488  Chapter 11 Pile Foundations

115

Load Transfer Mechanism

The load transfer mechanism from a pile to the soil is complicated. To understand it,
consider a pile of length L, as shown in Figure 11.9a. The load on the pile is gradually
increased from zero to Q(, - at the ground surface. Part of this load will be resisted
by the side friction developed along the shaft, Q;, and part by the soil below the tip of
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Figure 11.9 Load transfer mechanism for piles
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the pile, 0,. Now, how are O, and Q, related to the total load? If measurements are
made to obtain the load carried by the pile shaft, Q,), at any depth z, the nature of
the variation found will be like that shown in curve 1 of Figure 11.9b. The frictional
resistance per unit area at any depth z may be determined as

P A0
@ (p)(Az)

where p = perimeter of the cross section of the pile

(11.8)

Figure 11.9c shows the variation of f,, with depth.

If the load Q at the ground surface is gradually increased, maximum frictional
resistance along the pile shaft will be fully mobilized when the relative displacement
between the soil and the pile is about 5-10 mm (0.2-0.3 in.), irrespective of the pile
size and length L. However, the maximum point resistance Q, = Q,, will not be mo-
bilized until the tip of the pile has moved about 10-25% of the pile width (or diam-
eter). (The lower limit applies to driven piles and the upper limit to bored piles). At
ultimate load (Figure 11.9d and curve 2 in Figure 11.9b), Q,—¢, = Q,. Thus,

Q1=QJ

and
QZ = Qp

The preceding explanation indicates that Q; (or the unit skin friction, £ along the
pile shaft) is developed at a much smaller pile displacement compared with the point
resistance, Q.

At ultimate load, the failure surface in the soil at the pile tip (a bearing capac-
ity failure caused by Q,) is like that shown in Figure 11.9e. Note that pile founda-
tions are deep foundations and that the soil fails mostly in a punching mode, as
illustrated previously in Figures 3.1c and 3.3. That is, a triangular zone, 1, is devel-
oped at the pile tip, which is pushed downward without producing any other visible
slip surface. In dense sands and stiff clayey soils, a radial shear zone, 11, may partially
develop. Hence, the load displacement curves of piles will resemble those shown in
Figure 3.1c.

Equations for Estimating Pile Capacity

The ultimate load-carrying capacity O, of a pile is given by the equation

Qu=0,+0; (11.9)

where @, = load-carrying capacity of the pile point
Q, = frictional resistance (skin friction) derived from the soil-pile inter-
face (see Figure 11.10)

Numerous published studies cover the determination of the values of O, and Q;. Ex-
cellent reviews of many of these investigations have been provided by Vesic (1977),
Meyerhof (1976), and Coyle and Castello (1981). These studies afford an insight into
the problem of determining the ultimate pile capacity.
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Figure 11.10 Ultimate load-carrying capacity of pile

Point Bearing Capacity, Q,

The ultimate bearing capacity of shallow foundations was discussed in Chapter 3.
According to Terzaghi’s equations,

qu = 1.3¢'N, + gN, + 0.4yBN, (for shallow square foundations)
and
qu = 1.3¢'N. + gN, + 0.3yBN, (for shallow circular foundations)

Similarly, the general bearing capacity equation for shallow foundations was given
in Chapter 3 (for vertical loading) as

Gy = C'NF Foy + qNFo Fpy + 1¥BN,F Fo

Y Ys

Hence, in general, the ultimate load-bearing capacity may be expressed as
g, =c¢'N} + gN} + yBN?} (11.10)

where N¥, N¥,and N} are the bearing capacity factors that include the necessary
shape and depth factors

Pile foundations are deep. However, the ultimate resistance per unit area devel-
oped at the pile tip, g,, may be expressed by an equation similar in form to Eq. (11.10),
although the values of N¥, N*, and N} will change. The notation used in this chapter
for the width of a pile is D. Hence, substituting D for B in Eq. (11.10) gives

q,=q,=cN}+gN% + yDN% (11.11)
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Because the width D of a pile is relatively small, the term yDN¥ may be dropped
from the right side of the preceding equation without introducing a serious error;
thus, we have

g, =CcN¥+qg'N} (11.12)

Note that the term ¢ has been replaced by ¢’ in Eq. (11.12), to signify effective ver-
tical stress. Thus, the point bearing of piles is

Q= Ayq, = A(cN¥ + ¢'N¥) : (11.13)
where A, = area of pile tip
¢’ = cohesion of the soil supporting the pile tip
g, = unit point resistance
q' = effective vertical stress at the level of the pile tip
N¥, N} = the bearing capacity factors

Frictional Resistance, Q,
The frictional, or skin, resistance of a pile may be written as

Q,=2p ALf ’ (11.14)

where  p = perimeter of the pile section
AL = incremental pile length over which p and f are taken to be constant
f = unit friction resistance at any depth z

The various methods for estimating Q, and Q, are discussed in the next several sec-
tions. It needs to be reemphasized that, in the field, for full mobilization of the point
resistance (Q,), the pile tip must go through a displacement of 10 to 25% of the pile
width (or diameter).

