


























































































































































































72  Chapter 2: Geotechnical Properties of Soil 

2.16	 For a normally consolidated soil, the following is given:

	 Pressure (kN/m2)	 Void ratio

	 120	 0.82
	 360	 0.64

Determine the following:
a.	 The compression index, Cc.
b.	 The void ratio corresponding to pressure of 200 kN/m2.

2.17	 A clay soil specimen, 1.5 in. thick (drained on top only) was tested in the laboratory. 
For a given load increment, the time for 60% consolidation was 8 min 10 sec. How 
long will it take for 50% consolidation for a similar clay layer in the field that is 10-ft 
thick and drained on both sides?

2.18	 Refer to Figure P2.18. A total of 60 mm consolidation settlement is expected in the 
two clay layers due to a surcharge of ��. Find the duration of surcharge application 
at which 30 mm of total settlement would take place.

D�

Groundwater table

Sand

Sand

Clay
C� =  2 mm2/min

Clay
C� =  2 mm2/min

1 m

1 m

2 m

1 m

1 m

Sand Figure P2.18  

2.19	 The coefficient of consolidation of a clay for a given pressure range was obtained 
as 8 3 1023 mm2/sec on the basis of one-dimensional consolidation test results. In 
the field, there is a 2-m-thick layer of the same clay (Figure P2.19a). Based on the 
assumption that a uniform surcharge of 92 kNym2 was to be applied instantaneously, 
the total consolidation settlement was estimated to be 120 mm. However, during 
construction, the loading was gradual; the resulting surcharge can be approximated 
as shown in Figure P2.19b. Estimate the settlement at t 5 30 and t 5 100 days after 
the beginning of construction.
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168  Chapter 4: Shallow Foundations: Ultimate Bearing Capacity 

In this case, the factor � in the last term of the bearing capacity equations must be replaced 
by the factor

	 � 5 �9 1
d
B

 s� 2 �9d 	 (4.25)

The preceding modifications are based on the assumption that there is no seepage force in 
the soil.

Case III.  When the water table is located so that d $ B, the water will have no effect on 
the ultimate bearing capacity.

	 4.6	 The General Bearing Capacity Equation

The ultimate bearing capacity equations (4.8), (4.17), and (4.18) are for continuous, 
square, and circular foundations only; they do not address the case of rectangular founda-
tions s0 , ByL , 1d. Also, the equations do not take into account the shearing resistance 
along the failure surface in soil above the bottom of the foundation (the portion of the 
failure surface marked as GI and HJ in Figure 4.6). In addition, the load on the foundation 
may be inclined. To account for all these shortcomings, Meyerhof (1963) suggested the 
following form of the general bearing capacity equation:

	 qu 5 c9NcFcsFcdFci 1 qNqFqsFqdFqi 1 1
2 �BN�F�sF�dF�i 	 (4.26)

In this equation:

 c9 5 cohesion
 q 5 effective stress at the level of the bottom of the foundation
 � 5 unit weight of soil
 B 5 width of foundation (5 diameter for a circular foundation)

Fcs, Fqs, F�s 5 shape factors
Fcd, Fqd, F�d 5 depth factors
Fci, Fqi, F�i 5 load inclination factors
Nc, Nq, N� 5 bearing capacity factors

The equations for determining the various factors given in Eq. (4.26) are described 
briefly in the sections that follow. Note that the original equation for ultimate bearing 
capacity is derived only for the plane-strain case (i.e., for continuous foundations). 
The shape, depth, and load inclination factors are empirical factors based on experi-
mental data.

It is important to recognize the fact that, in the case of inclined loading on a founda-
tion, Eq. (4.26) provides the vertical component.
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4.6  The General Bearing Capacity Equation  169 

Bearing Capacity Factors
The basic nature of the failure surface in soil suggested by Terzaghi now appears to have 
been borne out by laboratory and field studies of bearing capacity (Vesic, 1973). However, 
the angle � shown in Figure 4.6 is closer to 45 1 �9y2 than to �9. If this change is accepted, 
the values of Nc, Nq, and N� for a given soil friction angle will also change from those given 
in Table 4.1. With � 5 45 1 �9y2, it can be shown that

	 Nq 5 tan2
 145 1

�9
2 2 e� tan �9 	 (4.27)

and

	 Nc 5 sNq 2 1d cot �9 	 (4.28)

Equation (4.28) for Nc was originally derived by Prandtl (1921), and Eq. (4.27) for Nq 
was presented by Reissner (1924). Caquot and Kerisel (1953) and Vesic (1973) gave the 
relation for N� as

	 N� 5 2 sNq 1 1d tan �9 	 (4.29)

Table 4.2 shows the variation of the preceding bearing capacity factors with soil friction 
angles.

