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ABSTRACT  

This paper provides some perspectives and guidance for the design of pile foundations in sand and clay using cone 

penetration test (CPT) results. A key variable in the estimation of the limit unit shaft resistance qsL of piles in sand is the 

critical-state interface friction angle δc, which is a function of the critical-state friction angle ϕc of the sand. In the absence 

of direct shear or triaxial compression test results, which is often the case for routine infrastructure projects, engineers 

typically assume a conservative value for ϕc in pile design. In addition, effective stress-based methods for estimation of 

qsL of driven piles in clay rely on the residual interface friction angle δr, among other variables; however, in these methods, 

δr does not vary with the normal effective stress on the pile operative at the time of shearing. In this paper, we present 

relationships and approaches to address these issues. Finally, a relationship between the cone resistance qc and the 

corrected standard penetration test (SPT) blow count N60 was also developed so that engineers may obtain an estimate of 

qc for use in a CPT-based design method when only SPT blow counts are available for a site. 

 

Keywords: Cone penetration test; pile foundation; sand; clay. 

 

1. Introduction 

A pile derives its load-carrying capacity via two 

mechanisms: (1) shaft resistance, resulting from friction 

along the pile shaft with the surrounding soil, and (2) base 

resistance, which is the compressive resistance at the 

contact of the pile base with the underlying soil. The 

ultimate load capacity Qult of an axially loaded pile, net 

of the pile weight Wpile, is equal to the sum of the limit 

shaft capacity QsL and the ultimate base capacity Qb,ult of 

the pile (Salgado 2022): 

pile , ,

1

n

ult sL b ult sLi si b ult b

i

Q W Q Q q A q A


      (1) 

where qsLi = limit unit shaft resistance of the pile segment 

in contact with layer i, Asi = circumferential area of the 

pile shaft interfacing with layer i, n = number of soil 

layers in contact with the pile shaft, qb,ult = ultimate unit 

base resistance, and Ab = area of the pile base. 
 

1.1. Shaft resistance of piles in sand 

The critical-state friction angle ϕc is an important 

parameter in the design of pile foundations in sand. For 

example, the limit unit shaft resistance qsL of a pile 

installed in sand and subjected to an axial, compressive 

load is given by (Salgado 2022): 

0 tansL v cq K   (2) 

where K = σ′h/σ′v0, σ′h = horizontal (normal) effective 

stress on the pile shaft operative at the time the pile 

reaches an ultimate limit state, σ′v0 = initial vertical 

effective stress before pile installation, and δc = pile-soil 

critical-state interface friction angle; all at the depth 

where qsL is to be calculated. 

In simple terms, the value of K for a sand element in 

contact with the pile shaft depends on the tendency of that 

element to either contract or dilate during shearing 

(Loukidis and Salgado 2008). This mechanism, in the 

case of nondisplacement piles (drilled shafts), for 

example, depends on the relative density DR of the sand 

and the level of confining stress (Han et al. 2017a). The 

relative density DR of sand at a given depth below the 

ground surface can be estimated from the cone resistance 

qc if the values of σ′h0 (= K0σ′v0) and ϕc are known; σ′h0 = 

initial horizontal effective stress at the depth being 

considered, and K0 = coefficient of lateral earth pressure 

at-rest (Salgado and Prezzi 2007). 

The value of δc can be determined from the results of 

direct interface shear tests performed by shearing a sand 

sample against the surface of the material used to 

fabricate the pile (Han et al. 2018; Tehrani et al. 2016; 

Tovar-Valencia et al. 2018). In pile design, δc has been 

expressed as a function of ϕc because of the large shear 

strains that develop along the pile shaft at ultimate load 

levels, with the consequence that a sand element in 

contact with the pile shaft is at critical state (Basu and 

Salgado 2012; Foye et al. 2009; Han et al. 2017b, 2019; 

Sakleshpur et al. 2021a, 2021b; Salgado 2022). The value 

of δc/ϕc is typically equal to 1.0 for cast-in-place concrete 

piles (drilled shafts) and 0.95 for precast concrete piles in 

sand. For steel piles, the value of δc/ϕc depends on the 

surface roughness of the pile and the particle size and 

gradation of the sand (Han et al. 2018). In the absence of 

direct shear or triaxial compression test results, which is 

often the case for routine infrastructure projects, 

engineers typically assume a conservative value for ϕc in 

pile design. In section 2 of the paper, we present a 
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relationship to estimate the value of ϕc as a function of 

particle size, gradation, and morphology of the sand. 

