Introduction

The terms caisson, pier, drilled shaft, and drilled pier are often used interchangeably in
foundation engineering; all refer to a cast-in-place pile generally having a diameter of
about 750 mm (=2.5 ft) or more, with or without steel reinforcement and with or with-
out an enlarged bottom. Sometimes the diameter can be as small as 305 mm (=1 ft).

To avoid confusion, we use the term drilled shaft for a hole drilled or exca-
vated to the bottom of a structure’s foundation and then filled with concrete. De-
pending on the soil conditions, casings may be used to prevent the soil around the
hole from caving in during construction. The diameter of the shaft is usually large
enough for a person to enter for inspection. )

The use of drilled-shaft foundations has several advantages:

1. A single drilled shaft may be used instead of a group of piles and the pile cap.

2. Constructing drilled shafts in deposits of dense sand and gravel is easier than
driving piles.

3. Drilled shafts may be constructed before grading operations are completed.

4. When piles are driven by a hammer, the ground vibration may cause damage to
nearby structures. The use of drilled shafts avoids this problem.

5. Piles driven into clay soils may produce ground heaving and cause previously
driven piles to move laterally. This does not occur during the construction of
drilled shafts.

6. There is no hammer noise during the construction of drilled shafts; there is dur-
ing pile driving. [

7. Because the base of a drilled shaft can be enlarged, it provides great resistance
to the uplifting load.

8. The surface over which the base of the drilled shaft is constructed can be visu
ally inspected.

9. The construction of drilled shafts generally utilizes mobile equipment, whic
under proper soil conditions, may prove to be more economical than methods
of constructing pile foundations.

10. Drilled shafts have high resistance to lateral loads.

There are also a couple of drawbacks to the use of drilled-shaft construction. Fo
one thing, the concreting operation may be delayed by bad weather and always neec
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close supervision. For another, as in the case of braced cuts, deep excavatlonsS
drilled shafts may induce substantial ground loss and damage to nearby structur®

Types of Drilled Shafts

Drilled shafts are classified according to the ways in which they are deslgneq thot
transfer the structural load to the substratum. Figure 12.1a shows a drilled stralgn
shaft. It extends through the upper layer(s) of poor soil, and its tip rests on 2 strﬁei
load-bearing soil layer or rock. The shaft can be cased with steel shell or pipe ™ .
required (as it is with cased, cast-in-place concrete piles; see Figure 11.4). For suls o
shafts, the resistance to the applied load may develop from end bearing and 2
from side friction at the shaft perimeter and soil interface. ] [ at
A belled shaft (see Figures 12.1b and c) consists of a straight shaft with 2 1_33 he
the bottom, which rests on good bearing soil. The bell can be constructed 10 led
shape of a dome (see Figure 12.1b), or it can be angled (see Figure 12.1¢). FOl;ang o
bells, the underreaming tools that are commercially available can make 30° to ted
angles with the vertical. For the majority of drilled shafts constructed in the Uni :{_
States, the entire load-carrying capacity is assigned to the end bearing only. HO n
ever, under certain circumstances, the end-bearing capacity and the side fnctl(ll '
are taken into account. In Europe, both the side frictional resistance and the eft
bearing capacity are always taken into account. Fig-
Straight shafts can also be extended into an underlying rock layer. (See d
ure 12.1d.) In the calculation of the load-bearing capacity of such shafts, the en

. ; : act
bearing and the shear stress developed along the shaft perimeter and rock interf
can be taken into account.
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Figure 12.1 Types of drilled shaft: (a) straight shaft; (b) and (c) belled shaft; (d) straight”
shaft socketed into rock
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Construction Procedures

The most common construction procedure used in the United States involves rotary
drilling. There are three major types of construction methods: the dry method, the
casing method, and the wet method.

Dry Method of Construction

This method is employed in soils and rocks that are above the water table and that
will not cave in when the hole is drilled to its full depth. The sequence of construc-
tion, shown in Figure 12.2, is as follows:

1. The excavation is completed (and belled if desired), using proper drilling tools,
and the spoils from the hole are deposited nearby. (See Figure 12.2a.)

2. Concrete is then poured into the cylindrical hole. (See Figure 12.2b.)

3. If desired, a rebar cage is placed in the upper portion of the shaft. (See Fig-
ure 12.2c.)

4. Concreting is then completed, and the drilled shaft will be as shown in Fig-
ure 12.2d. '

Casing Method of Construction

This method is used in soils or rocks in which caving or excessive deformation is
likely to occur when the borehole is excavated. The sequence of construction is
shown in Figure 12.3 and may be explained as follows:

1. The excavation procedure is initiated as in the case of the dry method of con-
struction. (See Figure 12.3a.)

2. When the caving soil is encountered, bentonite slurry is introduced into the
borehole. (See Figure 12.3b.) Drilling is continued until the excavation goes
past the caving soil and a layer of impermeable soil or rock is encountered.

. A casing is then introduced into the hole. (See Figure 12.3c.)

. The slurry is bailed out of the casing with a submersible pump. (See Figure 12.3d.)

. A smaller drill that can pass through the casing is introduced into the hole, and
excavation continues. (See Figure 12.3e.)

6. If needed, the base of the excavated hole can then be enlarged, using an under-

reamer. (See Figure 12.3f)

7. If reinforcing steel is needed, the rebar cage needs to extend the full length of
the excavation. Concrete is then poured into the excavation and the casing is
gradually pulled out. (See Figure 12.3g.)

8. Figure 12.3h shows the completed drilled shaft.

N oW

Wet Method of Construction

This method is sometimes referred to as the slurry displacement method. Slurry is
used to keep the borehole open during the entire depth of excavation. (See Fig-
ure 12.4.) Following are the steps involved in the wet method of construction:
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Figure 12.2 Dry method of construction: (a) initiating drilling; (b) starting concrete pour;
(c) placing rebar cage; (d) completed shaft (after O’Neill and Reese, 1999)

1. Excavation continues to full depth with slurry. (See Figure 12.4a.)
2. If reinforcement is required, the rebar cage is placed in the slurry. (See Figure 12.4b.)

3. Concrete that will displace the volume of slurry is then placed in the drill hole.
(See Figure 12.4c.)

4. Figure 12.4d shows the completed drilled shaft.
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Figure 12.3 Casing method of construction: (a) initiating drilling; (b) drilling with slurry;
(c) introducing casing; (d) casing is sealed and slurry is being removed from interior of cas-
ing; (e) drilling below casing; (f) underreaming; (g) removing casing; (h) completed shaft
(after O’Neill and Reese, 1999)

Other Design Considerations

For the design of ordinary drilled shafts without casings, a minimum amount of ver-
tical steel reinforcement is always desirable. Minimum reinforcement is 1% of the
gross cross-sectional area of the shaft. In California, a reinforcing cage having a
length of about 3.65 m (12 ft) is used in the top part of the shaft, and no reinforce-
ment is provided at the bottom. This procedure helps in the construction process,
because the cage is placed after the concreting is almost complete.
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Figure 12.3 (Continued)

For drilled shafts with nominal reinforcement, most building codes suggest us-

ing a design concrete strength, f,, on the order of f./4. Thus, the minimum shaft di-
ameter becomes

G _ Q0

Ag-f _71 Df

f.=025f. =
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Figure 12.4 Slurry method of construction: (a) drilling to full depth with sturry; (b) placing
rebar cage; (c) placing concrete; (d) completed shaft (after O’Neill and Reese, 1999)

where D, = diameter of the shaft
fe = 28-day concrete strength
Q., = working load of the drilled shaft
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A, = gross cross-sectional area of the shaft

If drilled shafts are likely to be subjected to tensile loads, reinforcement should be
continued for the entire length of the shaft.

