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SUMl-1ARY 

The studies on the behaviour of piles in non-cohesive 

soil have increased during the last ten years. Different 

methods to calculate the ultimate bearing capacity and 

the settlement have been proposed. This report makes 

a review of the most common methods for design of 

piles in non-cohesive soil. The comparison between 

different methods is discussed. The relationship be

tween the CPT-method and the static formula can be used 

for preliminary estimation of the bearing capacity of 

the piles and the ratio between total skin friction and 

total point resistance. 

The conclusions and recommendations for practical design 

purposes are summarized. 
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INTRODUCTION 

Pile foundations are frequently economical in many 

countries. The research on methods for prediction of 

the bearing capacity and the settlement of piles has 

increased considerably during the last 10 years. Dif

ferent methods to calculate the ultimate bearing ca

pacity and settlement have been proposed. Methods based 

on static and dynamic penetration tests are commonly 

used for non-cohesive soil. Based on experiences and 

theoretical studies, empirical expressions and methods 

based on the theory of plasticity or elasto-plastic 

theories have also been recommended. New methods based 

on the results from pressuremeter tests and stress wave 

measurements have been developed. The reported results 

show good agreement between calculated and measured 

values. However, up to now, a "general solution" for 

computation of the ultimate load and settlement of 

pile foundations is not yet available. Because of many 

uncertainties it is recommended to perform full scale 

pile load tests. 

The methods used for prediction of the ultimate bearing 

capacity and settlement of piles depend on soil con

ditions, available equipments, the characteristics of the 

structure, similar experiences and other factors. 

This report makes a review of all common methods for 

design of pile foundations in non-cohesive soil. In 

the report diagrams, tables, typical values, empirical 

expressions for design purposes have been collected. 

A discussion and relationships between different methods 

have been summarized. The method based on static pen

etration test and the method based on theoretical and 

empirical expressions are suitable for Vietnam conditions 

so they are concentrated in this study. Further studies 

in Vietnam to compare different prediction methods and 

complementary load testing in the object to get suitable 

methods for our conditions will be very valuable. 
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1. BEARING CAPACITY 

This chapter covers the calculation of the bearing 

capacity of piles founded in granular soils: gravel, 

sand and silt, where the granular soil extends to a 

significant depth beneath the foundation level. Several 

methods based on different theories and experiences are 

summarized here. 

1 • 1 Method based on the standard penetration test (SPT) 

1.1.1 The Canadian Foundation Engineering Manual (1978) 

The ultimate bearing capacity of the pile is calculated 

from SPT results according to the method suggested by 

Meyerhof (1956). 

where = ultimate pile load, kN 

N = average number of SPT, at the tip level, 
blow/30 cm 

-N = average number of SPT along the pile shaft, 
blow/30 cm 

m2= cross sectional area of pile tip, 

= surface area of pile shaft, m2 

unit resistance at the point and along 
the pile shaft, kPa 

Factor of safety FS = 4. 

Meyerhof (1976) has suggested: 

= 40 N Db A + 2 NA 
B p s 

-where f = 2 N (kPa)s 
qp = 40 N Qb< 400 N (kPa)

B -

where Db = embedment depth of the pile 

B = diameter of the pile 

and if the pile is driven in non-plastic silt q = 300 N 
p 

(kN/m 2
) as an upper limit. 
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An empirical relationship between N and q is shown in 

Fig. 1. Meyerhof (1956) has recommended: 

f = 0.1 MPa as an upper limit value for the 
s unit skin friction of driven piles 

f = 0.006 N (MPa) or maximum 0.04 MPa for bored 
s piles. 

1 • 1 • 2 The Schmertmann method 

Schmertmann (1967) made suggestions for both end-bearing 

capacity and side friction capacity estimated from SPT 

data and the relationship between SPT and CPT data for 

evaluation of the unit side friction on precast concrete 

piles in Florida. 

Table 1. Usually conservative ultimate values for unit 
side friction and end-bearing correlated to 
SPT N-values (N-value range 5.60). 

Type of soil Unified SCS 
description 

q /N
C 

Friction 
ratio 
Rf (%) 

Side 
friction 
(tsf) (kPa) 

End-bearing 

kN 

Clean sand 
above and 
below GW, 
all den
sities 

GW, 
SW, 

GP, 
SP, 

GM, 
SM 

3.5 0.6 0.19 

2.1 

3.2 

Clay silt 
sand mixed 
very silty 
sand, silts 
and marls 

GC, 
ML, 

FC, 
CL 2.0 2.0 0.4 

4.4 

1.6 

Plastic CH, OH 1.0 5.0 0.5 0.7 

clays 0.56 

Soft lime
stone, lime 
rock, very 
shelly sand 

1.0 0.25 0. 1 

1.1 

3.6 

-For N less than 
-For N more than 

5, use zero 

60, use 60. 

Limitation: As the SPT is subjected by many errors, a high 

factor of safety is recommended. However, many authors have 

suggested not to use SPT as the only method for prediction 

of the bearing capacity of the pile. 
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1 • 1 • 3 Experiences from United Kingdom (Rodin et al, 1974) 

According to Gibbs and Holtz (1957) the penetration re

sistance increases with increasing relative density and/ 

or overburden pressure. Since the principal object of 

standard penetration tests in non-cohesive soil is to 

evaluate relative density, the effect of overburden pressure 

at the depth of the test must be taken into account. The 

correction chart (Fig.2) was presented by Thorburn (1963) 

and is widely adopted in the U.K. 

With the value of N corrected, the bearing capacity of 

the pile can be evaluated by using the relation between 

N and qc or alternatively the angle of internal friction 

cp I • 

1 • 1 • 4 Swedish experiences (Broms, 1981, Bergdahl, 1980) 

The bearing capacity and the length of driven reinforced 

concrete piles are generally estimated in Sweden by ram 

rounding. The circular or square point is driven into 

the soil using 32 mm diameter rods and a drop hammer 

weighing 63.5 kg. The number of blows N required to20 
drive the penetrometer 0.20 miscounted. The method has 

an advantage that it is normally possible to reach much 

deeper soil layers compared to weight sounding or cone 

penetration test. The relative density of non-cohesive 

soils (sand and gravel) can be estimated from the following 

table. 

Table 2. Ram penetration test. Relationship between 
relative density and penetration resistance. 

Relative density Penetration resistance N20, 
blows/0.2 m 

Very loose <5 

Loose 5-12 

Medium 12-35 

!Dense 35-60 

!Very dense >60 
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The penetration resistance is thus about 11-20% larger 

than that determined by Standard Penetration Test (SPT). 

The relationship between N and N is also shown in20 30 
Appendix A. 

The maximum depth to which a precast concrete pile can 

be driven corresponds normally to a penetration resistance 

of 200-300 blows/0.2 m.N20 

1 • 1 • 5 The Norwegian Pile Commmitteemethod (1973) 

According to Norwegian experiences the bearing capacity 

of driven friction piles of wood and precast concrete 

can be estimated by the Swedish ram sounding method A 

(free falling weight=63.5 kg, pressometer with square 

point, the penetrometer is rotated every 0. 2 m to reduce 

the skin friction along the rods. The number of blows 

required to drive the penetrometer 0.2 miscounted). 

Fig. 3 shows the relationship between the unit skin fric

tion resistance, the surface area of the pile A skin and 

the dynamic penetration resistance. The indicated relation

ship has been evaluated from pile load tests. The ultimate 

bearing capacity was found to be higher for timber piles 

than for precast concrete piles at the same penetration 

resistance because of the conical shape of timber piles. 

The diagram is valid for timber and concrete piles with 
2 a cross sectional area of 500-1000 cm and a pile length 

between 12 and 15 m. The equivalent skin friction is equal 

to the ultimate bearing capacity of the pile divided by 

the total shaft area. 

The bearing capacity of the pile can also be evaluated by 

Q = A (0,0021+0.0022 Pd)s y 

where 

Q = ultimate bearing capacity of the pile, MN 
2A = total area of the shaft, m s 

and = average number of blows per 0.2 m of penetra-Pdy 
tion 
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It is also possible to calculate the ultimate bearing 

capacity from the relationship between ram sounding 

type A and SPT-test. Test results indicate that the pen

etration resistance from ram sounding type A (blows/0.2 m) 

corresponds to the N-value (blows/0.3 m) from SPT. The 

same calculation methods can thus be used for ram sounding 

type A as for Standard Penetration Tests. 

1.2 Method based on the theory of plasticity and 
empirical formula 

General formula: 

= 0 +Q = f A + q A -s p s s p p 

where f = unit shaft resistance, kPa 
s 

= unit point resistance, kPaqp 
2

A = pile shaft area, m 
s 2

A = pile point area, m 
p 

= ultimate bearing capacity of the pile, kNQf 

1. 2. 1 The Canadian Manual's recommendation 

a) Critical depth. The bearing capacity of piles in granular 

soils is not a continuous linear function of the over

burden pressure. Vesic (1970) has demonstrated that the 

skin friction and the point resistance become constant 

below a critical depth D. For practical pruposes, D = 
C C 

8-20 B (B=pile diameter). 

b) Ultimate point resistance 

The length of the pile L < critical depth D. 
p C 

= L N*qfp p q 

where 

= ultimate unit point resistance, kPaqfp 
3 

= effective unit weight of the soil, kN/m

L = the length of the pile in soil, m p 
N* = bearing capacity factor q 
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According to Brezantzev et al (1961), values of N* are 
q 

as listed in table 3. 

Table 3. Values of N* according to the angle of friction~
q 

~ 25 30 35 40 

N* 15 30 75 150 
q 

The values of N~ can also be taken from Fig. 4. 

For pile lengths exceeding D: 
C 

qfp = yDc N~ 

c) Skin friction: 

f = K 0' tano < f1 
S S V 

K = average coefficient of earth pressure on the 
s pile shaft (see App. B) 

0 I = average effective overburden pressure along
V the shaft 

= angle of friction of the sand-pile contact (see App. B) 

f 1 = maximum value off at and below the critical depth.
s 

Ks tano is influenced by the angle of friction~' the 

method of installation, the pile size and shape. It in

creases with density. For bored piles the values are equal 

to 1/4 of the values of the displacement piles. 

d) Safety factor 

Allowable load can be evaluated, considering FS = 3. 

1. The length of the pile (L ) is less than the critical p 
depth (D )

C 

1 TTD 2 fs 
= ,rD L )Qa 3(qfp -4- + 2 p 

q f are calculated corresp_onding to thefp, s 
pile length L. 

p 
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2. The length of the pile (L) is longer than the 
p 

critical depth (D)
C 

f 2
1 TTD

Qa = 3 . (qfp
L -

qfp and fs are calculated at the critical depth 

D . 
C 

1.2.2 The American Petroleum Institute (ATP) method (1977) 

a) Skin friction 

In compression f = a' Ktano K = 0.7 s V 

In tension f = a' Ktano K = 0.5 s V 

a' = vertical effective stress 
V 

K = ratio of horizontal to vertical effective stress 

0 = angle of wall friction between pile and soil, o=cp-5 0 . 

cp = angle of soil internal friction (limited to cp=35°). 

b) End bearing 

Q 
p 

= A 
p 

cr'N 
V q 

N 
q 

= bearing capacity factor Caquot Kerisel (1956) or 

Vesic (1967) (see Fig. 4) 

1 • 2. 3 The method of Vesic (1975 and 1977) 

a) End-bearing 

Q = A (1+2 Ko)a' N* 
p p 3 V q 

where K is the ratio of at-rest horizontal to vertical
0 

effective stress. N; = bearing capacity factor (Fig. 5). 

When good information on the relative density is avail

able Fig. 6 or Table 4 can be used as a guid for evaluating 

N . q 

b) Skin friction, Fig. 7 can be used as a guid for deter

mination of the skin resistance. 
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1 • 2. 4 The method of Meyerhof (1976) 

qp = Po Nq 2- ql 

= effective overburden pressure at the pile point 

bearing capacity factor (Fig. 8) 

limit value of unit point resistance for 
D De 
B ~ B 

"' De o DeAccording to Meyerhof B = 7 for~= 30 and B = 22 for 

~ = 45°. Fig. 8 shows that the bearing capacity factor 

N varies with~ and the ratio between the bearing depth
q 

DB and the pile diameter B. A relationship between the 

critical depth De and the pile diameter is also presented. 

1 • 2. 5 The method of Broms (1978) 

a) Skin friction 

The skin friction resistance will increase linearly with 

increasing depth down to 20B (5-10 m) when the relative 

density of the sand is low. Below this depth the skin 

friction will be constant, and the skin friction f down 
s 

to a depth of about 20B can be calculated from the relation-

ship: 

f = K tan~ 0 1 

S O a V 

K = coefficient depending on the shape of the pile
0 and the relative density (Table 5). 

Table 5. Coefficient of lateral earth pressure K 
for friction piles in cohesionless soil~ 

Pile type Low relative High relative 
densitv,Dr=0 density, Dr=1 

Small displacement pile 0.5 1 . 0 

Displacement piles 1.0 2.0 

Conical piles 1.5 4.0 
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For small displacement piles (steel H piles) willK0 

approach the coefficient of lateral pressure at rest 

and increase with increasing relative density. 