1.2. Shaft resistance of piles in clay 

For piles in clay, both total stress analysis (α-

approach) and effective stress analysis (β-approach) can 

be done for calculation of the pile shaft resistance. In an 

effective stress analysis, the limit unit shaft resistance qsL 

of a pile installed in clay and subjected to an axial, 

compressive load is given by (Salgado 2006, 2022): 

tansL hds rq    (3) 

where σ′hds = horizontal (normal) effective stress 

mobilized between the pile shaft and the disturbed soil 

surrounding the pile during loading, and δr = pile-soil 

residual interface friction angle; all at the depth where qsL 

is to be calculated. 

Cone penetration test (CPT)-based methods for 

driven piles in clay, such as the Imperial College Pile 

Design Method (ICPDM) (Jardine et al. 2005) and the 

University of Western Australia Pile Design Method 

(UWAPDM) (Lehane et al. 2013), have expressions for 

qsL of the form similar to that of Eq. (3), such that σ′hds 

may be calculated using: 

 
00.8hds vK    (4) 
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for the UWAPDM, where qt = corrected, total cone 

resistance [= qc + (1 – a)u2], qc = measured cone 

resistance, a = cone area ratio (≈ 0.8 for typical CPT 

probes), u2 = pore water pressure measured at the 

shoulder position behind the cone face, σ′v0 = initial 

vertical effective stress at the depth being considered, h 

= vertical distance from the pile base to the depth being 

considered, R = pile radius, OCR = overconsolidation 

ratio, St = sensitivity, and su and sur = in situ and remolded 

undrained shear strengths. In the absence of soil samples 

or laboratory test results, the values of OCR and su may 

be estimated from CPT data (Dagger et al. 2018; Mayne 

and Peuchen 2018). Both the ICPDM and the UWAPDM 

predict the value of qsL after dissipation of the excess pore 

water pressure generated by pile installation. For open-

ended pipe (OEP) piles, the use of an equivalent pile 

radius [= (R2 – Ri
2)0.5] has been suggested for estimation 

of qsL, where Ri = inner radius of an OEP pile. 

According to the ICPDM, the residual interface 

friction angle δr should be determined from the results of 

site-specific ring shear interface tests performed for the 

applicable value of normal effective stress (Ramsey et al. 

1998). If such test results are unavailable, it is possible to 

estimate δr by recognizing that it varies with the normal 

effective stress σ' acting on the pile shaft. We discuss the 

residual shear strength of clay and its implications for 

pile design in section 3 of the paper. Because of the 

uncertainty associated with the value of δr for several of 

the test piles in the UWA database, the UWAPDM 

provides another equation to estimate the value of qsL 

without the tan δr term (Lehane et al. 2013): 

0.2
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h
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R
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In addition to the ICPDM and the UWAPDM, other 

modern pile design methods available in the literature for 

estimation of qsL of driven piles in clay include the 

Unified Pile Design Method (UPDM) and the Purdue Pile 

Design Method (PPDM). According to the UPDM, the 

limit unit shaft resistance of an axially loaded driven pile 

in clay is given by (Lehane et al. 2022a, 2022b): 

0.25

0.07 max  ;  1sL st t

h
q F q

B



  
   

  
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where Fst = sensitivity factor [= 1 for clays with Iz1 > 0 in 

zones 2, 3, and 4 of the soil behavior type (SBT) chart (Ic 

≥ 2.6) (see Robertson 2009) and 0.5 ± 0.2 for clays with 

Iz1 < 0 in zone 1 of the SBT chart], Iz1 = Qtn – 12e−1.4Fr, 

Qtn and Fr = normalized cone resistance and friction ratio 

(Robertson 2009), and B = pile diameter [= (B2 – Bi
2)0.5 

for OEP piles; Bi = inner diameter of an OEP pile]. The 

UPDM predicts the value of qsL after 80% dissipation of 

the excess pore pressure generated by pile installation. 