Meyerhof's Method for Estimating Q,

Sand

The point bearing capacity, g,, of a pile in sand generally increases with the depth
of embedment in the bearing stratum and reaches a maximum value at an em-
bedment ratio of L,/D = (L,/D),. Note that in a homogeneous soil L, is equal
to the actual embedment length of the pile, L. (See Figure 11.10a.) However,
where a pile has penetrated into a bearing stratum, L, < L. (See Figure 11.6b.)
Beyond the critical embedment ratio, (L,/D),, the value of g, remains constant
(g, = q1)- That is, as shown in Figure 11.11 for the case of a homogeneous soil,
L= Lb‘
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Unit point
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 / Figure 11.11 Nature of variation of unit
L/D=L,/D point resistance in a homogeneous sand

For pilesin sand, ¢’ = 0, and Eq. (11.13) simpifies to

Q, = A4, = A,q'N} (11.15)

The variation of N} with soil friction angle ¢’ is shown in Figure 11.12. However, Q,
should not exceed the limiting value A ,g;; that is,

Q,= Ag N} <Ay (11.16)

The limiting point resistance is
q; = 0.5 p,N} tan ¢' (11.17)

where p, = atmospheric pressure (=100 kN/m? or 2000 Ib/ft?)
¢' = effective soil friction angle of the bearing stratum

On the basis of field observations, Meyerhof (1976) also suggested that the ul-
timate point resistance g, in a homogeneous granular soil (L = L,) may be ob-
tained from standard penetration numbers as

L
q =04 p, (N1)6OB <4 p,(M)eo (11.18)
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where (NV,)q = the average corrected value of the standard penetration number
' near the pile point (about 10D above and 4D below the pile point)
p. = atmospheric pressure (=100 kN/m? or 2000 1b/ft?)

Clay (¢ = 0)
For piles in saturated clays under undrained conditions (¢ = 0),

0, =N*c,A,=9%,A, (11.19)
where ¢, = undrained cohesion of the soil below the tip of the pile

Vesic’s Method for Estimating Q,

Vesic (1977) proposed a method for estimating the pile point bearing capacity based
on the theory of expansion of cavities. According to this theory, on the basis of effec-
tive stress parameters, we may write

0, = Ag, = AN+ TND) (11.20)
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mean effective normal ground stress at the level of the pile poin

_(1+2K,) A
=\== ") 21)

K, = earth pressure coefficient at rest = 1 — sin ¢’
N¥, N} = bearing capacity factors

where o,

Note that Eq. (11.20) is a modification of Eq. (11.13) with

Note also that N} in Eq. (11.20) may be expressed as V
N¥ = (N} —1)cot¢’ (11.24)

According to Vesic’s theory, ,
Nt = f(I,) (11.25)

where [, = reduced rigidity index for the soil

I ;

= 4 11.26

However, I, T+ 14 (11.26)
E, G,

where I, = rigidity index = (11.27)

2(1 + p)(c’ +g'tan@’) ¢ + q' tang’
E, = modulus of elasticity of soil

s = Poisson’s ratio of soil

G, = shear modulus of soil

A = average volumatic strain in the plastic zone below the pile point

When the volume does not change (e.g., for dense sand or saturated clay), A = 0,50
IL=1, (11.28)

Table 11.4 gives the values of N} and N * for various values of the soil friction angleé
¢’ and I ;. For ¢ = 0 (an undrained condition),

N¥ = %(In L +1)+ % +1 (1129

The values of /, can be estimated from laboratory consolidation and triaxia
tests corresponding to the proper stress levels. However, for preliminary use, the fol
lowing values are recommended:

Type of soil I
Sand 70-150
Silts and clays (drained condition) 50-100

Clays (undrained condition) 100-200
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11.9

11.10

On the basis of cone penetration tests in the field, Baldi et al. (1981) gave th
following correlations for I,:

300
= F (%) (for mechanical cone penetration)
and
170 . .
L= (%) (for electric cone penetration)

For the definition of F,, see Eq. (2.37).