For displacement piles the value of K0 is high because 

of local arching around the pile. 

If a linear relationship between D and ~ is assumed,r 
the values of K0 are given in Fig. 14 a. Recommended 

values of~ are given in Table 6. 
a 

Table 6. The friction angle~ as a function of the 
angle of internal friction of the soil (~'). 

Pile type ~a 

Steel piles 20° 

Concrete piles 0.7 ~· 
Timber piles 0.7 ~ I 

For rough estimates K tan ~a= 0.30 can be used. 
0 

b) Point resistance 

The unit point resistance is calculated by: 

As L >>Band Ny ~ N the first term will generally be 
q 

neglected and: 

qp = pag L Nq = a' 
V 

N 
q 

where a~ is the effective overburden pressure at the level 

of pile point. The unit weight (p) of the soil corresponds
a 

to the apparent unit weight below water if the ground 

water level is located at the ground surface. 
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The net bearing capacity of the pile point will be equal 

to 
net= p g L N - p g L 

qp a q pile 

If it is considered that the unit weight of the pile 

corresponds to the unit weight of the soil: 

q = p g L(N -1)
p a q 

N can be obtained from Meyerhof (1953) (see Fig 4b).
q 

A safety factor equal to 3 is recommended. 

1 • 2. 6 The method of Berggren (1978) 

The method is proposed for large diameter bored piles 

in non-cohesive soils. Based on test results, Berggren 

has stated: 

- In medium dense, dense and very dense sand, the ultimate 

bearing capacity of the pile will be reached at a settle

ment of 5% of the diameter of the pile (5%B) and the 

settlement is equal to 10% Bin the case of loose and 

very loose soil. 

- Maximum shaft resistance is reached at small displace

ment of the pile (~5 mm), so a lower FS should be applied 

to the shaft resistance than the point resistance. Fig. 9 

is constructed with a safety factor of 5 on the point 

bearing capacity psf thus giving the permissible point 

pressure Ps· 

- The permissible shaft resistance p is determined by
m 

Fig.10 and the allowable skin friction resistance is 

determined by: 

where A is the cross section of the pile.
p 

- Based on the relationship between the angle of friction 

~ and the bearing capacity factor N, taking into account q 
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the critical depth according to Meyerhof (1976), 

Fig.11 has been drawn. The unit point resistance 

can be evaluated: 

qp = p sf = Nq CJ~ 

N = f(~ and L 1 /B) where L1 = pile length in the 
q 

bearing stratum and B = pile diameter. 

Note that for bored piles the bearing capacity factor 

is 3 times lower than for driven piles. 

1 • 2. 7 The Australian Standard 2159-1978 

a) Shaft resistance 

The Australian Standard also considers the effect of 

critical depth 

for the depth z 0 < z f = F 0'< Dc' s V 

for the depth z > D f = F 0'
c' s vc 

0 1where is the effective vertical stress at the critical vc 
depth D. The values of D and Fare given in Table 7. 

C C 

b) Point resistance 

The same consideration about the critical depth is taken 

into account: 

q = N CJ' 
p q vb 

where CJ~b at the pile tip if L < Dc 

and 0 1 at the critical depth if L > Dcvb 
and Lis the length of the pile. 

Values of N are given below. q 

Table 7. Values of D, F and N. 
C q 

Soil condition Rela~ive rDc/B F N 
q

density ,! I 
I driven bored I driven bored 
I pile pile pile pile 

25 

Medium 0.4-0.75 8 1.0 0.5 100 

iLoose 0.2-0.4 6 0.8 0.3 60 

60 

Dense 0.75-0.9 15 1.5 0.8 180 100 
,, 

B = pile diameter 

http:0.4-0.75
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Comment: The critical depth is between 6B and 15B for 

loose and dense sand. These values are smaller than the 

values proposed by Meyerhof (1976). 

1 • 2. 8 Swedish experiences (Hultsjo & Svensson, 1969) 

Based on 32 load test results from different places in 

Sweden, good correlation was found between the measured 

ultimate bearing capacity and the bearing capacity de

termined from a static bearing formula: 
L 

Q = No' A + J Ktano o ~ du p p z~z z 
0 

where 

N = point bearing capacity factor (N=8) 

0 I = effective overburden pressure at the p pile point 

A = cross sectional area of the pile pointp 
L = total length of the pile 
-a = effective overburden pressure at the z depth z 

= circumference of the pile<p z 
Ktano = 0.35 

The limit value of the unit skin friction is in general 

equal to 5 MPa. For the case of a steel pile in loose 

sand, the value of Ktano = 0.25 is recommended. (Bergdahl, 

1980). 

1 • 2. 9 The Braatvedt method (1976) 

General bearing capacity formula: 

Qf = Qp + Qs 

0 1Qp = { (1.3 c N )+(0.4 ByNy)+ N} Ab 
C V q 

for sand Qp = (0.4 ByNy+ a' N ) A 
q p 

0 1= (ac + K tano) AQs s V s 

N N : bearing capacity factors depending on <p I (Fig. 1 2) Nq' c' 
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~' = average effective angle of friction of the soil 
over a length of 1B below and 4B above the tip 
of the pile, obtained from laboratory tests or 
deep sounding. May be reduced by s0 for bored 
piles and increased by 40 for driven piles. 

o = angle of friction between pile and soil. 

2/3 for timber piles 

3/4 for concrete piles 

20° for concrete piles 

K s = Coefficient depending 
or disturbance 

on the degree of densification 

0.5 for bored piles with no temporary support of 
the sides 

1 • 0 for bored piles with adequate support of the sides 

2.0 for driven piles in sand 

B = pile diameter at the pile toe 

Ab,As = area of the base and the pile shaft 

0~ = effective stress at the pile toe 

a' = average effective overburden stress 
V 

c = cohesive strength at the pile tip 

c = average cohesive strength over the embedded length 

Fig. 12 also shows a correlation between N of SPT and~

Fig. 13 shows the indicative ultimate pressure at the 

base or the tip of piles in clean sand derived from the 

above expression. 

Safety factor: 

Qs 
q = -- + 

a 1. 0 

The settlement should be checked against allowable settle

ment. 

1.2.10 The Tuoma and Reese method (1974) 

A method to calculate the ultimate bearing capacity of 

bored piles in sand is proposed based on the comparison 

between calculated and measured load transfer in sand. 

Tuoma and Reese (1974) observed that the failure load 
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corresponds to a displacement equal to 5% of the pile 

diameter. The skin friction failure load Qf appears at 

25 mm of downward movement of the shaft. 

1. Skin friction Q
s 

The ultimate resistance Q in sand is obtained as: 
s 

L 
a e f (5 tancp' dl avg 

0 

where a = 0.7 for the length of the pile in sand avg 
not exceeding 8 m. aavg may decrease 
with greater penetration of the pile 

8 = perimeter of the pile 

(5 = effective overburden pressure 

cp = effective friction angle 

dl = differential distance along the length 
of the pile 

2. Point resistance Q
p 

The failure tip resistance in sand is obtained at 25 mm 

downward movement of the pile. 

Ap 
QP = 50 (SI unit)13 qp 

where B == diameter o·f the pile B ~ 0. 6 m (expressed in m) 

= cross sectional area of the pile 

tip resistance at 5% B movement 

0 for loose sand 

1.5 kPa for medium sand 

3.8 kPa for very dense sand 

For sand of intermediate density linear inter

polation can be used. 

The values of tip resistance is limited to 

L > 10B 
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1.2.11 Discussion and conclusions about the static 

method for calculation of ultimate bearing 

capacity of piles in non-cohesive soil 

(1) The critical depth should be considered in the evalu

ation of the ultimate bearing capacity of the pile. The 

critical depth depends on the relative density of the soil. 

the internal friction angle and the diameter of the pile. 

The critical depth varies from 6 to 20 times the diameter 

of the pile. The critical depth values recommended by 

Meyerhof (Fig. 4) or the Australian Standard (Table 7) can 

be used. The values recommended by the Australian Standard 

are more conservative. The unit skin friction and unit point 

resistance should be evaluated with the critical depth if 

the length of the pile is greater than the critical depth. 

Below the critical depth the unit skin friction is con

stant. The curves Figs. 10 and 11 based on Meyerhof's 

recommendation (Berggren, 1978) are valuable for practical 

purpose. 

(2) The unit point resistance is evaluated by: 

q = 0 1 N 
p V q 

where 0 1 is the effective overburden pressure at the point
V 

tip or the critical depth. N is the bearing capacity factor q 
and can be evaluated by the plasticity theory, and is 

depending on the pattern of failure. In general Berezantzev's 

theory and Vesic's theory have more support than other 

theories in practical design. The values of N can be ob-
q 

tained from Table 3, Fig. 4 or Fig. 5. It is useful to 

take into account the values of Table 4 as a guide in 

practical purpose. 

The expression for calculating the unit point resistance 

is the same for cohesive soil, but as the values of N q 
are greater the point resistance takes a more important 

role in the evaluation of the ultimate bearing capacity 

of the pile. The values of N have a wide range of variation q 
and are very sensitive to the variation of the values of 
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internal friction angle. On the other hand the point 

resistance requires a greater displacement to mobilize 

the ultimate bearing capacity in comparison with the 

shaft resistance. Therefore it is recommended to use a 

safety factor equal to 3 for the point resistance. 

In the case of silty soil, since high excess pore pressure 

can develop when it is loaded, it is recommended to use 

~• = 20-25° to calculate the point resistance. 

(3) The unit skin friction is evaluated by: 

f = K tano a'S S V 

where a' is the average of effective overburden pressure
V 

along the pile length or from the pile length to the 

critical depth. The factor Ks tano has the same meaning 

as the factor Sin the effective analysis of piles in 

cohesive soils. It is interesting to note that the value 

Kstano = 0.3-0.35, reported by Hultsjo et al (1969) and 

used as a rough estimate of unit skin friction (Broms, 

1981), corresponds to the value of S reported by Burland 

(1973) for normally consolidated clays. 

Table 8 contains a summary of values of Ks and Kstano 

according to the recommendation of different references. 

The values of K and K tano have a wide range of~variation,s s 
and are depending on the relative density of the soil (or 

angle of internal friction), material of the pile, method 

of installation and the length of the piles. 

Based on the recommendation of Broms (1978), the Australian 

Standard (1978) and the relationship between the relative 

density and the internal angle of friction~ (Terzaghi 

and Peck 1948) a relationship between Ks and~ is presented 

in Fig. 14 together with data of Meyerhof (1976), Berggren 

(1978) and the values measured by Christoulas (1981) and 

Armishow (1980). The values of Ks of Armishow (1980) are 

calculated based on the value of Ks tano measured and the 

values of N from SPT. 

http:0.3-0.35
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Table 8. Values of Kand Ktano for calculation of 
the unit skin friction. 

Reference K 0 K tano Remark 
s s 

driven pile bored pilE 

API ( 1977) 0.7 0.5 for tension 

Australian 0.8 0.3 loose sand 
Standard (1978) 1.0 0.5 medium sand 
(SAA) 1.5 0.8 dense sand 

Berggren (1978) (0. 3) 0. 1 cp = 30° 
(0. 6) 3.0 cp = 60° 

Braatvedt (19 76) 2 1 0. 7c/l timber pile Ks=0.5 for the cases 
0.5 0.75c/lconcrete pilE of bored pile withoui 

20° steel pile support side 

Brom ( 1978) 0.5-1 (Dr = 0-1) 20° steel pile For rough estimation 
1-2 (Dr = 0-1) 0.75 concrete pile Kstano = 0.3 
1.5-4 (Dr = 0-1) 0.70c/l timber pile 

conical pile 

Christoulos (9181) 1.5 0.6 cp > 30° 
K is measured 

Armishow ( 1980) 0.9 NPS = 18 
1.3 NPS = 54 

' 
Cooke (29 78) 0.7 L < 7.5 

0.5 12.0Lp > 
p 

Hultsjo et al 
0.35 From load tests of

( 1969) 
driven piles 

Meyerhof (19 76) 1.0 0.25 c/l'= 33° 
2.5 0.75 c/l'= 37.5° 

Tuoma & Reese 0.7 Define as value, 
(1974) decrease with L>8 m 

Meyerhof (1951) 0.5 loose sand 
1.0 dense sand 

Kezdi (1957, Theory analysis~ 
Ireland ( 1957) 1. 75-3 Pull out tests 

Lambe-Whitman 2
( 1969) 
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The values of Ks reported by Meyerhof have a big range 

of variation with small variation of internal friction 

angle. The similar variation of Ks with angle of internal 

friction can be observed from the recommendation of Broms, 

the Australian Standard and the values reported by Armishow 

and Christoulos. The values reported by Armishow are smaller 

than values recommended by Broms and the Australian Standard 

due to the different assumptions in the calculation, and 

that the values measured are carried out during the driving 

of the pile. 

For practical purposes the values recommended by Broms 

can be used. 

Values of friction between various construction materials 

and sand have been reported by Potyondy (1961) and are 

presented in Table 9. Ifµ is defined as the ratio between 

the friction between the pile material and sand and the 

drained internal friction,µ is in the range 0.6 i µ < 1.0, 

and steel material has the lowest value of friction. 