According to the PPDM, the limit unit shaft resistance 

of an axially loaded driven pile in clay is given by (Basu 

et al. 2014; Salgado 2022): 

sL uq s  (10) 
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 (11) 

where A1 = 0.75 for ϕc – ϕr,min ≤ 5°, 0.43 for ϕc – ϕr,min ≥ 

12°, and a linearly interpolated value for 5° < ϕc – ϕr,min 

< 12°; A2 = 0.64+0.4ln(su/σ′v0); and ϕr,min = minimum 

residual friction angle. The above PPDM equations 

predict the value of qsL after full dissipation of the excess 

pore water pressure generated by pile installation. 

2. Critical-state friction angle of sand 

The critical-state friction angle ϕc is simply the 

friction angle that a given soil has at critical state. It is 

independent of soil state (i.e., relative density and 

confining stress) but depends on particle size (e.g., D50), 

particle morphology (e.g., particle roundness and 

sphericity), mineralogy (e.g., silicates versus carbonates), 

and gradation (e.g., coefficient of uniformity) (Han et al. 

2018; Salgado 2022). The value of ϕc for a silica sand 

typically ranges from 28° to 36°; sands with rounded, 

smooth particles with a poorly graded particle size 

distribution have values near the low end of this range, 

while sands with angular, rough particles with a well-

graded particle size distribution have values near the high 

end of this range (Salgado 2022). In contrast, the value of 

ϕc for a carbonate sand typically ranges from 37° to 44° 

(Altuhafi et al. 2016; Coop and Lee 1993; Salgado 2022). 
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2.1. Data for silica sands 

Table 1 summarizes the intrinsic parameters of 23 

clean silica sands reported in the literature. The 

parameters include mean particle size D50, coefficient of 

uniformity CU, roundness R, sphericity S, minimum void 

ratio emin, maximum void ratio emax, and critical-state 

friction angle ϕc in triaxial compression. All the sands are 

poorly graded, except FS Ohio SW, which is classified as 

well-graded according to the Unified Soil Classification 

System (USCS) (ASTM D2487). The number 

designations for some of the uniform sands (e.g., Ottawa 

20–30) listed in Table 1 indicate the sieve numbers 

between which the sand particles were retained. The D50, 

CU, and R values for the sands are in the range of 0.15–

2.68 mm, 1.2–7.9, and 0.3–0.8, respectively. Although 

particle sphericity has been defined differently for some 

of the sands listed in Table 1, the S values lie within a 

relatively narrow range of 0.65–0.90, regardless of the 

definition used. Zheng and Hryciw (2016) also found the 

values of particle sphericity to lie within a similar range 

for the sands considered in their database. They reasoned 

that sand particles are usually bulky in nature and that 

slender, elongated sand particles are rarely found in 

practice because such particles are susceptible to 

breakage. 

2.2. Simple correlation 

In the absence of direct shear (DS) or triaxial 

compression (TXC) test results, a simple approach to 

critical-state friction angle estimation is to use an 

equation of the form: 

    
2

3 450

1

ref
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D
C C R

D


 
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where Dref = reference particle size (= 1 mm or 0.04 in.); 

and C1, C2, C3, and C4 = regression coefficients. The 

values of C1, C2, C3, and C4 were obtained by performing 

a least squares regression in Microsoft Excel. The 

following equation was found to fit the ϕc values reported 

in Table 1 quite well: 
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where ϕc = critical-state friction angle in triaxial 

compression, and ζ = exponent (= 0.045). The adjusted 

coefficient of determination r2, mean absolute error, and 

mean absolute percentage error are 0.89, 0.4°, and 1.3%, 

respectively. The adjusted r2 is a modified version of r2 

that has been adjusted for the number of independent 

variables considered in the model. Equation (13) is 

applicable for poorly graded, clean silica sands with D50 

= 0.15–2.68 mm, CU = 1.2–3.1, and R = 0.3–0.8; 

however, it should be used with caution for (a) well-

graded sands with CU ≥ 6, (b) sands with D50, CU and R 

values that lie outside these ranges, and (c) sands with 

plastic or non-plastic fines greater than 5%. 