Janbu’s Method for Estimating Q,

Janbu (1976) proposed calculating Q, as follows:

0, = A(¢NE+ ¢'NY) (1131

Note that Eq. (11.31) has the same form as Eq. (11.13). The bearing capacity factors
N¥ and N} are calculated by assuming a failure surface in soil at the pile tip similar
to that shown in Figure 11.13. The bearing capacity relationships are then '

N:Ik — (tan d)r + 1\ /1 + tanZ ¢1)2(627)' iand>') (11.323) :

(the angle 7" is defined in the figure) and
N¥ = (N} —-1)cotd’ (11.32b) .
T

from Eq. (11.32a)

The angle 7' varies from 60° for soft clays to about 105° for dense sandy soils. It is
recommended that, for practical use, '

60° < n' = 90°
Table 11.5 gives the variation of N* and N} for o' = 60°,75°, and 90°.

Coyle and Castello’s Method for Estimating Q,, in Sand '}

Coyle and Castello (1981) analyzed 24 large-scale field load tests of driven piles in
sand. On the basis of the test results, they suggested that, in sand,

0, =g N4, (1133)

where g’ = effective vertical stress at the pile tip
N} = bearing capacity factor

Figure 11.14 shows the variation of N} with L/D and the soil friction angle ¢'".
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Figure 11.14 Variation of N ¥ with L/D
(redrawn after Coyle and Castello, 1981)

Table 11.5 Janbu’s Bearing Capacity Factors

n = 60° ' = 75° ' = 90°

¢ N N, N3 N3 N* 3
0 5.74 1.0 5.74 1.0 5.74 1.0
10 5.95 2.05 7.11 225 8.34 2.47

20 9.26 4.37 1178 5.29 14.83 6.40

30 19.43 10.05 21.82 13.60 30.14 18.40

40 30.58 26.66 48.11 41.37 7531 64.20

45 46.32 47.32 78.90 79.90 133.87 134.87

Other Correlations for Calculating Q, with SPT
and CPT Results

There are several correlations in the literature for calculating Q, on the basis of stan-
dard penetration test and cone penetration test results conducted in the field. We
summarize some of these correlations in this section. Table 11.6 gives the correlation
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Table 11.6 Correlations with Standard Penetration Resistance

Reference Relationship Applicability

Briaud et al. (1985) 4, = 19.7p,(Ng)" ¢ Sand

Shioi and Fukui (1982) q, = 3p, Cast in place, sand
q, = 0.1p,Ng Bored pile, sand
g, = 0.15p,Ny, Bored pile, gravelly sand
q, = 03p,Ng Driven piles, all soils

of g, with the standard penetration number N,. It is important to note that the N
value is the average condition near the pile tip (i.e., 4D below and 10D above th

pile tip).
There are two major methods for estimating the magnitude of g, using th
cone penetration resistance g,

1. The LCPC method, developed by Laboratoire Central des Ponts at Chaussées
(Bustamante and Gianeselli, 1982); and
2. The Dutch method (DeRuiter and Beringen, 1979).

LCPC Method
According to the LCPC method,

9y = qc(eq)kb (1134)

where q..q = equivalent average cone resistance

k, = empirical bearing capacity factor

The magnitude of g, is calculated in the following manner:
1. Consider the cone tip resistance g, within a range of 1.5D below the pile tip to
1.5D above the pile tip, as shown in Figure 11.15.
2. Calculate the average value of [g,(,,)) Within the zone shown in Figure 11.15.
3. Eliminate the g, values that are higher than 1.3¢..,, and the g, values that are

lower than 0.74, ).
4. Calculate g,(.q) by averaging the remaining g, values.

Briaud and Miran (1991) suggested that
k, = 0.6 (for clays and silts)
and

k, = 0.375 (for sands and gravels)

Dutch Method

According to the Dutch method, one considers the variation of g, in the range of 4D
below the pile tip to 8D above the pile tip, as shown in Figure 11.16. Then one con-
ducts the following operations:
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W

0.7 Ge(av) 1.3 dc(av)

Pile

A

Figure 11.15 LCPC method

1. Average the g, values over a distance yD below the pile tip. This is path a—b—c. Sum
q. values along the downward path a-b (i.e., the actual path g) and the upward
path b—c (i.e., the minimum path). Determine the minimum value g, = average
value of g for 0.7 < y < 4.

2. Average the g, values (q,,) between the pile tip and 8D above the pile tip along
the path c—d—e—f-g, using the minimum path and ignoring minor peak depressions.

