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Preface

Shallow Foundations: Bearing Capacity and Settlement was originally published
with a 1999 copyright and was intended for use as a reference book by university
faculty members and graduate students in geotechnical engineering as well as by
consulting engineers. The revised second edition of the book was published with a
2009 copyright. During the last 17 years, the text has served intended readers well.
More recently there have been several requests to update the material and prepare
a new edition. This third edition of the text has been developed in response to those
requests.

The text is divided into eight chapters. Chapter 1 is a general introduction to shal-
low foundations. Chapters 2, 3, and 4 present various theories developed during the
past 70 years for estimating the ultimate bearing capacity of shallow foundations
under various types of loading and subsoil conditions. Chapter 5 discusses the prin-
ciples for estimating the settlement of foundations—both elastic and consolidation.
Chapter 6 relates to the dynamic bearing capacity and associated settlement. Also
included in this chapter are some details regarding the permanent foundation settle-
ment due to cyclic and transient loading derived from experimental observations
obtained from laboratory and field tests. During the past 35 years, steady progress
has been made to evaluate the possibility of using reinforcement in granular soil
to increase the ultimate and allowable bearing capacities of shallow foundation
and also to reduce their settlement under various types of loading conditions. The
reinforcement materials include galvanized steel strips and geogrid. Chapter 7 pres-
ents the state-of-the-art on this subject. Shallow foundations (such as transmission
tower foundations) are on some occasions subjected to uplifting forces. The theories
relating to the estimations of the ultimate uplift capacity of shallow foundations in
granular and clay soils are presented in Chapter 8.

Additional materials included in this edition are briefly summarized below:

e Each chapter includes a number of new example problems.

e Chapter 1 now has an expanded discussion on settlement of foundations on
granular soil. This is primarily based on the laboratory study of DeBeer
(1967).

e Results of recent studies on the variation of bearing capacity factors N,
and N, using Kotter’s equation coupled with limit equilibrium conditions
are added in Chapter 2. In addition, early works of Meyerhof (1955) on the
effect of the location of ground water table on ultimate bearing capacity of
shallow foundations are summarized in this chapter.

* Recently developed empirical relationships for the ultimate bearing capac-
ity of eccentrically obliquely loaded foundation on granular soil are pre-
sented in Chapter 3.

e General description and parameters of stone columns constructed in weak
clay to improve bearing capacity of shallow foundations are provided in

xiii
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Chapter 4. This chapter also has a new section on the ultimate bearing
capacity of wedge-shaped foundations.

e Chapter 5 now has a more detailed discussion about the strain influence
factor for solution of elastic settlement of foundation on granular soil. A
new section describing the L,—L, method for elastic settlement estimation
in granular soils has been added. Some discussion of elastic settlement in
granular soil considering the variation of soil modulus of elasticity with
strain is also added in this chapter. A brief overview of the additional settle-
ment occurring in granular soil due to rise of ground water has also been
included in this chapter.

e In Chapter 6, solutions for the ultimate bearing capacity of shallow founda-
tions under earthquake loading as developed by Budhu and al-Karin (1993)
and Choudhury and Subba Rao (2005) have been introduced. Also added in
this chapter is a new section on strip foundations at the edge of a granular
slope subjected to earthquake loading.

e Chapter 7 now includes recently developed reduction factor methods for
the ultimate bearing capacity of (a) strip foundation subjected to centric
inclined load, and (b) eccentrically loaded rectangular foundation sup-
ported by geogrid-reinforced sand.

* A new section describing the procedure to estimate the ultimate uplift
capacity of shallow foundations on multi-helix anchors has been added to
Chapter 8.

I am grateful to my wife, Janice Das, for her help in typing the new material in the
text and in preparing the new figures.

Braja M. Das
Henderson, Nevada
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’I Introduction

1.1 SHALLOW FOUNDATIONS: GENERAL

The lowest part of a structure that transmits its weight to the underlying soil or rock
is the foundation. Foundations can be classified into two major categories—shallow
foundations and deep foundations. Individual footings (Figure 1.1), square or rect-
angular in plan, that support columns and strip footings that support walls and other
similar structures are generally referred to as shallow foundations. Mat foundations,
also considered shallow foundations, are reinforced concrete slabs of considerable
structural rigidity that support a number of columns and wall loads. Several types of
mat foundations are currently used. Some of the common types are shown schemati-
cally in Figure 1.2 and include

—

. Flat plate (Figure 1.2a). The mat is of uniform thickness

2. Flat plate thickened under columns (Figure 1.2b)

3. Beams and slab (Figure 1.2¢). The beams run both ways, and the columns
are located at the intersections of the beams

4. Flat plates with pedestals (Figure 1.2d)

5. Slabs with basement walls as a part of the mat (Figure 1.2e). The walls act

as stiffeners for the mat

When the soil located immediately below a given structure is weak, the load of
the structure may be transmitted to a greater depth by piles and drilled shafts, which
are considered deep foundations. This book is a compilation of the theoretical and
experimental evaluations presently available in the literature as they relate to the
load-bearing capacity and settlement of shallow foundations.

The shallow foundation shown in Figure 1.1 has a width B and a length L. The
depth of embedment below the ground surface is equal to D,. Theoretically, when
B/L is equal to zero (i.e., L = o), a plane strain case will exist in the soil mass sup-
porting the foundation. For most practical cases, when B/L < 1/5 to 1/6, the plane
strain theories will yield fairly good results. Terzaghi' defined a shallow foundation
as one in which the depth D, is less than or equal to the width B (D/B <I). However,
research studies conducted since then have shown that D/B can be as large as 3—4
for shallow foundations.

1.2 TYPES OF FAILURE IN SOIL AT ULTIMATE LOAD

Figure 1.3 shows a shallow foundation of width B located at a depth of D, below the
ground surface and supported by dense sand (or stiff, clayey soil). If this foundation
is subjected to a load Q that is gradually increased, the load per unit area, g = Q/A
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FIGURE 1.1 Individual footing.
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FIGURE 1.2 Various types of mat foundations: (a) flat plate; (b) flat plate thickened under
columns; (c) beams and slab; (d) flat plate with pedestals; (e) slabs with basement walls.
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FIGURE 1.3 General shear failure in soil: (a) nature of failure surface in soil; (b) plot of
load per unit area versus settlement.

(A=area of the foundation), will increase and the foundation will undergo increased
settlement. When ¢ becomes equal to g, at foundation settlement S=S,, the soil sup-
porting the foundation undergoes sudden shear failure. The failure surface in the soil
is shown in Figure 1.3a, and the ¢ versus S plot is shown in Figure 1.3b. This type
of failure is called a general shear failure, and g, is the ultimate bearing capacity.
Note that, in this type of failure, a peak value of g=g, is clearly defined in the load-
settlement curve.

If the foundation shown in Figure 1.3a is supported by a medium dense sand or
clayey soil of medium consistency (Figure 1.4a), the plot of g versus S will be as
shown in Figure 1.4b. Note that the magnitude of g increases with settlement up to
q=¢,, and this is usually referred to as the first failure load.* At this time, the devel-
oped failure surface in the soil will be as shown by the solid lines in Figure 1.4a. If
the load on the foundation is further increased, the load-settlement curve becomes
steeper and more erratic with the gradual outward and upward progress of the failure
surface in the soil (shown by the jagged line in Figure 1.4b) under the foundation.
When g becomes equal to g, (ultimate bearing capacity), the failure surface reaches
the ground surface. Beyond that, the plot of ¢ versus S takes almost a linear shape,
and a peak load is never observed. This type of bearing capacity failure is called a
local shear failure.

Figure 1.5a shows the same foundation located on a loose sand or soft clayey soil.
For this case, the load-settlement curve will be like that shown in Figure 1.5b. A
peak value of load per unit area ¢ is never observed. The ultimate bearing capacity g,
is defined as the point where AS/Ag becomes the largest and remains almost constant
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Load per unit area, g
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Settlement, S

(b)

FIGURE 1.4 Local shear failure in soil: (a) nature of failure surface in soil; (b) plot of load
per unit area versus settlement.

»

Settlement, S

(b)

FIGURE 1.5 Punching shear failure in soil: (a) nature of failure surface in soil; (b) plot of
load per unit area versus settlement.
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thereafter. This type of failure in soil is called a punching shear failure. In this case
the failure surface never extends up to the ground surface. In some cases of punching
shear failure, it may be difficult to determine the ultimate load per unit area g, from
the g versus S plot shown in Figure 1.5. DeBeer® recommended a very consistent
ultimate load criteria in which a plot of log g/yB versus log S/B is prepared (Y = unit
weight of soil). The ultimate load is defined as the point of break in the log—log plot
as shown in Figure 1.6.

The nature of failure in soil at ultimate load is a function of several factors such as
the strength and the relative compressibility of the soil, the depth of the foundation
(Dy) in relation to the foundation width B, and the width-to-length ratio (B/L) of the
foundation. This was clearly explained by Vesic,> who conducted extensive labora-
tory model tests in sand. The summary of Vesic’s findings is shown in a slightly
different form in Figure 1.7. In this figure D, is the relative density of sand, and the
hydraulic radius R of the foundation is defined as

R (1.1
P

where
A=area of the foundation=BL
P=perimeter of the foundation=2(B+L)

Thus,

BL
k= 2(B+L) (12

q/yB (log scale)

| gl

Ultimate load

S/B (%)—(log scale)

<

4

FIGURE 1.6 Nature of variation of g/yB with S/B in a log-log plot.
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FIGURE 1.7 Nature of failure in soil with relative density of sand D, and D/R.
The relative density is defined as

D, (%) = _fmx "€ (1.3)

€max ~ €min

where
€. =Mmaximum void ratio of sand
enin=minimum void ratio of sand
e=void ratio during the test

for a square foundation B=L. So,

R= (14)

B
4

From Figure 1.7 it can be seen that when D/R 2 about 18, punching shear failure
occurs in all cases irrespective of the relative density of compaction of sand.

1.3 SETTLEMENT AT ULTIMATE LOAD

The settlement of the foundation at ultimate load S, is quite variable and depends on
several factors. A general sense can be derived from the laboratory model test results
in sand for surface foundations (D/B=0) provided by Vesic* and which are presented
in Figure 1.8. From this figure it can be seen that, for any given foundation, a decrease
in the relative density of sand results in an increase in the settlement at ultimate
load. Also, for any given relative density of sand, the ultimate load per unit area of a
rectangular foundation with L/B=6 (which may be considered a strip or continuous
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Relative density, D, (%)
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30 T T T T T T
25 - —
| Rectangular plate
N, - (51mm x 305 mm)
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X \
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~ N N
203 O . O
5L 152 u Re
102 [ J =
51 o}
0 ] J | |
13.0 13.5 14.0 14.5 15.0

Dry unit weight of sand (kN/m3)

FIGURE 1.8 Variation of S,/B for surface foundation (D/B = 0) on sand. (From Vesic, A. S.
1963. Bearing capacity of deep foundations in sand. Highway Res. Rec., National Research
Council, Washington, DC, 39: 112.)

foundation) occurs at S,/B which is about 60%—70% more compared to a circular
foundation. DeBeer? provided laboratory test results of circular surface foundations
(with diameters, B, of 38 mm, 90 mm, and 150 mm) and rectangular foundations (hav-
ing dimensions, BXL, of 38mmx228 mm, 499 mmx297 mm, and 76 mmx450 mm)
on sand at various relative densities, D,, of compaction. These results of these tests
are summarized in Figure 1.9 as a plot of yB"/p, versus S,/B (Note: p,=atmospheric
pressure= 100kN/m?; S, =settlement at ultimate load). The term B* is defined as

B = 2BL (1.5)
B+L
Table 1.1 gives the variation of B* with L/B.
Hence, it can be seen from Figure 1.9 that, for granular soils, the settlement at
ultimate load S, increases with the width of the foundation.
Patra, Behera, Sivakugan, and Das® approximated the plots for circular and
square foundations (B*=B) in Figure 1.9 as

%(%) =30e" +1.67 ln(YB]—l (for B 0.025] (1.6)
Pa Pa
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VB*/p,
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g
2
U):
15 |- -
20 |- -
Square/circular
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FIGURE 1.9 DeBeer’s laboratory test results on circular and rectangular surface founda-
tions on sand—variation of S,/B versus YB"/p,.

TABLE 1.1

Variation of B* with L/B

L/B B*

1 B

2 1.33B

3 1.5B

4 1.6B

5 1.67B

6=strip 1.71B

Circle B=diameter

and
%(%) =30e " ~7.16 (for B 0.025] 1.7

Pa

where D, is expressed as a fraction.
Figure 1.10 shows the comparison of Equation 1.6 with plots for square and
circular foundations shown in Figure 1.9. Therefore, in the opinion of the author,
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YB*/p,

0 0 0.005 0.010 0.015 0.020 0.025 0.030
| | | | |

2 ———— DeBeer? ]
~.  admaaa Equation 1.6

10 |~

S,/B (%)

12 |-

14

16 |~

18 |-

2 | 1 | | |

FIGURE 1.10 Comparison of Equation 1.6 with the experimental results shown in Figure 1.9
for square and circular surface foundations.

TABLE 1.2
Approximate Ranges of S,

Df Su 0,
Soil B 3"
Sand 0 5-12
Sand Large 25-28
Clay 0 4-8
Clay Large 15-20

Equations 1.6 and 1.7 can also be used to estimate the approximate settlement at
ultimate load.

Based on laboratory and field test results, the approximate ranges of values of S,
in various types of soil are given in Table 1.2.

EXAMPLE 1.1

Consider a foundation with B=1m and L =2m supported by a sand layer with
D, =70%. Estimate the settlement at ultimate load. Given: unit weight of sand, v,
to be 17 kN/m3.
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SoLuTION

Given:
B=1m,
L=2m
L/B=2/1=2

From Table 1.1 for L/B=2, the value of B* is 1.33B.

B _ (17)(1.33x1) ~0.226
Pa 199

From Equation 1.7

5?5("/0) =30e"" —~7.16 =30e "% _7.16=8.82%

Su(%) = (&)(1 000 mm) = 88.2 mm
100

1.4 ULTIMATE AND ALLOWABLE BEARING CAPACITIES

For a given foundation to perform to its optimum capacity, one must ensure that the
load per unit area of the foundation does not exceed a limiting value, thereby causing
shear failure in soil. This limiting value is the ultimate bearing capacity g,. Considering
the ultimate bearing capacity and the uncertainties involved in evaluating the shear
strength parameters of the soil, the allowable bearing capacity g, can be obtained as

= 4 (1.8
Gan FS )

A factor of safety of three to four is generally used. However, based on limit-
ing settlement conditions, there are other factors that must be taken into account in
deriving the allowable bearing capacity. The total settlement S, of a foundation will
be the sum of the following:

1. Elastic, or immediate, settlement S, (described in Section 1.3) and

2. Primary and secondary consolidation settlement S, of a clay layer (located
below the groundwater level) if located at a reasonably small depth below
the foundation

Most building codes provide an allowable settlement limit for a foundation, which
may be well below the settlement derived corresponding to ¢,, given by Equation
1.8. Thus, the bearing capacity corresponding to the allowable settlement must also
be taken into consideration.
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FIGURE 1.11  Settlement of a structure. (a) Uniform settlement; (b) uniform tilt; (c) nonuni-
form settlement.

A given structure with several shallow foundations may undergo uniform settle-
ment (Figure 1.11a). This occurs when a structure is built over a very rigid structural
mat. However, depending on the loads on various foundation components, a struc-
ture may experience differential settlement. A foundation may undergo uniform tilt
(Figure 1.11b) or nonuniform settlement (Figure 1.11c). In these cases, the angular
distortion A can be defined as

A= w (for uniform tilt) (1.9

and

A= St(max) - St(min)

T (for nonuniform tilt) (1.10)
1
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Limits for allowable differential settlements of various structures are also avail-
able in building codes. Thus, the final decision on the allowable bearing capacity of a
foundation will depend on (a) the ultimate bearing capacity, (b) the allowable settle-
ment, and (c) the allowable differential settlement for the structure.
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Ultimate Bearing
Capacity Theories
Centric Vertical Loading

2.1 INTRODUCTION

Over the last 70 years, several bearing capacity theories for estimating the ultimate
bearing capacity of shallow foundations have been proposed. This chapter summa-
rizes some of the important works developed so far. The cases considered in this
chapter assume that the soil supporting the foundation extends to a great depth and
also that the foundation is subjected to centric vertical loading. The variation of the
ultimate bearing capacity in anisotropic soils is also considered.

2.2 TERZAGHI’S BEARING CAPACITY THEORY

In 1943 Terzaghi! proposed a well-conceived theory to determine the ultimate bear-
ing capacity of a shallow, rough, rigid, continuous (strip) foundation supported by
a homogeneous soil layer extending to a great depth. Terzaghi defined a shallow
foundation as a foundation where the width B is equal to or less than its depth D,
The failure surface in soil at ultimate load (that is, g, per unit area of the foundation)
assumed by Terzaghi is shown in Figure 2.1. Referring to Figure 2.1, the failure area
in the soil under the foundation can be divided into three major zones:

1. Zone abc. This is a triangular elastic zone located immediately below the
bottom of the foundation. The inclination of sides ac and bc of the wedge
with the horizontal is o = ¢ (soil friction angle).

2. Zone bcf. This zone is the Prandtl’s radial shear zone.

3. Zone bfg. This zone is the Rankine passive zone. The slip lines in this zone
make angles of £(45 — ¢/2) with the horizontal.

Note that a Prandtl’s radial shear zone and a Rankine passive zone are also located

to the left of the elastic triangular zone abc; however, they are not shown in Figure 2.1.
Line ¢fis an arc of a log spiral and is defined by the equation

F = 1?0 2.1

Lines bf and fg are straight lines. Line fg actually extends up to the ground sur-
face. Terzaghi assumed that the soil located above the bottom of the foundation
could be replaced by a surcharge g = YD,.

13
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Df’ I | Iqu I | FE i...- - | I ‘ lq=‘ R
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FIGURE 2.1 Failure surface in soil at ultimate load for a continuous rough rigid foundation
as assumed by Terzaghi.

The shear strength of the soil can be given as

s=o'tand+c 2.2

where
, .
o’ = effective normal stress
¢ = cohesion

The ultimate bearing capacity g, of the foundation can be determined if we con-
sider faces ac and bc of the triangular wedge abc and obtain the passive force on
each face required to cause failure. Note that the passive force P, will be a function
of the surcharge ¢ = YD;, cohesion c, unit weight v, and angle of friction of the soil ¢.
So, referring to Figure 2.2, the passive force P, on the face bc per unit length of the
foundation at a right angle to the cross section is

P, =Py +P,+PF, (2.3)

where

P, P, and P, = passive force contributions of ¢, c, and v, respectively

P,
i’” q=1D

b by 4

_———— L

FIGURE 2.2 Passive force on the face be of wedge abc shown in Figure 2.1.
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It is important to note that the directions of Py Ppes and P, are vertical since the
face bc makes an angle ¢ with the horizontal, and P,y Py and Ppy must make an
angle ¢ to the normal drawn to bc. In order to obtain Py P and P, the method of
superposition can be used; however, it will not be an exact solution.

2.2.1 REeLATIONSHIP FOR Pp, (0 %0, v=0,q9#0,c=0)

Consider the free body diagram of the soil wedge bcfj shown in Figure 2.2 (also
shown in Figure 2.3). For this case, the center of the log spiral (of which cfis an arc)
will be at point b. The forces per unit length of the wedge bcfj due to the surcharge g
only are shown in Figure 2.3a, and they are

1.P,

2. Surcharge ¢

3. The Rankine passive force P,

4. The frictional resisting force F' along the arc cf

The Rankine passive force P

() can be expressed as

P 1) = quHd = qHa' tan2 (45"’ 2) (2.4)

p

le—— B —>
(b)

FIGURE 2.3 Determination of P,, (¢ #0, y=0, g# 0, ¢ =0): (a) forces per unit length of
wedge bcfj; (b) stability of elastic wedge abc.



16 Shallow Foundations

where
H,=f
K, = Rankine passive earth pressure coefficient = tan*(45 + ¢/2)

According to the property of a log spiral defined by the equation r = re®@?, the
radial line at any point makes an angle ¢ with the normal; hence, the line of action
of the frictional force F will pass through b (the center of the log spiral as shown in
Figure 2.3a). Taking the moment of all forces about point b:

B — (b H
P, (J = q(bj)[zj + Py 7”’ 2.5)
let
bc = Ty = (123) sec ¢ (2.6)
From Equation 2.1:
J— 3n_¢ tand
bf =n = roe( 4 2) 2.7)
So,
bi = _0¢
bj = cos| 45 5 (2.8)
and
H,=n sin(45 —qz)j 2.9)

Combining Equations 2.4, 2.5, 2.8, and 2.9:

gricos®| 45— ¢ grisin®| 45— O )tan( 454+ 2
2 2 2

= +
4 2 2

or

4
P, = B{ gricos (45 - iﬂ (2.10)
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Now, combining Equations 2.6, 2.7, and 2.10:

Considering the stability of the elastic wedge abc under the foundation as shown
in Figure 2.3b
q,(Bx1)=2P,,

where
q, = load per unit area on the foundation, or

3n ¢
2(7—5) tan ¢

2P
4, = qu =q 0 =gN, 2.12)
2cos® (45+]
2
- 5
Nq

2.2.2 ReLATIONSHIP FOR P, (0 #0,Y=0,g=0, c#0)

Figure 2.4 shows the free body diagram for the wedge bcfj (also refer to Figure 2.2).
As in the case of P, the center of the arc of the log spiral will be located at point b.
The forces on the wedge, which are due to cohesion ¢, are also shown in Figure 2.4,

and they are
1. Passive force P,.

2. Cohesive force C = c(ﬁ x1)
3. Rankine passive force due to cohesion

Pp(z) = ZCJKPHd =2cH, tan(45+2)

4. Cohesive force per unit area c¢ along arc cf

Taking the moment of all the forces about point b:

B n sin(45—§j
( )sz(z) —5 +M, (2.13)

where

M. = moment due to cohesion c along arc c¢f = ¢ (i -13) (2.14)
2 tan ¢
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fe——B——>
(b)

FIGURE 2.4 Determination of P,. (0 #0, =0, g=0, c #0): (a) forces per unit length of
wedge bcfj; (b) stability of elastic wedge abc.

So,

(a5 9
P,,L.(ﬁ):{ZcHd tan(45+qz)ﬂ rlsm(;‘s 2) +(2t:n¢j(n2—roz) (2.15)

The relationships for H,, r,, and r, in terms of B and ¢ are given in Equations 2.9,
2.6, and 2.7, respectively. Combining Equations 2.6, 2.7, 2.9, and 2.15, and noting
that sin? (45 — ¢/2) x tan 45 + ¢/2) = Y2 cos ¢,

P, = Bc(sec? ¢) [ez[%ﬂ%)m ’ :| (cozsq)) + [2::1:1(1)) sec” ¢ [62(%&% " ¢:| (2.16)

Considering the equilibrium of the soil wedge abc (Figure 2.4b):

go(Bx1)=2C sin ¢+ 2P,

or

q.-B=cBsec ¢sinp+2P, (2.17)



Ultimate Bearing Capacity Theories 19

where
q. = load per unit area of the foundation

Combining Equations 2.16 and 2.17:

3t ¢ 3t ¢
o5 Jume L csec’d 62[7‘5) e csec’ ¢

. =cCsec + ctan 2.18
g = csecge tan ¢ tan ¢ ctang (-18)
or
P tan ¢ 2 2
q.=ce (4 2] sec+ ¢ 01| see q)—tan(]) (2.19)
tan ¢ tan ¢
However,

sec¢+secz¢— ! + ! —cot¢(l+8in¢)=cot¢{l }

tan ¢ ~ cos ¢ cosdsing B cos’ O 2c0s*(45+ (0/2))
(2.20)
Also,
M—tan(})—cotq)(seczq)—tanz(]))—cotq) l__sin‘
tan ¢ cos’d cos’d
R (2.21)
cos” ¢
=cot =cot
¢ ( cos’ O J ¢
Substituting Equations 2.20 and 2.21 into Equation 2.19
3n ¢
2(T—Ejtan )
—1|=cN.=ccot¢p(N,—-1) (2.22)

q.=ccotp| ——
2cos? (45 + q2)j

2.2.3 ReLATIONSHIP FOR P, (0 #0,v#0,q=0, c=0)

Figure 2.5a shows the free body diagram of wedge bcfj. Unlike the free body dia-
grams shown in Figures 2.3 and 2.4, the center of the log spiral of which bf'is an arc
is at a point O along line bf and not at b. This is because the minimum value of P,
has to be determined by several trials. Point O is only one trial center. The forces per

unit length of the wedge that need to be considered are

L. Passive force P,
2. The weight W of wedge bcfj
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PVY ¢ Pp“{
j¢———B—-p|

FIGURE 2.5 Determination of P,, (0 #0, y#0, ¢=0, ¢ =0): () forces per unit length of
wedge bcfj; (b) stability of elastic wedge abc.

3. The resultant of the frictional resisting force F acting along arc cf
4. The Rankine passive force P,

The Rankine passive force P, can be given by the relation
| o
Pp(3) = E YHd tan” | 45+ E (223)

Also note that the line of action of force F will pass through O. Taking the moment
of all forces about O:

Pp’Ylp = Wlw +Pp(3)lR

or

1
P,y = T[Wlw + P,lg] (2.24)

r

If a number of trials of this type are made by changing the location of the center
of the log spiral O along line bf, then the minimum value of P,, can be determined.
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Considering the stability of wedge abc as shown in Figure 2.5, we can write that
q,B=2P, -W, (2.25)

where

g, = force per unit area of the foundation
W,, = weight of wedge abc

However,
B
Ww = T’Y tan (]) (226)
So,
1 B’
Gy = B(ZPP“{ ~ o Ytan ¢j (2.27)

The passive force P,, can be expressed in the form

2
Py = %Ythpv = ;Y( : t;mq)) Ky = észpr tan’¢ (2.28)

where
K,, = passive earth pressure coefficient

Substituting Equation 2.28 into Equation 2.27

({1 ., ,. B
U = p| 4 VB Kpytan o—- ~ytano

B
1 1 tan 1
- 2y3(21<,,Y tan®g— ¢) = JUBN, (2.29)

2.2.4 ULTIMATE BEARING CAPACITY

The ultimate load per unit area of the foundation (that is, the ultimate bearing capac-
ity ¢,) for a soil with cohesion, friction, and weight can now be given as

G0 =0qg+qc+ay (2.30)

Substituting the relationships for g,, g., and ¢, given by Equations 2.12, 2.22, and
2.29 into Equation 2.30 yields

¢ =cN.+gN, +%7BNY .31)
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where
N,, N,, and N, = bearing capacity factors, and

3n ¢
82(7—5)&111 [
N= (2.32)
)
2cos’ (45 + 2}

N, =cot®(N,—-1) (2.33)

tan ¢
2

1
Ny = Kpytan’o- (2.34)

Table 2.1 gives the variations of the bearing capacity factors with soil friction
angle ¢ given by Equations 2.32 through 2.34. The values of N, were obtained by
Kumbhojkar.?

Krizek® gave simple empirical relations for Terzaghi’s bearing capacity factors
N, N, and N, with a maximum deviation of 15%. They are as follows:

_228+4.3¢ 5 35

T 40-¢ (233
_40+50

No= 00 (2.36)
__60

Ny=ao-s (2.37)

where
¢ = soil friction angle, in degrees

Equations 2.35, 2.36, and 2.37 are valid for ¢ =0° to 35°. Thus, substituting
Equation 2.35 into 2.31,

_(228+4.30)c + (40+ 50)g + 30YB
Bl 40—

(for ¢ =0° to 35°) (2.38)

u

For foundations that are rectangular or circular in plan, a plane strain condition
in soil at ultimate load does not exist. Therefore, Terzaghi' proposed the following
relationships for square and circular foundations:

g, =1.3cN.+gN,+0.4YyBN, (square foundation; plan B X B) (2.39)

and

g, =1.3cN.+qN,+0.3yBN, (circular foundation; diameter B)  (2.40)
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TABLE 2.1

Terzaghi’s Bearing Capacity Factors

(Equations 2.32 through 2.34)

O 00 0 O L AW N - O &

B L W W L W LW LW N RN NN NN NN == = e = e = =
O O 00 1 A N kR WD = O OV PR WD RO WU R WD~ O

NC

5.70

6.00

6.30

6.62

6.97

7.34

7.73

8.15

8.60

9.09

9.61
10.16
10.76
11.41
12.11
12.86
13.68
14.60
15.12
16.57
17.69
18.92
20.27
21.75
23.36
25.13
27.09
29.24
31.61
34.24
37.16
40.41
44.04
48.09
52.64
57.75
63.53
70.01
77.50
85.97
95.66

N,

q
1.00
1.10
1.22
1.35
1.49
1.64
1.81
2.00
2.21
2.44
2.69
2.98
3.29
3.63
4.02
445
4.92
5.45
6.04
6.70
7.44
8.26
9.19

10.23

11.40

12.72

14.21

15.90

17.81

19.98

22.46

25.28

28.52

32.23

36.50

41.44

47.16

53.80

61.55

70.61

81.27

N,
0.00
0.01
0.04
0.06
0.10
0.14
0.20
0.27
0.35
0.44
0.56
0.69
0.85
1.04
1.26
1.52
1.82
2.18
2.59
3.07
3.64
4.31
5.09
6.00
7.08
8.34
9.84
11.60
13.70
16.18
19.13
22.65
26.87
31.94
38.04
45.41
54.36
65.27
78.61
95.03
115.31
(Continued)

23



24 Shallow Foundations

TABLE 2.1 (Continued)
Terzaghi’s Bearing Capacity Factors
(Equations 2.32 through 2.34)

¢ N, N, N,
41 106.81 93.85 140.51
42 119.67 108.75 171.99

43 134.58 126.50 211.56
44 151.95 147.74 261.60
45 172.28 173.28 325.34
46 196.22 204.19 407.11

47 224.55 241.80 512.84
48 258.28 287.85 650.87
49 208.71 344.63 831.99
50 347.50 415.14 1072.80

< T g 1y o
(h"lli_yilll

——x T~ ¥y
5. ¢/2§/ Tl Jas—on

FIGURE 2.6 Modified failure surface in soil supporting a shallow foundation at ultimate
load.

Since Terzaghi’s founding work, numerous experimental studies to estimate the
ultimate bearing capacity of shallow foundations have been conducted. Based on
these studies, it appears that Terzaghi’s assumption of the failure surface in soil at
ultimate load is essentially correct. However, the angle o that sides ac and bc of
the wedge (Figure 2.1) make with the horizontal is closer to 45 + ¢/2 and not ¢, as
assumed by Terzaghi. In that case, the nature of the soil failure surface would be as
shown in Figure 2.6.

The method of superposition was used to obtain the bearing capacity factors N, N,,
and N,. For derivations of N, and N,, the center of the arc of the log spiral ¢f'is located
at the edge of the foundation. That is not the case for the derivation of Ny. In effect, two
different surfaces are used in deriving Equation 2.31; however, it is on the safe side.

EXAMPLE 2.1

A square foundation is 1.5 m x 1.5 m in plan. The soil supporting the foundation
has a friction angle of ¢ =20° and c=15.2 kN/m?2. The unit weight of soil vy is
17.8 kN/m?. Determine the ultimate gross load the foundation can carry. Assume
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the depth of the foundation (D)) to be one meter, and general shear failure occurs
in soil.

SoLuTION
From Equation 2.39,

gy =1.3cN: +qN, +0.4yBN,
From Table 2.1, for ¢ =20°, N.=17.69, N,=7.44, N,=3.64. Thus,

gy =(1.3)(15.2)(17.69) + (1x17.8)(7.44) + (0.4)(17.8)(1.5)(3.64)
=349.55+132.44+25.92 = 507.91 kN/m?

Thus, the ultimate gross load,

Q, =(507.91B* = (507.91(1.5x1.5)=1142.8 kN = 1143 kN

2.3 TERZAGHI'S BEARING CAPACITY THEORY
FOR LOCAL SHEAR FAILURE

It is obvious from Section 2.2 that Terzaghi’s bearing capacity theory was obtained
assuming general shear failure in soil. However, Terzaghi' suggested the following
relationships for local shear failure in soil:

Strip foundation (B/L = 0; L = length of foundation):

G, =C¢'N.+gN, + % YBN,, (2.41)

Square foundation (B = L):

g, =1.3¢’N +gN; +0.4YBN; (2.42)

Circular foundation (B = diameter):

G, = 1.3¢'N, +gN/, +0.3yBN/, (2.43)

where
N{,N;, and N; = modified bearing capacity factors
, _2c
-3

Cc
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TABLE 2.2
Terzaghi’s Modified Bearing Capacity
Factors N, N;, and N;

o NZ N, N,
0 5.70 1.00 0.00
1 5.90 1.07 0.005
2 6.10 1.14 0.02
3 6.30 1.22 0.04
4 6.51 1.30 0.055
5 6.74 1.39 0.074
6 6.97 1.49 0.10
7 7.22 1.59 0.128
8 747 1.70 0.16
9 7.74 1.82 0.20
10 8.02 1.94 0.24
11 8.32 2.08 0.30
12 8.63 222 035
13 8.96 238 0.42
14 931 2.55 0.48
15 9.67 2.73 0.57
16 10.06 2.92 0.67
17 10.47 3.13 0.76
18 10.90 3.36 0.88
19 1136 3.61 1.03
20 11.85 3.88 1.12
21 12.37 417 1.35
2 12.92 448 1.55
23 13.51 4.82 1.74
24 14.14 5.20 1.97
25 14.80 5.60 225
26 15.53 6.05 2.59
27 16.03 6.54 2.88
28 17.13 7.07 3.29
29 18.03 7.66 3.76
30 18.99 831 439
31 20.03 9.03 4.83
32 21.16 9.82 551
33 22.39 10.69 6.32
34 23.72 11.67 722
35 25.18 12.75 8.35
36 26.77 13.97 9.41
37 28.51 15.32 10.90
38 30.43 16.85 12.75
39 32.53 18.56 14.71
40 34.87 20.50 17.22

(Continued)
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TABLE 2.2 (Continued)
Terzaghi’s Modified Bearing Capacity
Factors N/, N;, and N;

0

41
42
43
44
45
46
47
48
49
50

Ne
37.45
40.33
43.54
47.13
51.17
55.73
60.91
66.80
73.55
81.31

N
22.70
25.21
28.06
31.34
35.11
39.48
44.54
50.46
57.41
65.60

Ny
19.75
22.50
26.25
30.40
36.00
41.70
49.30
59.25
71.45
85.75

27

The modified bearing capacity factors can be obtained by substituting ¢ = tan='(0.67

tan ¢) for ¢ in Equations 2.32 through 2.34. The variations of N/, N, and N; with ¢

are shown in Table 2.2.

Vesic* suggested a better mode to obtain ¢’ for estimating N/ and N for founda-

tions on sand in the forms

k=0.67+D,—-0.75D? (for 0< D, <0.67)

where
D, =relative density

Repeat Example 2.1 assuming local shear failure occurs in the soil supporting the

foundation.

From Equation 2.42,

qu =1.3¢’NZ+q'Ng +0.4yBNy

From Table 2.2, for ¢ =20°, N/ =11.85, Ng =3.85, N, =1.12.

Thus,

qu =1 .3)|:(§](1 5.2)}(1 1.85)+(1x17.8)(3.88) +(0.4)(17.8)(1.5)(1.12)

=237.12 kN/m?

¢’ = tan”' (k tan §)

EXAMPLE 2.2

SoLuTioN

(2.44)

(2.45)
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Ultimate gross load,

Q, = q,B> =(237.12)(1.5)* = 533.52 kN

2.4 MEYERHOF’S BEARING CAPACITY THEORY

In 1951, Meyerhof published a bearing capacity theory that could be applied to
rough, shallow, and deep foundations. The failure surface at ultimate load under a
continuous shallow foundation assumed by Meyerhof> is shown in Figure 2.7. In this
figure abc is the elastic triangular wedge as shown in Figure 2.6, bcd is the radial
shear zone with cd being an arc of a log spiral, and bde is a mixed shear zone in
which the shear varies between the limits of radial and plane shears depending on
the depth and roughness of the foundation. The plane be is called an equivalent free
surface. The normal and shear stresses on plane be are p, and s,, respectively. The
superposition method is used to determine the contribution of cohesion c, p,, Yy, and ¢
on the ultimate bearing capacity g, of the continuous foundation and is expressed as

q.=cN.tgN, +%yBNY (2.46)

where
N,, N,, and N, = bearing capacity factors
B = width of the foundation
2.41 DerivatioN of N.aND N, (0#0, y=0, P, %0, c#0)

For this case, the center of the log spiral arc (Equation 2.1) is taken at b. Also, it is
assumed that along be

s, =m(c+ p,tan 0) 2.47)

| B

/v n g
AL 2l
A Y __ 90-¢
90-¢ /P
Soil
o Y
C C
o

FIGURE 2.7  Slip line fields for a rough continuous foundation.
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where
¢ = cohesion
¢ = soil friction angle
m = degree of mobilization of shear strength (0 <m <1)

Now consider the linear zone bde (Figure 2.8a). Plastic equilibrium requires that
the shear strength s, under the normal stress p, is fully mobilized, or

s =c+ ptan¢ (2.48)

-

Shear stress

Normal stress

»
>

f—c—»|

~ ¥~ ~Plane bd
2

Note: Radius of Mohr’s circle = R NS
Plane be
(b)

FIGURE 2.8 Determination of N, and N,: (a) forces in the linear zone bde; (b) Mohr’s circle
for stress conditions on zone bde. (Continued)
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Shear stress

Normal stress
»

¥

Note: Radius of Mohr’s circle = R

FIGURE 2.8 (Continued) Determination of N, and N, (c) trace of plane de in Mohr’s
circle; (d) free body diagram for zone bcd; (e) free body diagram for abc wedge.
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Figure 2.8b shows the Mohr’s circle representing the stress conditions on zone
bde. Note that P is the pole. The traces of planes bd and be are also shown in the
figure. For the Mohr’s circle,

D

R= (2.49)
cos ¢
where
R =radius of the Mohr’s circle
Also,
cos(2n+
5, = Reos(2n+¢) = SN T ) (2.50)
cos ¢
Combining Equations 2.47, 2.48, and 2.50:
cos (21 + ) = 5,08 ¢ _ m(c+ p, tan ¢) cos ¢ 2.51)
c+p tan ¢ c+ p tan¢
Again, referring to the trace of plane de (Figure 2.8c),
s =Rcosd
+ pt
R=Ctpitang 2.52)
cos ¢

Note that

pi+Rsind = py + Rsin(2n+ ¢)

Py = RIsin(2n+0)—sin 6]+ p, = %[sin QN+0)—sindl+p, (2.53)

Figure 2.8d shows the free body diagram of zone bcd. Note that the normal and

shear stresses on the face bc are p), and s}, Or

s,=c+p,tand

or

p, =(s,—c)cotd (2.54)
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Taking the moment of all forces about b,

rlz ’ r02
P 5 Dy 5 +M.=0 (2.55)
where
ro = %
"= bd = rpe®en® (2.56)
it can be shown that
c = m(ﬁz - Voz) (2.57)

Substituting Equations 2.56 and 2.57 into Equation 2.55 yields
P, = pie”® +ccot (e’ —1) (2.58)
Combining Equations 2.54 and 2.58
s}, = (c+ p, tan §)e**"® (2.59)

Figure 2.8e shows the free body diagram of wedge abc. Resolving the forces in
the vertical direction,

where
¢’ =load per unit area of the foundation, or

q =p, +s1',cot(45—q2)j (2.60)

Substituting Equations 2.53, 2.54, and 2.59 into Equation 2.60 and further sim-
plifying yields

(1+sin g)e**™" (1+sin g)e”* ™
g’ =cycotd| 1—sin¢sin (2n+0) +Po| 1—sin¢sin2n+0) | =N+ p,N,
N N,

2.61)
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where
N,, N, = bearing capacity factors

The bearing capacity factors will depend on the degree of mobilization m of
shear strength on the equivalent free surface. This is because m controls 1. From
Equation 2.51

c0s (21 +0) = m(c+ p,tan)cos
c+ ptan¢
Form=0,cos2n+¢)=0, or
n=45-2 2.62)
2
Form=1, cos(2n+ ¢) =cos ¢, or
n=0 (2.63)

Also, the factors N, and N, are influenced by the angle of inclination of the equiv-
alent free surface B. From the geometry of Figure 2.7,

9=135°+B—n—g (2.64)
From Equation 2.62, for m = 0, the value of 1 is (45 — ¢/2). So,
0=90"+B (for m=0) (2.65)
Similarly, for m =1 (since n = 0; Equation 2.63):

6:135°+B—% (for m=1) (2.66)

Figures 2.9 and 2.10 show the variations of N, and N, with ¢, 3, and m. It is of
interest to note that, if we consider the surface foundation condition (as done in
Figures 2.3 and 2.4 for Terzaghi’s bearing capacity equation derivation), then f =0
and m = 0. So, from Equation 2.65,

(2.67)

S
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FIGURE 2.9 Meyerhof’s bearing capacity factor—variation of N, with B, ¢, and m
(Equation 2.61).

Hence, for m =0, n =45 - ¢/2, and 8 = 1t/2, the expressions for N, and N, are as
follows (surface foundation condition):

N, = e (1 sin “’] (2.68)

! 1—sind

and

N, =(N,-1)cot¢ (2.69)
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FIGURE 2.10 Meyerhof’s bearing capacity factor—variation of N, with B, ¢, and m
(Equation 2.61).

Equations 2.68 and 2.69 are the same as those derived by Reissner® for N, and
Prandtl” for N,.. For this condition p, = YD,= q. So Equation 2.61 becomes

qg=c N, +q N,
—— ——
f T
(Eq.2.69)  (Eq.2.68)

(2.70)
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2.4.2 DerivatioN ofF N, (0#0,7v#0, p,=0, c=0)

N, is determined by trial and error as in the case of the derivation of Terzaghi’s
bearing capacity factor N, (section 2.2). Referring to Figure 2.11a, following is a
step-by-step approach for the derivation of N,:

1. Choose values for ¢ and the angle {3 (such as +30°, +40°, =30°...).

2. Choose a value for m (such as m =0 or m = 1).

3. Determine the value of 6 from Equation 2.65 or 2.66 for m =0 or m = 1, as
the case may be.

4. With known values of 6 and 3, draw lines bd and be.

5. Select a trial center such as O and draw an arc of a log spiral connecting
points ¢ and d. The log spiral follows the equation r = rye?'n®.

(b)

FIGURE 2.11  Determination of N,: (a) forces on the failure surface in soil; (b) free body
diagram for wedge abc.
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6. Draw line de. Note that lines bd and de make angles of 90 — ¢ due to the
restrictions on slip lines in the linear zone bde. Hence the trial failure sur-
face is not, in general, continuous at d.

7. Consider the trial wedge bcdf. Determine the following forces per unit
length of the wedge at right angles to the cross section shown: (a) weight of
wedge bedf—W, and (b) Rankine passive force on the face df—P,,,.

8. Take the moment of the forces about the trial center of the log spiral O, or

WI,, + Py rylr
rY = l

Q.71

p

where
P, = passive force due to yand ¢ only

Note that the line of action of P, acting on the face bc is located at a
distance of 2bc/3.
9. For given values of B, ¢, and m, and by changing the location of point O
(that is, the center of the log spiral), repeat steps 5 through 8 to obtain the
minimum value of P,,.

Refer to Figure 2.11b. Resolve the forces acting on the triangular wedge abc in
the vertical direction, or

g = YB| 4Bpsin5 : ©/2) 1o [45 + q’) _1 BN, 2.72)
2 B 2 2)| 2

where
q” = force per unit area of the foundation
N, = bearing capacity factor

Note that W, is the weight of wedge abc in Figure 2.11b. The variation of N,
(determined in the above manner) with B, ¢, and m is given in Figure 2.12.

Combining Equations 2.61 and 2.72, the ultimate bearing capacity of a continu-
ous foundation (for the condition ¢ # 0, Y+ 0, and ¢ # 0) can be given as

1
4.=9 +q" =cN.+p,N, +EYBNY

The above equation is the same form as Equation 2.46. Similarly, for surface
Soundation conditions (that is, p = 0 and m = 0), the ultimate bearing capacity of a
continuous foundation can be given as

1
¢.=q9'+q"=cN. + qN, + VBN, (2.73)
— — 2
1 7
(Eq.2.69)  (Eq.2.68)
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FIGURE 2.12 Meyerhof’s bearing capacity factor—variation of N, with with 3, ¢, and m
(Equation 2.72).

For shallow foundation designs, the ultimate bearing capacity relationship given
by Equation 2.73 is presently used. The variation of N, for surface foundation condi-
tions (that is, B = 0 and m = 0) is given in Figure 2.12. In 1963 Meyerhof® suggested
that N, could be approximated as

N,
N,=| 2 )—1 tan(1.40) (2.74)

(Eq.2.68

Table 2.3 gives the variations of N, and N, obtained from Equations 2.68 and 2.69
and N, obtained from Equation 2.74.
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TABLE 2.3

Variation of Meyerhof’s Bearing Capacity Factors N, N,
and N, (Equations 2.68, 2.69, and 2.74)

0 Nc

0 5.14
1 5.38
2 5.63
3 5.90
4 6.19
5 6.49
6 6.81
7 7.16
8 7.53
9 7.92
10 8.35
11 8.80
12 9.28
13 9.81
14 10.37
15 10.98
16 11.63
17 12.34
18 13.10
19 13.93
20 14.83
21 15.82
22 16.88
23 18.05
24 19.32
25 20.72
26 22.25
27 23.94
28 25.80
29 27.86
30 30.14
31 32.67
32 35.49
33 38.64
34 42.16
35 46.12
36 50.59
37 55.63
38 61.35
39 67.87
40 75.31

N,

q
1.00
1.09
1.20
1.31
1.43
1.57
1.72
1.88
2.06
2.25
2.47
2.71
2.97
3.26
3.59
3.94
4.34
4.717
5.26
5.80
6.40
7.07
7.82
8.66
9.60

10.66

11.85

13.20

14.72

16.44

18.40

20.63

23.18

26.09

29.44

33.30

37.75

42.92

48.93

55.96

64.20

N.

Y
0.00
0.002
0.01
0.02
0.04
0.07
0.11
0.15
0.21
0.28
0.37
0.47
0.60
0.74
0.92
1.13
1.38
1.66
2.00
2.40
2.87
3.42
4.07
4.82
5.72
6.77
8.00
9.46
11.19
13.24
15.67
18.56
22.02
26.17
31.15
37.15
44.43
53.27
64.07
77.33
93.69

(Continued)

39
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TABLE 2.3 (Continued)
Variation of Meyerhof’s Bearing Capacity Factors N, N,,
and N, (Equations 2.68, 2.69, and 2.74)

(] N, N, N,

41 83.86 73.90 113.99
42 93.71 85.38 139.32
43 105.11 99.02 171.14
44 118.37 115.31 211.41
45 133.88 134.88 262.74
46 152.10 158.51 328.73
47 173.64 187.21 414.32
48 199.26 222.31 526.44
49 229.93 265.51 674.91
50 266.89 319.07 873.84

2.5 GENERAL DISCUSSION ON THE RELATIONSHIPS
OF BEARING CAPACITY FACTORS

At this time, the general trend among geotechnical engineers is to accept the method
of superposition as a suitable means to estimate the ultimate bearing capacity of
shallow rough foundations. For rough continuous foundations, the nature of the fail-
ure surface in soil shown in Figure 2.6 has also found acceptance, as have Reissner’s®
and Prandtl’s’ solutions for N, and N, which are the same as Meyerhof’s® solution for
surface foundations, or,

ano [ 1H+SInG
N, = erand 2.68
¢ (l—sinq)J 209
and
N.=(N,-1cotd (2.69)

Dewaikar et al.® revisited the computation of N, by using Kétter’s equation cou-
pled with limit equilibrium conditions. This was done by considering

1. Terzaghi’s failure mechanism (see Figure 2.1; o = ¢)
2. Prandtl’s failure mechanism (see Figure 2.1; o0 = 45 + (¢/2))

When Terzaghi’s failure mechanism was used, the derived relationship was simi-
lar to that given in Equation 2.22; that is,

{5

-1

N.=cot| ———
2cos? (45 + ‘;’) (275)
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When Prandtl’s failure mechanism was used, the relationship for N. was of the
form

1

Ne=lo o 008(45 N qz’j (4+5) 2.76)

where
A =(cos¢+sin¢)H1+‘lJe"‘“¢ —1} .77

2 2 sin ¢
and
__ b D ing— O _in®

B= sino [2 cos 5 (singp—cos¢) + (cos 5 sin 5 ﬂ 2.78)

The numerical values of N, with ¢ obtained from Equations 2.76 through 2.78 are
the same as those obtained using Equations 2.68 and 2.69.