Concrete Mix Design

The concrete mix design for drilled shafts is not much different from that for any
other concrete structure. When a reinforcing cage is used, consideration should be
given to the ability of the concrete to flow through the reinforcement. In most cases,
a concrete slump of about 15.0 mm (6 in.) is considered satisfactory. Also, the maxi-
mum size of the aggregate should be limited to about 20 mm (0.75 in.).

Load Transfer Mechanism

The load transfer mechanism from drilled shafts to soil is similar to that of piles, as
described in Section 11.5. Figure 12.5 shows the load test results of a drilled shaft
in a clay soil in Houston, Texas (Reese, Touma, and O’Neill, 1976). This drilled
shaft had a diameter of 0.76 m (2.5 ft) and a depth of penetration of 7.04 m
(23.1 ft). The soil profile at the site is shown in Figure 12.5a. Figure 12.5b shows
the load—settlement curves. It can be seen that the total load carried by the drilled
shaft was 1246 kN (140 tons). The load carried by side resistance was about 800 kN
(90 tons), and the rest was carried by point bearing. It is interesting to note that,
with a downward movement of about 6.35 mm (0.25 in.), full side resistance was
mobilized. However, about 25 mm (=1 in.) of downward movement was required
for mobilization of full point resistance. This situation is similar to that observed in

the case of piles. Figure 12.5¢ shows the load-distribution curves for different
stages of the loading.

Estimation of Load-Bearing Capacity

The ultimate load-bearing capacity of a drilled shaft (see Figure 12.6) is
Q,=0, + 0 (12.2)

where (Q, = ultimate load
Q, = ultimate load-carrying capacity at the base
Q, = frictional (skin) resistance

The ultimate base load Q,, can be expressed in a manner similar to the way it is
expressed in the case of shallow foundations [Eq. (3.21)], or

1,
Qp = Ap(c,Mchchf:cc + q’Nquququc + 5')’ N‘yFysFdeyc> (123)

where ¢’ = cohesion
N,, N,, N, = bearing capacity factors (Table 3.4)
F, Fy, F,; = shape factors

depth factors
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Figure 12.5 Load test results for a drilled shaft in Houston, Texas: (a) soil profile;
(b) load-displacement curves; (c) load-distribution curves at various stages of loading
(after Reese, Touma, and O’Neill, 1976)




Y R T Y T VTR TR

12.6 Estimation of Load-Bearing Capacity 587

Qu

O
(b)

= compressibility factors
effective unit weight of soil at the base of the shaft
= effective vertical stress at the base of the shaft

area of the base = %D%

In most instances, the last term (the one containing N,) is neglected, except in
the case of a relatively short drilled shaft. With this assumption, the net load-carrying
capacity at the base (i.e., the gross load minus the weight of the drilled shaft) may be
approximated as

Using Egs. (3.25), (3.26), and (3.32), we obtain
Fo=1+ Ny

® N,

1 + tan ¢’

Fy

ch':
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and

D,

N
radians (12.8)

Fg=1+2tan¢'(1 — sin ¢')? tan“’(£>

According to Chen and Kulhawy (1994), F.. and F can be calculated in the
following manner:

1. Calculate the critical rigidity index as
. = 0.5exp[2.85cot (45 — £)] (129)
2. Calculate the reduced rigidity index as ‘

I,
T L= 1+ 1A

(12.10)
i soil rigidity index
©2(1 + py)q’ tan ¢’

(12.11)

in which E; = drained modulus of elasticity of soil
u, = drained Poisson’s ratio of soil
A = volumetric strain within the plastic zone during loading

3. If I, = I then
' (12.12)
However, if I, < I, then
1-F,

Fo=F, - ——%
“ 7% N.tan¢'

(12.13)

(3.07 sin ¢') (logy 21,,)
L+ sm ]} (12.14)

Fy = exp{(—3.8 tan ¢') + l:

The expression for the frictional, or skin, resistance Q; is similar to that for
piles; that is, ‘

L,
0, = f pf dz (12.15)

0

where  p = shaft perimeter = 7w D,
f = unit frictional (or skin) resistance

The next two sections describe the procedures for obtaining the ultimate
and allowable load-bearing capacities of drilled shafts in sand and saturated

clay (¢ = 0).
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Drilled Shafts in Sand: Loéd-Bearing Capacity

For drilled shafts in sand, ¢’ = 0; hence, Eq. (12.4) simplifies to

(12.16)

The value of N, for a given soil friction angle ¢’ can be determined from Table 3.4.
The shape factor Fy and depth factor Fyy can be evaluated from Egs. (12.6) and
(12.8), respectively. To calculate the compressibility factor F, Eqgs. (12.9), (12.10),
(12.11),(12.12), (12.13) and (12.14) will have to be used. The terms E,, u,, and A can
be estimated by the relationship (Chen and Kulhawy, 1994)

E
—“=m 12.17
2, ( )

where p, = atmospheric pressure (=100 kN/m? or 2000 Ib/ft?)
100 to 200 (loose soil)
m = {200 to 500 (medium dense soil)
500 to 1000 (dense soil)

'~ 25
uy =01+ 0.3(¢ 20 ) (for 25° < ¢' < 45°)

_ _ 9 -25\q
A= 0.005(1 % )(p) (12.19)

The magnitude of Q) can also be reasonably estimated from a relationship
based on the analysis of Berezantzev et al. (1961) that can be expressed as

and the formula

(12.20)

where N} = bearing capacity factor = 0.21e!7* (12.21)
w = correction factor = f(L/D,)

In Eq. (12.21), ¢’ is in degrees. The variation of w with L/D; is given in Figure 12.7.
The frictional resistance at ultimate load, Q;, developed in a drilled shaft may
be calculated from the relation given in Eq. (12.15), in which

p = shaft perimeter = 7D
f = unit frictional (or skin) resistance = Ko, tan & (12.22)

where K = earth pressure coefficient = K, = 1 — sin ¢’
o, = effective vertical stress at any depth z
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30_ . :,;2 3 3 Figure 12.7 Variation of w
Soil friction angle, ¢' (deg) with ¢’ and L/D,

(12.23)

The value of o, will increase to a depth of about 15D, and will remain constant
thereafter, as shown in Figure 11.18.