API (1977) and Broms (1978) have recommended that o' = s0
, 

which is conservative in comparison with the values reported 

in Table 9 except for the case of steel piles. However, 

the criterium o' = ~ 1 -5° can be used in practical purpose 

for concrete and timber piles because it differs very 

little from the values given by Podyondy. For steel piles 

µ = 0.6 and o' can be calculated from~• given, or 

8' = 20°, the later criterium may be very conservative. 

Fig. 15 shows the relationship between K tano and the s 
internal angle of friction~•, considering the values of 

K from the recommendation of Broms and o' = ~-5° (API).s 
With given value of angle of internal friction, the value 

of Kstano can be obtained from the curve for concrete and 

timber piles. The values of Kstano measured during driving 

of piles after Armishow (1981) and from test results after 

Hultsjo (1969) are also plotted in Fig. 15. 
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The variation of Kstano for steel piles according to the 

above criteria (o=20° and M=0.6) and the values of Ks 

according to Broms are also presented in Fig. 15. In the 

case of steel piles with o = 20°, K tano varies verys 
little with the values of angle of internal friction. 

Since o' can be greater than 20 0 (Table 9) µ = 0.6 can 

be chosen in the evaluation of o' for steel piles. 

The rough estimation Kstano = 0.3 (Hultsjo, 1969) re

commended in practice can be very conservative in practical 

design. This value can be used only in the case of loose 

sand or in silty soil; where high excess pore pressures 

can develop when it is loaded. 

As the shaft resistance requires very small displacement 

to mobilize the ultimate resistance, therefore a smaller 

safety factor can be applied in this case in comparison 

with the case of point resistance. It is recommended that 

the safety factor is equal to 1.5-2 to obtain allowable 

shaft resistance from the ultimate value calculated. 

(4) In general small variations of the friction angle, 

~•, of sand considerably influence the values of Ks and 

N. It is therefore generally preferable to use the 
q 

results of subsurface sounding by means of penetration 

tests for preliminary estimations of the point resistance 

and the skin friction of piles in non-cohesive soil. 

The relation between two methods will be discussed later. 
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Table 9. Coefficient of friction between various 
construction material and sand. (Potyondy, 1961) 

q> I . 0 ITest material tano' µ= 
tan</) 

Polished smooth steel 37° 23°30' 0.57in saturated dense sand 

Rough steel in dense sand 43°30' 33°40' 0.7 

Pine wood in saturated dense 
sand, test run parallell to 37° 33° 0.86 
the grain 

Ditto, but test run in 
perpendicular to the grain 37° 34°20 1 0.91 

Smooth concrete (made in 
wood form) in saturated 37° 33°20 1 0.87 
dense sand 

Rough concrete in dry 43°30' 42°30' 0.97dense sand 
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1.3 Methods based on cone penetration tests 

Static sounding is used extensively in the Netherlands, 

France and Germany to estimate the bearing capacity of 

friction piles in sand. Examples of static penetrometers 

are the Dutch cone penetrometer, penetrometers type 

Barros, Nilcon and the Swedish weight sounding device. 

Different criteria on using results of static penetration 

are summarized below. 

1 • 3. 1 The Canadian Manual (1978) 

The ultimate load capacity is evaluated by 

where Qf = ultimate pile load (kN) 

q = unit point resistance from cone test, kPa 
p 

For a pile with a diameter B>0.50 m, q is 
equal to the minim~m measured qp. P 

f = average skin friction measured by cone test, kPa 
s 2A = cross-sectional area of the pile tip, m 

2Ap = surface area of the pile shaft, m 
s 

The safety factor is equal to 2.5 to 3 depending on the 

number of cone tests performed and on the observed vari

ability of the test results. 

1. 3. 2 Meyerhof (1976) 

When the pile is driven into a stratified cohesionless 

soil the ultimate point resistance and the skin friction 

can only be calculated by semi-empirical methods from 

static cone. When the pile point is above the critical 

depth in the bearing stratum, the unit point resistance 

has to be reduced from the limiting static cone resistance 

q in proportion to the embedment ratio DB/B. 

qc DB 
qp = 10B ~ ql 

where qp = the unit point resistance of the pile 

= limiting unit point resistanceq 1 

The values of q 1 derived from the limiting static cone re

sistance q are shown in Fig. 16. 
C 

C 
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For bored piles roughly one third to one half of the 

static cone point resistance and friction resistance 

applicable to driven piles may be used for preliminary 

estimations in cohesionless soil. 

For penetration of piles shorter than about 10B into 

the bearing stratum the value q may roughly be estimated p 
by 

in which q and q are the limiting unit point resistance 
0 1 

in upper weak and lower firm stratum respectively (Fig.17). 

When piles longer than about 15 to 20 pile diameter are 

penetrated through a weak stratum into a thick firm de

posit the ultimate point resistance is increased with 

Db/B in this stratum, but below the critical depth (10B) 

the point resistance remains practically constant at the 

limit value q 1 for this stratum. If the pile point rests 

in a relatively thin firm stratum, underlain by a weak 

deposit, the ultimate unit point resistance in the bearing 

stratum may be governed by the resistance to punching of 

the piles into the underlying weak soil (Fig.18) and 

in which q and q are the limiting unit point resistance 
0 1 

in the lower weak stratum and the upper firm stratum re

spectively. 

1 • 3. 3 Vesic (1975) 

The shaft friction can be determined by qc using the 

following relationship 

f 
S 

= pq
C 

where P = 0. 11 ( 1 0) -1 . 3tan 

and ~=angle of internal friction expressed 
in terms of total stress 
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In case the penetration resistance is lower than 0.5 MPa 

p can be determined by 

3 
p = --

Irr 

where Irr is the reduced rigidity index (Vesic, 1967) 

and defined by 

I rr = 

~ = volume change 

Ir = rigidity index (relative compressibility of 
the sand mass) 

If no volume change (undrained condition) or little volume 

change takes place 

E 
( 1 +v) (c+qtancp) 

1 • 3. 4 The Thorburn method 

Thorburn (1980) has recommended that the ultimate shaft 

resistance can be determined by 

Q = As qcs 
s 200 

where = the embedment area of the pile shaft 

the average static cone penetration 
resistance within the depth of embedment 
of the pile in the sand stratum. 

The ultimate base resistance is calculated for two cases: 

a) Deep embedment: The pile penetration is at least 8B 

into bearing stratum 

Q = (0.25 q +0.25 q +0.5 qc )Ap
p Co C1 2 

where = average static cone resistance over a distance 
of 2B below the pile base 

= minimum cone resistance over the same distance 
below the pile base 

= average of the minimum cone resistance over a 
distance of 8B above the pile base, neglecting 
any value greater than q

C1 
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b) Shallow ernbedrnent: The pile penetration is only 1-2B 

into a fine grained non-cohesive soil 

Q = (0.5 q b+0.5 q ) A 
p c ea p 

= average q over a distance of 3.5B below 
the pile :5ase 

qc +qc + qcn
qcb = 2n +nqcn 

= the cone resistance at regular intervals 
of 3.5B below the pile base and q is 
the lowest resistance. en 

= average cone resistance over 8B above the 
pile base, neglecting any value greater 
than q • en 

1 • 3. 5 Te Karn W.G.B. method (1977) 

a) Skin friction: In compression 

, q in MPa 
C 

The resulting friction values are limited to 0.12 MPa. 

The method is based on the observed constant ratio be

tween q and the local sleeve friction measured in the 
C 

cone penetration test 
L 

and Q = TID 2 f f dx 
S O S 

b) End-bearing 

where I, II and III are illustrated in Fig.19. 

Generally, in normally consolidated sands the CPT con

siders a limiting unit pile end-bearing capacity of 15 

MPa. However, in overconsolidated sands a further limitation 

might be applied (see Fig.20). There are observations that 

qc/floc ~ const. floe is difficult to measure, thus 

according to Begernann f = q /130.1OC C 
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In the case of the pile in tension 
L/4 TID 3L/4 L 

Q = TID f fs dx + J fs dx + TID J f dx3s o o 3L/4 s 

The relationship between the point resistance q and the 
C 

friction resistance f for a penetrometer measured with 
s 

a separate friction sleeve is shown in Fig.21, after 

Begemann (1965). From the relationship shown in Fig.21 

it is possible to estimate the grain or particle size 

when the point resistance and the skin friction resistance 

are measured separately. It is furthermore possible to 

estimate the skin friction resistance from the point re

sistance if the average grain of the soil (gravel, sand, 

silt or clay) is known. Broms (1981) has reported the 

ratio f /q = 0.5-1.0% for sand and gravel and about
S C 

4-6%: for clays. 

1 • 3. 7 The Nottingham and Schmertmann (1975,1977) method 

a) Ultimate skin friction: 
L 

fsloc dx + J fslocnol
O 

8'2-
8B

Qs =KSC 8B 

or 8B L 
Q = K ( I: f A + I: f A )

S SC sloe s slos sl=0 8B 

where 1 = depth to the f value considered 
s 

A = pile soil contact area per f depth interval s s 

Resulting skin friction values are limited to 0.12 MPa 

f = unit local friction sleeve resistancesloe 
K = correction factor of the unit local friction s f in a sand layersloe 
K = correction factor of the unit local friction 

C f in a clay layersloe 
K = function of the soil type, pile material, types,c 

of cone tip etc, see Fig. 22 

Beringen et al (1979) have suggested K-values as follows: 

In compression: fsloc = 0.007 qc (1/143 qc) 

In tension: fsloc = 0.005 qc (1/200 qc) 
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Side friction calculation can be simplified if the 

sleeve friction resistance does not vary significantly 

with depth, provided that L > 8B 

Q
S 

= K ½(f A
S1 

)0 8B +(f
S 

A )8B
-

L
S - S2 

If two or more sand layers are invloved, the above equation 

can be used by considering each layer individually as shown 

in Fig. 23. The K-value should be the same for each layer. 

b) End-bearing 

Fig. 24 gives the basis for the calculation of the ultimate 

pile end-bearing capacity using penetration data from a 

Fugro-type penetrometer. The procedure remains the same 

for piles embedded in sand, clay or mixed soil. 

1.3.8 The Norwegian Pile Committee (1973) 

1.3.81 Cone penetration test 

The bearing capacity of friction piles in sand can be 

calculated from CPT 

fs = shaft friction factor depending on the 
soil density 
= 0.005 q at q about 10 MPa 
= 0.01 q cat q cabout 2.5 MPa 

C C 

qcs= average static cone penetration resistance 
along the pile 

point resistance factor= 0.5 

static cone penetration resistance close 
to the pile point 

1 .3.82 Weight sounding 

The bearing capacity of piles in sand can also be estimated 

from Swedish weight sounding. Fig. 25 shows the relation

ship between the ultimate bearing capacity Qf' the surface 

area of the pile and the penetration resistance of th~ soil 

expressed by the number of halfturns/0.2 m of the Swedish 

weight sounding. The indicated relationship is based on 
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results from pile load tests. In the evaluation of th~ 

test results the point resistance of the piles has been 

neglected. Normally the point resistance accounts for 

almost half of the total bearing capacity. The relation

ship shown in Fig. 25 indicates that the ultimate bearing 

capacity will be about 20% higher for timber piles than 

for precast concrete piles of the same surface area of 

the piles and the same initial relative density of the 

soil. As a guide in practice, the following values can 

be taken: 

When Dr is low (<5 halfturns/0.2 m), fs ~ 20 kPa for 
concrete piles 

when Dr is medium (5-15 halfturns/0.2 m), f ~ 35 kPa s 
and when D is high (>15 halfturns/0.2 m), fs ~ 50 kPa r 

The diagram in Fig. 25 is valid for ordinary timber and 
2concrete piles with a cross sectional area of 500-1000 cm 

and a length of 12-15 m. 

The ultimate bearing capacity of concrete piles in sand 

can also be determined from the formula: 

= Af(0.0138 + 0.0016 P )Qu we 
= bearing capacity, MNQu 

2 = total shaft area, mAf 
p = average number of halfturns per 0.2 m penetrationwe of the Swedish weight sounding penetrometer. 

It is also possible to calculate the ultimate bearing 

capacity from the relationship between penetration re

sistance of the Swedish weight sounding and penetration 

resistance of the static cone penetration test. (Nht=3qc). 

1.3.9 The United Kingdom experiences (Rodin et al, 1974) 

The ultimate bearing capacity of piles is calculated 
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Point resistance 

1. Gravel: for preliminary calculations piles in gravel 

are designed as end-bearing and the following formula 

is used as a guideline: 

Q = A n N (kN)
p p 

A = area of the pile base 
p 

n = ratio of q to N 
C 

N = standard penetration resistance at the pile base 
corrected using the Thorburn chart (Fig.2) 

2. Sand and silty sands 

Using the Meyerhof (1956) formula: 

Qp = Apqc 

q = average static cone penetration resistance 
c near the base as follows: 

for loose sand: 3,5 B above pile base (acc. to Van der Ven) 

and 1 B below pile base 

for medium sand:8.0 B above pile base (acc. to 

3.5 B below pile base Begemann) 

The skin friction is calculated: 

1. Total friction measured: use the same formula as has 

been recommended in Thorburn's method (see 1.3.4) 

and for fine grained non-cohesive soils (acc. to 

Thorburn et al, 1970) 

Q = 
s 

2. LocaJ. friction measured: use the recommendations by 

Begemann (1.3.6). 