There has been considerable controversy over the theoretical values of N,.
Hansen'? proposed an approximate relationship for N, in the form

N, =1.5N tan’} 279

In the preceding equation, the relationship for &V, is that given by PrandtI’s solution
(Equation 2.68). Caquot and Kerisel'! assumed that the elastic triangular soil wedge
under a rough continuous foundation is of the shape shown in Figure 2.6. Using inte-
gration of Boussinesq’s differential equation, they presented numerical values of N,
for various soil friction angles ¢. Vesic* approximated their solutions in the form

N, =2(N,+Dtano (2.80)

where
N, is given by Equation 2.68

Equation 2.80 has an error not exceeding 5% for 20° < ¢ < 40° compared to the
exact solution. Lundgren and Mortensen!? developed numerical methods (using the
theory of plasticity) for the exact determination of rupture lines as well as the bear-
ing capacity factor (N,) for particular cases. Chen'* also gave a solution for N, in
which he used the upper bound limit analysis theorem suggested by Drucker and
Prager." Biarez et al."® also recommended the following relationship for N,

N, =1.8(N, - )tan¢ 2.81)
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Booker' used the slip line method and provided numerical values of N,. Poulos
et al.'” suggested the following expression that approximates the numerical results
of Booker!®:

N, = 0.1045¢°% (2.82)

where
0 is in radians
N,=0for¢=0

Kumar'® proposed another slip line solution based on Lundgren and Mortensen’s
failure mechanism.'> Michalowski'® also used the upper bound limit analysis theo-
rem to obtain the variation of N,. His solution can be approximated as

Ny — 6(0,66+5.llun¢) tanq) (283)

Hjiaj et al.” obtained a numerical analysis solution for N,. This solution can be
approximated as

N, = 8(1/6)(1\:+3n2 tan¢)(tan ¢)(21[/5) (2.84)

Martin?' used the method of characteristics to obtain the variations of N,
Salgado?? approximated these variations in the form

N, = (N, —1)tan (1.320) (2.85)

Table 2.4 gives a comparison of the N, values recommended by Meyerhof.®
Terzaghi,' Vesic,* and Hansen.!” Table 2.5 compares the variations of N, obtained by
Chen," Booker,'* Kumar,'® Michalowski," Hjiaj et al.,”* and Martin.?!

The primary reason several theories for N, were developed, and their lack of cor-
relation with experimental values, lies in the difficulty of selecting a representative
value of the soil friction angle ¢ for computing bearing capacity. The parameter ¢
depends on many factors, such as intermediate principal stress condition, friction
angle anisotropy, and curvature of the Mohr-Coulomb failure envelope.

Dewaikar and Mohapatra* evaluated the bearing capacity factor N, based on
Prandtl’s mechanism using limit equilibrium approach coupled with Kétter’s equa-
tion. For Prandtl’s failure mechanism, refer to Figure 2.1, for which oo =45 + ¢/2 and
the center of the arc of the logarithmic spiral ¢f lies on the line bf. The N, values
obtained in this analysis are given in Table 2.6.

Mrunal, Mandal, and Dewaikar?* also evaluated the variation of N, with ¢ using
Prandtl’s mechanism and Kotter’s equation in a similar manner as Dewaikar and
Mohapatra.?* However, for the analysis in Figure 2.1, the center of the logarithmic
spiral is located at b. (Note: In Figure 2.1, o0 = 45 + ¢/2.) The variation of N, obtained
from this analysis is given in Table 2.7.
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TABLE 2.4

Comparison of N, Values (Rough Foundation)

Soil Friction
Angle ¢ (deg)

O 0 N N R W= O

—_—
—_ o

L L W L W L L LW RN N RN NN DD e e e e e e
© AN E DN = OOV 0OIANEWUN—=O 0w L bW

Terzaghi
(Equation 2.34)

0.00
0.01
0.04
0.06
0.10
0.14
0.20
0.27
0.35
0.44
0.56
0.69
0.85
1.04
1.26
1.52
1.82
2.18
2.59
3.07
3.64
431
5.09
6.00
7.08
8.34
9.84
11.60
13.70
16.18
19.13
22.65
26.87
31.94
38.04
45.41
54.36
65.27
78.61

Meyerhof
(Equation 2.74)

0.00
0.002
0.01
0.02
0.04
0.07
0.11
0.15
0.21
0.28
0.37
0.47
0.60
0.74
0.92
1.13
1.38
1.66
2.00
2.40
2.87
3.42
4.07
4.82
5.72
6.77
8.00
9.46
11.19
13.24
15.67
18.56
22.02
26.17
31.15
37.15
44.43
53.27
64.07

Vesic
(Equation 2.80)

0.00
0.07
0.15
0.24
0.34
0.45
0.57
0.71
0.86
1.03
1.22
1.44
1.69
1.97
2.29
2.65
3.06
3.53
4.07
4.68
5.39
6.20
7.13
8.20
9.44
10.88
12.54
14.47
16.72
19.34
22.40
25.99
30.22
35.19
41.06
48.03
56.31
66.19
78.03

Hansen
(Equation 2.79)

0.00
0.00
0.01
0.02
0.05
0.07
0.11
0.16
0.22
0.30
0.39
0.50
0.63
0.78
0.97
1.18
1.43
1.73
2.08
2.48
2.95
3.50
4.13
4.88
5.75
6.76
7.94
9.32
10.94
12.84
15.07
17.69
20.79
24.44
28.77
33.92
40.05
47.38
56.17

(Continued)
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TABLE 2.4 (Continued)

Comparison of N, Values (Rough Foundation)

NY

Soil Friction Terzaghi Meyerhof Vesic Hansen
Angle ¢ (deg) (Equation 2.34) (Equation 2.76) (Equation 2.80) (Equation 2.79)
39 95.03 77.33 92.25 66.75
40 115.31 93.69 109.41 79.54
41 140.51 113.99 130.22 95.05
42 171.99 139.32 155.55 113.95
43 211.56 171.14 186.54 137.10
44 261.60 211.41 224.64 165.58
45 325.34 262.74 271.76 200.81
TABLE 2.5
Other N, Values (Rough Foundation)
Soil Friction
Angle ¢ (deg)  Chen'>  Booker'®  Kumar®  Michalowski'®  Hjiajetal.2?  Martin?'
5 0.38 0.24 0.23 0.18 0.18 0.113
10 1.16 0.56 0.69 0.71 0.45 0.433
15 2.30 1.30 1.60 1.94 1.21 1.18
20 5.20 3.00 3.43 4.47 2.89 2.84
25 11.40 6.95 7.18 9.77 6.59 6.49
30 25.00 16.06 15.57 21.39 14.90 14.75
35 57.00 37.13 35.16 48.68 34.80 34.48
40 141.00 85.81 85.73 118.83 85.86 85.47
45 374.00 198.31 232.84 322.84 23291 234.21

TABLE 2.6

Variation of N, with ¢

¢ (deg) N,

20 6.24

25 13.16

30 28.00

35 62.53

40 151.45

45 412.55

Source: Dewaikar, D. M. and B. G. Mohapatra.
2003. Soils Found., 43(3): 1.
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TABLE 2.7

Variation of N, with ¢

¢ (deg) N,
20 7.65
25 15.80
30 30.31
35 73.79
40 176.89
45 425.52

Source: Mrunal, P., J. N. Mandal, and
D. M. Dewaikar. 2014. Intl. J.
Geotech. Eng., 8(4): 372.

It has been suggested that the plane strain soil friction angle ¢,, instead of ¢,, be
used to estimate bearing capacity.!' To that effect Vesic* raised the issue that this
type of assumption might help explain the differences between the theoretical and
experimental results for long rectangular foundations; however, it does not help to
interpret results of tests with square or circular foundations. Ko and Davidson? also
concluded that, when plane strain angles of internal friction are used in commonly
accepted bearing capacity formulas, the bearing capacity for rough footings could
be seriously overestimated for dense sands. To avoid the controversy Meyerhof® sug-

gested the following:
B
o= [I.I—O.I(Lﬂq),

where
0, = triaxial friction angle

2.6 OTHER BEARING CAPACITY THEORIES

Hu?¢ proposed a theory according to which the base angle a of the triangular wedge
below a rough foundation (refer to Figure 2.1) is a function of several parameters, or

o= f(v.0.9) (2.86)

The minimum and maximum values of o can be given as follows:

¢

< Olpip <45+ =
¢ 2
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FIGURE 2.13 Hu’s bearing capacity factors.

and

Olpax =45+

N |-e

The values of N, N, and N, determined by this procedure are shown in Figure 2.13.
Balla?” proposed a bearing capacity theory that was developed for an assumed
failure surface in soil (Figure 2.14). For this failure surface, the curve cd was assumed
to be an arc of a circle having a radius r. The bearing capacity solution was obtained

|¢——B ———p|

l q}qu/} /.’-'-'""

c

ag|

LWL

I -]

WN\./ 45 - ¢/2 d
\/

\
\

FIGURE 2.14 Nature of failure surface considered for Balla’s bearing capacity theory.
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using Kotter’s equation to determine the distribution of the normal and tangential
stresses on the slip surface. According to this solution for a continuous foundation,

1
q.=cN.+gN, +§YBNY

The bearing capacity factors can be determined as follows:

1. Obtain the magnitude of ¢/By and D/B.

2. With the values obtained in step 1, go to Figure 2.15 to obtain the magni-
tude of p = 2r/B.

3. With known values of p, go to Figures 2.16 through 2.18, respectively, to
determine N,, N, and N,

2.7 SCALE EFFECTS ON ULTIMATE BEARING CAPACITY

The problem in estimating the ultimate bearing capacity becomes complicated if
the scale effect is taken into consideration. Figure 2.19 shows the average variation
of N,/2 with soil friction angle obtained from small footing tests in sand conducted
in the laboratory at Ghent as reported by DeBeer.?® For these tests, the values of ¢
were obtained from triaxial tests. This figure also shows the variation of N,/2 with ¢
obtained from tests conducted in Berlin and reported by Muhs?® with footings hav-
ing an area of 1 m?. The soil friction angles for these tests were obtained from direct
shear tests. It is interesting to note that

1. For loose sand, the field test results of N, are higher than those obtained
from small footing tests in the laboratory.

2. For dense sand, the laboratory tests provide higher values of N, compared
to those obtained from the field.

The reason for the above observations can partially be explained by the fact that,
in the field, progressive rupture in the soil takes place during the loading process.
For loose sand at failure, the soil friction angle is higher than at the beginning of
loading due to compaction. The reverse is true in the case of dense sand.

Figure 2.20 shows a comparison of several bearing capacity test results in sand
compiled by DeBeer,*® which are plots of N, with yB. For any given soil, the magni-
tude of N, decreases with B and remains constant for larger values of B. The reduc-
tion in N, for larger foundations may ultimately result in a substantial decrease in the
ultimate bearing capacity that can primarily be attributed to the following reasons:

1. For larger-sized foundations, the rupture along the slip lines in soil is pro-
gressive, and the average shear strength mobilized (and thus ¢) along a slip
line decreases with the increase in B.

2. There are zones of weakness that exist in the soil under the foundation.

3. The curvature of the Mohr-Coulomb envelope.
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2.8 EFFECT OF WATER TABLE

The preceding sections assume that the water table is located below the failure sur-
face in the soil supporting the foundation. However, if the water table is present near
the foundation, the terms ¢ and yin Equations 2.31, 2.39 through 2.43, and 2.73 need
to be modified. In a very early study, Meyerhof* evaluated the effect of water table
on the ultimate bearing capacity of a shallow continuous (strip) foundation supported
by a granular soil (c = 0). It was assumed that, for a continuous foundation, the depth
of the failure surface in soil extends up to about twice the width of the foundation
depending on the soil friction angle ¢. Meyerhof’s*® analysis can be summarized by
referring to the Figure 2.21 in which d is the depth of the ground water table below
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FIGURE 2.19  Comparison of N, obtained from tests with small footings and large footings
(area =1 m?) on sand.
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FIGURE 2.20 DeBeer’s study on the variation of N, with YB.

the ground surface. For D/B < 1, if d < D, then the ultimate bearing capacity can be
expressed as,

1
9= VBN; + YDy + (Y=Y )dIN, +Y,(Dy = d) 287)

where
Y,, = unit weight of water.
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FIGURE 2.21 Effect of ground water table on ultimate bearing capacity.

Again, if d > D, (i.e., the water level between the bottom of the foundation and
depth of the failure zone in soil),

1 7 4
. =5[y +F(y—Y")|BN, +YD;N, (2.88)

where
F is a factor of ¢ and (d — D)/B (Figure 2.22)

1.0

20 30 40 50
Soil friction angle, ¢ (deg)

FIGURE 2.22 Meyerhof’s ground water table correction factor F (Equation 2.88).
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The present trend of correcting the ultimate bearing capacity equation is to con-
sider the following four cases.

Case 1: d=0 For d=0, the term q =YDy associated with N, should be
changed to ¢ =7’D; (Y’ = effective unit weight of soil). Also, the term 7y
associated with N, should be changed to .

Case 2: 0<d<D; For this case, g will be equal to yd + (D, d) ', and the
term y associated with N, should be changed to y".

Case 3: D;<d < D;+ B This condition is one in which the groundwater table
is located at or below the bottom of the foundation. In such case, g = ¥D;
and the last term 7y should be replaced by an average effective unit weight
of soil ¥, or

_ d—D
Y= v’+[3f)<v—v'> (2.89)

Case 4: d>D;+ B For d>D;+ B, q =YD, and the last term should remain
v. This implies that the groundwater table has no effect on the ultimate
capacity.

EXAMPLE 2.3

Consider a square foundation measuring 1.5 mx 1.5 m located at a depth of
1 m below the ground surface. The ground water table is located at a depth
of 0.75m below the ground surface. Determine the ultimate bearing capac-
ity using Terzaghi’s bearing capacity equation. For the soil, use y=16.7 kN/m?,
Yeur = 17.63 kKN/m3, 6 =27°, ¢ =19 kN/m?2.

SoLuTIoN
From Equation 2.39,

qu =1.3cN. +gN; +0.4yBN,

For ¢ =27°, from Table 2.1, N.=29.24, N,=15.9, N,=11.6. Since 0 <d < D,
Case Il is applicable for the ground water correction. Thus the modified form of
Equation 2.39 will be

qu =1.3cNe +[yd + (D = d)y" )Ny +0.4y'BN,
=1.3)(19)(29.24) +[(16.7)(0.75)+ (1-0.75)(17.63 - 9.8 1)](15.9)
+(0.4)(17.63-9.81)(1.5)(11.6)
=1006.887 kN/m? = 1007 kN/m?
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2.9 GENERAL BEARING CAPACITY EQUATION

The relationships to estimate the ultimate bearing capacity presented in the preced-
ing sections are for continuous (strip) foundations. They do not give (a) the relation-
ships for the ultimate bearing capacity for rectangular foundations (that is, B/L > 0;
B =width and L =length), and (b) the effect of the depth of the foundation on the
increase in the ultimate bearing capacity. Therefore, a general bearing capacity may
be written as

gy = N eg + GN Ay +%yBNYMMd 2.90)

Most of the shape and depth factors available in the literature are empirical and/
or semi-empirical, and they are given in Table 2.8.

If Equations 2.69, 2.68, and 2.80 are used for N, N, and N,, respectively, it
is recommended that DeBeer’s shape factors and Hansen’s depth factors be used.
However, if Equations 2.69, 2.68, and 2.74 are used for bearing capacity factors
N, N, and N,, respectively, then Meyerhof’s shape and depth factors should be
used.

EXAMPLE 2.4

A shallow foundation is 0.6 m wide and 1.2 m long. Given: D;= 0.6 m. The soil
supporting the foundation has the following parameters: ¢ =25° ¢ =48 kN/m?,
and y=18 kN/m?. Determine the ultimate vertical load that the foundation can
carry by using

1. Prandtl’s value of N. (Equation 2.69), Reissner’s value of N, (Equ-
ation 2.68), Vesic’s value of N, (Equation 2.76), and the shape and
depth factors proposed by DeBeer and Hansen, respectively
(Table 2.8)

2. Meyerhof’s values of N, Ny, and N, (Equations 2.69, 2.68, and 2.74)
and the shape and depth factors proposed by Meyerhof® given in
Table 2.8

SoLuTioN
From Equation 2.90,

Go = CNAeheq + GNohgehas + %yBNyxysxyd



Ultimate Bearing Capacity Theories 55

TABLE 2.8
Summary of Shape and Depth Factors
Factor Relationship Reference
Shape B Meyerhof®
For¢=0": A= 1+0.2(—)
L
Ay =1
Ay =1

For¢>10": A, =1+ 0.2(%) tan® (45 + %J

My =hy =1+ 0.1(§]tan2 (45 +$j
L 2

N DeBeer?!
Aes =14+ —L B
N\ L

[Note: Use Equation 2.69 for N, and Equation 2.68 for N, as
given in Table 2.3]

Ay =1+ (%)tan [}

B\* Michalowski*
Ao =1+(1.8 tan2¢+0.l)(zj

0.5
Ay =1+1.9 tanzd)(%)

Ay = 1+4(0.6 tan’ — 0.25)[3 (for ¢ <30°)

L

15 |
7»,{S=I+(1.3tan2q)—0.5)(%) e g (for ¢ >30°)

B D\ Salgado et al.*
Ao =14C| = |+ G| =L for p=0
DT -

B/L C, C, Salgado et al.?

Circle  0.163 0.210
1.00 0.125 0.219
0.50 0.156 0.173
0.33 0.159 0.137
0.25 0.172 0.110
0.20 0.190 0.090

(Continued)
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TABLE 2.8 (Continued)
Summary of Shape and Depth Factors

Factor Relationship Reference
Depth D Meyerhof?
For$p=0": Ay=1 +o.2(—fJ
B
A=Ay =1

For$>10": A, =1 +O.2(%Jtan(45+g)

D
Mga = Ay =1 +0.1[?fjtan(45 +%)

D Hansen!?
For D;/B<1: Ay =1+ 0.4[?) (for §=0)
l_
Mea =Nga = Ay
N, tan ¢
D,
Aga =1+ 2tan ¢ (1-sin ¢)? (?fj
Ay =1
Hansen'®

D,
For D;/B>1: A, =1+04tan™ (?fj

Ay =1+2tan ¢ (1-sin¢)*tan™ (%J

Mg =1

D
{Note: tan™' (?fj isin radians}

D\ Salgado et al.?®
A =1+027 (—’)
B

Part a: From Table 2.3 for ¢ =25°, N, =20.72 and N, = 10.66. Also, from Table
2.4 for ¢ = 25°, Vesic’s value of N, = 10.88. DeBeer’s shape factors are as follows:

N, . .
o 1a[Ne)(B) iy (1060Y06) 5o
N )\ L 20.72 )\ 1.2
?»qs=1+(%)tan¢=1+(%)tan25=1.233

A =1- 0.4(5) =1- (0.4)(%j =0.8
L 1.2
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Hansen’s depth factors are as follows:

hga = 1+ 2tand(1— sin o)’ (%) — 14 2(tan 25)(1—sin 25)? (%) —1.115

Ao _, 1-1.155

=1.115-——"—"—=1.099
Nc.tand 20.72(tan 25)

}\'cd = )\-qd -
g =1

So,

gy = (48)(20.72)(1.257)(1.099) +(0.6)(18)(10.66)(1.233)(1.115)
+ %(1 8)(0.6)(10.88)(0.8)(1)

=1373.9+163.96+47 = 1585 kN/m?

Part b: From Table 2.3 for ¢ =25° N.=20.72, N,=10.66, and N, = 6.77. Now
referring to Table 2.6, Meyerhof’s shape and depth factors are as follows:

A =1+0.2 B tan? 45+9 =1+(0.2) 0.6 tan? 45+§ =1.246
L 2 1.2 2
Ags = Ay =1+0.1 B tan? 45+$ =1+0.1 0.6 tan? 45+§ =1.123
L 2 1.2 2

A =1+0.2 Dr tan 45+$ =1+0.2 0.6 tan 45+§ =1.314
B 2 0.6 2

Agd = Ahyg =1+ 0.1(&jtan(45 +$) = 1+O.1(%)tan(45+§) =1.157
B 2 0.6 2

So,

gy = (48)(20.72)(1.246)(1.314)+(0.6)(18)(10.66)(1.123)(1.157)
+ %(1 8)(0.6)(6.77)(1.123)(1.157)

=1628.37+149.6+47.7 = 1826 kN/m?

2.10 EFFECT OF SOIL COMPRESSIBILITY

In Section 2.3 the ultimate bearing capacity equations proposed by Terzaghi' for
local shear failure were given (Equations 2.41 through 2.43). Also, suggestions by
Vesic* shown in Equations 2.44 and 2.45 address the problem of soil compressibility
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and its effect on soil bearing capacity. In order to account for soil compressibility
Vesic* proposed the following modifications to Equation 2.90, or

qu = Cchcxkcd}\‘cc + qukqsquch + %’YBN‘{}\"Y&)\"de‘/C (291)

where

s A

ccr Tger

. = soil compressibility factors

The soil compressibility factors were derived by Vesic* from the analogy of
expansion of cavities.** According to this theory, in order to calculate A, A, and
.. the following steps should be taken:

1. Calculate the rigidity index I, of the soil (approximately at a depth of B/2

below the bottom of the foundation), or

= < 292
" c+gqtano 292)
where
G = shear modulus of the soil
0 = soil friction angle
q = effective overburden pressure at the level of the foundation

2. The critical rigidity index of the soil /,,, can be expressed as

R ;{exp[(S.S -0.45 f)cot(45 - qz)ﬂ} (2.93)

The variations of /,,, with B/L are given in Table 2.9.

r(cr)

3.1f I, 2 I,,, then use A, A, and A, equal to one. However, if I, <1,,,
Ay = Ay =expy| —4.4+0.6 B tan ¢ + (3.07sin ¢?(log 21) (2.94)
L 1+sin¢
For ¢ =0,
B
Aee = 0.32+O.122+0.6 log1, (2.95)
For other friction angles,
=Xy
Nee = Age 1 (2.96)

“" N,tan¢
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TABLE 2.9
Variation of /., with ¢’ and B/L (Equation 2.93)
q)r Ir(cr)
(deg) B/L=0 B/L=0.2 B/L=0.4 B/L=0.6 B/L=0.8 B/L=1.0
0 13.56 12.39 11.32 10.35 9.46 8.54
5 18.30 16.59 15.04 13.63 12.36 11.20
10 25.53 22.93 20.60 18.50 16.62 14.93
15 36.85 32.77 29.14 25.92 23.05 20.49
20 55.66 48.95 43.04 37.85 33.29 29.27
25 88.93 77.21 67.04 58.20 50.53 43.88
30 151.78 129.88 111.13 95.09 81.36 69.62
35 283.20 238.24 200.41 168.59 141.82 119.31
40 593.09 488.97 403.13 33235 274.01 225.90
45 1440.94 1159.56 933.19 750.90 604.26 486.26
1.0 T
500
\ 250 \
038 \
\ 100
50
25 \ \
0.6 )
o 10
5
< 5
s 25
a L=l \\\
04
0.2 \\ \
0
0 20 40 50

FIGURE 2.23  Variation of A, = A,

Soil friction angle, ¢ (deg)

qc

with ¢ and 7, for foundation (B/L = 1).

Figures 2.23 and 2.24 show the variations of A, = A, (Equation 2.94) with ¢ and
I, for B/L =1 and L/B > 5, respectively.

EXAMPLE 2.5

Refer to Example 2.4a. For the soil, given: modulus of elasticity £=620 kN/m?;
Poisson’s ratio v = 0.3. Considering the compressibility factors, determine the ulti-
mate bearing capacity.
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FIGURE 2.24  Variation of A, = A, with ¢ and I, for foundation with L/B > 5.

SoLuTioN
P E B 620 4
" c+qgtand 20+Vv)(c+qgtand) 2(1+0.3)[48+(18x0.6)tan25]

From Equation 2.93:

lLien = 1{exp[[3.3 - 0.455) CO’[(45 —¢):|}
2 L 2
= 1{exp[[3.3 —-0.45x% %j cot(45 - 25)}} =62.46
2 1.2 2

Since /., > I, use A, A, and A relationships from Equations 2.94 and 2.96:

qc’

e = hge = Xp {{—4.4+O.6(Bﬂtan¢+m®(log2/’)}
L 1+sind

—exp]|-4.4+0.6 20| |tan25.4 307N 25M082X 45 | 555
1.2 1+sin25
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Also,

T—Age -0.
hc 353170353 _oer
Nc.tand 20.72tan25

Equation 2.91:

gy =(48)(20.72)(1.257)(1.099)(0.286) + (0.6)(18)(10.66)(1.233)(1.115)(0.353)
+ %(1 8)(0.6)(10.88)(0.8)(1)(0.353)

=392.94+55.81+16.59 = 465.4 kN/m?

2.11 BEARING CAPACITY OF FOUNDATIONS
ON ANISOTROPIC SOILS

2.11.1 FOUNDATION ON SAND (c = 0)

Most natural deposits of cohesionless soil have an inherent anisotropic structure
due to their nature of deposition in horizontal layers. The initial deposition of the
granular soil and the subsequent compaction in the vertical direction cause the soil
particles to take a preferred orientation. For a granular soil of this type Meyerhof
suggested that, if the direction of application of deviator stress makes an angle i
with the direction of deposition of soil (Figure 2.25), then the soil friction angle ¢
can be approximated in a form

o=0,—(0 —¢2)[9iooj 2.97)

where
0, = soil friction angle with i = 0°
0, = soil friction angle with i = 90°

Direction of
deposition

Major principal stress

FIGURE 2.25 Anisotropy in sand deposit.
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FIGURE 2.26 Continuous rough foundation on anisotropic sand deposit.

Figure 2.26 shows a continuous (strip) rough foundation on an anisotropic sand
deposit. The failure zone in the soil at ultimate load is also shown in the figure. In
the triangular zone (zone 1) the soil friction angle will be ¢ = ¢,; however, the mag-
nitude of ¢ will vary between the limits of ¢, and ¢, in zone 2. In zone 3 the effective
friction angle of the soil will be equal to ¢,. Meyerhof* suggested that the ultimate
bearing capacity of a continuous foundation on anisotropic sand could be calculated
by assuming an equivalent friction angle ¢ = ¢,,, or

Oeg = (2¢: + 02) _ 2+m, (2.98)
3 3
where
m = friction ratio = L] (2.99)

Once the equivalent friction angle is determined, the ultimate bearing capacity
for vertical loading conditions on the foundation can be expressed as (neglecting the
depth factors)

1
Gu = N geqhas + 5 VBN vy (2.100)
where
Nyeqp Nyeq = €quivalent bearing capacity factors corresponding to the friction

angle ¢ = ¢,

In most cases the value of ¢, will be known. Figures 2.27 and 2.28 present the
plots of Ny, and N, in terms of m and ¢,. Note that the soil friction angle ¢ = ¢,
was used in Equations 2.68 and 2.74 to prepare the graphs. So, combining the rela-
tionships for shape factors (Table 2.8) given by DeBeer,?!

B 1 B
G0 =GN o {1 + [than ¢eq}+ S BN [1 - 0.4(Lﬂ 2.101)
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FIGURE 2.27  Variation of N, (Equation 2.100).

EXAMPLE 2.6

Consider a shallow foundation supported by a granular soil. Given:

For the foundation: B=0.75m, L=1.5m, D;=0.5 m

For the soil: ¢, =38° (i=0; see Figure 2.25), ¢, =42° (i=90° see Figure
2.25); =17 kN/m?

Determine the ultimate bearing capacity q, using Equation 2.101.
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FIGURE 2.28

From Equation 2.98,

q)eq

Shallow Foundations

400
100 /
7
¥
P
g / 06
|z
.
120 30 40 45

Soil friction angle, ¢, (deg)

Variation of N, (Equation 2.100)

SoLuTioN

_ (20:+0,) _ (238)+42

3 3

=39.3

From Table 2.3, with ¢ = 0., Nyeq =58 and N

~1118 kN/m?

0.75

1 0.75
15 )(tan 39.4)} + (E)“ 7)(0.75)(83)|:1 -0.4 [15)}

Yleq)

= 83. From Equation 2.101

B 1 B
qu = qu(eq) |:1+(Lj tan¢eq:|+2'YBNy(eq) |:1—0.4( j:|

=(17 ><0.5)(58)[1+(
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2.11.2  FOUNDATIONS ON SATURATED CrAY (¢ = 0 CONCEPT)

As in the case of sand discussed above, saturated clay deposits also exhibit aniso-
tropic undrained shear strength properties. Figure 2.29a,b shows the nature of vari-
ation of the undrained shear strength of clays ¢, with respect to the direction of
principal stress application.’® Note that the undrained shear strength plot shown in
Figure 2.29b is elliptical; however, the center of the ellipse does not match the origin.
The geometry of the ellipse leads to the equation

b _ Cyi=450

a  Jlew)cm)

(2.102)

where
¢,y = undrained shear strength with i = 0°
¢,y = undrained shear strength with i = 90°

Saturated clay : Major principal stress

{
[
‘Minqr principal stress
(a)
A
Cu(i = 45°)
b
2i
CuH Cuyv

FIGURE 2.29 Bearing capacity of continuous foundation on anisotropic saturated clay:
(a) direction of principal stress application; (b) variation of ¢, with respect to the direction of
principal stress application; (c) failure surface in soil at ultimate load.



66 Shallow Foundations

A continuous foundation on a saturated clay layer (¢ =0) whose directional
strength variation follows Equation 2.102 is shown in Figure 2.29c. The failure sur-
face in the soil at ultimate load is also shown in the figure. Note that, in zone I, the
major principal stress direction is vertical. The direction of the major principal stress
is horizontal in zone III; however, it gradually changes from vertical to horizontal
in zone I1. Using the stress characteristic solution, Davis and Christian® determined
the bearing capacity factor N, for the foundation. For a surface foundation,

Cv+cﬂj (2.103)

u:Nci
4q ()( )

The variation of N, with the ratio of a/b (Figure 2.29b) is shown in Figure 2.30.
Note that, when a =b, N,; becomes equal to N,=5.14 (isotropic case; Equation
2.69).

In many practical conditions, the magnitudes of ¢, and c¢,; may be known but
not the magnitude of c,;_,s. If such is the case, the magnitude of a/b (Equation
2.102) cannot be determined. For such conditions, the following approximation may
be used:

G =09 N, (CV””) (2.104)
——

=5.14 2

The preceding equation was suggested by Davis and Christian,* and it is based
on the undrained shear strength results of several clays. So, in general, for a rectan-
gular foundation with vertical loading condition,

7
6
5 ///

0 0.2 0.4 0.6 0.8 1.0 1.2
alb

FIGURE 2.30 Variation of N, with a/b based on the analysis of Davis and Christian.
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+
qu = Nc(i) |:cuvzcqu|7\'m7\'cd + quxqsqu

For ¢ = 0 condition, N,=1 and g = YD, So,

Cuv + Cur j

Gu = N('(i)( Aechea + YD gsAga

67

(2.105)

(2.106)

The desired relationships for the shape and depth factors can be taken from

Table 2.8 and the magnitude of g, can be estimated.

EXAMPLE 2.7

Consider an anisotropic saturated clay deposit. For the clay, referring to Figure 2.29,

Cupy =56 kN/m? and c,, = 30 kN/m?2.
The variation of ¢, can be given by the equation,

2 -
Cy(i) = Cur *+(Cuy — Cypy) COS™ i

A shallow foundation with B=0.3 m, L=1m and D,;=0.3 is constructed in
the clay (y=17.5 kN/m?). Estimate the ultimate bearing capacity of the foundation.

SoLuTION
Given,

2 .
Cu(i) = Cur *+(Cuy — Cypy) COS™ i

So,

Cy(i=45°) = 56+ (30 - 56) C052 45 =43 kN/m2

From Equation 2.102,

b Cui=a5") 43
Z= = ~1.05
a  Jlcw)cu) B0)56)

So

a 1
—=——=0.95
b 1.05

From Figure 2.30, for a/b = 0.5, the value of N, = 5.
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From Equation 2.106,

Cov +Cu
qu = Nc(i) [%) )\'cs}\'cd + ’Ykaqskqd

From Table 2.8, using DeBeer’s shape factors,
Aes =1+ No |(B =1+ LRRUEL =1.06
N UL 5/)\2.0
Ags = 1+(%]tan¢

With ¢ =0,

Ngs =1+($jtan0 =1

Again, using Hansen’s depth factors (¢ = 0),

Aed = 1+O‘4(%) = 1+(0.4)(E) =1.12

Aga =1+ 2tand(1-sin¢)’ (%) =1

Hence,

qu = (5)(%)(1 .06)(1.12)+ (17.5)(0.3)(N(1)

=255.25+5.25 = 260.5 kN/m?

2.11.3 FOUNDATIONS ON c—0 SoiL

The ultimate bearing capacity of a continuous shallow foundation supported by
anisotropic ¢—¢ soil was studied by Reddy and Srinivasan®” using the method of
characteristics. According to this analysis the shear strength of a soil can be given as

s=o0’tan{p+c

It is assumed, however, that the soil is anisotropic only with respect to cohe-
sion. As mentioned previously in this section, the direction of the major principal
stress (with respect to the vertical) along a slip surface located below the foundation
changes. In anisotropic soils, this will induce a change in the shearing resistance to
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the bearing capacity failure of the foundation. Reddy and Srinivasan®’ assumed the
directional variation of ¢ at a given depth z below the foundation as (Figure 2.31a)

2.
Ci(z) = CH(z) + [CV(z) - CH(Z)]COS l (2107)

where
¢, = cohesion at a depth z when the major principal stress is inclined at an angle
i to the vertical (Figure 2.31b)
Cy(, = cohesion at depth z for i = 0°
Cp() = cohesion at depth z for i = 90°

The preceding equation is of the form suggested by Casagrande and Carrillo.?

Figure 2.31b shows the nature of variation of c,,, with i. The anisotropy coeffi-
cient K is defined as the ratio of ¢y, t0 ¢y,

Cy(z
K=" (2.108)

Minor principal stress
Major principal stress

(a)

Cv(z=0)

(©

FIGURE 2.31  Anisotropic clay soil—assumptions for bearing capacity evaluation: (a) direc-
tions of principal stresses; (b) directional variation of ¢, ;; (c) variation of ¢y, with depth.
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In overconsolidated soils, K is less than one; for normally consolidated soils, the
magnitude of K is greater than one.

For many consolidated soils, the cohesion increases linearly with depth (Figure
2.31c). Thus,

Cviz) = Cvz=0) T OUZ (2.109)

where
Cyo» Cye=0) = cohesion in the vertical direction (that is, i = 0) at depths of z and
7 =0, respectively
o = the rate of variation with depth z

According to this analysis, the ultimate bearing capacity of a continuous founda-
tion may be given as

qu=Cvi=oN ¢y taN ¢+ ’YBNW (2.110)
where
NL(, 2 Nyi» Ny = bearing capacity factors
=YDy,

This equation is similar to Terzaghi’s bearing capacity equation for continu-
ous foundations (Equation 2.31). The bearing capacity factors are functions of the
parameters 3. and K. The term 3, can be defined as

B. = ot (2.111)

Cy(z=0)

where

Cv(z=0)

[ = characteristic length = (2.112)

Furthermore, N

& 18 also a function of the nondimensional width of the founda-
tion, B”:

(2.113)

po?
[

The variations of the bearing capacity factors with B, B’, ¢, and K determined
using the method of analysis by Reddy and Srinivasan®’ are shown in Figures 2.32
through 2.37. This study shows that the rupture surface in soil at ultimate load
extends to a smaller distance below the bottom of the foundation for the case where
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FIGURE 2.32 Reddy and Srinivasan’s bearing capacity factor, N,,,—influence of K (8, = 0).

the anisotropic coefficient K is greater than one. Also, when K changes from one to
two with o = 0, the magnitude of N, is reduced by about 30%—40%.

EXAMPLE 2.8

Estimate the ultimate bearing capacity g, of a continuous foundation with the fol-
lowing: B=3 m; ¢y, =12 kN/m? o =3.9 kN/m?/m; D;=1m; y=17.29 kN/m3;
¢ =20° Assume K =2.

SoLuTioN
From Equation 2.112:

Characteristic length, = Sre=0) _ 12 =0.69
Y

17.29
. . . , B 3
Nondimensional width, B’'=—=-—"—"—-=4.34
/' 0.69
Also,
B = 1 (4340069 _

Cv(z=0) 12

Now, referring to Figures 2.33, 2.34, 2.36, and 2.37 for ¢ = 20°, B.=0.25, K=2,
and B”=4.34 (by interpolation),

NC(,") = 145, Nq(,") = 6/ and Ny(;') =4
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FIGURE 2.33 Reddy and Srinivasan’s bearing capacity factor, N ,—influence of K
B.=0.2).
From Equation 2.110,
1
Qu = Cviz=0Newr) + GNg) +EYBN7(:"> =(12)(14.5)+(1(17.29)(6)

+ 1(1 7.29)(3)(4) = 381 kN/m?

2.12 ALLOWABLE BEARING CAPACITY WITH RESPECT TO FAILURE

Allowable bearing capacity for a given foundation may be (a) to protect the founda-
tion against a bearing capacity failure, or (b) to ensure that the foundation does not
undergo undesirable settlement. There are three definitions for the allowable capac-

ity with respect to a bearing capacity failure.
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FIGURE 2.34 Reddy and Srinivasan’s bearing capacity factor, N ,—influence of K
(B.=0.4).

2.12.1 Gross ALLOWABLE BEARING CApPACITY

The gross allowable bearing capacity is defined as

= d (2.114)
qan FS

where
q., = gross allowable bearing capacity
F'S = factor of safety

In most cases a factor of safety of 3 to 4 is generally acceptable.
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FIGURE 2.35 Reddy and Srinivasan’s bearing capacity factor, N,;, and N,—influence of
KB =0).

2.12.2 Nt ALLowABLE BEARING CAPACITY

The net ultimate bearing capacity is defined as the ultimate load per unit area of the
foundation that can be supported by the soil in excess of the pressure caused by the
surrounding soil at the foundation level. If the difference between the unit weight
of concrete used in the foundation and the unit weight of the surrounding soil is

assumed to be negligible, then

qu(nel) = qu - CI (2115)
where
q =YDy
q.mer = DEt ultimate bearing capacity
The net allowable bearing capacity can now be defined as
= Qutnen (2.116)
qall(nel) FS

A factor of safety of 3 to 4 in the preceding equation is generally considered

satisfactory.
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FIGURE 2.36 Reddy and Srinivasan’s bearing capacity factor, N,;, and N,,—influence of
K(@B.=0.2).

2.12.3 AvrLowaBLE BEARING CarAcITY WITH RESPECT
TO SHEAR FAILURE [q,,, c00]

For this case a factor of safety with respect to shear failure FS,.,,, which may be in

the range of 1.3-1.6, is adopted. In order to evaluate g, y,c.»» the following procedure
may be used:

1. Determine the developed cohesion ¢, and the developed angle of friction
0, as

= 2.117)
FS(shear)

_ t
0, = tan {F;nq’ } 2.118)
(shear)
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FIGURE 2.37 Reddy and Srinivasan’s bearing capacity factor, N, and N, —influence of
K(@B.=0.4).

2. The gross and net ultimate allowable bearing capacities with respect to
shear failure can now be determined as (Equation 2.90)

qall(shear)fgross

1
= chL]\‘C.v;\'cd + qu}\'qs}\’qd + 5 'YBNYX‘YSX'Yd (21 19)

1
Gali(shear)—net — Yall(shear)—gross — 4 = chcxcs)\'cd + ‘I(Nq - l)xqs;\'qd + E'YBN'Y}\’YS}\’W (2120)

where
N,, N,, and N, = bearing capacity factors for friction angle ¢,
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EXAMPLE 2.9
Refer to Example 2.4, Part a.
1. Determine the gross allowable bearing capacity. Assume FS = 4.
2. Determine the net allowable bearing capacity. Assume FS = 4.

3. Determine the gross and net allowable bearing capacities with respect to
shear failure. Assume FSeqy = 1.5.

SoLuTION
Part 1: From Example 2.1, problem a, g, = 1585 kN/m?

Qan = G 1585 396.25 kN/m?
FS 4
Part 2:
Gallnet) = 9. =9 = 1585 - (06)(1 8) = 393.55 I(N/m2

FS 4
Part 3:

= =¥ _pum

FSehean 1.5

¢g =tan™' tang tan”[tanzS]:W.B"
Senean 15

(shear,

For ¢,=17.3° N.=12.5, N,=4.8 (Table 2.3), and N, = 3.6 (Table 2.4),

e 1a )] e 2] 29) 1.1
N\ L 12.5)\ 1.2

Ags :1+(%)tan¢d :1+(%jtan17.3=1.156

Ay = 1—0.4(5) = 1—0.4(%) =08
L 1.2
1- Ay 1-1.308

Mg =Aga — 20 =1.308

. -—=1.387
Nctan ¢y 12.5tan17.3

Ao =T+ 2tanoq(1-sindy)’ (%J =1+(2)(tan17.3)(1-sin17.3) (%j =1.308

Ay =1
From Equation 2.119

1
Qall(shear)—gross = Cchkrs}\'cd + qu}\'qskqd + E ’YBN*/)WS?"YCI

=(32)(12.5)(1.192)(1.387) +(0.6)(18)(4.8)(1.156)(1.308)

+ %(1 8)(0.6)(3.6)(0.8)(1)

=661.3+78.4+15.6 = 755.3 kN/m’

77
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From Equation 2.120:

Gallisheannet = 761.5—q = 755.3—(0.6)(18) ~ 744.5 kN/m?

2.13 INTERFERENCE OF CONTINUOUS
FOUNDATIONS IN GRANULAR SOIL

In earlier sections of this chapter, theories relating to the ultimate bearing capacity
of single rough continuous foundations supported by a homogeneous soil medium
extending to a great depth were discussed. However, if foundations are placed close
to each other with similar soil conditions, the ultimate bearing capacity of each foun-
dation may change due to the interference effect of the failure surface in the soil.
This was theoretically investigated by Stuart® for granular soils. The results of this
study are summarized in this section. Stuart* assumed the geometry of the rupture
surface in the soil mass to be the same as that assumed by Terzaghi (Figure 2.1).
According to Stuart, the following conditions may arise (Figure 2.38):

Case 1 (Figure 2.38a): 1f the center-to-center spacing of the two founda-
tions is x 2 x,, the rupture surface in the soil under each foundation will not
overlap. So the ultimate bearing capacity of each continuous foundation can
be given by Terzaghi’s equation (Equation 2.31). For ¢ =0,

4u=aN, + BN, @.121)

where
N,, N, = Terzaghi’s bearing capacity factors (Table 2.1)

Case 2 (Figure 2.38b): If the center-to-center spacing of the two founda-
tions (x = x, < x,) are such that the Rankine passive zones just overlap, then
the magnitude of ¢, will still be given by Equation 2.121. However, the
foundation settlement at ultimate load will change (compared to the case of
an isolated foundation).

Case 3 (Figure 2.38c): This is the case where the center-to-center spacing
of the two continuous foundations is x = x; < x,. Note that the triangular
wedges in the soil under the foundation make angles of 180° — 2¢ at points
d, and d,. The arcs of the logarithmic spirals d, g, and d, e are tangent to
each other at point d,. Similarly, the arcs of the logarithmic spirals d, g, and
d, e are tangent to each other at point d,. For this case, the ultimate bearing
capacity of each foundation can be given as (c = 0)

1
Gu=qN &, + 5 YBN,E, 2.122)

where
F,q, F,Y = efficiency ratios
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FIGURE 2.38 Assumption for the failure surface in granular soil under two closely spaced
rough continuous foundations. Note: o, = ¢, o, =45 — 0/2, o3 = 180 — ¢. Failure surface in
soil when (a) x = x;; (b) x = x,; x = x5, (d) x = x,.

The efficiency ratios are functions of x/B and soil friction angle 0.
The theoretical variations of ﬁq and E_,y are given in Figures 2.39 and 2.40.

Case 4 (Figure 2.38d): If the spacing of the foundation is further reduced
such that x = x, < x5, blocking will occur and the pair of foundations will act
as a single foundation. The soil between the individual units will form an
inverted arch that travels down with the foundation as the load is applied.
When the two foundations touch, the zone of arching disappears and the
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FIGURE 2.39  Stuart’s interference factor &,

system behaves as a single foundation with a width equal to 2B. The ulti-
mate bearing capacity for this case can be given by Equation 2.121, with B
being replaced by 2B in the third term.

Das and Larbi-Cherif*° conducted laboratory model tests to determine the
interference efficiency ratios &, and &, of two rough continuous foundations
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FIGURE 2.40 Stuart’s interference factor &,.
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2.0 /|

o

FIGURE 2.41

resting on sand extending to a great depth. The sand used in the model tests
was highly angular, and the tests were conducted at a relative density of
about 60%. The angle of friction ¢ at this relative density of compaction
was 39°. Load-displacement curves obtained from the model tests were of
the local shear type. The experimental variations of £, and &, obtained from
these tests are given in Figures 2.41 and 2.42. From these figures it may be
seen that, although the general trend of the experimental efficiency ratio

x/B

Comparison of experimental and theoretical C,,

2.5 T T T T
!
/ 0 =39°
/
20 .
!
I
1.5 —/ J
!
oo
_ 39
10 f" . Theory—Stuart N
. N
¢ AN Experiment—Das and
N Larbi-Cherif%
0.5 - T
L
0 ! L |- ‘*i
0 2 3 4 5 6
x/B

FIGURE 2.42 Comparison of experimental and theoretical C,.
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FIGURE 2.43 Variation of experimental elastic settlement (S,/B) with center-to-center
spacing of two continuous rough foundations.

variations is similar to those predicted by theory, there is a large varia-
tion in the magnitudes between the theory and experimental results. Figure
2.43 shows the experimental variations of S,/B with x/B (S, = settlement at
ultimate load). The elastic settlement of the foundation decreases with the
increase in the center-to-center spacing of the foundation and remains con-
stant at x > about 4B.

EXAMPLE 2.10

Consider two shallow continuous foundations supported by a granular soil.

Given:

For the foundation:

For the soil:

B=12m

Center-to-center spacing of the foundation, x=2.5m

Di=1Tm

0=35°

v=16 kN/m?

Estimate the ultimate bearing capacity, q,.

