 2.9 94 

16 Vinson & Brown (1997) AL, USA Residual clayey-silt  0.90 11.0 92 3382 2.9 58 

17 Vinson & Brown (1997) AL, USA Piedmont clayey-silt  0.90 11.0 92 3382 2.9 47 

18 Vinson & Brown (1997) AL, USA Piedmont clayey-silt  0.45 11.0 92 3382 2.9 76 

19 Current study WA, AU Silt mixtures, High OCR 0.75 15.0 184 7083 2.7 79 

20 Current study WA, AU Silt mixtures, High OCR 0.30 3.3 177 8150 2.3 55 

21 Briaud et al. (2000) TX, USA Pleistocene stiff clayey silt 0.91 10.4 125 4000 2.6 56 

22 Brown et al. (2006) GSY, UK Stiff to firm Silty Clay 0.60 11.8 75 2100 2.9 28 

23 Camp et al. (2002) SC, USA Stiff calcareous clay 2.40 47.9 194 4000 2.4 64 

24 Camp et al. (2002) SC, USA Stiff calcareous clay 2.40 48.2 194 4000 2.4 101 

25 Camp et al. (2002) SC, USA Stiff calcareous clay 2.40 34.3 194 4000 2.4 85 

26 Camp et al. (2002) SC, USA Stiff calcareous clay 1.80 33.1 194 4000 2.4 106 

27 Elbanna et al. (2007) AB, Can Silt and clayey Silt 1.40 14.1   4000 2.8 32 

28 Finno (1989) IL, USA Soft firm clay 0.46 15.2 28 550 3.5 19 

29 Finno (1989) IL, USA Soft firm clay 0.46 15.2 28 550 3.5 16 

30 Iskander et al. (2003) MA, USA Varved clay 0.88 13.1 35 583 3.3 34 

31 O'Neill and Reese (1970) TX, USA Beaumont clay 0.78 7.0 110 2220 2.7 46 

32 O'Neill et al. (1996) AT, USA Silty sand to sandy silt  0.91 19.2   1000 3.6 11 

33 Zein & Ayoub (2012) KRT, SU Clayey sand and silty clay 0.20 3.5   4200 2.6 58 

34 Durham (2006) WA, AU Silt –sand mixtures 0.30 7.0   1767 2.6 39 

35 Durham (2006) WA, AU Silt-sand mixtures 0.30 7.0   4032 2.3 84 

36 Durham (2006) WA, AU Silt-sand mixtures 0.30 10.0   5087 2.3 76 

37 Durham (2006) WA, AU Silt-sand mixtures 0.30 10.0   6757 2.2 105 

38 Pine (2016) SA, AU Silt  0.75 15.3   3850 2.9 24 

Table 1.  Details of instrumented pile load tests in sedimentary and residual soils 



and 2.95 and above 2.95 are referred to as silts and 
clays respectively. 

 

 
Figure 1. Overview of database characteristics 

3 PERFORMANCE OF EXISTING METHODS 

(i) The  method for shaft capacity 

The total stress ‘ method’ is one of the most popular 
method for piles in clay and related ultimate shaft 
friction (qs) to the clay’s undrained shear strength (su) 
via an adhesion factor, α, i.e. 

qs = αSu  (2) 

The su value normally employed in equation (2) is 
that derived in unconsolidated undrained (UU) triax-
ial compression tests. An α value of 0.5 when applied 
to UU strengths is suggested by O'Neill (2001) and 
Tomlinson & Woodward (2014) for non-
displacement piles in both clays and intermediate 
soils. Only half of the database piles reported su 
measurements and these are used later in a 

compariosn of this approach with CPT-based design 
methods. 

(ii) The LCPC method 

The effects of sampling disturbance on su measure-
ments are well known and therefore a direct correla-
tion relating shaft friction with the CPT end resistance 
(qt) is likely to provide a more reliable design ap-
proach. Such a direct approach, referred to as the 
LCPC method, was proposed by Bustamante & 
Gianeselli (1982) and has been used extensively in 
Europe for many years. Briaud & Tucker (1988) and 
Robertson et al. (1988) indicated that LCPC method 
(Bustamante & Gianeselli 1982) provided better 
predictions than other empirical corelations. 