1.3.10 Discussion and conclusions about the methods 
based on results from CPT 

According to the review on the design of piles using re

sults from static cone penetration tests, the following 

points can be summarized: 



35 

(1) The static cone penetration test is a useful tool 

for prediction of bearing capacity of piles in non

cohesive soils. The CPT compared to the SPT has the 

following advantages: it is more reliable, more re

peatable, giving valuable information on soil strati

graphy. The results from cone penetration tests can be 

related to many properties of the soil (density, friction 

angle, Young's modulus ...• ). 

(2) The result of cone resistance is uncertain for silty 

soils, especially in the case that the soil is below the 

ground water. It is recommended to take samples in those 

cases. 

(3) The result from static cone penetration resistance can 

be used directly in the calculation of the point resistance 

of the pile if qc < 10 MPa and it is equal to 0.5 qc if 

qc > 10 MPa (see table 10). 

(4) The value of q is calculated from the average value 
p 

of q over a specific depth (see Table 11). For practical
C 

purposes the criteria of Begemann and Van der Ven can 

be taken into account for medium sand and loose sand 

(Table 10), the same criteria is recommended by Broms (1978). 

(5) For piles with a diameter greater than 0.5 m, the value 

q is less than q. It is recommended to make a reduction p C 

q in those cases. For instance, the minimum value of 
C 

for calculation of q can be used. p 

(6) Experiences show that the values of qp is different 

from q when q is greater than 15 MPa. Thus an upper
C C 

limit value of q, 15 MPa, should be considered for 
p 

practical purposes (see Table 12). 

(7) It is recommended to use the static cone penetrometer 

with local measurement of the skin friction. Based on 

Begemann's diagram, the grain particle size can be de

termined and serve as a double check of the result from 
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the cone penetration test if the average grain size of 

the soil is known. 

(8) The value of the unit skin friction can be evaluated 

from the point cone resistance. The value of f is 0.3-s 
2.0% of the q value (Table 13) . In general

C 

f = 0.5% qc for dense sand (qc ;;:; 1 0 MPa)s 
f = 1 % qc for loose sand (qc ~2.5 MPa)s 

where q is the average value along the pile length.
C 

(9) The value of the unit skin friction is 0.25-0.5% of 

q for piles in tension. 
C 

(10) If the local friction is measured by a sleeve, the 

unit skin friction is 0.5-1.0 of the value of the sleeve 

resistance. For practical purposes f = 0.7 f as 
s s 1oc 

recommended by Begemann can be taken. 

(11) For bored piles the unit skin friction is 1/3 of the 

values considered for driven piles. 

(12) The limit value of the unit skin friction is equal 

to 0.12 MPa, for silty soils. For fine sand this value is 

0.10 MPa. 

(13) The ultimate bearing capacity of piles can be evalu

ated from results from the Swedish weight sounding penetro~ 

meter tests. The methods based on cone penetrometer can be 

used if the relationship between penetration resistance 

from CPT and weight sounding tests is known. In general 

Nht = 3 qc' where Nht is the number of halfturns and qc 

is the point cone resistance MPa. 

(14) The ultimate bearing capacity of piles can be evalu

ated from SPT test results and the relationship between 

SPT and CPT (see Appendix A). 
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(15) It is important to carry out further comparisons 

between CPT tests and loading tests. The following 

conditions have been fulfilled: 

- The CPT test has to be carried out before the pile 

test and in the same position. 

- The type of CPT test and the tip geometry must be clearly 

defined. 

- The geometry of the pile and its way of production must 

be clearly described. 

- The failure criterion adopted for interpreting the test 

load result shall be given. 

(16) The disadvantage of CPT is limited capacity to pen

etrate dense layers. For estimating the bearing capacity 

of the pile it is necessary to carry out the penetration 

test at least to a depth 4B below the pile tip. It is 

recommended to make a combination between CPT and SPT in 

those cases. A new type of static-dynamic penetration 

equipment developed at SGI will be a good tool for this 

purpose. 

(17) The CPT is not widely used in Sweden for calculation 

of the bearing capacity of piles. This is due to the fact 

that 80% of the piles in Sweden are driven to a very hard 

till or to the rock surface. 

(18) The factor of safety to apply to Qf should be 2.5 

to 3.0 depending on the number of cone tests performed and 

on the observed variability of the test results. The mini

mum factor of safety corresponds to a larger number of 

results with a variability of less than ±10% from the 

average. 
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Table 10. Summary of the criteria for calculation of 
the unit point resistance q from the average 
value of cone penetration r~sistance. 

t 

Reference qp Note 

Norwegian Pile Committee 0.5 qc(1973) 

Begemann (1965 0.5 qc 
Vesic (1977) qp=qc if qc < 1 0 MPa 

Broms (1978, 1981) 0.5 q if qc > 1 0 MPa 
C 

Table 11. The depth to consider in the calculation of 
qp from the average value of static cone 
penetration resistance qc. 

Reference Depth above Depth below Note 
pile tip pile tip 

Van der Ven 3.5B 1B Loose sand 

Begemann 8 B 3.5B Dense sand 

Te kam (1977) 8 B 0.7-4B 0.7B if, qc in-
creases with 
depth, 4B if qc
varies 

Broms (1978) 3.5B 1B < 10 kPaqp 
Thorburn (1979) 8 B 2B Considers other 

values and the 
minimum of qc 

B = diameter of the pile 
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Table 12. Limit values of unit point resistance and unit 
skin friction. 

Author Limit value Limit value Note 
of qp of fs 

Broms (1978) 1 0 MPa 

Te Kam (1977) 15 MPa 0, 12 MPa 

Begemann ( 1965). Q f 12 MPa 

Beringen ( 1979) 15 MPa 0,25 MPa 

Ton et al 0, 1 0 Silty and fine 
( 1 981) sand 

Table 13. Values of unit skin friction 

Reference Values of fs Note 

Meyerhof (1956) f = 0.5% qcs 

Meyerhof(1976) f = f (with sleeve)
s sloe 

Norwegian 
Committee 

Pile 
(1973) 

f 
fs 

s 

= 0.5% 
= 1% 

q
C 

q
C 

for 
for 

dense 
loose 

sand 
sand 

qc 
qc 

~ 

:::: 
10 
25 

MPa 
MPa 

Te kam (1977) f 
fs 

= 0.33% 
= 0.25% 

in compression 
in tension 

s 

Begemann (1977) f 
fs 

s 

= 0.8% q
C 

= 0.7 f l s oc 
(with sleeve) 

After Beringen 
(1979) 

Nottingham (1975) f 
fs 

s 

= 0.7% 
= 0.5% 

qc 
qc 

for 
for 

compression 
tension 

After Beringen 

Thorburn ( 1975) f 
s = 0.5% qc 

Vesic (1977) f 
s = 0 .11 (19)-1.3 tan~ 

qc 

Tong (1981) f = 2% q If q < 5 MPa 
fs = 0.1 MPa If qc c > 5 MPa 

s 

Broms (1978, 1981) f = 0.5% q Dense sand, the 
s C 

relative densitJ 
is high 

f = 0. 1 MPa Loose sand 
s 
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1. 4 Relation between methods based on static 
formula and static cone penetration test 

1 • 4. 1 Determination of Kstano by CPT-test 

The relation between two methods can be derived, based on 

the following assumptions: 

The point resistance of th~ pile qp is equal to the 

point cone resistance q, q = q
C p C 

- The local shaft resistance f , from the cone penetration
s 

test can be used directly for calculation of the unit 

shaft resistance of the pile, fsl = fs 

or in other words, the CPT represents a pile model test, 

the same failure pattern in the two cases. 

The unit skin friction can be evaluated by 

f = K tano a' s s V 

or a'f K tano ':::!..JI.= s s 2 

where a~ is the effective vertical overburden pressure 

at the pile tip considering that the length of the pile 

is equal or less than the critical depth. The unit point 

resistance can be calculated by: 

q = N a' p q V 

The ratio between f and isqps 

f Kstano s fs 
= or K tano = 2 N

2 N s qqp qcq 

The value of Kstano can be derived if N and f /q are q S C 
determined. 

The values of N can be defined if the relative densityq 
or the angle of internal friction are known.· The value 

off /q can be de~ived as follows:
S C 
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(1) Empirical ratio off /q
S C 

In case of dense sand f /q = 0.05. Thus K tano = 0.01 N 
S C S q 

and in case of loose sand f /q = 0.001 thus K tano = 
S C S 

0.02 N •q 

( 2) Determination of K tano from CPT test with measuring
s 

of friction: 

The ratio off /q can be defined from the CPT test. 
S C 

(3) Determination off /q by CPT test with measuring of 
S C 

q and using Begemann's curve (Fig.22) or Figs. 31-33. 
C 

1 • 4. 2 Relation between Qs and Qp 

From the relation between CPT and static formula; the 

ratio of Qs and Qp can be written as 

9.s. = 4 J:s Ngs ( 2L-Dcr)
Qp B qp Nqr 

where B = diameter or width of the pile 

N ,N = bearing capacity factor of the shaft 
qs qrand the pile point 

L = total length of the pile 

= critical depth 

= fs = R = ratio of skin friction andz:rc- f 
point resistance 

If the soil is homogeneous, N = N and qs qp 

If the length of the pile is less than the critical depth 

The accuracy of the ratio~ depends on the accuracy of Rf. 

Those can be obtained from CPT test or estimated from 

empirical expressions or empirical diagrams. 
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The ratio Q /Q can be used for rough extimation of the s p 
length of the pile and the load displacement curve. 

As a demonstration of the relation between the two 

methods, some examples and case records are presented 

in 1 • 4. 3. 

1. 4. 3 Examples 

Example No 1. Using the same data presented by Beringen 

et al (1979) to evaluate the skin friction of two piles. 

The diameter of the first pile is cp = 356 mm and the length 

of the pile is 7 m. Fig. 28 shows the result of the soil 

investigation. From the CPT values the ratios between fsl 

and q are summarized in Table 14 for different depths.
C 

Table 1 4 • Ratio between local friction and point resistance. 

Depth (MPa) f (MPa)qc fsl/qcsl 

2 2 0.07 0.04 

4 24 0.20 0.01 

6 40 0.32 0.01 

7 20 0. 15 0.01 

The ratio f /q = 0.01 is used for calculation of the 
S C O 

skin friction. With cjl' = 38 (from soil data), N = 127 
q 

(Berezantsev, 1961) the value of K tano is calculated by
s 

K tano = 2•N • !s_ 
s q qc 

or 

K tano = 2•127·0.01 = 2.54 
s 

The effective overburden pressures are calculated and 

presented in Fig.29. 

The skin friction·is evaluated by: 

-= K tano CJ I AQs s V s 
0 3 52.54·1T 0.356-3.5(~ +70+ ~- )Qs = 

1235 kNQs = 

http:2�127�0.01


43 

The value of Q
s 

is approximately equal to 1310 kN, whieh 

is the value observed in the load test by Beringen et al 

(1979). The value of Q
p 

is calculated by 

= 0 1 N A 
V q p 

where 

0 1 

V 
= 108.5 kPa at the pile tip, N 

q 
= 127, A 

p 
=0.1 2m

Qp = 108.5°127·0.1 = 1371 kN. 

The measured value in the load test is somewhat smaller, 

1130 kN. 

Pile No 2 has the same diameter as pile No 1, 356 mm, but 

the length of the pile is 6,5 m. The pile is close-ended. 

A comparison of the measured and calculated pile capacities 

is shown in Table 15. 

~xample No 2. (After Bergdahl and Wennerstrand, 1976) 

Two series of pile load tests have been performed at Alby

sjon. The soil consists of cohesionless material, mainly 

sand, the static cone penetrometer resistance is 2 to 3 MPa 

down to 5 m and increases below that almost linearly with 

depth and reaches 10 MPa at about 27 m below ground surface. 

The piles were steel pipe segments with~= 89 mm. The 

piles were pushed into the soil to different lengths and 

after that they were pulled out the soil. The results of 

the test are presented in Fig. 30. The ratio between the 

specific skin friction resistance for the pile and the 

point resistance of the static cone penetrometer gives 

an average value of 0.0055. 

The shaft resistance of the pile is evaluated by two 

methods: 



Pile Observed test Predicted value (kN) and predicted value/observed test results 
test results

No 
Fugro-CPT method APT-method Begemann-method Nottingham-methoc Vesic method New method 

kN :kN % kN % kN % kN % kN % kN % 

Skin frictior 1 1310 600 46 1 70 13 605 46 600 46 1235 94 

2 1530 500 33 170 11 610 40 580 38 1084 71 

Point 1 1130 1045 92 380 34 1000 89 13 71 120 

:resistance 2 1470 1500 102 370 25 990 67 1302 89 

1 2440 1645 67 550 23 1650 68 1645 67 2606 107
Total 

2 3000 2000 67 540 18 2110 70 2080 69 2386 80 

Table 15. Comparison of measured and calculated pile capacities. 