3. Calculate

+
g, = et 92) . 92) 1o < 150p, (11.35)
where p, = atmospheric pressure (=100 kN/m?, or 2000 Ib/ft?)
DeRuiter and Beringen (1979) recommended the following values for k;, for sand:

¢ 1.0 for OCR (overconsolidation ratio) = 1
e 0.67for OCR =2to4

Nottingham and Schmertmann (1975) and Schmertmann (1978) recom-
mended the following relationship for g, in clay:

[ + [
4, = RIRZ(—ql—zq—Z)k;, < 150p, (11.36)
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M1

Figure 11.16 Dutch method

In this equation, R, = reduction factor, which is a function of the undrained
shear strength c,
R, =1 for electric cone penetrometer; = 0.6 for mechanical

cone penetrometer

The interpolated values of R, with ¢, provided by Schmertmann (1978) are as follows:

Cu
Pa R,

=0.5 1
0.75 0.64
1.0 0.53
1.25 0.42
1.5 0.36
1.75 0.33

2.0 0.30
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Frictional Resistance (Q;) in Sand

According to Eq. (11.14), the frictional resistance
Q;=2pALf

The unit frictional resistance, f, is hard to estimate. In making an estimation of f sev-
eral important factors must be kept in mind:

1. The nature of the pile installation. For driven piles in sand, the vibration caused
during pile driving helps densify the soil around the pile. Figure 11.17 shows the
contours of the soil friction angle ¢’ around a driven pile (Meyerhof, 1961).
Note that, in this case, the original effective soil friction angle of the sand was
32°. The zone of sand densification is about 2.5 times the pile diameter, in the
sand surrounding the pile.

2. It has been observed that the nature of variation of fin the field is approximately
as shown in Figure 11.18. The unit skin friction increases with depth more or less

L=213m (701t

/ D = 533 mm (21in)
¢ =
3

(=33
°©

Figure 11.17 Compaction of sand near
driven piles (after Meyerhof, 1961)

> Unit
frictional
resistance,

f

X v
(a) Depth

(b)

Figure 11.18 Unit frictional resistance for piles in sand
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linearly to a depth of L' and remains constant thereafter. The magnitude of th
critical depth L’ may be 15 to 20 pile diameters. A conservative estimate would be

L'~ 15D (1137)

3. At similar depths, the unit skin friction in loose sand is higher for a high-
displacement pile, compared with a low-displacement pile. ,

4. At similar depths, bored, or jetted, piles will have a lower unit skin friction, com-
pared with driven piles.

Taking into account the preceding factors, we can give the following approxi-
mate relationship for f (see Figure 11.18):
Forz=0to L',

f = Ko'tan & (11.38)
andforz =L'to L,
f=fer (11.39)

In these equations, K = effective earth coefficient
o, = effective vertical stress at the depth under consideration
8 = soil-pile friction angle

In reality, the magnitude of K varies with depth; it is approximately equal to the
Rankine passive earth pressure coefficient, K, at the top of the pile and may be less
than the at-rest pressure coefficient, K, at a greater depth. Based on presently avail
able results, the following average values of K are recommended for use in Eq. (11.38):

Pile type K

Bored or jetted =K,=1—sin¢’

Low-displacement driven ~K,=1-sin¢' to 14K, = 1.4(1 — sin o)
High-displacement driven =~K,=1-sin¢'to1.8K, = 1.8(1 — sin ')

The values of & from various investigations appear to be in the range from 0.5¢’
to 0.8¢’. Judgment must be used in choosing the value of 8. For high-displacement
driven piles, Bhusan (1982) recommended

K tan 8 = 0.18 + 0.0065D, (11.40)
and
K =05 + 0.008D, (11.41)
where D, = relative density (%)

Coyle and Castello (1981), in conjunction with the material presented in Sec-
tion 11.10, proposed that '

Q, = fupL = (Ko, tan 8)pL (11.42)
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where 0, = average effective overburden pressure
8 = soil-pile friction angle = 0.8¢’

The lateral earth pressure coefficient K, which was determined from field observa-
tions, is shown in Figure 11.19. Thus, if that figure is used,

0, = Ko)tan(0.8¢') pL (11.43)

Correlation with Standard Penetration Test Results

Meyerhof (1976) indicated that the average unit frictional resistance, f,,, for high-

displacement driven piles may be obtained from average corrected standard pene-
tration resistance values as

e = 0.02p,(Ny) g9 (11.44)

where (MV,)g = average corrected value of standard penetration resistance
p. = atmospheric pressure (=100 kN/m”or 2000 lb/ft?)