From Equation 2.122,

SoLuTION

1
Gu = qNgCq + E’YBNYC“I

q=17Ds = (16)(1) =16 kN/m’
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From Table 2.1, for ¢ = 35°, N, =41.44 and N, = 45.41. x/B=2.5/1.2 = 2.08. Thus,

S

= 1.29 (Figure 2.39) and {, = 1.85 (Figure 2.40). Hence

qu =(16)(41.44)(1.29) + (%)(1 6)(1.2)(45.41)(1.85)

=1661.8 kN/m’
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Ultimate Bearing
Capacity under Inclined
and Eccentric Loads

3.1 INTRODUCTION

Owing to bending moments and horizontal thrusts transferred from the super-
structure, shallow foundations are often subjected to eccentric and inclined loads.
Under such circumstances the ultimate bearing capacity theories presented in
Chapter 2 need some modification, and this is the subject of discussion in this
chapter. The chapter is divided into two major parts. The first part discusses the
ultimate bearing capacities of shallow foundations subjected to centric inclined
loads, and the second part is devoted to the ultimate bearing capacity under eccen-
tric loading.

3.2 FOUNDATIONS SUBJECTED TO INCLINED LOAD

3.2.1 MEYERHOF’s THEORY (CONTINUOUS FOUNDATION)

In 1953, Meyerhof! extended his theory for ultimate bearing capacity under verti-
cal loading (Section 2.4) to the case with inclined load. Figure 3.1 shows the plastic
zones in the soil near a rough continuous (strip) foundation with an inclined load ¢,
per unit area of the foundation. The shear strength of the soil s is given as

s=c+0’tan® 3.D

where
¢ = cohesion
o’ = effective vertical stress
¢ = angle of friction

The inclined load makes an angle o with the vertical. It needs to be pointed out
that Figure 3.1 is an extension of Figure 2.7. In Figure 3.1, abc is an elastic zone, bcd
is a radial shear zone, and bde is a mixed shear zone. The normal and shear stresses
on plane be are p, and s,, respectively. Also, the unit base adhesion is c;. The solu-
tion for the ultimate bearing capacity can be expressed as

1
Guv) = u €080 = cN, + p,N, + EYBNY (3.2

85



86 Shallow Foundations
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FIGURE 3.1 Plastic zones in soil near a foundation with an inclined load. (Note: g, = inclined
load per unit are at failure.)

where
4, = vertical component of g,
N, N,, N, = bearing capacity factors for inclined loading condition
Y = unit weight of soil

Similar to Equations 2.73, 2.61, and 2.72, we can write

Gutv) = u COSOL= Gy + Qi) (3.3)
where
Goy =N+ p,N, (for6#0,7=0, p, #0,c#0) (3.4)
and
Guiy = %yBNY (for$#0,7#0, p, =0,c=0) 3.5

It was shown by Meyerhof! in Equation 3.4 that

NL. _ {cot¢|: 1+ sinq)sin(Z\If - ¢) eZGtamp _ 1i|} (36)

1—sin¢sin(2n+ ¢)

_ 1+sin$sin(2y — ¢) 200
" 1-sin¢sin2n+¢)

(3.7)

Note that the horizontal component of the inclined load per unit area on the foun-
dation g, cannot exceed the shearing resistance at the base, or
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q;(h) < C, + q;(v) tan8 (38)

where
¢, = unit base adhesion
0 = unit base friction angle

In order to determine the minimum passive force per unit length of the foundation
P yminy (se€ Figure 2.11 for comparison) to obtain N,, one can take a numerical step-
by-step approach as shown by Caquot and Kerisel® or a semi-graphical approach
based on the logarithmic spiral method as shown by Meyerhof.? Note that the passive
force P, acts at an angle ¢ with the normal drawn to the face bc of the elastic wedge
abc (Figure 3.1). The relationship for N, is

siny cos(y — )

(for «<d) (3.9
0s ¢

N =2Pm,(mm{ sin’y

= costy - q))+cos<w—<1>>}—

The ultimate bearing capacity expression given by Equation 3.2 can also be
expressed as

1
quiv)y = 4u cosQo = Ncq + E'YBNW (310)

where
N

. Ny, = bearing capacity factors that are functions of the soil friction angle ¢

and the depth of the foundation D,

For a purely cohesive soil (¢ = 0),
qu(v) = qu cos o = CNL'q (311)

Figure 3.2 shows the variation of N, for a purely cohesive soil (¢ = 0) for various
load inclinations .
For cohesionless soils ¢ = 0; hence, Equation 3.10 gives

1
QM(V) =dq. cosal = E'YBNW (312)

Figure 3.3 shows the variation of N, with o.

It is important to point out that, in most of the text and reference books, the
ultimate bearing capacity equation provided refers to the vertical component of
inclined load.
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FIGURE 3.2 Meyerhof’s bearing capacity factor N,, for purely cohesive soil (¢ = 0). (From
Meyerhof, G. G. 1953. Proc., 1l Intl. Conf. Soil Mech. Found. Eng., Zurich, Switzerland,
1: 440.)

3.2.2 GEeNERAL BEARING CapPAcITY EQUATION

The general ultimate bearing capacity equation for a rectangular foundation given by
Equation 2.90 can be extended to account for an inclined load and can be expressed

as
1
Gu = CN A esheakei + GN Mgk ik i + 5 YBN Ay Aoy (3.13)

where

N, N, N,=bearing capacity factors (for N. and N, use Table 2.3; for N, see

Table 2.4—Equations 2.74, 2.79, and 2.80)

Aoy Ays» Ay = shape factors (Table 2.8)

Aea> Myas Ay = depth factors (Table 2.8)

Aei» Myis Ay = inclination factors

Meyerhof* provided the following inclination factor relationships:

° 2
Do = Ay = (1_ @ j (3.14)
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FIGURE 3.3 Meyerhof’s bearing capacity factor N,, for cohesionless soil (o= 0, = ¢).

(From Meyerhof, G. G. 1953. Proc., Il Intl. Conf. Soil Mech. Found. Eng., Zurich,
Switzerland, 1: 440.)

2
hy = (1—0‘0J 3.15)
(0

Hansen’ also suggested the following relationships for inclination factors:

. 5
A =| 1- 0.5Q, sina (3.16)
Q,cosa.+ BLc cot ¢
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1-A,
M =hyi— ﬁ (3.17)
S
Table2.3
0.7, si ’
Ay=|1- O7Qusina (3.18)
Q,coso+ BLccotd

where, in Equations 3.14 through 3.18,
o = inclination of the load on the foundation with the vertical
Q, = ultimate inclined load on the foundation = ¢,BL
B = width of the foundation
L = length of the foundation

3.2.3  OTHER ResuLts FOR FOUNDATIONS wiTH CENTRIC INCLINED LOAD

Based on the results of field tests, Muhs and Weiss® concluded that the ratio of the
vertical component Q,,, of the ultimate load with inclination o with the vertical to
the ultimate load Q, when the load is vertical (that is, o = 0) is approximately equal
to (I-tan ov)*:

Qu(v)
QM(O(:O)

=(1—tano)?

or

Qu(v) /BL _ qu(v)

= =(1-tano)’ 3.19)
Qu(0=0) /BL Gu(a=0) (

Dubrova’ developed a theoretical solution for the ultimate bearing capacity of a con-
tinuous foundation with a centric inclined load and expressed it in the following form:

g, = (N, —1)cotd+2gN, + BYN, (3.20)
where
N,,N, =bearing capacity factors
q =YDy

The variations of N, and N, are given in Figures 3.4 and 3.5.

EXAMPLE 3.1

Consider a continuous foundation in a granular soil with the following: B=1.2 m;
D;= 1.2 m; unit weight of soil y= 17 kN/m3; soil friction angle ¢ = 40°; load incli-
nation o= 20°. Calculate the gross ultimate inclined load bearing capacity g,
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FIGURE 3.4 Variation of N;.

a. Use Equation 3.12

b. Use Equation 3.13 and Meyerhof’s bearing capacity factors (Table 2.3),
his shape and depth factors (Table 2.8), and inclination factors (Equations
3.14 and 3.15).

SoLUTION

Part a: From Equation 3.12,
G = YBNy
‘" 2cosal

where D/B=1.2/1.2 =1; ¢ = 40° and o = 20°. From Figure 3.3, N,, = 100. So,

Gy = (17)1.2)(100) =1085.5 kN/m?
2cos20
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FIGURE 3.5 Variation of N,.

Part b
With ¢ =0 and B/L =0, Equation 3.13 becomes

1
Quiv) = qukquqi + E’YBN\(}"deyi
For ¢ = 40°, from Table 2.3, N, = 64.2 and N, = 93.69. From Table 2.8,

Agd = Ayg =1+0.1 Dy tan 45+Q =1+0.1 1.2 tan 45+ﬂ =1.214
B 2 1.2 2

From Equations 3.14 and 3.15,

2
(XO
7\,,': 1—
¢ ( 90°J

2
(1 - QJ =0.605
90
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So,

Guy = (1.2%x17)(64.2)(1.214)(0.605) + %(1 7)(1.2)(93.69)(1.214)(0.25)

=1252 kN/m?
o= Ju_ 1252 qaa0nm?
cos20 cos20
EXAMPLE 3.2

Consider the continuous foundation described in Example 3.1. Other quantities
remaining the same, let ¢ = 35°.

a. Calculate g, using Equation 3.12
b. Calculate g, using Equation 3.20

SoLutioN
Part a
From Equation 3.12
o = YBNy
‘" 2cosa

From Figure 3.3, Nyq = 65:

(17)(1.2)(65)
2cos20

Qu = =~ 706kN/m?

Part b
For ¢ =0, Equation 3.20 becomes

qu = 2qNg + BYN,

Using Figures 3.4 and 3.5 for ¢ =35° and tan a.=tan 20=0.36, N, = 8.5 and
Ny = 6.5 (extrapolation):

Gy = (2)(17 x1.2)(8.5)+(1.2)(17)(6.5) = 480 kN/m?

Note: Equation 3.20 does not provide depth factors.

93
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EXAMPLE 3.3

Consider the continuous foundation described in Example 3.1 in which B=1.2 m,
D; =1.2m, y=17kN/m? ¢ =40° c=0, and load inclination o.=20° Using
Equation 3.19, estimate g,. For calculating g, ., use Equation 3.13 and Meyerhof’s
depth factors.

SOLUTION

For calculation of g4, the shape and inclination factors in Equation 3.13
are equal to 1. Thus,

1
Quto=0) = Quiv) = GNghga + EYBNde

From Example 3.1 for ¢ = 40°, N, = 64.2,N, = 93.69,Asq = A,y =1.214. Hence,

Quio=0) = (1.2x17)(64.2)(1.214)+ %(1 7)(1.2)(93.69)(1.214) = 2750.1kN/m?

From Equation 3.19,
Guwv) = Quia=o)(1—tana)? = (2750.1)(1-tan20)*> = 1112.5 kN/m? = 1113 kN/m?
Hence

qu_ qu(\/) _ 1113

= = =1184.4 kN/m?
cosa  cos20

Note: The magnitude of g, is approximately the same as that obtained in Example
3.1, Part b.

3.3 INCLINED FOUNDATIONS SUBJECTED TO NORMAL LOAD

Figure 3.6 shows an inclined continuous foundation of width B subjected to nor-
mal loading. The inclination of the base of the foundation with the horizontal is o.
The ultimate load per unit area at failure is ¢,. Meyerhof! proposed a theory for
estimating g, in the form,

qu=cN,+ %yBNW 3.21)

where
¢ = cohesion of soil
Y = unit weight of soil
N, and N, = bearing capacity factors
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FIGURE 3.6 Inclined continuous foundation subjected to normal loading.

The variations of N,,, and N,,, per Meyerhof’s' theory are shown in Figures 3.7 and
3.8, respectively. Figure 3.7 refers to the ¢ = 0 condition of purely cohesive soil. Or

qu=cNg (3.22)
Similarly, Figure 3.8 is for purely cohesionless soil (¢ = 0); or

g, = BN

JYBN., (3.23)

10
8
6 \
= D,/B=1
S %
Z \ \\\
4
[~ Dy/B=0
2
0
0 20 40 60 80 90

Inclination of the foundation, o (deg)

FIGURE 3.7 Meyerhof’s bearing capacity factor N, for purely cohesive soil (¢ =0)
(Equation 3.22). (From Meyerhof, G. G. 1953. Proc., Il Intl. Conf. Soil Mech. Found. Eng.,
Zurich, Switzerland, 1: 440.)
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FIGURE 3.8 Meyerhof’s bearing capacity factor N,, for cohesionless soil (Equation
3.23). (From Meyerhof, G. G. 1953. Proc., 1l Intl. Conf. Soil Mech. Found. Eng., Zurich,
Switzerland, 1: 440.)

Vesic? proposed that Equation 3.13 can be modified by including a base tilt factor
for estimation of ¢,. Or

qu = Cchcskcdxcl + quxqsququ + %’YBNY}\’VX}\'WKW (324)

where

A A

e Mg and A, = base tilt factors

Vesic® recommended the following relationships for the base tilt factors:

A, = 1—( 20 ) (3.25)
T+2
Ay =My =(1-atand)’ (3.26)

The angle o in Equations 3.25 and 3.26 is in radians. If o is expressed in degrees,
then
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o

Aoy =1--2 (3.27)
147
ct ¢ 2
o tan
xqt=xw=(1— = j (3.28)
EXAMPLE 3.4

A continuous foundation in saturated clay is shown in Figure 3.6. Given:

For the foundation: B=1m; D; =1 m; a.=20°
For the soil: Unit weight, y=19.25 kN/m?; undrained cohesion, ¢ = 57.5 kN/m?

Determine the ultimate bearing capacity g,. Use Equation 3.22.

SoLuTioN
From Equation 3.22,

Gu = CNgq
From Figure 3.7, for oo = 20°, D/B =1.0/1.0 = 1, the magnitude of Ny =6.1. Hence,

qu = (57.5)(6.1) = 350.75 kN/m’

EXAMPLE 3.5

Solve Example 3.4 using Equation 3.24. Use Meyerhof’s bearing capacity factors
(Table 2.3) and Hansen’s depth factors (Table 2.8).

SoLuTioN

Since this is a continuous foundation, A, A,,, and A, are all equal to 1.
From Table 2.3, for =0, N.=5.14, N,=1, N,=0
From Table 2.8,

Med :1+O.4(%):1+0.4G):1.4

Aga =1+ 2tand(1-sin )’ (%) =1
A = 1

From Equations 3.27 and 3.28,

o 1220 _ (864

7‘5( =1-
147° 147
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Ao = Ay =1

With ¢ =0, Equation 3.24 becomes

Gu = CNeheahe +q = (57.5)(5.14)(1.4)(0.864) + (1)(19.25) = 376.75 kN/m?

3.4 FOUNDATIONS SUBJECTED TO ECCENTRIC LOAD

3.4.1 ContiNuous FounpAaTioN wiTH EccenTrIC LOAD

When a shallow foundation is subjected to an eccentric load, it is assumed that the
contact pressure decreases linearly from the toe to the heel; however, at ultimate
load, the contact pressure is not linear. This problem was analyzed by Meyerhof!
who suggested the concept of effective width B". The effective width is defined as
(Figure 3.9)

B’ =B-2e (329

where
e = load eccentricity

According to this concept, the bearing capacity of a continuous foundation can be
determined by assuming that the load acts centrally along the effective contact width
as shown in Figure 3.9. Thus, for a continuous foundation (from Equation 2.90) with
vertical loading,

FIGURE 3.9 Effective width B".
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q, = Cchcd + qu)\‘qd + %YB’N»,I}\MM (330)

Note that the shape factors for a continuous foundation are equal to one. The ulti-
mate load per unit length of the foundation Q, can now be calculated as

0.=qA

where
A’ =effective area=B X 1 =B’

3.4.1.1 Reduction Factor Method

Purkayastha and Char? carried out stability analyses of eccentrically loaded continu-
ous foundations supported by sand (c = 0) using the method of slices proposed by
Janbu.!” Based on that analysis, they proposed that

Rk — 1 _ qu(eccentric) (331)

Qu(centric)

where
R, = reduction factor
Qyeccentric) = @verage ultimate load per unit area of eccentrically loaded continuous
foundations = Q,/B
Q.ueenricy = Ultimate bearing capacity of centrally loaded continuous foundations

The magnitude of R, can be expressed as

k
R, = “(ej (3.32)
B

where a and k are functions of the embedment ratio D/B (Table 3.1).
Hence, combining Equations 3.31 and 3.32

TABLE 3.1

Variations of a and k (Equation 3.32)
D/B a k

0.00 1.862 0.73
0.25 1.811 0.785
0.50 1.754 0.80

1.00 1.820 0.888
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k
e
qu(eccemric) = qu(cemric)(l - Rk) = qu(cemric) [1 —a (B) ‘| (333)

where
1
Gu(centric) = ququ + E’YBN‘/A”/d (Note.' Cc= O) (334)

Patra, Sivakugan, Das, and Sethy!! conducted several model tests for eccentri-
cally loaded rectangular foundations on sand. Based on their test results, it was sug-
gested that the reduction factor R, (Equation 3.31) for rectangular foundations can be
expressed as (for all values of D/B varying from zero to 1),

e k
m=a( )

where
BY B
a=() —1.6()+2.13 (3.35)
L L
BY B
k= 0.3(] —0.56()+0.9 (3.36)
L L

For rectangular foundations,

Ultimate load Q,
BL

(3.37)

Qu(ccccmric) =

3.4.1.2 Theory of Prakash and Saran

Prakash and Saran'? provided a comprehensive mathematical formulation to esti-
mate the ultimate bearing capacity for rough continuous foundations under eccen-
tric loading. According to this procedure, Figure 3.10a shows the assumed failure
surface in a c—¢ soil under a continuous foundation subjected to eccentric loading.
Let Q, be the ultimate load per unit length of the foundation of width B with an
eccentricity e. In Figure 3.10a zone I is an elastic zone with wedge angles of y; and
V,. Zones II and IIT are similar to those assumed by Terzaghi (that is, zone Il is a
radial shear zone and zone III is a Rankine passive zone).

The bearing capacity expression can be developed by considering the equi-
librium of the elastic wedge abc located below the foundation (Figure 3.10b).
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FIGURE 3.10 Derivation of the bearing capacity theory of Prakash and Saran for eccentri-
cally loaded rough continuous foundation: (a) assumed failure surface in soil; (b) equilibrium

of elastic wedge abc; (c) assumed variation of x; with e/B.

Note that in Figure 3.10b the contact width of the foundation with the soil is equal to

Bx,. Neglecting the self-weight of the wedge,

Qu = Pp COS(WI _¢)+ Pm COS(\PZ _¢m)+ Ca SinWl + Cé Sin\lj2

where

(3.38)

P,, P, = passive forces per unit length of the wedge along the wedge faces bc and

ac, respectively
0 = soil friction angle
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0,, = mobilized soil friction angle (£¢)

C, = adhesion along wedge face bc = M
sin(y, +y»)
C; = adhesion along wedge face ac = w
sin(y, +y,)

m = mobilization factor (<1)
¢ = unit cohesion

Equation 3.38 can be expressed in the form

QLI 1
Gu = (Bx1) 2 YBNye) + YD N yie) + cNeey (3.39)

where
Ny Nyo» N = bearing capacity factors for an eccentrically loaded continuous
foundation

The above-stated bearing capacity factors will be functions of e/B, ¢, and also the
foundation contact factor x,. In obtaining the bearing capacity factors, Prakash and
Saran'? assumed the variation of x; as shown in Figure 3.10c. Figures 3.11 through
3.13 show the variations of N, N, and N, with ¢ and ¢/B. Note that, for e/B =0,
the bearing capacity factors coincide with those given by Terzaghi'3 for a centrically
loaded foundation.

Prakash'* also gave the relationships for the settlement of a given foundation
under centric and eccentric loading conditions for an equal factor of safety FS. They
are as follows (Figure 3.14):

2 3

Se _10-1.63 < |-263 & | +5.83[ < (3.40)
S, B B B

S 2 3

Om_1.0-231] £ |-22.61) £ | +31.54| £ (341

S, B B B

where
S, = settlement of a foundation under centric loading at q.ycentricy = %

S, S,, = settlements of the same foundation under eccentric loading at g,eccentric)

_ qu(eccentric)

FS
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FIGURE 3.14 Notations for Equations 3.28 and 3.29.

EXAMPLE 3.6

Consider a continuous foundation with a width of 2 m. If e=0.2 m and the depth
of the foundation D;=1 m, determine the ultimate load per unit meter length
of the foundation using the reduction factor method. For the soil, use ¢ =40°;
v=17.5kN/m* c=0. Use Meyerhof’s bearing capacity and depth factors,
Equations 3.32, and Table 3.1.
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SoLuTioN
Since ¢ =0, B/L =0. From Equation 3.34,

1
Qu(centric) = qu}qu + E’YBNY}\"‘{d

From Table 2.3 for ¢ =40°, N,=64.2 and N,=93.69. Again, from Table 2.8,
Meyerhof’s depth factors are as follows:

Agd = hyg =1+0.1 Dr tan 45+9 =14+0.1 1 tan 45+4—O =1.107
B 2 2 2

So,

1
2
=1243.7+1815.0 =3058.7 kN/m?

Gutcentric) = (N(17.5)(64.2)(1.107) + —(17.5)(2)(93.69)(1.107)

According to Equation 3.33
k
e
Qu(eccentric) = qu(cemric)(‘I - Rk) = Qu(centric) I:] —a (EJ :|
For D/B=1/2 =0.5, from Table 3.1 a=1.754 and k = 0.80. So,
0 2 0.8
Guteccentic = 3058.7[1 - .754(7') } ~ 2209 kN/m?

The ultimate load per unit length:

Q, =(2209)(B)(1) =(2209)(2)(1) = 4418 kN/m

EXAMPLE 3.7

Solve the Example 3.6 problem using the method of Prakash and Saran.

SoLuTioN
From Equation 3.39

1
Qu =(Bx1) |:E YBNY(P) + YDqu(e) + CNC(e):|

Given: c=0. For¢ =40° e/B=0.2/2 =0.1. From Figures 3.12 and 3.13, N, = 56.09
and Ny, = 55. So,

Q,=02x 1)[%(1 7.5)(2)(55)+ (17.5)(1)(56.09)] = (2)(962.5+981.5) = 3888 kN/m
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EXAMPLE 3.8
Solve the Example 3.6 problem using Equation 3.30.

SoLuTION
For ¢ =0, from Equation 3.30

1 ,
Qo = qNgAga +§YB Ny
B =B-2e=2-(2)(0.2)=1.6m

From Table 2.3 N, =64.2 and N, =93.69. From Table 2.8, Meyerhof’s depth
factors are as follows:

Agd = hyg =1+0.1 Dy tan 45+9 =1+0.1 1 tan 45+@ =1.107
B 2 2 2

qu =(1x17.5)(64.2)(1.1 O7)+%(1 7.5)(1.6)(93.69)(1.107) = 2695.9 kN/m’

Q, = (B x1q, = (1.6)(2695.5) = 4313 kN/m

EXAMPLE 3.9

A rectangular foundation is 1.0 m x 1.5 m in plan and is subjected to an eccentric
load in the width direction with e = 0.1 m. The foundation is supported by a sand
with y=18 kN/m? and ¢ = 30°. Determine the gross ultimate load the foundation
could carry by using Equations 3.31, 3.35, and 3.36. Use Vesic’s bearing capacity
factors (Tables 2.3 and 2.4), DeBeer’s shape factor (Table 2.8), and Hansen'’s depth
factor (Table 2.8).

SoLuTION

k
e
Qu(eccentric) = Qu(centric) |:1 —a (E] :|

1
Qu(cenlric) = (B X [—)(QU) = (B X /-)(C]qukqd/\/q + E?\-ysxyd'YBNyj

Aos =1+§tan¢' =1+( )tan30=1.385

A
1.5

Ays =1- 0.4(5) = 1—0.4(i) =0.733
L 1.5



Ultimate Bearing Capacity under Inclined and Eccentric Loads 107

Aga =T1+2tan¢ (1-sin¢)’ (%) =1+2tan30(1-sin30)? G) =1.289

A =1.0
From Tables 2.3 and 2.4, N,=18.4 and N, =224

G, = (1x18)(1.385)(1.289)(18.4) +(1/2)(0.733)(1.0)(18)(1)(22.4) = 739.05 kN/m’

Quieentrior = (1x1.5)(739.05) = 1108.58 kN/m?

From Equation 3.35,

2 2
a=(B) 216 Ble2as=[) —16) L |+2.13=1.51
L L 15 15

From Equation 3.36,

2 2
k=0.3 5 -0.56 5 +09=03 1 -0.56 T +0.9=0.66
L 1.5 1.5

L
k 0.66
Ro=al &) =151 21} 0253
B 15

Hence,

Qu(eccentic) = Qu(cemic)ﬂ _Rk) =11 0858(1 - 0253) =822.57 kN

3.4.2 UrtIMATE LoAD ON RECTANGULAR FOUNDATION

Meyerhof’s effective area method! described in the preceding section can be extended
to determine the ultimate load on rectangular foundations. Eccentric loading of shal-
low foundations occurs when a vertical load Q is applied at a location other than
the centroid of the foundation (Figure 3.15a), or when a foundation is subjected to a
centric load of magnitude Q and momentum M (Figure 3.15b). In such cases, the load
eccentricities may be given as

LMy 5
L Q .
and
M,
eg=—— (3.43)
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FIGURE 3.15 Eccentric load on rectangular foundation: (a) eccentrically applied vertical
load; (b) application of vertical load and moment at the center of the foundation.

where
e,, ez =load eccentricities, respectively, in the directions of the long and short
axes of the foundation
M, M, = moment components about the short and long axes of the foundation,
respectively

According to Meyerhof,! the ultimate bearing capacity ¢, and the ultimate load Q,,
of an eccentrically loaded foundation (vertical load) can be given as

G = N hshea + GN hoshos +%VB'NY7LYS7LW (3.44)

and
Q. =(q)A’ (3.45)

where
A’ = effective area = B'L
B’ = effective width
L = effective length
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FIGURE 3.16 One-way eccentricity of load on foundation: (a) eccentricity in the width
direction; (b) eccentricity in the length direction.

The effective area A" is a minimum contact area of the foundation such that its
centroid coincides with that of the load. For one-way eccentricity (i.e., if e, =0
[Figure 3.16a)),

B'=B-2e,;, L'=L, A'=BL (3.46)

However, if ez = 0 (Figure 3.16b), calculate L—2¢,. The effective area is

A’=B(L-2e,) (3.47)

The effective width B’ is the smaller of the two values, that is, B or L-2e,.

Based on their model test results Prakash and Saran'? suggested that, for rectan-
gular foundations with one-way eccentricity in the width direction (Figure 3.17), the
ultimate load may be expressed as

1
Qu =qu (BL) = (BL) |:2 'YBNY(e)A'YS(e) + ’YDqu(e)A'qs(z) + CNC(e)Xcs(e)i| (348)

where

A

ys(e)

A

asep Mese) = shape factors

The shape factors may be expressed by the following relationships:

2
hosioy =104 22 —0.68 | B+ 0433 | B (3.49)
B L 28\ L
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FIGURE 3.17 Rectangular foundation with one-way eccentricity.

where
L = length of the foundation

Ngsoy =1 (3.50)

B
sy = 1. — 51
Neste) O+(L) (3.51)

Note that Equation 3.48 does not contain the depth factors.
For two-way eccentricities (that is, e, #0 and ey # 0), five possible cases may
arise as discussed by Highter and Anders."> They are as follows:

Case I: (e,/L>1/6 and ey/B > 1/6). For this case (shown in Figure 3.18),

calculate
B :B(l.S—SeB) (3.52)
B
L =L(1.5—36L) (3.53)
L
So, the effective area
, 1
A= EBIL1 (3.54)

The effective width B’ is equal to the smaller of B, or L,.
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FIGURE 3.18 Effective area for the case of ¢,/L > 1/6 and ey/B = 1/6.

Case II: (e;,/L < 0.5 and 0 < eyz/B < 1/6). This case is shown in Figure 3.19.
Knowing the magnitudes e;/L and e,/B, the values of L,/L and L,/L (and
thus L, and L,) can be obtained from Figures 3.20 and 3.21. The effective

area is given as

A= %(L1 +L,)B (3.55)

I e - —

Y

|
|
|
l

FIGURE 3.19 Effective area for the case of ¢,/L < 0.5 and e,/B < 1/6.
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FIGURE 3.20 Plot of ¢,/L versus L,/L for ¢;/L <0.5 and 0 < e,/B < 1/6. (Redrawn from
Highter, W. H. and J. C. Anders. 1985. J. Geotech. Eng., 111(5): 659.)
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FIGURE 3.21 Plot of ¢,/L versus L,/L for ¢;/L < 0.5 and 0 < e,/B < 1/6. (Redrawn from
Highter, W. H. and J. C. Anders. 1985. J. Geotech. Eng., 111(5): 659.)
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The effective length L is the larger of the two values L, or L,. The effective
width is equal to

_A’

="
L/

(3.56)

Case III: (e,/L < 1/6 and 0 < e4/B <0.5). Figure 3.22 shows the case under
consideration. Knowing the magnitudes of e;/L and e,/B, the magnitudes of
B, and B, can be obtained from Figures 3.23 and 3.24, respectively. So, the
effective area can be obtained as

A:?&+&n (3.57)

In this case, the effective length is equal to
L' =L (3.58)

The effective width can be given as

g (3.59)
L
H———lBl >
f \
J S |
|
|
A4 :
"'—»| B, le¢—
< B >

FIGURE 3.22 Effective area for the case of ¢,/L < 1/6 and 0 < ¢,/B < 0.5.
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FIGURE 3.23 Plot of e,/B versus B,/B for e¢,/L < 1/6 and 0 < ¢;/B < 0.5. (Redrawn from
Highter, W. H. and J. C. Anders. 1985. J. Geotech. Eng., 111(5): 659.)
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FIGURE 3.24 Plot of ¢4/B versus B,/B for ¢;/L < 1/6 and 0 < e¢y/B <0.5. (Redrawn from
Highter, W. H. and J. C. Anders. 1985. J. Geotech. Eng., 111(5): 659.)
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FIGURE 3.25 Effective area for the case of ¢,/L < 1/6 and ey/B < 1/6.

Case IV: (e,/L < 1/6 and eyz/B < 1/6). The eccentrically loaded plan of the
foundation for this condition is shown in Figure 3.25. For this case, the
e,/L curves sloping upward in Figure 3.26 which is a plot of eyz/B ver-
sus B,/B. Similarly, in Figure 3.27 the families of e,/L curves that slope
downward. This is a plot of ey/B versus L,/L. Knowing B, and L,, the
effective area A" can be calculated. For this case, ' = L and B’ = A'/L.
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0 0 0.2 0.4 0.6 0.8 1.0
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FIGURE 3.26 Plot of ey/B versus B,/B for e¢,/L < 1/6 and ez/B < 1/6. (Redrawn from Highter,
W. H. and J. C. Anders. 1985. J. Geotech. Eng., 111(5): 659.)
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FIGURE 3.27  Plot of ey/B versus L,/L for ¢;/L < 1/6 and e,/B < 1/6. (Redrawn from Highter,
W. H. and J. C. Anders. 1985. J. Geotech. Eng., 111(5): 659.)

Case V: (Circular Foundation). In the case of circular foundations under eccen-

tric loading (Figure 3.28a), the eccentricity is always one way. The effective
area A’ and the effective width B’ for a circular foundation are given in a non-
dimensional form in Figure 3.28b.
Depending on the nature of the load eccentricity and the shape of the foun-
dation, once the magnitudes of the effective area and the effective width
are determined, they can be used in Equations 3.44 and 3.45 to determine
the ultimate load for the foundation. In using Equation 3.44, one needs to
remember that

1. The bearing capacity factors for a given friction angle are to be deter-
mined from those presented in Tables 2.3 and 2.4.

2. The shape factor is determined by using the relationships given in
Table 2.8 by replacing B’ for B and L for L whenever they appear.

3. The depth factors are determined from the relationships given in Table
2.8. However, for calculating the depth factor, the term B is not replaced
by B’

EXAMPLE 3.10

A shallow foundation measuring 2 m x 3 m in a plan is subjected to a centric load
and a moment. If e;=0.2 m, e, = 0.6 m, and the depth of the foundation is 1.5 m,
determine the allowable load the foundation can carry. Use a factor of safety of 4.
For the soil, given: unit weight y= 18 kN/m?; friction angle ¢ = 35°; cohesion ¢ = 0.
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FIGURE 3.28 Normalized effective dimensions of circular foundations. (From Highter,
W. H. and J. C. Anders. 1985. J. Geotech. Eng., 111(5): 659.); (a) eccentrically loaded circular
foundation; (b) plot of A/R? with B/R against e,/R.

Use Vesic’s N, (Table 2.4), DeBeer’s shape factors (Table 2.8), and Hansen’s depth
factors (Table 2.8).

SoLuTioN
For this case,
e 02 _op & 06_gy
B 2 L

For this type of condition, Case Il as shown in Figure 3.19 applies. Referring to
Figures 3.20 and 3.21
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%20.865, or L1 =(0.865)(3) = 2.595m
L
T=O.22, orl, =(0.22)(3)=0.66m

From Equation 3.55

A= %(h +1,)B= %(2.595+O.66)(2) =3.255m’
So,

pr=V A 325 o5,
UL 2595

Since c =0,
1 4
Gu = GNghgshqa + EYB Nyhysha

From Table 2.3 for ¢ =35° N, =33.30. Also from Table 2.4 for ¢ =35°,
Vesic’s N, = 48.03.

The shape factors given by DeBeer are as follows (Table 2.8):

Ags =1+ B )tan¢:1+(1'254jtan35 =1.339
g 2.595

Ay =1-0.4 [B—j = 1—0.4(1'2ij =0.806
L 2.595

The depth factors given by Hansen are as follows:

Agg = 1+ 2tan¢(1—sin )’ [[;f J =1+(2)(tan35)(1-sin35) (175) =1.191
Ay =1

So,

g, = (18)(1.5)(33.3)(1.339)(1.191) + %(1 8)(1.254)(48.03)(0.806)(1) =1434 + 437

=1871kN/m?
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So the allowable load on the foundation is

0= ~1523kN

gA” _ (1871)(3.255)
FS 4

3.4.3 AVERAGE SETTLEMENT OF CONTINUOUS FOUNDATION ON
GRANULAR SoiL UNDER ALLOWABLE ECCENTRIC LOADING

Patra, Behera, Sivakugan, and Das'®, based on laboratory model test results, have
proposed an empirical method to approximately estimate the average settlement (i.e.,
settlement along the center line of the foundation) for an eccentrically loaded con-
tinuous foundation. Following is a step-by-step procedure to do that.

1. From Equations 3.31, 3.35, and 3.36, with B/L = 0, calculate

0.9
e
u(eccentric)y = Gu(centric) [1 -2.1 S(Bj } (360)

2. The average settlement S, at ultimate load for an eccentrically loaded con-
tinuous foundation with embedment ratio D, /B and eccentricity ratio e/B
can be expressed as

(S) _ (Sj [1 + 0.6(@)}{1 - 2.15(‘?)} 3.61)
B )pes N B Jps=0.cs-0) B B

The approximate magnitude of (Su/B)( ) can be obtained from
Equations 1.6 and 1.7.

3. Let the allowable average load per unit area, g(p,/s../5), be

Dy /B=0.¢/B=0

9up;18218) (3.62)
FS
So
Ay pen _ (3.63)
qu(D;IB.elB)
4. Now, let
p= SBosisern (3.64)

 (Su/B)oy5.018)
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where (S/ B)p,/p.:5) = settlement of the foundation under gp, /.5
5. The nondimensional factors o and [ can be approximately related as

o
= 3.65
P 1.43-0.430 (309

6. With known values of o, the magnitude of 3 can be estimated and hence
(S/B)(Df/B,e/B)'

EXAMPLE 3.11

For an eccentrically loaded shallow continuous foundation, given B=0.6 m,
D;=0.6 m, e/B=0.1. The known soil characteristics are as follows: ¢ =35°;
v= 18 kN/m’; relative density, D, =70%; modulus of elasticity, £,=8500 kN/m?;
Poisson’s ratio, v, = 0.3. Determine

a. The average allowable load per unit area using FS =3, and
b. The corresponding settlement along the centerline of the foundation.

Use Equation 2.91, Vesic’s bearing capacity factors, DeBeer’s shape factors,
and Hansen'’s depth factor to calculate quo;/s,e8=0).

SoLuTION
Part a: From Equation 2.91,

1
QuD;/B,e/B=0) = qudq}\'qc + E’YBNydy}\'yc

q=YD; =(18)(0.6) =10.8 kN/m’

Bearing capacity factors for ¢ =35° are N,=33.3 and N,=48.03 (Tables 2.3
and 2.4)

Depth factors:
hga = 1+ 2tan o1 - sin )’ (%) — 14 2tan35(1—sin35)’ (%j —1.255

Mg =1

Compressibility factors (A, and A,):
Rigidity index,

[N —
" 201+ v,)gtano
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where q = effective overburden pressure at a depth of (D, + B/2)
g=15]05+( %] =16.200m

B 8500
T 2(1+0.3)(16.2)(tan 35)

=288.2

r

Critical rigidity index,

Ler :l exp| 3.3 cot 45—9 =283.2
()= 2

Since I, > I,

Note: For I, <1,

Age = hoe = exp{(—4.4tan¢)+ {(3'07“”4’)"0% 2")}}

1+sin®

Thus

Qs ers=0) = (10.8)(33.3)(1.255)(1) + %(1 8)(0.6)(48.03)(1)(1)

=710.7 kN/m?
From Equation 3.60
Guteccentioy = 7 10.7[1=2.13(0.1°°] = 520.13 kN/m’

Hence the allowable load per unit area,

520.13 _ 520.13
FS

=173.38 kN/m?

q(Ds/B,e/B) =

Part b:

¥B _ (18)(0.6)
p. 100

=0.108 >0.025
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From Equation 1.7,

(ij (%) =30e™09) _7.16 =30e9%7" -7.16 =8.82%
B (Df/B=0,e/B=0)

From Equation 3.65,

B_ o
1.43-0.430
17338

o= =0.333
520.13

0.333

= =0.259
1.43-(0.43)(0.333)

B

From Equation 3.61,

(ij (%) = B(i) (%){1 + 0.6(ij][1 ~2.1 5(6)}
B (Ds/B,e/B) B (Df/B=0,e/B=0) B B

=(0.259)(8.82)[1+(0.6)(N][1-2.15(0.1)]
=2.87%

Hence,

S= (%)(B) =(0.0287)(600) =17.22 mm

3.4.4 UrniMATE BEARING CAPACITY OF ECCENTRICALLY OBLIQUELY
LoADED FOUNDATIONS

The problem of ultimate bearing capacity of a continuous foundation subjected to an
eccentric inclined load (Figure 3.29) was studied by Saran and Agarwal.'” If a con-
tinuous foundation is located at a depth D below the ground surface and is subjected

Qu(ei) e :._' ‘. .. e

Ul
7

FIGURE 3.29 Continuous foundation subjected to eccentrically inclined load.
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FIGURE 3.30 (a—d) Variation of N, with soil friction angle ¢ and e/B.

to an eccentric load (load eccentricity = e) inclined at an angle o to the vertical,
the ultimate capacity can be expressed as

1
Oueeiy = B|:CNC(ei) +gNgen + 2YBN7(ei):| (3.66)
where
N iy Nyeipr Nyeiy = bearing capacity factors
q=1YD;,
The variations of the bearing capacity factors with e/B, ¢, and o are given in
Figures 3.30 through 3.32.
Based on about 120 model test results on dense and medium dense sand, Patra
et al.’ have provided the following empirical relationship to obtain Q,,,;, or
2~(Dy/B)
e o
o =Bg, | 1-2] — ||| 1-= (3.67)
Gren =50 (B) 0

where g, = ultimate bearing capacity with vertical centric load for a given D//B.
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FIGURE 3.31 (a—d) Variation of N, with soil friction angle ¢ and ¢/B.

EXAMPLE 3.12

Refer to Figure 3.29. A continuous foundation is supported by a granular soil. The
foundation is subjected to an eccentrically inclined load. Given: for the foun-
dation, B=2m, e=0.2m, D; =1.5m, a.=10° and, for the soil, ¢'=40°, ¢’=0,
v=16.5 kN/m2. Determine Q,,;

a. Using Equation 3.66
b. Using Equation 3.67

Use DeBeer’s depth factors (2.8) and Vesic’s bearing capacity factors
(Tables 2.3 and 2.4).

SoLuTION

Part a: With ¢ =0, Equation 3.66 becomes

1
Quen =B |:qu(ei) + E YBNy(ei)]
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FIGURE 3.32

(0)

g=15x%x16.5=24.75 kN/m?, B=2m, y=16.5 kN/m’
For this problem, ¢" = 40°, e/B=10.2/2=0.1, a.=10°
From Figures 3.31b and 3.32b, N, =33.16 and N, = 47.48. So

Qu(ei)

1

(d)

(a—d) Variation of N, ; with soil friction angle ¢ and e/B.

(2)|:(24.75)(33.1 6)+ (Ejﬂ 6.5)(2)(47.48)] =3208.26 kN/m

Part b: From Equation 3.67,

enf

1
Gu = qNqfqa +§'YBN7FYd
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q=16.5x1.5=2475kN/m?, ;g =1+0.214(D;/B) =1+0.214(1.5/2) = 1.161

(Table 2.8), A4 =1 (see Table 2.8), N, = 64.2 (Table 2.3), N, = 109.41 (Vesic, Table
2.4), e/B=0.1, and D/B =0.75. Hence

qu =(24.75)(64.2)(1.1617) + (%)(1 6.5)(2)(109.41(1) = 3650 kN/m?

2-0.75
Quen = (2)(3650)[1- 2(0.1)]{1 - (lgﬂ =4076 kN/m
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4 Special Cases of
Shallow Foundations

4.1 INTRODUCTION

The bearing capacity problems described in Chapters 2 and 3 assume that the soil
supporting the foundation is homogeneous and extends to a great depth below the
bottom of the foundation. They also assume that the ground surface is horizontal;
however, this is not true in all cases. It is possible to encounter a rigid layer at a shal-
low depth, or the soil may be layered and have different shear strength parameters.
It may be necessary to construct foundations on or near a slope. Bearing capacity
problems related to these special cases are described in this chapter.

4.2 FOUNDATION SUPPORTED BY SOIL WITH
A RIGID ROUGH BASE AT A LIMITED DEPTH

Figure 4.1a shows a shallow rigid rough continuous foundation supported by soil
that extends to a great depth. The ultimate bearing capacity of this foundation can be
expressed (neglecting the depth factors) as (Chapter 2)

gu.=cN.+qN, + %yBNy @D

The procedure for determining the bearing capacity factors N, N,, and N, in
homogeneous and isotropic soils was outlined in Chapter 2. The extent of the failure
zone in soil at ultimate load g, is equal to D. The magnitude of D obtained during the
evaluation of the bearing capacity factor N, by Prandtl' and N, by Reissner” is given
in a nondimensional form in Figure 4.2. Similarly, the magnitude of D obtained by
Lundgren and Mortensen® during the evaluation of N, is given in Figure 4.3.

If a rigid rough base is located at a depth of H < D below the bottom of the foun-
dation, full development of the failure surface in soil will be restricted. In such a
case, the soil failure zone and the development of slip lines at ultimate load will be as
shown in Figure 4.1b. Mandel and Salencon* determined the bearing capacity factors
for such a case by numerical integration using the theory of plasticity. According to
Mandel and Salencon’s theory, the ultimate bearing capacity of a rough continuous
foundation with a rigid rough base located at a shallow depth can be given by the
relation

du =N+ N, +%yBN; 4.2)

127



128 Shallow Foundations

i Rbughl L;igi.d‘l;aé.e,'.i'-

FIGURE 4.1 Failure surface under a rigid rough continuous foundation: (a) homogeneous
soil extending to a great depth; (b) with a rough rigid base located at a shallow depth.

| /
-
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Soil friction angle, ¢ (deg)

FIGURE 4.2 Variation of D/B with soil friction angle (for N. and N,).
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FIGURE 4.3 Variation of D/B with soil friction angle (for N,).

where
N;, N,, N, = modified bearing capacity factors

B = width of foundation
Y = unit weight of soil

Note that for H> D, N, =N,, N, =N,, and N, = N, (Lundgren and Mortensen).
The variations of N; N,, andN, with H/B and soil friction angle ¢ are given in
Figures 4.4 through 4.6, respectively.

Neglecting the depth factors, the ultimate bearing capacity of rough circular and
rectangular foundations on a sand layer (c = 0) with a rough rigid base located at a
shallow depth can be given as

qu = quA‘qs + E’YBNYKYS (43)

where

7\‘*

4s» Ays = modified shape factors

The above-mentioned shape factors are functions of H/B and ¢. Based on the work
of Meyerhof and Chaplin® and simplifying the assumption that the stresses and shear
zones in radial planes are identical to those in transverse planes, Meyerhof® evalu-
ated the approximate values of A, and A, as

Ay =1-m, (B] (44
L
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FIGURE 4.4 Mandel and Salencon’s bearing capacity factor N, (Equation 4.2).

and

« B
¥=tom(7)

where
L = length of the foundation

The variations of m, and m, with H/B and ¢ are given in Figures 4.7 and 4.8.

“.5)

Milovic and Tournier’ and Pfeifle and Das® conducted laboratory tests to verify
the theory of Mandel and Salencon*. Figure 4.9 shows the comparison of the experi-
mental evaluation of Ny for a rough surface foundation (D, = 0) on a sand layer with
theory. The angle of friction of the sand used for these tests was 43°. From Figure 4.9

the following conclusions can be drawn:
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FIGURE 4.5 Mandel and Salencon’s bearing capacity factor N, ; (Equation 4.2).

1. The value of N, for a given foundation increases with the decrease in H/B.

2. The magnitude of H/B = D/B beyond which the presence of a rigid rough
base has no influence on the Ny value of a foundation is about 50%-75%
more than that predicted by the theory.

3. For H/B between 0.5 to about 1.9, the experimental values of Ny are higher
than those predicted theoretically.

4. For H/B < about 0.6, the experimental values of N; are lower than those
predicted by theory. This may be due to two factors: (a) the crushing of sand
grains at such high values of ultimate load, and (b) the curvilinear nature of
the actual failure envelope of soil at high normal stress levels.

Cerato and Lutenegger® reported laboratory model test results on large square
and circular surface foundations. Based on these test results they observed that, at
about H/B >3

N;zNY
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FIGURE 4.6 Mandel and Salencon’s bearing capacity factor N; (Equation 4.2).
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FIGURE 4.7 Variation of m; (Meyerhof’s values) for use in the modified shape factor
(Equation 4.4).
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FIGURE 4.8 Variation of m, (Meyerhof’s values) for use in Equation 4.5.
Also, it was suggested that for surface foundations with H/B < 3

g, =0.4YBN, (square foundation)

and

g. =0.3yBN, (circular foundation)

5000 T T T T T
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2000 ¢ -
1000 ~ -
= S Experiment [8]
o_— xperimen
500 RS Py -
~ Scale change
\\.\
~a ‘. - J
200 |- ~—--@-----
100 | ] 1 | 1 |
0 0.4 0.8 1.2 1.6 2.0 4.0 5.0

H/B

133

4.6)

@7

FIGURE 4.9 Comparison of theory with the experimental results of N ; (Note: $ =43° c=0).
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FIGURE 4.10 Cerato and Lutenegger’s bearing capacity factor N; for use in Equations 4.6
and 4.7. (Cerato, A. B. and A. J. Lutenegger. 2006. J. Geotech. Geoenv. Eng., 132(11): 1496.)