.i:,. 

.i:,. 
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1. The Hultsjo and Svensson formula 
L 

Q =AK tano fa dz 
S S S O Z 

where K tano = 0.35, y' = 10 kN/m 3 

s 

A = TTBL 
s 

The results are plotted in Fig. 30. 

2. The relationship between the CPT and static formula 

is 

K tano = N fs 
s q qc 

where N = 17(~~25°), fs = 0.0055 
q qc 

K tano = 0.19 
s 

0' 
Vunit skin friction f = 0.19 2 and Q = A f 

s 8 s s 

The results are plotted in Fig. 30. 

Note. The results from the load tests (push) are similar 

to the values calculated if K tano = 0.25. 
s 

Example No 3. (After data of Bergdahl, 1979) 

The length of the pile= 15.2 m 

Area of the point tip= 0.1·0.1 = 0.01 m2 

Shaft area of the pile= 4•0.1·15.2 = 6.08 m2 

Submerged unit weight of the soil= 9.8 kN/m 3 

The ground water level is 0.5 m below ground surface. 

(1) Calculation according to the pile driving formula 

(SBN 75), (see 1.5) the ultimate bearing capacity 

of the pile is eavluated by: 

nh • Q (1-0.1 .Qp:)e+c r Qrz 
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n = 1.0 (drop fall hammer) 

h = height of fall of the hammer = 0.5 m 

= weight of the hammer = 2 kNQr 
= weight of the pile = 1. 9 kNQp 

e = remaining penetration for the last blow = 3 mm 

C = rebound of the soil = 4 mm 

Qf = 0.8 10 ·~00 • 2(1-0.1 ~) = 145 kN
2.03 + 2 

(2) Calculation according to Hultsjo et al (1969) 
L 

Qf =NA •O' + K tano f ~ o' dz p V O O Z V 

A = area of the point tip = 0.01 m2 
p 

~2 = perimeter of the. pile = 4 • 0. 1 = 0.4 m 

N = K tano= 0.358' 0 

o' = effective overburden pressure at the pile tip
V 

o' = y'z = 15.2·9.8 = 149 kPa 
V 

221Qf = 8·0.01·149 + ~· ·9.8·0.4·0.32 

Qf = 12+145 = 167 kN 

If the value of Ktano is reduced to 0.25 according to 

Bergdahl et al (1979) the value of Qf is: 

Qf = 12+113 = 125 kN 

(3) Calculation according to the relation between CPT and 

static formula 

Bergdahl and Wennerstrand (1976) have reported that the 

ratio between the skin friction resistance of the pile 

and the point resistance of the CPT is equal to 0.005. 

The value is obtained from the two series of load test 

piles at Albysjon. Assuming this ratio for the relation

ship between the unit skin friction and the cone point 

resistance, or the relationship between the skin friction 

of the pile and the point resistance of the pile, the 

value of Kstano can be derived. In loose sand~' = 25° 

http:9.8�0.4�0.32
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and according to Berezantzev et al (1961) N = 17. 
q 

KstancS = 13 = 2·N • !..s_ = 2•17•0.0055 = 0.19 
q qc 

The ultimate bearing capacity is evaluated by: 

= N 0 1 A + ½ 0 1 
• K tancS A 

q V p V S S 

Qf = 17•149·0.01 + ½ 149·0.17•6.08 

Qf = 25.33 + 86.06 = 111.4 kN 

(4) The load test gives Qf = 110 kN. 

Table 16 shows a comparison between measured and calculated 

capacity of the pile. 

Table 16. Comparison between measured and calculated 
piles capacity. 

Results from Driving Hultsjo Bergdahl CPT and 
loat tests formula (1969) static 

formula 

Load (kN) 1 1 0 145 167 125 1 1 1 
9c 

QEred~cted 100 132 152 11 4 100 
Qmesaured 

1. 4. 4 Conclusion 

Some examples above have shown the possibility to use 

the relation between the CPT test and the static formula 

to predict the pile capacity. For this purpose, some inter

pretation charts after Searle (1979) are collected below 

as a quide-line. Relations between the two methods can 

also be developed for cohesive soils. 

http:149�0.17�6.08
http:17�149�0.01
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1.5 Method based on pressuremeter tests 

When calculating the bearing capacity of friction piles 

using results from pressuremeter tests, the shaft re

sistance and the point resistance are added as usual 

(Baguelin et al, 1978). 

1 • 5. 1 The point resistance 

qp = qo + k(pl-po) 

+ k*qp = qo pl 

AQp = k*pl p 

= measured limite pressureP1 
= initial total horizontal pressurePo 

p* = net limit pressure determined by pressuremeter test1 
k = bearing capacity factor 

A = area of the point pointp 

The bearing capacity factor k is dependent on a number 

of different variables: type of soil, depth of embedment, 

shape of pile and method of installation. The k factor 

for driven piles is given by Baguelin et al (1978), see 

Figs. 34-37 or Table 17. 

The influence of method of installation on k is also shown 

in Fig. 38. 

1.5.2 Skin friction 

The skin friction is also determined as a function of 

the net limit pressure according to Baguelin et al (1978). 

It is also dependent on the type of soil, pile material 

and method of installation. The unit skin friction f 
s 

for driven concrete and steel piles is given in Fig. 39. 

Research in Sweden, Sellgren (1981), shows a good agree

ment between measured and predicted pile capacities 

according to Baguelin's method. 
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Table 17. Bearing capacity factor. (From Hansbo, 1981) 

Type of soil Net limit D/B k max 
pressure Driven Bored(MPa)P! pile pile 

0.5 5 3.3 2.7Sand and 
gravel 1 6 4.8 4.2 

2 8 6.8 5.7 

4 8.3 7.0 

6 1 0 9.0 7.3 

Silt 0.1-0.3 2 2.2 1.8 

0.5 3 2.7 2.4 

1 4 3.0 2.7 

2 4.5 3.4 3 . 1 

3 5 3.6 3.3 

Clay 0.1-0.2 2 2 1.8 

1 3.5 2.9 2.6 

2 4 3.4 3.0 

4 5 3.8 3.3 

1.6 Method based on pile driving formula 

Pile driving formulas are often used for point bearing 

piles or friction piles in sand. During the driving work 

it is important to check that all piles in a pile group 

have been driven to the same resistance and that the piles 

have not been damaged. The ultimate bearing capacity of 

a pile can be evaluated by the formula in SBN 75: 

Q = 0.8nh Q (1-0.1 Q /Q )/(e+c/s)u r p r 

= ultimate bearing capacity, should be at least 3 
times larger than Qa 11ow 

n = correction coefficient for drop hammer 

= 1 free falling hammer 
= 0.8 hammer of single line 

= height of drop of hammer, m 

= weight of the hammer, t 

= remaining penetration for the last blow 

C = rebound of the soil (see Fig.40) 
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If it is not possible to measure the rebound it can 

be assumed for concrete piles that: 
p
ule 

C = AE 
p p 

1 e = Qr/qp independent of the length of the pile 

qp = the weight of pile per meter 

lf = length of follower 

Ap'Af = average cross sectional 
and the follower 

area of the pile 

Ep'Ef = modulus of elasticity of 
follower 

the pile and the 

The formula can be used for concrete piles if Qall~450 kN, 

the penetration should exceed 2-3 mm/blow and for timber 

piles with Qall~150 kN, and the penetration is about 4-5 

mm/blow. 

Limitation 

The main limitation of these formulae is the calculation 

of energy transmitted to the pile and the change of the 

bearing capacity that takes place after the driving. 

- Indicates only the load distribution from the pile 

and the resistance of the soil during the driving. 

- Can only be used for limited allowable load and limited 

penetration. 

1.7 Method based on stress wave measurement 

1.7.1 The Case method 

The Case method developed at Case Western Reserve University 

by Goble et al (1980). 

The bearing capacity of a pile can be determined from 

top measurements of force (from strain) and velocity 

(from integration of acceleration). The soil resistance 

R was first computed from the rigid body equation: 
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R = F(t) - m a(t) 

F(t), a(t) = the pile tip force and the acceleration 

m = the pile mass. 

Later studies of the elastic pile produced: 

R = ½ { (F(t1)+F(t2)} + ~~ v(t1)- v(t2)} 

where 

F(t 1 ) = the force at the pile top at time t1 

v(t 1 ) 

t2 

t1 

= 

= 

= 

the velocity at the pile top 

t1 + 2L 
C 

some selected times during th
at the first maximum of force 

at time t1 

e blow (usually 
and velocity) 

L = the pile length below the poi
ment 

nt of measure-

c = velocity of wave propagation. 
measured at the record or cal
the relation 

c can be 
culated from 

C = 

E = Young's modulus 

p = the mass density of the pile 

The resistance R is made up from a static portion R and 
s 

a dynamic portion Rd. It is assumed that Rd is propor-

tional to the pile bottom velocity 

EA
R = J Vd c c bmax 

where J is the damping constant, depending on the soil 
C 

type at the bottom of the pile, recommended values are: 

(see also Hermanson & Gravare, 1978) 

for sand 0-0. 1 5 

for sandy silt 0.15-0.25 

for silty clay 0.45-0.70 

for clay 0.90-1.20 

The exact value for a special site can be obtained from 

a static load test. 

http:0.90-1.20
http:0.45-0.70
http:0.15-0.25
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From wave theory 

V = 2 V - _.!:_ R
bmax top me 

V = pile top velocity at time t 1top 

The static resistance can be derived to: 

R = R - J 2F/ti) -R I 
s max c maxJ 

The correlation between the static capacity as obtained 

in a static load test and the Case method is given in 

Fig. 41 • Fig. 4 2 shows the schema:td:c of instrumentation. 

A typical record of pile top force and velocity is shown 

in Fig. 43. 

1. 7. 2 The CAPWAP method 

(Case Pile Wave Analysis Program) 

The method is used in the laboratory, schanatic of the 

processing system is shown in Fig. 44. Either pile top 

force or pile top velocity can be used in a dynamic analy

sis as a boundary value. This method divides the pile 

into a number of mass points and springs (Fig. 45) • In the 

computation a reasonable assumption is made regarding 

the soil parameters, and then the motion of the pile is 

input using the measured top acceleration as a boundary 

value. The agreement between the measured and the cal

culated forces can be improved iteratively by changing 

the assumed soil resistance parameters (See Fig.46). 

The method provides a direct estimate of bearing capacity 

and of skin resistance distribution. No soil constant 

needs to be assumed in order to make the analysis. Fig. 

47 shows the result of a static load test (with and 

without creep) compared to the CAPWAP computation. 
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1. 7. 3 Other applications of stress wave measurements 

(1) Integrity control 

The force F and the velocity v, caused by a stress wave, 

are related by constant FA/c. Resistance effects cause 

the force to increase relative to the velocity. A cross 

sectional reduction causes the opposite effect. The 

impedance is defined by 

I = 
me 
L 

= 
EA 
-

C 

and F(t) = v(t)I 

If the pile changes its impedance from I 1 to I 2 the 

impact wave having the force F. will generate F 
l U 

The corresponding velocity is 

Given F and V through measurements, one may also de-u u 
termine the lower cross section or impedance from: 

I2 = I Fi+Fn
lp,i-Fu 

Figs. 48-50 give an example of a pile which is breaking 

during redriving. 

(2) Stresses: Tension stresses, occuring at a distance 

below the point of measurement is given by: 

T (x) =½{I (t2)-F(t2)-I (t3)-F(t3)}
V V 
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(3) Driving system performance 

The energy transferred to the point of measurement can 

be determined by using: 
t 

E(t) = f F(T) V (T) dT 
0 

where v(t) is the integrated acceleration. The maximum 

of the E(t) function occurs just before the pile re

bound starts. 

1.8 Methods based on load tests 

The design of piles on the basis of theoretical or 

empirical methods are subjected with some uncertainties: 

- The soil proterties cannot be measured with great 

accuracy and are always variable within a building 

site. 

- The correlation between the soil parameters and the 

bearing capacity of a pile includes a margin of error. 

- The actual driving or placing condition varies from 

pile to pile. 

Therefore, the best method of assessing the bearing 

capacity of the piles is to load test typical units. 

1.8.1 Methods of load testing 

1.8.11 Load testing with a constant rate of penetration 

The method is usually employed to determine the ultimate 

load and mode of operation of a pile. 

End-bearing piles should be loaded until failure or until 

the maximum available load has been applied. 

Friction piles should normally be loaded to achieve at 

least 60 mm of settlement. 
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The rate of penetration is normally chosen at approxi

mately 0.5 mm/min. It is advisable to record the force 

required and the magnitude of the movement every second 

minute. 

Unloading is interrupted for 1-2 min, i.e. the time 

required for the rebound to be stationary and to permit 

reading of the dial gauges when the load has fallen to 

approximately 75, 50, 25, 10 and 5% of the maximum 

applied load. Typical working curves are shown in Fig.51. 

1.8.12 Load testing with stepped load increments 
(the ML method) 

This method is designed to permit determination of the 

ultimate load and the creep load of the pile. 

