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Abstract This paper proposes a new design method

for the axial capacity of driven piles in glacial deposits

with the standard penetration test (SPT) based on a

database of 53 full-scale pile load tests. These static

load tests were conducted on driven steel H and pipe

piles in glacial deposits across the province of Ontario,

Canada. The piles were tested in either compression

and/or tension to plunging failures and had sufficient

soil measurements, in particular SPT measurements,

along their length for further analyses. The SPT is the

most popular, and in many cases the only, field

exploration technique applied in Ontario for gravel or

cobble rich glacial deposits. First, the performance of

existing SPT-based design methods was evaluated

with the results from these pile load tests. On average,

the existing design methods overestimated the mea-

sured capacity by a factor of 1.62 with a coefficient of

variation (COV) of 58%. Second, a new design

method was proposed according to the effective stress

method to better correlate side and tip resistances with

the SPT blow count (N-value). The new design

method considers both the pile type and soil gradation.

A set of pile load tests collected from literature were

applied to validate the newly proposed method. It was

found that the newly proposed design method can

provide an unbiased prediction with a significantly

reduced variation.

Keywords Driven piles � Ultimate axial capacity �
Prediction methods � Standard penetration test �
Glacial deposits

List of Symbols

A Coefficient to calculate the unit side resistance

a Coefficient to calculate the unit side resistance

from Aoki and Velloso (1975)

Ap Cross-sectional area at the tip of a pile

As Side area of a pile

B Coefficient to calculate the unit side resistance

COV Coefficient of variation

CF Empirical correction factor

Cu Undrained shear strength

D Diameter or width of pile

i Individual layer in cohesive soil

j Individual layer in cohesionless soil

K Coefficient to calculate the unit tip resistance

Kd Coefficient of lateral earth pressure

L Pile embedment length

L=D Slenderness ratio of the pile

N Blow count, or N-value, from standard

penetration test (SPT)

N Average SPT N-value along a pile
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n Number of piles, tests, or the sample size

Nc End bearing factor for cohesion

Ncor Corrected SPT N-value for 60% hammer

efficiency (N60 for cohesive soils and (N1)60
for cohesionless soils)

Ncor Average corrected SPT N-value along the side

of a pile

Nf SPT N-value from the field

Np SPT N-value at the pile tip

Nq End bearing factor for friction

P Perimeter of a pile

Pa Atmospheric pressure (100 kPa)

PI Plasticity index

Qp Pile tip resistance

qp Unit tip resistance of a pile

Qs Pile side resistance

qs Unit side resistance of a pile

Qu Ultimate pile capacity

Qup Predicted ultimate capacity of a pile

R2 Coefficient of determination

T Total number of soil types or categories

a Empirical adhesion factor

at End bearing correction factor

b Empirical adhesion factor

d Soil-pile interface friction angle

/0 Soil friction angle

r
0

Effective stress

rt 0 Effective stress at the pile tip

1 Introduction

Pile foundations are commonly designed to support

bridges and buildings in weak soils, but accurately

predicting the capacity of a pile is still a challenge due

to many influential factors, such as the pile type, pile

geometry, and installation method. In particular,

ground conditions provide additional uncertainties

for the prediction. For example, glacial deposits,

commonly found in the province of Ontario, Canada,

are well known for their inconsistent material prop-

erties (Barnett 1992; Legget 1965;Milligan 1976), and

it is extremely challenging for practice engineers to

accurately characterize their heterogeneous proper-

ties. In addition, a limited number of site investigation

techniques are available for glacial deposits due to

their generally dense or very stiff conditions and

gravel and/or cobble bearing characteristics. The

standard penetration test (SPT) is the most popular,

and in many cases the only, site investigation method

in Ontario for this kind of ground.

Over the last few decades, several approaches were

proposed to predict the ultimate capacity of a pile with

SPT blow counts (N-values) (Alkroosh and Nikraz

2014; Aoki and Velloso 1975; Benali et al. 2017;

Brown 2001; Decourt 1982, 1995; Martin et al. 1987;

Meyerhof 1956, 1976; Nordlund 1963, 1979; Shariat-

madari et al. 2008; Shioi and Fukui 1982; Thorburn

and MacVicar 1971; Xiao and Yang 2011; Zhang and

Chen 2012). These approaches can be classified into

direct or indirect design methods. Direct methods

correlate directly the SPT N-value to the pile resis-

tance. These methods are typically developed for

either cohesive or cohesionless soils, but these two

idealized soil types cannot accurately consider glacial

deposits with a large range of unsorted grain sizes.

Based on a database of 98 piles, Briaud and Tucker

(1988) discovered the direct SPT method proposed by

Meyerhof (1956, 1976) over predicted the capacity by

a factor of 1.73 on average with a coefficient of

variation (COV) of 72% for the ratio between the

predicted to measured capacity (Qup=Qum). Indirect

design methods first correlate the SPT N-values to the

soil strength parameters, namely the friction angle and

undrained shear strength, and then apply the shear

strength parameters for the capacity prediction. Com-

pared to direct approaches, these methods can offer

more consistent predictions as they rely on soil

mechanic theories to determine the pile resistance.

However, variabilities still exist as empirical judge-

ment is required to correlate SPT N-values with the

shear strength of soils. For a reliability analysis on H

piles in layered soils, Tang and Phoon (2018) obtained

a Qup=Qum that ranged from 0.44 to 2.5 with

predictions by the American Petroleum Institute

(API) (2000) a and Nordlund (1963, 1979) b methods

using SPT N-values. The variability in design can be

contributed to the quality of the SPT results, which

depends on the ground condition; drilling method;

efficiency of the hammer energy delivered to the head

of the drill rod; and dynamic behavior of applying the

blow counts (Yagiz et al., 2008).