For low-displacement driven piles

fav = OOlpa(Nl)GO (1145)

Earth pressure coefficient, K

00.15 0.2 1.0 2 5
=TTV /
30°
5 Wi
/ 'Séf /
13
10 / e
Q / 34° /
Nl o
_g 15 / | 36
li
_§ 20
£
=

Figure 11.19 Variation of X
with L/D (redrawn after
Coyle and Castello, 1981)
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11.13

Thus,

Q; = pLfs (11.46)

Briaud et al. (1985) proposed another correlation for unit skin friction with the -
standard penetration resistance, in the form

f = 0.224p,(Ngg)*® (1147)

Hence,
Q, = Zp(AL)f = 20.224p p,(AL) (Ng)*? (11.48) V
In a fairly homogeneous soil, we can estimate the average value of N;. In that ’
case,
Qs = pLfa
where f,, = 0.224p,(Ng)%% (11.49)

Correlation with Cone Penetration Test Results

In Section 11.11, the Dutch method for calculating pile tip capacity Q, using cone
penetration test results was described. In conjunction with using that method, Not-
tingham and Schmertmann (1975) and Schmertmann (1978) provided correlations
for estimating Q; using the frictional resistance (f.) obtained during cone penetra-
tion tests. According to this method

fraf (11.50)
The variations of ' with z/D for electric cone and mechanical cone penetrometers

are shown in Figures 11.20 and 11.21, respectively. We have
Q, = Zp(AL)f = Zp(AL)d'f, (11.51)

Frictional (Skin) Resistance in Clay

Estimating the frictional (or skin) resistance of piles in clay is almost as difficult a task
as estimating that in sand (see Section 11.12), due to the presence of several variables
that cannot easily be quantified. Several methods for obtaining the unit frictional re-
sistance of piles are described in the literature. We examine some of them next.

A Method

This method, proposed by Vijayvergiya and Focht (1972), is based on the assump-
tion that the displacement of soil caused by pile driving results in a passive lateral
pressure at any depth and that the average unit skin resistance is

fav = AT, + 2,) (11.52)
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Figure 11.20 Variation of &' with embedment ratio for pile in sand: electric cone
penetrometer
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Figure 11.21 Variation of &’ with embedment ratio for piles in sand: mechanical cone
penetrometer

i

where o, = mean effective vertical stress for the entire embedment length
¢, = mean undrained shear strength (¢ = 0)

The value of A changes with the depth of penetration of the pile. (See Figure 11.22.)
Thus, the total frictional resistance may be calculated as

Q, = pLf,
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Figure 11.22 Variation of A with pile
embedment length (redrawn after Mc-

90 Clelland, 1974)

Care should be taken in obtaining the values of &, and c, in layered soil. Figure 11.23
helps explain the reason. Figure 11.23a shows a pile penetrating three layers of clay.
According to Figure 11.23b, the mean value of c, is (c,qyL1 + cupyla + ) /L.

Similarly, Figure 11.23c shows the plot of the variation of effective stress with depth.
The mean effective stress is

_,_A1+A2+A3+"'
o L

(11.53)

where Ay, A,, A;, ... = areas of the vertical effective stress diagrams

a Method

According to the a method, the unit skin resistance in clayey soils can be repre-
sented by the equation

f = ac, (11.54)

where o = empirical adhesion factor

The approximate variation of the value of « is shown in Figure 11.24,
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Figure 11.23 Application of A method in layered soil
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Figure 11.24 Variation of a with ¢,/o

Area = A,

where o is the vertical effective stress. This variation of a with c,/o, was ob-

tained by Randolph and Murphy (1985). With it, we have

0,=3fpAL =Sac,p AL

(11.55)
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11.14

B Method

When piles are driven into saturated clays, the pore water pressure in the soil around*
the piles increases. The excess pore water pressure in normally consolidated clays may' ;
be four to six times c,. However, within a month or so, this pressure gradually dissipates, .
Hence, the unit frictional resistance for the pile can be determined on the basis of th
effective stress parameters of the clay in a remolded state (¢' = 0). Thus, at any depth,

f = Bo, (11.56)

where o) = vertical effective stress

B = K tan ¢ (11.57)
¢r = drained friction angle of remolded clay
K = earth pressure coefficient

Conservatively, the magnitude of K is the earth pressure coefficient at rest, or
K =1 - sin ¢ (for normally consolidated clays) (11.58)

and
K = (1 - sin ¢5)VOCR (for overconsolidated clays) (11.59)
where OCR = overconsolidation ratio

Combining Egs. (11.56), (11.57), (11.58), and (11.59), for normally consolidated
clays yields

f = (1 — sin ¢}) tan ¢go, (11.60)
and for overconsolidated clays,
f = (1 — sin ¢})tan ¢5VOCR o, (11.61)
With the value of f determined, the total frictional resistance may be evaluated as

O, =2%fpAL

Correlation with Cone Penetration Test Results

Nottingham and Schmertmann (1975) and Schmertmann (1978) found the correla-
tion for unit skin friction in clay (with ¢ = 0) to be

f=df. (11.62)
The variation of &’ with the frictional resistance f, is shown in Figure 11.25. Thus,
Q, = Zfp(AL) = 2a'f,p(AL) (11.63)

General Comments and Allowable Pile Capacity

Although calculations for estimating the ultimate load-bearing capacity of a pile can
be made by using the relationships presented in Sections 11.6 through 11.13, an en-
gineer needs to keep the following points in mind:
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Figure 11.25 Variation of a’ with f,/p, for piles in clay (p, = atmosphic pressure
~100 kN/m? or 2000 Ib/ft?)