An appropriate factor of safety should be applied to the ultimate load to ob-
tain the net allowable load, or

Opnety + O
Qaﬂ(net) = _I;“F_é____ ) (1224)

Load-Bearing Capacity Based on Settlement

On the basis of the performance of bored piles in sand with an average diameter of
750 mm (2.5 ft), Touma and Reese (1974) suggested a procedure for calculating the
allowable load-carrying capacity. Their procedure, which is also applicable to drilled
shafts in sand, is as follows:

For L > 10D, and a base movement of 25.4 mm (1 in.), the allowable net
point load,




iation of w

(12.23)

in constant

load to ob-

(12.24)

diameter of
culating the
sle to drilled

lowable net

(12.25)
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where Qe is in kKN, A, is in m?, D, is in m, and q, is the unit point resistance
in kN/m?

In English units,

(12.26)

where Qe is in Ib, A, is in ft2, D, is in ft, and g, is in Ib/ft?

The values of g, as recommended by Touma and Reese, are given in the following
table:

Sand type g, (kN/m?) g, {Ib/ft))
Loose 0 0
Medium 1530 32,000
Very dense 3830 80,000

For sands of intermediate densities, linear interpolation can be used. The shaft
friction resistance can be calculated as

(12.27)

where ¢’
0-0

effective soil friction angle
vertical effective stress at a depth z

For the definition of L, see Figure 12.6. Thus,
Qutinety = Pp-aiimery T % [for a base movement of 25.4 mm (1in.)] (12.28)

where FS = factor of safety (=2)

On the basis of a database of 41 loading tests, Reese and O’Neill (1989) pro-
posed a method for calculating the load-bearing capacity of drilied shafts that is
based on settlement. The method is applicable to the following ranges:

1. Shaft diameter: D, = 0.52 m to 1.2 m (1.7 ft to 3.93 ft)
2. Bell depth: L = 4.7 m to 30.5 m (15.4 ft to 100 ft)

3. Field standard penetration resistance: Ny = 5 to 60
4. Concrete slump = 100 mm to 225 mm (4 in. to 9 in.)

q =
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Reese and O’Neill’s procedure (see Figure 12.8) gives

(12.29)

where  f; = ultimate unit shearing resistance in layer i
p = perimeter of the shaft = w D,
g, = unit point resistance

A, = area of the base = (7/4) D}

i

Following are the relationships for determining Q, ;) from Eq. (12.29) for
granular soils. We have

(12.30)

where oy, = vertical effective stress at the middle of layer i
B =15 - 0135z)° (025 <=B8=<12) (12.31)
z; = depth to the middle of layer i (ft)

Qu
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{ m W////////////// 2 T 5t noncontributing
ﬁ‘@ ! W i=1 T —__Y zone (cohesive soil only)

| L

i=2 T

m/,‘: l —_ ? <—Dx—»LI
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i
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No side load transfer
permitted on perimeter
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Figure 12.8 Development of Eq. (12.29)
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The point bearing capacity is

where Ny = mean uncorrected standard penetration number within 3 dista
2D, below the base of the drilled shaft fiCe of

If D, is equal to or greater than 50 in., excessive settlement may occur. In th

q, may be replaced by at Case,

50

e = mqp (fOI’ D, = 50in.)

(12.33)

Figures 12.9 and 12.10 may now be used to caiculate the allowable loagq
based on the desired level of settlement. all(ney,
In ST units, Eqgs. (12.30) through (12.33) will be of the form

fi=Bol;< 192kN/m?

(12.:34)
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Figure 12.9 Normalized side load transfer vs. settlement for cohesionless soil (after
Reese and O’Neill, 1989)
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Figure 12,10 Normalized base load transfer vs. settlement for cohesionless soil (after
Reese and O'Neill, 1989)

B=15-0244z"° (025<B<12) (12.35)
(where z;is in m)
g, (kN/m?) = 57.5Ng < 4310kN/m*>  (forD, < 127m)  (12.36)

and

1.27

% = Dy (12.37)

Example 12.1

noré the fnctténalremstance 6f the shaft
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Loose sand
v = 16.2 kN/m®

Dense sand and
v gravel

y =19.2kN/md
@' =~ 36°

 Figurs 12.11  Allowable load of drilled shaft

2m;

_‘St‘)‘iutibn_ k
We have . : Tl ;
. Q =AM DERES A
cand’ L
oy = (6)(16. 2) + (2)(19 2) = 1356kN/m
For .;b' = 36° from Table34 N,=3175.Also, =

| F=1+tan¢’—"1+tan36 1727

S . 2 2 —1 L
qu—1+2tan¢’(1-sm¢) tan (D)
: ya
=1+2tan36(1‘—sin36)2tan~ 8 = 1335
_ : 175
kFrbm Eq. (12.9),

I s"o.s‘exp[z'.s’s cét(h's - %—)] =1343
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From Eq (12 17) E, = = mp,. Withm = 500 we have
, = (500)(100) = 50000kN/m
From Eq (12. 18)
_ ¢’ —25\ 36~-25\ .
Hs —’,O.ylj -‘!-;0.3( % ) =01+ 03( o ) = (.265
‘VE., o o ,1 50,000
2(1 +0.265) (135.6) (tan 36)

= 200.6

[ 36-125\(1356 ~
0005(1- )( 100) ‘00031

+ (200 6) (o 0031)

-1237

- [ (3 07 sin ¢') (logl; 21;,)]‘} | .

1+sm¢’ '

(3.07 sin 36) log(2 X 123,7)
36)+[ Sy 0958,

Example 12 2

Solve Example 12 1 usmg Eq (12 20)
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fﬁiSolutlon : '
} Equatlon (12 20) asserts that

Qp(net) qu (CON § = 1)

Wehae |
] N* =0. 21e‘m¢ = 02191709 = 95,52

L8
D, 175 437

}'From Figure 12 7 for ¢’ = 36" and L/D,, =457, the value of w is about 0.83. So

o Gy = [( )(1 75)2](135 6)[(0:83) (95.52) ~ 1] = 25,532 kN

: Example 12 3

s aft is shown in Flgute 12. 12 The uncorrected average standard pene-

,‘ ;tratxon number (Na,) wzthm a dxstance ofzb,, below the base of the shaft i is about
:‘[30 Determme . :

" a, The ultimate Ioad~carrymg capamty

b "The load-carrying capacity for a settlément of 05 in. Use Reese and
O’Neﬂl’s method. ‘

- fi=Bow
B=15~ 0135

"'Fortmsproblem, 2= 202=10fts0
| ' B =15~ (0.135)(10)° = 1.07
o e oty = vz = (100) (10) =.1000 Ib/f
e £, = (1000 (1.07) = 1070 Ib/f
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Loose sand
y= 1001b/f

- bense s'and 3
y= 120 lb/ft

Fiy gure 12 12 Dnlled shaft supported by :§ dense 1ayer of sand

and

Ef,p AL, (1070) (ar X 2) (20) = 134 460 lb 134 46 kxp
From Eq (12.32)