Table 4.2  Bearing Capacity Factors

f9 Nc Nq Ng f9 Nc Nq Ng

0 5.14 1.00 0.00 16 11.63 4.34 3.06
1 5.38 1.09 0.07 17 12.34 4.77 3.53
2 5.63 1.20 0.15 18 13.10 5.26 4.07
3 5.90 1.31 0.24 19 13.93 5.80 4.68
4 6.19 1.43 0.34 20 14.83 6.40 5.39
5 6.49 1.57 0.45 21 15.82 7.07 6.20
6 6.81 1.72 0.57 22 16.88 7.82 7.13
7 7.16 1.88 0.71 23 18.05 8.66 8.20
8 7.53 2.06 0.86 24 19.32 9.60 9.44
9 7.92 2.25 1.03 25 20.72 10.66 10.88

10 8.35 2.47 1.22 26 22.25 11.85 12.54
11 8.80 2.71 1.44 27 23.94 13.20 14.47
12 9.28 2.97 1.69 28 25.80 14.72 16.72
13 9.81 3.26 1.97 29 27.86 16.44 19.34
14 10.37 3.59 2.29 30 30.14 18.40 22.40
15 10.98 3.94 2.65 31 32.67 20.63 25.99

(continued)
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170  Chapter 4: Shallow Foundations: Ultimate Bearing Capacity 

Table 4.3  �Shape, Depth and Inclination Factors [DeBeer (1970); Hansen (1970); Meyerhof (1963); 
Meyerhof and Hanna (1981)] 

Factor Relationship Reference

Shape
Fcs 5 1 1 1B

L21
Nq

Nc
2 

Fqs 5 1 1 1B
L2 tan �9 

F�s 5 1 2 0.4 1B
L2

DeBeer (1970)

Depth
      

Df

B
 # 1

For � 5 0:

    Fcd 5 1 1 0.4 1Df

B 2 

    Fqd 5 1
    F�d 5 1

Hansen (1970)

For �9 . 0:

     Fcd 5 Fqd 2
1 2 Fqd

Nc tan �9 

    Fqd 5 1 1 2 tan �9 s1 2 sin �9d2 1Df

B 2
     F�d 5 1

      
Df

B
 . 1

Table 4.2  Bearing Capacity Factors  (Continued)

f9 Nc Nq Ng f9 Nc Nq Ng

32 35.49 23.18 30.22 42 93.71 85.38 155.55
33 38.64 26.09 35.19 43 105.11 99.02 186.54
34 42.16 29.44 41.06 44 118.37 115.31 224.64
35 46.12 33.30 48.03 45 133.88 134.88 271.76
36 50.59 37.75 56.31 46 152.10 158.51 330.35
37 55.63 42.92 66.19 47 173.64 187.21 403.67
38 61.35 48.93 78.03 48 199.26 222.31 496.01
39 67.87 55.96 92.25 49 229.93 265.51 613.16
40 75.31 64.20 109.41 50 266.89 319.07 762.89  
41 83.86 73.90 130.22

Shape, Depth, and Inclination Factors
Commonly used shape, depth, and inclination factors are given in Table 4.3.
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4.6  The General Bearing Capacity Equation  171 

Table 4.3  �Shape, Depth and Inclination Factors [DeBeer (1970); Hansen (1970); Meyerhof (1963); 
Meyerhof and Hanna (1981)]  (Continued) 

Factor Relationship Reference

For � 5 0:

    Fcd 5 1 1 0.4 tan21 1Df

B 2
    Fqd 5 1
    F�d 5 1

For �9 . 0:

    Fcd 5 Fqd 2
1 2 Fqd

Nc tan �9

    Fqd 5 1 1 2 tan �9s1 2 sin �9d2 tan21 1Df

B 2
    F�d 5 1

Inclination
Fci 5 Fqi 5 11 2

�8
9082

2

F�i 5 11 2
�8
�92

2

Meyerhof (1963); Hanna and 
Meyerhof (1981)

� 5 �inclination of the load on the  
foundation with respect to the vertical

 (')+*
radians

 (')+*
radians

Example 4.3
Solve Example Problem 4.1 using Eq. (4.26).