L In calculating the area of cross section, A ,, and the perimeter, p, of piles with de-
veloped profiles, such as H-piles and open-ended pipe piles, the effect of soil plug
should be considered. According to Figures 11.10b and 11.10c, for pipe piles,

ks
Ap = <Z>D2

and
p=mwD
Similarly, for H-piles,
A, =dd,
and
p=12(d; + dy)

Note that for H-piles, because d, > d;, D = d;.
2. The ultimate point load relations given in Eqgs. (11.13), (11.20), and (11.30) are
for the gross ultimate point load; that is, they include the weight of the pile. So
the net ultimate point load is approximately

Qp(net) = Qp(gross) - q,Ap
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1115

However, in practice, for soils with ¢’ > 0, the assumption is made that

Qpmety = Qpigross)- In cohesive soils with ¢ = 0, Ny = 1. (See Figure 11.12)
Hence, from Eq. (11.13),

Qp(gross) = (CuNf + ql)Ap
SO
Qp(net) = [(CuIVZ"< + q,) - ql]Ap = CuNpr = 9CuAp = Qp
This relation is the one given in Eq. (11.19).

After the total ultimate load-carrying capacity of a pile has been determined by sum-
ming the point bearing capacity and the frictional (or skin) resistance, a reasonable
factor of safety should be used to obtain the total allowable load for each pile, or

Q.

FS

where Q. = allowable load-carrying capacity for each pile
FS = factor of safety

Quy = (11.64)

The factor of safety generally used ranges from 2.5 to 4, depending on the uncer-
tainties surrounding the calculation of ultimate load.

Point Bearing Capacity of Piles Resting on Rock

Sometimes piles are driven to an underlying layer of rock. In such cases, the engi-
neer must evaluate the bearing capacity of the rock. The ultimate unit point resis-
tance in rock (Goodman, 1980) is approximately

q? = qu(N,,, +1) k (11.65)

where N, = tan® (45 + ¢'/2)
q, = unconfined compression strength of rock
¢' = drained angle of friction

The unconfined compression strength of rock can be determined by laboratory tests
on rock specimens collected during field investigation. However, extreme caution
should be used in obtaining the proper value of g,, because laboratory specimens
usually are small in diameter. As the diameter of the specimen increases, the uncon-
fined compression strength decreases—a phenomenon referred to as the scale ef-
fect. For specimens larger than about 1 m (3 ft) in diameter, the value of g, remains
approximately constant. There appears to be a fourfold to fivefold reduction of the
magnitude of g, in this process. The scale effect in rock is caused primarily by ran-
domly distributed large and small fractures and also by progressive ruptures along
the slip lines. Hence, we always recommend that

qu(lab)
Qu(designy = 5 (1 166)
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Table 11.7 Typical Unconfined Compressive Table 11.8 Typical Values of Angle of Friction ¢’

Strength of Rocks of Rocks
q. Type of rock Angle of friction, ¢’ (deg)
Type of rock MN/m? Ib/in? Sandstone 2745
Sandstone 70-140  10,000-20,000 Limestone 30~-40
Limestone 105-210 15,000-30,000 Shale 10-20
Shale 35-70 5000-10,000 Granite 40-50
Granite 140-210  20,000-30,000 Marble 25-30
Marble 60-70 8500-10,000

Table 11.7 lists some representative values of (laboratory) unconfined com-
pression strengths of rock. Representative values of the rock friction angle ¢’ are
given in Table 11.8.
| A factor of safety of at least 3 should be used to determine the allowable point
bearing capacity of piles. Thus,

[qu(design)(Ndz + 1)]Ap
FS

Qpan = (11.67)

Example 11.1

A concrete pile is 16 m (L) long and 410 mm X 410 mm in cross section. The pile
is fully embedded in sand for which y = 17 kN/m® and ¢’ = 30°. Calculate the
ultimate point load, @, by

a. Meyerhof’s method (Section 11.7).
b. Vesic’s method (Section 11.8). Use I, = I, = 50.
¢. Janbu’s method (Section 11.9). Use ' = 90°.