Due to the challenges and uncertainties in design

and ground conditions, pile load tests have been

commonly used to verify design assumptions in
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practice and to develop design methods for local soil

conditions (Briaud and Tucker 1988; Brown 2001;

Golafzani et al. 2020; McVay et al. 2000; Tang and

Phoon 2018). A total of 53 pile load tests were selected

from a database collected by the Ministry of Trans-

portation of Ontario (MTO) from 1954 to 1992. This

study evaluates the performance of existing design

methods with these piles and then proposes a new

SPT-based design method for driven piles in glacial

deposits. In order to offer improvements for the

prediction of the pile capacity, the new design method

considers various soil compositions that are unique

characteristics of glacial deposits. In addition, the new

method also applied an effective stress approach for

the pile resistance.

2 Existing Design Methods for the Axial Capacity

of Piles

The ultimate axial capacity (Qu) of a compression pile

can be simplified into two components: the side

resistance (Qs) along the pile and the tip resistance

(Qp).

Qu ¼ Qsþ Qp ¼ qsAs þ qpAp ð1Þ

where qs is the unit side resistance, qp is the unit tip

resistance, and As and Ap are respectively the side

surface area and tip area of the pile.

Over the decades, many methods have been devel-

oped or proposed to estimate qp and qs, including the

direct SPT approach (Meyerhof 1976), a method

(Tomlinson 1957), and b method (Burland 1973).

Empirical correlations were proposed by many

researchers to directly correlate qs and qp with SPT N-

values (Alkroosh and Nikraz 2014; Aoki and Velloso

1975; Benali et al. 2017; Brown 2001; Decourt

1982, 1995; Martin et al. 1987; Meyerhof

1956, 1976; Shariatmadari et al. 2008; Shioi and

Fukui 1982; Thorburn and MacVicar 1971; Xiao and

Yang 2011; Zhang and Chen 2012). Generally, the

correlations assume the pile resistances are linearly

proportionate to the measured N-value:

qs ¼ AN þ B ð2Þ

qp ¼ KNp ð3Þ

where N is the average SPT N-value, which is

commonly calculated as the arithmetic average along

the pile length; Np is the SPT N-value at the pile base;

and A, B, and K are coefficients. The coefficients in

Eqs. (2) and (3) were found by fitting with trial-and-

error (Aoki and Velloso 1975) or by regressing the

SPT N-values to pile resistances (Brown 2001). These

empirical correlations differ on the soil conditions as

shown in Table 1 for qs and Table 2 for qp. Coefficient

A is influenced by the cohesion of a soil and is

generally lower for sandy soils compared to clayey

soils, but the opposite trend occurs for Coefficient K as

sandy soils are generally less compressible and have a

higherQp. Since cohesive soils are more influenced by

stress history, plasticity, and compressibility, empir-

ical methods are more popular with cohesionless soils.

Some references proposed a single value for Coeffi-

cient A or K for both cohesive and cohesionless soils,

but their design methods are likely limited to the

regional soil conditions, such as Brown (2001) and

Decourt (1982). On the other hand, Aoki and Velloso

(1975) considers many different soil types and

provides a wide range of coefficients for Qs and Qp

to achieve better predictions.

For cohesive soils, a methods are commonly

applied to assess the pile capacity during short-term

and have the following expressions with the undrained

shear strength (Cu):

qs ¼ aCu ð4Þ

qp ¼ NcCu ð5Þ

where a and Nc are an empirical adhesion and end

bearing factor, respectively. A value of 9 may be used

for Nc (Meyerhof 1976). Direct and indirect methods

for cohesive soils can be very similar mathematically

as most empirical methods linearly correlate Cu to

SPT N-values (Kulhawy and Mayne 1990; Sivrikaya

and Toğrol 2006; Sowers 1951). Unfortunately, cor-

relations between Cu and N-values are usually poor.

First, the measured Cu can vary depending on the

strain rate and direction of shear applied by a testing

technique (Jardine et al. 2005). Next, most correlations

do not consider the influence of effective stress or soil

confinement and were developed with unconsolidated

undrained (UU) triaxial and/or unconfined compres-

sive strength (UCS) tests (Kulhawy and Mayne 1990).

Greater confinement will likely lead to a larger side
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Table 1 Existing Correlation Methods for SPT N-values and Unit Side Resistance (qs)

Soil type References Equation for qs (kPa) Remarks

Cohesive Shioi and Fukui (1982) qs ¼ 9:8N

Cohesionless Meyerhof (1976) Large displacement piles:

qs ¼ 1:9N � 100

Low Displacement Piles:

qs ¼ 1:0N � 100

Shariatmadari et al. (2008) qs ¼ 3:65N For this reference, N is the geometric

average

Shioi and Fukui (1982) qs ¼ 1:9N

Thorburn and MacVicar (1971) Silts: qs ¼ 1:6N

Cohesive to cohesionless Aoki and Velloso (1975) qs ¼ AaN For driven piles, A varies by soil type and

ranges from 56 for clays to 280 for

sands;

a is an empirical coefficient and ranges

from 0.012 for medium sands to 0.04 for

clays

Brown (2001) qs ¼ 1:8N þ 25 3�N� 50

Decourt (1982) qs ¼ 3:3N þ 9:8� 170 3�N� 50

Decourt (1995) qs ¼ 2:8N þ 9:8

Table 2 Existing correlation methods for SPT N-values and Unit Tip Resistance (qp)