The load is increased every 15 minutes by a constant 

amount, approximately 5% of the estimated ultimate load, 

generally rounded of 10, 20, 50 or 100 kN. Dial gauges 

are read 3, 6, 9, 12 and 15 min after application of a 

new load. 

To be able to evaluate the creep load, the load measure

ment and the maintenance of a constant load must be 

carried out with great accuracy. 

1.8.13 Cyclic load testing 

This method is designed to permit the determination of 

the creep load of the pile. The load test is carried out 

by alternating the load between a high load and a low 

load. Each load is maintained for 10 minutes. One cycle 

comprises a period with a high load, directly followed 

by a period of a low load' and is thus of 20 minutes 

duration. The high load is generally twice the lower 

one. It is advisable to measure and record the pile settle

ment at the head of the pile very two minutes. 
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1.8.14 Long-term load testing 

Long-term load testing is designed to check the creep 

of the pile. Load durations of the magnitude of one day 

up to six months or a year may be required. 

1. 8. 15 Combination of methods of load testing 

1.8.151 Stepped load increment combined with constant 

rate of penetration loading 

This combination is often used in Sweden. The constant 

rate of penetration loading is carried out in the vicinity 

of the ultimate load. This provides a continuous and 

detailed load settlement curve. 

The load testing is carried out in accordance with 1.8.12 

until the load under which the head of the pile sinks 

approximately 0.1-0.2 mm/min during the later part of a 

15-minutes period is reached. The pile is then loaded to 

achieve a constant rate of penetration of 0.5 mm/min. 

1 • 8. 2 Reporting of load testing results 

The scale which is chosen for the presentation of the 

results will also in many cases influence the calculated 

ultimate strength as illustrated in Fig.52. The recommen

dation of the Commission on Pile Research (Report 59, 

1980) is as follows: 

The load should be set out along the horizontal axis 

and the settlement of the pile head (and pile tip) 

along the vertical axis, using a load scale of 10 kN = 

1 mm and a linear settlement scale of 1 mm measured= 

2 mm on the graph. The scales may be varied, but the 

relationship between them must be maintained. Example 

of results (working curves) are shown in Fig.53 and 

Fig.54. 

The creep load (using 1.8.12) should be plotted under the 

later part of the load steps (for example the settlement 

taking place between the readings taken 9-15 or 12-15 min). 

One example is shown in Fig.SS. 



57 

The Canadian Manual (1978) recommends that the scale 

for the load and the settlement should be selected so 

that the line representing the elastic deformation 6 

of the pile will be inclined at an angle of about 20° 

to the load axis. The elastic deformation 6 is computed 

from 

1 • 8. 3 Failure criteria 

1.8.31 The Canadian Manual (1978) 

The failure load Qf of a pile is the load which produces 

a settlement of the pile head equal to: 

B
s=6+3() 

s = settlement at failure, m 

B = diameter of a pile, m 

6 = elastic deformation, m 

Fig. 56 presents the failure criterion. 

1.8.32 Kezdi (1975) 

Some rules to determine the design load from pile test 

diagrams are summarized in Fig.57. Kezdi (1975) re

commends the criterion (3) 

1.8.33 Vesic (1975,1977) 

Some failure criteria, summarized by Vesic (1975,1977) 

are presented in Table 18. Vesic (1977) recommends the 

criterion 16, to be used in the following corrected form: 

- Unless the load settlement curve of a pile does not 

show a definite peak load, the ultimate load is defined 

as the load causing total pile settlement equal to 10% 

of the point diameter for driven piles and 25% of the 

point diameter for bored piles. 
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1.8.34 90%-criterion 

The ultimate load is often defined in Sweden and Denmark 

from a criterion where the deformation of the pile head 

at 0.9 Qult is half the axial deformation at the ultimate 

load. 

1.8.35 The Commission on Pile Research (1980) 

A new definition of the ultimate bearing capacity is: 

+ PL + 20 (mm)0ult = 
B 

20 AE 

where settlement of the pile head at the0ult = 
ultimate load (mm) 

B = deiameter of the pile (mm) (For square 
cross section B = 1.13 x the side of the 
cross section of the pile) 

PL/AE= Compression ofthe pile when it is loaded 
as a column 

The simplest method of determining the ultimate load is 

shown in Fig.54 where: 

B a= 20 + 20 (mm) 

1.8.36 Values form practical experiences 

Tuoma and Reese (1974), Andreasson (1976), Berggren (1981) 

have reported that the deformation at the bearing of the 

failure is 5% of the pile diameter. For loose non-cohesive 

soils the settlement is about 10% according to Berggren 

(1981). 

1 • 8. 4 Distribution of the bearing capacity between 

the tip and the sides of the piles 

A reliable determination of the distribution between the 

bearing capacity of the tip of a pile and its sides is 

only possible if the pile is fitted with a tip-force 

gauge and if a load testing with subsequent test pulling

out of the pile is carried out. 
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Table 18 

Rules for determination of ultimate load 

1) Limiting total settlement 

a) absol 0-1te 1.0 in (Holland, New York Code) 
b) relative 10% of pile tip diameter (England) 

2) Limiting plastic settlement 

0.25 in. (AASHO) 
0.33 in. ( Magne 1 , 19 4 8) 
0.50 in. (Boston Code) 

3) Limiting ratio plastic settlement/elastic settlement 

1.5 (Christiani anJ Nielsen) 

elastic settlement increment4) Maximum ratio plastic settlement increment 

(Szechy, 1961, Ref. 15) 

5) Limiting ratio settlement/load 

a) total 0.01 in/ton (California, Chicago) 
b) increment al 0.03 in/ton - Incremental (Ohio) 

0.05 in/ton - Incremental (Raymond Co.) 

6) Limiting ratio plastic settlement/load 

a) total 0.01 in/ton (New York Code) 
b) increment al 0.03 in/ton (Raymond Co.) 

settlement increment7) Maximum ratio load increment 

( Ve s i c , 1 9 6 3 , Re f . 16 ) 

8) Maximum curvature of le w/ log Q lir.e 

(De Beer, 1967, Ref. 17) 

9) Van der Veen postulate (1953) 
("\ 

~ ( - _'-!__)w = 1• ln 1 Qmax 

(From Vesic, 1977) 



60 

By measuring the compression of the pile during load 

testing it is possible to assess at which load the 

entire load increment is carried by the pile tip. 

(Fig. 58) 

When the ratio i~ (compression of the pile in relation 

to applied load increment) becomes almost constant, the 

load increments are transferred directly to the pile tip. 

Weele (1957) stated based on observations that: 

- after a certain settlement of the pile, the total skin 

friction remains constant and the increase in load at 

the pile point is the same as the pile top (see Fig.54). 

- If only the displacement of the pile top is measured, 

the elastic compression of the pile together with the 

elastic compression of the soil can be obtained by means 

of the recovery of the pile top during unloading (Fig.59a). 

As the elastic compressions have a linear relation to the 

pile load after the skin friction reaches its ultimate 

value. The skin friction corresponding to every pile load 

can be obtained drawing a straight line through the origin, 

parallel to the linear part of the load elastic compression 

(Fig. 59b) . 

1 • 8. 5 Safety factor 

SBN 75 recommends that load tests are carried out at a 

constant rate of penetration (CPR) and that the allowable 

load corresponds to 2/5 of the ultimate load with respect 

to soil failure. 

1. 8. 6 Comparison between different methods of load tests 

Bergdahl and Hult (1981) made the following conclusions: 

- The ultimate bearing capacity determined by CRP tests is 

about 10% higher than that by ML tests. 

- The cyclic load test reduces the ultimate bearing capacity 

by about 15%. 
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1 • 8. 7 Comparison between the creep load and the 

ultimate load of piles 

According to the Commission on Pile Research (Report 59) 

the bearing capacity of a pile in soil may be expressed 

as an ultimate load or as a creep load. 

- The ultimate load of a pile is the load at which failure 

is reached along the sides of the pile and under the tip. 

- The creep load of a pile is the maximum load that can 

be applied without greatly increased deformation under 

continuous loading or cyclic loading. 

The creep load is normally assumed to be 80% of the ultimate 

load determined from constant rate of penetration test. 

A large difference between these values may indicate that 

the pile is bent. 

- Berggren (1981) and Sellgren (1981) have recommended 

the creep load (Fig. 55) as the interpretation of a 

failure because it is in general best defined. 
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2. BEARING CAPACITY OF PILE GROUPS 

Piles in a group in granular soil develop a larger load 

capacity than isolated piles, their group efficiency is 

greater than 100%. 

Influence of spacing and pile cap (the Canadian Manual) 

Piles in group: 

- Act as individual piles if s >> B 

- Act as a group at 2.5B < s < 7B 

- Should not be installed at s < 2.5B 

SBN 75: Spacing center to center 

L (m) S 

<10 3B 

10.25 4B 

>25 SB 

Fig. 60 shows the relation between the pile group efficiency 

and the pile spacing according to different authors. 

Fig. 61, after Kezdi (1975), also presents the relation 

between the efficiency n and the spacing of the piles in 

group. The results of different authors confirm that the 

efficiency factor for a pile group in sand is greater than 
01.0 (except for ~=45). For practical purpose it is re-

commended to taken= 1.0. 
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3 • SETTLEMENT OF A SINGLE PILE AND A PILE GROUP 

3 • 1 Settlement of a single pile 

3. 1 • 1 Empirical method; the Canadian Manual 

For normal load levels, the settlement of a displacement 

pile may be estimated from the empirical formula (Vesic, 

1970). 

S = settlement of the pile head, cm 

B = pile diameter: cm 

o = elastic deformation of the pile shaft, cm 

= 100 QLp_0 AE 

A= average cross sectional area of the pile, m2 

E = modulus of elasticity of the pile material in kPa 

The ultimate or failure load produces a settlement approx

imately 3 times greater. 

For a bored pile S 1 = 35. 

3. 1 • 2 Settlement from load tests 

Settlement during a load test (ML) can be considered as 

representative of the long term behaviour of the pile. 

This method is recommended by the Canadian Manual. 

3. 1. 3 Method based on the theory of elasticity 

3.1.31 Mattes and Poulo' s method 

The settlements, of a single pile in an elastic medium 

can be estimated from the following relationship as 

proposed by Mattes and Roulos (1969) and Poulos (1972). 

s = Q I 
EsL s 

where Q is the applied load, Es is the elastic modulus of 

the soil.Lis the pile length and Is is an influence factor 

that depends on the length and diameter of the pile, 
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Poisson's ratio of the soil and the stress distribution 

along the pile (see Fig.62). For rough estimates I = 
s 

1.8 can be used. The most difficult of these factors to 

evaluate is E and the stress distribution along the 
s 

pile. 

For the case of an end-bearing pile on rigid stratum: 

PLs = EA MR 
p p 

where MR is the movement ratio (see Fig.63), depending 

on the pile stiffness factor K determined by 
E 

K = ...l?. R
E a 

s 

E = Young's modulus of the pilep 
E = Young's modulus of the soil 

s 

Table 19. Typical values of E (driven piles) 
(From Poulos 1977, ~ustralian Standard, 1978) 

Soil E (MPa)
s 

Loose sand 42 

Medium sand 70 

Dense sand 80 

Medium gravel 200 

nd 2 

Ra= Area of the pile section - 4-

The method based on the theory of elasticity is recom

mended by the Australian Standard (1978), Vesic (1975) 

and Broms (1981). 



65 

3.1.32 The method of Berggren 

Berggren (1981) had proposed a relationship between the 

pressure and the settlement for a circular rigid found

ation on non-cohesive soils: 

S-1 s TT E (1-V) 2 1 1+\)
= -- -- {a' + a(p-0 1 

)}
B 0.4 m (1-2v) 0.3 1-V O 0 

s = settlement 

B = diameter of the foundation 

p = contact pressure, MPa 

m = compression modulus number 

v = Poisson's ratio (0.30-0.35 according to Barkan et al) 

0 1 = initial effective overburden pressure, MPa 
0 

a= pressure factor (varies with S/B, from model tests) 

S = pressure exponent 

The equation can by model scale tests be used to establish 

the relationship between the pressure and the settlement, 

for foundations of different diameters and different found

ation depths. Values of Sand m can be evaluated by the 

empirical expressions, (Andreasson, 1973) 

m = 295 C -0.78 e -2.64 
U 0 

S = 0.29 log (i:~ 1·)-0.065 log Cu 

where C = uniformity coefficient dso 
u d10 

e = void ratio 
0 

dso= grain size in mm (diameter corresponds to 
50% of the soil) 

The expressions are valid for dso<5 mm. 

A good agreement between measured and computed contact 

pressure and settlement has been obtained by Berggren 

(1981). 

http:0.30-0.35
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3. 1 • 4 Vesic's method (1977) 

s = s + s + s e s p 

s = elastic compression of the pile
e 

= settlement of the pile caused by loadSS 
transmitted by shaft friction to the soil 

s = settlement of the pile due to the point load 
p 

s = (Q + Qs) 
L 

e p AEp 
Qs Qss 

s 
= 

B qo 

and C C 
s = p p 

p D qo 

where = pile settlement coefficient dependingCs'cp 
on soil type and method of installing 
the pile 

B = diameter of the pile 

D = depth of pile embedment 

= actual point and skin loads transmitted 
by the pile in the working stress range 

= ultimate point resistance 

The value of C is given in Table 6 for total, long-termp 
settlement of the pile where the bearing stratum under 

the pile tip extends at least 10 pile diameters below the 

pile point. 