. q,= 12N«, (1 2) (30) = 36 lup/ﬁ:2
50 Sl pas s :

i;@Ak-ﬂ@s)[ (3)2] 2544mp

Outs = 2o, + o AL = 2544 + 134,46 = 3889 kip

' Allowable Se’ttlemeﬁt .05
‘ . D:;,f T (2) (12)
The trend line shown in Figure 12 9 mdlcates that, for a normahzed settlemen
2.1%, the normahzed side load is about 0.9. Thus, the side load transfer is (0.
(134.46) = 121 kip. Smnlarly, : B
Ailowable settlement 0 5
Dy 6 (12)

0021 21%

= 0.014 = 1.4%
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Z’U;,The trend lme shown in, F gure 12.10 indicates that for a normahzed settle-‘_f
_ment. of 1.4%, the ;mrmahzed base load is 0.312. So the base load is
(0 312) (254 47) ’—- 79.4 kip. Hence, the total load 1s :

. Q 121+ 794~ 200kip

Drilled Shafts in Clay: Load-Bearing Capacity

For saturated clays with ¢ = 0, the bearing capacity factor N, in Eq. (12.4) is equal
to unity. Thus, for this case, Eq. (12.4) will be of the form

Qp(net) = ApCuNcFchchc (1238)
where ¢, = undrained cohesion

Assuming that L = 3D,, we can rewrite Eq. (12.38) as

(12.39)

where N¥ = N,F FoF, = 133[(In 1) + 1] (12.40)
in which I, = soil rigidity index

The soil rigidity index was defined in Eq. (12.11). For ¢ = 0,
(12.41)

O’Neill and Reese (1999) provided an approximate relationship between c,
and E/3c,. This relationship is shown in Figure 12.13. For all practical purposes,
if ¢,/ p, is equal to or greater than unity (p, = atmospheric pressure = 100 kN/m?
or 2000 Ib/ft?), then the magnitude of N* can be taken to be 9.

Experiments by Whitaker and Cooke (1966) showed that, for belled shafts, the
full value of N* = 9 is realized with a base movement of about 10%-15% of D,.
Similarly, for straight shafts (D, = D;), the full value of N¥ = 9 is obtained with a
base movement of about 20% of D,

The expression for the skin resistance of drilled shafts in clay is similar to
Eq. (11.54),0r

(12.42)
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300

Based on O’Neill
and Reese (1999)

2.0 Figure 12.13 Approximate varia-

E
tion of — with ¢,/ p, (Note:
3¢,

p. = atmospheric pressure)

*
az

0 01 02 03 04 05 06 07 08 09 1.0

Y

<
10t N

Figure 12.14 Variation of o}
m with depth for the drilled shaft
load test shown in Figure 12.5
(after Reese, Touma, and O’Neill,
25 1976)

0

Depth, z (ft)

where p = perimeter of the shaft cross section

The value of o* that can be used in Eq. (12.42) has not yet been fully established
However, the field-test results available at this time indicate that a* may vary be
tween 1.0 and 0.3. Figure 12.14 shows the variation of o* with depth (a}) at various
stages of loading for the case of the drilled shaft presented in Figure 12.5. The value:
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of af were derived from Figure 12.5c. At ultimate load, the peak value of a} is about

0.7, with an average of a* =~ 0.5.

Kulhawy and Jackson (1989) reported the field-test result of 106 straight drilled
shafts—o65 in uplift and 41 in compression. The magnitudes of a* obtained from these
tests are shown in Figure 12.15. The best correlation obtained from the results is

a* =021 + 0.25(&) <1 (12.43)

u

where p, = atmospheric pressure = 1 ton/ft* (=100 kN/m?)
So, conservatively, we may assume that

Load-Bearing Capacity Based on Settlement

Reese and O’Neill (1989) suggested a procedure for estimating the ultimate and al-
lowable (based on settlement) bearing capacities for drilled shafts in clay. According
to this procedure, we can use Eq. (12.29) for the net ultimate load, or

Qu(net) = ;ﬁp AL: + qup

I
106 Straight Shafts

L)

65 Uplift 41 Compression

[ Group | A
© Group 2 A
o Group 3 A

o* = 0.21 +0.25 (2)(<1)

Adhesion Factor, o*

Normalized undrained shear strength, ¢, /p,

Figure 12.15 Variation of a* with c,/p, (after Kulhawy and Jackson, 1989)
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The unit skin friction resistance can be given as

(12.45)

The following values are recommended for off:

af = 0 for the top 1.5 m (5 ft) and bottom 1 diameter, D,, of the drilled shaft.
(Note: If D, > D,, then a* = 0 for 1 diameter above the top of the belt
and for the peripheral area of the bell itself.)

af = 0.55 elsewhere.

(12.46)

where ¢, = average undrained cohesion within 2D, below the base.
If D, is large, excessive settlement will occur at the ultimate load per unit area,
g, as given by Eq. (12.46). Thus, for D, > 1.91 m (75 in.), g, may be replaced by

(12.47)

2.5
where F, = ———r———=x1 12.48
1Dy (in) + 4, ( )

¥, = 0.0071 + 0.0021(%

) <0015 (12.49)
b

Y= 045(cy)® (0.5 =4y, <15) (12.50)
T
kip/ft?

In SI units, Eqs. (12.46), (12.48), (12.49), and (12.50) can be expressed as

' L
q, = 6c“b(1 + 0.21—);) < 9¢,, < 3830 kN/m? (12.51)

_ 2.5
YD, (mm) + ¢,

F, <1 (12.52)

Py =278 X 107* + 8.26 X 10‘5(%> =59%x10™* (12.53)
b
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¥, = 0.065[cyp, (kKN/m?)]%3 (12.54)

Figures 12.16 and 12.17 may now be used to evaluate the allowable load-bearing
capacity, based on settlement. (Note that the ultimate bearing capacity in Fig-
ure 12.17 is g, not q,,.) To do so,

1. Select a value of settlement, s.
N

2. Calculate D\ fip AL;and q,4,.
i=1

3. Using Figures 12.16 and 12.17 and the calculated values in Step 2, determine the
side load and the end bearing load.
4. The sum of the side load and the end bearing load gives the total allowable

load.