Soil type References Equation for qp (kPa) Remarks

Cohesive Decourt (1982) qp ¼ 118Np 3�Np � 50

Decourt (1995) Clay: qp ¼ 100Np

Clayey Silt: qp ¼ 165Np

Martin et al. (1987) qp ¼ 192Np

Cohesionless Decourt (1982) qp ¼ 392Np

Decourt (1995) Sandy Silt: qp ¼ 205Np

Sand: qp ¼ 325Np

Martin et al. (1987) Silt/Sandy Silt: qp ¼ 335Np

Sand: qp ¼ 431Np

Meyerhof (1976) qp ¼ 38 L=Dð ÞNp � 383Np

Shariatmadari et al. (2008) qp ¼ 385Np

Thorburn and MacVicar

(1971)

Glacial Till and Silt:

qp ¼ 239Np

Cohesive to cohesionless Aoki and Velloso (1975) qp ¼ KNp For driven piles, K varies by soil type and

ranges from 112 for clays to 560 for

sands

Brown (2001) qp ¼ 170Np 3�Np � 50

Shioi and Fukui (1982) If L=D� 5; qp ¼ 287Np

If L=D\5 (solid piles),

qp ¼ 100þ 40L=Dð ÞNp

L=D is the slenderness ratio, where D is

the pile diameter or width
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resistance. In addition, especially for sensitive soils,

the dynamic nature of a SPT generates excess pore

pressures, which reduces the effective stress and

results in low N-values (Jardine et al. 2005).

For cohesionless soils and the long-term conditions

of cohesive soils, direct methods and some a methods

are stress independent and lack consideration for the

overburden stress that contributes to the lateral

confinement of soil on the pile; thus, the effective

stress methods may be preferred for design, also

applied in this study. According to an American

survey by AbdelSalam et al. (2012), one popular

approach is the effective stress method proposed by

Nordlund (1963, 1979). Effective stress or b methods

have the general forms:

qs ¼ br0 ð6Þ

qp ¼ Nqr
0
t ð7Þ

where b is an adhesion coefficient, Nq is an end

bearing coefficient, r0 is the effective stress along a

pile, and rt 0 is the effective stress at the pile tip. Since
b and Nq are proportionate to the soil friction angle

(/0), this study will assume the SPT N-value is also

proportionate to these parameters while using the

effective stress approach. In this paper, Nq is back-

calculated with the measured unit tip resistance and

vertical effective stress at the pile tip, rt’. Nq is

expressed as a function of the SPT N-value. It is

assumed that excess pore pressures have sufficiently

dissipated during the pile load tests also the effects of

set-up, the regaining of soil strength with time, is

ignored in this study. These assumptions are consid-

ered reasonable since in most cases the soil layers are

alternating and silts are commonly found in most

layers. In summary, there are plenty of drainage paths

available along the piles.

Several references (Kolk and Van der Velde 1996;

Meyerhof 1976; Shioi and Fukui 1982; Van Dijk and

Kolk 2011) experienced varying impacts with the pile

length. For example, Meyerhof (1976) recommends

limiting the side resistance once a particular, or

critical, depth is reached, but Fellenius (2019) sug-

gests the appearance of a maximum side resistance is

likely due to the accumulation of residual loads

towards a pile base. A pile can experience residual

loads along its length even though axial loads are not

applied to its head. Among several reasons, residual

loads develop from consolidating soil that generate a

negative side resistance along a pile as excess pore

pressures dissipate after pile driving (Fellenius 2019).

It is difficult, however, to quantify the residual loads in

non-instrumented piles (Fellenius 2019). In this paper,

the side resistance will not be limited and will be

assumed to be proportionate to the effective stress and

soil strength.

3 Studied Pile Load Test Database From MTO

3.1 Pile Load Test Database

Pile load tests used in this study were located in

various regions of Ontario, as shown in Fig. 1. The

pile widths varied within a narrow range from 299 to

324 mm, relatively small, due to the local contractor

preference and difficulty of driving a large size pile in

dense or stiff glacial deposits. The pile lengths ranged

from 3 to 45 m, but most were from 12 to 25 m. Most

sites had heterogeneous ground profiles. For example,

Site 33 near Buttonville had intermittent layers of

clayey silts and silty sands, and Fig. 2a and b shows

the varying gravel content and SPT N-values mea-

sured at Site 38 near Peterborough. Although soft and

loose soils were found in some sites, most of the

cohesionless soils were compact to very dense, while

cohesive soils were usually classified as firm to very

stiff. In all, a variety of soil conditions were encoun-

tered in the studied sites. Figure 2c shows the load-

settlement curves of two steel pipe piles (P4 and P5) at

the site along with the identified failure loads. The

dimensions of these piles are shown below the load-

settlement curve figure.

3.2 Pile Load Test Procedures

In this study, the focus was on driven piles subjected to

standard (slow) maintained-static compression and/or

tension tests. The axial loads were applied to the top of

the piles by hydraulic jacks that acted against an

anchored reaction frame, weighted box, or weighted

platform. Loads were increased until failure occurred

in increments equal to 25% of the estimated design

load. For each increment, the load remained constant

until the rate of settlement became less than 0.25 mm

per hour or until a 2 h duration was reached (MTO

1993). Based on these criteria, the time interval

between load increments may have varied slightly
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under 2 h. Unloading was conducted with the same

increment as the loading stages (MTO 1993). The pile

displacement was taken as the average reading of the

four gauges mounted on the top of the pile (MTO

1993). As examples, Fig. 2c shows load–displacement

curves from two piles at Site 38.

Fig. 1 Locations of Studied Sites in Ontario, Canada

(a) (b) (c)

Fig. 2 Example of the a Field SPT N-values, b Soil contents, and c Load–displacement response of piles at site 38

123

1048 Geotech Geol Eng (2022) 40:1043–1060



A majority of the piles were tested with both

compression and extension load tests. The compres-

sive load test was typically performed first, and the set-

up time between installation and testing varied from a

week to a month. A short set-up time was selected for

piles in mainly cohesionless soils, while a longer set-

up time for piles in cohesive soils.