L = length of the pile shaft 

A= cross sectional area 

a= factor depending on the distribution of skin 
friction, 0.6 in sand 

E = modulus of elasticity of the pilep 

The value of C can be evaluated from 
s 

C =(0.93+0.16 Vr57B)cs p 

The values of C are listed below. p 

http:0.93+0.16
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Table 20. Typical values of the coefficent C 
p 

Soil type Driven pile Bored pile 

Sand (dense to loose) 0.02-0.04 0.09-0.18 

Silt (dense to loose) 0.03-0.05 0.09-0.12 

Clay (stiff to soft) 0.02-0.03 0.03-0.06 

3.1.5 Method based on the Finite Element Method (FEM) 

Stress distribution along a loaded pile can be determined 

by FEM, using the non-linear stress~strain relationship. 

The settlement of a single pile can be determined with a 

given condition of the load, the geometric of the pile, 

boundary and stress-strain relationship of the soil. 

The accuracy of the method depends on the degree of accuracy 

of the parameters of the soil. 

3.2 Settlement of a pile group 

3.2.1 The method of Skemton 

The settlement of a pile group is often calculated by the 

method proposed by Skemton et al (1953). This method is 

based on settlement observations of actual structures. 

The observations indicate that the settlement will increase 

with increasing size of pile group and the settlement of a 

pile group S is always larger than that of the in-group 
dividual piles forming the group. 

s _ ags 
group 

S = settlement of a single pile under its allowable 
load 

a = group settlement ratio, a function of the g dimension of the group and of the pile spacing, 
or of the ratio B/D of the width of the pile 
group to the diameter of the piles as follows. 
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Table 21 

B/D 1 5 1 0 20 40 60 

a 1 3.5 5 7.5 1 0 1 2 g 

3.2.2 The method of Berezantsev 

In the USSR and Poland the method proposed by Berezantsev 

et al (1961) is used. The settlement is assumed to in

crease linearly with the width of an equivalent area 

located at the base of the piles. The stress distribution 

within the pile group is assumed to correspond to an angle 

cp/ 4. 

3.2.3 Method based on theory of elasticity 

The Australian Standard recommended Poulos' method for 

evaluation of the settlement: 

S = R S group s 

S = settlement of a single pile 

Rs = settlement ratio (see table 22) 

For a number of piles different from 16, R can be 
s 

extrapolated 

R25 = settlement ratio for a group of 25 piles 

R1 s = settlement ratio for a group of 15 piles 

n = number of piles in a group 
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TABLE 22 a 
THEORETICAL VALUES OF SETTLEMENT RATIO R, FOR 

FRICTION PILE GROUPS WITH RIGID CAP ON DEEP UNIFORM SOIL l\IASS 

Settlement ratio R, 
Length/ Spacing/ 

dia. dia. Number of piles in group n 
ratio ratio 

4 9 16 25 

Lid s/d Pile stiffness factor K 

10 100 1000 00 10 100 1000 00 10 100 1000 00 10 100 1000 if.: 

2 1.83 2.25 2.54 2.62 2.78 3.80 4.42 4.48 3.76 5.49 6.40 6.53 4.75 7.20 8.48 8.68 
10 5 1.40 1.73 1.88 1.90 1.83 2.49 2.82 2.85 2.26 3.25 3.74 3.82 2.68 3.98 4.70 4.75 

to 1.21 1.39 1.48 1.50 1.42 1.76 1.97 !.99 1.63 2.14 2.46 2.46 1.85 2.53 2.95 2.95 

2 1.99 2.14 2.65 2.87 3.01 3.64 4.84 5.29 4.22 5.38 7.44 8.10 5.40 7.25 10.28 l 1.25 
25 5 1.47 1.74 2.09 2.19 1.98 2.61 3.48 3.74 2.46 3.54 4.96 5.34 2.95 4.48 6.50 7.03 

10 1.25 1.46 1.74 l.78 1.49 1.95 2.57 2.73 1.74 2.46 3.42 3.63 1.98 2.98 4.28 4.50 

2 2.56 2.31 2.26 3.16 4.43 4.05 4.11 6.15 6.42 6.14 6.50 9.92 8.48 8.40 9.25 14.35 
100 5 1.88 1.88 2.01 2.64 2.80 2.94 3.38 4.87 3.74 4.05 4.98 7.54 4.68 5.18 6.75 10.55 

10 1.47 1.56 l.76 2.28 1.95 2.17 2.73 3.93 2.45 2.80 3.81 5.82 2.95 3.48 5.00 7.88 

TABLE 22 b 
THEORETICAL VALVES OF SETTLEMENT RATIO R, FOR 

END-BEARING PILE GROUPS WITH RIGID CAP BEARING ON A RIGID STRA TCM 

Settlement ratio R, 
Length/ Spacing/ 

dia. dia. Number of piles in group n 
ratio ratio 

4 9 16 25 

L/d s/d Pile stiffness factor K 

10 100 1000 00 10 100 1000 00 10 100 1000 00 10 100 1000 00 

2 1.52 l.14 1.00 1.00 2.02 1.31 1.00 1.00 2.39 1.49 1.00 1.00 2.70 1.63 1.00 1.00 
10 5 l.15 1.08 1.00 1.00 1.23 1.12 1.02 1.00 1.30 1.14 1.02 1.00 1.33 1.15 1.03 1.00 

10 1.02 1.01 1.00 1.00 1.04 1.02 1.00 1.00 1.04 1.02 1.00 1.00 1.03 1.02 1.00 1.00 

2 1.88 1.62 1.05 1.00 2.84 2.57 1.16 1.00 3.70 3.28 1.33 1.00 4.48 4.13 1.50 I.CO 
25 5 1.36 1.36 1.08 1.00 1.67 1.70 1.16 1.00 1.94 2.00 1.23 1.00 2.15 2.23 1.28 1.00 

lO 1.14 1.15 1.04 1.00 1.23 1.26 J.06 1.00 1.30 1.33 1.07 1.00 1.33 1.38 J.08 1.00 

2 2.54 2.26 1.81 1.00 4.40 3.95 3.04 1.00 6.24 5.89 4.61 1.00 8.18 7.93 6.40 1.00 
100 5 1.85 1.84 l.67 l.00 2.71 2.77 2.52 J.00 3.54 3.74 3.47 l.00 4.33 4.68 4.45 1.00 

10 1.44 1.49 t.46 1.00 l.84 1.99 l.98 1.00 2.21 2.48 2.53 1.00 2.53 2.98 3.10 1.00 
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3.2.4 Meyerhof's recommendation (1976) 

Using the concept of an equivalent pier foundation, the 

settlement of a pile group in a homogeneous sand deposit 

not underlain by more compressible soil can be determined 

from the result of the standard penetration test 

s = 2p VB I 
N 

S = settlement in inches 

p = net foundation pressure in tons per square foot 

B = width of the pile group in feet 

N = average corrected standard penetration resistance 
(blows/feet) 

I = influence factor of effective group embedment 

D'
I= 1 - 8I3 > 0.5 

The settlement can also be evaluated from the result of 

static cone penetration test 

BI ps = 
2q

C 

q = average static cone resistance. 
C 

Both methods appear to give roughly reasonable estimates 

for practical purposes. Fig.64 shows a comparison between 

calculated settlements from these methods and observed 

settlements of foundations supported by driven and bored 

piles. 

3.2.5 Parry's method (1977) 

S = 300 pB
N 

(mm) 
m 

p = net pressure at the level of the footing (MPa) 

B = width of the footing (m) 

N = number of blows for 20 cm penetration with m the Swedish ram sounding or number of blows 
with SPT. 
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3.2.6 The method of De Beer 

The settlement can be evaluated by 
0 1 0 1z 

s = ~ 2;36z log( v ~' v 
V 

where 
qc E 

C = 1.5 (1' = CJ' (E=1.5 q) kPa 
C

V V 

point resistance from CPT test 

effective overburden pressure at the level 
considered 

60 1 = additional load 
V 

3.2.7 The method of Schmertmann (1970,1978) 

The settlement is evaluated from the expression: 
2B 

s = C1C26P L (!.z_ 6z)o E 

where E = 2,0 q (Schmertmann, 1970)
C 

influence factor 

1-0.5 ( t) 
= effective initial pressure at the level 

of foundation 

6p = net foundation pressure increase (p-p =6p)
0 

Note: C1 takes account to the strain relief due to 
embedment. 

C2 = influence factor of the time rate in de
velopment of settlment in sand (creep effect) 

The procedure of the calculation is the following: 

1. Obtain the static cone resistance (qc) profile over a 

depth interval from the proposed foundation level to a 

depth 2B below this, B = pile diameter. 

2. Note the data of the pile foundation design (width, 

depth of embedment, average foundation contact pressure) 

3. Obtain the unit weight of surcharging soil 

4. Divide the qc profile into a number of leayers, each 

with constant qc 
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5. Obtain E from q
S C 

6. Draw the assumed (sB/0.6) triangular distribution for 

the strain influence factor Iz. (see Fig.65). Calculate 

(Ii .6z) 

7. Calculate C1 , C2 and the settlement. 

Experience shows that Schmertmann's method is better than 

the method of Buisman and De Beer and is recommended by 

many authors and codes. 

Recently (1978) Schmertmann et al based on results from 

research by the Finite Element Method and model tests 

(Fig.66) recommended a new distribution of the strain 

(Fig.67) and the values of E calculated as follows: 

E = 2.5 qs(axisym) c 

E = 3.5 qs(plane) c 

This method has also been used to some extent in Sweden, 

Bergdahl (1980) and the experiences are so far rather 

good but calculated settlements are on the safe side.It 

is interesting to note that Trofimenkov (1974) has reported 

the value of E = 3 q according to experiences in the USSR. 
C 

3.3 Summary of the methods for calculation of settlement 

1. Four common methods have been used for evaluation of the 

settlement of single piles. The empirical method (Vesic, 

1970) recommended by the Canadian Manual assumes that 

the pile compresses elastically as a supported column 

with no load transfer due to skin friction and the 

settlement of the tip is constant for any normal pile 

and is equal to 10% of the diameter of the pile. The 

method can be used as a guideline in practical purposes. 

The methods based on the theory of elasticity and FEM 

requires good information about the properties of the 

soil. The accuracy of these methods for prediction of 
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the settlement will be very good, because the variation 

of different layers and boundary conditions can be taken 

into account. 

The method recommended by Vesic (1977) and the method 

based on load tests can be used for design purposes. 

Those methods will be in agreement with practical ob

servations and don't need special information about the 

data of the soil. 

2. Two approaches are generally used for evaluation of the 

settlement of pile groups. The method based on the settle

ment of the single pile or the equivalent area located 

at the base of the pile group, and the method based on 

results from SPT or CPT. The Schmertmann method is con

sidered as useful. Practical experience shows good 

agreement between the valvulated and measured settlements. 
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4. CONSLUSIONS 

(1) The SPT method can be subject to many errors during 

the test. It is recommended to use SPT in combination 

with other methods. In silty soil SPT will produce 

high pore pressure, it is therefore suggested to take 

soil samples and carry out laboratory tests. 

(2) The critical depth could be taken into account for 

evaluation of the bearing capacity of the soil. The 

point resistance is more important than the skin friction 

in a non-cohesive soil than in a cohesive soil. The 

bearing capacity factor after Berezantsev (1961), Vesic 

(1969) or Berggren (1981) can be used for evaluation of 

the point resistance. For calculation of the skin fric

tion the value of Kstano in Fig.15 after Broms and the 

recommendation of API can be used. It is obvious that 

a small variation of the values of angle of internal 

friction will produce a big variation in the value of 

bearing capacity of the pile. Evaluating the skin 

friction of bored piles K -values after Berggren (1978)s 
can be used (Fig. 14). 

(3) The use of CPT for the prediction of the bearing capacity 

and the settlement of the pile is recommended. As CPT 

can be looked upon as a model test of a pile, it will 

be expected that the stress-strain behaviour of the 

soil surrounding the pile is similar to that when the 

cone is penetrating the soil. Different methods have 

been recommended for the evaluation of the bearing 

capacity of the pile based on CPT test results. 

(4) The methods based on the results of pressuremeter tests 

and the stress wave equation show very good agreement 

with the values measured. However, those methods re

quire special equipments and specialists. 

(5) The load test is the best method for prediction of the 

bearing capacity of piles. The constant rate penetration 
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test (CRP) is recommended for this purpose. To define 

the ultimate load the following expression can be used. 

B PL
0ult = 20 + 2p + AE 

It is interesting to take into account that the settle

ment of the pile at failure is 0.05 Bin medium dense, 

dense and very dense sand and 0.1B in loose and very 

loose sand. 