Side load transfer
Ultimate side load transfer,  f; p AL;

Range of results

————— Trend line

1 i L

1 L
04 06 08 1.0 12 14
Settlement
Diameter of shaft, D

Figure 12.16 Normalized side load transfer vs. settlement for cohesive soil
(after Reese and O’Neill, 1989)

G R R e b L o B i Aol ik s




0.6

05+

0.4

End bearing
Ultimate end bearing, g,4,

Range of results

amem—— Trend line

.
TS TRpERtRL Rl R 3

1 1 1 1 ] L L 1 L J
0 1 2 3 4 5 6 7 8 9 10
Settlement of base %)

Diameter of base, D,,

Figure 12.17 Normalized base load transfer vs. settlement for cohesive soil
(after Reese and O’Neill, 1989)

Example 12.4

Figure 12.18 shows a drilled shaft w1thout a bell. Here, Ll = 27 ft, L2 - 8.5
D, = 331t, ¢, = 1000 lb/ft2 and ¢, = 2175 lb/f'c2 Determme ,

a. The net ultlmate point beanng capaclty
b. The ultlmate skin resxstance [
¢ The workmg load, Q,,, (FS 3)

Use Egs. (12 39) (12 42) and (12 44)

Solution S
Parta - L
From Eq (12 39)

Qp(net) = A, CuN §= ANt = [(‘;{)(33)2](2175) 9
_1674251b~1674k|p s o
(Note: Smce 6/Pa>1,N¥ ~9) ' '
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Figure 12.18 A drill shaft without a bell

Patb
From Eq. (1242), el i
. Q, = Sa*c,pAL

From B3, (240,

oz"‘“04 «
~ p=aD, -(314)(33)—1037ft

(o 4)(10 37)[(1000 x 27) + (2175 >< 5. 5)]
| = 1836821b ~ 1887 klp

Q Qp(nct) + Qs 1674 + 1887
do = ""Fg 3

=118 7 klp

Example 12 5

A dnlled shaft in a coheswe soil is shown in Flgure 12 19 Use Reese and
O’Nelll’s method to determme

a. The ultimate load-carrymg capamty (Eq& 12.45 through 12. 50)
b. The load-carrying capacity for an allowable settlement of 0.5 in.

AR Rl iR
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A . " Clay
25— = " " c,=800Ib/ft
12 ft

’ ’ Clay
201 ¢, = 1200 1b/ft?
i 10 ft

. Clay
€. = 3000 /i
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: Agam, from Eq (12 46) , s :
' a,= 6c,,b(1 +02, 5 )= (6)‘(30’00)[1} 02(20:5 )] = 40,500 1b/fe
iy "‘"405k1P/ft2 o S o

lAcheck reveals that ‘Tv : G

. ’q"; = 9cu,, = (9) (3000) 27 000 1b/ft2 27 klp/ftz < 40. 5 kip/ft*

SO we use q,, = 27 klp/ftz' ) i

5."‘9# q,,( 7l )—(27)[( )(4)] 3393k1p

Q.= ZafeupAL+ gpA, = 527 + 3393 = 302 kip

G Allowable setﬂémeht‘ 05
B ‘Ds’ 25)(12)

'—0167"'167%

: ,The trend hne shown in Figure 12 16 indicates that 'for 4 a normahzed settlement
,of 1 67% the nOrmahzed side load is about 0 89. Thus, the 51de load is

(o 89) (zprL ) g (0. 89) (527) = 46 9kip

i Allowable ‘settlemeﬁt‘f :
U -Db n

= 00104 = 1 04%

1 The trend hne shown m Flgure 12,17 mdlcates that for a qormahzed settlement
":of 1 04%, the normahzed end bearing is about 057,s0

Base load (o 57) (q,,Ap) ‘(o 57) (339 3) = 1934kip
"Thus, the total Ioad iS5 ‘ |
Q= 46.9~+_;193.4' = 240.3kip '

Settlement of Drilled Shafts at Working Load

The settlement of drilled shafts at working load is calculated in a manner similar to
that outlined in Section 11.18. In many cases, the load carried by shaft resistance is
'small compared with the load carried at the base. In such cases, the contribution of
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s5; may be ignored. Note that in Egs. (11.74) and (11.75) the term D should be re-
placed by D, for drilled shafts.

Example 12.6

For the drilled shaft of Example 12.4, estimate the elastic settlement at working
-loads (ie., Q, = 118.7kip). Use Eqgs. (11. 73) -(11.75), and (11.76). Take
&= 065 E,=3X 1061b/m2 E = ZOOOIb/m s =03, and Q,, = 2435k1p

‘ Solutlon
From Eq (11 73)

(pr + £Qy)L
- se(x) = T

O, = 1187 — 2435 = 9435kip

(2435 + (065 X 3VI3) _ o o~ gonoim

e 332 3X10°x144)
T R AR T S

FromEq.(1175),

se(z);‘QwCP e
Lo , s : qup L

i;'FromTable 11. 11 for suff clay, c‘l ~ 004 also,

. g,= c,,(,,)N* = (2 175 klp/ftz) (9) = 19 575 kzp/ft2

TN (24 35)(0 04)
0T 33) (19575)

;‘i,Agam fromEqs. a1 76) agd wm,
' 2. \( D,
; S,(g) (pL)( )(1 - )I

jwhere I‘“2+035,/———2+03 33_—_315
‘:s’ , v

0015ft 0181n

2000 X 144
1000 '

s = [ 94.35 ] 33 (1 - 03 (3'. 15) : 0-0035 g

(7 X 33)(355)
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“The total settlement is
8, = Syq) + Sezy + Sey = 0.0099 + 0.18 + 0.1 ~ 0.29 in.

Lateral Load-Carrying Capacity

Several methods for analyzing the lateral load-carrying capacity of piles, as well as
the load-carrying capacity of drilled shafts, were presented in Section 11.9; there-
fore, they will not be repeated here. In 1994, Duncan et al. developed a characteristic
load method for estimating the lateral load capacity for drilled shafts that is fairly
simple to use. We describe this method next.

According to the characteristic load method, the characteristic load Q. and
moment M, form the basis for the dimensionless relationship that can be given by
the following correlations:

Characteristic Load
Cu
E,R,
Y D'K,
E,R,

068
Q. = 1.34D? (E,,R,)( ) (forclay)  (12.55)

057
Q.= 157D} (E,,Rl)( ) (forsand)  (12.56)

Characteristic Moment
Cu

M, = 3.86D? (E,,R,)( ER,
P

0.46
) {for clay) (12.57)

Y Dd'K,

M, = 1.33D§(EPR,)( R
pAM

0.40
) (forsand)  (12.58)

In these equations, D, = diameter of drilled shafts
E, = modulus of elasticity of drilled shafts
R; = ratio of moment of inertia of drilled shaft section to mo-
ment of inertia of a solid section (Note: R; = 1 for un-
cracked shaft without central void)
= effective unit weight of sand
effective soil friction angle (degrees)

= Rankine passive pressure coefficient = tan*(45 + ¢’/2)

Deflection Due to Load Q, Applied at the Ground Line

Table 12.1 gives the variation of x,/D, with Q,/Q. and Figure 12.20 gives the plot of
Q,/Q. versus x,/ D, for drilled shafts in sand and clay due to the load Q, applied at the
ground surface. Note that x,, is the ground line deflection. If the magnitudes of Q, and
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Table 12.1 Variation of x,/ D, with Q,/Q. due to load Q, applied at the ground surface

Clay Sand

X, qQ, . Qy a, . On

b—, Free head Ec Fixed head a Free head a: Fixed head 5;
0.0000 0.0000 0.0000 0.0000 0.0000
0.0025 0.0040 0.0088 0.0008 0.0016
0.0050 0.0065 0.0133 0.0013 0.0028
0.0075 0.0078 0.0168 0.0017 0.0039
0.0100 0.0091 0.0197 0.0021 0.0049
0.0150 0.0113 0.0247 0.0027 0.0065
0.0200 0.0135 0.0289 0.0033 0.0079
0.0300 0.0171 0.0359 0.0043 0.0104
0.0400 0.0200 0.0419 0.0052 0.0125
0.0500 0.0226 0.0471 0.0060 0.0144
0.0600 0.0250 — 0.0068 —_
0.0800 0.0292 — 0.0083 —
0.1000 0.0332 — 0.0097 —

0.1500 0.0412 — 0.0124 —
After Duncan et al. (1994) -

0.04 0.015
045 Fixed Fixed

Free
0.030 A Free 0.010 /

d ¢

0.000
0.00

0.05 0.10 0.15 0.05 0.10 0.15

%

Dy
(b) Sand

%o

D,
(@) Clay

Figure 12.20 Plot of Q,/Q. vs. x,/ D, (after Duncan et al., 1994)

Q. are known, the ratio 0,/Q. can be calculated. The table or the figure can then b
used to estimate the corresponding value of x,/D; and, hence, x,.