Fig. 1 compares the critical-state friction angle 

predicted using Eq. (13) with that obtained from TXC test 

results for the poorly graded, clean silica sands listed in 

Table 1. The differences between the predicted and 

measured ϕc values are within 1°. To evaluate the 

performance of Eq. (13) in an unbiased manner, we 

considered two additional, poorly graded, clean silica 

sands: Nerlerk sand and Fujian sand; these sands were 

not used in the development of Eq. (13). The properties 

of Nerlerk sand are: D50 = 0.23 mm, CU = 1.56, R = 0.43, 

SWL = 0.75, emin = 0.66, emax = 0.89, and ϕc = 30° in triaxial 

compression (Sladen et al. 1985); the values of R and SWL 

are based on Krumbein and Sloss (1951). The properties 

of Fujian sand are: D50 = 0.40 mm, CU = 1.53, R = 0.55, 

and ϕc = 30.8° in triaxial compression (Yang and Wei 

2012). The critical-state friction angle of Nerlerk sand 

and Fujian sand calculated using Eq. (13) is equal to 

30.9° and 30.6°, respectively. Thus, the difference 

between the predicted and measured ϕc value is equal to 

0.9° for Nerlerk sand and 0.2° for Fujian sand. 
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Figure 1. Comparison of ϕc values obtained from Eq. (13) and 

TXC tests on poorly graded, clean silica sands. 

3. Residual friction angle of clay 

The residual shear strength τr of clay is the product of 

the normal effective stress σʹ on the shearing plane and 

the tangent of the residual friction angle ϕr, which, in 

turn, depends on the value of σʹ, the clay mineralogy, the 

clay fraction (CF), and the magnitude and rate of shear 

displacement. According to Skempton (1985), the shear 

displacements needed for an intact clay with CF > 30% 

and σʹ < 600 kPa to attain residual friction angles of ϕr 

and ϕr + 1° range from 100–500 mm and 30–200 mm, 

respectively. 

3.1. Effect of clay fraction 

Depending on the clay fraction of the soil, different 

residual-state shearing mechanisms are possible, 

resulting in different values of ϕr (Lupini et al. 1981). 

Based on Skempton's observations on the variation of ϕr 

with the clay fraction of sand-bentonite mixtures tested 

in ring shear, Salgado (2006) proposed the following 

equation for ϕr of clay-silt-sand mixtures as a function of 

the clay fraction for a given stress level: 

 
,mix pure clay

pure clay
52% CF %

27%

c r

r r

 
 

  
      
 

 (14) 

where ϕc,mix = critical-state friction angle of the clay-silt-

sand mixture, and ϕr|pure clay = residual friction angle of the 

clay fraction of the mixture. 
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Table 1. Intrinsic parameters of 23 clean silica sands reported in the literature 

Sand 

Size and 

gradation 
 

Morphology 

 

Packing 

 

Strength 

Reference 
D50  

(mm) 
CU R S emin emax ϕc (°) 

FS Ohio 6–10 2.68 1.31  0.43 0.86  0.66 0.92  34.6 Han et al. (2018) 

FS Ohio 10–16 1.59 1.30  0.44 0.83  0.65 0.92  33.7 Han et al. (2018) 

FS Ohio 16–20 1.01 1.25  0.40 0.78  0.66 0.97  32.9 Han et al. (2018) 

FS Ohio 20–40 0.63 1.42  0.39 0.82  0.62 0.91  31.8 Han et al. (2018) 

FS Ohio 50–100 0.23 1.56  0.35 0.82  0.63 0.93  31.7 Han et al. (2018) 

FS Ohio Coarse 1.50 2.00  — —  0.45 0.72  33.6 Han et al. (2018) 

FS Ohio Fine 0.35 2.00  — —  0.48 0.72  33.4 Han et al. (2018) 

FS Ohio SW 1.04 7.90  — —  0.37 0.65  33.2a Han et al. (2018) 

Fontainebleau NE34 0.21 1.53  0.45 0.75b  0.51 0.90  30.0 Yang et al. (2010); Zheng and Hryciw 

(2016); Altuhafi et al. (2018) 

Fraser River 0.30 2.40  0.43 0.83  0.68 1.00  33.0 Uthayakumar and Vaid (1998); Sukumaran 

and Ashmawy (2001); Gao et al. (2014) 