The variation of N recommended by Cerato and Lutenegger? for use in Equations
4.6 and 4.7 is given in Figure 4.10.
For saturated clay (that is, ¢ = 0), Equation 4.2 will simplify to the form

qu=cN;+q 4.8)

Mandel and Salencon'® performed calculations to evaluate N, for continuous
foundations. Similarly, Buisman'' gave the following relationship for obtaining the
ultimate bearing capacity of square foundations:

B 2 B 2

u(square) — n+2+7_7 u+ f 7_720 49
q“*)[ 2H chq[OrzH 2 ] @9

where
¢, = undrained shear strength



Special Cases of Shallow Foundations 135

TABLE 4.1
Values of N, for Continuous and Square
Foundations (¢ = 0 Condition)

B Ne
H Square? Continuous®
2 543 5.24
3 5.93 5.71
4 6.44 6.22
5 6.94 6.68
6 7.43 7.20
8 8.43 8.17
10 9.43 9.05

Source: Mandel, J. and J. Salencon. 1969. Proc. Seventh Int.
Conf. Soil Mech. Found Eng., Mexico City, Vol. 2, p. 157.
2 Buisman’s analysis. (From Buisman, A. S. K. 1940. Grond-
Mechanica. Delft: Waltman.)
® Mandel and Salencon’s analysis.

Equation 4.9 can be rewritten as

0.5(B/H)—0.707

5. 14 )Cu + q = :(square)cu + q (410)

qu(square) = 514(1"_

Table 4.1 gives the values of N, for continuous and square foundations.

Equations 4.8 and 4.9 assume the existence of a rough rigid layer at a limited
depth. However, if a soft saturated clay layer of limited thickness (undrained shear
strength = ¢,;)) is located over another saturated clay with a somewhat larger shear
strength ¢, (Note: ¢, < ¢,); Figure 4.11), the following relationship suggested by
Vesic'? and DeBeer'® may then be used to estimate the ultimate bearing capacity:

qu = (1+0.2i){5.14+{1— Cuty }(B/H)_‘E}cum +q @.11)

Cury |2((BIL)+1)

where
L = length of the foundation

EXAMPLE 4.1

A square foundation measuring 1 x 1 m is constructed on a layer of sand. We are
given that D;=1m, y=15 kN/m?, ¢’ =35° and ¢’=0. A rock layer is located at
a depth 0.4 m below the bottom of the foundation. Using a factor of safety of 3,
determine the gross allowable load the foundation can carry.
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I 0,=0

9,=0

Cu(2)

FIGURE 4.11 Foundation on a weaker clay underlain by a stronger clay layer (Note:
Cuty < Cu2)-

SoLuTioN
From Equation 4.3,

* * 1 * *
Gu = qNghgs + EYSN“{}‘YS
Also,

g =15x1=15kN/m’

For ¢/ =35° H/B=0.4/1.0=0.4, N = 300 (Figure 4.5) and Ny =100 (Figure 4.6),

and we have
. B
Ags :1—m1(L)

From Figure 4.7, for ¢/ = 35°, H/B = 0.4. The value of m; = 0.55, so

Ags = 1—0.55[Ej =0.45
1.0

Similarly,

X B
Ay =1-m, (TJ
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From Figure 4.8, m, = 0.58, so

Ay = 1—0.58(E) =0.42
1.0

Hence,
qu =1 5)(300)(0.45)+%(1 5)(1.0)(100)(0.42) = 2340 kN/m?

and

2
Q= q.B _ (2340)(1.0x1.0) — 780 kN
FS 3

EXAMPLE 4.2

Consider a square foundation 1 x 1 m in plan located on a saturated clay layer
underlain by a layer of rock. Given:

Clay: ¢, =72 kN/m?

Unit weight: y= 18 kN/m?

Distance between the bottom of foundation and the rock layer = 0.25 m
D;=1m

Estimate the gross allowable bearing capacity of the foundation. Use FS = 3.

SoLuTioN
From Equation 4.10,

O.S(B/H)—O.707)
+ | tQq

, =5.14[1
q ( 5.14

For B/H=1/0.25 =4, c,=72 kN/m? and q = yD,= (18)(1) = 18 kN/m?.

Qv = 5.14[1+(0'5)(‘5”%}72+18 =481.2 kN/m?
Qall = % = 748; 2 160.4 kN/m?

4.3 FOUNDATION ON LAYERED SATURATED
ANISOTROPIC CLAY (¢ =0)
Figure 4.12 shows a shallow continuous foundation supported by layered saturated

anisotropic clay. The width of the foundation is B, and the interface between the
clay layers is located at a depth H measured from the bottom of the foundation.
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Layer 2
Y2

¢, =0
Cu(i)-2

FIGURE 4.12  Shallow continuous foundation on layered anisotropic clay.

It is assumed that the clays are anisotropic with respect to strength following the
Casagrande—Carillo relationship', or

.2
cu(i) = cu(h) + [cu(v) - Cu(h)]sln l (412)

where
¢, = undrained shear strength at a given depth where the major principal stress
is inclined at an angle i with the horizontal
Cuwy Cugy = undrained shear strength for i = 90° and 0°, respectively

The ultimate bearing capacity of the continuous foundation can be given as

qu = Cu(v)—lNc(L) + 6] (413)

where
€, = undrained shear strength of the top soil layer when the major principal
stress is vertical
q="D;
D, = depth of foundation
v, = unit weight of the top soil layer
N, = bearing capacity factor
However, the bearing capacity factor N,

<y Will be a function of H/B and ¢, ,/
Cu(v)—l’ or

H ¢, -
N.y = f{ ‘”} @.14)

9
B Cu(v)-1
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where

€.~ = undrained shear strength of the bottom clay layer when the major princi-
pal stress is vertical

Reddy and Srinivasan'® developed a procedure to determine the variation of N,
In developing their theory, they assumed that the failure surface was cylindrical
when the center of the trial failure surface was at O, as shown in Figure 4.13. They

also assumed that the magnitudes of c,,, for the top clay layer [
clay layer [c

C,-] and the bottom
«—2] Temained constant with depth z as shown in Figure 4.13b.

u(v) CM(V)
>
‘— Cu(v)-1 —’ ‘ Cuw)-1 >
Cu(v)-2
<‘—— cu(v)—2 ]

= k=
& &
(a3 4 AY

(b)

FIGURE 4.13 Assumptions in deriving N, for a continuous foundation on anisotropic
layered clay: (a) nature of failure surface in soil; (b) variation of ¢, and c,,,, with depth.
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For equilibrium of the foundation, considering forces per unit length and taking
the moment about point O in Figure 4.13a,

0 0;
2bq, (rsin® —b) =2 | e, 1o+ 2 | r[c,a)-2 Jdo 4.15)

0; 0
where
b = half-width of the foundation = B/2
r =radius of the trial failure circle
Cu(ir-1 Cuir2 = directional undrained shear strengths for layers 1 and 2, respectively
As shown in Figure 4.13, let \ be the angle between the failure plane and the
direction of the major principal stress. Referring to Equation 4.12
Along arc AC
Cutire1 = Cutt + [Currt = Cugryr 1IN* (0L + ) 4.16)
Along arc CE
Cutin2 = Cum2 +[Cutyr = Cum— 15In* (0L + ) @.17)
Similarly, along arc DB
Cutir-1 = Cutt + [Cuvyt = Cugryr Iin* (00— ) 4.13)
and along arc ED

.2
Cu(iy-2 = Cuiy—2 + [Cugvy—2 = Cugny—2 I8In" (0L = ) 4.19)

Note that i = o + y for the portion of the arc AE, and i = oo — y for the portion BE.
Let the anisotropy coefficient be defined as

K= Cu)-1 | _| Cum)-2 (4.20)
Cu(h)-1 Cuthy-2
The magnitude of the anisotropy coefficient K is less than one for overconsoli-
dated clays and K > 1 for normally consolidated clays. Also, let

n= Cu(v)72 1= cu(h)*z -1 (421)
Cu(vy-1 Cuhy-1
where

n = a factor representing the relative strength of two clay layers

Combining Equations 4.15 through 4.20
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)
2bq,(rsin®—b) = J"’z {Cu(h)‘l +Cuwy-1 = Cuny-1] sin® (oL + \If)} do.
0

0

2 -2
+JV {Cuim-1 +[Cuw)-1 = Cugny—11sin” (0L — ) Jda
0

. 4.22)
1
[P0+ 6w +ewr s cun B’ @+ w) o
0
0;
+J"2 (1 + D{cumy-1 +Cuw)-1 = Cugny—1 Jsin® (0. — y)}ldo
0
Or, combining Equations 4.20 and 4.22
20+2n0, + (K —1)0 + n(K —1)0,
271.2 _ : 1 —
G _ r*/b B K2 1 [sm2(g v, sm2(g \u)} 423
Cum-1 ZKKrjsin 6 1}
b _n(K=1)| sin2(6; +y) . sin2(6; — )
2 2 2
where
0, =cos™ (cose + H)
’
From Equation 4.13 note that, with ¢ = 0 (surface foundation),
Ny =2 4.24)

Cu(v)-1

In order to obtain the minimum value of N, = g,/c,,;> the theorem of maxima
and minima needs to be used, or

N1,
W _ g @.25)
26
and
WNew _ .26)

or
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Equations 4.23, 4.25, and 4.26 will yield two relationships in terms of the vari-
ables 0 and /b. So, for given values of H/B, K, n, and y, the above relationships may
be solved to obtain values of 6 and r/b. These can then be used in Equation 4.23 to
obtain the desired value of N,,;, (for given values of H/B, K, n, and y). Lo'® showed
that the angle y between the failure plane and the major principal stress for anisotro-
pic soils can be taken to be approximately equal to 35°. The variations of the bearing
capacity factor N, obtained in this manner for K= 0.8, 1 (isotropic case), 1.2, 1.4,
1.6, and 1.8, are shown in Figure 4.14.

If a shallow rectangular foundation B X L in plan is located at a depth D,, the
general ultimate bearing capacity equation (see Equation 2.90) will be of the form
(¢ = 0 condition)

qu = cu(v)—lNc(L)%’csxcd + qkqs}\’qd (427)

where
Ao A = shape factors
Aes» My = depth factors

The proper shape and depth factors can be selected from Table 2.8.

EXAMPLE 4.3

Refer to Figure 4.12. For the foundation, given: D;=0.8 m; B=1m; L=1.6 m;
H=0.5m; v, =17.8 kN/m3; v, =17.0 kN/m>; c ., =45 kN/m?; ¢, =30 kN/m?;
anisotropy coefficient K = 1.4. Estimate the allowable load-bearing capacity of the
foundation with a factor of safety FS = 4. Use Meyerhof’s shape and depth factors
(Table 2.8).

SoLuTION
From Equation 4.27

qu = CU(V)—1NC(L)7\‘C5}\’Cd + q}\'qsy\'qd

ﬂ= H =E=1; K=1.4
b (B/2) .5
Cu(v)fz — E =0.67
Cuy1 45

n=1-0.67=0.33

So, from Figure 4.14d, the value of N, =4.75.
Using Meyerhof’s shape and depth factors given in Table 2.8,

Aes =1+0.2(§)=1+(0.2)(Lj=1.125

1.6
Ags =1
D ):1.16

Mg =1+ 0.2(?) =1+ (0.2)(
Aga =1

=]
o]

1.

o
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So,

Gy = (45)(4.75)(1.125)(1.16) +(17.8)(0.8)(1.0)(1.0) = 278.9 +14.24 = 293.14 kN/m’

g = 80 = 29314 _ 23 59 kN/m?
s~ 4

4.4 FOUNDATION ON LAYERED c-¢ SOIL: STRONGER
SOIL UNDERLAIN BY WEAKER SOIL

Meyerhof and Hanna!” developed a theory to estimate the ultimate bearing capacity
of a shallow rough continuous foundation supported by a strong soil layer under-
lain by a weaker soil layer as shown in Figure 4.15. According to their theory, at
ultimate load per unit area g, the failure surface in soil will be as shown in Figure
4.15. If the ratio H/B is relatively small, a punching shear failure will occur in the
top (stronger) soil layer followed by a general shear failure in the bottom (weaker)
layer. Considering the unit length of the continuous foundation, the ultimate bearing
capacity can be given as

N 2(C, + P, sind) B
B

qu=4qp Y. H 4.28)

where
B = width of the foundation
v, = unit weight of the stronger soil layer

b

Stronger soil

Y1
L

1

Weaker soil

Y2
[0

€

FIGURE 4.15 Rough continuous foundation on layered soil—stronger over weaker.
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C, = adhesive force along aa’ and bb’

P, = passive force on faces aa” and bb’

q,, = bearing capacity of the bottom soil layer

d = inclination of the passive force P, with the horizontal

Note that, in Equation 4.28

C,=c,H 4.29)
where
¢, = unit adhesion
1 (K Kr ) 1 o, 2D\ Kpy
P,=—v,H*| “ 2 \+(y,D)H)| 2L |=—vy,H*| 1+ L || =2 4.30
P [cosSj D) )(cosé‘)) e [ H )\ cosd .30

where
K,y = horizontal component of the passive earth pressure coefficient

Also,
1
q» = 2Ny +Y1(Dy + H)N 2 +E’YZBN7(2) @.31)

where
¢, = cohesion of the bottom (weaker) layer of soil
Y, = unit weight of bottom soil layer
N,y Ny Nyoy = bearing capacity factors for the bottom soil layer (that is, with
respect to the soil friction angle of the bottom soil layer ¢,)

Combining Equations 4.28 through 4.30

2c,H 1 2 2Df K H Sin6
=g, + 4 42| —y, H?| 1+ L -V.H
& “T g {271 ( H ﬂ(cos?i)( B )"

2c,H ) 2D; \ K,y tand
=q,+——+v,H | 1+—L | =2 — vy H 4.32)
9 B Yi ( H j B T
Let
K,ytand = K, tan ¢, 4.33)
where

K, = punching shear coefficient

So,

ZCHH 2 2Df Kv tan q)l
W =qp + +yvH | 1+— | ———F-7,H 4.34
qu=qp B Y1 ( H ) B Y 4.34)
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FIGURE 4.16 Meyerhof and Hanna’s theory—variation of K, with ¢, and g,/qg,.
The punching shear coefficient can be determined using the passive earth pres-
sure coefficient charts proposed by Caquot and Kerisel'®. Figure 4.16 gives the varia-
tion of K, with ¢,/q, and ¢,. Note that g, and g, are the ultimate bearing capacities of

a continuous surface foundation of width B under vertical load on homogeneous beds
of upper and lower soils, respectively, or

1
qi :clNC(1)+E’Y1BN"{(|) (435)

where
N. ), Ny, = bearing capacity factors corresponding to soil friction angle ¢,

1
qr, = C2NC(2) + E’YZBNY(Z) (436)

If the height H is large compared to the width B (Figure 4.15), then the failure
surface will be completely located in the upper stronger soil layer, as shown in Figure
4.17. In such a case, the upper limit for g, will be of the following form:

1
qu=¢q; =cNeqy +gNyay + EYIBN}'(I) @.37)



Special Cases of Shallow Foundations 149

Stronger soil
H 1

i (1
‘1

Weaker soil

T2
()

€

FIGURE 4.17 Continuous rough foundation on layered soil—HY/B is relatively small.

Hence, combining Equations 4.34 and 4.37

2c,H 2 2D,
L=t +v\H | 1+—
9u =4 B Y ( I

K, tan ¢,
B

-v:H<gq, 4.38)

For rectangular foundations, the preceding equation can be modified as

B\ 2c,H B 2D, \( K tan ¢
W=+ 1 | T N [ 1+ Ty B 1 | S L —y H < g,
e ( L)( 3) ( L)Yl [ HJ( e

B
4.39)
where
A, A, = shape factors
1
q» = 2Ncayhesa) + Y1(Dy + H)N o)k o0y + EYzBN 1@ Ms) (4.40)
1

4 = ilNehesy + YiDsNoahgsa) + 5 ViBNyahsar @.41)

Moty Agsayp Ay = shape factors for the top soil layer (friction angle = ¢,; see
Table 2.8)

A2y Mgsap Mysia) = shape factors for the bottom soil layer (friction angle = ¢,; see
Table 2.8)

Based on the general equations (Equations 4.39 through 4.41), some special cases
may be developed. They are as follows.
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4.4.1 Cask I: STRONGER SAND LAYER OVER WEAKER SATURATED CLAY (0, = 0)

For this case, ¢, =0; hence, ¢,=0. Also for ¢,=0, N, =5.14, Ny, =0, Ny =1,
A =1+0.2(B/L), A, = 1 (shape factors are Meyerhof’s values as given in Table 2.6). So,

B B 2D, \( K,t
g = 5.14c [1 + o.z(Lﬂ + (1 + L)y,Hz (1 + Hfj(;nd’ljx +7,D; < g, (442)

where

B ) 1 B o
¢ =Y\DsN ) {1 + O.I(L)tanz (45 + Z‘H + EleNW) {1 + 0.1(than2 [45 + 21)}

4.43)

In Equation 4.43 the relationships for the shape factors A, and A, are those given
by Meyerhof'® as shown in Table 2.8. Note that K| is a function of ¢,/q, (Equations
4.35 and 4.36). For this case,

2 _ C2NC(2) _ 5.14C2

q1 B l’YIBNY(l) B O'SYIBNY(I) (444)
2

Once g,/q, is known, the magnitude of K, can be obtained from Figure 4.16,
which, in turn, can be used in Equation 4.42 to determine the ultimate bearing
capacity of the foundation g,. The value of the shape factor A, for a strip foundation
can be taken as one. As per the experimental work of Hanna and Meyerhof?°, the
magnitude of A, appears to vary between 1.1 and 1.27 for square or circular founda-
tions. For conservative designs, it may be taken as one.

Based on this concept, Hanna and Meyerhof?° developed some alternative design
charts to determine the punching shear coefficient K, and these charts are shown
in Figures 4.18 and 4.19. In order to use these charts, the ensuing steps need to be
followed.

1. Determine g,/q,

2. With known values of ¢, and ¢,/g;, determine the magnitude of /¢, from
Figure 4.18

3. With known values of ¢,, 8/¢,, and ¢,, determine K, from Figure 4.19

4.4.2 Cask Il: STRONGER SAND LAYER OVER WEAKER SAND LAYER

For this case, ¢, = 0 and ¢, = 0. Hence, referring to Equation 4.39

B 2D, \( K, t
Gu :q,,+(1+Ljy|H2(1+Hfj(‘;m¢1jks -v,\H<gq, (4.45)
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FIGURE 4.18 Hanna and Meyerhof’s analysis—variation of 8/¢, with ¢, and g¢,/g,—

stronger sand over weaker clay.

where
1
ay = Y1(Dy + H)Ny2hys2) + EYzBN 1@oMs2) (4.46)
1
qr = 'YlDqu(l)}‘q.r(l) +E’Y]BN'Y(1)}\"YS(I) (4.47)
Using Meyerhof’s shape factors given in Table 2.8,
7\«qs(]) = }\'YS(I) = 1+01(Bjtan2 (45+¢) (448)
L 2
and
(4.49)

B o,
7\‘qs(z) = 7\,«{.\(2) =1+0. I(thanz (45 + 2)
For conservative designs, for all B/L ratios, the magnitude of A, can be taken as
(4.50)

one. For this case
4> _ 0.5Y:BNyo) _ YalNyo
g 057iBNyyy  YiNy
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FIGURE 4.19 Hanna and Meyerhof’s analysis for coefficient of punching shear—stronger
sand over weaker clay: (a) variation of K, with ¢, for ¢, = 50°; (b) variation of K with ¢, for
0, = 45° (c) variation of K, with ¢, for ¢, = 40°.

Once the magnitude of ¢,/q, is determined, the value of the punching shear coeffi-
cient K can be obtained from Figure 4.16. Hanna?' suggested that the friction angles
obtained from direct shear tests should be used.

Hanna?' also provided an improved design chart for estimating the punching shear
coefficient K in Equation 4.45. In this development he assumed that the variation of
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l¢—B—>]

T

l"ﬂ‘bz"’
(b)

FIGURE 4.20 Hanna’s assumption for variation of & with depth for determination of K :
(a) failure surface in the soil; (b) variation of & with z” in the top stronger layer.

0 for the assumed failure surface in the top stronger sand layer will be of the nature
shown in Figure 4.20, or

8, =N0, +az”? “.51)
where

n="% 4.52)

qi
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— ¢1 - (;1;2/611)4)2 (453)
So
5. =[Z ]¢2+[¢1—<25q.>¢2}ﬂ @58
1

The preceding relationship means that at z’ = 0 (that is, at the interface of the two
soil layers)

&= (‘h}pz 4.55)
qi

and at the level of the foundation, that is 7’ = H

§=0, 4.56)

Equation 4.51 can also be rewritten as

8. = [sz 0, + [4’1‘(;1;2/%**’2}( H—2) 4.57)
1

where §, is the angle of inclination of the passive pressure with respect to the hori-
zontal at a depth z measured from the bottom of the foundation. So, the passive force
per unit length of the vertical surface aa’ (or bb’) is

H
Pp J-|:Yl 17H(Z):|(Z+Df)dz (458)
0

where
K., = horizontal component of the passive earth pressure coefficient at a depth
z measured from the bottom of the foundation

The magnitude of P, expressed by Equation 4.58, in combination with the expres-
sion 9, given in Equation 4.57, can be determined. In order to determine the magni-
tude of the punching shear coefficient K given in Equation 4.33, we need to know an
average value of 8. In order to achieve that, the following steps are taken:

1. Assume an average value of & and obtain K, as given in the tables by
Caquot and Kerisel'8.
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FIGURE 4.21 Hanna’s analysis—variation of 6/,.

2. Using the average values of & and K, obtained from step 1, calculate P,
from Equation 4.30.

3. Repeat steps 1 and 2 until the magnitude of P, obtained from Equation 4.30
is the same as that calculated from Equation 4.58.

4. The average value of 6 (for which P, calculated from Equations 4.30 and
4.58 is the same) is the value that needs to be used in Equation 4.33 to cal-
culate K.

Figure 4.21 gives the relationship for &/¢, versus ¢, for various values of ¢,
obtained by the above procedure. Using Figure 4.21, Hanna?! gave a design chart for
K, and this design chart is shown in Figure 4.22.

4.4.3 Cask Ill: STRONGER CLAY LAYER (O, = 0) OovER WEAKER CLAY (0, = 0)

For this case, N, and N, are both equal to one and N, =N, =0. Also,
Ny = N2 = 5.14. So, from Equation 4.39

B B\( 2c,H
L= 14+0.2] — N +| 1+— A, +ViD; < 4.59
q |: (LHCZ @) ( LJ( B j YiPr=q: ( )

where

q, :|:1+O'2(f):|C]NC(])+YIDf (4.60)
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FIGURE 4.22 Hanna’s analysis—variation of K| for stronger sand over weaker sand.

For conservative design the magnitude of the shape factor A, may be taken as one.
The magnitude of the adhesion c, is a function of ¢,/q,. For this condition

e\Noy  5.14
L St 20 % @.61)
q1 ClNc(l) 5.14C1 Cq

Figure 4.23 shows the theoretical variation of ¢, with ¢,/q,".

1.0
0.9
EQ 0.8
0.7
0.6

0 0.2 0.4 0.6 0.8 1.0

clcq

FIGURE 4.23 Analysis of Meyerhof and Hanna for the variation of ¢ /c, with ¢,/c,.
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EXAMPLE 4.4

Refer to Figure 4.15. Let the top layer be sand and the bottom layer saturated clay.
Given: H=1.5m. For the top layer (sand): v, = 17.5 kN/m?3; ¢, =40° ¢, =0; for
the bottom layer (saturated clay): v, = 16.5 kN/m?; ¢, =0; ¢, =30 kN/m?; and for
the foundation (continuous): B =2 m; D;= 1.2 m. Determine the ultimate bearing

capacity q,. Use the results shown in Figures 4.18 and 4.19.

SoLUTION
For the continuous foundation B/L =0 and v, = 1, in Equation 4.42 we obtain

Qo = 5.14¢; + 7H? [1 + %)(@) +7:D;

)1 .2)] K, tan 40 .

=(5.14)30)+(1 7.5)(H2)[1+7 (17.5)(1.2)

H

=175.2+7.342H%K, (H-ZHJ) (4.62)

To determine K,, we need to obtain g,/q,. From Equation 4.44

92 _ 5.14c,
(o] O.S'YBNY(”

From Table 2.3 for ¢, = 40°, Meyerhof’s value of N, is equal to 93.7. So,

G _  GI49BO) oo,

g (0.5)(17.5)(2)(93.7)

Referring to Figure 4.18 for q,/q; = 0.094 and ¢, = 40°, the value of 8/¢, = 0.42.
With 8/0, =0.42 and ¢, =30 kN/m?, Figure 4.19c gives the value of K,=3.89.
Substituting this value into Equation 4.62 gives

G, =175.2+28.56H" (1+2H—'4js G (4.63)

From Equation 4.43

qt = Y1Dqu(1) |:1 + O1(%j tanz (45 + q;):|

+%Y1BNV(1> {1+0.1(f) tan’ (45+4;ﬂ (4.64)

For the continuous foundation B/L = 0. So

1
Ge = YiDrNgo + E%BNvu)
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For ¢, = 40°, use Meyerhof’s values of N,;;=93.7 and N, = 62.4 (Table 2.3).
Hence,

q. =(17.5)(1.2)(62.4) +%(1 7.5)(2)(93.7) =1348.2+1639.75 = 2987.95 kN/m’

If H=1.5m is substituted into Equation 4.63

Gs =175.2+(28.56)(1.5)° (1+%) =342.3kN/m’

Since g, =342.3 < q,, the ultimate bearing capacity is 342.3 kN/m?2.

EXAMPLE 4.5

Refer to Figure 4.15, which shows a square foundation on layered sand. Given:
H =1.0 m. Also given for the top sand layer: y, = 18 kN/m3; ¢, = 40°; for the bottom
sand layer: v, = 16.5 kN/m3; ¢, = 32° and for the foundation: BxB=1.5x 1.5 m;
D;=1.5m. Estimate the ultimate bearing capacity of the foundation. Use
Figure 4.22.

SoLuTION
From Equation 4.45

@j(lgtancm

H B )}\,S—Y1qut

qu :qb+(1+%jy1Hz[1+
As =1

Given: ¢, = 40° ¢, = 32°. From Figure 4.22, K, = 5.75.
From Equation 4.46

1
qp = Y1(Dy + H)Nghgs2) + EYzBNym}vys(z)

For ¢,=32° Meyerhof's bearing capacity factors are N,,=22.02 and
Ny@ =23.18 (Table 2.3). Also from Table 2.8, Meyerhof’s shape factors

7\,[]5(2) = }\.Ys(z) =1+ 01(%)tan2 (45 + %)

= 1+(0.1)(L5]tan2 (45+§) =1.325
1.5 2

g =(18)(1.5+1)(23.18)(1.325) + %(1 6.7)(1.5)(22.02)(1.325)

=1382.1+365.4 =1747.5 kN/m?
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Hence, from Equation 4.45

g, =1747.5+[ 1412 Jagyap [ 14 2212 | 2-721an40
1.5 1 15

—-(18)()=1747.5+463.2-18
=2192.7 kN/m?

Check
From Equation 4.47

1
Ge = Y1(Ds + H)NgaAgsn) + EY1BN7<1)7WS(2>

For ¢, =40° Meyerhof’s bearing capacity factors are N, ;=624 and
N, = 93.69 (Table 2.3).

7\,q5(1) =7\.«{5(1) =1+ 01(%) tanz (45 + %)21 + (01)(%) tan2 (45 + 470) =~1.46

g, =(18)(1.5+1)(64.2)(1.46) + %(1 8)(1.5)(93.69)(1.46)

=4217.9+1846.6 = 6064.5 kN/m?
So, q,=2192.7 kN/m2.

EXAMPLE 4.6

Figure 4.24 shows a shallow foundation. Given: H =1 m; undrained shear strength
¢, (for ¢, =0 condition) = 80 kN/m?; undrained shear strength ¢, (for ¢, =0 con-
dition) = 32 kN/m?; vy, = 18 kN/m3; D;=1 m; B=1.5 m; L=3 m. Estimate the ulti-
mate bearing capacity of the foundation.

SoLutioN
From Equation 4.61
D _G_32_g4
qi Cq 80

From Figure 4.23 for q,/q, = 0.4, c,/c; =0.9. So ¢, =(0.9)(80) = 72 kN/m?. From
Equation 4.60

q: = |:1 + O.2(fj:|C1NC(U + 'Y1Df = |:1 +0.2 (]35):|(80)(5.1 4)

+(18)(1) = 470.32 kN/m?.
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FIGURE 4.24 Shallow foundation on layered clay.

With A, =1, Equation 4.59 yields

N R )(m jx

=(1+0.1(32)(5.14)+ (1.5 [ }

=198.93+21 6(%) =198.93+21 6(ﬁ) =343 kN/m?

4.5 FOUNDATION ON LAYERED SOIL: WEAKER
SOIL UNDERLAIN BY STRONGER SOIL

In general, when a foundation is supported by a weaker soil layer underlain by stron-
ger soil at a shallow depth as shown in the left-hand side of Figure 4.25, the failure
surface at ultimate load will pass through both soil layers. However, when the mag-
nitude of H is relatively large compared to the width of the foundation B, the failure
surface at ultimate load will be fully located in the weaker soil layer (see the right-
hand side of Figure 4.25). The procedure to estimate the ultimate bearing capacity of
such foundations on layered sand and layered saturated clay follows.

4.5.1 FOUNDATIONS ON WEAKER SAND LAYER UNDERLAIN
BY STRONGER SAND (¢; =0, ¢, =0)
Based on several laboratory model tests, Hanna?? proposed the following relation-

ship for estimating the ultimate bearing capacity ¢, for a foundation resting on a
weak sand layer underlain by a strong sand layer:
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FIGURE 4.25 Foundation on weaker soil layer underlain by stronger sand layer.

@u = 3Y1BRGN oy + V1D AN gy < 3 Y2 Ay Ny) + Va2 DphgsyNyay - (4-.65)

where
Nyo)» N, =Meyerhof’s bearing capacity factors with reference to soil friction
angle ¢, (Table 2.3)
Ays2p Mysay = Meyerhof’s shape factors (Table 2.8) with reference to soil friction
angle ¢, = 1 + 0.1(B/L) tan?(45 + (¢,/2))
3(’"5; *Nq(m) = modified bearing capacity factors

+ = modified shape factors

A

Vs>

The modified bearing capacity factors can be obtained as follows:

H
Nyomy = Ny _{D }[Nm) —Nyol (4.66)

(§2]

H
Noam = Noe =| 7~ [[Na) = Noay ] 4.67)

(9)

where

Nyay, N,y =Meyerhof’s bearing capacity factors with reference to soil friction

angle ¢, (Table 2.3)
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The variations of D, and D, with ¢, are shown in Figures 4.2 and 4.3. The rela-
tionships for the modified shape factors are the same as those given in Equations 4.4
and 4.5. The term m, (Equation 4.4) can be determined from Figure 4.7 by substitut-
ing D, for H and ¢, for ¢. Similarly, the term m, (Equation 4.5) can be determined
from Figure 4.8 by substituting D,,, for H and ¢, for ¢.

4.5.2 FOuNDATIONS ON WEAKER CLAY LAYER UNDERLAIN
BY STRONG CLAY LAYER (¢, =0, ¢, = 0)

Vesic!? proposed that the ultimate bearing capacity of a foundation supported by a
weaker clay layer (¢, = 0) underlain by a stronger clay layer (¢, = 0) can be expressed as

qu =cimN,+7,Dy 4.68)

where

c

5.14 (for strip foundation)
6.17 (for square or circular foundation)

m=f ﬂ,ﬁ,andE
Cy B L

Tables 4.2 and 4.3 give the variation of m for strip and square and circular
foundations.

EXAMPLE 4.7

A shallow square foundation 2 x 2 m in plan is located over a weaker sand layer
underlain by a stronger sand layer. Referring to Figure 4.25, given: D;=0.8 m;
H=0.5m; y,=16.5 kN/m? &, =35; ¢, =0; v, =18.5 kN/m3; ¢, =45° c,=0. Use
Equation 4.65 and determine the ultimate bearing capacity q,.

TABLE 4.2
Variation of m (Equation 4.68) for Strip Foundation (B/L < 0.2)

H/B
a/c, >0.5 0.25 0.167 0.125 0.1
1 1 1 1 1 1
0.667 1 1.033 1.064 1.088 1.109
0.5 1 1.056 1.107 1.152 1.193
0.333 1 1.088 1.167 1.241 1.311
0.25 1 1.107 1.208 1302 1.389
0.2 1 1.121 1.235 1342 1.444
0.1 1 1.154 1302 1.446 1.584
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TABLE 4.3
Variation of m (Equation 4.68) for Square and Circular Foundation (B/L = 1)
H/B
/e, >0.25 0.125 0.083 0.063 0.05
1 1 1 1 1 1
0.667 1 1.028 1.052 1.075 1.096
0.5 1 1.047 1.091 1.131 1.167
0.333 1 1.075 1.143 1.207 1.267
0.25 1 1.091 1.177 1.256 1334
0.2 1 1.102 1.199 1.292 1.379
0.1 1 1.128 1.254 1376 1.494
SoLuTioN

H=0.5m; ¢, =35 ¢, = 45°.

From Figures 4.2 and 4.3 for ¢, = 35°,

P _q
5=

So, Dy =2.0m and D, =3.8m. From Table 2.3 for ¢;=35° and ¢, =45°,

Ny =33.30, Ny =134.88, and N, =371, N, =262.7. Using Equations 4.66
and 4.67

=]

.5

Ny(m):262.7—{ }[262.7—37.1]:206.3

>|

o

.5

Ny(m) =134.88—‘: }[134.88—33.3]=121.5

w
o]

From Equation 4.65
1 * *
qu = E'Y1B7bysNy(m) + ’Y1Df7\quNq(m)
From Equation 4.4 (Note: D ,,/B=3.8/2=1.9, and ¢, = 35°)

Ags =1—my (Ej = 1—0.02(2] =0.98
L 2

and

From Equation 4.5 (Note: D/B=2/2 =1, and ¢, = 35°)

Al =1—m2(§j=1—0.4[3)=0.6
L 2
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So

gy =(0.5)(16.5)(2)(0.6)(206.3) +(16.5)(0.8)(0.98)(121.5)
=2042.4+1571.7 = 3614 kN/m?

Check

1
qu=0qp = EYzMs(Z)Ny(z) + YZDfxqs(Z)Nq(Z)

qu(Z) = )\.75(2) =1+ O](%j tan2 [45 + %j

=1+ (O.1)(§jtan2 [45 + %j =1.583

gy = (0.5)(18.5)(2)(1.583)(262.7) +(18.5)(0.8)(1.583)(134.88)
=7693.3+3160 = 10,853 kN/m’

So, q,=3614 kN/m?.

EXAMPLE 4.8

Refer to Figure 4.25. For a foundation in layered saturated clay profile, given:
[=122m, B=122m, D;=091Tm, H=0.61 m, y,=1729 kN/m’, ¢, =0, ¢, =
57.5 kN/m?, v, =19.65 kN/m?, ¢,=0, and ¢, = 119.79 kN/m?. Determine the ulti-
mate bearing capacity of the foundation. Use Equation 4.68.

SoLuTION
From Equation 4.68,

qu = acmN¢ + Dy

¢,/c, =57.5/119.79 = 0.48; H/B=0.61/1.22 =0.5. From Table 4.3, for ¢,/c,=0.48
and H/B = 0.5, the value of m = 1. Hence,

Gy = (57.5)(N(5.14)+(17.29)(0.91) = 311.28 kN/m?

4.6 CONTINUOUS FOUNDATION ON WEAK
CLAY WITH A GRANULAR TRENCH

In practice, there are several techniques to improve the load-bearing capacity and
settlement of shallow foundations on weak compressible soil layers. One of those
techniques is the use of a granular trench under a foundation. Figure 4.26 shows a
continuous rough foundation on a granular trench made in weak soil extending to a
great depth. The width of the trench is W, the width of the foundation is B, and the
depth of the trench is H. The width W of the trench can be smaller or larger than B.
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6, Weak soil

j._G ranular trench’.

le——w—p
FIGURE 4.26 Continuous rough foundation on weak soil with a granular trench.

The parameters of the stronger trench material and the weak soil for bearing capac-
ity calculation are as follows:

Trench Material Weak Soil
Angle of friction 0, 0,
Cohesion ¢ c,
Unit weight Y A

Madhav and Vitkar?® assumed a general shear failure mechanism in the soil under
the foundation to analyze the ultimate bearing capacity of the foundation using the
upper bound limit analysis suggested by Drucker and Prager?*, and this is shown in
Figure 4.26. The failure zone in the soil can be divided into subzones, and they are
as follows:

1. An active Rankine zone ABC with a wedge angle of
2. A mixed transition zone such as BCD bounded by angle 6,. CD is an arc of
a log spiral defined by the equation

r= roeelanq;l

where
0, = angle of friction of the trench material

3. A transition zone such as BDF with a central angle 6,. DF is an arc of a log
spiral defined by the equation

r= roeeland)z

4. A Rankine passive zone like BFH
Note that 0, and 0, are functions of &, 1, W/B, and ¢,
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By using the upper bound limit analysis theorem, Madhav and Vitkar? expressed
the ultimate bearing capacity of the foundation as

B
qu = CZNC(T) + DfYZNq(T) + (’Y;) Ny(T) (469)

where
N r)» Nyry» Nyr), = bearing capacity factors with the presence of the trench

The variations of the bearing capacity factors (i.e., Nz, Ny, and Ny for purely
granular trench soil (¢; = 0) and soft saturated clay (with ¢, =0 and ¢, =c,) deter-
mined by Madhav and Vitkar?? are given in Figures 4.27 through 4.29. The values
of Ny, given in Figure 4.29 are for v,/y, = 1. In an actual case, the ratio y,/y, may be
different than one; however, the error for this assumption is less than 10%.

Sufficient experimental results are not available in the literature to verify the
above theory. Hamed, Das, and Echelberger? conducted several laboratory model
tests to determine the variation of the ultimate bearing capacity of a strip founda-
tion resting on a granular trench (sand; ¢; = 0) made in a saturated soft clay medium
(¢, =05 ¢, =c,). For these tests the width of the foundation B was kept equal to the
width of the trench W, and the ratio of H/B was varied. The details of the tests are
as follows:

Series 1

0, =40% ¢, =0
0, =0, ¢, = c, = 1656 kN/m?

30

q)l - /
25 /
20 45°
/ w
15 /

/ 35°

10 / /\\ r\ 30°
%é snm 25

Neery

20°

0 0.4 0.8 1.2 1.6 2.0
WIiB

0

FIGURE 4.27 Madhav and Vitkar’s bearing capacity factor N, .
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Series I1
0,=43%¢,=0
$,=0, ¢, =c, = 1656 kN/m>

For both test series D, was kept equal to zero (i.e., surface foundation). For each
test series the ultimate bearing capacity ¢, increased with H/B almost linearly, reach-
ing a maximum at H/B = 2.5-3. The maximum values of g, obtained experimentally
were compared with those presented by Madhav and Vitkar?3. The theoretical values
were about 40%—70% higher than those obtained experimentally. Further refinement
to the theory is necessary to provide more realistic results.

EXAMPLE 4.9

Refer to Figure 4.26. For a continuous foundation constructed over a granular
trench, the following are given:

B

° Tm W=15m,D;=1m
o &, =40° ¢ =0, =18 kN/m?
e »,=0, c, =40 kN/m?, vy, =17 kN/m?

Estimate the gross ultimate bearing capacity.

SoLuTION
From Equation 4.69,

B
Qu = CoNery + DY Ny + (%]NW)

W=15m; B=1m. W/B=1.5/1=1.5. From Figures 4.27 through 4.29, N, = 15,
Ny = 7.2, Nypy = 12

o = (40)(15)+(D(17)(7.2) +(1 7;1

ja 2) = 824.4 kN/m?

4.7 SHALLOW FOUNDATION ABOVE A VOID

Mining operations may leave underground voids at relatively shallow depths.
Additionally, in some instances, void spaces occur when soluble bedrock dissolves
at the interface of the soil and bedrock. Estimating the ultimate bearing capacity
of shallow foundations constructed over these voids, as well as the stability of the
foundations, is gradually becoming an important issue. Only a few studies have been
published so far. Baus and Wang?¢ reported some experimental results for the ulti-
mate bearing capacity of a shallow rough continuous foundation located above voids
as shown in Figure 4.30. It is assumed that the top of the rectangular void is located
at a depth H below the bottom of the foundation. The void is continuous and has
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FIGURE 4.30 Shallow continuous rough foundation over a void.

cross-sectional dimensions of W’ x H'. The laboratory tests of Baus and Wang?® were
conducted with soil having the following properties:

Friction angle of soil ¢ = 13.5°

Cohesion = 65.6 kN/m?

Modulus in compression = 4670 kN/m?
Modulus in tension = 10,380 kN/m?

Poisson’s ratio = 0.28

Unit weight of compacted soil y= 18.42 kN/m?

The results of Baus and Wang?® are shown in a nondimensional form in Figure
4.31. Note that the results of the tests that constitute Figure 4.31 are for the case of
D;=0. From this figure the following conclusions can be drawn:

1. For a given H/B, the ultimate bearing capacity decreases with the increase
in the void width, W’.

2. For any given W/B, there is a critical H/B ratio beyond which the void has
no effect on the ultimate bearing capacity. For W/B = 10, the value of the
critical H/B is about 12.

Baus and Wang?® conducted finite analysis to compare the validity of their experi-
mental findings. In the finite element analysis, the soil was treated as an elastic—
perfectly plastic material. They also assumed that Hooke’s law is valid in the elastic
range and that the soil follows the von Mises yield criterion in the perfectly plastic
range, or

f=ali+yJ, =k 4.70)

f=0 @71
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FIGURE 4.31 Experimental bearing capacity of a continuous foundation as a func-
tion of void size and location. (From Baus, R. L. and M. C. Wang. 1983. J. Geotech. Eng.,
109(GT1): 1.)

where
f=yield function

L - 472
"~ (9+12tan )"’ @-72)
k'_37c 473
~(9+12tan¢)*® @73)

J, = first stress invariant
J, = second stress invariant

The relationships shown in Equations 4.72 and 4.73 are based on the study of
Drucker and Prager?*. The results of the finite element analysis have shown good
agreement with experiments.

4.8 FOUNDATION ON A SLOPE

In 1957 Meyerhof?’ proposed a theoretical solution to determine the ultimate bearing
capacity of a shallow foundation located on the face of a slope. Figure 4.32 shows the
nature of the plastic zone developed in the soil under a rough continuous foundation
(width = B) located on the face of a slope. In Figure 4.32, abc is the elastic zone, acd
is a radial shear zone, and ade is a mixed shear zone. The normal and shear stresses
on plane ae are p, and s, respectively. Note that the slope makes an angle B with the
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FIGURE 4.32 Nature of plastic zone under a rough continuous foundation on the face of a
slope.

horizontal. The shear strength parameters of the soil are ¢ and ¢, and its unit weight

is equal to . As in Equation 2.73, the ultimate bearing capacity can be expressed as
1
g.=cN.+p,N, + EyBNY “.74)
The preceding relationship can also be expressed as
1
Gu=CcNg + EYBNW @.75)

where

N,,, N,, = bearing capacity factors

For purely cohesive soil (that is, ¢ = 0)

q. =cN 4.76)

Figure 4.33 shows the variation of N, with slope angle  and the slope stability
number N,. Note that

N,=-— @.77)
where
H = height of the slope

In a similar manner, for a granular soil (¢ = 0)

1
Gu = EYBNYQ 4.78)

The variation of N,, (for ¢ = 0) applicable to Equation 4.78 is shown in Figure 4.34.
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FIGURE 4.33  Variation of Meyerhof’s bearing capacity factor N, for a purely cohesive soil
(foundation on a slope).

4.9 FOUNDATION ON TOP OF A SLOPE

4.9.1 MEYERHOF'S SOLUTION

Figure 4.35 shows a rough continuous foundation of width B located on top of a slope
of height H. It is located at a distance b from the edge of the slope. The ultimate bear-
ing capacity of the foundation can be expressed by Equation 4.75, or

1
Gu=CNoy + VBN, 4.79)

Meyehof?’ developed the theoretical variations of N,, for a purely cohesive soil
(¢ =0) and N,, for a granular soil (c = 0), and these variations are shown in Figures
4.36 and 4.37. Note that, for purely cohesive soil (Figure 4.36)

qu = CNcq



Special Cases of Shallow Foundations 173

600
N
\,
N\

500 %

\ ———D/B=0

N ~—==DiB=1
400 X
\
\
N

300 *

200 Y N
~
N \\

NYq
4
/
/7
/
7
s
4
o
(=)
3
4
,
Vd
Vd
4

-~
-

50 -
RN

25 \
I 40° \
10 - - o
5 ~~.30 N
N
1
0
0 10 20 30 40 50

B (deg)

FIGURE 4.34  Variation of Meyerhof’s bearing capacity factor N,, for a purely granular soil
(foundation on a slope).

and for granular soil (Figure 4.37)

1
qu = E’YBNW

It is important to note that, when using Figure 4.36, the stability number N, should
be taken as zero when B < H. If B > H, the curve for the actual stability number
should be used.

FIGURE 4.35 Continuous foundation on a slope.
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FIGURE 4.36 Meyerhof’s bearing capacity factor N,, for a purely cohesive soil (foundation
on top of a slope).

4.9.2 SorutioNs oF HANSEN AND VEsIC

Referring to the condition of » = 0 in Figure 4.35 (that is, the foundation is located at
the edge of the slope), Hansen?® proposed the following relationship for the ultimate
bearing capacity of a continuous foundation:

Gu = cNohg + N g + %'yBNYMﬁ (4.80)

where
N, N, N,=bearing capacity factors (see Table 2.3 for N, and N, and Table 2.4
for N,)
Aep> Ayps Ay = slope factors
q="YD;
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FIGURE 4.37 Meyerhof’s bearing capacity factor N,, for a granular soil (foundation on top
of a slope).

According to Hansen?,

A =Ap=(1-tanP)’ (4.81)

A = % (for ¢ > 0) 4.82)
2B

=1-—"" (f = 4.83

xcﬁ T+ 2 ( or ¢ 0) ( )

For the ¢ = 0 condition Vesic'? pointed out that, with the absence of weight
due to the slope, the bearing capacity factor N, has a negative value and can be
given as

N, =-2sinf 4.84)
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Thus, for the ¢ =0 condition with N, =5.14 and N, = 1, Equation 4.80 takes the
form

q. = c(5.14)( —52134)+'ny(1 —tanB)® — yBsinB(1 - tanB)*
or
¢, =(5.14=2B)c +yD;(1—tanB)* — yBsin (1 — tan ) (4.85)

4.9.3 SovrutioN BY LimiT EQUILIBRIUM AND LIMIT ANALYSIS

Saran, Sud, and Handa? provided a solution to determine the ultimate bearing
capacity of shallow continuous foundations on the top of a slope (Figure 4.35) using
the limit equilibrium and limit analysis approach. According to this theory, for a
strip foundation

1
q.=cN.+qN, +EyBNy (4.86)
where
N,, N,, N,= bearing capacity factors
q="D;

Referring to the notations used in Figure 4.35, the numerical values of N, N, > and
N, are given in Table 4.4.

4.9.4 Stress CHARACTERISTICS SOLUTION

As shown in Equation 4.79, for granular soils (i.e., ¢ = 0)

1
qu = E’YBNW

4.87)

Graham, Andrews, and Shields*° provided a solution for the bearing capacity fac-
tor N,, for a shallow continuous foundation on the top of a slope in granular soil
based on the method of stress characteristics. Figure 4.38 shows the schematics of
the failure zone in the soil for embedment (D/B) and setback (b/B) assumed for this
analysis. The variations of N, obtained by this method are shown in Figures 4.39
through 4.41.