Deflection Due to Moment Applied at the Ground Line

Table 12.2 gives the variation of x,/ D, with M,/ M, and Figure 12.21 gives the variatio
plot of M,/ M_ with x,/D; for drilled shafts in sand and clay due to an applied mom
M, at the ground line. Again, x, is the ground line deflection. If the magnitudes
M,, M_, and D, are known, the value of x, can be calculated with the use of the tabl‘
the figure. :
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Table 12.2 Moment-deflection coefficients

Applied Moment

'gf Clay M, /M, Sand M,/M,
0.00 0.0000 0.0000
0.01 0.0048 0.0019
0.02 0.0074 0.0032
0.03 0.0097 0.0044
0.04 0.0119 0.0055
0.05 0.0139 0.0065
0.06 0.0158 ~0.0075
0.08 0.0193 0.0094
0.10 0.0226 0.0113
0.15 0.0303 0.0150

After Duncan et al. (1994)

0.03 : 0.015

0.02 J 0.010 v

0.01 / 0.005 /

SRS

0.00 0.00
0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15
£ -
D, D,
(a) Clay (b) Sand

Figure 12.21 Plot of M,/ M, vs. x,/ D; (after Duncan et al., 1994)

Deflection Due to Load Applied Above the Ground Line

When a load Q is applied above the ground line, it induces both a load O, = Q and
a moment M, = Qe at the ground line, as shown in Figure 12.22. A superposition so-
lution can now be used to obtain the ground line deflection. The step-by-step proce-
dure is as follows:

1. Calculate O, and M,.

2. Calculate the deflection x,y (see Figure 12.22a) that would be caused by the
load Q, acting alone. Use Table 12.1 or Figure 12.20.

3. Calculate the deflection x,,, (see Figure 12.22b) that would be caused by the
moment acting alone. Use Table 12.2 or Figure 12.21.

4. Determine the value of a load Q,, that would cause the same deflection as the
moment (i.e., x,)). Use Table 12.1 or Figure 12.20. This is schematically shown
in Figure 12.22c.

BRI 3t ot o A N el S A ol

=
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°_ M, = Qe
; ¢ ™
- z Q=9 p
i _ oM XoMQ
) - -05 (_-DS a )
9 o 9
Q Q. Q.

@

Figure 12.22 Nonlinear superposmon of deflections due to load and moment (after Dun-
can et al., 1994)

5. Determine the value of a moment M,y that would cause the same deflection
the load (i.e, x,p), as shown in Figure 12.22d. Use Table 12.2 or Figure 12.21.

6. Calculate (Q; + Qum)/Q.. Use Table 12.1 or Figure 1220 to determin
Xoom/ Ds. (See Flgure 12.22¢.)

7. Calculate (M, + M,5)/M,. Use Table 12.2 or Figure 12.21 to determine xoMQ/
(See Figure 12.22f)

8. Calculate the combined deflection: Zoombizeqy = 0-5(Yoon + Xomg) (12593
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Maximum Moment in Drilled Shaft Due to Ground Line Load Only

Figure 12.23 shows the plot of Q,/Q. with M,.,/M, and Table 12.3 shows the varia-
tion of M,/ M, with Q,/Q, for fixed- and free-headed drilled shafts due only to the
application of a ground line load Q,. For fixed-headed shafts, the maximum moment
in the shaft, M,,,,, occurs at the ground line. For this condition, if 0., M, and Q, are
known, the magnitude of M, can be easily calculated.

Maximum Moment Due to Load and Moment at Ground Line

If a load O, and a moment M, are applied at the ground line, the maximum moment
in the drilled shaft can be determined in the following manner:

0.020

0.015

/ 0.010

0.005 /

0.000 0.000
0.000 0.005 0.010 0015 0.000 0005 0010 0.015

M max Mmax
M, M,

(a) Clay (b) Sand

Figure 12.23 Variation of Q,/Q, with M.,/ M, (after Duncan et al., 1994)

Table 12.3 1Load-moment coefficients

Clay Sand

M, ../ M. Fixed head Free head Fixed head
Q, Q,
a, Q,

0.00 0.0000 0.0000 0.0000
0.001 0.0050
0.002 0.0090
0.003 0.0125
0.004 0.0157
0.005 0.0185
0.006 0.0212
0.008 0.0264
0.010 0.0319
0.015 0.0432

After Duncan et al. (1994)

R A S A P st AR . 515 O Al o s -
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1. Using the procedure described before, calculate x,compineay from Eq. (12.59).
2. To solve for the characteristic length 7, use the following equation:

2430, . 162M,

st

- = 2
X o(combined) Ep Ip Ep IP T (1260)
3. The moment in the shaft at a depth z below the ground surface can be calculated as
M,= A, QT + B,M, (12.61)

where A, B,, = dimensionless moment coefficients (Matlock and Reese,
1961); see Figure 12.24

The value of the maximum moment M_,, can be obtained by calculating M, at var-
ious depths in the upper part of the drilled shaft.

The characteristic load method just described is valid only if L/ D, has a certain
minimum value. If the actual L/D; is less than (L/D,)nin, then the ground line de-
flections will be underestimated and the moments will be overestimated. The values
of (L/D,) p, for drilled shafts in sand and clay are given in the following table:

ER,

€y

Clay (L/Ds)mh\

1 x10° 6
3x10° 10
1 x 108 14

3 x 10° 18

20

Figure 12.24 Variation of A, and B,, with z/T
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ER, i
Sand m (L/D,) min ]
1x10* 8
4 % 10* 11
2 X 10° 14
Example 12.7
Flgurc 12;25 shoiys a drilledshaft in sand. If L = 6 m, D, = 800 mm, average hor-
izontal soil modulus E, = 35 X 10° kN/m? and E, = 20.7 X 10°kN/m? estimate
the ultimate lateral load, Q,,, applied at the ground surface. Use Meyerhof’s
: method giveﬁ’ in Section 11.19, and check your results with Eq. (11.106).
Solution ‘ : W
From Eq. (11.104), the relative stiffness of the shaft is R
K, = ——’ﬁ;—
‘with |
T T (800N
g 641), 3 (1000) 0.02 m
itfollowsthat . oo
S (207 X 109(0.02)
o Ky o= = 0.009
e T (35X 10%)(6)* ’
Since K, is less than 0.01, thisisa ﬂexibk drilled shaft. From Eq. (11.109),
=€ = 165 K02
LT eks
L, = (1.65)(0.009)*2(6) = 5.63m
A ..S;r.l;i A.}'
vy = 17.8 kN/m3
6m $' = 35° : T
- D, = 800 mm .. Figure 12.25 Ultimate lateral load of a drilled
X shaft
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Thus, from Eq. (11.105)
 Qug = 012y D,L2K,, < 04p,DL,