Solution
From Eq. (4.26),

	 qu 5 c9NcFcsFcdFci 1 qNqFqsFqdFqt 1
1
2

 �BN�F�sF�dF�t

Since the load is vertical, Fci 5 Fqi 5 F�i 5 1. From Table 4.2 for �9 5 25°, Nc 5 20.72, 
Nq 5 10.66, and N� 5 10.88.
    Using Table 4.3,

Fcs 5 1 1 1B
L21

Nq

Nc
2 5 1 1 12

22110.66
20.722 5 1.514 

Fqs 5 1 1 1B
L2 tan �9 5 1 1 12

22 tan 25 5 1.466
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172  Chapter 4: Shallow Foundations: Ultimate Bearing Capacity 

F�s 5 1 2 0.41B
L2 5 1 2 0.412

22 5 0.6 

Fqd 5 1 1 2 tan �9 s1 2 sin �9d21Df

B 2
5 1 1 s2dstan 25ds1 2 sin 25d211.5

2 2 5 1.233 

Fcd 5 Fqd 2
1 2 Fqd

Nc tan �9 
5 1.233 2 3 1 2 1.233

s20.72dstan 25d4 5 1.257

F�d 5 1 

Hence,
qu 5 (20)(20.72)(1.514)(1.257)(1)

	 1 (1.5 3 16.5)(10.66)(1.466)(1.233)(1)

	 1
1
2

 s16.5ds2ds10.88ds0.6ds1ds1d 

5 788.6 1 476.9 1 107.7 5 1373.2 kN/m2

qall 5
qu

 FS
5

1373.2
3

5 457.7 kN/m2 

Q 5 (457.7)(2 3 2) 5 1830.8 kN	 �

B 3 B

Df

D1
Water
table

�sat 
�9
c95 0

�; �9; c95 0

Figure 4.10  A square foundation

Example 4.4
A square foundation sB 3 Bd has to be constructed as shown in Figure 4.10. Assume that 
� 5 105 lb/ft3, �sat 5 118 lb/ft3, �9 5 348, Df 5 4 ft, and D1 5 2 ft. The gross allowable 
load, Qall, with FS 5 3 is 150,000 lb. Determine the size of the foundation. Use Eq. (4.26).
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312  Chapter 7: Settlement of Shallow Foundations

where

IG 5 influence factor for the variation of Es with depth

5 f1b 5
Eo

kBe
 , 

H
Be
2

IF 5 foundation rigidity correction factor
IE 5 foundation embedment correction factor

Figure 7.6 shows the variation of IG with b 5 EoykBe and HyBe . The foundation rigidity 
correction factor can be expressed as

	 IF 5
p
4

1
1

4.6 1 10 1 Ef

Eo 1
Be

2
k212t

Be
2

3

	 (7.18)

Similarly, the embedment correction factor is

	 IE 5 1 2
1

3.5 exps1.22ms 2 0.4d1Be

Df
1 1.62

	 (7.19)

Figures 7.7 and 7.8 show the variation of IF and IE with terms expressed in Eqs. (7.18)  
and (7.19).

I G

0.01
0

0.2

0.4

0.6

0.8

1.0

2 4 6 0.1 1 10

H/Be 5 0.2

0.5

1.0

2.0

5.0
. 30

100

10.0

Eo
kBe

��5
Figure 7.6  Variation of IG with b
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I F

0.001
0.7

0.75

0.8

0.85

0.9

0.95

1.0

2 4 0.01 0.1 1.0

KF 5

5 Flexibility factor

k

        Ef

Eo 1

3

10010.0

KF

Be
2

2t
Be( ( ))

Figure 7.7  Variation of 
rigidity correction factor IF 
with flexibility factor KF   
[Eq. (7.18)]

I E

�s = 0.5
0.4
0.3
0.2

0.1

0

0
0.7

0.95

0.9

0.85

0.8

0.75

1.0

5 10
Df
Be

15 20 Figure 7.8  Variation of  
embedment correction factor IE 
with DfyBe [Eq (7.19)]

Example 7.3
For a shallow foundation supported by a silty sand, as shown in Figure 7.5.

Length 5 L 5 3 m
Width 5 B 5 1.5 m
Depth of foundation 5 Df 5 1.5 m
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452  Chapter 9: Pile Foundations

Example 9.12
Figure 9.30 shows the load test results of a 20-m-long concrete pile (406 mm 3 406 mm)  
embedded in sand. Using Davisson�s method, determine the ultimate load Qu. Given: 
Ep 5 30 3 106 kN/m2.

Solution
From Eq. (9.79),

su 5 0.012Dr 1 0.11D
Dr
2 1  

QuL
ApEp

Dr 5 300 mm, D 5 406 mm, L 5 20 m 5 20,000 mm, Ap 5 406 mm 3 406 mm 5
164,836 mm2, and Ep 5 30 3 106 kN/m2. Hence,

	  su 5 s0.012ds300d 1 s0.1d1 
406
300

 2 1  
sQuds20,000d
s30ds164,836d

	  5 3.6 1 0.135 1 0.004Qu 5 3.735 1 0.004Qu

The line susmmd 5 3.735 1 0.004Qu is drawn in Figure 9.30. The intersection of this 
line with the load-settlement curve gives the failure load Qu 5 1640 kN.