Ham River 0.30 1.59  0.45 0.65b  0.59 0.92  32.0 Coop and Lee (1993); Jovicic and Coop 

(1997); Zheng and Hryciw (2016) 

Lausitz 0.25 3.09  0.51 —  0.44 0.85  32.2 Herle and Gudehus (1999); Zheng and 

Hryciw (2016) 

Leighton Buzzard 0.78 1.27  0.75 0.80b  0.51 0.80  30.0 Thurairajah (1962); Lings and Dietz (2004); 

Zheng and Hryciw (2016) 

Longstone 0.15 1.43  0.30 0.65b  0.61 1.00  32.5 Tsomokos and Georgiannou (2010);  

Zheng and Hryciw (2016) 

M31 0.28 1.54  0.62 0.70b  0.53 0.87  30.2 Tsomokos and Georgiannou (2010);  

Zheng and Hryciw (2016) 

Monterey No. 0 0.38 1.58  — 0.89c  0.53 0.86  32.8 Riemer et al. (1990); Altuhafi et al. (2013) 

Ohio Gold Frac 0.62 1.60  0.43 0.83  0.58 0.87  32.5 Han et al. (2018); Ganju et al. (2020) 

Ottawa Graded 0.31 1.89  0.80d 0.90d  0.49 0.76  29.5 Carraro et al. (2009) 

Ottawa 20–30 0.72 1.18  0.72 0.88  0.50 0.74  29.2 Han et al. (2018) 

Q-Rokd 0.63 1.50  0.40 0.73  0.70 1.03  33.0 Unpublished research 

Sacramento River 0.30 1.80  — 0.88c  0.53 0.87  33.2 Riemer et al. (1990); Altuhafi et al. (2013) 

Ticino 0.58 1.50  0.40 0.80b  0.57 0.93  33.0 Bellotti et al. (1996); Cho et al. (2006); 

Altuhafi et al. (2016) 

Toyoura 0.17 1.70  0.35 0.65b  0.60 0.98  31.6 Verdugo and Ishihara (1996); Loukidis and 

Salgado (2009); Zheng and Hryciw (2016) 

Note: D50 = mean particle size, CU = coefficient of uniformity (= D60/D10), emin = minimum void ratio, emax = maximum void ratio, R = particle roundness 

(Wadell 1932), S = diameter sphericity SD (unless otherwise indicated) (Wadell 1933), and ϕc = critical-state friction angle in triaxial compression (unless 

otherwise indicated). 
a Obtained from direct shear test results. 
b Width-to-length ratio sphericity SWL (Mitchell and Soga 2005; Zheng and Hryciw 2015). 
c Perimeter sphericity SP (Altuhafi et al. 2013). 
d Unpublished research. 
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Table 2. Critical-state and residual friction angles of clayey soils reported in the literature 

Soil Mineralogy CF (%) PI (%) A ϕc (°) ϕr,min (°) Reference 

BBC Illite, quartz 35 13.1 0.37 32.4a — Ladd and Varallyay (1965) 

LC Kaolinite, illite, 

montmorillonite, quartz 

53–62 42–45 0.73–0.79 21.3 9.4b Bishop et al. (1971); Gasparre 

(2005); Nishimura (2006)  

LCT Illite, calcite, quartz 14–20 10–12 0.60–0.71 30.0 — Lupini et al. (1981); Gens 

(1982); Dafalias et al. (2006) 

SFBM Illite, montmorillonite 47 47 1.00 28.9a 16.2 Kirkgard and Lade (1991); 

Meehan (2006) 

WC Illite, kaolinite, illite-

montmorillonite, vermiculite 

52 33 0.63 20.9 8.3c Parry (1960); Bishop et al. 

(1971); Akinlotan (2017) 

Note: BBC = Boston Blue Clay, LC = London Clay, LCT = Lower Cromer Till, SFBM = San Francisco Bay Mud, WC = Weald Clay, CF = clay fraction, 

PI = plasticity index, A = activity (= PI/CF), ϕc = critical-state friction angle in triaxial compression, and ϕr,min = minimum residual friction angle in ring 

shear. 
a Extrapolated value corresponding to 30% axial strain (Chakraborty 2009). 
b Value corresponds to blue London clay at Wraysbury (CF = 57%, PI = 43%, A = 0.75). For brown London clay at Walthamstow (CF = 53%, PI = 42%, 

A = 0.79), ϕr,min = 7.5° (Bishop et al. 1971). 
c Obtained from the fit of Eq. (15) to ring shear test data reported by Bishop et al. (1971). 