Hence,

From Figure 11 39 for, L,/D = 7 04 and qS’ = 3S° the value of K, = 10,50
o ‘“Qu(g) (0 12) (17 8) (0 8) (5 63)2(10) = 541 6 kN

‘ As a check we have |

16803kN

Consequently, :

| Example 12 8

A free-headed ‘dnlled :shaft in clay is shown in Egure 12.26 Let E 22
- 10°kN/m?’. Determine * ' '

athe ground line deﬂectlon, X ofcombined) L
_b. the mammum bending moment in the dnlled shaft
- ¢ the maximum tensile stress intheshaft = :
S the m1mmum penetratlon of the shaft needed for thxs analysm

Figi re 1226 yFree-headed drilled




12.10 Lateral Load-Carrying Capacity 617
Solution
We are given R
' 'c,,‘=’-",‘v100kN/m2
CR=1
E, = 22 X 10°kN/m?
SRR R :

Part Ny
~‘From Eq. (12 55)

Q = 7 34132"()5;,’121‘)( B, )0'68 .

. S 100 0.68
‘ - . 34) (1)2[(22 X 106)(1)]{'(‘2‘{;‘1'65567] ‘

P =, 607 KN
'me Eq (12 57), |

M, = 386D} (EPRA(E;) |

(22 X 109(1)

CEn= (3 86) (1)3{(22 x 106)(1)}[————&——-:10-46 ’
LT M- 296 139kN-m |

FromTable 121 Xop = (0 0025)D = 00025m 2.5 mm. Also,

M, 200
XE = 296,139 000675
FromTable 12. 2 xoM (0 0014)D = 0. 0014 m= 1 4mm S0

XoM _ O 0014

) " 0.0014
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From Table 12.1, for x,,M/‘D, = 0.0014, the value of Q,m/Q. =~ 0.002. Hence,

me Table 1. 2, for xOQ/D | ‘0.062'5;'“th'e value of Mgg/Mc ~ 0.0013, 50

Q‘+Q"‘f—ooo4+oooz 0.006

From 'I;able” 12. 1 for (Qg + QgM)/Qc = 0006 the value of x,,QM/D =~ 0.0046.
Hence,

(243)(150) - o ',-(1.62)(266)
(22 x‘1o§)(9.o49)‘« ,"(22 >< 10) (0.049) *

0 00435

000435 m= 3’38 x 10-6 T3 + 300. 6 X 10-6 T2
andlt follows that . 5
te iy ?== 2.05 m
 From Eq. (1261), | - e
M= A4,0,T + B M A,,,(150) @ 05) + B,,,(zoo) = 30754, + 200 B;




(22 109 (1)

)/, = 2.2 X 10, the value of (L/Dy) sy = 8:5:S

Drilled Shafts Extending into Rock

In Section 12.1, we noted that drilled shafts can be extended into rock. In the cur-
rent section, we describe the principles of analysis of the load-bearing capacity of
such drilled shafts, based on the procedure developed by Reese and O’Neill (1988,
1989). Figure 12.27 shows a drilled shaft whose depth of embedment in rock is
equal to L. In the design process to be recommended, it is assumed that there is ei-
ther side resistance between the shaft and the rock or point resistance at the bottom,
but not both. Following is a step-by-step procedure for estimating the ultimate
bearing capacity:
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f = unit side
resistance

. 9p=unit point
bearing

Figure 12.27 Drilled
shaft socketed into rock

1. Calculate the ultimate unit side resistance as
f (Ib/in?) = 2.5¢% < 0.15¢q, (12.62)

where g, = unconfined compression strength of a rock core of NW size or
larger, or of the drilled shaft concrete, whichever is smaller (in
1b/in?)

In SI units, Eq (12.62) can be expressed as
f(kKN/m?) = 6.564¢,%3(kN/m?) =< 0.15g, (kN/m?) (12.63)
2. Calculate the ultimate capacity based on side resistance only, or
Q, = wD,Lf (12.64)
3. Calculate the settlement s, of the shaft at the top of the rock socket, or
Se = Se(sy) T Se(n) (12.65‘

where s, = elastic compression of the drilled shaft within the socket, a
: suming no side resistance
5.5 = settlement of the base

However,

Q.L
0 = AL,
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_ QuI f
) = D:E mass

where Q, = ultimate load obtained from Eq. (12.62) or
Eq. (12.63) (this assumes that the contribution of the
overburden to the side shear is negligible)
A, = cross-sectional area of the drilled shaft in the socket
=T D?
4 s
E, = Young’s modulus of the concrete and reinforcing
steel in the shaft
E .. = Young’s modulus of the rock mass into which the
socket is drilled
I; = elastic influence coefficient (see Figure 12.28)

(12.67)

The magnitude of E ., can be determined from the average plot shown in
Figure 12.29. In this figure, E . is the Young’s modulus of intact specimens of
rock cores of NW size or larger. However, unless the socket is very long
(O’Neill, 1997),

QuI f

=% = DE.
§~mass

4. If s, is less than 10 mm (=~0.4 in.), then the ultimate load-carrying capacity is
that calculated by Eq. (12.64).If s, = 10 mm. (0.4 in.), then go to Step 5.

11 VM

1.0

(12.69)

0.9

0.8

0.7

0.6

0.5

04
03 N\

N

Settlement influence factor, I,

\\1\
R
—
100
01 —
5000

0 A
0 2 4 6 8 10 12 20

Embedment ratio, L Figure 12.28 \_’ariation of I; (after
D, Reese and O’Neill, 1989)

0.2

\
I~
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1.2

|

oy
=

Emass
ECOI’ e

ot
o0

e
=

<
S

0.2

Modulus reduction ratio (

0 20 40 60 8 100 Figyre 1229 Plot of E 1/ E core V5. RQD
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5. If s, = 10 mm (0.4 in.), there may be rapid, progressive side shear failure in the
rock socket, resulting in a complete loss of side resistance. In that case, the ulti-
mate capacity is equal to the point resistance, or

34+
D,

4 5 \05 4
10(1 + 300 c_>

5

Q,=3A (12.70)

where ¢, = spacing of discontinuities (same unit as D,)
& = thickness of individual discontinuity (same unit as D;)
g, = unconfined compression strength of the rock beneath the base
of the socket, or the drilled shaft concrete, whichever is smaller

Note that Eq. (12.70) applies for horizontally stratified discontinuities with
¢, > 305mm (12in.) and 8§ < Smm(0.2 in.).