 
Figure 2. Dependence of measured average shaft friction qsav on 
CPT end resistance qcav  

 
The ultimate average shaft shear stresses (qsav) in-

dicated by the database piles are plotted on Figure 2 
against the average CPT end resistance along the pile 
length (qcav). It is evident that the relationship be-
tween qsav and qcav for bored and CFA piles is compa-
rable. Basu et al. (2010) also conducted a thorough 
review of drilled piles and their conclusions indicate 
similar shaft characteristics for both pile types. 

A larger database comprising 174 full scale static 
load testing was also used to update the LCPC meth-
ods and is referred to as LCPC 2012, (Frank 2017). 
The unit shaft friction for this method derived using 
the following expression: 

qs = αpile-soil qsoil              (3.1) 

1         (3.2) 

where αpile-soil is a parameter related to the pile con-
struction method and soil type through the a, b and c 
parameters. 



(iii) Eslami & Fellenius (1997) 

Eslami & Fellenius (1997) present an updated CPT-
based method where the unit shaft friction is related 
to what is referred to as the effective cone resistance 
(qE) i.e. 

qs = qE / βcE  = (qt - u2) / βcE          (4) 

The database employed included a total of 102 
full-scale pile load tests, which included 14 instru-
mented piles. However, the majority of piles in this 
database were driven piles and a relatively small 
number of non-displacement piles were included. βcE 
values of 20 in clay, 40 in silt and 100 in silt-sand 
mixtures were proposed, as shown in Figure 3.  
 
(iv) Niazi & Mayne (2016) 

Niazi & Mayne (2016) present the most recent ap-
proach based on 47 drilled shaft pile load tests (some 
of which were instrumented) and propose a gradual 
reduction of βcE with increasing CPT soil behaviour 
type index, Ic, (Robertson 2009). This correlation is 
presented on Figure 3, where it is seen to avoid the 
stepped nature of the Eslami & Fellenius proposed βcE 
values. The equation proposed by Niazi & Mayne 
(2016) is as follows: 

qs = 0.84qE / 10(0.732Ic – 3.605)    βcE = qE / qs             (5) 

Figure 3: Measured cE plotted as function of Ic in alluvial 
and residual soils 

 
The values of βcE backfigured for the new database 

piles (Table 1) are plotted on Figure 3. It should be 
noted that deriving βcE values is often difficult to de-
termine accurately in some materials where there is 
uncertainty regarding u2 values due to poor response 
times and/or cavitation or other effects.  

It is seen on Figure 3 that there is a large deviation 
of many backfigured βcE values from both the Niazi 
& Mayne and Eslami & Fellenius recommended trend 
lines. However much better agreement with these 

trend lines emerges when the residual and sedimen-
tary soils are distinguished. Good agreement with 
these trend lines is shown for the sedimentary depos-
its, while βcE values in residual silts and clays tend to 
be under-predicted (and hence shaft friction are over-
estimated). 

(v) Doan and Lehane (2019) 

Doan & Lehane (2019) performed a systematic exper-
imental investigation of the factors controlling the ul-
timate shaft friction developed on buried piles in clay-
sand mixtures and provide a framework that facili-
tates better understanding of the correlation between 
shaft friction and the CPT end resistance. This frame-
work highlights the importance of soil stiffness, dila-
tion and partial drainage on such a correlation but is 
also shown to be consistent with the following ap-
proximate relationship between the corrected CPT 
end resistance (qt) and the soil behaviour type index, 
Ic: 

qs = qt / (5.8 / Ic)5                            (6) 

where 20  βc = (5.8 / Ic)5  175 

3.1 Method uncertainties 

The shaft capacities of the database piles were calcu-
lated using the , LCPC (2012), Eslami & Fellenius 
(1997), Niazi & Mayne (2016) and Doan & Lehane 
(2019) approaches. The ratios of the calculated shaft 
capacity (qsc) to the measured shaft capacity (qsm) 
were analyzed and found to follow a normal distribu-
tion. The mean (standard deviation () and coef-
ficient of variation (COV) of qsc / qsm values for each 
method are shown in Table 2.   