800

5

10

15

20

1600

3.735 mm

Settlement, s (mm)

Qu = 1460 kN

Q  (kN)

2400

Figure 9.30� �
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9.17  Elastic Settlement of Piles  453 

	 9.17	 Elastic Settlement of Piles

The total settlement of a pile under a vertical working load Qw is given by

	 se 5 ses1d 1 ses2d 1 ses3d	 (9.80)

where

ses1d 5 elastic settlement of pile
ses2d 5 settlement of pile caused by the load at the pile tip
ses3d 5 settlement of pile caused by the load transmitted along the pile shaft

If the pile material is assumed to be elastic, the deformation of the pile shaft can be�evalu-
ated, in accordance with the fundamental principles of mechanics of materials,�as

	 ses1d 5
sQwp 1 �QwsdL

ApEp
	 (9.81)

where

Qwp 5 load carried at the pile point under working load condition
Qws 5 load carried by frictional (skin) resistance under working load condition
Ap 5 area of cross section of pile
L 5 length of pile

Ep 5 modulus of elasticity of the pile material

The magnitude of � varies between 0.5 and 0.67 and will depend on the nature of the 
distribution of the unit friction (skin) resistance f along the pile shaft.

The settlement of a pile caused by the load carried at the pile point may be expressed 
in the form:

	 ses2d 5
qwpD

Es
 s1 2 �s

2dIwp 	 (9.82)

where

D 5 width or diameter of pile
qwp 5 point load per unit area at the pile point 5 QwpyAp
Es 5 modulus of elasticity of soil at or below the pile point
�s 5 Poisson�s ratio of soil
Iwp 5 influence factor < 0.85

Vesic (1977) also proposed a semi-empirical method for obtaining the magnitude of 
the settlement of ses2d . His equation is

	 ses2d 5
QwpCp

Dqp
	 (9.83)
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454  Chapter 9: Pile Foundations

where

qp 5 ultimate point resistance of the pile
Cp 5 an empirical coefficient

Representative values of Cp for various soils are given in Table 9.14.
The settlement of a pile caused by the load carried by the pile shaft is given by a 

relation similar to Eq. (9.82), namely,

	 ses3d 5 1Qws

pL 2 
D
Es

s1 2 �s
2dIws 	 (9.84)

where

p 5 perimeter of the pile
L 5 embedded length of pile

Iws 5 influence factor

Note that the term QwsypL in Eq. (9.84) is the average value of f along the pile shaft. The 
influence factor, Iws, has a simple empirical relation (Vesic, 1977):

	 Iws 5 2 1 0.35ÎL
D

	 (9.85)

Vesic (1977) also proposed a simple empirical relation similar to Eq. (9.83) for 
obtaining ses3d :

	 ses3d 5
QwsCs

Lqp
	 (9.86)

In this equation,  Cs 5 an empirical constant 5 s0.93 1 0.16ÏLyDdCp	 (9.87)

The values of Cp for use in Eq. (9.83) may be estimated from Table 9.14.

Table 9.14  Typical Values of Cp [from Eq. (9.83)]

Type of soil Driven pile Bored pile

Sand (dense to loose) 0.02�0.04 0.09�0.18
Clay (stiff to soft) 0.02�0.03 0.03�0.06
Silt (dense to loose) 0.03�0.05 0.09�0.12

Based on �Design on pile foundations,� by A.S. Vesic. Synthesis of 
Highway Practice by American Association of State Highway and 
Transportation, 1969.
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Example 9.13
The allowable working load on a prestressed concrete pile 21-m long that has been driven 
into sand is 502 kN. The pile is octagonal in shape with D 5 356 mm (see Table 9.3a). 
Skin resistance carries 350 kN of the allowable load, and point bearing carries the rest. 
Use Ep 5 21 3 106 kN/m2, Es 5 25 3 103 kN/m2, �s 0.35, and � 5 0.62. Determine the 
settlement of the pile.