EXAMPLE 4.10

Refer to Figure 4.35 and consider a continuous foundation on a saturated clay
slope. Given, for the slope: H=7 m; B =30°% y=18.5 kN/m? ¢ =0, c =49 kN/m?;
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TABLE 4.4
Bearing Capacity Factors Based on Saran, Sud, and Handa’s Analysis

Soil Friction Angle ¢ (deg)

D, b
Factor B (deg) B B 40 35 30 25 20 15 10
N, 30 0 0 25.37 12.41 6.14 3.20 1.26 0.70 0.10
20 53.48 24.54 11.62 5.61 4.27 1.79 0.45
10 101.74 43.35 19.65 9.19 4.35 1.96 0.77
0 165.39 66.59 28.98 13.12 6.05 2.74 1.14
30 0o 1 60.06 34.03 18.95 10.33 5.45 0.00 —
20 85.98 42.49 21.93 11.42 5.89 1.35 —
10 125.32 55.15 25.86 12.26 6.05 2.74 —
0 165.39 66.59 28.89 13.12 6.05 2.74 —
30 1 0 91.87 49.43 26.39 — — — —
25 115.65 59.12 28.80 — — — —
20 143.77 66.00 28.89 — — — —
<15 165.39 66.59 28.89 — — — —
30 1 1 131.34 64.37 28.89 — — — —
25 151.37 66.59 28.89 — — — —
<20 166.39 66.59 28.89 — — — —
N, 30 1 0 12.13 16.42 8.98 7.04 5.00 3.60 —
20 12.67 19.48 16.80 12.70 7.40 4.40 —
<10 81.30 41.40 22.50 12.70 7.40 4.40 —
30 1 1 28.31 24.14 22.5 — — — —
20 42.25 414 22.5 — — — —
<10 81.30 414 22.5 — — — —
N, 50 0 0 21.68 16.52 12.60 10.00 8.60 7.10 5.50
40 31.80 22.44 16.64 12.80 10.04 8.00 6.25
30 44.80 28.72 22.00 16.20 12.20 8.60 6.70
20 63.20 41.20 28.32 20.60 15.00 11.30 8.76
<10 88.96 55.36 36.50 24.72 17.36 12.61 9.44
50 0 1 38.80 30.40 24.20 19.70  16.42 — —
40 48.00 35.40 27.42 21.52 17.28 — —
30 59.64 41.07 30.92 23.60 17.36 — —
20 75.12 50.00 35.16 27.72 17.36 — —
<10 95.20 57.25 36.69 24.72 17.36 — —
50 1 0 35.97 28.11 22.38 18.38 15.66 10.00 —
40 51.16 37.95 29.42 22.75 17.32 12.16 —
30 70.59 50.37 36.20 24.72 17.36 12.16 —
20 93.79 57.20 36.20 24.72 17.36 12.16 —
<10 95.20 57.20 36.20 24.72 17.36 12.16 —
50 1 1 53.65 42.47 35.00 24.72 — — —
40 67.98 51.61 36.69 24.72 — — —
30 85.38 57.25 36.69 24.72 — — —

<20 95.20  57.25 36.69 24.72 — — —
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l¢—B—p

(b)

FIGURE 4.38 Schematic diagram of failure zones for embedment and setback: (a) D,/B > 0;
(b) b/B > 0.

and given, for the foundation: D;=1.5m; B=1.5m; b =0. Estimate the ultimate
bearing capacity by

1. Meyerhof’s method (Equation 4.79)
2. Hansen and Vesic’s method (Equation 4.85)

SoLUTION
Part a:

Gqu = CNeq
Given D/B=1.5/1.5=1; b/B=0/1.5=0. Since H/B> 1, use N,=0.

From Figure 4.36, for D/B=1; b/B=0, p=30° and N, =0, the value of N

o is
about 5.85. So,

Gy = (49)(5.85) = 286.7 kN/m?
Part b: From Equation 4.85
Gy = (5.14=2B)c + YD;(1-tanB)* — yBsinB(1-tanB)’

= {5.1 4—(2)(% X 30)}(49”(1 8.5)(1.5)(1-tan30)? —(18.5)(1.5)(sin30)(1— tan 30)*

=203 kN/m?
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FIGURE 4.39 Graham, Andrews, and Shields’ theoretical values of N, (D/B=0):
(@) b/B=0and 0.5; (b) b/B=1 and 2.
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FIGURE 4.40 Graham, Andrews, and Shields’ theoretical values of N,, (D/B =0.5):
(@) b/B =0 and 0.5; (b) b/B =1 and 2.
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FIGURE 4.41 Graham, Andrews, and Shields’ theoretical values of N, (D/B=1):
(@) b/B =0 and 0.5; (b) /B =1 and 2.
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EXAMPLE 4.11

Refer to Figure 4.35 and consider a continuous foundation on a slope of granular
soil. Given, for the slope: H=6 m; B=30° y=16.8 kN/m3; ¢=40°% c=0; and
given, for the foundation: D;=1.5m; B=1.5m; b=1.5 m. Estimate the ultimate
bearing capacity by

1. Meyerhof’s method (Equation 4.79)
2. Saran, Sud, and Handa’s method (Equation 4.86)
3. The stress characteristic solution (Equation 4.87)

SoLuTION
Part a: For granular soil (c = 0), from Equation 4.79

qu = 53BNy,

Given: b/B=1.5/1.5=1; D/B=1.5/1.5=1; 6 =40° and B =30° From Figure
4.37, N,, = 120. So

Gy = 1(16.8)(1.5)(120) = 1512 kN/m?
Part b: For ¢ =0, from Equation 4.86
qu = qNg + 3 YBN,

For b/B=1: D/B=1; ¢ =40°% and B =30° The value of N,=131.34 and the
value of N, =28.31 (Table 4.4).

qu =(16.8)(1.5)(28.31)+ 1 (16.8)(1.5)(131.34) = 2368 kN/m’
Part c: From Equation 4.87
Gu = TVBNy

From Figure 4.41b, N,, = 110

g, = 1(16.8)(1.5)(110) = 1386 kN/m?

4.10 STONE COLUMNS

4.10.1 GENERAL PARAMETERS

A method now being used to increase the load-bearing capacity of shallow founda-
tions on soft clay layers is the construction of stone columns. This generally consists
of water-jetting a vibroflot into the soft clay layer to make a circular hole that extends
through the clay to firmer soil. The hole is then filled with imported gravel. The
gravel in the hole is gradually compacted as the vibrator is withdrawn. The gravel
used for the stone column has a size range of 6—40 mm. Stone columns usually have
diameters of 0.5-0.75 m and are spaced at about 1.5-3 m center to center.
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After stone columns are constructed, a fill material should always be placed over
the ground surface and compacted before the foundation is constructed. The stone
columns tend to reduce the settlement of foundations at allowable loads.

Stone columns work more effectively when they are used to stabilize a large area
where the undrained shear strength of the subsoil is in the range of 10-50 kN/m?
rather than improve the bearing capacity of structural foundations. Subsoils weaker
than that may not improve sufficient lateral support for the columns. For large-site
improvement, stone columns are most effective to a depth of 6-10 m; however, they
have been constructed to a depth of about 30 m. Bachus and Barksdale®' provided the
following general guidelines for the design of stone columns to stabilize large areas.

Figure 4.42a shows the plan view of several stone columns. The area replacement
ratio for the stone columns may be expressed as,

== 4.88
a, == (4.88)

where
A, = area of the stone column having a diameter of D
A = total area within the unit cell having a diameter D,

For an equilateral triangular pattern of stone columns,

2
a, = O.9O7(D) 4.89)
s

where
s = center-to-center spacing between the columns

(a) (b)

FIGURE 4.42 (a) Stone columns in a triangular pattern; (b) stress concentration due to
change in stiffness.
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Combining Equations 4.88 and 4.89,

A_@IHD'_ oo DY
A m/HDp> s

or
D, =1.05s 4.90)
Similarly, it can be shown that, for stone columns in a square pattern,

D,=1.13s 4.91)

When a uniform stress by means of a fill operation is applied to an area with stone
columns to induce consolidation, a stress concentration occurs due to the change in
the stiffness between the stone columns and the surrounding soil. (See Figure 4.42b.)
The stress concentration factor is defined as

n=-° 4.92)

where
o, = effective stress in the stone column
o, = effective stress in the subgrade soil

The relationships for 6, and G, are

o, = c{”} =16 (4.93)

1+ (n—1a;

and

1
O, = G|:l+(n—1)aj:| =Uu.0 (494)

where
¢ = average effective vertical stress
W, L. = stress concentration coefficients

The improvement in the soil owing to the stone columns may be expressed as,

Se-(t)
Se

- (4.95)
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where
S, = settlement of the treated soil
S, = total settlement of the untreated soil

4.10.2 LoAaD-BEeARING CAPACITY OF STONE COLUMNS

When the length L' of the stone column is less than about 3D and a foundation
is constructed over it, failure occurs by plunging similar to short piles in soft to
medium-stiff clays. For longer columns sufficient to prevent plunging, the load car-
rying capacity is governed by the ultimate radial confining pressure and the shear
strength of the surrounding matrix soil. In those cases, failure at ultimate load occurs
by bulging, as shown in Figure 4.43. Mitchell*> proposed that the ultimate bearing
capacity (g,) of a stone column can be given as

q.=cN, 4.96)

where
¢ = ¢, = undrained shear strength of clay
N, = bearing capacity factor

Mitchell?*? recommended that

N, =25 4.97)

FIGURE 4.43 Bearing capacity of stone column.
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(2

k< B >]

FIGURE 4.44 Shallow foundation over a group of stone columns.

Based on several field studies, Steudlein and Holtz** recommended that

N, = exp(-0.0096¢, +3.5) (4.98)

where ¢, is in kN/m?.

If a foundation is constructed measuring B X L in plan over a group of stone col-
umns, as shown in Figure 4.44, the ultimate bearing capacity g, can be expressed as
(Steudlein and Holtz3)

qu = Npcuax + Nccu (1 —da )}\‘L'X}\’L'd (499)
where
N, is expressed by Equation 4.98
N.=5.14

A and A, = shape and depth factors (see Table 2.8)

Then

Ao =1+ o.2§ 4.100)
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and

Ay =1+02"L @.101)

where
D, = depth of the foundation.

EXAMPLE 4.12
Consider a foundation 4 x 2 m in plan constructed over a group of stone columns

in a square pattern in soft clay. Given:

Stone columns:  D=0.4m
Area ratio, a,=0.3
'=48m
Clay:  ¢,=36 kN/m?
Foundation:  D;=0.75m

Estimate the ultimate load Q,, for the foundation.

SoLuTioN

From Equation 4.99,
qu = Npcuas + Nccu (1 —a )xcsy\-cd

From Equation 4.98,

N, = exp(=0.0096¢, +3.5) = exp[(-0.0096)(36) + 3.5] = 23.44

Aes =1+o.z(§)=1+0.2(3)=1.1
L 4
Aeg = 1+0.2(%j = 1+0.2(%} =1.075

and
qu =(23.44)(36)(0.3)+(5.14)(36)(1-0.3)(1.1(1.075) = 406.31 kN/m?

Thus, the ultimate load is

Q, = q,BL =(406.31)(2)(4) = 3250.48 kN

411 ULTIMATE BEARING CAPACITY OF WEDGE-SHAPED
FOUNDATION
Meyerhof** has proposed a theory to estimate the ultimate bearing capacity of a

wedge-shaped, or conical, foundation by extending his theory given in Section 2.4.
Figure 4.45 is somewhat similar to Figure 2.7 and shows the nature of the failure
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surface in soil below a blunt rough wedge at ultimate load. In Figure 4.45, D, is the
depth of embedment, and B is the width of the foundation. Note that o is the semi-
angle of the wedge.

Meyerhof?* expressed the ultimate bearing capacity, ¢,, for a wedge-shaped
foundation and a foundation with conical base as follows (for D/B < 1)

gu =cN.+YD;N,+5YBN, (for wedge-shaped foundation) 4.102)

and

Gu =N, +YD;N,, +5vBN,, (for conical base foundation) 4.103)

where N, N,

cr

N,, N,. N,, and N, are bearing capacity factors

Figures 4.46 through 4.48 provide the variation of the bearing capacity factors
with soil friction angle (¢) and wedge semi-angle (o).
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5 Settlement and Allowable
Bearing Capacity

5.1 INTRODUCTION

Various theories relating to the ultimate bearing capacity of shallow foundations
were presented in Chapters 2 through 4. In Section 2.12, a number of definitions for
the allowable bearing capacity were discussed. In the design of any foundation, one
must consider the safety against bearing capacity failure as well as against excessive
settlement of the foundation. In the design of most foundations, there are specifica-
tions for allowable levels of settlement. Refer to Figure 5.1, which is a plot of load
per unit area ¢ versus settlement S for a foundation. The ultimate bearing capacity
is realized at a settlement level of S,. Let S, be the allowable level of settlement
for the foundation and g,y be the corresponding allowable bearing capacity. If FS
is the factor of safety against bearing capacity failure, then the allowable bearing
capacity is g, = q,/FS. The settlement corresponding to g, is . For founda-
tions with smaller widths of B, S” may be less than S,;;; however, S, < S’ for larger
values of B. Hence, for smaller foundation widths, the bearing capacity controls; for
larger foundation widths, the allowable settlement controls. This chapter describes
the procedures for estimating the settlements of foundations under load and thus the
allowable bearing capacity.

The settlement of a foundation can have three components: (a) elastic settle-
ment S,, (b) primary consolidation settlement S, and (c) secondary consolidation
settlement S,.

The total settlement S, can be expressed as

S,=S,+S,+8S,

For any given foundation, one or more of the components may be zero or negligible.

Elastic settlement is caused by deformation of dry soil, as well as moist and sat-
urated soils, without any change in moisture content. Primary consolidation set-
tlement is a time-dependent process that occurs in clayey soils located below the
groundwater table as a result of the volume change in soil because of the expulsion of
water that occupies the void spaces. Secondary consolidation settlement follows the
primary consolidation process in saturated clayey soils and is a result of the plastic
adjustment of soil fabrics. The procedures for estimating the above three types of
settlements are discussed in this chapter.

Any type of settlement is a function of the additional stress imposed on the soil
by the foundation. Hence, it is desirable to know the relationships for calculating
the stress increase in the soil caused by application of load to the foundation. These

193
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FIGURE 5.1 Load-settlement curve for shallow foundation.

relationships are given in Section 5.2 and are derived assuming that the soil is a semi-
infinite, elastic, and homogeneous medium.

5.2 STRESS INCREASE IN SOIL DUE TO APPLIED
LOAD: BOUSSINESQ’S SOLUTION

5.2.1 PoinT LoAD

Boussinesq' developed a mathematic relationship for the stress increase due to a
point load Q acting on the surface of a semi-infinite mass. In Figure 5.2, the stress
increase at a point A is shown in the Cartesian coordinate system, and the stress
increase in the cylindrical coordinate system is shown in Figure 5.3. The compo-
nents of the stress increase can be given by the following relationships.

Cartesian Coordinate System (Figure 5.2):

307°
= (5.1)
°2mR?
2 oyl 2 ]
X:g L§+1 2v 1 _(23R+Z)xz_i3 52)
o1 | R 3 |R(R+2) R(R+2° R
30 vz 1-2v[ 1 2R+ 72)y’ |
o, =21z _@Rry 2 53)
2w | R 3 |R(R+z) R(R+2° R |
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FIGURE 5.2 Boussinesq’s problem—stress increase at a point in the Cartesian coordinate

system due to a point load on the surface.

3 1-2v (2R
1, =22 |0z 172V @R+ )xy 5.4)
- 2m| R 3 R'(R+2)

_30az (5.5)

7o R

2
T, =3—Q% (5.6)

’ 21 R

where
G = normal stress
T = shear stress

R=+z"+r

v = Poisson’s ratio

Cylindrical Coordinate System (Figure 5.3):

307°
= 5.7
2R’ ©7
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FIGURE 5.3 Boussinesq’s problem—stress increase at a point in the cylindrical coordinate
system due to a point load on the surface.

_ 0|37 1-2v
a 2n{ R’ R(R+z)} ©8)
S VPR SV B
o= 2V)[R(R+z) RS} (5.9)
=20 (5.10)
2nR

5.2.2 UNIFORMLY LoOADED FLEXIBLE CIRCULAR AREA

Boussinesq’s solution for a point load can be extended to determine the stress increase
due to a uniformly loaded flexible circular area on the surface of a semi-infinite mass
(Figure 5.4). In Figure 5.4, the circular area has a radius R, and the uniformly distrib-
uted load per unit area is g. If the components of stress increase at a point A below
the center are to be determined, then we consider an elemental area dA = rdOdr. The
load on the elemental area is dQ = grd0dr. This can be treated as a point load. Now
the vertical stress increase do_ at A due to dQ can be obtained by substituting dQ for

Q and \/r* +z* for R in Equation 5.7. Thus,
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Op

FIGURE 5.4  Stress increase below the center of a uniformly loaded flexible circular area.

_ 3Zqrdedr
z zn(rZ +Z2)5/2

The vertical stress increase due to the entire loaded area ©_ is then

R 21
32°qrd®dr z
G, = dG,=J‘ — =gl - 5.11
z J- z ) ) (P + )" ‘{ (R +2)" (5.11)

Similarly, the magnitudes of 6, and G, below the center can be obtained as

(.12)

2

q 2(1+Vv)z z
Gr=69=|:1+2v_(R2+Z2)1/2 (R2+Z2)3/2

Table 5.1 gives the variation of 6 /g at any point A below a circularly loaded
flexible area for /R =0 to 1 (Figure 5.5). A more detailed tabulation of the stress
increase (i.e., 0,, Oy, O,, and T,.) below a uniformly loaded flexible area is given by
Ahlvin and Ulery.?
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TABLE 5.1
Variation of 6,/q at a Point A (Figure 5.5)

c,/q
z/R F/R=0 r/R=0.2 r/R=0.4 r/R=0.6 r/R=0.8 r/R=1.0
0.0 1.000 1.000 1.000 1.000 1.000 0.500
0.2 0.992 0.991 0.987 0.970 0.890 0.468
0.4 0.979 0.943 0.920 0.860 0.713 0.435
0.6 0.864 0.852 0.814 0.732 0.591 0.400
0.8 0.756 0.742 0.699 0.619 0.504 0.366
1.0 0.646 0.633 0.591 0.525 0.434 0.332
15 0.424 0.416 0.392 0.355 0.308 0.288
2.0 0.284 0.281 0.268 0.248 0.224 0.196
2.5 0.200 0.197 0.196 0.188 0.167 0.151
3.0 0.146 0.145 0.141 0.135 0.127 0.118
4.0 0.087 0.086 0.085 0.082 0.080 0.075
5.0 0.057 0.057 0.056 0.054 0.053 0.052

10 X

FIGURE 5.5 Stress increase below any point under a uniformly loaded flexible circular
area.

5.2.3 UNIiForMLY LOADED FLEXIBLE RECTANGULAR AREA

Figure 5.6 shows a flexible rectangular area of length L and width B subjected to a
uniform vertical load of ¢ per unit area. The load on the elemental area dA is equal
to dQ = g dx dy. This can be treated as an elemental point load. The vertical stress
increase do, due to this at A, which is located at a depth z below the corner of the
rectangular area, can be obtained by using Equation 5.7, or
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@ A(0,02)
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z

FIGURE 5.6 Stress increase below the corner of a uniformly loaded flexible rectangular
area.

3gz’ dxdy
2Tc(x2 +y2 +ZZ)5/2 (5'13)

do, =

Hence, the vertical stress increase at A due to the entire loaded area is

3qz dxdy

.= |do. —J. J =ql 5.14

I oty G 619)
y=0x=0

where

1| 2mn(m?>+n2+D%  m*+n*+2
2 2 2.2 X 2 2
m +n - +mn +1 m +n+1

4n
2,2 1105
+ tan”! 2mn(m”+n” +1) (5.15)
m? +n* —m*n* +1
B
m=—
Z
L
n=—
Z

Table 5.2 shows the variation of / with m and n. The stress below any other point
C below the rectangular area (Figure 5.7) can be obtained by dividing it into four
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FIGURE 5.7 Stress increase below any point of a uniformly loaded flexible rectangular
area.

rectangles as shown. For rectangular area 1, m, = B,/z; n, = L,/z. Similarly, for rectan-
gles 2, 3, and 4, m, = B,/z; n, = L,/z, my = B,/z; ny = L,/z, and m, = B,/z; n, = L,/z. Now,
using Table 5.2, the magnitudes of I (=1}, ,, I, 1,) for the four rectangles can be deter-
mined. The total stress increase below point C at depth z can thus be determined as

o.=qi+L+1;+1,) (5.16)

In most practical problems, the stress increase below the center of a loaded rect-
angular area is of primary importance. The vertical stress increase below the center
of a uniformly loaded flexible rectangular area can be calculated as

0():27(] mn, 1+ m? +n? +sin”! m (5.17)
T n | J1em 4 np A+ n))mi +ni) Jmi+niJlent |

where
m =L (5.18)
B
_ Z
M= (5.19)

Table 5.3 gives the variation of 6_,/q with L/B and z/B based on Equation 5.17.

EXAMPLE 5.1

Figure 5.8 shows the plan of a flexible loaded area located at the ground surface.
The uniformly distributed load g on the area is 150 kN/m?. Determine the stress
increase 6, below points A and C at a depth of 10 m below the ground surface.
Note that C is at the center of the area.
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TABLE 5.3
Variation of 6,.,/q (Equation 5.17)
L/B
z/B 1 2 3 4 5 6 7 8 9 10
0.1 0.994 0.997 0.997 0.997 0.997 0.997 0.997 0.997 0.997 0.997
0.2 0.960 0.976 0.977 0.977 0.977 0.977 0.977 0.977 0.977 0.977
0.3 0.892 0.932 0.936 0.936 0.937 0.937 0.937 0.937 0.937 0.937
0.4 0.800 0.870 0.878 0.880 0.881 0.881 0.881 0.881 0.881 0.881
0.5 0.701 0.800 0.814 0.817 0.818 0.818 0.818 0.818 0.818 0.818
0.6 0.606 0.727 0.748 0.753 0.754 0.755 0.755 0.755 0.755 0.755
0.7 0.522 0.658 0.685 0.692 0.694 0.695 0.695 0.696 0.696 0.696
0.8 0.449 0.593 0.627 0.636 0.639 0.640 0.641 0.641 0.641 0.642
0.9 0.388 0.534 0.573 0.585 0.590 0.591 0.592 0.592 0.593 0.593
1.0 0.336 0.481 0.525 0.540 0.545 0.547 0.548 0.549 0.549 0.549
1.5 0.179 0.293 0.348 0.373 0.384 0.389 0.392 0.393 0.394 0.395
2.0 0.108 0.190 0.241 0.269 0.285 0.293 0.298 0.301 0.302 0.303
2.5 0.072 0.131 0.174 0.202 0.219 0.229 0.236 0.240 0.242 0.244
3.0 0.051 0.095 0.130 0.155 0.172 0.184 0.192 0.197 0.200 0.202
3.5 0.038 0.072 0.100 0.122 0.139 0.150 0.158 0.164 0.168 0.171
4.0 0.029 0.056 0.079 0.098 0.113 0.125 0.133 0.139 0.144 0.147
4.5 0.023 0.045 0.064 0.081 0.094 0.105 0.113 0.119 0.124 0.128
5.0 0.019 0.037 0.053 0.067 0.079 0.089 0.097 0.103 0.108 0.112
SoLuTioN
Stress increase below point A.
The following table can now be prepared:
Area No. B(m) L(m) z(m) m=B/z n=1/z I (Table 5.2)
1 2 2 10 0.2 0.2 0.0179
2 2 4 10 0.2 04 0.0328
3 2 4 10 0.2 0.4 0.0328
4 2 2 10 0.2 0.2 0.0179
>I=1014

From Equation 5.14,

6, =ql =(150)(0.1014) = 15.21kN/m*

Stress increase below point C
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FIGURE 5.8 Uniformly loaded flexible rectangular area.

From Table 5.3,

Sz _0.104
q

G, =(0.104)(150) = 15.6 kN/m?

5.3 STRESS INCREASE DUE TO APPLIED LOAD:
WESTERGAARD’S SOLUTION

5.3.1 PoInT LoAD

Westergaard® proposed a solution for determining the vertical stress caused by a
point load Q in an elastic solid medium in which layers alternate with thin rigid
reinforcements. This type of assumption may be an idealization of a clay layer with
thin seams of sand. For such an assumption, the vertical stress increase at a point A
(Figure 5.2) can be given by

—3/2
c=@én|_ 1 (5.20)
C2n | WP+ (rl2)?
where
1-2v
- .21
n 2-2v

1 = Poisson’s ratio of the solid between the rigid reinforcements
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TABLE 5.4
Variation of I’ with r/z and v (Equation 5.23)

r

r/z v=0 v=0.2 v=0.4
0 0.3183 0.4244 0.9550
0.25 0.2668 0.3368 0.5923
0.50 0.1733 0.1973 0.2416
0.75 0.1028 0.1074 0.1044
1.00 0.0613 0.0605 0.0516
1.25 0.0380 0.0361 0.0286
1.50 0.0247 0.0229 0.0173
1.75 0.0167 0.0153 0.0112
2.00 0.0118 0.0107 0.0076
2.25 0.0086 0.0077 0.0054
2.50 0.0064 0.0057 0.0040
2.75 0.0049 0.0044 0.0030
3.00 0.0038 0.0034 0.0023
3.25 0.0031 0.0027 0.0019
3.50 0.0025 0.0022 0.0015
3.75 0.0021 0.0018 0.0012
4.00 0.0017 0.0015 0.0010
4.25 0.0014 0.0012 0.0008
4.50 0.0012 0.0010 0.0007
4.75 0.0010 0.0009 0.0006
5.00 0.0009 0.0008 0.0005

Equation 5.20 can be rewritten as

o.=2r (5.22)
Z

where

—3/2

2
1 r
I= LA (5.23)
2m’ [nzj

The variations of I with r/z and v are given in Table 5.4.

5.3.2 UNIForMLY LOADED FLEXIBLE CIRCULAR AREA

Refer to Figure 5.4, which shows a uniformly loaded flexible circular area of radius
R. If the circular area is located on a Westergaard-type material, the increase in
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TABLE 5.5
Variation of 6,/q with R/zand v=0
(Equation 5.24)

R/z c,/q
0 0

0.25 0.0572
0.50 0.1835
0.75 0.3140
1.00 0.4227
1.25 0.5076
1.50 0.5736
1.75 0.6254
2.00 0.6667
2.25 0.7002
2.50 0.7278
275 0.7510
3.00 0.7706
4.00 0.8259
5.00 0.8600

vertical stress G, at a point located at a depth z immediately below the center of the
area can be given as

_ _ n
o q{l B +(R/z)2]”2} o2y

The variations of 6./q with R/z and v = 0 are given in Table 5.5.

5.3.3 UNIFOrRMLY LOADED FLEXIBLE RECTANGULAR AREA

Refer to Figure 5.6. If the flexible rectangular area is located on a Westergaard-type
material, the stress increase at a point A can be given as

q _ 1 1 1
O, ZM[COt 1\/n2 (nlz+r12)+n4(w):| (525)

where
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TABLE 5.6
Variation of 6,/q (Equation 5.26) with m and n (v =0)
n
m 0.1 0.2 0.4 0.5 0.6 1.0 2.0 5.0 10.0

0.1 0.0031 0.0061 0.0110  0.0129  0.0144  0.0182  0.0211 0.0211 0.0223
0.2 0.0061  0.0118  0.0214  0.0251  0.0282  0.0357  0.0413  0.0434  0.0438
0.4 0.0110  0.0214  0.0390  0.0459  0.0516  0.0658  0.1768  0.0811  0.0847
0.5 0.0129  0.0251  0.0459  0.0541  0.0610 0.0781  0.0916  0.0969  0.0977
0.6 0.0144  0.0282  0.0516  0.0610  0.0687  0.0886  0.1044  0.1107  0.1117
1.0 0.0183  0.0357 0.0658  0.0781  0.0886  0.1161  0.1398  0.1491  0.1515
2.0 0.0211  0.0413  0.0768  0.0916  0.1044  0.1398  0.1743  0.1916  0.1948
5.0 0.0221  0.0435  0.0811  0.0969  0.1107  0.1499  0.1916  0.2184  0.2250
10.0  0.0223  0.0438  0.0817  0.0977  0.1117  0.1515  0.1948  0.2250  0.2341

o. 1| 11 1
| \/“(m o) 20

Table 5.6 gives the variation of 6./q with m and n for v =0.

EXAMPLE 5.2

Consider a flexible circular loaded area with R=4m. Let g=300kN/m2.
Calculate and compare the variation of 6, below the center of the circular area
using Boussinesq's theory and Westergaard’s theory (with v=0) for z=0to 12 m.

SOLUTION
Boussinesq’s solution (see Equation 5.11 and Table 5.1) with R=4 m, g =300 kN/m?

z (m) z/R c,/q Ac, (kN/m?)
0 0 1 300

0.4 0.1 0.9990 299.7

2.0 0.5 0.9106 273.18
4.0 1.0 0.6465 193.95
6.0 1.5 0.4240 127.2

8.0 2.0 0.2845 85.35
10.0 2.5 0.1996 59.88
12.0 3.0 0.146 43.8

Westergaard’s solution (see Table 5.5 and Equation 5.24)
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z (m) z/R R/z c,/q G, (kN/m?)
0 0 oo 1 300

0.4 0.1 10 0.9295 278.85
2.0 0.5 2 0.6667 200.01
4.0 1.0 1 0.4227 126.81
6.0 1.5 0.667 0.275 82.5

8.0 2.0 0.5 0.1835 55.05
10.0 2.5 0.4 0.130 39.0
12.0 3.0 0.333 0.0938 28.14

EXAMPLE 5.3
Refer to Example 5.1. Estimate the stress increase below point A using Westergaard’s

theory. Use v=0.

SoLUTION
The following table can be prepared.

AreaNo. B(m) L(m) z(m) m=B/z n=L1/z I (Table5.6)

1 2 2 10 0.2 0.2 0.0118
2 2 4 10 0.2 0.4 0.0214
3 2 4 10 0.2 0.4 0.0214
4 2 2 10 0.2 0.2 0.0118

20.0664

Hence,

G, = (q)(ZI) =(0.0664)(150) = 9.96 kN/m?

5.4 ELASTIC SETTLEMENT

5.4.1 FuexiBLe AND RiGID FOUNDATIONS

Before discussing the relationships for elastic settlement of shallow foundations, it
is important to understand the fundamental concepts and the differences between a
flexible foundation and a rigid foundation. When a flexible foundation on an elastic
medium is subjected to a uniformly distributed load, the contact pressure will be
uniform, as shown in Figure 5.9a. Figure 5.9a also shows the settlement profile of the
foundation. If a similar foundation is placed on granular soil, it will undergo larger
elastic settlement at the edges rather than at the center (Figure 5.9b); however, the
contact pressure will be uniform. The larger settlement at the edges is due to the lack
of confinement in the soil.

If a fully rigid foundation is placed on the surface of an elastic medium, the settle-
ment will remain the same at all points; however, the contact distribution will be as
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g/unit area
by bl

Elastic material Settlement profile

Contact pressure = g

g/unit area
A l l l h 4

Settlement profile

Contact pressure = g

FIGURE 5.9 Contact pressures and settlements for a flexible foundation: (a) elastic material
and (b) granular soil.

shown in Figure 5.10a. If this rigid foundation is placed on granular soil, the contact
pressure distribution will be as shown in Figure 5.10b, although the settlement at all
points below the foundation will be the same.

Theoretically, for an infinitely rigid foundation supported by a perfectly elastic
material, the contact pressure can be expressed as (Figure 5.11)

2q . .
6,0 = ————— (continuous foundation) 5.27
n\/1-(2x/B)? 6.27)
C.- el (circular foundation) (5.28)

0T 2./1-(2x/B)*

where
q = applied load per unit area of the foundation
B = foundation width (or diameter)

Borowicka* developed solutions for the distribution of contact pressure beneath
a continuous foundation supported by a perfectly elastic material. According to his
theory,

G0 = f(K) (529
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FIGURE 5.10 Contact pressures and settlements for a rigid foundation: (a) elastic material

and (b) granular soil.

by

g/unit area

p ‘
Jil
<

T\T\I“
B >

4 Gz-0

FIGURE 5.11  Contact pressure distributions under an infinitely rigid foundation supported

by a perfectly elastic material.
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where

K = relative stiffness factor = 171 V; E)r (5.30)
6\1-v; )\ E, )\ B/2

v, = Poisson’s ratio of the elastic material

V;= Poisson’s ratio of the foundation material

t = thickness of the foundation

E,, E;=modulus of elasticity of the elastic material and foundation material,
respectively

Although soil is not perfectly elastic and homogeneous, the theory of elasticity
may be used to estimate the settlements of shallow foundations at allowable loads.
Judicious uses of these results have done well in the design, construction, and main-
tenance of structures.

5.4.2 EiLAsTic PARAMETERS

Parameters such as the modulus of elasticity £ and Poisson’s ratio v for a given soil
must be known in order to calculate the elastic settlement of a foundation. In most
cases, if laboratory test results are not available, they are estimated from empirical
correlations. Table 5.7 provides some suggested values for Poisson’s ratio.

Trautmann and Kulhawy® used the following relationship for Poisson’s ratio
(drained state):

v=0.140.30. (5.31)

q)tc - 250

. (0<0g <1 5.32
PEET 32

0, = relative friction angle =

where
o, = friction angle from drained triaxial compression test

TABLE 5.7

Suggested Values for Poisson’s Ratio

Soil Type Poisson’s Ratio v
Coarse sand 0.15-0.20
Medium loose sand 0.20-0.25
Fine sand 0.25-0.30
Sandy silt and silt 0.30-0.35
Saturated clay (undrained) 0.50

Saturated clay—Ilightly overconsolidated (drained) 0.2-0.4
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TABLE 5.8
General Range of Modulus of Elasticity of Sand

Type E, (kN/m?)

Coarse and Medium Coarse Sand

Loose 25,000-35,000

Medium dense 30,000—40,000

Dense 40,000-45,000
Fine Sand

Loose 20,000-25,000

Medium dense 25,000-35,000

Dense 35,000—40,000
Sandy Silt

Loose 8,000-12,000

Medium dense 10,000-12,000

Dense 12,000-15,000

A general range of the modulus of elasticity of sand E| is given in Table 5.8.

A number of correlations for the modulus of elasticity of sand with the field
standard penetration resistance N, and cone penetration resistance ¢, have been
made in the past. Schmertmann® proposed that

E, (kN/m?) = 766N, (5.33)

Schmertmann et al.” made the following recommendations for estimating the E
of sand from cone penetration resistance, or

E,=2.5q,. (forsquare and circular foundations) (5.34)

E,=3.5q, (for strip foundations L/B =10) (5.35)

Terzaghi, Peck, and Mesri® gave the following recommendations for the estima-
tion of E, for settlement calculation of square (B X B) and rectangular foundations
(L x B; L =length of the foundation) on sand as

Eq1/5-1) =3.5q. (5.36)
and

ES(L/B) = 1+ 0.410g(;) S 1.4 (5.37)
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Chen and Kulhawy® suggested that
E,=mp, (5.38)
where

p. = atmosphereic pressure ( = 100 kN/m?)
100 —200 (loose sand)

m = 4200 —-500 (medium sand)
500 —1000 (dense sand)

(5.39)

In many cases, the modulus of elasticity of saturated clay soils (undrained) has
been correlated with the undrained shear strength c,. D’Appolonia et al.'” compiled
several field test results and concluded that

E, (for lean inorganic clays from
— =1000 to 1500 i . (5.40)
Cy moderate to high plasticity)

Duncan and Buchignani'' correlated E /c, with the overconsolidation ratio OCR
and plasticity index PI of several clay soils. This broadly generalized correlation is
shown in Figure 5.12.

1600

1200

Plasticity index, PI < 30

=2
< 800

30 <PI<50
400

FIGURE 5.12 Correlation of Duncan and Buchignani for the modulus of elasticity of clay
in an undrained state.
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5.4.3 SETTLEMENT OF FOUNDATIONS ON SATURATED CLAYS

Janbu et al.'? proposed a generalized equation for estimating the average elastic set-
tlement of a uniformly loaded flexible foundation located on saturated clay (v = 0.5).
This relationship incorporates (a) the effect of embedment D, and (b) the possible
existence of a rigid layer at a shallow depth under the foundation as shown in Figure
5.13, or

9B
E

s

Se = Wills (5.41)

where
W, =f(D/B)
W, = (H/B, L/B)
L = foundation length
B = foundation width

Christian and Carrier'® made a critical evaluation of the factors , and ,, and the
results were presented in graphical form. The interpolated values of 1, and W, from
these graphs are given in Tables 5.9 and 5.10.

EXAMPLE 5.4

Consider a shallow foundation 1.5 m x 0.75 m in plan in a saturated clay layer.
A rigid rock layer is located 6 m below the bottom of the foundation. Given:

e D;=0.75m; g =150 kN/m?
e ¢,=200 kN/m? OCR = 2; plasticity index, PI=30

Estimate the elastic settlement of the foundation.

g/unit area

l l l l Foundation
LxB

Saturated clay
v=05

RS
i Rigid layer

FIGURE 5.13 Settlement of foundation on saturated clay.
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TABLE 5.9
Variation of 1, with D/B (Equation 5.41)
D/B My
0 1.0
2 0.9
4 0.88
6 0.875
8 0.87
10 0.865
12 0.863
14 0.860
16 0.856
18 0.854
20 0.850
TABLE 5.10
Variation of 1, with H/B and L/B (Equation 5.41)
L/B
H/B Circle 2 5 10 )
1 0.36 0.36 0.36 0.36 0.36 0.36
2 0.47 0.53 0.63 0.64 0.64 0.64
4 0.58 0.63 0.82 0.94 0.94 0.94
6 0.61 0.67 0.88 1.08 1.14 1.16
8 0.62 0.68 0.90 1.13 1.22 1.26
10 0.63 0.70 0.92 1.18 1.30 1.42
20 0.64 0.71 0.93 1.26 1.47 1.74
30 0.66 0.73 0.95 1.29 1.54 1.84
SoLUTION
From Equation 5.41,
B
Se = Wiy %
Given
L_15_,
B 0.75
Dy _ 075 _,
B 0.75
H
B 0.75
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Let E,=PBc,
For OCR =2 and P/ = 30, the value of B = 400 (Figure 5.12). Hence,

E, = (400)(200) = 80,000 kN/m’
From Tables 5.8 and 5.9, y, = 0.95, u, = 0.9

Se = il 5 _ (0.95)(0,9)W

—— =0.0012m=1.2 mm
E, 80,000

5.4.4 FOUNDATIONS ON SAND: CORRELATION WITH
STANDARD PENETRATION RESISTANCE

There are several empirical relationships to estimate the elastic settlements of foun-
dations on granular soil that are based on the correlations with the width of the
foundation and the standard penetration resistance obtained from the field, N, (i.e.,
penetration resistance with an average energy ratio of 60%). Some of these correla-
tions are outlined in this section.

5.4.4.1 Terzaghi and Peck’s Correlation

Terzaghi and Peck'* proposed the following empirical relationship between the set-
tlement S, of a prototype foundation measuring B X B in plan and the settlement of a
test plate S,;, measuring B, X B, loaded to the same intensity:

S, 4
Seay  [1+(B /B)z]

(5.42)

Although a full-sized footing can be used for a load test, the normal practice is
to employ a plate of the order of B, = 0.3—1 m. Terzaghi and Peck'* also proposed a
correlation for the allowable bearing capacity, standard penetration number N, and
the width of the foundation B corresponding to a 25-mm settlement based on the
observations given by Equation 5.42. The curves that give the preceding correlation
can be approximated by the relation

2
s, (mm)=3‘1( B j (5.43)
N \ B+023

where
q = bearing pressure in kN/m?
B = width of foundation in m

If corrections for groundwater table location and depth of embedment are
included, then Equation 5.43 takes the form
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2
3q B
S, =CyC (544)
P Ny (B+03]

where
C\, = groundwater table correction
Cp, = correction for depth of embedment = 1 — (D/4B)
D, = depth of embedment

The magnitude of Cy, is equal to 1.0 if the depth of the water table is greater
than or equal to 2B below the foundation, and it is equal to 2.0 if the depth of the
water table is less than or equal to B below the foundation. The N, values used in
Equations 5.43 and 5.44 should be the average value of Ny, up to a depth of about 3B
to 4B measured from the bottom of the foundation.

5.4.4.2 Meyerhof’s Correlation
In 1956, Meyerhof'> proposed the following relationships for S,:

S, =29 (for B<1.22 m) (5.45)
60
and
3 B Y
s,=4 (for B>1.22 m) (5.46)
N\ B+0.3

where S, is in mm, B is in m, and ¢ is in kN/m?2.

Note that Equations 5.43 and 5.46 are similar. In 1965, Meyerhof'® compared the
predicted and observed settlements of eight structures and proposed revisions to
Equations 5.45 and 5.46. According to these revisions,

s, =129 (o <122 m) (5.47)
N60
and
2 B Y
s,=-4 ( ) (for B>1.22 m) (5.48)
N\ B+0.3

Comparing Equations 5.45 and 5.46 with Equations 5.47 and 5.48, it can be
seen that, for similar settlement levels, the allowable pressure ¢ is 50% higher for
Equations 5.47 and 5.48. If corrections for the location of the groundwater table and
depth of embedment are incorporated into Equations 5.47 and 5.48, we obtain
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S, (mm) = CyCp 229 (for B<122 m) (5.49)
60
and
S, (mm) = CyCp 2q( B 2 (for B>1.22m) (5.50)
Neo \B+0.3
Cy=10 (5.51)
and
D
Cp=10-"L (5.52)
P 4B

5.4.4.3 Peck and Bazaraa’s Method

The original work of Terzaghi and Peck' as given in Equation 5.43 was subsequently
compared to several field observations. It was found that the relationship provided by
Equation 5.43 is overly conservative (i.e., observed field settlements were substan-
tially lower than those predicted by the equation). Recognizing this fact, Peck and
Bazaraa!” suggested the following revision to Equation 5.44:

2

2q B

S, =CyC (5.53)
" (VDo (B+0.3]

where
S,is in mm, ¢ is in kN/m?, and B is in m
(N})go = corrected standard penetration number

_ 0, at 0.5B below the bottom of the foundation

(5.54)

v o, at 0.5B below the bottom of the foundation
G, = total overburden pressure
o, = effective overburden pressure
D\
Cp=10- 0.4(“j (5.55)
q
Y = unit weight of soil
The relationships for (N,)4, are as follows:
4
(Moo =60 (for o, <75 kKN/m?) (5.56)

1+0.040,,
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and

4N

Ny = ———00
(Ni)eo 3.25+0.010

(for ¢/, > 75 kN/m?) (5.57)

where
o, = the effective overburden pressure

5.4.4.4 Burland and Burbidge’s Method

Burland and Burbidge'® proposed a method for calculating the elastic settlement of
sandy soil using the field standard penetration number Ng,. According to this proce-
dure, the following are the steps to estimate the elastic settlement of a foundation:

1. Determination of variation of standard penetration number with depth
Obtain the field penetration numbers Ny, with depth at the location of the
foundation. Depending on the field conditions, the following adjustments of
Ny, may be necessary:
For gravel or sandy gravel,

N6()(a) = 125N60 (558)
For fine sand or silty sand below the groundwater table and N, > 15,

Neo@ =15+ 0.5(Ngo —15) (5.59)

where
Ngo( = adjusted Ny, value

2. Determination of depth of stress influence z’
In determining the depth of stress influence, the following three cases
may arise:

Case I. If N, [or Ny, is approximately constant with depth, calculate z’
from

, 0.75
S 1.4(3) (5.60)

where
By =reference width=0.3 m
B = width of the actual foundation (m)

Case II. If N, [or Ny,] is increasing with depth, use Equation 5.60 to cal-
culate 7.

Case III. If Ng, [or Ngy,] is decreasing with depth, calculate 7’ =2B and
7' = distance from the bottom of the foundation to the bottom of the soft
soil layer (=z”). Use ' = 2B or 7’ = 7” (whichever is smaller).
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3. Determination of depth of influence correction factor o
The correction factor o is given as (Note: H = depth of comparable soil
layer)

(x:H(Z—H)Sl (.61)

4. Calculation of elastic settlement
The elastic settlement of the foundation S, can be calculated as

Se _ 0140 171 [1.25(L/B) T BY'(4q
Bx [Ngo or Neow1™* || 0.25+L/B | \ By Da (5.62)

(for normally consolidated soil)

where
L = length of the foundation
p, = atmospheric pressure (=100 kN/m?)
Nio or N,y = average value of Ny, or Ngoo in the depth of stress influence

2 0.7
S _ooa70]— 05T [1.25@/3)} [Bj [q]
BR [N60 or N60(a)] ’ 0.25+L/B BR Pa

For overconsolidated soil (¢ < G, where G.. = overconsolidation pressure)

(5.63)

Se 0140 0.57 [1.25(L/B) T B\(g-067c,
Brx [Ngo or Neooy I'* | L0.25+ L/B | \ By Da (5.64)

For overconsolidated soil (¢ > G..)

EXAMPLE 5.5

A shallow foundation measuring 1.75 m x 1.75 m is to be constructed over a layer
of sand. Given: D;=1 m; N is generally increasing with depth; Ny in the depth of
stress influence = 10; g = 120 kN/m?. The sand is normally consolidated. Estimate
the elastic settlement of the foundation. Use the Burland and Burbidge method.

SoLuTION
From Equation 5.60,
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the depth of stress influence is

0.75 0.75
z’=14 B ;o Z/=01.4) 1.75 (0.3)=1.58m
B 0.3

R

From Equation 5.61, o.= 1. From Equation 5.62 (note L/B=1; p, = 100 kN/m?),
S, 1.71 \[1.250/B) T( BY( q
—=0.T40y-—=—3 — —

BR (NE)O) : 0.25+1L/B BR Pa

2 0.7
:(0'14)(1){ 1.7114}[ 1.25(1)] (1.75] (@j
(10 JL0.25+1] L 0.3 ) \100

=0.0118 m=11.8 mm

EXAMPLE 5.6

Solve the problem in Example 5.5 using Meyerhof’s method.

SoLuTioN
From Equation 5.50,

2
S, = CWCDz—q( B )

Neo \ B+0.3
Cw =1
Cp = _(&J:1—71 ~0.86
4B (#(1.75)
2
Se:(0.86)(1)(2)(120)( 1.75 j =15.04 mm
10 \1.75+03

5.4.5 FouNDATIONS ON GRANULAR SoiL: Use oF STRAIN INFLUENCE FACTOR

Referring to Figure 5.4, the equation for vertical strain €, below the center of a flex-
ible circular load of radius R can be given as

€. = L[Gz —V(G, +Gy)] (5.65)
Es

After proper substitution for 6_, 6,, and 0, in the preceding equation, one obtains

£ = @[(1 _2VA'+ B (5.66)

N

where
A’, B = nondimensional factors and functions of z/R
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TABLE 5.11

Variations of A" and B’ (Below the Center

of a Flexible Loaded Area)

z/R

0

0.2
0.4
0.6
0.8
1.0
1.5
2.0
2.5
3.0
4.0
5.0
6.0
7.0
8.0
9.0

A
1.0

0.804
0.629
0.486
0.375
0.293
0.168
0.106
0.072
0.051
0.030
0.019
0.014
0.010
0.008
0.006

B
0

0.189
0.320
0.378
0.381
0.354
0.256
0.179
0.128
0.095
0.057
0.038
0.027
0.020
0.015
0.012
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The variations of A" and B” below the center of a loaded area as estimated by

Ahlvin and Ulery? are given in Table 5.11. From Equation 5.66, we can write

L=5E e wia-2var+ B
q

(5.67)

Figure 5.14 shows plots of I, versus z/R obtained from the experimental results of
Eggestad'® along with the theoretical values calculated from Equation 5.67. Based on
Figure 5.14, Schmertmann® proposed a practical variation of /, and z/B (B = founda-
tion width) for calculating the elastic settlement of foundation. This model was later
modified by Schmertmann et al.,” and the nature of which is shown in Figure 5.15.