Higher COVs imply poorer reliability and evi-
dently, the  method has the highest COV value of 
0.55. However, even though the CPT-based methods 
have lower COVs, these COVs are higher than antic-
ipated from reported reliabilities for the respective 
methods. 
 
Table 2.  Method uncertainties (sedimentary and residual soils) 
 

Method 
qsc / qsm 

  COV n 

 method 1.13 0.63 0.55 19 

LCPC (2012) 0.85 0.31 0.37 38 

Eslami & Fellenius (1997) 1.51 0.59 0.39 38 

Niazi & Mayne (2016) 1.10 0.46 0.42 38 

Doan & Lehane (2019) 1.26 0.49 0.39 38 
  
 
 
 
 
 
 
 



Table 3.  Method uncertainties for sedimentary soils   

Method 
qsc / qsm 

  COV n 

 method 1.31 0.81 0.62 10 

LCPC (2012) 0.86 0.40 0.47 18 

Eslami & Fellenius (1997) 1.14 0.58 0.51 18 

Niazi & Mayne (2016) 0.81 0.29 0.36 18 

Doan & Lehane (2019) 0.97 0.28 0.29 18 

 
It is clear from Figure 3 that the high values of 

COV of qsc / qsm shown in Table 2 are due to differ-
ences in shaft friction characteristics in sedimentary 
and residual soils, as mentioned previously. The sta-
tistical analyses were therefore repeated only consid-
ering sedimentary soils. These are summarized in Ta-
ble 3 and show that the Ic correlations of Niazi & 
Mayne and Doan & Lehane give reduced COVs of 
0.36 and 0.29 respectively, while average values re-
duce to a little below unity.  

4 CONCLUSIONS 

This paper presents a database of high-quality instru-
mented static load tests performed on 38 non-dis-
placement piles at 20 worldwide sites. The study re-
vealed that shaft capacity estimations based on 
correlations with the CPT Ic index, as provided by Ni-
azi & Mayne (2016) and Doan & Lehane (2019), have 
the highest level of reliability in sedimentary soils. 
These approaches generally over-estimate shaft fric-
tions in residual silts and clays. 
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APPENDIX F 

PILE DATABASE AND CASE RECORDS 

 

This Appendix summarises pertinent details of the test piles and associated descriptions 

of the soils and CPT profiles at these test sites for the database study presented in Chapter 

6. Full details of all the database piles may be obtained from the references listed in Table 

6.1 in Chapter 6. 

 

1. Tests at the University of Sao Paulo (Carvalho & Albuquerque 2013) 

Three instrumented 10m long bored piles with diameters of 350mm, 400mm and 500mm 

were loaded to ultimate conditions under tension loading in the partially saturated low to 

medium plasticity soil at the University of Sao Paulo. Specific measurements of ultimate 

shaft shear stress were obtained in the upper sedimentary soil between 1m and 6m depth 

(with an average qc = 1.07 MPa) and in the underlying residual soil (with an average 

qc=2.36 MPa). Classification test data obtained in these two soil layers are listed in Table 

F1. The water table was at a depth of 10m i.e. at toe level of the piles. The degree of 

saturation (Sr) of both soil layers was between 45 and 70%. The Ic index for these layers 

was calculated assuming an in-situ hydrostatic pore pressure of zero. This assumption led 

to Ic indices of about 3, which is consistent with the reported material properties. No clear 

dependence of unit shaft friction on the pile diameter was observed. 
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Table F1. Soil properties at the University of Sau Paulo 

 

 

Figure F1. Pile load and displacement curves at the University of Sao Paulo, Brazil 
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2. Tests at the State University of Campinas (Albuquerque et al. 2011) 