Solution
From Eq. (9.81),

	
Ses1d 5

sQwp 1 �QwsdL
ApEp

From Table 9.3a for D 5 356 mm, the area of pile cross section. Ap 5 1045 cm2, Also, 
perimeter p 5 1.168 m. Given: Qws 5 350 kN, so

Qwp 5 502 2 350 5 152 kN

	  ses1d 5
[152 1 0.62s350d]s21d
s0.1045 m2ds21 3 106d

5 0.00353 m 5 3.35 mm

From Eq. (9.82),

	  ses2d 5
qwpD

Es
s1 2 �2

sdIwp 5 1 152
0.104521 0.356

25 3 1032s1 2 0.352ds0.85d

	  5 0.0155 m 5 15.5 mm

Again, from Eq. (9.84),

 ses3d 5 1Qws

pL 21D
Es
2s1 2 �2

sdIws

 Iws 5 2 1 0.35ÎL
D

5 2 1 0.35Î 21
0.356

5 4.69

	  ses3d 5 3 350
s1.168ds21d41 0.356

25 3 1032s1 2 0.352ds4.69d

	  5 0.00084 m 5 0.84 mm

 

Hence, total settlement is

	 se 5  ses1d 1 ses2d 1 ses3d 5 3.35 1 15.5 1 0.84 5 19.69 mm� ���
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492  Chapter 9: Pile Foundations

with widely varying results. The simplest relation for the settlement of group piles was 
given by Vesic (1969), namely,

	 sgsed 5ÎBg

D
 se 	 (9.132)

where

sgsed 5 elastic settlement of group piles
Bg 5 width of group pile section
D 5 width or diameter of each pile in the group
se 5 �elastic settlement of each pile at comparable working load (see Section 9.17)

For group piles in sand and gravel, for elastic settlement, Meyerhof (1976) suggested 
the empirical relation

	 sgsedsin.d 5
2qÏBgI

N60
	 (9.133)

where

	 q 5 QgysLgBgdsin U.S. ton/ft2d	 (9.134)

and

Lg and Bg 5 length and width of the group pile section, respectively (ft)
N60 5 �average standard penetration number within seat of settlement (<Bg deep 

below the tip of the piles)
I 5 influence factor 5 1 2 Ly8Bg ø 0.5	 (9.135)
L 5 length of embedment of piles (ft)

In SI units,

	 Sgsed smmd 5
0.96qÏBgI

N60
	 (9.136)

where q is in kN/m2 and Bg and Lg are in m, and

	 I 5 1 2
L smd

8Bg smd

Similarly, the group pile settlement is related to the cone penetration resistance by the formula

	 Sgsed 5
qBg I
2qc

	 (9.137)
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10 Drilled-Shaft Foundations

	 10.1	 Introduction

T he terms caisson, pier, drilled shaft, and drilled pier are often used interchange-
ably in foundation engineering; all refer to a cast-in-place pile generally having a 

diameter of about 750 mm s<2.5 ftd or more, with or without steel reinforcement and  
with or without an enlarged bottom. Sometimes the diameter can be as small as  
305 mm s<1 ftd.

To avoid confusion, we use the term drilled shaft for a hole drilled or excavated 
to the bottom of a structure�s foundation and then filled with concrete. Depending 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 during 
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 visually 
inspected.
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11 Foundations on Difficult Soils

	 11.1	 Introduction

In many areas of the United States and other parts of the world, certain soils make the 
construction of foundations extremely difficult. For example, expansive or collaps-

ible soils may cause high differential movements in structures through excessive heave 
or�settlement. Similar problems can also arise when foundations are constructed over 
sanitary landfills. Foundation engineers must be able to identify difficult soils when 
they are encountered in the field. Although not all the problems caused by all soils 
can be solved, preventive measures can be taken to reduce the possibility of damage to 
structures built on them. This chapter outlines the fundamental properties of three major 
soil conditions�collapsible soils, expansive soils, and sanitary landfills�and methods 
of careful construction of foundations.

Collapsible Soil

	 11.2	 Definition and Types of Collapsible Soil

Collapsible soils, which are sometimes referred to as metastable soils, are unsaturated 
soils that undergo a large change in volume upon saturation. The change may or may 
not be the result of the application of additional load. The behavior of collapsing soils 
under load is best explained by the typical void ratio effective pressure plot (e against 
log �9) for a collapsing soil, as shown in Figure 11.1. Branch ab is determined from 
the consolidation test on a specimen at its natural moisture content. At an effective 
pressure level of �w9 , the equilibrium void ratio is e1  . However, if water is introduced 
into the specimen for saturation, the soil structure will collapse. After saturation, the 
equilibrium void ratio at the same effective pressure level �w9  is e2  ; cd is the branch 
of the e�log �9 curve under additional load after saturation. Foundations that are 
constructed on such soils may undergo large and sudden settlement if the soil under 
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558  Chapter 11: Foundations on Dif�cult Soils

them becomes saturated with an unanticipated supply of moisture. The moisture may 
come from any of several sources, such as (a) broken water pipelines, (b) leaky sewers,  
(c) drainage from reservoirs and swimming pools, (d) a slow increase in groundwater, 
and so on. This type of settlement generally causes considerable structural damage. 
Hence, identifying collapsing soils during field exploration is crucial.