Solution

Part a
From Eq. (11.15),

Q,= Aq'Ni= AyLN?
For ¢' = 30°, N} = 55 (see Figure 11.12), s0
Q, = (0.41 X 041 m?) (16 X 17)(55) = 2515kN
Again, from Eq. (11.17),
q, = (0.5p,N¥tan ¢")A,
= [(0.5)(100) (55) tan 30](0.41 X 0.41) = 267 kN
Hence, '

0, = 267kN
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Part b
From Eqgs. (11.20), (11.21), and (11.22) with ¢’ = 0,

1+2(1 —sing)]
( - si d)):]q’N:

Q, = A0Nk = AP[

For ¢’ = 30° and I, = 50, the value of N¥ is about 36. (See Table 11.4.) So

1+ 2(1 — sin 30)
3

0, = (0.41 x 0.41)[ ](15 X 17)(36) = 1097 kN

Part c '
From Eq. (11.31) with ¢’ = 0
O, = Aa'Ng
For ¢' = 30° and 0’ = 90°, the value of N} ~ 18.4. (See Table 11.5.) Therefore,
0, = (041 X 0.41) (16 X 17)(18.4) = 841 kN

Example 11.2

For the pile described in Example 11.1,

a. Given that K = 1.3 and 8§ = 0.8¢’, determine the frictional resistance Q.
Use Egs. (11.14), (11.38), and (11.39). ,

b. Using the results of Example 11.1 and Part a of this problem, estimate the al-
lowable load-carrying capacity of the pile. Let FS = 4.

Solution
Part a
From Eq. (11.37),

L ~15D = 15(041 m) = 6.15m
From Eq. (11.38),at z = 0,0, = 0,s0 f = 0. Again,atz = L' = 6.15m
¢ = yL' = (17)(6.15) = 104.55 kN/m?

So
f = Ko tan 8 = (1.3)(104.55)[tan(0.8 X 30)] = 60.51 kN/m?
Thus,
=0t fr=615m
o, = (ILL‘,ZL&)PL' + foasmp(L — L")
= (W)m X 0.41)(6.15) + (60.51) (4 X 0.41) (16 — 6.15)

= 305.2 + 977.5 = 1282.7 kN
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Partb
We have Q, = O, + Q. From Example 11.1, the average value of O, is

267 + 1097 + 841
3

=~ 735 kN

So

Q. _1
=== + ) = 504.
Qan FS 4 (735 + 1282.7) = 5044 kN =

Example 11.3

For the pile described in Example 11.1, estimate Q,; using Coyle and Castello’s
method. [See Section 11.10 and Eq. (11.43).]

Solution
From Egs. (11.33) and (11.43),

0.=0,+0,=qN}A, + Ko,tan(0.8¢') pL
and
16
= 621- = 39

For ¢’ = 30° and L/D = 39, N} = 25 (see Figure 11.14) and K = 0.2 (see Fig-
ure 11.19). Thus,

Q. = (17 X 16)(25)(0.41 x 0.41)

+ (o.z)(17 : 16)tan(0.8 % 30) (4 X 0.41)(16)

ol

= 1143 + 317.8 = 1460.8 kN
and

_ 0, 14608
O = S a4 365.2 kN -

Example 11.4

A driven pipe pile in clay is shown in Figure 11.26a. The pipe has an outside di-
ameter of 406 mm and a wall thickness of 6.35 mm.

a. Calculate the net point bearing capacity. Use Eq. (11.19).
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o, (kN/m?)

& aturated clay (1) = 30 kN/m?% >
- ,Groundwater 18 kN/ m’ A, =225 9
= table S 5m
eun = BOkN/ m? A, = 552.38

-+, Clay 18 kN/m® 2 '

e TP 130.95
9% m” . T Gy = 100KN/m® ¢ A, = 4577
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R

30m 32675
(a) (b) :

Figure 11.26 Estimation of the load bearing capacity of a driven pipe pile

b. Calculate the skin resistance (1) by using Eqgs. (11.54) and (11.55) (a method),
(2) by using Eq. (11.52) (A method), and (3) by using Eq. (11.56) (8 method).
For all clay layers, ¢ = 30°. The top 10 m of clay is normally consolidated.
The bottom clay layer has an OCR of 2.

¢. Estimate the net allowable pile capacity. Use FS = 4.

Solution
The area of cross section of the pile, including the soil inside the pile, is

A, =

A[:]

= —Z—(o 406)? = 0.1295 m?