3.3 Selected Cases for this Study

Among the pile load tests in the database, the piles

were selected for this study based on the following

conditions: plunging failure; sufficient geotechnical

information; non-organic ground; and steel driven

piles. Also, sensitive cohesive soils were not encoun-

tered in the selected pile cases. In the end, a total of 32

piles (16 H and 16 steel pipe) were selected for this

study, where 21 piles were subjected to both tensile

and compressive tests; 9 piles were only subjected to

compression loads; and 2 piles were only tested with

tension loads. All the pipe piles were capped and filled

with concrete before driving, except two open-ended

ones. The details of the pile geometry and site

conditions and pile load test data are shown in Table 3.

3.4 Resistances Interpreted from Pile Load Tests

Many different methods exist to identify the pile

capacity from the load–displacement curve. The

identified capacity value (Qum) varies depending on

the selected method, which will slightly influence the

remaining analysis. Although the Davisson Offset

Method is the most popular one, it is an empirical

method and may inaccurately estimate the yielding

point (Fellenius 1980). Since the tested piles in this

study achieved the plunging failure or experienced a

significant amount of displacement, the yielding loads

for this investigation were evaluated with the De Beer

method, which identifies the pile capacity as the load

at the intersection of two slopes from the load–

displacement curve plotted in a double-log scale (De

Beer 1967, 1968).

For the piles subjected to both compression (con-

ducted first) and tension tests, it was assumed that the

tension capacity (Qs), identified from the tension test

curve, was equivalent to the skin resistance component

during the compression test. A similar approach was

applied by Boonstra (1936). Then, Qp was assumed to

be the difference between Qs and the compression

capacity Qu identified from the compression curve.

3.5 Soil Conditions

Soil conditions were provided by borehole logs, but

every site varied greatly in the extent and diversity of

the field and laboratory tests. A variety of soil

measurements were collected for each site, but most

the results were from SPT and Atterberg limits. In

general, measurements from the database included

liquidity indices; plasticity indices; natural moisture

contents; unit weights; and compositions of gravel,

sand, silt, and clay; and soil classification according to

the grain-size distribution. Soil classifications and SPT

N-values were commonly recorded at different depths.

With the recommendations from Canadian

Geotechnical Society (CGS) (2006), the field N-values

(Nf ) were corrected to N60 for 60% hammer efficiency

in cohesive soils and to ðN1Þ60 with an additional

overburden pressure correction (Cn) in cohesionless

soils:

N60 ¼ Nf � Cs � Cb � Cr � EH ð8Þ

N1ð Þ60¼ Cn � N60 ð9Þ

where

Cn ¼ 0:77 log10
1920

r0

� �
� 1:5 ð10Þ

A few assumptions were taken for all cases for the

correction, including a hammer efficiency (EH) of 0.75

for a donut hammer type with an estimated rod energy

ratio of 45%; a sampling correction factor (Cs) of 1 for

a standard sampler; and a borehole correction factor

(Cb) of 1 for a borehole diameter of approximately

100 mm. The rod length correction factor (Cr) ranges

from 0.75 to 1 depending on the depth of the sample.

These assumptions will slightly influence the results of

the analysis.

3.6 Influence of Gravel Content

Gravels were commonly encountered in glacial

deposits in Ontario, especially within the cohesionless

soils. Figure 3 shows the variability of the corrected

N-value (Ncor) with boxplots and the influence of the

gravel content. In the figure, n is the number of
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samples, and the top and bottom of the box respec-

tively show the first and third quartile. The line that

divides the box is the median, and the whiskers show

the minimum and maximum N-values. Soils above the

groundwater table were excluded from the figure to

reduce the influence of soil density and degree of

saturation. According to the MTO soil classification

system (Ministry of Transportation and Communica-

tions, 1980), the soil types were classified as clays,

cohesionless silts and sands, and gravels by the

dominate soil content. The gravel content was classi-

fied as none, trace, some, and gravelly/gravels accord-

ing to its contents of 0%, 1–10%, 11–20%,

and[ 20%, respectively. Gravels can be displaced

easily during testing in weak or loose soils with low

confinements. Figure 3 shows the impact of confine-

ment on SPT N-values under effective stress condi-

tions below or above 150 kPa. The N-value generally

Table 3 Summary of pile geometry, soil condition, and load test results on the selected piles

Case

no

Site

no

Pile

no

Pile typea Lengthb(m) Embedded soil typec Qu (kN) Qs (kN) Qp (kN) Notes

1 2 5 305 OD Pipe 5.85 Sand 812 Open-ended

2 4 2 324 OD Pipe 35.94 Silt and clayey silt 553 343 mm £ shoe

3 7 2 HP 310 9 79 21.70 Clay and silty sand 827

4 11 1 HP 310 9 79 26.82 Sand to silt 550

5 17 2 HP 310 9 110 26.47 Clayey silt to sand 2482

6 22 3 324 OD Pipe 15.30 Clayey silt 163 148 15 343 mm £ shoe

7 22 4 324 OD Pipe 30.15 Clayey Silt 937 343 mm £ shoe

8 23 2 324 OD Pipe 3.02 Silty clay 442 217 225 343 mm £ shoe

9 23 3 HP 310 9 110 3.05 Silty clay 425 255 170

10 24 2 324 OD Pipe 15.39 Sand 608 402 206 343 mm £ shoe

11 24 3 324 OD Pipe 22.40 Sand 667 443 224 343 mm £ shoe

12 24 4 HP 310 9 79 22.40 Sand 1371 420 951

13 24 5 HP 310 9 79 15.39 Sand 702 275 427

14 28 2 HP 310 9 79 18.29 Clayey silt 471 331 141

15 28 7 324 OD Pipe 6.10 Clayey silt 658 569 89 343 mm £ shoe

16 28 8 324 OD Pipe 18.29 Clayey silt 659 442 217 343 mm £ shoe

17 33 2 324 OD Pipe 32.95 Clayey silt and silty sand 2095 342 mm £ shoe

18 35 1 HP 310 9 110 14.69 Layered clayey silt and silty sand 1592 523 1069

19 35 4 324 OD Pipe 14.69 Layered clayey silt and silty sand 1507 759 748 343 mm £ shoe