The majority of naturally occurring collapsing soils are aeolian�that is, 
wind-deposited sands or silts, such as loess, aeolic beaches, and volcanic dust deposits. 
The deposits have high void ratios and low unit weights and are cohesionless or only 
slightly cohesive. Loess deposits have silt-sized particles. The cohesion in loess may be the 
result of clay coatings surrounding the silt-size particles. The coatings hold the particles in 
a rather stable condition in an unsaturated state. The cohesion also may be caused by the 
presence of chemical precipitates leached by rainwater. When the soil becomes saturated, 
the clay binders lose their strength and undergo a structural collapse. In the United States, 
large parts of the Midwest and the arid West have such types of deposit. Loess deposits 
are also found over 15 to 20% of Europe and over large parts of China. The thickness of 
loess deposits can range up to about 10 m (33 ft) in the central United States. In parts of 
China it can be up to 100 m (330 ft). Figure 11.2 shows the extent of the loess deposits in 
the Mississippi River basin.

Many collapsing soils may be residual soils that are products of the weathering of 
parent rocks. Weathering produces soils with a large range of particle-size distribution. 
Soluble and colloidal materials are leached out by weathering, resulting in large void 
ratios and thus unstable structures. Many parts of South Africa and Zimbabwe have 
residual soils that are decomposed granites. Sometimes collapsing soil deposits may be 
left by flash floods and mudflows. These deposits dry out and are poorly consolidated. 
An excellent review of collapsing soils is that of Clemence and Finbarr (1981).

	 11.3	 Physical Parameters for Identification

Several investigators have proposed various methods for evaluating the physical param-
eters of collapsing soils for identification. Some of these methods are discussed briefly in 
Table 11.1.

Jennings and Knight (1975) suggested a procedure for describing the collapse 
potential of a soil: An undisturbed soil specimen is taken at its natural moisture con-
tent in a consolidation ring. Step loads are applied to the specimen up to a pressure 

a

b Water added

Vo
id

 ra
tio

, e

Effective
pressure,
�9 (log scale)

�9w

c

d

e1

e2

Figure 11.1  Nature of variation of void ratio 
with pressure for a collapsing soil
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644  Chapter 12: Lateral Earth Pressure

Figure 12.24b shows a vertical retaining wall with an inclined granular backfill. For 
this case,

	 Pp 5
1
2

�H2Kp� (12.70)

Caquot and Kerisel�s solution (1948) for Kp to use in Eq. (12.70) is given in Figure 12.24a 
for �9y�9 5 1. In order to determine Kp via Figure 12.24a, the following steps are necessary:

Step 1.	 Determine �y�9 (note the sign of �).
Step 2.	 Knowing �9 and �y�9, use Figure 12.24a to determine Kp for �9y�9 5 1.
Step 3.	 Calculate �9y�9. 
Step 4.	 Go to Table 12.12 to determine the reduction factor, R9. 
Step 5.	 Kp 5 (R9) [Kps�9y�951d].� (12.71)

Pp

H �9

H
3

Log spiral

�p 5 kp�z 

1�

Figure 12.24  (Continued)

(b)

Table 12.12  Caquot and Kerisel�s Reduction Factor, R9, for Passive Pressure Calculation

d9yf9

f9 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0

10 0.978 0.962 0.946 0.929 0.912 0.898 0.881 0.864
15 0.961 0.934 0.907 0.881 0.854 0.830 0.803 0.775
20 0.939 0.901 0.862 0.824 0.787 0.752 0.716 0.678
25 0.912 0.860 0.808 0.759 0.711 0.666 0.620 0.574
30 0.878 0.811 0.746 0.686 0.627 0.574 0.520 0.467
35 0.836 0.752 0.674 0.603 0.536 0.475 0.417 0.362
40 0.783 0.682 0.592 0.512 0.439 0.375 0.316 0.262
45 0.718 0.600 0.500 0.414 0.339 0.276 0.221 0.174
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14.13  Field Observations for Anchor Sheet-Pile Walls  751 

With time, the stress on the tie rods for the anchor increased as shown in the  
following table.

Date
Stress on anchor 
tie rod (MN/m2)

May 24, 1949 151.11
June 3, 1949 177.33
June 11, 1949 193.2
July 12, 1949 203.55
August 6, 1949 213.9

These observations show that the magnitude of the active earth pressure may vary with 
time and depend greatly on the flexibility of the sheet piles. Also, the actual variations in 
the lateral earth-pressure diagram may not be identical to those used for design.