Three conventional 400mm diameter instrumented bored piles and three 400mm diameter 

instrumented CFA piles were installed to a depth of 12m in the colluvium overlying 

residual soils at the University of Campinas north of San Paulo with a stratigraphy similar 

to that at the site of the pile tests reported by Carvalho & Albuquerque (2013). The upper 

6.5m of the profile comprises porous partially saturated silty clay (with e~1.72, Sr~40% 

and CPT qc=2.5 MPa) and is underlain by a residual (diabasic) clayey silt (with e~1.52, 

Sr~55% and qc=2 MPa). The water table is located 5m below the toe of the piles. The 

strain gauge data indicated significant variability in unit shaft friction developed in the 

upper soil layer (e.g. the shaft friction in the upper 5m of the bored piles varied from 20 

to 40 kPa while that of the CFA piles in the same soil varied between 70 and 80 kPa). 

Shaft friction for both pile types in the lower soil layer (between 5m and 12m) were 

typically between 40 and 50 kPa in all 6 piles.  

 

  

Figure F2. CPT profiles at the State University of Campinas 
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Figure F3. Pile load and displacement curves at the State University of Campinas 
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3. Tests at the University of Porto (da Fonseca & Santos 2003) 

Two instrumented pile load tests were conducted in residual granite soils in Porto, 

Portugal. The Porto soils has a fines content (FC) of about 40  2% and clay fraction (CF) 

of about 12%. The average normalised friction ratio (Fr) is about 5.3%. A pore pressure 

of zero is assumed in the calculation of effective stress required for determination of Qtn  

and Ic and leads to the classification of the soil as a clay-like dilative (CD) material on the 

Robertson (2016) SBT chart. 

 

  

Figure F4. CPT profiles at the University of Porto, Portugal 
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Figure F5. Pile load and displacement curves at the University of Porto, Portugal 
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4. Tests in Sudan (Zein & Ayoub 2012) 

A number of instrumented pile load tests were conducted in saturated alluvial stiff clay 

in Khartoum, Sudan, presented by Zein & Ayoub (2012). The Khartoum alluvial clay is 

of medium to high plasticity with a typical fines content of 75% and a water content 

greater than its plastic limit. The normalised friction ratio (Fr) averages at 5.6%. The mean 

CPT profile is shown in Figure F6 and a typical load displacement characteristic of 

200mm diameter and 3.5m length instrumented bored pile is presented in Figure F7. 

 

  

Figure F6. CPT profiles in Khartoum, Sudan 
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Figure F7. Typical pile load and displacement curves of 200mm diameter and 

3.5m length bored pile in Khartoum, Sudan 
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5. Tests in USA (Mayne & Harris 1993) 

Two instrumented pile load tests were conducted in residual soil and partially weathered 

rock of the Piedmont geology. Both bored piles were 0.76m in diameter and subjected to 

axial compression loading to failure. One pile with 21.4 m in length was founded in 

weathered rock and the other with a length of 16.9 m was founded in residual silty sands.  

 

  

Figure F8. CPT profiles in Georgia, USA 
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Figure F9. Pile load and displacement curves for Pile C1 in Georgia, USA 

 

 

Figure F10. Pile load and displacement curves for Pile C2 in Georgia, USA 
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6. Tests in USA (O'Neill & Reese 1970) 

The instrumented 7m long bored piles with diameters of 780mm were loaded to ultimate 

conditions under compression loading in fully saturated stiff alluvial Beaumont Clay (Sr 

= 85 to 100 %), which was deposited in distributaries of rivers and in shallow lagoons. 

The Beaumont formation is somewhat heterogeneous, with inclusion of sand and silt. The 

clay generally has a liquid limit of around 70% and a plastic limit of about 20%. The 

water table was at a depth of 4.5m. Specific measurement of ultimate shaft shear stress 

was obtained at mid-depth of the piles (with an average qc = 2.22 MPa and undrained 

shear strength su = 110 kPa). The Ic index at 3.5m depth in Beaumont Clay was 2.7 

assuming an in-situ hydrostatic pore pressure of zero at this depth. 