From this figure, note that,

e For square or circular foundation:

I.=01atz=0

Lpea At 2=2,=0.5B
I[,=0atz=z,=2B

¢ For foundation with L/B > 10:
I[.=02atz=0

Lpeayat2=2,=B

Z

I.=0atz=z,=4B

where L = length of foundation.
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— Equation 5.66; Theory
—— @— — Test (17); D, = 44%
—— 80— — Test (17); D, = 85%

z/R

Based on Schmertmann (6)

. | | |
0 0.2 0.4 0.6 0.8

I

4

FIGURE 5.14 Comparison of experiment and theoretical variations of I, below the center
of a flexible circularly loaded area. Note: R =radius of circular area; D, = relative density.

For L/B between 1 and 10, interpolation can be done. Also,

0.5
L peay = 0.5+0.1 {q_q} (5.68)
qZ(peak)
where
q = stress at the level of the foundation
q = YD,

.peay = effective stress at a depth z = z, before the construction of the foundation

Salgado® gave the following interpolation for I, at z =0, z,, and z, (for L/B =1 to

P
L/B > 10)

Loy =0.140.011 1(1';) <0.2 (5.69)
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le—B—>

FIGURE 5.15  Variation of /_ versus z.
2 205400555 L-1]<1 (5.70)
B B

Z”=2+0.222(L—1)s4 (.71
B B

Noting that stiffness is about 40% larger for plane strain compared to axisym-
metric loading, Schmertmann et al.” recommended that,

E, =2.5q. (for square and circular foundations) (5.72)
and
E, =3.5q., (for strip foundation) (5.73)

Using the simplified strain influence factor, the elastic settlement can be calcu-
lated as

S, =g - q')Z(,’;] A (574)
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where

¢ = a correction factor for depth of foundation =1- 0.5( d ,j
q9—9
time in yearsj

¢, = a correction factor for creep in soil =1+0.2 log( 01

q = stress at the level of the foundation
The use of Equation 5.74 can be explained by the following example.

EXAMPLE 5.7

Figure 5.16a shows a continuous foundation on sand. Given

B=2m q=175kN/m?
D;=1Tm y=17 kN/m?

Based on the results of cone penetration resistance tests, the variation of £,
with depth is shown in Figure 5.16b (dashed line) via Equation 5.73. The actual E,
variation has been approximated by several linear plots and shown as a solid line.

Estimate the elastic settlement. Assume the time for creep is 10 years.

SoLuTION
AtZ:O/ Iz:0-2
Lpeaty is atz=z,=B=2m
[,=0atz=z,=4B=8m

, 0.5
Lipeas = o.5+0.1[ =9 J
qz(peak)

g =175 kN/m?

q’ =vD;=(17)(1) = 17 kN/m?
Qrpeaky = 17 X 2 = 34 kN/m?

0.5
Lzpeaky = 0.5 +0.1(Mj =0.716
34

Now Table 5.12 can be prepared.

a=1-05 —1— :1—0.5(1—7j:0.946
qg-q 158

C =1+0.210g(%) =14

Se=celqg-), ( é jAz = (0.946)(1.4)(158)(36.44x10™)

s

=7625.3x10"°m = 76.25 mm
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E, (kN/m?)
7000 14,000
T T 1 >

!

-

. - -

v
z (m)

FIGURE 5.16 Determination of elastic settlement of a continuous foundation by strain
influence factor method.

5.4.6 FounDATIONS ON GRANULAR SoiL: Use of L,—L, METHOD

Akbas and Kulhawy?' evaluated 167 load-displacement relationships obtained from
field tests. Based on those tests, the general nature of the load (Q) versus settlement
(S,) is shown in Figure 5.17. Tangents are drawn to the initial and final portions of
the Q versus S, plot. In the figure, note that the load Q,, occurs at a settlement level
of S,y =0.23B (%), and the load Q;, occurs at S,,, = 5.39B (%). It is also important
to note that Q,, is the ultimate load (Q,) on the foundation. Also, the mean plot of Q
versus S, can be expressed as

Qo _ Se/B (%)
01, 0.69(S,/B %)+1.68

(5.75)
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TABLE 5.12

Elastic Settlement Calculations (Figure 5.16)

Layer z to the Middle 1, at the Middle

No. Az(m) E,(kN/m?2) of the Layer (m) of the Layer (’%S)AZ (m3/kN)
1 1 5,250 0.5 0.329 6.27 x 107

2 1 8,750 1.5 0.587 6.71 x 107

3 2 8,750 3.0 0.597 13.65 x 107°

4 1 7,000 4.5 0.418 5.97 x 107

5 3 14,000 6.5 0.179 3.84 x 107

¥36.44 x 107> m*/kN

Note: Y83 m=4B.

In order to find Q for a given settlement level, one needs to know Q,. This can be
done using Equation 2.91 given in Section 2.10. It was recommended by Akbas and
Kulhawy?! that,

e For B > 1 m (from Equation 2.91 with ¢ = 0),

1
01,=0,= {2 YBN Ay hyahye + qukquqd%.qc}A (5.76)

QLZW._——.-—-—.——-::—:“«_
-
r—

Final linear

1
region
; —_—
1 e !
! Transition

I region I
1
1
QLl B |
) Initial linear .
region |
' ]

I I 5

>

Se(1) = 0.23B (%) Se(r2) = 5:39B (%) s,

FIGURE 5.17  General nature of Q versus S, plot.
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where
A = area of the foundation

e ForB<1m,
1
QL2 = [2 ’YN'YK’YSKY‘{}\’YL' + quxqsquch}A (577)

EXAMPLE 5.8

For a square foundation supported by a sand layer, the following are given:

Foundation: B=1.5m; D;=1m
Sand:  y=16.5 kN/m?; ¢ = 35°; Shear modulus G =280 kN/m?
Load on foundation: Q=800 kN

Estimate:
a. Sen

b' Se(LZ)
c. Settlement S, with application of load Q =800 kN

SoLuTION
Part a
Sury = 0.238 (%) = 02305 xT000) _ 5 45y

100

Partb

Surs = 5.398 (%) = 2:3W0:5X1000) _ g 0o

100

Part ¢

From Equation 5.76,
1
Qo = [E YBNyAshgghoe + qukqskquf]
y=16.5 kN/m3 B=1.5 m; g =yD,= (16.5)(1) = 16.5 kN/m?.

From Table 2.4 for ¢ = 35°(Vesic’s value), N,=48.03. Also from Table 2.3 for
¢ =35°, the value of N, = 33.3. From Table 2.8,
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Ags =1+ B tang =1+ 15 tan35=1.7
L 1.5

Ay =T1- 0.4[5) =1- (O.4)(£j =0.6
L 1.5

Aga :1+2tan(p(1—sin(p)2(%j:1+2tan35(1—sin35)2 (%Jz1.1 7

hot =1

In order to calculate A, and A, refer to Equation 2.92 (with c = 0),

G 280

I, = = =24.23
gtang (16.5)(tan35)

From Equation 2.93,

e =+ exp (3.3—0.455)(:0{45—9)
2 L 2

-1 exp (3.3—0.452}0{45—2) =119.3
2 1.5 2

So, I, < I,,. From Equation 2.94,

B (3.07sing)(log 2/,)
Ay = Age = exp{{—4.4+0.6(Lﬂtan(p+Wg}

_ exp{{_4.4+0'6(1.;‘ﬂtan35 , 3:075in35)(log 2 24.23)}

1+5sin35
=0.461

Thus,

(%)(1 6.5)(1.5)(48.03)(0.6)(1)(0.416)

Q= (1.5x1.5)=1467.4kN

+(16.5)(33.3)(1.7)(1.17)(0.461)
Substituting the values of Q and Q,, in Equation 5.75,

800 _  S/BOR) . Se_y 460
1467.4 0.69(5%0/0)“.68

5. = (1.467) 1210000 oy
100
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5.4.7 FOUNDATIONS ON GRANULAR SOIL: SETTLEMENT
CALCULATION BAseD ON THEORY OF ELASTICITY

Figure 5.18 shows a schematic diagram of the elastic settlement profile for a flexible
and rigid foundation. The shallow foundation measures B X L in plan and is located
at a depth D, below the ground surface. A rock (or a rigid layer) is located at a depth
H below the bottom of the foundation. Theoretically, if the foundation is perfectly
flexible (Bowles??), the settlement may be expressed as

_ 2
Yo, (5.78)

s

S, = q(B)

where
q = net applied pressure on the foundation
v = Poisson’s ratio of soil
E = average modulus of elasticity of the soil under the foundation measured from
z=0to about z=4B
B’ = B/2 for center of foundation (=B for corner of foundation)
1, = shape factor (Steinbrenner??)

I.=F+ ll‘ﬂ P (5.79)

goinzdation¢ l l lq ¢

l— TS :
~ \~~ } ————— ~ , Ve
/4' T r AT
z — -
Rigid
foundation Flexible
settlement foundation H
settlement

1 = Poisson’s ratio
E, = Modulus of elasticity

’, . e B . . ta
) . AR AR T

o
,'...,.a

Tt ' . 5011 DA ,'""'-'

/////////////////
Rock

FIGURE 5.18 Settlement profile for shallow flexible and rigid foundations.
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1
F=—(A+A)
T
n
F,=—rtan" A
2 27_[: 2

o AeNm W
m’In

Ay =

m' (1+m? + 1’2 +1)

A =In m’ +Vm”* + DN1+n"?
=

m’+\/m’2+n’2 +1

4

m

AZZ
n'+\/m'2+n'2 +1

D L
1, = depth factor(Fox™) = f(Bf, v, and B)

Shallow Foundations

(5.80)

(5.81)

(5.82)

(5.83)

(5.84)

(5.85)

o = a factor that depends on the location on the foundation where settlement is

being calculated

To calculate settlement at the center of the foundation, we use

o' =4

, L

m =—

B

and

, H

n=——

B/2

To calculate settlement at a corner of the foundation,

o' =1

and

(5.86)

(5.87)

(5.88)

(5.89)

(5.90)

(5.91)
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The variations of F, and F, with m” and n” are given in Tables 5.13 and 5.14. Based
on the work of Fox,?* the variations of depth factor I forv =0.3,0.4,and 0.5 and L/B
are given in Figure 5.19. Note that /;is not a function of H/B.

Due to the nonhomogeneous nature of a soil deposit, the magnitude of £, may
vary with depth. For that reason, Bowles*? recommended

_XEwAz (5.92)
z

E,

where
E;, = soil modulus within the depth Az
7 = H or 5B, whichever is smaller

Bowles?? also recommended that

E, = 500(Ng, +15) kN/m* (5.93)
The elastic settlement of a rigid foundation can be estimated as

Serigiay = 0.93S8, (frexible, center) (5.94)

EXAMPLE 5.9

A rigid shallow foundation T m x 2 m is shown in Figure 5.20. Calculate the elastic
settlement of the foundation.

SoLuTioN

We are given that B=1m and L=2m. Note that z=5m=5B. From
Equation 5.92,

g~ ZEohz _( 0,000)(2)+(8,0;)O)(1)+(1 2,00002) _ 10 400 knym?
z

For the center of the foundation,

o' =4
m':£2222
B 1
and
L_H 5
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FIGURE 5.19 Variation of I, with D/B. (a) v =0.3. (b) v=0.4. (c) v="0.5. (Based on Fox,
E. N. 1948. The mean elastic settlement of a uniformly loaded area at a depth below the
ground surface. In Proceedings of the Second International Conference on Soil Mechanics
and Foundation Engineering, Vol. 1, p. 129; Bowles, J. E. 1987. J. Geotech. Eng., ASCE,
113(8): 846.)

From Tables 5.13 and 5.14, F, =0.641 and f, = 0.031. From Equation 5.79,

2=V 064142703

Is=FR+
1-v 1-.03

(0.031)=0.716

Again, D/B =1/1=1; L/B=2; and v =0.3. From Figure 5.19a, /;=0.7. Hence,

1-v? 1)( 1-0.3
Se exible) = B’ Iy =(200)| 4 x — 0.716)(0.7
(flexible) = q(OLB") . = )( 2)[10/40())( )(0.7)

=0.0175m=17.5mm
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FIGURE 5.20 Elastic settlement below the center of a foundation.

Since the foundation is rigid, from Equation 5.94, we obtain

Se(rigid) = (093)(1 75) =16.3mm

5.4.8 ANALYSIS OF MAYNE AND PouLos BASED ON THE THEORY
OF ELAsTicITY FOUNDATIONS ON GRANULAR SOIL

Mayne and Poulos? presented an improved formula for calculating the elastic settle-
ment of foundations. The formula takes into account the rigidity of the foundation,
the depth of embedment of the foundation, the increase in the modulus of elastic-
ity of the soil with depth, and the location of rigid layers at a limited depth. To use
Mayne and Poulos’ equation, one needs to determine the equivalent diameter B, of

a rectangular foundation, or
B, = ,fﬁ (5.95)
T

where
B = width of foundation
L = length of foundation
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For circular foundations,
B,=B (5.96)

where
B = diameter of foundation

Figure 5.21 shows a foundation with an equivalent diameter B, located at a depth
of D, below the ground surface. Let the thickness of the foundation be ¢ and the
modulus of elasticity of the foundation material £;. A rigid layer is located at a depth
H below the bottom of the foundation. The modulus of elasticity of the compressible
soil layer can be given as

E,=E, +kz (5.97)

With the preceding parameters defined, the elastic settlement below the center of
the foundation is

qB.IgIgIE

S, =
E,

(1-v?) (5.98)

where

I; = influence factor for the variation of E, with depth = f (B _ L H]

kB, B,

I, = foundation rigidity correction factor
I, = foundation embedment correction factor

soil layer

Compressible I E =E,+kz

R-igid. lay;er T v
Depth, z

FIGURE 5.21 Mayne and Poulos’ procedure for settlement calculation. (Adapted from
Mayne, P. W. and H. G. Poulos. 1999. J. Geotech. Geoenviron. Eng., ASCE, 125(6): 453.)
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FIGURE 5.22 Variation of I with 3.

Figure 5.22 shows the variation of I; with B = E /kB, and H/B,. The foundation
rigidity correction factor can be expressed as

T 1

IR =—++ E
f 3
4.6+1()|: %E0+O.SBek):|(2t/B") (5.99)

4

Similarly, the embedment correction factor is

1

3.5exp(1.22v — 0.4)[(% )+ 1.6} (5.100)
f

Figures 5.23 and 5.24 show the variation of I, with I, with the terms expressed in
Equations 5.99 and 5.100.

It is the opinion of the author that, if an average value of Ny, within a zone of 3B
to 4B below the foundation is determined, it can be used to estimate an average value
of E, and the magnitude of k can be assumed to be zero.
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FIGURE 5.23

~

FIGURE 5.24
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EXAMPLE 5.10

For a shallow foundation supported by silty clay, as shown in Figure 5.21, given:

Length L=1.5m

Width B=1m

Depth of foundation D;=1 m
Thickness of foundation t=0.23 m
Net load per unit area g = 190 kN/m?
E,=15 x 106 kN/m?

The silty clay soil has the following properties:

H=2m

v=0.3
E,=9000 kN/m?
k=500 kN/m?

Estimate the elastic settlement of the foundation.

SoLuTiON
From Equation 5.95, the equivalent diameter is

4BL (4)(1.5)(1)

Bo=,—=,——=1.38m
T T
So,
B= £ :79000 =13.04
kB,  (500)(1.38)
and

ﬂ=i=1.45
B. 1.38

From Figure 5.22, for B =13.04 and H/B, = 1.45, the value of /; = 0.74. From
Equation 5.99,

1

E, 3
4.6+1 0[/(50 +O'538k)}(2t/39)

T 1
=—+
4 4.6+10(15x10°/[9000+(0.5)(1.38)(500)])[(2(0.23))/1.38]

T
IR =—++

=0.787
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From Equation 5.100,

1
" 3.5exp(1.22v—0.4)[(B./D;) +1.6]
1

1 =0.907
3.5expl(1.22)(0.3) - 0.4)1[(1.38/1) +1.6]

IE:1

From Equation 5.98,

S, = CIBe/C/R/E (1_Vz)

[

So, with g = 190 kN/m?, it follows that

(190)(1.38)(0.74)(0.787)(0.907)

Se =
9000

(1-0.33)=0.014m= 14 mm

5.4.9 ELAsTIC SETTLEMENT OF FOUNDATIONS ON GRANULAR SOIL: CONSIDERING
VARIATION OF SoiL MobuLus OF ELASTICITY WITH STRAIN

Berardi and Lancellotta®® proposed a method to estimate the elastic settlement that
takes into account the variation of the modulus of elasticity of soil with the strain
level. This method is also described by Berardi et al.?”” According to this procedure,

(5.101)

where
1. = influence factor for a rigid foundation

This is based on the work of Tsytovich.?® The variation of I for v = 0.15 is given
in Table 5.15. In this table H, is the depth of influence.

TABLE 5.15
Variation of I,
Depth of Influence H/B

L/B 0.5 1.0 1.5 2.0
1 0.35 0.56 0.63 0.69
2 0.39 0.65 0.76 0.88
3 0.4 0.67 0.81 0.96
5 0.41 0.68 0.84 0.89

10 0.42 0.71 0.89 1.06
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Berardi et al.?” noted that, for square foundations, H; = B; and, for strip founda-
tions, H; = 2B. For rectangular foundations,

H, ~ [1 + log(gﬂB (5.102)

where
L = length of the foundation

[Note: Equation 5.102 is for L/B < 10].
The modulus of elasticity E, in Equation 5.121 can be expressed as

, , 0.5
E =Kyp, (M’) (5.103)
Pa

where

P, = atmospheric pressure (=100 kN/m?)

6, and Ac’ = effective overburden stress and net effective stress increase due
to the foundation loading, respectively, at the center of the influence zone
below the foundation

K = nondimensional modulus number

Based on Lancellotta® (also see Das and Sivakugan®’), at 0.1% strain level
(ie., S/B)

K oia =9.1D, +92.5 (for H, = B) (5.104)

and

Kg 019 =11.44D,-76.5 (for H; =2B) (5.105)

where D, = relative density of sand (%)

It is important to note that, at D, = 60%, Equations 5.104 and 5.105 will give
values for K 4 as 638.5 and 609.9, respectively. Similarly, at D, = 80%, Equations
5.104 and 5.105 will give values for K, 4, as 820.5 and 838.7, respectively. These
values of K 4 are relatively close. Most of the foundations are analyzed within a
range of D, =60% to 80%. So, K, values for the range of H;= B and 2B can be
reasonably interpolated.

The magnitude of D, can be estimated as (Skempton?')

0.5
D, = [(’\20)60} (5.106)
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where
(N))eo = average corrected standard penetration resistance in the zone of influence

The modulus number K, as any other strain level, can be estimated as (Berardi
et al.”7, and Das and Sivakugan®’)

-0.7
Kes.m _ 008 (‘ij (5.107)

E,0.1%

It has been suggested by Lancellotta? that

E, 5 -0.7
ol 0.008(58) (5.108)
Eo.19) B

where E 4, is the modulus of elasticity of sand when the vertical strain level
€,=S,/B=0.1%. The value of K, determined from Equations 5.104 and 5.105
can be substituted into Equation 5.103 for estimation of E .

Again, from Equations 5.101 and 5.108,

(56)0-3 - 1254r) (5.109)
B ES(OAI%)

EXAMPLE 5.11

Consider a square foundation 2 m x 2 m in plan. Given

D;=0.5m
Load on the foundation = 150 kN/m?
Unit weight of sand = 19 kN/m?
(N)go =28

Poisson’s ratio, v=0.15

Estimate S..

SoLUTION
From Equation 5.106,

0.5 0.5
p, =| Mo |1 281 _ ) a3 68.3%
60 60

For a square foundation, H,= B. So the center of the influence zone will be
1.5 m from the ground surface. Hence, from Equation 5.103

o, =(1.5)(19) = 28.5 kN/m’
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For estimating Ac’, we use Table 5.3. For this case,

2 _052) o L_15_,
B~ 15 B 15

Hence,

40 _ 0.707; Ac = (0.707)(150) = 105.15 kN/m’
q

From Table 5.15 for L/B =1 and H/B =1, the value of /.= 0.56.

0.5

=09

6, +0.500" ) (28.5+0.5x105.15)
Ps 100

From Equation 5.104,

Ke 019 = 9.1D, +92.5 = (9.1)(68.3)+ 92.5 = 714.03

o, + 0.5Ac”

0.5
J =(714.03)(100)(0.9) = 64,263 kN/m?
Pa

Eg0.19%) = KE,OJ%pa(
From Equation 5.109,

03
(éj _ (125)(150)(0.56) ~0.163

B 64,263
Se =0.00476 m=4.76 mm

5.4.10 Errect oF GROUND WATER TABLE RISE ON
ELAsTIC SETTLEMENT OF GRANULAR SoOIL

245

Any future rise in the water table can reduce the ultimate bearing capacity. Similarly,
future water table rise in the vicinity of the foundations in granular soil can reduce
the soil stiffness and produce additional settlement. Terzaghi®? concluded that, when
the water table rises from very deep to the foundation level, the settlement will be
doubled in granular soils. Shahriar et al.* recently conducted several laboratory
model tests and numerical modeling to show that the additional settlement produced

by the rise of water table to any height can be expressed as

w
Se, additional — Se
A

where
S, = elastic settlement computed in dry soil

A, = area of the strain-influence diagram submerged due to water table rise

A, = total area of the strain-influence diagram

(5.110)
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1,=0.716

1,=0477

z (m)
FIGURE 5.25 Strain influence factor with location of ground water table.

EXAMPLE 5.12

Refer to Example 5.7. If the ground water table rises up to 4 m below the bottom of
the foundation, what would be the additional elastic settlement of the foundation?

SoLuTION
Refer to Figure 5.25. The strain influence diagram from Example 5.7 has been
redrawn.
A= %(0.2 +0.716)2 +%(0.71 6)(8-2)=3.064
Ay = %(4)(0.477) =0.954

Additional elastic settlement,

Se, additional = %Se = (

0.954

(76.25) =23.74 mm
3.064

5.5 PRIMARY CONSOLIDATION SETTLEMENT

5.5.1 GENERAL PRINCIPLES OF CONSOLIDATION SETTLEMENT

As explained in Section 5.1, consolidation settlement is a time-dependent process
that occurs due to the expulsion of excess pore water pressure in saturated clayey
soils below the groundwater table and is created by the increase in stress created by
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FIGURE 5.26 Nature of variation of void ratio with effective stress: (a) normally consoli-
dated clay and (b) overconsolidated clay.

the foundation load. For normally consolidated clay, the nature of the variation of
the void ratio e with vertical effective stress ¢” is shown in Figure 5.26a. A similar
plot for overconsolidated clay is also shown in Figure 5.26b. In this figure, the pre-
consolidation pressure is .. The slope of the e versus log 6" plot for the normally
consolidated portion of the soil is referred to as compression index C,, or

61— 6

C=97%  (foro 20! ,
log(aziof) 1OFO1=) G110

Similarly, the slope of the e versus log ¢” plot for the overconsolidated portion of
the clay is called the swell index C, or

€3 — €4
=—""* (foro}, <o 5.112
log(c,/6%) (for 0% < 0c) -112)
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For normally consolidated clays, Terzaghi and Peck** gave a correlation for the
compression index as

C. =0.009(LL —10) (5.113)

where
LL =liquid limit

The preceding relation is reliable in the range of £30% and should not be used for
clays with sensitivity ratios greater than four.
Terzaghi and Peck3* also gave a similar correlation for remolded clays

C. =0.007(LL—10) (.114)

Several other correlations for the compression index with the basic index proper-
ties of soils have been made, and some of these are given below*

C.=0.0lwy (for Chicago clays) (5.115)

C.=0.0046(LL—-9) (for Brazilian clays) (5.116)

C.=1.21+1.055(e, —1.87) (for Motley clays, Sao Paulo city) 5.117)
C. =0.208¢, +0.0083 (for Chicago clays) (5.118)

C. =0.0115wy (Organic soils, peats, organic silt, and clay) (5.119)

where
wy = natural moisture content in percent
e, = in situ void ratio

The swell index C, for a given soil is about 1/4 to 1/5 C..

5.5.2  RELATIONSHIPS FOR PRIMARY CONSOLIDATION SETTLEMENT CALCULATION

Figure 5.27 shows a clay layer of thickness H,. Let the initial void ratio before the
construction of the foundation be e,, and let the average effective vertical stress on
the clay layer be 67,. The foundation located at a depth D, is subjected to a net average
pressure increase of . This will result in an increase in the vertical stress in the soil.
If the vertical stress increase at any point below the center line of the foundation is
Ao, the average vertical stress increase AG,, in the clay layer can thus be given as

z=H»

(Ao) dz (5.120)

AG,, =
H,-H,

= H)
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H, Ground water table
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FIGURE 5.27 Primary consolidation settlement calculation.

The consolidation settlement S, due to this average stress increase can be calcu-
lated as follows:

¢

_1+eo_1+eo :

Ae _C.H, log(co +A6av) (5.121)
o,

(for normally consolidated clay, i.e., 6, =0,)

= Ae _ Cch log O, +A6av (5122)
1+e, 1l+e, p

o

(for overconsolidated clay, i.e., 6, + AG,, = G..)

Ae _CH. (62} C.H, 1og(“3 +,Acavj (5.123)

“l4e, l+e, o, ) l+e,

c

(for overconsolidated clay and G/, < 6. < G, + AG,,)

where
Ae = change of void ratio due to primary consolidation

Equations 5.121 through 5.123 can be used in two ways to calculate the primary
consolidation settlement. They are given below.
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Method A

According to this method, o, is the in situ average of effective stress (i.e., the effec-
tive stress at the middle of the clay layer). The magnitude of Ac,, can be calculated
as (Figure 5.27)

Ao, = é(AG, +4Ac,, +Ac,) (5.124)

where
AG,, AG,,, AG, = increase in stress at the top, middle, and bottom of the clay layer,
respectively

The stress increase can be calculated by using the principles given previously in
this chapter.

The average stress increase AG,, from z=0 to z = H below the center of a uni-
formly loaded flexible rectangular area (Figure 5.28) was obtained by (Griffiths3¢)
using the integration method, or

AG,, =gl (5.125)

Plan |« L = 2a —Pp]

Section

J' l l l Y Stress increase, AG
NIRRT T R GRS ot

v
Depth, z

FIGURE 5.28 Average stress increase AG,,.
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where
Ly=f () (5.126)

a, b = half-length and half-width of the foundation

The variation of [, is given in Figure 5.29 as a function of a/H and b/H. It is
important to realize that /,, calculated by using this figure is for the case of average
stress increase from z =0 to z = H (Figure 5.28). For calculating the average stress
increase in a clay layer as shown in Figure 5.30,

HZIav(Hz) - HIIaV(Hl)
H, - H,

I av(Hi/Hy) =

where

a b
Iav = 0
(H3) f(HZ sz

Iav
o 0.2 ‘\0‘4 0.6 08 1.0
N
AENN\N
AN
\ NERVNRNN
\ \ AN
1 \ ANARN NN
1 \ VANV NN
= 10 B Y
5 e
a/H=01 02 |03 \ 0.8
0.4 {10 \
\ \ 20
100

FIGURE 5.29 Variation of I, with a/H and b/H.
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1q -..;n.‘ i
y y

FIGURE 5.30 Average stress increase in a clay layer.

a b
Iav = oy 0
(H1) f(Hl Hl)

H,—H, =H,

So,

AG,, = q{ Holwy = Hilway } (5.127)
H.
Method B

In this method, a given clay layer can be divided into several thin layers having
thicknesses of H ), H,, ... , H,, (Figure 5.31). The in situ effective stresses at the

A
He Ao,
H(3) AG,
HC
H) Ao
H c(n) AC n

FIGURE 5.31 Consolidation settlement calculation using Method B.
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middle of each layer are G7y,00(2),...,00. The average stress increase for each
layer can be approximated to be equal to the vertical stress increase at the middle
of each soil layer (i.e., AG, ) = AG}, AG,;, = AC,, ... , AC,,,, = AC,). Hence, the con-
solidation settlement of the entire layer can be calculated as

S, = ZH—e (5.128)

o(i)

EXAMPLE 5.13

Refer to Figure 5.32. Using Method A, determine the primary consolidation settle-
ment of a foundation measuring 1.5 m x 3 m (B x L) in plan.

SoLuTION

From Equation 5.121 and given: C.=0.27; H.=3m; e,=0.92, o,=(1+1.5)
(16.5) + (1.5)(17.8 — 9.81) + 3/2 (18.2 — 9.81) = 65.82 kN/m?

.._*._.'..-"
o) LA A

Sand 170kN/m?  1m
¥=16.5kN/m? v Vv \ 2 / %
1.5m
Ground water table ! %
Sand =
Yo = 17.8 KN/m® 1.5m

Normally consolidated clay
Year = 18.2 kKN/m?
ey =092 C, =027

FIGURE 5.32 Consolidation settlement of a shallow foundation.
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From Figure 5.29, Ly = 0.54. Similarly,

a 15 g5 D075 455
H, 6 H, 6

From Figure 5.29, [,y = 0.34.
From Equation 5.127,

Ac,, = q[HZI(”ZEH‘/“’”} =1 70[(6)(0'34) 3 (3)(0'54)} =23.8 kN/m?
5 2 027)0) (65824238 _ 0 oo oo
1+0.9 65.82

EXAMPLE 5.14

Solve Example 5.13 by Method B. (Note: Divide the clay layer into three layers,
each 1 m thick.)

SoLuTioN

The following tables can now be prepared:

Calculation of ¢’
Layer Layer Thickness, Depth to the Middle

No. H; (m) of Clay Layer (m) o, (kN/m?)
1 1 10+ 15+ 15405  (1+1.5)165+(1.5)(17.8 - 9.81) +(0.5)
=45 (18.2-9.81)=57.43
1 45+1=55 57.43 + (1)(18.2 -9.81) =65.82
3 1 55+1=6.5 65.82+ (1)(18.2-9.81)=74.21

Calculation of Ac,,

Layer Depth to Middle of
Layer Thickness Layer from Bottom AG
No. H; (m) of Foundation, z (m) L/B? z/B q Ac,©
1 1 3.5 2 2.33 0.16 27.2
2 1 4.5 2 3.0 0.095 16.15
3 1 55 2 3.67 0.07 11.9
@ B=15m;L=3m

b Table 5.3
¢ g =170 kN/m?
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S = 2 CH; ]og[cg(” +’AGav(i) j
1+ (S5 GO(,')

0.27)(1) 57.43+27.2 65.82+16.15 7421+11.9
lo +lo +lo
1+0.9 57.43 65.82 74.21

=(0.142)(0.168+0.096 + 0.065) = 0.047 m = 47 mm

5.5.3 THREE-DIMENSIONAL EFFECT ON PRIMARY CONSOLIDATION SETTLEMENT

The procedure described in the preceding section is for one-dimensional consoli-
dation and will provide a good estimation for a field case where the width of the
foundation is large relative to the thickness of the compressible stratum H,, and also
when the compressible material lies between two stiffer soil layers. This is because
the magnitude of horizontal strains is relatively less in the above cases.

In order to account for the 3D effect, Skempton and Bjerrum?’ proposed a correc-
tion to the 1D consolidation settlement for normally consolidated clays. This can be
explained by referring to Figure 5.33, which shows a circularly loaded area (diame-
ter = B) on a layer of normally consolidated clay of thickness H,. Let the stress increase
at a depth z under the center line of the loaded area be Ac, (vertical) and Ac, (lateral).
The increase in pore water pressure due to the increase in stress Au can be given as

where
A = pore water pressure parameter

|<— Diameter = B —PI

H Ac,

<— Ao,

Nt

#22 Rigid layer

FIGURE 5.33 3D effect on primary consolidation settlement (circular foundation of
diameter B).
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The consolidation settlement dS. of an elemental soil layer of thickness dz is

Ae

dS,=m, - Au-dg=|———
(1+e,)Ac,

}(AM)(dz) (5.130)

where
m, = volume coefficient of compressibility
Ae = change in void ratio
e, = initial void ratio

Hence,

S, JdS J[(1+e(,)A61 }[A@ +A(AG, —AG;5] dz

or

H.
S, = I m,AG, {A £ A% A)}dz (5.131)
AG,

0

For conventional 1D consolidation (Section 5.5.1),

Sc(oed)

_fe 8¢ Acd =J. Ac, d 5.132
1+e jA01(1+e) L Om e 6.132)

From Equations 5.131 and 5.132, the correction factor can be expressed as

H.
J vaGI[A + (ch, /AGI)(I - A)] dZ
— 20

Hene) =

= i
Sectocar m,AG, dz
0
j AC; dz
=A+(1-A)2
Acl dz
0
=A+(1-A)M, (5.133)
where
H.
J- AG3 dz
0

M, = (5.134)

HC
AG] dZ
0
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FIGURE 5.34  Variation of y ¢, with A and H /B (Equation 5.133).

The variation of W ¢, with A and H /B is shown in Figure 5.34.

In a similar manner, we can derive an expression for a uniformly loaded strip
foundation of width B supported by a normally consolidated clay layer (Figure 5.35).
Let Ac,, AG,, and Ac; be the increases in stress at a depth z below the center line of
the foundation. For this condition, it can be shown that

Au=Ac;+ {f(A — ;j + ;:|(A61 —Ac;) (forv=0.5) (5.135)

In a similar manner as Equation 5.131,

H,
B AG;
S.= ! m,AG, {N HA=N) }dz (5.136)

where

N \E(A_l)+1 (5.137)
3)72
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FIGURE 5.35 3D effect on primary consolidation settlement (continuous foundation of

width B).
Thus,
H.
g m,AG,[N + (1— N)(AG;/AG)))dz
Moy = ‘=0 i =N+(1-N)M, (5.138)
e(oad) J m,AG, dz
0
where
Hc
AC; dz
My ==0r—— (5.139)
AG, dz

0

The plot of [ ¢, With A for varying values of H /B is shown in Figure 5.36.

Leonards* considered the correction factor [ o, for 3D consolidation effect in
the field for a circular foundation located over overconsolidated clay. Referring to
Figure 5.37,

Se = We0o)Se(oe) (5.140)

where

B
Keoo) = f [OCR,HJ (5.141)

c
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FIGURE 5.36  Variation of U ¢, with A and H /B (Equation 5.138).

’

OCR = % (5.142)

’

Go

G = preconsolidation pressure
G, = present effective consolidation pressure

The interpolated values of [ o from the work of Leonards®® are given in
Table 5.16.

l(— Diam-eter =B —>|

¢ Overconsolidated clay
Preconsolidation pressure = G,

FIGURE 5.37 3D effect on primary consolidation settlement of overconsolidated clays (cir-
cular foundation).
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TABLE 5.16
Variation of L ¢, with OCR and B/H,

Heoo
OCR B/H_=4.0 B/H.=1.0 B/H.=0.2
1 1 1 1
2 0.986 0.957 0.929
3 0.972 0.914 0.842
4 0.964 0.871 0.771
5 0.950 0.829 0.707
6 0.943 0.800 0.643
7 0.929 0.757 0.586
8 0.914 0.729 0.529
9 0.900 0.700 0.493
10 0.886 0.671 0.457
11 0.871 0.643 0.429
12 0.864 0.629 0.414
13 0.857 0.614 0.400
14 0.850 0.607 0.386
15 0.843 0.600 0.371
16 0.843 0.600 0.357

EXAMPLE 5.15

Refer to Example 5.13. Assume that the pore water pressure parameter A for the
clay is 0.6. Considering the 3D effect, estimate the consolidation settlement.

SoLuTioN

Note that Equation 5.133 and Figure 5.34 are valid for only an axisymmetrical
case; however, an approximate procedure can be adopted. Refer to Figure 5.38.
If we assume that the load from the foundation spreads out along planes having
slopes of 2V:1H, then the dimensions of the loaded area on the top of the clay
layer are

B’=1.5+%(3)=3m

L’=3+%(3):4.5m

The diameter of an equivalent circular area B, can be given as

%ng =Bl
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: 1 m,: ) - ' .".‘. , E,“.
/ Plan \
/ 15mx3m \
3m 2V:1H / \ 2V:1H

, \\Claylayer
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FIGURE 5.38 2V: 1H load distribution under the foundation.

or

By = /%B’L’ = (%)(3)(4.5) ~4.15m

He . 0.723
B 415

From Figure 5.34, for A=0.6 and H/B=0.723, the magnitude of p ¢
= 0.76. So,

Se = Scioedene) = (57)(0.76) = 43.3 mm

5.6 SECONDARY CONSOLIDATION SETTLEMENT

5.6.1 SECONDARY COMPRESSION INDEX

Secondary consolidation follows the primary consolidation process and takes place
under essentially constant effective stress as shown in Figure 5.39. The slope of the
void ratio versus log-of-time plot is equal to C,, or

C,, = secondary compression index = _Ae (5.143)

10g(t2 /tl)

The magnitude of the secondary compression index can vary widely, and some
general ranges are as follows:

¢ Overconsolidated clays (OCR > 2-3)—>0.001
e Organic soils—0.025 or more
e Normally consolidated clays—0.004—-0.025
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>

Void ratio, e

Primary consolidation

FIGURE 5.39 Secondary consolidation settlement.

5.6.2 SECONDARY CONSOLIDATION SETTLEMENT

The secondary consolidation settlement S, can be calculated as

S = C‘*Hﬂog(’zj (5.144)
I+e, 4
where
e, = void ratio at the end of primary consolidation
t,, 1, =time

In a majority of cases, secondary consolidation is small compared to primary
consolidation settlement. It can, however, be substantial for highly plastic clays and
organic soils.

EXAMPLE 5.16

Refer to Example 5.13. Assume that the primary consolidation settlement is com-
pleted in 3 years. Also, let C,, = 0.006. Estimate the secondary consolidation settle-

ment at the end of 10 years.

SoLuTioN
From Equation 5.144,

S, = CoHe log (tzj
1+ €p t
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Given: H.=3 m, C,=0.006, t, = 10 years, and t; = 3 years. From Equation 5.111,

€~ €p

" log(ch/c?)

From Example 5.13, of=65.82 kN/m?, ©%=65.82+23.8=289.62 kN/m?,
C.=0.27,e,=0.92. So,

_ 092-¢,
log(89.62/65.82)

e,=0.884,

"~ 1+0.884

S

W.Ogg) ~0.005m=5mm

5.7 DIFFERENTIAL SETTLEMENT

5.7.1 GENERAL CONCEPT OF DIFFERENTIAL SETTLEMENT

In most instances, the subsoil is not homogeneous and the load carried by various
shallow foundations of a given structure can vary widely. As a result, it is reasonable
to expect varying degrees of settlement in different parts of a given building. The
differential settlement of various parts of a building can lead to damage of the super-
structure. Hence, it is important to define certain parameters to quantify differential
settlement and develop limiting values for these parameters for desired safe perfor-
mance of structures. Burland and Worth?*® summarized the important parameters
relating to differential settlement. Figure 5.40 shows a structure in which various
foundations at A, B, C, D, and E have gone through some settlement. The settlement
at A is AA’, and at B it is BB’, ... Based on this figure the definitions of the various
parameters follow:

S, = total settlement of a given point

AS; = difference between total settlement between any two parts

o = gradient between two successive points

B = angular distortion = AS;; /,; (Note: [;; = distance between points i and j)

o = tilt

A = relative deflection (i.e., movement from a straight line joining two refer-
ence points)

A/L = deflection ratio

Since the 1950s, attempts have been made by various researchers and building
codes to recommend allowable values for the above parameters. A summary of some
of these recommendations is given in the following section.
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FIGURE 5.40 Definition of parameters for differential settlement.

5.7.2 LIMITING VALUE OF DIFFERENTIAL SETTLEMENT PARAMETERS

In 1956, Skempton and MacDonald*’ proposed the following limiting values for
maximum settlement, maximum differential settlement, and maximum angular dis-
tortion to be used for building purposes:

Maximum settlement Sy,
In sand—32 mm
In clay—45 mm

Maximum differential settlement ASy,,.
Isolated foundations in sand—351 mm
Isolated foundations in clay—76 mm
Raft in sand—51-76 mm
Raft in clay—76-127 mm

Maximum angular distortion ,,,,—1/300

Based on experience, Polshin and Tokar* provided the allowable deflection ratios
for buildings as a function of L/H (L = length; H = height of building), which are as
follows:
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A/L =0.0003 for L/H <2
A/L =0.001 for L/H=18

The 1955 Soviet Code of Practice gives the following allowable values:

Building Type L/H
Multistory buildings and civil dwellings <3
>5

One-story mills

AL

0.0003 (for sand)
0.0004 (for clay)
0.0005 (for sand)
0.0007 (for clay)
0.001 (for sand and clay)

265

Bjerrum* recommended the following limiting angular distortions (B,,,,)

for various structures:

Category of Potential Damage

Safe limit for flexible brick wall (L/H > 4)
Danger of structural damage to most buildings
Cracking of panel and brick walls

Visible tilting of high rigid buildings

First cracking of panel walls

Safe limit for no cracking of building

Danger to frames with diagonals

Bmax

1/150
1/150
1/150
1/250
1/300
1/500
1/600

Grant et al.* correlated Sy, and B, for several buildings with the following

results:

Soil Type Foundation Type
Clay Isolated shallow foundation
Clay Raft

Sand Isolated shallow foundation
Sand Raft

Correlation

Stmay (Mm) = 30,000 B,
Srimax) (Mm) = 35,000 B,
S iy (Mm) = 15,000 B,
S max) (MM) = 18,000 3

‘max

Using the above correlations, if the maximum allowable value of B,,,, is known,
the magnitude of the allowable Sy, can be calculated.
The European Committee for Standardization provided values for limiting values
for serviceability limit states** and the maximum accepted foundation movements,*

and these are given in Table 5.17.
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TABLE 5.17
Recommendation of European Committee for Standardization on
Differential Settlement Parameters

Item Parameter Magnitude Comments
Limiting values for Sr 25 mm Isolated shallow foundation
serviceability* 50 mm Raft foundation
AS; 5 mm Frames with rigid cladding
10 mm Frames with flexible cladding
20 mm Open frames
B 1/500 -
Maximum acceptable S; 50 Isolated shallow foundation
foundation movement* AS; 20 Isolated shallow foundation
B =1/500 -
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Dynamic Bearing
Capacity and Settlement

6.1 INTRODUCTION

Depending on the type of superstructure and type of loading, a shallow founda-
tion may be subjected to dynamic loading. The dynamic loading may be of various
types, such as (a) monotonic loading with varying velocities, (b) earthquake load-
ing, (c) cyclic loading, and (d) transient loading. The ultimate bearing capacity and
settlement of shallow foundations subjected to dynamic loading are the topics of
discussion of this chapter.

6.2 EFFECT OF LOAD VELOCITY ON
ULTIMATE BEARING CAPACITY

The static ultimate bearing capacity of shallow foundations was discussed in Chapters
2 through 4. Vesic et al.! conducted laboratory model tests to study the effect of the
velocity of loading on the ultimate bearing capacity. These tests were conducted on
a rigid rough circular model foundation having a diameter of 101.6 mm. The model
foundation was placed on the surface of a dense sand layer. The velocity of loading
to cause failure varied from about 25 x 10~ to 250 mm/s. The tests were conducted
in dry and submerged sand. From Equation 2.90, for a surface foundation in sand
subjected to vertical loading,

1
qu = E 'YBNY}\'VA'

or

N }\‘ — qu
/2B

6.1)

where
q, = ultimate bearing capacity
v = effective unit weight of sand
B = diameter of foundation
N, = bearing capacity factor
A, = shape factor

269
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FIGURE 6.1 Variation of N, with loading velocity. (After Vesic, A. S., D. C. Banks,
and J. M. Woodward. 1965. Proceedings, Sixth Int. Conf. Soil Mech. Found. Eng., Vol. 2,

Montreal, Canada, p. 209.)

The variation of N, A, with the velocity of loading obtained in the study of Vesic et
al.!is shown in Figure 6.1. It can be seen from this figure that, when the loading veloc-
ity is between 25 x 107 and 25 x 1072 mm/s, the ultimate bearing capacity reaches a
minimum value. Vesic? suggested that the minimum value of g, in granular soil can
be obtained by using a soil friction angle of ¢, instead of ¢ in the bearing capacity

equation (Equation 2.90), which is conventionally obtained from laboratory tests, or
00 =0-2" ©.2)

The above relationship is consistent with the findings of Whitman and Healy.? The
increase in the ultimate bearing capacity when the loading velocity is very high is due
to the fact that the soil particles in the failure zone do not always follow the path of least
resistance, resulting in high shear strength of soil and thus ultimate bearing capacity.

Unlike in the case of sand, the undrained shear strength of saturated clay increases
with the increase in the strain rate of loading. An excellent example can be obtained
from the unconsolidated undrained triaxial tests conducted by Carroll* on buckshot clay.
The tests were conducted with a chamber confining pressure = 96 kN/m?, and the mois-
ture contents of the specimens were 33.5 = 0.2%. A summary of the test results follows:

Strain Rate Undrained Cohesion c,
(%/s) (KN/m?)

0.033 79.5

4.76 88.6

14.4 104

53.6 116.4

128 122.2

314 and 426 125.5
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A4 .

FIGURE 6.2 Strain rate definition under a foundation.

From the above data, it can be seen that ¢, qynamic/Cuestaricy May be about 1.5. For a
given foundation, the strain rate € can be approximated as (Figure 6.2)

1 (AS,
&= At( 2B ) ©3)

where
t=time
S, = settlement

So, if the undrained cohesion ¢, (¢ = 0 condition) for a given soil at a given strain
rate is known, this value can be used in Equation 2.90 to calculate the ultimate bear-
ing capacity.

6.3 ULTIMATE BEARING CAPACITY UNDER
EARTHQUAKE LOADING

At this time, there are only a limited number of studies available in the literature
relating to the bearing capacity of shallow foundations under earthquake loading.
A summary of these studies will be presented in the following subsections.

6.3.1 BEARING CapACITY THEORY OF RicHARDS, ELMs, AND BuDHU

Richards et al.’ proposed a bearing capacity theory for a continuous foundation sup-
ported by granular soil under earthquake loading. This theory assumes a simplified
failure surface in soil at ultimate load. Figure 6.3a shows this failure surface under
static conditions based on Coulomb’s active and passive pressure wedges. Note that,
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FIGURE 6.3 Bearing capacity of a continuous foundation on sand—static condition:
(a) failure surface under static condition; (b) equilibrium analysis of wedges I and II.

in zone I, 0, is the angle that Coulomb’s active wedge makes with the horizontal at
failure

+ 1+ 05
o, = 0+ tan” [tan ¢(tan ¢ + cot ¢)(1+ tan & cot ¢)]*° — tan ¢ 6:4)
1+ tan &(tan ¢ + cot ¢)
Similarly, in zone II, o, is the angle that Coulomb’s passive wedge makes with
the horizontal at failure, or

[tan ¢(tan ¢+ cot ¢)(1+ tan & cot ¢)]*° +tan ¢ .
1+ tan d(tan ¢ + cot ¢) 65

op=—0+ tanl{

where
¢ = soil friction angle
6 = wall friction angle (BC in Figure 6.3a)

Considering a unit length of the foundation, Figure 6.3b shows the equilibrium
analysis of wedges I and II. In this figure, the following notations are used:

P, = Coulomb’s active pressure
P, = Coulomb’s passive pressure
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R, = resultant of shear and normal forces along AC
R, = resultant of shear and normal forces along CD
W, W, = weight of wedges ABC and BCD, respectively

Now, if ¢ #0, y=0, and g # 0, then

’

9u = Yu
and
P,cos & = Ppcos & 6.6)
However,
Picosd=q,K,H 6.7)
where
H=BC

K, = horizontal component of Coulomb’s active earth pressure coefficient, or

2
COS§|:1+ /sm((b+5)s1n¢} (6.8)
cos 0
Similarly,
Ppcos 0 =gKpH 6.9)
where

K, = horizontal component of Coulomb’s passive earth pressure coefficient, or

cos’d

cosd|1— M i (6.10)
cos 0

Combining Equations 6.6, 6.7, and 6.9,

KP_

where
N, =bearing capacity factor
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Again, if 620, y#0, and ¢ =0, then ¢, = g,/
1
P,cos &=q/HK , + 5szKA
Also,
Q-
Ppcos 8= EYH Kp
Equating the right-hand sides of Equations 6.12 and 6.13,
” 1 2 1 2
quHKA +5'YH KA = E'YH Kp

1
HK,

1
f]{«,:[ZYHZ(KP _KA):|

or

However,

H=Btan o,

Combining Equations 6.14 and 6.15,

| K, 1
7~ LB tan oy ~F—1|=—vBN
qu=7 = tan A(K ) o PP

A

where

. K
N, = bearing capacity factor = tan 0., (KP - lj
A

Ifo+#0,y#0, and g # 0, using the superposition, we can write

’ ” 1
qu =4u +qu =qu +E'YBNY

(6.12)

(6.13)

(6.14)

6.15)

(6.16)

6.17)

(6.18)
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TABLE 6.1
Variation of N, N, and N, (Assumption: § = ¢/2)

Soil Friction Angle

¢ (deg) 3 (deg) N, N, N,
0 0 1 0 6

10 5 2.37 1.38 7.77
20 10 5.9 6.06 13.46
30 15 16.51 23.76 26.86
40 20 59.04 111.9 58.43

Richards et al.” suggested that, in calculating the bearing capacity factors N, and
N, (which are functions of ¢ and 6), we may assume & = ¢/2. With this assumption,
the variations of N, and N, are given in Table 6.1.