Bulkhead—Toledo, Ohio (1961)
A typical cross section of a Toledo bulkhead completed in 1961 is shown in Figure 14.31. 
The foundation soil was primarily fine to medium sand, but the dredge line did cut into 
highly overconsolidated clay. Figure 14.31 also shows the actual measured values of 
bending moment along the sheet-pile wall. Casagrande (1973) used the Rankine active 
earth-pressure distribution to calculate the maximum bending moment according to the 
free earth support method with and without Rowe�s moment reduction.

Figure 14.30  Measured stresses at Station 27 1 30�Pier C bulkhead, Long Beach  
(Based on Casagrande, 1973)

May 24

(a) (b) (c)

+5.18 m +5.18 m +5.18 m

–3.05 m

–11.56 m

0 100 200 kN/m2

–11.56 m

Pressure scale

–11.56 m

–3.05 m –3.05 m

151.11
MN/m2

177.33
MN/m2

213.9
MN/m2

June 3 August 6
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APPENDIX A
Reinforced Concrete Design  
of Shallow Foundations

	 A.1	 Fundamentals of Reinforced Concrete Design

At the present time, most reinforced concrete designs are based on the recommendations  
 of the building code prepared by the American Concrete Institute—that is, ACI 318-11.  

The basis for this code is the ultimate strength design or strength design. Some of the  
fundamental recommendations of the code are briefly summarized in the following sections.

Load Factors
According to ACI Code Section 9.2, depending on the type, the ultimate load-carrying 
capacity of a structural member should be one of the following:

U 5 1.4D� (A.1a)
U 5 1.2D 1 1.6L 1 0.5(Lr or S or R)� (A.1b)

	 U 5 1.2D 1 1.6(Lr or S or R) 1 (1.0L or 0.5W)	 (A.1c)
U 5 1.2D 1 1.0W 1 1.0L 1 0.5(Lr or S or R)� (A.1d)
U 5 1.2D 1 1.0E 1 1.0L 1 0.2S� (A.1e)
U 5 0.9D 1 1.0W� (A.1f)

or

U 5 0.9D 1 1.0E� (A.1g)

where

U 5 ultimate load-carrying capacity of a member
D 5 dead loads
E 5 effects of earthquake
L 5 live loads
Lr 5 roof live loads
R 5 rain load
S 5 snow load

W 5 wind load
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888  Appendix A: Reinforced Concrete Design of Shallow Foundations 

So, assume B 5 1 m.
According to ACI Code Section 9.2,

U 5 1.2D 1 1.6L 5 (1.2)(43.8) 1 (1.6)(17.5) 5 80.56 kN/m

Converting the net allowable soil pressure to an ultimate (factored) value,

	 qs 5   
U

sBds1d
  5   

80.56
s1ds1d

  5  80.56 kN/m2

Investigation of Shear Strength of the Foundation
The critical section for shear occurs at a distance d from the face of the wall (ACI Code 
Section 11.11.3), as shown in Figure A.2b. So, shear at critical section

	 Vu 5 (0.35 2 d)qs 5 (0.35 2 0.218)(80.56) 5 10.63 kN/m

From Eq. (A.11a) with � 5 1,

	 Vc 5 0.17 Ïf 9c  bd 5 0.17 Ï20.68 s1ds0.218d 5 0.1685 MN/m < 168 kN/m

Also,

	 �Vc 5 (0.75)(168) 5 126 kN/m . Vu 5 10.63 kN/m — O.K.

(Note: � 5 0.75 for shear—ACI Code Section 9.3.2.3.)
Because Vu , �Vc, the total thickness of the foundations could be reduced to  

250 mm. So, the modified

	d 5   250  2 76 2
12
2

  5   168 mm  .   152 mm  5   d min  sACI Code Section 15.7d

Neglecting the small difference in footing weight, if d 5 168 mm,

	 �Vc 5 s0.75ds0.17d Ï20.68 s1ds0.168d 5 0.0974 MN

5 97.4 kN .  Vu — O.K.