20 35 5 HP 310 9 110 27.58 Layered clayey silt and silty sand 2714 1524 1190

21 37 3 HP 310 9 79 14.48 Sand to silty sand 1042 345 700

22 37 5 HP 310 9 79 31.24 Sand to sandy silt 1609 444 1165

23 37 6 HP 310 9 110 14.48 Sand to silty sand 717 413 304

24 37 8 HP 310 9 110 30.92 Sand to silty sand 1566 699 867

25 38 4 324 OD Pipe 11.30 Silty clay and silt to silty sand 842 Open-ended

26 38 5 324 OD Pipe 15.50 Silty clay and silt to silty sand 2007 Open-ended

27 39 2 HP 310 9 110 25.50 Silty sand; layered clay and silt 1279 733 546

28 39 3 324 OD Pipe 25.40 Silty sand; layered clay and silt 1152 525 627 343 mm £ shoe

29 40 2 HP 310 9 110 24.50 Layered sand and silty clay 1205 625 580

30 40 3 324 OD Pipe 17.20 Sandy silt to sand 1128 544 584 343 mm £ shoe

31 41 2 HP 310 9 110 19.50 Sand 1073

32 41 3 324 OD Pipe 16.00 Sand 699 343 mm £ shoe

aSteel H pile designations are size (mm) by weight (kg/m). Steel pipe piles were filled with concrete before testing, and OD is the

outside diameter (mm)
bEmbedment Length
cThe dominating soil type, and classifications are according to MTO standards

123

1050 Geotech Geol Eng (2022) 40:1043–1060



increases with a higher gravel content, but this trend

can experience a lot of variabilities. The SPT sampler

is less likely to miss gravels and receive higher N-

values in soils with high gravel contents or gravels

with larger diameters. With a high and erratic N-value,

the soil may appear stronger than it actually is, and this

misinterpretation of the strength can lead to an over -

prediction of the pile resistances. For silts and sands

with an effective stress above 150 kPa, the average

Ncorr was 18, 19, and 36 for none, trace, and some

gravel contents, respectively. The standard deviation

of Ncorr was 9.9 for gravel-free silts and sands but was

21.5 for silts and sands with some gravels. For the

same effective stress category, gravels had the highest

average Ncorr of 40 and the greatest standard deviation

of 29.5. Although the measured N-value may also vary

due to the initial void ratio and disturbance by the

drilling technique, the gravel content contributes to

challenges of properly characterizing glacial deposits.

The difference in Ncorr and its range is significant

between gravel-free soils and soils with high gravel

contents.

4 Performance of Existing Design Methods

and the Proposed Method

4.1 Existing Pile Design Methods Using SPT

N-Values

The SPT is one of the oldest and roughest field

exploration techniques in geotechnical engineering.

Currently, more advanced design methods tend to use

other more reliable and consistent testing methods,

like cone penetration tests (Jardine et al. 2005).

However, SPT is still the most popular, in many cases

the only, field testing method available in the stiff or

dense and gravel or boulder-rich glacial deposits. In

summary, the SPT-based design methods still play a

significant role in current practice. There is a need to

evaluate the performance of the existing SPT-based

design methods in glacial deposits. The predicted

capacity (Qup) was calculated with the common a and
b methods for assessing their performances with the

measured capacities. The existing methods were

selected based on the pile types and dimensions

similar to the ones used in this study. The b method

proposed by Nordlund (1963, 1979) is a semi-empir-

ical method that was based on field tests on piles

driven 7 m to 24 m into cohesionless soils. This

popular method (AbdelSalam et al. 2012) was used in

this study since it can account for different pile

geometries, including pipe and H piles with section

widths varying from 250 to 400 mm. Tomlinson

studied timber, steel, and concrete piles with pile

widths varying from 150 to 400 mm and pile lengths

from 4 to 36 m. The Tomlinson approach is very

similar to the a method adopted by the Canadian

Foundation Engineering Manual (CFEM) (CGS

2006). The API design method was mainly developed

for large diameter pipe piles but is suggested by

Hannigan et al. (2016) for layered soils.

For the Nordlund method, the qs and qp were

calculated following suggestions by the Federal

Highway Administration (FHWA) (Hannigan et al.

2016) as follows:

Fig. 3 Variability of corrected SPT N-value with gravel content
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qs ¼ KdCFr
0 sin d ð11Þ

qp ¼ atNqr
0
t ð12Þ

where d is the soil-pile interface friction angle; Kd is

the coefficient of lateral earth pressure; CF is an

empirical correction factor for when d is not equal to

/0; /0 is the soil friction angle; and at is an end bearing
correction factor for consideration of the pile slender-

ness ratio. For qp, the value of rt
0 at the pile base was

limited to 150 kPa as suggested by Hannigan et al.

(2016).

For cohesive soils, both a methods proposed by

Tomlinson (1957) and adopted by API (2000) were

applied in this study. The unit resistances were

determined by Eqs. (4) and (5) with the a methods.

Since laboratory shear strength tests were not avail-

able in many cases mainly due to sampling difficulties,

the shear strength parameters were obtained empiri-

cally with SPT N-values in this study. For cohesion-

less soils, /0 was determined by the correlation from

Wolff (1989):

/0 ¼ 27:1þ 0:3N60 � 0:00054N2
60 ð13Þ

For the sites with cohesive soils, Cu was usually

measured with UU triaxial and/or UCS tests, and the

following empirical relationships by Sivirkaya and

Toğrol (2006) were sufficient to determine Cu. Cuwas

equal to 4N60 for clays, 3:8N60 for silty clays, 3N60 for

clayey silts, and 9N60 for desiccated (hard) clays.