Part a: Calculation of Net Point Bearing Capacity
From Eq. (11.19),

Q, = Aq, = AN¥c,p = (0.1295)(9)(100) = 116.55 kN

Part b: Calculation of Skin Resistance
(1) Using Eqgs. (11.54) and (11.55), we have

Q, = Jac,pAL

The variation of vertical effective stress with depth is shown in Figure 11.26b.
Now the following table can be prepared:
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Average Average vertical Lu

Depth depth effective stress, o c, A @

{m) {m) {kN/m?) (kN/m?3)  (kN/m?  (Figure 11.24)

+
0-5 25 0+ 90 = 45 30 0.67 0.6
5-10 7.5 29%1——39—25 =110.5 30 0.27 0.9
.95 + R

10~-30 20 Mz—a—zils‘ = 228.85 100 0.44 0.725

Thus,
O, = [ercuyly + acunyLy + ascu)Lslp
=[(0.6) (30) (5) + (0.9)(30)(5)
+ (0.725) (100) (20)](7 X 0.406) = 2136 kN

(2) From Eq. 11.52, f,, = A(o, + 2c¢,). Now, the average value of ¢, is

Cun(10) +cu(20) _ (30)(10) + (100)(20)

- 2
30 30 76.7 kN/m

To obtain the average value of o, the diagram for vertical effective stress varia-
tion with depth is plotted in Figure 11.26b. From Eq. (11.53),

A+ Ay + Ay 225 + 552.38 + 4577
L 30

ppunt 4

g, =

= 178.48 kN/m?

From Figure 11.22, the magnitude of A is 0.14. So |

fov = 0.14[178.48 + (2)(76.7)] = 46.46 kN/m’
Hence,

Q. = pLf,, = 7(0.406) (30) (46.46) = 1778 kN

(3) The top layer of clay (10 m) is normally consolidated, and ¢ = 30°. For
z = 0-5m, from Eq. (11.60), we have

fav(l) = (1 — sin ¢i{) tan ¢II:1 a:t’)

+
= (1 — sin 30°) (tan 3O°)(0 290> = 13.0 kN/m?
Similarly, for z = 5-10 m.
90 + 130.95
favy = (1 — sin 30°) (tan 3O°)(0—2———~> = 31.9 kN/m?
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For z= 10—30 m from Eq (11 61),
f '- (1 —sm¢R)tan¢RV Ra-

For OCR = 2,

+
13095 . 32675) 93.43 KN/

fav(a) =(1~- ‘siryx“30°) (tan 30“)\/—(
'S:o , : e : , ,
= Pfatd(5) + fu(5) + fuy(20)] | |

(11') (0. 406)[(13) (5) + (31.9) (5) + (93. 43) (20)] - 2670 kN

. Part c Calcuiatlon of Net Ultlmate Capacity, O

We havc 5 ; ;
L T |
- Ostaversge) = o+ 738 ,2 79~2195 KN
0.=0, + 0, = 116.55 + 2195 = 231155 kN
and e e '
' Q. 231155
30u ==, ~ BN

Examp!e 11.5

A concrete pﬂe 305 mm X 305 mm in cross section is driven to a depth of 20 m‘
below the ground surface in a saturated clay soil. A summary of the variation of
frictional resistance f, obtained from a cone penetratlon test is as follows:

Depth Friction resistqnce, f,
{m) {kg/em?)
, 0-6 0.35
6-12 0.56
1220 0.72

Estimate the frictional resistance Q; for the pile.

Solution ,
‘We can prepare the following table:
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Depth f, o AL a'fplAL)
{m) (kN/m?) {Figure 11.25) {m) [Eq. (11.63}] (kN)
0-6 34.34 0.84 6 2115
6-12 54.94 0.71 6 285.5

12-20 70.63 0.63 8 4342

Note: p = (4)(0305) = 1.22m

Thus,
Q, = Ta'f.p(AL) = 931 kN

Example 11.6

An H-pile (size HP 310 X 125) having a length of embedment of 26 m is driven
through a soft clay layer to rest on sandstone. The sandstone has a laboratory un-
confined compression strength of 76 MN/m? and a friction angle of 28°. Use a
factor of safety of 5, and estimate the allowable point bearing capacity.

Solution
From Egs. (11.66) and (11.67),

{[@][w(% + g) s q}AP

Opany = FS

From Table 11.1a, for HP 310 X 125 piles, A, = 15.9 X 103 m?, so

2
[P a5+ 2) 1 [ aso x 1072wy

Qpany = 5

= 182 kN ]

Pile Load Tests

In most large projects, a specific number of load tests must be conducted on piles. The
primary reason is the unreliability of prediction methods. The vertical and lateral load-
bearing capacity of a pile can be tested in the field. Figure 11.27a shows a schematic
diagram of the pile load arrangement for testing axial compression in the field. The
load is applied to the pile by a hydraulic jack. Step loads are applied to the pile, and