Flexural Reinforcement
For steel reinforcement, factored moment at the face of the wall has to be determined  
(ACI Code Section 15.4.2). The bending of the foundation will be in one direction only. 
So, according to Figure A.2b, the design ultimate moment

	 Mu 5
qsl2

2

l 5 0.35 m

So,

	 Mu  5  
s80.56ds0.35d2

2
 5  4.93 kN{m/m
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A.4  Design Example of a Continuous Wall Foundation  889 

From Eqs. (A.2) and (A.3),

	
Mn 5 As fy1d 2

a
22

a 5
As fy

0.85f9cb
5

sAsds413.7d
s0.85ds20.68ds1d

5 23.5351As

Thus,

Mn 5 sAsds413.7d10.168 2
23.5351

2
As2

or
	 MnsMN{m/md 5 69.5As 2 4868.24A2

s

Again, from Eq. (A.4)

	 Mu ø �Mn

where � 5 0.9.
Thus, 

	 4.93 3 1023(MN-m/m) 5 0.9 (69.5As 2 4868.24A2
s)

Solving for As, one gets

	 As(1) 5 0.0128 m2; As(2) 5 0.0001 m2

Hence, steel percentage with As(1) is

	 s1  5   

Ass1d

bd
  5   

0.0128
s1ds0.168d

  5   0.0762

Similarly, steel percentage with As(2) is

s2 5   

Ass2d

bd
  5   

0.0001
s1ds0.168d

  5   0.0006 ,  smin  5   0.0018 sACI Code Section 7.12.2.1d

The maximum steel percentage that can be provided is given in Eqs. (A.7a) and 
(A.8). Thus,

	 smax  5  s0.75ds0.85d 
f 9c
fy

 �1 600
600 1  fy

2
Note that � 5 0.85. Substituting the proper values of �, f 9c , and fy in the preceding equa-
tion, one obtains

	 smax 5 0.016

Note that s1 5 0.0762 . smax 5 0.016. So use s 5 smin 5 0.0018. So,

	 As 5 (smin)(b)(d) 5 (0.0018)(1)(0.168) 5 0.000302 m2 5 302 mm2

Use 12-mm diameter bars @ 350 mm c/c. Hence,

	 As sprovidedd 5  
1000
350

 1�
42 s12d2

 5  323 mm2
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Development Length of Reinforcement Bars (Ld)
According to ACI Code Section 12.2, the minimum development length Ld for 12 mm 
diameter bars is about 558 mm (approximately equivalent to No. 4 U.S. bar). Assuming 
a 76-mm cover to be on both sides of the footing, the minimum footing width should be 
[2(558 1 76) 1 300] mm 5 1568 mm 5 1.568 m. Hence, the revised calculations are

qs 5  
U

sBds1d
 5  

80.56
1.568

 5  51.38 kN/m2

Mu 5
qsl2

2
5

1
2

s51.38ds0.558 1 0.076d2

5 10.326 kN ? m/m 5  10.326 3  1023 MN ? m/m

a  5   

As fy

0.85 f 9c b
  5   

Ass413.7d
s0.85ds20.68ds1.568d

  5   15.01As

	 Mn 5  As fy 1d 2  
a
22  5 Ass413.7d10.168 2

 15.01 As

2 2
	 �Mn ù Mu

	 10.326 3 1023 5 0.9As s413.7d10.168 2
 15.01 As

2 2
and 

As 5 0.00016 m2

The steel percentage is s 5   
As

bd
  5   

0.00016
s1.568ds0.25d

  ,   0.0018.

(Note: Use gross area when smin 5 0.0018 is used.)

Use As 5 (0.0018)(1.568)(0.25) 5 0.000706 m2 5 706 mm2. Provide 7 3 12 mm bars  
(As 5 565 mm2).

Minimum reinforcement should be furnished in the long direction to offset shrinkage 
and temperature effects (ACI Code Section 7.12.). So,

	 As 5 (0.0018)(b)(d) 5 (0.0018) [(0.558 1 0.076)(2) 1 0.3](0.168)
5 0.000474 m2 5 474 mm2

Provide 5 3 12 mm bars (As 5 565 mm2).
The final design sketch is shown in Figure A.2c.

	 A.5	� Design Example of a Square Foundation  
for a Column

Figure A.3a shows a square column foundation with the following conditions:

Live load 5 L 5 675 kN
Dead load 5 D 5 1125 kN
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A.5  Design Example of a Square Foundation for a Column  891 

L 5 675 kN
D 5 1125 kN

Column section—
0.5 m 3 0.5 m

1.25 m 5 Df

(a)

4 m

(b)

d 5 0.6615 m

Critical 
section for 
one-way shear

Critical 
section for 
two-way shear

bo
d
2

d
2

d

1.75 m

4 m

B 3  B

Figure A.3  Square foundation for a column

Allowable gross soil-bearing capacity 5 qall 5 145 kN/m2

Column size 5 0.5 m 3 0.5 m
f9c 5 20.68 MN/m2

fy 5 413.7 MN/m2

Let it be required to design the column foundation.
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