For the calculations, SPT N-values were limited to

a maximum of 50 for the corrected values, and H piles

were assumed to be fully plugged as suggested by

Hannigan et al. (2016). The predictions are compared

to the measured results, as shown in Fig. 4. The lower

and upper dashed lines indicate an underprediction or

overprediction of the measured capacity by 30%,

respectively. In the labels, ‘‘T’’ is for tension tests, and

‘‘C’’ is for compression tests.

The performance of the existing methods indicates

a new method for glacial deposits is needed as they

usually overpredict the capacity. Glacial deposits

encountered in this study are much stronger than the

soils for developing these methods. The Nordlund

method (1963, 1979) and the Tomlinson (1957)

method has an average Qup=Qum of 1.61 with a

COV of 57.9%. The combination of the Nordlund

(1963, 1979) method and API (2000) method over-

predict slightly more by an average factor of 1.63 with

a COV of 58.2%. The inconsistency of these methods

is similar to the results by Briaud and Tucker (1988)

when they studied the SPT-based approach proposed

by Meyerhof (1956, 1976). Since the two a methods

provide a similar average and COV for Qup=Qum, the

performance of the existing methods will be from the

combination of Nordlund (1963, 1979) and Tomlinson

(1957) methods.

Most of the variabilities by the existing design

methods are due to the difficulties in accurately

characterizing the shear strength parameters, namely

Cu and /0. Many of the cohesionless soils were

classified as dense (30�Nf � 50) to very dense

(Nf [ 50). For example, Nf ranged from 38 to 154

at Site 38. In addition, the gravel content found in

some of the soil profiles led to very high and erratic

Fig. 4 Comparison of predicted and measured capacity by the existing methods
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N-values that were over 100. In this study, the N

values were capped to a limit of 50 for determining the

shear strength of soils. For the correlation recom-

mended by Wolff (1989), these high N-values add a

challenge to determine the true strength of the soil and

would correspond to much larger friction angles than

expected. More studies are needed to evaluate the true

shear strength of glacial deposits with high N-values

instead of capping them arbitrarily.

Since the existing design methods were mostly

based on solid-section piles, H piles experienced more

overpredictions and higher variabilities compared to

pipe piles. On average, Qup was 76% higher than Qum
with a COV of 61.0%, while pipe piles had an average

Qup=Qum of 1.42 and a COV of 47.7%. Even though

some H and pipe piles were installed at the same site

with similar soil conditions, one reason for the

difference in variability can be due to the suggested

soil-pile interface frictional angle, d: The Nordlund

(1963, 1979) method provides an empirical relation-

ship to determine d from the frictional angle of soil, /0

and displaced soil volume by the pile. The average d
value was estimated by Nordlund (1963, 1979)

method to be 0.62 for pipe piles and 0.77 for H piles

in this study. The lateral earth pressure will likely

change between the pile types due to the displaced

volume, but d may remain the same. After Everton

(1991) studied the behaviour of sand on the interface

of piles with shear box tests, d was found to be

independent of the soil relative density but increased

with smaller grain sizes. Overall, for these two pile

types, the overpredictions and variabilities by the

Nordlund (1963, 1979) method can be explained by its

lack of accuracy to determine the side resistance.

4.2 Development of the Proposed SPT Method

As shown in Fig. 5, direct correlations between the tip

resistance and corrected N-value at the pile tip, Npcor,

depend on the gradation of the soil. It is found that the

correlation by Meyerhof (1976) for sandy soils would

be the upper bound for qp, and the formula by Decourt

(1995) for clays would be the lower bound. Since most

of the studied sites were abundant with silts, a

K coefficient of 170 for cohesive soils, which includes

silty clays and clayey silts, would be very similar to the

coefficient of 165 for silty clays by Decourt (1995).

Based on the effective stress approach for cohesive

and cohesionless soils, Nq can be back-calculated

from the vertical effective stress at the pile tip, rt 0 and
measured qp, as shown for Fig. 6. The following

expression proposed for qp has a coefficient of

determination (R2) of 0.65, which indicates a moder-

ately strong correlation:

qp kPa½ � ¼ 1:30Npcorr
0
t ð14Þ

Inconsistencies still exist due to the difference in load

transfer between short and long piles (Fellenius, 2019;

Nordlund, 1979) and since the soil resistance depends

on the soil gradation and initial void ratio. The

Cohesionless:
qp = 300 Npcor

R² = 0.65

Cohesive:
qp = 170 Npcor

R² = 0.49
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inclusion of gravels can also increase the expected

N-value, and traces of gravels were commonly found

in the cohesionless soil profiles, especially closer to

bedrock. Also, for cohesive soils, SPT measurements

are dependent on the plasticity and stress history of the

soil.

The heterogeneous site conditions provide a chal-

lenge to correlate the side resistance to the N-values

along a pile. Since side resistance depends highly on

the soil type and contents, the average conditions

would lead to a lot of variabilities. In order to conduct

a correlation, the piles were first divided into segments

to consider the changing soil types and strengths. The

segment lengths were as short as 30 cm and varied

depending on the variability of the soil conditions. The

Qs was equal to the summation of the side resistances

from each pile segment:

Qs ¼
XT
i¼0

Ai � Ni � r
0

i � P � Li ð15Þ

where i is the ith soil element in a soil type with a total

of T elements encountered along the pile length; Ai is a

scalar coefficient; N is the average SPT N-value along

the pile length in the ith soil element; P is the pile

perimeter; Li is the thickness of the ith soil element.