It can also be shown that, for the ¢ = 0 condition, if Coulomb’s wedge analysis is
performed, it will give a value of 6 for the bearing capacity factor N,. For brevity,
we can assume

N, =(N,—1)cot ¢ (6.19)

Using Equation 6.19 and the N, values given in Table 6.1, the N, values can be cal-
culated, and these values are also shown in Table 6.1. Figure 6.4 shows the variations
of the bearing capacity factors with soil friction angle ¢. Thus, the ultimate bearing
capacity g, for a continuous foundation supported by a c—¢ soil can be given as

q.=cN.+gN,+ %yBNy (6.20)

The ultimate bearing capacity of a continuous foundation under earthquake load-
ing can be evaluated in a manner similar to that for the static condition shown above.
Figure 6.5 shows the wedge analysis for this condition for a foundation supported
by granular soil. In Figure 6.5a, note that o, and 0., are, respectively, the angles
that the Coulomb’s failure wedges would make for active and passive conditions, or

; -
J(1+ tan’o)[1 + tan(3 +B)cot o] — tan “} ©.21)

Olgg =0+ tanil
1+ tan(d + 0)(tan o, + cot o)

and

Olpg =—0OL+ tan_l {

\/(1 + tan’or)[1 + tan(8 — O)cot o] + tan o 632
1+ tan(d + 0)(tan o, + cot o) 6.22)
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FIGURE 6.4 Variation of N, N,, and N, with soil friction angle ¢.

where

a=0-0 (6.23)

(6.24)

k, = horizontal coefficient of acceleration
k, = vertical coefficient of acceleration
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FIGURE 6.5 Bearing capacity of a continuous foundation on sand—earthquake condition:
(a) failure surface in soil; (b) equilibrium analysis of wedges I and II.

Figure 6.5b shows the equilibrium analysis of wedges I and II as shown in Figure
6.5a. As in the static analysis (similar to Equation 6.18),

1
que = quE + E’YBN«{E (625)

where
q,z = ultimate bearing capacity
N,g, Ny = bearing capacity factors

Similar to Equations 6.11 and 6.17,

Kpg
Ny=-1% ,
"= Ko (6.26)
N,z =tan oL sp ( Bre _ 1) (6.27)
Kar

where
K,r, Kpr=horizontal coefficients of active and passive earth pressure (under
earthquake conditions), respectively, or
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cos* (0 —0)

2
cos 0 cos(8+0)| 1+ sin(¢ + 8)sin(¢ — 0)
cos(d+0)

Kae =

(6.28)

and
cos’ (0 —0)

2
cos 0 cos(0+0)|1— sin(¢+ 0)sin( —0)
cos(d+0)

Kpe = (6.29)

Using & = ¢/2 as before, the variations of K, and K, for various values of 6 can
be calculated. They can then be used to calculate the bearing capacity factors N,z
and N,;. Again, for a continuous foundation supported by a c—¢ soil,

1
que = CNCE + quE + EYBNyE (630)

where
N_; = bearing capacity factor

The magnitude of N, can be approximated as
N = (Ngg —1)cotd 6.31)

Figures 6.6 through 6.8 show the variations of N,/N,, N /N,, and N /N.. These
plots in combination with those given in Figure 6.4 can be used to estimate the
ultimate bearing capacity of a continuous foundation q,.

EXAMPLE 6.1

Consider a shallow continuous foundation. Given: B=1.5m; D;=1m;
v=17 kN/m3; ¢ =25° ¢ =30 kN/m?; k, = 0.25; k,= 0. Estimate the ultimate bear-
ing capacity q,.

SoLuTioN
From Equation 6.30,

1
quE = CNCE + quE + EYBNVE

For ¢ =25°, from Figure 6.4, N. =20, N, =10, and N, = 14. From Figures 6.6
through 6.8, for tan 6 = k;/(1-k,) = 0.25/(1-0) = 0.25,

NCE

C

=0.44; N =(0.44)(20)=8.8
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0 0.2 0.4 0.6 0.8
tan 6 = k;,/(1 - k,)

FIGURE 6.6 Variation of NYE/NY with tan 6 and ¢. (After Richards, R. Jr., D. G. Elms, and
M. Budhu. 1993. J. Geotech. Eng., 119(4): 622.)

20° 0 = 40°
30°

0 | | |
0 02 04 06 08

tan 0 = k;,/(1 - k,)

v

FIGURE 6.7 Variation of NqE/Nq with tan 0 and ¢. (After Richards, R. Jr., D. G. Elms, and
M. Budhu. 1993. J. Geotech. Eng., 119(4): 622.)
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N g/N,

0
0 0.2 0.4 0.6 0.8
tan 6 = k;,/(1 - k,)

FIGURE 6.8 Variation of N,/N, with tan 0 and ¢. (After Richards, R. Jr., D. G. Elms, and
M. Budhu. 1993. J. Geotech. Eng., 119(4): 622.)

Not =0.38;Ng =(0.38)(10)=3.8
Nq

S 0.13;Nee =(0.13)(14)=1.82
Y

|z

So,

que =(30)(8.8) +(1x17)(3.8) + %(1 7)(1.5)(1.82) = 351.8 kN/m?

6.3.2  SETTLEMENT OF FOUNDATION ON GRANULAR
SoiL DUE TO EARTHQUAKE LOADING

Bearing capacity settlement of a foundation (supported by granular soil) during an
earthquake takes place only when the critical acceleration ratio k,/(1 — k,) reaches a
certain critical value. Thus, if k, = O, then

kh kh *
= =k .
(1_ k, jcr (1 _O)Cr h (6.32)
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The critical value k; is a function of the factor of safety FS taken over the ultimate
static bearing capacity, embedment ratio D/B, and the soil friction angle ¢. Richards
et al.® developed this relationship, and it is shown in a graphical form in Figure 6.9.
According to Richards et al.,’ the settlement of a foundation during an earthquake
can be given as

—4

tan oLz (6.33)

2 *
s =074 |k
AglA

where
S, = settlement
V = peak velocity of the design earthquake
A = peak acceleration coefficient of the design earthquake

D¢/B =1.00

Static factor of safety, FS
Static factor of safety, FS
N

(@) (b)

0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4

Dy/B = 1.00
Dy/B = 1.00

Static factor of safety, FS
3>

Static factor of safety, FS
&)

0 | | | | 0 | 1 | |
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4

K, Ky,

FIGURE 6.9 Critical acceleration k, for incipient foundation settlement. (a) ¢ = 10°.
(b) $=20°. (c) 0 =30°. (d) ¢ =40°. (After Richards, R. Jr., D. G. Elms, and M. Budhu. 1993.
J. Geotech. Eng., 119(4): 622.)
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tan Oy

0 0.1 0.2 0.3 0.4 0.5 0.6

FIGURE 6.10 Variation of tan o, with k, and ¢. (After Richards, R. Jr., D. G. Elms, and
M. Budhu. 1993. Seismic bearing capacity and settlement of foundations. J. Geotech. Eng.,

119(4): 622.)
The variations of tan o, with &, and ¢ are given in Figure 6.10.

EXAMPLE 6.2

Consider a shallow foundation on granular soil with B=15m; D;=1m;
v=16.5 kN/m?3; ¢ = 35°. If the allowable bearing capacity is 304 kN/m?, A=0.32,
and V =0.35 m/s, determine the settlement the foundation may undergo.

SoLuTION

From Equation 6.18,

1
qu =qNy + EYBNV

From Figure 6.4 for ¢ =35°, N, =30; N, = 42. So,

gy =(1x16.5)(30) + %(1 6.5)(1.5)(42) = 1015 kN /m’

Given g, =340 kN/m?,

Fs=e 10155 og

Cga 340

From Figure 6.9 for FS=2.98 and D,/B =1/1.5 =0.67, the magnitude of k;, is
about 0.28. From Equation 6.33,
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2
Se —0174\/—
Ag

k[

A tan ol ar

From Figure 6.10 for ¢ = 35° and k, = 0.28, tan o, = 0.95. So,

(0.35m/s)*  [0.28["
(0.32)(9.81mss?) 10.32]

Se =(0.174) (0.95)=0.01Tm=11 mm

6.3.3 SoLutioN ofF BubHu AND AL-KARNI

Budhu and al-Karni® used the failure surface in soil as shown in Figure 6.11 to
determine the ultimate bearing capacity of a shallow foundation ¢,,. Note that, in
this figure, AB and EF are arcs of logarithmic spirals. According to this solution,

que = Cchmy\'cd}"ce + qu}”qs;\'qd}"qe + %’YBNY}"“{S}\‘W%W (6-34)

where
¢ = cohesion
N,, N,, N, = static bearing capacity factors (see Tables 2.3 and 2.4)
Aep» Myyr Ay, = static shape factors (see Table 2.8)
Mt Mygas Mg = static depth factors (see Table 2.8)
Aeer Myes Ay = seismic factors

The relationships for the seismic factors can be given as follows:

Aee = exp(—4.3k;™") (6.35)

1.2
Ay = (l—kv)exp{—(sl ik]: H (6.36)

1.2
Ay = (1 + ikvjexp{—[ lgfhk H 6.37)

where k, and k, = horizontal and vertical acceleration coefficients, respectively,

D= i (6.38)

0.5B L
H= nq)jexp(ztan ¢) + Df (639)

cos| —+—
(4 2
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EXAMPLE 6.3

Consider a foundation measuring T m x 1.5 m supported by a soil with y=18 kN/
m?, ¢ =36 kN/m?, ¢ =27°. Given D;=1 m. Assume k,=0.25 and k, =0 and esti-
mate the ultimate bearing capacity q,.. Use Equation 6.34, Vesic's bearing capac-
ity factors, DeBeer’s shape factors, and Hansen’s depth factors.

SoLutioN
Equation 6.34

Gut = CNAeheghee + GNohgshgrhee + %yBNkaslydMe

c =36 kN/m?; ¢ =27° (Tables 2.3 and 2.4); N.=23.94; /\lq= 13.2; NY= 14.47
From Table 2.8,

xcsz1+(8)(Nq)=1+( ! ]( 13.2 J_1 368
L)\ N, 1.5 ) 23.94

Ags =1+ 5 tangp =1+ 1 tan27 =1.34
L 1.5

Ay =1-0.4 B =1-0.4 1 =0.733
L 1.5

Again, from Table 2.8,
.o Dy . o1
Aga =1+ 2tan ¢(1-sin ¢) ) =1+2tan27(1-sin27) 1 =1.304
A =1
1= Agd 1-1.304

Ad =hgg————"—=1304—————=1.259
Ny tan ¢ (13.2)(tan27)

From Equations 6.38 and 6.39,
0.5
= exp( tan ¢)+D,
cos( )
(

><tan27 +1=3.13m
5+13 5) 2
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p=C-_3% _0639

YH (18)(3.13)

hee = exp(=4.3k}) = exp| (-4.3)(0.25)""* | = 0.642

1.2 1.2
Age = (1—kv)exp[—[51'3lz H = (1—O)exp[—[5'3>1<0'025ﬂ =0.366

v

(.2 9%k,* V| 9x0.25'7 || _
kye—(1+3kv)exp{ [Fkvﬂ—(HO)exp{ [1_0 =0.182

Hence,

que =(36)(23.94)(1.368)(1.259)(0.642) + (18 x 1)(13.2)(1.34)(1.304)(0.366)

+ (%)(1 8)(N(14.47)(0.733)(1(0.182)

=1122.28 KN/m?* = 1122 kN/m?

6.3.4 SorutioN BY CHOUDHURY AND SuBBA RAO

Choudhury and Subba Rao’ assumed a similar failure surface in soil as shown in
Figure 6.11 and, using limit equilibrium method by the pseudo-static approach,
expressed the ultimate bearing capacity g, for a strip foundation as

1
que = CNCE + quE + EYBNyE (640)

B

T T NG BN P s e
% W90 — AN e
o 0 ’
ax. F .90 + 07
N fa $
Seismic failure surface ‘\\ ’::"
""" Static failure surface S

FIGURE 6.11 Failure surface under a strip foundation as assumed by Budhu and al-Karni.
(Note: D, = depth of foundation.)
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FIGURE 6.12 Variation of N, N, and N, with k, and ¢ (Equation 6.50). Note: k,=0:
(@) N versus k;; (b) N, versus k;; (¢) N, versus k.

The variations of Nz, Nz, and N, with k;, and ¢ with k, = 0 are shown in Figure 6.12.

The depth and shape factors can be incorporated in Equation 6.40 to estimate g, for
rectangular foundations, or

1
que = CNUEA'csA'cd + quExqs}\’qd + E’YBN“{xys?\'yd (641)
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where
Aess qu, XYX = static shape factors (see Table 2.8)
Aeas qu, Xyd: static depth factors (see Table 2.8)

EXAMPLE 6.4
Solve Example 6.3 using Equation 6.41.

SoLuTIoN
Given: ¢ =27° and k;, = 0.25. Thus, from Figure 6.12, N, =8, N, =5, and N, = 3.
From Example 6.3, A, =1.368, A, =134, A, =0.733, Ay=1.259, A,y=1.304,
and A, = 1. Hence,

1
Que = CNCE}\,CS)\,Cd + quEqukqd + E'YBNY}\.YJ\M{C/

=(36)(8)(1.368)(1.259)+ (18 x 1)(5)(1.34)(1.304)
+ %(1 8)(N(3)(0.733)(1)

~ 673 kN/m?

Note: The ultimate bearing capacity of 673 kN/m? is approximately 67% of that
estimated in Example 6.3. The difference is due to the contribution of cohesion.
If ¢ would have been zero, g, in Examples 6.3 and 6.4 would have been about
169 and 177 kN/m?, respectively. The results of field tests are not available yet to
verify the results.

6.4 CONTINUOUS FOUNDATION AT THE EDGE OF A
GRANULAR SLOPE SUBJECTED TO EARTHQUAKE LOADING

Yamamoto® analyzed the ultimate bearing capacity of a continuous foundation
located at the edge of a slope made of granular material (Figure 6.13). The granu-
lar slope shown in the figure makes an angle 3 with the horizontal. The width and
embedment depth of the foundation are, respectively, B and D, The analysis was

FIGURE 6.13 Continuous foundation at the edge of a granular slope.
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conducted by using the upper-bound method of limit analysis. According to this
analysis with cohesion ¢ =0 and vertical coefficient of acceleration k, = 0, the ulti-
mate bearing capacity can be expressed as

1
que = 5 YBN e (6.42)

where
N.

g = bearing capacity factor

The factor N, is a function of soil friction angle 0, B, D{B, and k,. Figure 6.14
shows the results of the analysis for D/B =0 and ¢ = 30° and 40°. Similarly, Figure
6.15 is for the case of D/B = 1.

25 T T 150 T T T
0 =30°
20 k,=0
100
w 15 = w
3 § \ - F
\ 50
5 x
0 |
0

FIGURE 6.14  Variation of N, , with B and k,—Equation 6.42: (a) D;/B = 0 and ¢ = 30° and
(b) D;/B =0 and ¢ = 40°. (After Yamamoto, K. 2010. Int. J. Geotech. Eng., 4(2): 255.)

80 300

k,=0
200 | -
p-o
100 \ -

FIGURE 6.15 Variation of N, with B and k,—Equation 6.42: (a) D;/B = 1 and ¢ = 30° and
(b) D;/B =1 and ¢ = 40°. (After Yamamoto, K. 2010. Int. J. Geotech. Eng., 4(2): 255.)
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6.5 FOUNDATION SETTLEMENT DUE TO
CYCLIC LOADING: GRANULAR SOIL

Raymond and Komos® reported laboratory model test results on surface continuous
foundations (D;=0) supported by granular soil and subjected to a low-frequency
(1 cps) cyclic loading of the type shown in Figure 6.16. In this figure, ¢, is the
amplitude of the intensity of the cyclic load. The laboratory tests were conducted for
foundation widths (B) of 75 and 228 mm. The unit weight of sand was 16.97 kN/m?.
Since the settlement of the foundation S, after the first cycle of load application was
primarily due to the placement of the foundation rather than the foundation behavior,
it was taken to be zero (i.e., S, = 0 after the first cycle load application). Figures 6.17
and 6.18 show the variation of S, (after the first cycle) with the number of load cycles,
N, and 6,/q, (g, = ultimate static bearing capacity). Note that (a) for a given number
of load cycles, the settlement increased with the increase in 6,/q, and (b) for a given

Gq

Intensity of cyclic load

[e— 15 —] Time

FIGURE 6.16 Cyclic load on a foundation.

A
O -
2 135
£
k) 5 27
Q
>~
Q
z
= 35
5 10
&
«
o
Gd/qu (%) =90 40
15
50
1 | | ] L_p
0 10 102 103 10* 10°

Number of load cycles, N (log scale)

FIGURE 6.17 Variation of S, (after first load cycle) with 6,/g, and N—B =75 mm. (From
Raymond, G. P. and F. E. Komos. 1978. Canadian Geotech. J., 15(2): 190.)
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10
15

S, after first cycle (mm)

15

Gd/qu (%) =90

1 1 1 1 o

0 10 102 10° 10* 10°
Number of load cycles, N (log scale)

FIGURE 6.18 Variation of S, (after first load cycle) with 6,/g, and N—B =228 mm. (From
Raymond, G. P. and F. E. Komos. 1978. Canadian Geotech. J., 15(2): 190.)

G,/q,, S, increased with N. These load-settlement curves can be approximated by the
relation (for N = 2-103)

a
S, =

' L, (6.43)

logN

where
a=-0.15125+0.0000693B"'8 [G" + 6.09J (6.44)
Gu
b=-0.153579+0.0000363B"%* (Gd - 23.1) (6.45)
Gu

In Equations 6.44 and 6.45, B is in mm and 6,/g, is in percent.
Figures 6.19 and 6.20 show the contours of the variation of S, with 6, and N for
B =75 and 228 mm. Studies of this type are useful in designing railroad ties.

6.5.1  SETTLEMENT OF MACHINE FOUNDATIONS

Machine foundations subjected to sinusoidal vertical vibration (Figure 6.21) may
undergo permanent settlement S,. In Figure 6.21, the weight of the machine and the
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FIGURE 6.19 Contours of variation of S, with 6, and N—B =75 mm. (From Raymond,
G. P. and E. E. Komos. 1978. Canadian Geotech. J., 15(2): 190.)
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FIGURE 6.20 Contours of variation of S, with 6, and N—B =228 mm. (From Raymond,
G. P. and E. E. Komos. 1978. Canadian Geotech. J., 15(2): 190.)
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Q=Q,sinwt

| | Weight = W

" Sand - -

Iﬂ— Diameter = B —}'

FIGURE 6.21 Sinusoidal vertical vibration of machine foundation.

foundation is W and the diameter of the foundation is B. The impressed cyclic force
Q is given by the relationship

0 =0, sin ot (6.46)

where
Q, = amplitude of the force
o = angular velocity
t=time

Many investigators believe that the peak acceleration is the primary control-
ling parameter for the settlement. Depending on the degree of compaction of the
granular soil, the solid particles come to an equilibrium condition for a given peak
acceleration resulting in a settlement S, as shown in Figure 6.22. This threshold
acceleration must be attained before additional settlement can take place.

.,
L

Settlement, S,

FIGURE 6.22 Settlement S, with time due to cyclic load application.
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Brumund and Leonards!® evaluated the settlement of circular foundations sub-
jected to vertical sinusoidal loading by laboratory model tests. For this study, the
model foundation had a diameter of 101.6 mm, and 20-30 Ottawa sand compacted
at a relative density of 70% was used. Based on their study, it appears that energy per
cycle of vibration can be used to determine S,,,,,. Figure 6.23 shows the variation of
S max Versus peak acceleration for weights of foundation, W= 217, 327, and 436 N. The
frequency of vibration was kept constant at 20 Hz for all tests. For a given value of W, it
is obvious that the magnitude of S, increases linearly with the peak acceleration level.

The maximum energy transmitted to the foundation per cycle of vibration can
be theorized as follows. Figure 6.24 shows the schematic diagram of a lumped-
parameter one-degree-of-freedom vibrating system for the machine foundation.
The soil supporting the foundation has been taken to be equivalent to a spring and a
dashpot. Let the spring constant be equal to £ and the viscous damping constant of
the dashpot be c. The spring constant k and the viscous damping constant ¢ can be
given by the following relationships (for further details, see any soil dynamics text,
e.g., Das!l):

_ 2GB
1-v,

k

(6.47)

125 /o —

10.0 — [ ] 396N |

Se(max) (mm)
~
(92}
I
]

W=217N

25— 7 /// —

ok | | |
0 0.1 0.2 0.3 0.4

Peak acceleration (g’s)

FIGURE 6.23 Variation of S,,,,, with peak acceleration and weight of foundation. (From
Brumund, W. F. and G. A. Leonards. 1972. J. Soil Mech. Found. Eng. Div., 98(1): 27.)
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Q=Q,sin ot

Spring | ,Dashpot viscous
constant = k L damping = ¢

FIGURE 6.24 Lumped-parameter one-degree-of-freedom vibrating system.

0.85 ., [Gy

= B’ (6.48)
1- \B 8
where
G = shear modulus of the soil
v, = Poisson’s ratio of the soil
B = diameter of the foundation
Y = unit weight of soil
g = acceleration due to gravity
The vertical motion of the foundation can be expressed as
z=Zcos (0t +) (6.49)
where
Z = amplitude of the steady-state vibration of the foundation
o = phase angle by which the motion lags the impressed force
The dynamic force transmitted by the foundation can be given as
Féynamic =kz+c % (650)

dt

Substituting Equation 6.49 into 6.50, we obtain

Faynamic = kZ cos (0t + 01) — cZ sin (¢ + 0)

Let kZ=A cos B and cwZ = A sin . So,
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Fiynamic = A cos B cos (wr + o) — A sin B sin (of + o)

or

Fiynamic = A cos (of + 0.+ ) 6.51)

where

A =magnitude of maximum dynamic force = Fyynamicmax)

= J(A cos B)’ +(Asin B)* = Z\Jk* + (co)’ (6.52)
The energy transmitted to the soil per cycle of vibration E,, is

E, = dez —F.Z

(6.53)
where
F = total contact force on soil
F,, = average contact force on the soil
However,
1
Fav = E(Fmax + Fmin) (654)
Fmax =W+ FZ:lynamics(max) (655)
Fmax =W- dena.mics(max) (656)
Combining Equations 6.54 through 6.56,
E,=W (6.57)
Hence, from Equations 6.53 and 6.57,
E.=WzZ (6.58)

Figure 6.25 shows the experimental results of Brumund and Leonards,” which
is a plot of S,,,,, versus E,,. The data include (a) a frequency range of 14-59.3 Hz,
(b) a range of W varying from 0.27¢, to 0.55g,, (g, = static beaning capacity), and
(c) the maximum downward dynamic force of 0.3W to 1.0W. The results show that
S max) inCreases linearly with .. Figure 6.26 shows a plot of the experimental results
of S,y against peak acceleration for different ranges of E,,. This clearly demon-
strates that, if the value of the transmitted energy is constant, the magnitude of S

remains constant irrespective of the level of peak acceleration.

e(max)
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FIGURE 6.25 Plot of S,,,, versus E,,. (From Brumund, W. F. and G. A. Leonards. 1972.
J. Soil Mech. Found. Eng. Div., 98(1): 27.)
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FIGURE 6.26 S, versus peak acceleration for three levels of transmitted energy.
(From Brumund, W. F. and G. A. Leonards. 1972. J. Soil Mech. Found. Eng. Div., 98(1): 27.)

6.6 FOUNDATION SETTLEMENT DUE TO CYCLIC
LOADING IN SATURATED CLAY
Das and Shin'? provided small-scale model test results for the settlement of a contin-

uous surface foundation (D,= 0) supported by saturated clay and subjected to cyclic
loading. For these tests, the width of the model foundation B was 76.2 mm, and the
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FIGURE 6.27 Load application sequence to observe foundation settlement in saturated clay
due to cyclic loading based on laboratory model tests of Das and Shin: (a) variation of ¢, with
time; (b) variation of 6, with time; (c) variation of ¢, + 6, with time. (From Das, B. M. and E.
C. Shin. 1996. Geotech. Geol. Eng., 14: 213.)

average undrained shear strength of the clay was 11.9 kN/m?2. The load to the founda-
tion was applied in two stages (Figure 6.27):

Stage 1. Application of a static load per unit area of ¢, = ¢g,/F'S (where ¢, = ulti-
mate bearing capacity; FS = factor of safety) as shown in Figure 6.27a.

Stage I1. Application of a cyclic load, the intensity of which has an amplitude
of 6, as shown in Figure 6.27b.

The frequency of the cyclic load was 1 Hz. Figure 6.27c shows the variation
of the total load intensity on the foundation. Typical experimental plots obtained
from these laboratory tests are shown by the dashed lines in Figure 6.28 (FS = 3.33;
6,/q,=4.38%, 9.38%, and 18.75%). It is important to note that S, in this figure refers
to the settlement obtained due to cyclic load only (i.e., after application of stage
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FIGURE 6.28 Typical plots of S,/B versus N for FS=3.33 and 6,/q,=4.38%, 9.38%, and
18.75%. (From Das, B. M. and E. C. Shin. 1996. Geotech. Geol. Eng., 14: 213.)

II load; Figure 6.27b). The general nature of these plots is shown in Figure 6.29.
They consist of approximately three linear segments, and they are

1. An initial rapid settlement S, (branch O,).

2. A secondary settlement at a slower rate S, (branch ab). The settlement
practically ceases after application of N = N, cycles of load.

3. For N > N, cycles of loading, the settlement of the foundation due to cyclic
load practically ceases (branch bc).

The linear approximations of S, with number of load cycles N are shown in
Figure 6.28 (solid lines). Hence, the total settlement of the foundation is

Se(max) = Se(r) + Se(.y) (659)
N
@) T 1>
Se(r)
e(max) L
Se(s)
S.v

FIGURE 6.29 General nature of plot of S, versus N for given values of FS and 6,/q,.
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The tests of Das and Shin'? had arange of 'S = 3.33-6.67 and 6,/q,, = 4.38%—-18.75%.
Based on these test results, the following general conclusions were drawn:

1. The initial rapid settlement is completed within the first 10 cycles of loading

2. The magnitude of N, varied between 15,000 and 20,000 cycles. This is
independent of FS and 6,/q,

3. For a given FS, the magnitude of S, increased with an increase of 6,/q,

4. For a given 6,/q,, the magnitude of S, increased with a decrease in F'S

Figure 6.30 shows a plot of S,../S., versus 6,/q, for various values of FS. Note
that S, is the settlement of the foundation corresponding to the static ultimate bear-
ing capacity. Similarly, Figure 6.31 is the plot of S,,/S, .., versus 6,/q, for various
values of FS. From these plots, it can be seen that

ny
Se(max) =m (Gd]
Se(u) qu

Figure 6.30

and for any FS and o,/q, (Figure 6.31), the limiting value of S,, may be about
08S

e(max)*

0.50 T I

0.30

0.20 [~

Se(max)/Se(u) (log scale)

0.10 = —

1 ]
3 6 10 20

6,4/q,(%)—log scale

0.06

FIGURE 6.30 Results of laboratory model tests of Das and Shin—plot of S,,,,,/S., versus
G,/q,. (From Das, B. M. and E. C. Shin. 1996. Geotech. Geol. Eng., 14: 213.)
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FIGURE 6.31 Results of laboratory model tests of Das and Shin—plot of S,,/S,
G,/q,. (From Das, B. M. and E. C. Shin. 1996. Geotech. Geol. Eng., 14: 213.)

e(max) YETSUS

6.7 SETTLEMENT DUE TO TRANSIENT LOAD ON FOUNDATION

A limited number of test results are available in the literature that relate to the
evaluation of settlement of shallow foundations (supported by sand and clay)
subjected to transient loading. The findings of these tests are discussed in this
section.

Cunny and Sloan'? conducted several model tests on square surface founda-
tions (D,=0) to observe the settlement when the foundations were subjected to
transient loading. The nature of variation of the transient load with time used for
this study is shown in Figure 6.32. Tables 6.2 and 6.3 show the results of these
tests conducted in sand and clay, respectively. Other details of the tests are as
follows:

Tests in Sand (Table 6.2)
Dry unit weight y= 16.26 kN/m?
Relative density of compaction = 96%
Triaxial angle of friction = 32°
Tests in Clay (Table 6.3)
Compacted moist unit weight = 14.79-15.47 kN/m?3
Moisture content =22.5+ 1.7%
Angle of friction (undrained triaxial test) = 4°
Cohesion (undrained triaxial test) = 115 kN/m?

For all tests, the settlement of the model foundation was measured at three
corners by linear potentiometers. Based on the results of these tests, the following
general conclusions can be drawn:
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FIGURE 6.32 Nature of transient load in the laboratory tests of Cunny and Sloan.

(From Cunny, R. W. and R. C. Sloan. 1961. Spec. Tech. Pub. 305, ASTM, p. 65.)

1. The settlement of the foundation under transient loading is generally

uniform.

2. Failure in soil below the foundation may be in punching mode.
3. Settlement under transient loading may be substantially less than that
observed under static loading. As an example, for test 4 in Table 6.2, the
settlement at ultimate load Q, (static bearing capacity test) was about
66.55 mm. However, when subjected to a transient load with Q ., = 1.35

TABLE 6.2

Load-Settlement Relationship of Square Surface Model Foundation on Sand

due to Transient Loading
Parameter

Width of model foundation B (mm)
Ultimate static load-carrying capacity Q, (kN)
Qiima) (KN)

Qi (kN)

Qiman/ Qu

1, (ms)

1y, (ms)

1, (ms)

S, (Pot. 1) (mm)

S, (Pot. 2) (mm)

S, (Pot. 3) (mm)

Average S, (mm)

Source: Cunny, R. W. and R. C. Sloan. 1961. Spec. Tech. Pub. 305, ASTM, p. 65.

Test 1

152
3.42
3.56
3.56
1.04

18

122

110
7.11
1.27
2.79
3.73

Test 2

203
8.1
13.97
12.45
1.73
8
420
255

Test 3

203
8.1
10.12
9.67
1.25
90
280
290
21.08
23.62
24.13
22.94

Test 4

229
11.52
15.57
14.46

1.35
11
0

350
10.16
10.67
10.16
10.34
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TABLE 6.3
Load-Settlement Relationship of Square Surface Model Foundation on Clay
due to Transient Loading

Parameter Test 1 Test 2 Test 3 Test 4
Width of model foundation B (mm) 114 114 114 127
Ultimate static load-carrying capacity Q, (kN) 10.94 10.94 10.94 13.52
O smay (KN) 12.68 13.79 15.39 15.92
Q) (kN) 10.12 12.54 13.21 13.12
O tmaxy Q. 1.16 1.26 1.41 1.18
t, (ms) 9 9 10 9
1y, (MS) 170 0 0 0
1, (ms) 350 380 365 360
S, (Pot. 1) (mm) 12.7 16.76 43.18 14.73
S, (Pot. 2) (mm) 12.7 18.29 42.67 13.97
S, (Pot. 3) (mm) 12.19 17.78 43.18 13.97
Average S, (mm) 12.52 17.60 43.00 14.22

Source: Cunny, R. W. and R. C. Sloan. 1961. Spec. Tech. Pub. 305, ASTM, p. 65.

0, the observed settlement was about 10.4 mm. Similarly, for test 2 in
Table 6.3, the settlement at ultimate load was about 51 mm. Under transient
load with Q y,.., = 1.26 Q,, the observed settlement was only about 18 mm.

Jackson and Hadala'* reported several laboratory model test results on square
surface foundations with width B varying from 114 to 203 mm that were supported
by saturated buckshot clay. For these tests, the nature of the transient load applied to
the foundation is shown in Figure 6.33. The rise time ¢, varied from 2 to 16 ms and

A

Qd(max)

Load, Q

[

L
Ri Ti
|¢— 15¢ ; —|4— Decay time, t;,, —9 me
T

time,

FIGURE 6.33 Nature of transient load in the laboratory tests of Jackson and Hadala.
(From Jackson, J. G. Jr. and P. F. Hadala. 1964. Dynamic bearing capacity of soils. Report
3: The Application Similitude to Small-Scale Footing Tests. US Army Corps of Engineers,
Waterways Experiment Station, Vicksburg, Mississippi.)
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FIGURE 6.34 Relationship of Q ,.../Bc, versus S,/B from plate load tests (plate size B X B).

the decay time from 240 to 425 ms. Based on these tests, it was shown that there is
a unique relationship between Q,,.,/(B*c,) and S,/B. This relationship can be found
in the following manner:

1. From the plate load test (square plate, B X B) in the field, determine the
relationship between load Q and S,/B.

2. Plot a graph of Q/B’c, versus S,/B as shown by the dashed line in
Figure 6.34.

3. Since the strain-rate factor in clays is about 1.5 (see Section 6.2), determine
1.5 Q/B?c, and develop a plot of 1.5 Q/B*c, versus S,/B as shown by the
solid line in Figure 6.34. This will be the relationship between Q ;,../(B*c,)
versus S,/B.
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7 Shallow Foundations
on Reinforced Soil

7.1 INTRODUCTION

Reinforced soil, or mechanically stabilized soil, is a construction material that con-
sists of soil that has been strengthened by tensile elements such as metallic strips,
geotextiles, or geogrids. In the 1960s, the French Road Research Laboratory con-
ducted extensive research to evaluate the beneficial effects of using reinforced soil as
a construction material. Results of the early work were well documented by Vidal.!
During the last 40 years, many retaining walls and embankments were constructed
all over the world using reinforced soil and they have performed very well.

The beneficial effects of soil reinforcement derive from (a) the soil’s increased
tensile strength and (b) the shear resistance developed from the friction at the
soil-reinforcement interfaces. This is comparable to the reinforcement of concrete
structures. At this time, the design of reinforced earth is done with free-draining
granular soil only. Thus, one avoids the effect of pore water pressure development
in cohesive soil, which in turn controls the cohesive bond at the soil-reinforcement
interfaces.

Since the mid-1970s, a number of studies have been conducted to evaluate the
possibility of constructing shallow foundations on reinforced soil to increase their
load-bearing capacity and reduce settlement. In these studies, metallic strips and
geogrids were used primarily as reinforcing material in granular soil. The findings
of these studies are summarized in the following sections.

7.2  FOUNDATIONS ON METALLIC-STRIP-REINFORCED
GRANULAR SOIL

7.2.1  METALLIC STRIPS

The metallic strips used for reinforcing granular soil for foundation construction are
usually thin galvanized steel strips. These strips are laid in several layers under the
foundation. For any given layer, the strips are laid at a given center-to-center spac-
ing. The galvanized steel strips are subject to corrosion at the rate of about 0.025—
0.05 mm/year. Hence, depending on the projected service life of a given structure,
allowances must be made during the design process for the rate of corrosion.

7.2.2  FAILURE MODE

Binquet and Lee*? conducted several laboratory tests and proposed a theory for
designing a continuous foundation on sand reinforced with metallic strips. Figure 7.1
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FIGURE 7.1 Foundation on metallic-strip-reinforced granular soil.

defines the general parameters in this design procedure. In Figure 7.1, the width of
the continuous foundation is B. The first layer of reinforcement is placed at a distance
u measured from the bottom of the foundation. The distance between each layer of
reinforcement is /. It was experimentally shown?3 that the most beneficial effect of
reinforced earth is obtained when u/B is less than about two-thirds B and the number
of layers of reinforcement N is greater than four but no more than six to seven. If the
length of the ties (i.e., reinforcement strips) is sufficiently long, failure occurs when
the upper ties break. This phenomenon is shown in Figure 7.2.

Figure 7.3 shows an idealized condition for the development of a failure surface
in reinforced earth that consists of two zones. Zone I is immediately below the foun-
dation, which settles with the foundation during the application of load. In zone
I1, the soil is pushed outward and upward. Points A, A,, A, ..., and B, B,, B;, ...,
which define the limits of zones I and II, are points at which maximum shear stress
T Occurs in the xz plane. The distance x =x" of the points measured from the

f—— 5 —>|

Reinforcement

FIGURE 7.2 Failure in reinforced earth by tie break (u/B<2/3 and N>4).
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FIGURE 7.3 Failure surface in reinforced soil at ultimate load.

center line of the foundation where maximum shear stress occurs is a function of z/B.
This is shown in a nondimensional form in Figure 7.4.

7.2.3 FoRrces IN REINFORCEMENT TiES

In order to obtain the forces in the reinforcement ties, Binquet and Lee® made the
following assumptions:

1. Under the application of bearing pressure by the foundation, the reinforcing
ties at points A, A,, A;, ..., and B,, B,, B;, ... (Figure 7.3) take the shape
shown in Figure 7.5a; that is, the tie takes two right angle turns on each side
of zone I around two frictionless rollers.

2. For N reinforcing layers, the ratio of the load per unit area on the foundation
supported by reinforced earth g, to the load per unit area on the foundation
supported by unreinforced earth g, is constant, irrespective of the settle-
ment level S, (see Figure 7.5b). Binquet and Lee? proved this relation by
laboratory experimental results.

With the above assumptions, it can be seen that

_ ek _ A
T N{q"( 1](03 Bh)}

o
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FIGURE 7.4 Variation of x/B with z/B.

where

T = tie force per unit length of the foundation at a depth z (kN/m)

N = number of reinforcement layers

q,=load per unit area of the foundation on unreinforced soil for a foundation
settlement level of S, =S,

qr =load per unit area of the foundation on reinforced soil for a foundation
settlement level of S, =S,

o, B = parameters that are functions of z/B

The variations of o and 3 with z/B are shown in Figures 7.6 and 7.7, respectively.

7.2.4 FACTOR OF SAFETY AGAINST TiE BREAKING AND TiE PuLLout

In designing a foundation, it is essential to determine if the reinforcement ties will
fail either by breaking or by pullout. Let the width of a single tie (at right angles to
the cross section shown in Figure 7.1) be w and its thickness ¢. If the number of ties
per unit length of the foundation placed at any depth z is equal to n, then the factor
of safety against the possibility of tie break FS is

_ wmnf, _1f,(LDR) (7.2)
T T

FS,
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FIGURE 7.5 Assumptions to calculate the force in reinforcement ties: (a) shape of reinforc-
ing strip under bearing pressure; (b) nature of variation of g,/g, at various settlement levels.
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FIGURE 7.6 Variation of o, with z/B.
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FIGURE 7.7 Variation of B with z/B.

where
Jf, = yield or breaking strength of tie material

LDR = linear density ratio = wn (7.3)

Figure 7.8 shows a layer of reinforcement located at a depth z. The frictional resis-
tance against tie pullout at that depth can be calculated as

x=X
F,=2tan¢, | wn J. odx+wny(X —x")z+ Dy) (7.4)

x=x"

where
¢, = soil-tie interface friction angle
o = effective normal stress at a depth z due to the uniform load per unit area g,
on the foundation
X = distance at which ¢ = 0.1¢,
D, = depth of the foundation
Y = unit weight of soil

Note that the second term in the right-hand side of Equation 7.4 is due to the fact
that frictional resistance is derived from the tops and bottoms of the ties. Thus, from
Equation 7.4,

o

F,=2tan q)u(LDR)[SBq(, (q’*] +Y(X =)z + Df)} (1.5)
q
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FIGURE 7.8 Frictional resistance against tie pullout.
The term d is a function of z/B and is shown in Figure 7.9. Figure 7.10 shows a plot

of X/B versus z/B. Hence, at any given depth z, the factor of safety against tie pullout
FS, can be given as

Fs, =17 (1.6)
T
03 T T T
0.2 —
© /’—\
0.1 —
| 1 |
0 0 1 2 3 4
z/B

FIGURE 7.9 Variation of d with z/B.
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FIGURE 7.10 Variation of X/B with z/B.

7.2.5 DEsIGN PROCEDURE FOR A CONTINUOUS FOUNDATION

Following is a step-by-step procedure for designing a continuous foundation on
granular soil reinforced with metallic strips:

Step 1. Establish the following parameters:

A. Foundation:
Net load per unit length Q
Depth D,
Factor of safety F'S against bearing capacity failure on unreinforced soil
Allowable settlement S,

B. Soil:
Unit weight y
Friction angle ¢
Modulus of elasticity E|
Poisson’s ratio v,

C. Reinforcement ties:
Width w
Soil-tie friction angle ¢,
Factor of safety against tie pullout FS,
Factor of safety against tie break FSy
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Step 2. Assume values of B, u, h, and number of reinforcement layers N. Note
the depth of reinforcement d from the bottom of the foundation

d=u+(N-Dh<2B (17)

Step 3. Assume a value of LDR =wn
Step 4. Determine the allowable bearing capacity gy, on unreinforced sand, or

. _ s _ N, +(1/2)yBN,

= (78)
" Fs FS
where
q, = ultimate bearing capacity on unreinforced soil
q="D;

N,, N, = bearing capacity factors (Table 2.3)

q°

Step 5. Determine the allowable bearing capacity gy, based on allowable set-
tlement as follows:

(1—V2)1

”
Setigid) = qan B

s

or

” EsSe(rigid)

qan = BU—v)I (7.9)

The variation of I with L/B (L = length of foundation) is given in Table 7.1.
Step 6. The smaller of the two allowable bearing capacities (i.e., g% or qu) is

equal to g,
TABLE 7.1
Variation of I with L/B
L/B 1
1 0.886
2 121
3 1.409
4 1.552
5 1.663
6 1.754
7 1.831
8 1.898
9 1.957
10 2.010
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Step 7. Calculate g, (load per unit area of the foundation on reinforced soil) as

e = % (7.10)

Step 8. Calculate T for all layers of reinforcement using Equation 7.1.

Step 9. Calculate the magnitude of F,/T for each layer to see if Fy/T=FS,.
If Fp/T<FS,, the length of the reinforcing strips may have to be increased
by substituting X" (>X) in Equation 7.5 so that F,/T is equal to FS.

Step 10. Use Equation 7.2 to obtain the thickness of the reinforcement strips.

Step 11. If the design is unsatisfactory, repeat steps 2 through 10.

EXAMPLE 7.1

Design a continuous foundation with the following:

Foundation:
Net load to be carried Q = 1.5 MN/m
D,=12m
Factor of safety against bearing capacity failure in unreinforced soil
F.=3.5
Tolerable settlement S, =25 mm
Soil:
Unit weight y=16.5 kN/m?
Friction angle ¢ = 36°
E,=3.4x10*kN/m?
v=0.3
Reinforcement ties:
Width w =70 mm
0, =25°
FS,=3
FS,=2
f,=2.5%10° kN/m?

SoLuTION
letB=12m,u=0.5m, h=0.5m, N=4, and LDR = 60%. With LDR = 60%,

Number of strips n = LDR _ 06 _ 8.57/m
w

0.07
From Equation 7.8,

, qNg +(1/2)yBN,
Qan = —FS

From Table 2.3 for ¢ =36° the magnitudes of N, and N, are 37.75 and 44.43,
respectively. So,
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= (1.2x16.5)(37.75) +3(05.5)(1 6.5)(1.2)(44.43) = 33923 kKN/m?

From Equation 7.9,

4
o = E55<92 _ (3.4x10 )(0.2025) — 3892 kN/m’
B=vi)l  (1.2)[1-(0.3)°1(2)

Since g > Ga Go = qan = 339.23 kN/m?”. Thus,

Q 1.5x10°kN

=g 12

=1250 kN/m?

Now the tie forces can be calculated using Equation 7.1

(e

Layer No. (ﬂj[q—"—q zm) z/B  oB-Bh T (kN/m)

N\ 90
1 227.7 0.5 0.47 0.285 64.89
2 227.7 1.0 0.83 0.300 68.31
3 227.7 1.5 1.25 0.325 74.00
4 227.7 2.0 1.67 0.330 75.14

Note: B=1.2m; o from Figure 7.6;  from Figure 7.7; and 7 = 0.5 m.

315

The magnitudes of F/T for each layer are calculated in the following table.

From Equations 7.5 and 7.6,

F,o2 LDR
o= ta”q’;()[Squ (qRJ +Y(X = X)(z+ Dy )}

Layer

Parameter 1 2 3 4
2 tan o, (LDR
%(MN) 0.0086 0.0082 0.0076 0.0075
4B 0.47 0.83 125 1.67
3 0.12 0.14 0.15 0.16
5B, ["—"J (kN/m) 180 210 225 240

4

(Continued)
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Layer
Parameter 1 2 3 4
X/B 1.4 2.3 3.2 3.6
X(m) 1.68 2.76 3.84 4.32
X'IB 0.7 0.8 1.0 1.3
x'(m) 0.84 0.96 1.2 1.56
YX—x")(z+D)(kN/m) 23.56 65.34 117.6 145.7
F,IT 1.75 2.26 2.6 2.89

The minimum factor of safety FS, required is two. In all layers except layer 1,
Fi/T is greater than two. So, we need to find a new value of x = X" so that F/T is
equal to two. So, for layer 1,

20D g[8 sy

or

2=0.0086[180+16.5(X"-0.84)(0.5+1.2)];, X'=2.71Tm

Tie thickness t:
From Equation 7.2,

tf,(LDR)

FSB= T

L ESIT) M s
(f,)LDR)  (2.5x10°)(0.6)

The following table can now be prepared:

Layer No. T (kN/m) t (mm)
1 64.89 =1.3
2 68.31 =1.4
3 74.00 =1.5
4 75.14 =~1.503

A tie thickness of 1.6 mm will be sufficient for all layers. Figure 7.11 shows a
diagram of the foundation with the ties.

7.3 FOUNDATIONS ON GEOGRID-REINFORCED GRANULAR SOIL
7.3.1 GEOGRIDS

A geogrid is defined as a polymeric (i.e., geosynthetic) material consisting of con-
nected parallel sets of tensile ribs with apertures of sufficient size to allow the
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FIGURE 7.11 Length of reinforcement under the foundation.

strike-through of surrounding soil, stone, or other geotechnical material. The primary
function of geogrids is reinforcement. Reinforcement refers to the mechanism(s) by
which the engineering properties of the composite soil/aggregate can be mechani-
cally improved.