 

 

  

Figure F11. CPT profiles in Texas, USA 
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Figure F12. Pile load and displacement curves for Pile S1T1 in Texas, USA 
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7. Tests in Perth CBD, Australia (Durham 2006) 

Two instrumented 7m long CFA piles with diameters of 300mm were loaded to ultimate 

conditions under compression loading. Cone penetration test (CPTs) were performed in 

close proximity to the test piles. The CPT data at Location 2 indicate a 5m thick layer of 

Spearwood sand (normalised friction ratio, Fr ~ 0.8%) underlain by the Guildford 

formation. The underlying material was described as a very stiff mixed soil (silty clay and 

clayey sand) with an average CPT end resistance (qc) of about 2.5 MPa and Fr values of 

1.5 to 2%.  

  

Figure F13. CPT profiles at Location 2 in Western Australia, Australia 
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Figure F14. Pile load and displacement curves in Western Australia, Australia 
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8. Tests in USA (Konstantinidis et al. 1987) 

Six bored piles with diameter of 650mm and length of 3.0m to 4.7m were loaded to 

ultimate conditions under tension loading at three sites namely Delta, Alamo and Baker 

in the USA. 
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Delta site: The site is located within Lake Bonneville in the Sevier Desert in Delta, Utah. 

The upper layer of 5.8 m is stiff clays of low to medium plasticity underlain by medium 

dense to dense silty sands. The water table was encountered at a depth of 5.5m. 

 

  

Figure F15. CPT profiles in Delta, Utah, USA 

 

Figure F16. Pile load and displacement curves in Utah, USA 
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Alamo site: The site is located at the base of long alluvial fans within the Delmar Dry 

Lake in Alamo, Nevada. Soils comprise very stiff to hard silty clays. 

  

Figure F17. CPT profiles in Alamo, Nevada, USA 

 

Figure F18. Pile load and displacement curves in Alamo, Nevada, USA 
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Baker site: The site is located on a short alluvial fan in the Silurian, north of Baker, 

California. Soils comprise medium dense to dense silty sand and gravel. 

  

Figure F19. CPT profiles in Baker, California, USA 

 

Figure F20. Pile load and displacement curves in California, USA 
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9. Tests in the Netherlands (Kruizinga 1975) 

Three instrumented 12.5m, 18.4m and 18.0m long bored piles with respective diameters 

of 590mm, 590mm and 650mm were loaded to ultimate conditions under compression 

loading in sand in the Netherlands. Cone Penetration Test (CPTs) were performed in close 

proximity to the test piles. 

 

Figure F21. Pile shaft friction and displacement curves in the Netherlands 

  

Figure F22. Pile end resistance and displacement curves in the Netherlands 
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10. Tests in Naples, Italy (Caputo & Viggiani 1988) 

The instrumented 42m long bored piles with diameters of 1500mm were loaded to 

ultimate conditions under compression loading in Naples, Italy. The site is located on the 

alluvial plain east of Naples. The upper layer of 10 m is made ground underlain by 

pyroclastic soils (pozzolana and pumices). The water table was encountered at a depth of 

about 1m. Cone Penetration Test (CPTs) were performed in close proximity to the test 

piles. 

 

 

 

Figure F23. Pile load and displacement curve, Naple, Italy, USA 
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11. Tests in South Australia, Australia  

An instrumented 13.5m long CFA pile with a diameter of 450mm was loaded to ultimate 

conditions under compression loading in Adelaide, South Australia. The upper 1m layer 

of fill is underlain by Keswick and Hindmash stiff to hard silty clays. Cone penetration 

test (CPTs) were performed in close proximity to the test piles. 

 

  

Figure F24. CPT profiles in South Australia, Australia 
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Figure F25. Pile load and displacement curves in South Australia, Australia 
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