Based mostly on the primary and secondary dominat-

ing soil contents, cohesive soils were grouped (for i)

into desiccated (hard) clays, clays, silty clays, and

clayey silts. Based on the results from Fig. 3, the side

resistance will vary if the soil has high or low gravel

contents. Thus, the cohesionless soils (for i) were

categorized by the gravel content: low (trace or none);

some; and high (gravelly to gravels). The scalar

coefficients, Ai, in Eq. (15) were determined based on

the criteria of obtaining the lowest mean absolute error

(MAE) between the measured and predicted Qs. A

similar approach was applied by many researchers

(Aoki and Velloso 1975; Kolk and Van der Velde

1996; Van Dijk and Kolk 2011). The analysis was

separated for pipe and H piles to consider the

difference between their geometries.

For pipe piles, the following equations were

proposed using either uncorrected or corrected N-

values:

qs kPa½ �¼

13:2Ncor
r0

Pa

� �

5:66Ncor
r0

Pa

� �

5:09Ncor
r0

Pa

� �

2:25Ncor
r0

Pa

� �

2:22Ncor
r0

Pa

� �

1:12Ncor
r0

Pa

� �

1:01Ncor
r0

Pa

� �

8>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>:

or

7:40Nf
r0

Pa

� �
; if desiccated clay

2:82Nf
r0

Pa

� �
; if clay

2:70Nf
r0

Pa

� �
; if silty clay

1:40Nf
r0

Pa

� �
; if clayey silt

1:35Nf
r0

Pa

� �
; if cohesionlesswith traces of gravel

1:13Nf
r0

Pa

� �
; if cohesionlesswith somegravel

1:05Nf
r0

Pa

� �
; if gravel or gravelly cohesionless

8>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>:

ð16Þ

For fully plugged H piles, the following equations

were proposed:
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qs kPa½ �¼

12:5Ncor
r0

Pa

� �

3:26Ncor
r0

Pa

� �

2:76Ncor
r0

Pa

� �

1:86Ncor
r0

Pa

� �

1:37Ncor
r0

Pa

� �

0:41Ncor
r0

Pa

� �

0:38Ncor
r0

Pa

� �

8>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>:

or

7:02Nf
r0

Pa

� �
; if desiccated clay

2:68Nf
r0

Pa

� �
; if clay

2:10Nf
r0

Pa

� �
; if silty clay

1:40Nf
r0

Pa

� �
; if clayey silt

0:80Nf
r0

Pa

� �
; if cohesionlesswith traces of gravel

0:22Nf
r0

Pa

� �
; if cohesionlesswith somegravel

0:19Nf
r0

Pa

� �
; if gravel or gravelly cohesionless

8>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>:

ð17Þ

where Pa is the atmospheric air pressure (= 100 kPa),

Nf is the uncorrected SPT blow count, Ncor is the SPT

blow count corrected for 60% hammer energy ratio.

The predicted and measured capacities from the

proposed method are shown in Fig. 7. The proposed

design method has unbiased predictions with an

average Qup=Qum of 1.06 compared to existing

methods, which overpredicted by a factor of 1.61 on

average. The COV is 37.1% for pipe piles and 24.8%

for H piles. On the pipe piles, the over-sized base plate

may create this variability as gaps may form between

the pile and the soil or the lateral confinement

experiences additional disturbance during driving. In

general, variability also exists due to the reliability of

the SPT measurements and factors related to the pile

length, such as the residual loads and load transfer

along piles of different lengths (Fellenius 2019;

Nordlund 1963; Semple and Rigden 1986). The

uncorrected N-values provide reasonable predictions

with an average Qup=Qum of 1.04, but the predictions

are slight less consistent with a COV of 37.8%

compared to using corrected N-values. Due to the high

impact of the effective stress on cohesionless soils,

uncorrected N-values are not recommended and are

provided here only as a comparison. Depending on the

content and size of gravels, the true gravel content may

not be accurately detected by the SPT sampler. Thus,

Eqs. (16) and (17) can be treated for the average

conditions. Lower coefficients may be used if the soil

is dense with high gravel contents, while higher

coefficients may be applied to soils with a low gravel

content.

Fig. 7 Comparison of predicted and measured capacity by the proposed method
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Since the new design method was developed with a

limited number of cases, it is recommended to limit the

values of qs and qp, like Meyerhof (1976) and Decourt

(1982). In general, unless local tests have been

conducted, qs should not be greater than 150 kPa.

The qp for cohesive and cohesionless soils can be

limited to 6.35 MPa and 13 MPa, respectively. It may

also be appropriate to cap the SPT N-values to 50 to

ensure safe estimates.

5 Validation of the Proposed Method with Piles

from Other Sources

The proposed design method was validated with an

independent database of pile tests collected from

literature. A total of 40 driven steel piles (29 H piles

and 11 closed-ended pipe piles) with 45 pile load tests

(29 compression and 16 tension) were collected from

thirteen different sites located within the North

America. All these sites were influenced by glacial

activities. Soil types ranged from soft clays to dense

gravelly sands. A wide range of pile dimensions were

covered in these cases, with the pile width varying

from 246 to 533 mm and the length from approxi-

mately 6 to 35 m. These piles were subjected to a

variety of static load testing procedures, but slow

maintained and quick load tests were the most

common. Their failure loads were identified from

their load–displacement responses according to the De

Beer method.

The SPT measurements and soil classifications

along the pile lengths were collected and processed

before applying into Eqs. 16 and 17 to obtain the

predicted pile capacities. The comparison between the

measured and predicted capacities is shown in Fig. 8.