 

For CF ≤ 25%, the bulky sand/silt particles are likely 

to control the behavior of the mixture and thus ϕr = ϕc,mix, 

whereas for CF ≥ 52%, the platy/tube-like/needle-like 

clay particles are likely to control the behavior of the 

mixture and thus ϕr = ϕr|pure clay ≈ 5°, 10°, and 15° for 

montmorillonite, illite, and kaolinite clay minerals, 

respectively (Skempton 1985). For intermediate values 

of CF between 25% and 52%, ϕr lies between ϕc,mix and 

ϕr|pure clay. 

3.2. Effect of stress level 

Besides the clay fraction and mineralogy, the residual 

friction angle ϕr also depends on the magnitude of the 

normal effective stress σʹ acting on the shearing plane. ϕr 

decreases nonlinearly with increasing σʹ because a larger 

normal stress forces greater realignment of clay particles 

in the direction of shearing. Soils with high clay fraction 

and high smectite content exhibit a significant drop in ϕr 

with increasing values of σʹ, while soils with low clay 

fraction and low smectite content may not exhibit any 

residual behavior. Following the work by Maksimović 

(1989), ϕr can be expressed as a function of σʹ using 

(Salgado 2006): 

 ,min

,min

median

1

c r

r r

 
 






 






 (15) 

where σ′ = normal effective stress on the plane of 

shearing, ϕr,min = minimum residual friction angle 

(attained at large normal effective stress), ϕc = critical-

state friction angle, and σʹmedian = value of σʹ at which the 

friction angle is equal to the average of ϕr,min and ϕc.  

According to the data compiled by Maksimović 

(1989), the value of σ'median is in the range of 20–150 kPa 

depending on the clay type and mineralogy. At very large 

stresses, ϕr reaches an absolute minimum, denoted by 

ϕr,min. For σ′ on the shearing plane approaching zero, ϕr 

approaches the critical-state friction angle ϕc due to the 

negligible reorientation of the clay particles in the 

absence of a normal stress forcing this reorientation to 

happen. 

3.3. Data for some well-known clays 

Table 2 summarizes the values of CF, PI, ϕc, and ϕr,min 

for some well-known clayey soils reported in the 

literature. Although Lower Cromer till is a glacial till 

composed of sand (> 50%), clay (= 14–20%), and almost 

no silt (Gens 1982), it has been considered in the 

literature to behave like a "clay" but with no residual 

behavior. Boston blue clay is a low-plasticity, insensitive, 

marine clay, composed of illite and quartz (Terzaghi et 

al. 1996), and does not exhibit any residual behavior 

either (Ladd and Edgers 1972). San Francisco bay mud is 

a highly plastic silt containing a large amount of clay-size 

particles (montmorillonite and illite), organic substances, 

shell fragments, and traces of sand (Bonaparte 1982). 

London clay is composed of illite, kaolinite, 

montmorillonite, and quartz (Gasparre 2005); both San 

Francisco bay mud and London clay exhibit residual 

strength with sustained shearing beyond the critical state. 

Fig. 2 illustrates the fit of Eq. (15) to ring shear test 

data for Weald clay. The fit is done by first estimating the 

value of ϕc from the triaxial compression test data of 

Parry (1960) and then finding the values of σ'median and 

ϕr,min that minimize the sum of least squares. The 

corresponding values of ϕc, ϕr,min, and σ'median are 20.9°, 

8.3°, and 51 kPa, respectively. The difference between 

the values of ϕc and ϕr,min is equal to 12.6°. 
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Figure 2. Fit of Eq. (15) to ring shear test data for Weald clay. 