 Example 129
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Soft clay

L~ Drilled pier

Figure 12.30 Drilled shaft extending into rock

.  As a check, we have

=015, = (015)(3000) = 450 Ib/in* > 136. 9 1b/in*

- So use f = 1369 Ib/in’.

" Step3

From Eq (12.64),
Q, = D, Lf = [(m)(3 X 12)(15 X 12) (136. 9)] = 2787 kip

From Eqgs. (12. 65) (12.66), and (12 67)
QuL 2 Q“If

AE,  DiE g
For RQD =~ 80%, from P“lgure 12 29, the value of Emass/E core. ™ 0.5;

Se =

’ thus,

Ep = 05E o, = (0.5)(0.36 X 10°) = 0.18 X 10° Ib/in*
s0

E.  3x10°
Eypss 018 X;lO‘f’

~16.7

and B
L 15
— —— o 5

; D, 3
From Figure 12.28, for E,_/E ,, = 16.7 and L/D, = 5, the magnitude
of I is about 0.35. Hence, ‘ ) /
(2787 X 10° Ib) (0.35)
(3 X 12in.)(0.18 X 10°1b/in?)

(2787 x 10°1b) (15 X 12in.)

Se =

{-(3 X 12 in.)%(3 X 105 Ib/in?)
= 0315 in. < 0.41in.

Therefore,
Q, = 2787 kip
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12.1 A drilled shaft is shown in Figure P12.1. Use Eq. (12.20) and determine the
net allowable point bearing capacity. Assume the following values:

D,=2m ¥ = 15.6 kN/m?
D,=12m v, =176kN/m’?
Li=6m ¢’ =35°
L,=3m ¢, =35kN/m?
Factor of safety = 4

Silty clay

Ye
Cu

le—~p,— Figure P12.1

12.2 Redo Problem 12.1, this time using Eq. (12.16). Let E, = 600p,.
12.3 Redo Problem 12.1 with the following data:

D,=175m Y. = 17.8 kN/m?
D,=1m v, = 182 kN/m?
Li=625m ¢ =32°
L,=25m ¢, = 32kN/m?
Factor of safety = 4

124 Solve Problem 12.3 using Eq. (12.16). Let E; = 400p,.
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12.5 For the drilled shaft described in Problem 12.1, what skin resistance would de-
velop in the top 6 m, which is in clay? .
a. Use Eqs. (12.42) and (12.44).
b. Use Eq. (12.45).
For the drilled shaft described in Problem 12.3, what skin resistance would de-
velop in the top 6.25 m?
a. Use Eqgs. (12.42) and (12.44).
b. Use Eq. (12.45). 4
Figure P12.7 shows a drilled shaft without a bell. Assume the following values:

Ll =6m Cu(l) = 45 kN/m2
L2 =5m Cu(2) = T4 kN/m2
D;,=15m

Determine

a. The net ultimate point bearing capacity [use Eqgs. (12.39) and (12.40)]
b. The ultimate skin friction [use Egs. (12.42) and (12.44)]

¢. The working load Q,, (factor of safety = 3)

Figure P12.7

12.8 Repeat Problem 12.7 with the following data:

Ly =25ft c,u = 1200 Ib/ft2
Ly=10ft c,p = 2000 Ib/fi2
D, =35ft

Use Egs. (12.45) and (12.46).

A drilled shaft in a medium sand is shown in Figure P12.9. Using the method

proposed by Reese and O’Neill, determine the following:

a. The net allowable point resistance for a base movement of 25 mm

b. The shaft frictional resistance for a base movement of 25 mm

¢. The total load that can be carried by the drilled shaft for a total base move-
ment of 25 mm
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Medium sand

¢l

Average standard
penetration number (Ng,)
with 2D, below the

drilied shaft = 19

le——D,— Figure P12.9

Assume the following values:

L=12m vy =18kN/m?
Li=11m ¢ =38°

D;=1m D, = 65% (medium sand)
Db =2m

12.10 In Figure P12.9,let L = 25ft, L, = 20 ft, D, = 3.5 ft, D, = 5 ft, y =110 Ib/{%,
and ¢’ = 35°. The average uncorrected standard penetration number (Nw)
within 2D, below the drilled shaft is 29. Determine

a. The ultimate load-carrying capacity
b The load-carrying capacity for a settlement of 1in.
Use Reese and O’Neill’s method.

12.11 For the drilled shaft described in Problem 12.7, determine
a. The ultimate load-carrying capacity
b. The load carrying capacity for a settlement of 12 mm
Use the procedure outlined by Reese and O’Neill. (See Figures 12.16 and 12.17

12.12 For the drilled shaft described in Problem 12.7, estimate the total elastic set
tlement at working load. Use Egs. (11.73), (11.75), and (11.76). Assume tha '
E,=20X 106kN/m C, =0.03, £=065 u,=03, E, =12,000kN/m
and Q. = 0.78 Q,,. Use the value of Q,, from Part (c) of Problem 12.7.

12.13 For the drilled shaft described in Problem 12.8, estimate the total elastic §
tlement at working load. Use Egs. (11.73), (11.75), and (11.76). Assume th
E, =3 x 10%1b/in®, C, = 0.03, £ = 0.65, p, =03, E, = 2000 1b/in?, ang

: Q ws = 0.83Q,. Use the value of Q,, from Part (c) of Problem 12.8.

12.14 Suppose the drilied shaft shown in Figure P12.14 is a point bearing shaft wi
working load of 650 kip. Calculate the drilled shaft settlement from Eqs. (1

and (11.74) for E, = 3 X 10°Ib/in?, p, = 0.35, and E, = 6000 Ib/ft.
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Silty clay
y= 115 Ib/ft
¢, =750 Ib/ft?

Sand
y = 115 1b/f®

Figure P12.14

12.15 Figure P12.15 shows a drilled shaft extending to rock. Assume the follow-
ing values:

Qu (concrete) = 247000 kN/ m2 E (concrete) =22 GN/ m2
Qy (rock) = 52,100 kN/m2 Ecure(rock) =121 GN/m2
RQD 1oy = 75%
Spacing of discontinuity in rock = 550 mm
Thickness of individual discontinuity in rock = 2.5 mm
Estimate the allowable load-bearing capacity of the drilled shaft. Use
FS = 4,

{747, Loose sand
Ty =15kN/m3
= 30°

- . ¥ -
Nas T2

‘;‘ Rock

’ -
N’

A} Concrete
~ 7 drilled shaft

Figure P12.15

12.16 A free-headed drill shaft is shown in Figure P12.16. Let Q, = 260kN,
M, =0,y =17.5kN/m’ ¢’ = 35°,¢’ = 0,and E, = 22 X 10°kN/m>
Determine
a. the ground line deflection, x,,

b. the maximum bending moment in the drilled shaft
¢. the maximum tensile stress in the shaft
d. the minimum penetration of the shaft needed for this analysis
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Q =

Figure P12.16
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