Even with different piles from different sites, the

proposed method provided unbiased predictions with

the average Qup=Qum of 0.94 for compression piles

and 1.00 for tension piles. The variability is also low

with a COV of 27.3% and 26.8% for compression and

tension tests, respectively. More details about the pile,

soil, and load test data, ratio between predicted

capacity and measured capacity, Qup/Qum, can be

found in Table 4.

6 Conclusions and Discussions

A new SPT-based design method is proposed to

predict the axial capacity of driven piles in glacial

deposits. The new method applies a more detailed soil

classification to address the unsorted grain distribu-

tions and gravel content in glacial deposits. Based on a

total of 53 full-scale static load tests conducted on

driven piles in glacial deposits in the province of

Ontario, Canada, the new method has an unbiased

prediction with a reduced variation. After comparing

the existing indirect methods suggested by Nordlund

(1963, 1979), Tomlinson (1957), and API (2000), the

proposed method reduces the variability by almost

50% and helps to prevent overestimations for the pile

resistance in soils with a moderate gravel content.

Also, for cohesionless soils, the proposed method

considers the effective stress, which affects the soil

Fig. 8 Comparison of predicted and measured capacity by the proposed method with validation pile tests
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Table 4 Summary of external sources from the literature on steel driven piles

Case

no

References Location Pile

no

Pile typea Lengthb

(m)

Embedded

soil typec
Qum (kN) Test

Typee
Qup=Qum

Cd Td Cd Td

1 Bica et al. (2012) Jasper County, IN, US MCEP 356 OD 18.50 Clay to silt 1459 SM 1.16

2 MHP HP 310 9 110 18.50 Clay to silt 1867 SM 0.75

3 Briaud and

Tucker (1989)

Lock and Dam 26,

Alton, IL, US

1–2 HP 360 9 109 16.46 Sandy till 928 SM 0.85

4 1-3A HP 360 9 109 16.46 Sandy till 2335 SM 1.04

5 1-3B HP 360 9 109 16.46 Sandy till 442 SM 1.76

6 1–5 HP 360 9 109 18.44 Sandy till 644 Q 1.34

7 1–6 HP 360 9 109 16.15 Sandy till 2777 Q 0.86

8 2–1 HP 360 9 109 16.76 Sandy till 832 Q 0.96

9 2–8 HP 360 9 109 12.19 Sandy till 412 SM 1.21

10 3–1 304 OD 14.23 Sandy till 1062 SM 1.17

11 3–2 304 OD 10.97 Sandy till 534 SM 0.94

12 3–4 355 OD 14.39 Sandy till 882 SM 1.74

13 3–5 355 OD 11.13 Sandy till 517 SM 1.17

14 3–7 406 OD 14.57 Sandy till 1391 SM 1.24

15 3–8 406 OD 11.13 Sandy till 770 SM 0.90

16 3–14 HP 360 9 109 11.89 Sandy till 950 Q 0.58

17 3–15 HP 360 9 109 11.28 Sandy till 600 Q 0.79

18 3–16 HP 360 9 109 11.28 Sandy till 640 Q 0.74

19 Davis (2012) Sakonnet River, RI,

US

HA-

HP

H 360 9 174 34.60 Sand and silt 2131 Q 0.93

20 Goble et al.

(1972)

West Lafayette, IN,

US

Test1 HP 250 9 85 15.24 Sand to

gravelly

sand

737 320 CRP 0.81 0.98

21 Mansur et al.
(1958)

Old River, LA, US 1 HP 360 9 109 24.69 Silt to sand 3040 SC 0.82

22 2 533 OD 19.81 Silt to sand 2750 1606 SC 1.07 0.86

23 3 HP 360 9 109 21.64 Silt to sand 1432 SC 1.38

24 4 431 OD 20.12 Silt to sand 3014 1558 SC 0.89 1.02

25 5 431 OD 13.72 Silt 1129 580 SC 1.05 0.81

26 6 482 OD 19.81 Silt to sand 2949 1594 SC 1.04 1.07

27 Ng et al. (2011) Mills County, IA, US ISU2 HP 250 9 63 17.02 Clay to silty

clay

573 Q 0.57

28 Polk County, IA, US ISU3 HP 250 9 63 15.54 Clayey silt 666 Q 0.60

29 Jasper County, IA, US ISU4 HP 250 9 63 17.31 Clay and

clayey silt

684 Q 1.04

30 Clarke County, IA, US ISU5 HP 250 9 63 17.27 Clay 1171 Q 1.04

31 Buchanan County, IA,

US

ISU6 HP 250 9 63 17.43 Clay to clayey

silt

932 Q 1.05

32 ISU7 HP 250 9 63 8.20 Clay and sand 234 Q 0.65

33 Poweshiek County,

IA, US

ISU8 HP 250 9 63 17.44 Clay to silty

clay

730 Q 1.07

34 Des Moines County,

IA, US

ISU9 HP 250 9 63 15.09 Clay and sand 665 Q 0.84

35 Tavenas (1970) St. Charles River, QC,

Canada

H1 HP 310 9 110 5.73 Granular fill 200 CTI 0.98

36 H2 HP 310 9 110 8.73 Granular fill

and sand

395 CTI 0.96

37 H3 HP 310 9 110 11.73 Granular fill

and sand

784 CTI 0.59

38 H4 HP 310 9 110 14.73 Sand 902 CTI 0.66
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lateral confinement and pile resistances, but direct

design methods are commonly stress independent.

A few improvements can increase the reliability of

the proposed and existing design methods:

(1) The information in this study was limited to the

load and deformation measurements at the top

of the piles. The side resistance will likely be

lower during a tension test compared to a

compression test. The tip resistance may be

overestimated by the suggested method. The

results from fully instrumented piles can help to

isolate the difference in loading direction.

(2) This study identified the capacity with the De

Beer failure criterion, but other failure criteria

may slightly change the magnitude of the

capacity and the interaction between pile side

and tip resistances.
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