(6) It is important to separate the shaft friction and the 

point resistance in the load test results and in the 

calculations. Different safety factors for shaft load 

and end-bearing load are recommended. It is common 

practice to take FS = 3 for point resistance and FS = 
1.5 for shaft friction. 

(7) Methods based on pile driving formulae can only be used 

for piles with limited allowable load. According to 

SEN 75, Q < 450 kN for concrete piles and timber piles
a -

Q < 130 kN for timber piles.
a -

(8) The relationship between the CPT method and static 

formula for prediction of the bearing capacity of piles 

may be interesting for practical purposes. Some examples 

with case histories show a good agreement between the 

measured and calculated pile capacities. 

(9) The bearing capacity of a pile group can be evaluated 

by the efficiency factor n = 1. 

(10)The calculation of the settlement of a single pile and 

a pile group can be made by the use of Vesic's method 

(1977), Poulos' method (1972.1977) and Schmertmann's 

method (197 0, 1978) . 

(11)For practical purposes it is useful to take into account 

relationships between the results of different methods 

of penetration tests. 
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Relationship betwen results of penetration tests 

1. Meyerhof (1956) 

q = 0.4 N where q is the cone resistance in 
C CPT tesfs (MPa) and N is the number 

of blows from SPT tests. 

2. Schmertmann (1970) gave the expression q /N = n 
C 

where n varies with type of soilp see Table A1. 

Table A1. Values of n 

Soil type n 

Silts, sandy silt and slightly cohesive silt/ 
sand mixture 0.2 

Clean, fine to medium sand and slightly silty 
sand 0.3-0.4 

Coarse sand and sand with little gravel 0.5-0.6 

Sandy gravel and gravel 0.8-1.0 

Sanglerat (1972) recommended this relationship enabling 

the usage of theories from CPT tests to calculate bearing 

capacity and settlement. 

3. Dahlberg (1975). Based on the results obtained from 

penetration tests, the relation between q (SGI mechanical)
C 

and N of SPT is established as follows: 

log(q) = 0.999 log(N)-0.131 ±0.037 
C 

and 

log(N ) = 0.919 log(qc)+0.212 ±0.003630 

The relationship is presented in Fig A1, n = q /N is 0,6-0.7,
C 

which is about the same (0.5-0.6) as Schmertmann (1970) 

suggested for sand and sand with little gravel. 

4. Moe et al (1981) In accordance with results from soil 

investigations the following relationship between q
C 

and N is suggested. 
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as: 

q = 0.5 N or n = 0.5 
C 

5. Berggren (1978) 

Based on the results of Dahlberg (1975) recommended the 

following simple relationships between different penetra

tion tests 

= 0.70 or = 1. 4 (5. 1 ) qc N20 N20 qc 
M = 2.12 or = 0.47 M (5.2)N20 N20w w 

0.9 or = 1. 11 (5. 3)N30= N20 N20 N30 

whre number of blows per 0.20 m ram soundingN20= 
(Swedish method A) 

= cone resistance in MPa 

= number of halfturns per 0.20 m weight sounding 
penetration 

N = number of blows for 0.3 m of penetration30 

The above relationships will give 

q /N = 0.77 (MPa) ( 5. 4)
C 

that is the same value recommended by Dahlberg (1975) for 

coarse sand of low gravel content. 

However, if taking the relationship between N and N
30 20 

according to load test results on bored piles on silty 

sand by Tuoma and Reese (1974) 

(5. 5) 

which will give 

q /N = 0.27 (5. 6)
C 

The range of variation of q /N is from 0.27-0.77, that is 
C 

similar to the range of variation reported by Schmertmann 

(1970). The relationships 5.1, 5.2 and 5.5 are presented 

in Fig.A2. For practical purposes it is recommended to 

take the following relationships 

http:0.27-0.77
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= 3.7 qcN30 
M = 3.0 qcw 

= 1 . 4 N20 qc 

where is measured in MPa.qc 

6. Relations between N, q and some parameters of the 
C 

soil according to Terzaghi and Peck (1948), Sanglerat 

(1972) and Bergdahl (1980). 

Table A2 

SPT Relative Description of Static cone* Angle of 
density compactness resistance internal 

N Rd MPa friction 

<2 0.2 Very loose <2 (<2.5) <30 

5-10 0.2-0.4 Loose 2-4 (2,5-5) 30-35° 

11-30 0.4-0.6 Medium dense 4-12(5-10) 35-40° 

31-50 0.6-0.8 Dense 12-20(10-20) 40-45° 

>50 0.8-1.0 Very dense >20 ( > 20) >45° 

* These values are approximate, the values inside the 
parenthesis are according to Bergdahl (1980) 

The ration= q /N is almost constant and is approximately
C 

equal to 0.4. 

7. Sanglerat (1972) 

Sanglerat has been collecting the relationship between q
C 

and N according to various authors and presented the re-

sults as in Fig A3. The range of variation of the value 

n = q /N is about 0.25-0.8, which is about the same as 
C 

suggested by Schmertmann (1970). 

8. Thorburn (1971) 

According to results of various authors, n (q /N) depends on 
C 

the particle size of the soil. The range of variation of n 

is about 0.2 for silt to 0.6 for gravel. The result of the 

comparison is presented in Fig A4. 
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9. Penetration testing in Greece (Tassios ESOP 1974) 

As a cross-check of site data, the following values are 

frequently used (q =MPa) Table A3. 
C 

Table A3 

Soil type n=q /N
C 

Clay 0.2 

silty clay and 
sand 0.3 

Silty fine sand 0.4 

Sand 0.5-0.8 

Sandy gravel 0.8 

The values of n are similar to those of Schmertmann (1970) 

but it is interesting to note that the value of n = 0.2 

is used for clay. 

10. Schmertmann's research (1977) 

Fig AS presents a semi-theoretical correlation between N 

and qc. The use of Fig AS requires a knowledge of Rf as 

obtained from a Begemann type of cone tip. If only SPT 

data available, then the ratio NO.Gin/N12 _ 18 in and/or 

N6_12 in/N12 _ 18 in can provide a measure of Rf (Table AS). 

Summary: 

There is no unique relation between qc from cone penetration 

tests and the N-value from standard penetration test. The 

ratio between qc and N is dependent on the type of soil. 

The range of variation of n (q /N) is from 0.2 to 1.0, the 
C 

largest value for a coarse soil. 

For practical purposes the ration can be obtained from 

Table A1 or Fig. A4. The angle of friction can be obtained 

from Fig. A2. 
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APPENDIX B 

Empirical methods to obtain the value of angle of internal 

friction 

B.1 Brinch Hansen (1950) 

~ = 26° + 10 ID+ 0.4 Cu+ 1.6 lg (dm) 

ID= relative density of the soil 

C = uniformity coefficient (should not be chosen 
u higher than 15) 

dm = average grain sice (mm) 

The new code of practice for foundation engineering 

(Danish institute, 1978) recommended the similar expression: 

o 3 4 
~ = 30 - - + (14--) I

Cu Cu D 

B.2 The angle of internal friction can also be derived 

from CPT test according to Meyerhof (1976), see Fig. 16. 

B.3 Estimating the angle of internal friction from the 

relative density Schmertmann (1977) recommended a modified 

chart from Burmister (1948) as in Fig. B1. 

B.4 Estimating the angle of internal friction from CPT test 

Trofimenkov (1974) shows in Fig. B2 the relation between the 

angle of internal friction of sands and the results of 

static sounding. The diagram takes into account the value 

of effective overburden pressure. 

B.5 Estimating the angle of internal friction from pressure

meter test: Baguelin et al (1978) recommended to use the 

Centre d'Etudes Menard's equation. 

~'-24Pi= 2.5·2 4 

and the results are shown in Fig. B3. 
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APPENDIX C 

Values of safety factor 

C1. Broms (1981) 

FS = 2 is frequently used ot calculate Q • a 11ow 
However, it is common to use 

FS = 3 with respect to point resistance 

FS = 1.5 with respect to shaft resistance. 

C2. Berggren (1978) 

For bored piles FS = 5 for the pile point 

and FS = 1-2 for the shaft. 

C3. De Beer (1979) recommended FS for very dense sand 

where F1 = 1.4, n1 = 1.5 and n2 = 1.3 

C4. The Canadian Foundation Engineering Manual (1978) 

recommended FS = 3. 
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Fig. 23 Side friction computation method for layered 

soils. (After Schmertmann, 1977) 



qcl + qc2 
q =---p 2 

qcl = Average qc over a distance of yd below the pile tip (path a•b•c}. 
Sum qc values in both the downward (path a·b) and upward (path b-c) 

directions. Use actual qc values along path a•b and the minimum path 

rule along path b•c. Compute qc for y-values from 0.7 to 4.0 and use 
1 

the minimum Qct value obtained. 

qc2 = Average qc over a distance of 8d above the pile tip (path c-e). 

Use the minimum path rule as for path b-c in the qc1 computations. 

Ignore any minor "x" peak depressions if in sand, but include in 
minimum path if in clay. 

Fig. 24 Dutch procedure for predicting pile tip capacity. 

(After Schmertmann, 1977) 
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Fig. 30 Comparison between measured and calculated pile 

capacity. (After Bergdahl & Wennerstrand, 1976) 
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D = depth of ernbedrnent 
B = width of the pile 

(After Baguelin et al, 1978) 
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Report 59, 1980) 
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Fig. 41 Case method and static load test capacity 

correlation. (After Goble et al, 1981) 
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(After Hermansson, 1978) 
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(A) ACTUAL SYSTEM (B) MODEL 

Fig. 45 Hammer - pile soil model of wave equation. 
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Fig. 46 Pile top force matches for four different sets 

of soil resistance parameters. 

1. Measured force curve 
2. Low damping 
3. High static resistance 
4. High skin friction, low end-bearing 
5. Final solution. 

(After Goble et al, 1981) 
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c FRICTION PILE IN SANO 
d FRICTION PILE IN SAND? 

e FRICTION PILE IN CLAY 

Fig. 51 Typical working curves for piles with different 

modes of operation (tested as a constant rate of 

penetration). (After Swedish Commission on Pile 

Research, Report 59, 1980) 
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Fig. 52 Load-displacement diagram of a test pile drawn 

in two different scales. (After Vesic, 1977) 
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Bottom segment of timber, 18.1 m, Osp = 134 mm 
Total length 38.1 m 

PILE DRIVEN: 15-06-1978 
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Fig. 53 Example of results (working curves) reported from 

load testing with a constant rate of penetration. 

(After Swedish Commission on Pile Research, Report 

59, 1980) 
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59, 1980) 
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Fig. AS Experiemental theoretical relationship between 

q and N using liner SPT sampler without liners 
C 

and Delft mechanical cone. (After Schmertmann, 

1977) 

Table A •
3 Method for estimating Rf from 6" incremental 

SPT data using the same equipment as in Fig. 

As· (After Schmertmann, 1977) 

Rf% ,6,_ N0-6"/ ,6,,N12-18" f;;.N6-12"/ f;;.N12-18" 

½ 0.85 0.93 
1 0.76 0.88 
2 0.65 0.83 
4 0.53 0.77 
6 0.46 0.73 
8 0.425 0.71 



BEARING CAPACITY ON COHESION LESS SOILS: 

Chart for the approximate evaluation of the peak angle of internal friction after 
the relative density has been evaluated. Modified from: Burmister, Donald M., 
"The Importance and Practical Use of Relative Density in Soil Mechanics," ASTM 
Proc., Vol. 48. 1948 
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Relative Density, in% 

Note of caution: 

In problems where the sand may strain 
past the peak strength value before a 
general failure occurs, then a reduced 
value of ,P must be used (particularly 
in the denser cohesion less soils). 
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Estimating sand~' from estimate of 

density. (After Schmertmann, 1977) 

..,..,.. -

relative 



()01_ 
4o 6'o fl'O f60 200 21..o 280 .uo 360 4co 'J'cmc 

'-· ,_._ _,_ '--,, ' 
·-

0. ( "'[\ t:: 
""' 

' 

-c--

- . 
~ 

N... r-....r,- ...... ..... r:-.::: i-,...k:: k:\,4 f"' 1' -o.z \ r--. r--..~' .. - "- r-,...y-"' --r-.. ....\ r--.. ~::':-
0.3 r-... ~ .. h? 

~ ~'~ ,-·-r\1.-1 ' t\ -~ ·-·,r:--K ;,,- -· )',....0,4 ,_ f's", 
~ -- \- \ -N- ~-

[\le- f'..D, " I',,. ' k;
0.5 

L-~' . · I'\: i",.,-
I ' -'-~ 1-f\!:i.;- '\ 1:! 

0.6 \ '·-

~ 

\~:__ \ ... .., \. 
0 "I\ J, 

0.7 
·,o- .. 

i,;:,L.c..' \ k, \ " . 
I 

~ - f\~. ' 
':'..J 0 '\ '\ 

r< (',>~ \ ' 1 ~ 
-lo, ~o 

08 " .a: 
\ l\ ! I\

0.9 

H-H·- 7\-~~ ........ i\'-· 
r,, 
\) \."'~ 

cm 2 

Relation between the angle of internal friction 

of sands and the results of static sounding. 

(After Trofirnenkov, 1974) 
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