3.4. Implications for pile design 

Both the ICPDM and the UWAPDM have 

expressions for qsL that rely on the residual interface 

friction angle δr for the clay. In the absence of site-

specific ring shear interface test results, it is possible to 

estimate δr by recognizing that it varies with the normal 

effective stress σ' on the pile operative at the time of 

shearing. Given that production piles are typically rough, 

we could take the value of δr at a given depth along the 

pile shaft to be approximately equal to that of the soil's 

residual friction angle ϕr at that depth. We can then use 

Eq. (15) to calculate δr along the pile shaft, with the value 

of σ' set equal to that of σ′hds [given by Eqs. (4)–(6) for 

the ICPDM and by Eq. (7) for the UWAPDM]. 
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Figure 3. Comparison of qsL profiles obtained using different 

pile design methods for a CEP pile in NC clay. 

To illustrate the effect of δr on qsL, we consider, for 

example, a 350-mm-diameter closed-ended pipe (CEP) 

pile driven to a depth of 20 m in normally consolidated 

(NC), saturated clay having the following properties: γsat 

= 18 kN/m3, su/σ′v0 = 0.24, St = 3, ϕc = 24°, ϕr,min = 12°, 

and σ′median = 50 kPa. The qt profile is obtained through 

the relation: qt = suNk+σv0. Fig. 3 shows that, for both the 

ICPDM and UWAPDM, the values of qsL estimated using 

a constant value for δr (e.g., 20°) are greater than those 

obtained considering the dependence of δr on σ' via Eq. 

(15); this trend is more significant in the lower half of the 

pile than the upper half of the pile. The ICPDM predicts 

values of QsL equal to 401 kN [for δr based on Eq. (15)] 

and 487 kN (for δr = 20°), whereas the UWAPDM 

predicts values of QsL equal to 282 kN and 320 kN, 

respectively, for these cases. Comparisons were also 

done using the UPDM and the PPDM; the corresponding 

values of QsL are 347 kN and 359 kN, respectively. These 

values lie within the range of QsL predictions obtained 

using the ICPDM and the UWAPDM. 

4. SPT-CPT correlation 

Fig. 4 shows a correlation between the CPT cone 

resistance qc (or qt in the case of clays) and the corrected 

SPT blow count N60 as a function of mean particle size 

D50. The chart includes data reported by Robertson et al. 

(1983) and data collected from 15 sites in Indiana (2 sites 

each in Hamilton, Tippecanoe, Clinton and Greene 

Counties, and 1 site each in Jasper, Lake, Newton, Knox, 

Starke, Dubois and Carroll Counties). The following 

expression approximates the trend of the 98 data points 

plotted in Fig. 4: 

0.25

50 50

60 ref ref

6.95 0.18   for 0.001 10c

A

q D D

p N D D

 
    

 
 (16) 

where pA = reference stress (= 100 kPa or 14.5 psi), D50 

= mean particle size, and Dref = reference particle size (= 

1 mm or 0.04 in.). The coefficient of determination r2 and 

the standard error of the regression are 0.89 and 0.77, 

respectively. Equation (16) may be used to obtain an 

estimate of qc for use in a CPT-based foundation design 

method when only SPT blow counts are available for a 

site. However, as with any correlation involving the SPT 

blow count, Eq. (16) should be used with caution because 

of the potential error introduced by the transformation 

from the SPT blow count (a dynamic resistance) to the 

CPT cone resistance (a quasi-static resistance). 
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Figure 4. qc/pAN60 versus D50/Dref for different soil types. 
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5. Conclusions 

The design of pile foundations in sand and clay 

depends on certain key variables, such as the critical-state 

friction angle ϕc of sand and the residual friction angle ϕr 

of clay. A relationship between ϕc, mean particle size D50, 

coefficient of uniformity CU, and particle roundness R 

was developed using test data reported for poorly graded, 

clean silica sands in the literature. This relationship may 

be used to obtain an estimate of ϕc in the absence of direct 

shear or triaxial compression test results. For driven piles 

in clay, the limit unit shaft resistance of the pile is shown 

to depend on the pile-soil residual interface friction 

angle, which, in turn, depends on the normal effective 

stress on the pile operative at the time of shearing. 

Finally, a relationship between the cone resistance and 

the SPT blow count was developed using data collected 

from multiple sites in Indiana. The relationships 

proposed in this paper are restricted to the range of 

material properties and test conditions for which they 

were developed. 
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