Geogrids are high-modulus polymer materials, such as polypropylene and
polyethylene, and are prepared by tensile drawing. Netlon Ltd. of the United
Kingdom was the first producer of geogrids. In 1982, the Tensar Corporation, pres-
ently Tensar International Corporation, introduced geogrids into the United States.

Geogrids generally are of two types: (a) uniaxial and (b) biaxial. Figure 7.12a
and b shows these two types of geogrids. Commercially available geogrids may be
categorized by manufacturing process, principally: extruded, woven, and welded.
Extruded geogrids are formed using a thick sheet of polyethylene or polypropylene
that is punched and drawn to create apertures and to enhance engineering proper-
ties of the resulting ribs and nodes. Woven geogrids are manufactured by grouping
polymeric—usually polyester and polypropylene—and weaving them into a mesh
pattern that is then coated with a polymeric lacquer. Welded geogrids are manu-
factured by fusing junctions of polymeric strips. Extruded geogrids have shown
good performance when compared to other types for pavement reinforcement
applications.

The commercial geogrids currently available for soil reinforcement have nomi-
nal rib thicknesses of about 0.6—1.5 mm and junctions of about 2.5-5 mm. The
grids used for soil reinforcement usually have openings or apertures that are
rectangular or elliptical. The dimensions of the apertures vary from about 25 to
150 mm. Geogrids are manufactured so that the open area of the grids are greater
than 50% of the total area. They develop reinforcing strength at low strain levels,
such as 2%.

More recently, geogrids with triangular apertures (Figure 7.12¢) were introduced
for construction purposes. Geogrids with triangular apertures are manufactured
from a punched polypropylene sheet, which is then oriented in three substantially
equilateral directions so that the resulting ribs shall have a high degree of molecular
orientation.
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FIGURE 7.12 Extruded geogrids: (a) uniaxial; (b) biaxial; and (c) triaxial.
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7.3.2  GENERAL PARAMETERS

Since the mid-1980s, a number of laboratory model studies have been reported
relating to the evaluation of the ultimate and allowable bearing capacities of shallow
foundations supported by soil reinforced with multiple layers of geogrids. The results
obtained so far seem promising. The general parameters of the problem are defined

in this section.

Figure 7.13 shows the general parameters of a rectangular surface foundation on
a soil layer reinforced with several layers of geogrids. The size of the foundation
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FIGURE 7.13 Geometric parameters of a rectangular foundation supported by geogrid-

reinforced soil.
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is BxL (widthxlength) and the size of the geogrid layers is b/ (width xlength).
The first layer of geogrid is located at a depth u below the foundation, and the vertical
distance between consecutive layers of geogrids is 4. The total depth of reinforce-
ment d can be given as

d=u+(N-1h (7.11)

where
N = number of reinforcement layers

The beneficial effects of reinforcement to increase the bearing capacity can be
expressed in terms of a nondimensional parameter called the bearing capacity ratio
(BCR). The BCR can be expressed with respect to the ultimate bearing capacity
or the allowable bearing capacity (at a given settlement level of the foundation).
Figure 7.14 shows the general nature of the load—settlement curve of a foundation
both with and without geogrid reinforcement. Based on this concept, the BCR can
be defined as

BCR, = 4® (7.12)
qll
and
BCR, =& (113)
q
where

BCR, = bearing capacity ratio with respect to the ultimate load
BCR, = bearing capacity ratio at a given settlement level S, for the foundation

For a given foundation and given values of b/B, I/B, u/B, and h/B, the magni-
tude of BCR,, increases with d/B and reaches a maximum value at (d/B).,, beyond
which the bearing capacity remains practically constant. The term (d/B),, is the
critical-reinforcement-depth ratio. For given values of I/B, u/B, h/B, and d/B,
BCR, attains a maximum value at (b/B),,, which is called the critical-width ratio.
Similarly, a critical-length ratio (//B),, can be established (for given values of b/B,
u/B, h/B, and d/B) for a maximum value of BCR,. This concept is schematically
illustrated in Figure 7.15. As an example, Figure 7.16 shows the variation of BCR,
with d/B for four model foundations (B/L =0, 1/3, 1/2, and 1) as reported by Omar
et al.* It was also shown from laboratory model tests*> that, for a given foundation,
if b/B, l/B, d/B, and h/B are kept constant, the nature of variation of BCR, with
u/B will be as shown in Figure 7.17. Initially (zone 1), BCR,, increases with u/B to
a maximum value at (u/B). For u/B>(u/B)., the magnitude of BCR, decreases
(zone 2). For u/B>(u/B) the plot of BCR, versus u/B generally flattens out
(zone 3).

max?
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FIGURE 7.14 General nature of the load-settlement curves for unreinforced and geogrid-
reinforced soil supporting a foundation.
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FIGURE 7.15 Definition of critical nondimensional parameters—(d/B).,, (b/B).,, and (I/B).,.

7.3.3  RELATIONSHIPS FOR CRITICAL NONDIMENSIONAL PARAMETERS
FOR FOUNDATIONS ON GEOGRID-REINFORCED SAND

Based on the results of their model tests and other existing results, Omar et al.*
developed the following empirical relationships for the nondimensional parameters
(d/B).,, (b/B),,, and (I/B)., described in the preceding section.

cr
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FIGURE 7.16  Variation of BCR, with d/B. (Based on the results of Omar, M. T. et al. 1993.
Geotech. Testing J., 16(2): 246.)
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FIGURE 7.17 Nature of variation of BCR, with u/B.

7.3.3.1 Critical Reinforcement: Depth Ratio

(d) =2 —1.4(B)(for 0<B< 0.5) (7.14)
b cr L L

(dj =143 0.26(B)(for 05<2< 1) (7.15)
b cr L L
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The preceding relationships suggest that the bearing capacity increase is realized
only when the reinforcement is located within a depth of 2B for a continuous founda-
tion and a depth of 1.2B for a square foundation.

7.3.3.2 Critical Reinforcement: Width Ratio

0.51
(g] =8 3.5@] (7.16)

According to Equation 7.16, (b/B)., is about 8 for a continuous foundation and about
4.5 for a square foundation. It needs to be realized that, generally, with other param-
eters remaining constant, about 80% or more of BCR, is realized with b/B = 2.
The remaining 20% of BCR,, is realized when b/B increases from about 2 to (b/B)..

7.3.3.3 Critical Reinforcement: Length Ratio

(l) =3.5(BJ+L (7.17)
B), L) B

7.3.3.4 Critical Value of u/B

Figure 7.18 shows the laboratory model test results of Guido et al.,> Akinmusuru
and Akinbolade,® and Yetimoglu et al” for bearing capacity tests conducted on
surface foundations supported by multilayered reinforced sand. Details of these
tests are given in Table 7.2. Based on the definition given in Figure 7.17, it appears
from these test results that (u/B),,,, = 0.9—-1. From Figure 7.18, it may also be seen
that (u/B),, as defined by Figure 7.17 is about 0.25-0.5. An analysis of the test results

3.5 I T

BCR,

u/B

FIGURE 7.18 Variation of BCR,, with u/B from various published works (see Table 7.2 for
details).



324 Shallow Foundations

TABLE 7.2
Details of Test Parameters for Plots Shown in Figure 7.18
Type of Model Type of
Curve Investigator Foundation Reinforcement Parametric Details
1 Guido et al.’ Square Tensar® BX1100) #/B=0.25;
2 Guido et al.’ Square Tensar® BX1200 ¢ /B =3:
3 Guido et al.? Square Tensar® BX1300)  y =3
4 Akinmusuru and  Square Rope fibers hiB=0.5;b/B=3;N=5
Akinbolade®

5 Yetimoglu et al.”  Rectangular; L/B = 8; Terragrid® GS100 b/B=4;N=1

L = length of foundation
6 Yetimoglu et al.”  Rectangular; L/B = 8; Terragrid® GS100 4/B=0.3; b/B=4.5;

L = length of foundation N=4

of Schlosser et al.? yields a value of (u/B),, = 0.4. Large-scale model tests by Adams
and Collin® showed that (u/B),, is approximately 0.25.

7.3.4 BCR, rFor FOUNDATIONS WITH DEPTH OF FOUNDATION
D GREATER THAN ZERO

To the best of the author’s knowledge, the only tests for bearing capacity of shallow
foundations with D;>0 are those reported by Shin and Das.!” These results were for
laboratory model tests on a strip foundation in sand. The physical properties of the
geogrid used in these tests are given in Table 7.3.

The model tests were conducted with d/B from O to 2.4, u/B = 0.4, h/B = 0.4, and
bIB=6 [= (b/B).]. The sand had relative densities D, of 59% and 74%, and D,/B

TABLE 7.3
Physical Properties of the Geogrid Used by Shin and Das
for the Results Shown in Figure 7.19

Physical Property Value

Polymer type Polypropylene

Structure Biaxial

Mass per unit area 320 g/m?

Aperture size 41 mm (MD) x 31 mm (CMD)
Maximum tensile strength 14.5 kN/m (MD) x 20.5 kN/m (CMD)
Tensile strength at 5% strain 5.5 kN/m (MD) x 16.0 kN/m (CMD)

Source: Shin, E. C. and B. M. Das. 2000. Geosynthetics Intl., 7(1): 59.
Note: CMD, cross-machine direction; MD, machine direction.
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FIGURE 7.19 Comparison of BCR, for tests conducted at D,/B =0 and D;/B>0—strip
foundation; u/B = h/B = 0.4; B =67 mm; b/B = 6. (Compiled from the results of Shin, E. C.
and B. M. Das. 2000. Geosynthetics Intl., 7(1): 59.)

was varied from O to 0.75. The variation of BCR, with d/B, D//B, and D, is shown in
Figure 7.19. From this figure, the following observations can be made:

L. For all values of D/B and D,, the magnitude of (d/B),, is about two for strip
foundations
2. For given b/B, D,, u/B, and h/B, the magnitude of BCR,, increases with D/B

Based on their laboratory model test results, Das and Shin'® have shown that the
ratio of BCR:BCR, for strip foundations has an approximate relationship with the
embedment ratio (D//B) for a settlement ratio S,/B less than or equal to 5%. This rela-
tionship is shown in Figure 7.20 and is valid for any values of d/B and b/B. The
definition of BCR, was given in Equation 7.13.

7.3.4.1 Settlement at Ultimate Load

As shown in Figure 7.14, a foundation supported by geogrid-reinforced sand shows
a greater level of settlement at ultimate load ¢, . Huang and Hong'' analyzed the
laboratory test results of Huang and Tatsuoka,'? Takemura et al.,'* Khing et al.,'”* and
Yetimoglu et al.” and provided the following approximate relationship for settlement
at ultimate load. Or,

Sewh) _ 110.385(BCR, ~ 1) (7.18)
e(u)

Refer to Figure 7.14 for definitions of S,z and S,,,.
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FIGURE 7.20  Plot of BCR/BCR,, with D/B (at settlement ratios <5%).

7.3.5  ULmIMATE BEARING CAPACITY OF SHALLOW
FouNDATIONS ON GEOGRID-REINFORCED SAND

Huang and Tatsuoka'? proposed a failure mechanism for a strip foundation supported
by reinforced earth where the width of reinforcement b is equal to the width of the
foundation B, and this is shown in Figure 7.21. This is the so-called deep foundation
mechanism where a quasi-rigid zone is developed beneath the foundation. Schlosser®
proposed a wide slab mechanism of failure in soil at ultimate load for the condition
where b> B, and this is shown in Figure 7.22. Huang and Meng"’ provided an analy-
sis to estimate the ultimate bearing capacity of surface foundations supported by
geogrid-reinforced sand. This analysis took into account the wide slab mechanism as
shown in Figure 7.22. According to this analysis and referring to Figure 7.22,

Guir) = {0.5 —0.1@)}(3 + AB)YBN, +YdN, (7.19)

where
L =length of foundation
Y = unit weight of soil

and

AB =2dtanf (7.20)

The relationships for the bearing capacity factors N, and N, are given in Equations
2.66 and 2.74 (see Table 2.3 for values of N, and Table 2.4 for values of N,).
The angle B is given by the relation

tanp = 0.68— 2.071(1’;) +0.743(CR) + 0.03(2) (7.21)
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FIGURE 7.21 Failure surface observed by Huang and Tatsuoka. (From Huang, C. C. and F.
Tatsuoka. 1990. Geotext. Geomembr., 9: 51.)

where

. width of reinforcing stri
CR = cover ratio = g Stp

center-to-center horizontal spacing of the strips

Equation 7.21 is valid for the following ranges:
0<tanB <1 1<

h
O.ZSSESO.S ISN<ZS

0.02<CR<1.0 0.3S%32.5

In Equation 7.21, it is important to note that the parameter 4/B plays the primary
role in predicting 3, and CR plays the secondary role. The effect of b/B is small.

l¢— B—p}

Reinforcement
BN [7
PARRRT SR ey o

n

-]

FIGURE 7.22 Failure mechanism of reinforced ground proposed by Schlosser et al. (From
Schlosser, F., H. M. Jacobsen, and 1. Juran. 1983. Proc. Eighth European Conf. Soil Mech.
Found. Engg., Helsinki, Balkema, p. 83.)
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7.3.6  TENTATIVE GUIDELINES FOR BEARING CAPACITY CALCULATION IN SAND

Considering the bearing capacity theories presented in the preceding section, the
following is a tentative guideline (mostly conservative) for estimating the ultimate
and allowable bearing capacities of foundations supported by geogrid-reinforced
sand:

Step 1. The magnitude of u/B should be kept between 0.25 and 0.33.

Step 2. The value of h/B should not exceed 0.4.

Step 3. For most practical purposes and for economic efficiency, b/B should be
kept between 2 and 3 and N<4.

Step 4. Use Equation 7.19, slightly modified, to calculate g, ), or

Qur) = [0.5 — O.I(iﬂ(B +2dtan [3)\(Ny +v(D; +d)N, (7.22)
where
4 h b
B = tan {0.68 - 2.071(3) +0.743(CR) + 0.03(3)} (7.23)

Step 5. For determining g, at S,/B<5%,
a. Calculation of BCR, = g,x/q,- The relationship for g, is given in
Equation 7.22. Also,

Gu = {0.5 - 0.1@”3@@ +YD,N, (7.24)

With known values of D/B and using Figure 7.20, obtain BCR/BCR,.
From steps a and b, obtain BCR, = g,/q.
d. Estimate ¢ from the relationships given in Equations 5.47 and 5.48 as

o

SeNew __ 085:Neo g p<120 m)

q = =
Dy _[Pr (7.25)
1.25[1—(43)} 1 (43)

and

SNy B+ 0.3)2 _ 0.58,Ng (B+ 0.3

"

2
j (for B >1.22 m)
(7.26)
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where
q is in kN/m?, S, is in mm, and D, and B are in m
Ny, = average field standard penetration number

e. Calculate gz = ¢q(BCR))

7.3.7 BEARING CAPACITY OF ECCENTRICALLY LOADED RECTANGULAR FOUNDATION

Sahu et al.' conducted several model tests in the laboratory to determine the ultimate
bearing capacity of rectangular surface foundations (D/B = 0) on geogrid-reinforced
sand and subjected to vertical eccentric loading. The load eccentricity (e) was in the
width direction, and the eccentricity ratio (e/B) was varied from O to 0.15. For these
tests, B/L was varied as 1, 0.5, 0.33, and 0. (Note: B = width of the foundation and
L = length of the foundation.) The magnitude of B was kept at 100 mm for all tests.
The average relative density during the tests was 69%. Based on the test results, it
was proposed that,

duitee - Ry, (7.27)
Qu(r)

where,
q..r) = ultimate bearing capacity for e/B =0

q.qr)-. = average ultimate load per unit area for e/B>0
R, = reduction factor

Note that, for continuous foundations (i.e., B/L = 0),

Gy e = Q% (7.28)

where,
O.(x. = ultimate eccentric load per unit length of the continuous foundation

Similarly, for rectangular foundations (B/L>0),

Our)-
o, = R (7.29)
Qu® BL

where,
0 x)-. = ultimate eccentric load on the rectangular foundation

The reduction factor as derived from these tests can be expressed as

b c
Ry, = a(d) [ej (7.30)
B)\B
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where,
B
a=—1.02(L)+3.99 (7.31)
B
b=0. IS(LJ +0.43 (7.32)
B
c:—O.IS(L)+l.16 (7.33)

For the definition of d in Equation 7.30, see Figure 7.13.

7.3.8 BEARING CapraciTY OF CONTINUOUS FOUNDATION
SuBJECTED TO INCLINED LOAD

Figure 7.23 shows a shallow continuous foundation supported by a geogrid-
reinforced sand layer that is being subjected to an inclined load Q,, per unit length
of the foundation. The depth of the foundation is D, and o is the angle of inclination
of the load with respect to the vertical. Hence, the inclined load per unit area is

Qu((x) (
o = 7.34)
Gu(oy B

Qo) = load/unit area

o
S Sand o
L) «—— B —>
Y - " " ” . )
' @ © o © ot @
d, h B/L \)\B Geogrid
f Y o ° ° ® ° * 9
d ‘ A 4 v A4 A 4 A 4 \
; / \
X . 3
h
¥ @ -1
h
i3 v .
|
>

FIGURE 7.23 Continuous foundation over geogrid-reinforced sand subjected to inclined
ultimate load.
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Sahu et al.” conducted several model tests in the laboratory to determine the
ultimate bearing capacity of strip foundation under inclined loading. The tests were
conducted in dense and loose conditions with soil friction angles of 40.9° and 34°,
respectively. The load inclination o was varied from 0 to 20°. Based on the model
test results, it was suggested that

Gu(or) =1-Ry (7.35)
Gu(o=0) "

where,
q.=0) = ultimate bearing capacity under vertical loading condition (i.e., ot = 0)
Ry, = reduction factor

The reduction factor can be expressed as

D. d. 0.07+0.27(Dy / B) o 0.78+0.3(Dy /B)
Ry, = {1.36 - o.%(/ﬂ(!‘) X (J (7.36)
B )\ B o

7.3.9  SETTLEMENT OF FOUNDATIONS ON GEOGRID-REINFORCED
SoiL pue 10 Cycric LoADING

In many cases, shallow foundations supported by geogrid-reinforced soil may be
subjected to cyclic loading. This problem will primarily be encountered by vibra-
tory machine foundations. Das'® reported laboratory model test results on settlement
caused by cyclic loading on surface foundations supported by reinforced sand. The
results of the tests are summarized below.

The model tests were conducted with a square model foundation on unreinforced
and geogrid-reinforced sand. Details of the sand and geogrid parameters were

Model foundation:
Square; B =76.2 mm
Sand:
Relative density of compaction D, = 76%
Angle of friction ¢ = 42°
Reinforcement:
Geogrid: Tensar® BX1000
Reinforcement—width ratio:

LA R E ion 7.16
B B) (see Equation 7.16)
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=0.33

W=

Reinforcement—depth ratio:

d d
() ~ (B) =1.33 (see Equation 7.15)

Number of layers of reinforcement:
N=4

The laboratory tests were conducted by first applying a static load of intensity ¢,
(=q.w/FS; FS = factor of safety) followed by a cyclic load of low frequency (1 cps).
The amplitude of the intensity of cyclic load Was g, (.- The nature of load applica-
tion described is shown in Figure 7.24. Figure 7.25 shows the nature of variation of
foundation settlement due to cyclic load application S, with g, (.x/q.& and number
of load cycles n. This is for the case of F'S=3. Note that, for any given test, S,
increases with n and reaches practically a maximum value S, ., at n =n,. Based
on these tests, the following conclusions can be drawn:

1. For given values of FS and n, the magnitude of S,/B increases with the
increase in q.ma0/quw,

2. If the magnitudes of ¢, (ax/q.x and n remain constant, the value of S, /B
increases with a decrease in F'S.

3. The magnitude of n., for all tests in reinforced soil is approximately the
same, varying between 1.75x10° and 2.5x10° cycles. Similarly, the mag-
nitude of n, for all tests in unreinforced soil varies between 1.5x10° and
2.0x10° cycles.

The variations of S, /B obtained from these tests for various values of g max/
4. and FS are shown in Figure 7.26. This figure clearly demonstrates the reduction
of the level of permanent settlement caused by geogrid reinforcement due to cyclic

S A

Z

2

g —»] 1s |le—
v | x

51

S 4 dc(max)

Time

FIGURE 7.24 Nature of load application—cyclic load test.
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FIGURE 7.25 Plot of S, /B versus n. (Note: For reinforced sand, u/B = h/B = 1/3; b/B = 4;
d/B =1.33)) (After Das, B. M. 1998. Geosynthetics in Foundation Reinforcement and Erosion
Control Systems, eds. J. J. Bowders, H. B. Scranton, and G. P. Broderick. ASCE, Geotech.
Special Pub., 76, p. 19.)

loading. Using the results of S, given in Figure 7.26, the variation of settlement
ratio p for various combinations of ¢, ../q.x and FS are plotted in Figure 7.27. The
settlement ratio is defined as

_ Sec(max —reinforced (7.37)
P See(max) — unreinforced '

From Figure 7.27, it can be seen that, although some scattering exists, the settle-
ment ratio is only a function of G (,../q.x and not the factor of safety FS.

7.3.10  SETTLEMENT DUE TO IMPACT LOADING

Geogrid reinforcement can reduce the settlement of shallow foundations that are
likely to be subjected to impact loading. This is shown in the results of laboratory
model tests in sand reported by Das.!® The tests were conducted with a square sur-
face foundation (D;= 0; B =76.2 mm). Tensar® BX1000 geogrid was used as rein-
forcement. Following are the physical parameters of the soil and reinforcement:

Sand:
Relative density of compaction = 76%
Angle of friction ¢ = 42°
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FIGURE 7.26 Plot of S, /B Versus qu.ma/dur- (Note: For reinforced sand,
u/B=h/B=1/3;b/B=4;d/B=1-1/3.) (After Das, B. M. 1998. Geosynthetics in Foundation
Reinforcement and Erosion Control Systems, eds. J. J. Bowders, H. B. Scranton, and
G. P. Broderick. ASCE, Geotech. Special Pub., 76, p. 19.)

Reinforcement:

Y _o03% Poa Moo
B B B

Number of reinforcement layers N =0, 1, 2, 3, and 4.

The idealized shape of the impact load applied to the model foundation is shown
in Figure 7.28, in which #, and 7, are the rise and decay times and g, is the maxi-
mum intensity of the impact load. For these tests, the average values of ¢, and 7, were
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FIGURE 7.27  Variation of . m.x/q.r) With p. (Note: For reinforced sand, u/B = h/B = 1/3;
b/B =4;d/B =1-1/3.) (After Das, B. M. 1998. Dynamic loading on foundation on reinforced
soil. In Geosynthetics in Foundation Reinforcement and Erosion Control Systems, eds.
J. J. Bowders, H. B. Scranton, and G. P. Broderick. ASCE, Geotech. Special Pub., 76, p. 19.)

approximately 1.75 and 1.4 s, respectively. The maximum settlements observed due to
the impact loading S,y are shown in a nondimensional form in Figure 7.29. In this
figure, g, and S, respectively, are the ultimate bearing capacity and the correspond-
ing foundation settlement on unreinforced sand. From this figure, it is obvious that

1. For a given value of g,,,,/q,, the foundation settlement decreases with an
increase in the number of geogrid layers
2. For a given number of reinforcement layers, the magnitude of S, .y
increases with the increase in g,,,,/q,
The effectiveness with which geogrid reinforcement helps reduce the settlement
can be expressed by a quantity called the settlement reduction factor R, or

R= Sel(max)—d

S et(max)—d=0
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FIGURE 7.29 Variation of S,;,,/Sey With Gna/q, and d/B. (After Das, B. M. 1998.
Geosynthetics in Foundation Reinforcement and Erosion Control Systems, eds. J. J. Bowders,

H. B. Scranton, and G. P. Broderick. ASCE, Geotech. Special Pub., 76, p. 19.)
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FIGURE 7.30 Plot of settlement reduction factor with g,.,../q, and d/d.,. (After Das, B. M.
1998. Geosynthetics in Foundation Reinforcement and Erosion Control Systems, eds. J. J.
Bowders, H. B. Scranton, and G. P. Broderick. ASCE, Geotech. Special Pub., 76, p. 19.)

where
S imax)-¢ = Maximum settlement due to impact load with reinforcement depth
of d
S oi(max)—d=0 = Maximum settlement with no reinforcement (i.e., d =0 or N = 0)

Based on the results given in Figure 7.29, the variation of R with ¢,,,,,/q, and d/d.,
is shown in Figure 7.30. From the plot, it is obvious that the geogrid reinforcement
acts as an excellent settlement retardant under impact loading.
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8 Uplift Capacity of
Shallow Foundations

8.1 INTRODUCTION

Foundations and other structures may be subjected to uplift forces under special cir-
cumstances. For those foundations, it is desirable to apply a sufficient factor of safety
against failure by uplift during the design process. During the last 40 or so years,
several theories have been developed to estimate the ultimate uplift capacity of foun-
dations embedded in sand and clay soils, and some of those theories are detailed in
this chapter. The chapter is divided into two major parts: foundations in granular soil
and foundations in saturated clay soil (¢ = 0).

Figure 8.1 shows a shallow foundation of width B and depth of embedment D
The ultimate uplift capacity of the foundation Q, can be expressed as

Q, = frictional resistance of soil along the failure surface

+ weight of soil in the failure zone and the foundation 8.1)

If the foundation is subjected to an uplift load of Q,, the failure surface in the soil
for relatively small D /B values will be of the type shown in Figure 8.1. The intersec-
tion of the failure surface at the ground level will make an angle o with the horizon-
tal. However, the magnitude of o will vary with the relative density of compaction in
the case of sand, and with the consistency in the case of clay soils.

When the failure surface in soil extends up to the ground surface at ultimate
load, it is defined as a shallow foundation under uplift. For larger values of D/B,
failure takes place around the foundation and the failure surface does not extend to
the ground surface. These are called deep foundations under uplift. The embedment
ratio D/B at which a foundation changes from shallow to deep condition is referred
to as the critical embedment ratio (D,/B).,. In sand, the magnitude of (D/B),, can vary
from 3 to about 11, and in saturated clay, it can vary from 3 to about 7.

8.2 FOUNDATIONS IN SAND

During the last 40 years, several theoretical and semiempirical methods have been
developed to predict the net ultimate uplifting load of continuous, circular, and rect-
angular foundations embedded in sand. Some of these theories are briefly described
in the following sections.

339
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fe—p—>

FIGURE 8.1 Shallow foundation subjected to uplift.

8.2.1 BALLA’S THEORY

Based on the results of several model and field tests conducted in dense soil, Balla!
established that, for shallow circular foundations, the failure surface in soil will be as
shown in Figure 8.2. Note from the figure that aa” and bb” are arcs of a circle. The angle
o is equal to 45 — ¢/2. The radius of the circle, of which aa” and bb” are arcs, is equal to

r= O (8.2)
sin(45+¢/2)

As mentioned before, the ultimate uplift capacity of the foundation is the sum of
two components: (a) the weight of the soil and the foundation in the failure zone and
(b) the shearing resistance developed along the failure surface. Thus, assuming that
the unit weight of soil and the foundation material are approximately the same,

Qy

7
v O

|¢——— r = radius ———|

FIGURE 8.2 Balla’s theory for shallow circular foundations.
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D, D
0, = D}Y{FI (¢,Bf]+ E(@Bfﬂ 8.3)
where

Y = unit weight of soil
¢ = soil friction angle
B = diameter of the circular foundation

The sums of the functions F;(¢, D;/B) and F(0, D,/B) developed by Balla' are
plotted in Figure 8.3 for various values of the soil friction angle ¢ and the embed-
ment ratio, Df/B.
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FIGURE 8.3 Variation of F, + F; (Equation 8.3).
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FIGURE 8.4 Nature of variation of F' , With D,/B.

In general, Balla’s theory is in good agreement with the uplift capacity of shallow
foundations embedded in dense sand at an embedment ratio of D,/B<5. However,
for foundations located in loose and medium sand, the theory overestimates the
ultimate uplift capacity. The main reason Balla’s theory overestimates the ultimate
uplift capacity for D;/B>about 5 even in dense sand is because it is essentially a deep
foundation condition, and the failure surface does not extend to the ground surface.

The simplest procedure to determine the embedment ratio at which the deep foun-
dation condition is reached may be determined by plotting the nondimensional break-
out factor F, against D//B as shown in Figure 8.4. The breakout factor is derived as

_
" YAD;

8.4)

where
A = area of the foundation

The breakout factor increases with D,/B up to a maximum value of F, = F, at
D,/B = (D;/B),,. For D;//B>(D,/B),,, the breakout factor remains practically constant
(.e. F)).

8.2.2 THEORY OF MEYERHOF AND ADAMS

One of the most rational methods for estimating the ultimate uplift capacity of a shal-
low foundation was proposed by Meyerhof and Adams,? and it is described in detail
in this section. Figure 8.5 shows a continuous foundation of width B subjected to an
uplifting force. The ultimate uplift capacity per unit length of the foundation is equal
to Q,. At ultimate load, the failure surface in soil makes an angle o with the hori-
zontal. The magnitude of oo depends on several factors, such as the relative density
of compaction and the angle of friction of the soil, and it varies between 90° — 1/3 ¢
and 90° — 2/3 ¢. Let us consider the free body diagram of the zone abcd. For stability
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FIGURE 8.5 Continuous foundation subjected to uplift.

consideration, the following forces per unit length of the foundation need to be con-
sidered: (a) the weight of the soil and concrete W and (b) the passive force P, per
unit length along the faces ad and bc. The force P, is inclined at an angle & to the
horizontal. For an average value of oo =90 — ¢/2, the magnitude of & is about 2/3 ¢.

If we assume that the unit weights of soil and concrete are approximately the
same, then

po(1) 1 ,
/= =|—|| — [K,,YD 8.5
F cosd (2)(0058j( ¥ f) (®.3)

where
P/ = horizontal component of the passive force, P,
K, = horizontal component of the passive earth pressure coefficient

Now, for equilibrium, summing the vertical components of all forces,
S0
Qu :W+2Pp’ SinS

0, =W +2(P;cosd) tan &
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0,=W+2P/tand

or

g=W+4;&MM}m6=W+&meMS (8.6)

The passive earth pressure coefficient based on the curved failure surface for
0 =2/3 ¢ can be obtained from Caquot and Kerisel.> Furthermore, it is convenient to
express K, tan 8 in the form

K, tan¢ = K, tan & 8.7

Combining Equations 8.6 and 8.7,

Q,=W+K,yDj tan (8.8)

where
K, = nominal uplift coefficient

The variation of the nominal uplift coefficient K, with the soil friction angle ¢
is shown in Figure 8.6. It falls within a narrow range and may be taken as equal to
0.95 for all values of ¢ varying from 30° to about 48°. The ultimate uplift capacity
can now be expressed in a nondimensional form (i.e., the breakout factor, F) as

1.00 |~ .

<095 b —

0.90 — =

25 30 35 40 45 50

Soil friction angle, ¢ (deg)

FIGURE 8.6 Variation of K,
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defined in Equation 8.4.* Thus, for a continuous foundation, the breakout factor per
unit length is

P
YAD;
or
W+ K, yD*t D;
F = WK e (00 g 8.9)
w B
For circular foundations, Equation 8.8 can be modified to the form
0. =W+ gsFyBDj;Ku tan ¢ (8.10)
T o»
WzZB Dy (8.11)
where
S = shape factor
B = diameter of the foundation
The shape factor can be expressed as
D
S =1+m(f] (8.12)
B
where

m = coefficient that is a function of the soil friction angle ¢

Thus, combining Equations 8.10 through 8.12, we obtain

0, = ZB2ny+g{nm(zfﬂyBD}Ku tan ¢ (8.13)

The breakout factor F, can be given as

oo O _ (n/4)B>D,y +(m/2)| 1+ m(D,/B) |yBD} K, tan¢
"D, v[4)8 D,

= 1+2[1+m[gfﬂ(DijKu tand (8.14)
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For rectangular foundations having dimensions of Bx L, the ultimate capacity can
also be expressed as

Q,=W+yD;(2S;B+L - B)K, tan¢ (8.15)

The preceding equation was derived with the assumption that the two end por-
tions of length B/2 are governed by the shape factor S, while the passive pressure
along the central portion of length L — B is the same as the continuous foundation.
In Equation 8.15,

W = yBLD; (8.16)
and
Sp=1 +m(l;fj (8.17)
Thus,
Q. =YBLD, +YD; {2{1 + m([gﬂB +L— B}Ku tan (8.18)

The breakout factor F' , can now be determined as

O

“~ YBLD, 8.19)
f

Combining Equations 8.18 and 8.19, we obtain*

R O )

The coefficient m given in Equation 8.12 was determined from experimental
observations? and its values are given in Table 8.1. As shown in Figure 8.4, the break-
out factor F, increases with D/B to a maximum value of F, at (D/B),, and remains
constant thereafter. Based on experimental observations, Meyerhof and Adams? rec-
ommended the variation of (D,/B),, for square and circular foundations with soil
friction angle ¢ and this is shown in Figure 8.7.

Thus, for a given value of ¢ for square (B = L) and circular (diameter = B) foun-
dations, we can substitute m (Table 8.1) into Equations 8.14 and 8.20 and calculate
the breakout factor F, variation with embedment ratio D/B. The maximum value of
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TABLE 8.1

Variation of m (Equation 8.12)
Soil Friction Angle ¢ m
20 0.05
25 0.1
30 0.15
35 0.25
40 0.35
45 0.5
48 0.6

10 T T T T

o | 1 r 1
20 25 30 35 40 45

Soil friction angle, ¢ (deg)

FIGURE 8.7 Variation of (D/B),, for square and circular foundations.

F,= Fq* will be attained at D,/B = (D/B),,. For D,/B>(D,/B),,, the breakout factor
will remain constant as F, . The variation of F , With D,/B for various values of ¢
made in this manner is shown in Figure 8.8. Figure 8.9 shows the variation of the
maximum breakout factor F, for deep square and circular foundations with the soil
friction angle ¢.

Laboratory experimental observations have shown that the critical embedment
ratio (for a given soil friction angle ¢) increases with the L/B ratio. For a given value
of ¢, Meyerhof® indicated that

(Dr/B),s i 5 8.21)
(Ds/B

cr—square
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FIGURE 8.8 Plot of F, for square and circular foundations (Equations 8.14 and 8.20).

Based on laboratory model test results, Das and Jones® gave an empirical relation-
ship for the critical embedment ratio of rectangular foundations in the form

(ij :(Df) [0.133(L)+0.867}S1.4(ij 8.22)
B cr-R B cr-S B B cr-S

where

D - . . .
(Bf) = critical embedment ratio of a rectangular foundation with
cr-R

dimensions of Lx B
Dy . . . sy .
— = critical embedment ratio of a square foundation with dimensions
B cr-S
of BXB

Using Equation 8.22 and the (D,/B),, s values given in Figure 8.7, the magnitude
of (D;/B).,y for a rectangular foundation can be estimated. These values of (D,/B),,
can be substituted into Equation 8.20 to determine the variation of F, = F* with the

soil friction angle ¢.
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FIGURE 8.9 F;; for deep square and circular foundations.

8.2.3 THEORY OF VESIC

Vesic’ studied the problem of an explosive point charge expanding a spherical cav-
ity close to the surface of a semi-infinite, homogeneous, and isotropic solid (in this
case, the soil). Referring to Figure 8.10, it can be seen that if the distance D, is small
enough, there will be an ultimate pressure p, that will shear away the soil located
above the cavity. At that time, the diameter of the spherical cavity is equal to B. The
slip surfaces ab and cd will be tangent to the spherical cavity at a and c. At points b
and d, they make an angle o. =45 — ¢/2. For equilibrium, summing the components
of forces in the vertical direction, we can determine the ultimate pressure p, in the
cavity. Forces that will be involved are

1. Vertical component of the force inside the cavity P,
2. Effective self-weight of the soil W= W, + W,
3. Vertical component of the resultant of internal forces F,

For a c—¢ soil, we can thus determine that

Do :c]?'c-f’YDf]?;I (823)
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FIGURE 8.10 Vesic’s theory of expansion of cavities.

where
% [ [ ’
Fo10-2 (872) +A b, +A, D, (8.24)
3| Dy | (B/2) | (B/2)
= Dy ] Dy ]
Fo=4 { (B/2) A { (B/2) ®.25)
where

A, A,, A;, A, = functions of the soil friction angle ¢
For granular soils ¢ =0, so

Po =YD;F, (8.26)

Vesic? applied the preceding concept to determine the ultimate uplift capacity of
shallow circular foundations. In Figure 8.11, consider that the circular foundation ab
with a diameter B is located at a depth D, below the ground surface. Assuming that
the unit weight of the soil and the unit weight of the foundation are approximately
the same, if the hemispherical cavity above the foundation (i.e., ab) is filled with soil,
it will have a weight of

3
W, = n(B) Y (8.27)

This weight of soil will increase the pressure by p,, or

b= = )

_ W _(2n3)x(B2)y ZZE(BJ
n(B2)  n(Br2) 3
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lgf

s N .u.b
I{—Diameter = B—)I

FIGURE 8.11 Cavity expansion theory applied to circular foundation uplift.

If the foundation is embedded in a cohesionless soil (c = 0), the pressure p, should
be added to Equation 8.26 to obtain the force per unit area of the anchor ¢, needed
for a complete pullout. Thus,

Qu Qu - 2 B

=== 20 __p 4 p =YyDF,+=y| =

qu A (Tr,/2)(B)2 P D1 =YDl 3’Y(2)

— (213)(B12)
=vD;| F,+————+ (8.28)
or
0 D D, |
W=t =yD; 1+ A 1+ A S =vD, F 8.29
Q=" =V '[(3/2)} {(B/Z)} Wr Ly (8.29)
breakout

factor

The variations of the breakout factor F, for shallow circular foundations are
given in Table 8.2 and Figure 8.12. In a similar manner, Vesic determined the varia-
tion of the breakout factor F, for shallow continuous foundations using the analogy
of expansion of long cylindrical cavities. These values are given in Table 8.3 and are
also plotted in Figure 8.13.

8.2.4 SAeeDY’s THEORY

A theory for the ultimate uplift capacity of circular foundations embedded in sand
was proposed by Saeedy® in which the trace of the failure surface was assumed to
be an arc of a logarithmic spiral. According to this solution, for shallow foundations,
the failure surface extends to the ground surface. However, for deep foundations
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TABLE 8.2
Vesic’s Breakout Factor F, for Circular Foundations

D/B
Soil Friction Angle ¢ (deg) 0.5 1.0 1.5 2.5 5.0
0 1.0 1.0 1.0 1.0 1.0
10 1.18 1.37 1.59 2.08 3.67
20 1.36 1.75 2.20 3.25 6.71
30 1.52 2.11 2.79 441 9.89
40 1.65 2.41 3.30 5.43 13.0
50 1.73 261 3.56 6.27 15.7

100
80
60
40
= 50° =
20 0 A
3 40°
2
= 8
n # o
) A/ 20
// L
4 / /
2
7
1
1 3 5 7 8

Df/B
FIGURE 8.12  Vesic’s breakout factor F, for shallow circular foundations.

(i.e., D> Dy, the failure surface extends only to a distance of Dy, above the foun-
dation. Based on this analysis, Saeedy® proposed the ultimate uplift capacity in a
nondimensional form (Q,/yB*D,) for various values of ¢ and the D,/B ratio. The
author converted the solution into a plot of breakout factor F, = Q,/YAD, (A = area of
the foundation) versus the soil friction angle ¢ as shown in Figure 8.14. According
to Saeedy, during the foundation uplift the soil located above the anchor gradually
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TABLE 8.3
Vesic’s Breakout Factor F, for Continuous Foundations

D/B

Soil Friction Angle ¢ (deg) 0.5 1.0 1.5 2.5 5.0
0 1.0 1.0 1.0 1.0 1.0
10 1.09 1.16 1.25 1.42 1.83
20 1.17 1.33 1.49 1.83 2.65
30 1.24 1.47 1.71 2.19 3.38
40 1.30 1.58 1.87 2.46 3.91
50 1.32 1.64 2.04 2.60 4.20

becomes compacted, in turn increasing the shear strength of the soil and hence the
ultimate uplift capacity. For that reason, he introduced an empirical compaction
Jactor 1, which is given in the form

where

n=1.044D, +0.44

D, = relative density of sand

2 /q)/:j O(T /
it
oy /30°/ /
1 /// /200
/
-
T

FIGURE 8.13  Vesic’s breakout factor F , for shallow continuous foundations.

(8.30)
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FIGURE 8.14  Plot of F, based on Saeedy’s theory.

Thus, the actual ultimate capacity can be expressed as

Qu(actual) = (Fq’YADf)M (831)

8.2.5 DiscussioN oF VARIOUS THEORIES

Based on the various theories presented in the preceding sections, we can make
some general observations:

1. The only theory that addresses the problem of rectangular foundations is
that given by Meyerhof and Adams.?

2. Most theories assume that shallow foundation conditions exist for D/B < 5.
Meyerhof and Adams’ theory provides a critical embedment ratio (D;/B),,
for square and circular foundations as a function of the soil friction angle.

3. Experimental observations generally tend to show that, for shallow founda-
tions in loose sand, Balla’s theory! overestimates the ultimate uplift capac-
ity. Better agreement, however, is obtained for foundations in dense soil.
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4. Vesic’s theory? is, in general, fairly accurate for estimating the ultimate
uplift capacity of shallow foundations in loose sand. However, laboratory
experimental observations have shown that, for shallow foundations in
dense sand, this theory can underestimate the actual uplift capacity by as
much as 100% or more.

Figure 8.15 shows a comparison of some published laboratory experimental results
for the ultimate uplift capacity of circular foundations with the theories of Balla, Vesic,
and Meyerhof and Adams. Table 8.4 gives the references to the laboratory experimental
curves shown in Figure 8.15. In developing the theoretical plots for ¢ = 30° (loose sand
condition) and ¢ = 45° (dense sand condition), the following procedures were used:

1. According to Balla’s theory,' from Equation 8.3 for circular foundations,

0, =D}Y(F + Fy)

So,

0. |mHB’]o, _[(1!/4)(B/Df)2:|Qu
W} [ ] YDA

h+F=

100
80 -

20 —

F, (log scale)

4__

1 | | |
1 2 4 6 8 10 12

Dy/B

FIGURE 8.15 Comparison of theories with laboratory experimental results for circular
foundations.
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TABLE 8.4
References to Laboratory Experimental Curves Shown in Figure 8.15

Circular Foundation

Curve Reference Diameter B (mm) Soil Properties
1 Baker and Kondner!? 25.4 0 =42°vy=17.61 kN/m?
2 Baker and Kondner!© 38.1 0 =42°v=17.61 kN/m?
3 Baker and Kondner!© 50.8 0 =42°v=17.61 kN/m?
4 Baker and Kondner!© 76.2 0 =42°v=17.61 kN/m?
5 Sutherland!! 38.1-152.4 0 =45°
6 Sutherland!! 38.1-152.4 6=31°
7 Esquivel-Diaz'? 76.2 0=43°; v=14.81-15.14 kN/m?
8 Esquivel-Diaz'? 76.2 0 =33°v=12.73-12.89 kN/m?3
9 Balla! 61-119.4 Dense sand
or
0. _ FR+FR

F = -
" YAD;  (w/4)(B/D,) (8.32)

So, for a given soil friction angle, the sum of F,+ F; was obtained from
Figure 8.3, and the breakout factor was calculated for various values of D,/B. These
values are plotted in Figure 8.15.

1. For Vesic’s theory,® the variations of F, versus D,/B for circular foundations
are given in Table 8.2. These values of F, are also plotted in Figure 8.15.

2. The breakout factor relationship for circular foundations based on Meyerhof
and Adams’ theory? is given in Equation 8.14. Using K, = 0.95, the variations
of F, with D,/B were calculated, and they are also plotted in Figure 8.15.

Based on the comparison between the theories and the laboratory experimental
results shown in Figure 8.15, it appears that Meyerhof and Adams’ theory? is more
applicable to a wide range of foundations and provides as good an estimate as any
for the ultimate uplift capacity. So, this theory is recommended for use. However, it
needs to be kept in mind that the majority of the experimental results presently avail-
able in the literature for comparison with the theory are from laboratory model tests.
When applying these results to the design of an actual foundation, the scale effect
needs to be taken into consideration. For that reason, a judicious choice is necessary
in selecting the value of the soil friction angle ©.

EXAMPLE 8.1

Consider a circular foundation in sand. Given, for the foundation: diameter
B=1.5m; depth of embedment D;=1.5m. Given, for the sand: unit weight
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v=17.4 kKN/m’; friction angle ¢ =35°. Using Balla’s theory, calculate the ultimate
uplift capacity.

SoLUTION
From Equation 8.3,

Q, =Diy(R+h)

From Figure 8.3 for ¢ = 35°and D/B = 1.5/1.5 = 1, the magnitude of F, + F, = 2.4.
So,

Q, = (1.5/(17.4)(2.4) = 140.9 kN

EXAMPLE 8.2

Redo Example 8.1 problem using Vesic’s theory.

SoLuTION
From Equation 8.29,

Q= AYDqu

From Figure 8.12 for ¢ = 35° and D/B =1, F is about 2.2. So,

Q, = K’Du .5)2}(1 7.4)1.5)(2.2)=101.5kN

EXAMPLE 8.3
Redo Example 8.1 problem using Meyerhof and Adams’ theory.

SoLuTioN

Fp=1+ 2{1+ m(%j](%)& tan¢

For ¢ =35° m=0.25 (Table 8.1). So,

From Equation 8.14,

fy =14 2[1+(0.25)(1](1)(0.95)(tan35) = 2.66

So,

Q, = F,YAD; = (2.66)(1 7.4){(2](1 .5)2}(1 5)=122.7 kN



358 Shallow Foundations

8.3 FOUNDATIONS IN SATURATED CLAY (¢ = 0 CONDITION)

8.3.1 UrniMATE UpLIFT CAPACITY: GENERAL

Theoretical and experimental research results presently available for determining
the ultimate uplift capacity of foundations embedded in saturated clay soil are rather
limited. In the following sections, the results of some of the existing studies are
reviewed.

Figure 8.16 shows a shallow foundation in saturated clay. The depth of the foun-
dation is D, and the width of the foundation is B. The undrained shear strength
and the unit weight of the soil are ¢, and v, respectively. If we assume that the unit
weights of the foundation material and the clay are approximately the same, then the
ultimate uplift capacity can be expressed as®

0, =A(Ds +c,F) (8.33)

where
A = area of the foundation
F_ = breakout factor
Y = saturated unit weight of the soil

8.3.2 VEsic’s THEORY

Using the analogy of the expansion of cavities, Vesic® presented the theoretical varia-
tion of the breakout factor F. (for ¢ =0 condition) with the embedment ratio D/B,
and these values are given in Table 8.5. A plot of these same values of F, against D/B
is also shown in Figure 8.17. Based on the laboratory model test results available at
the present time, it appears that Vesic’s theory gives a closer estimate only for shal-
low foundations embedded in softer clay.

Qy

T TEaran
oy M
B Vol

. ot

Saturated clay

Unit weight =y

Undrained shear
strength = ¢,

]

FIGURE 8.16 Shallow foundation in saturated clay subjected to uplift.



Uplift Capacity of Shallow Foundations 359

TABLE 8.5
Variation of F_ (¢ = 0 Condition)
D/B
Foundation Type 0.5 1.0 1.5 2.5 5.0
Circular (diameter = B) 1.76 3.80 6.12 11.6 30.3
Continuous (width = B) 0.81 1.61 242 4.04 8.07
40.0
20.0 ]
Circular
/foundation
10.0
4

8.0

6.0

/

F_ (log scale)

4.0
Continuous

Vi
//
/ foundation
2.0 7 /

1.0 /

0.8

FIGURE 8.17 Vesic’s breakout factor F..

In general, the breakout factor increases with the embedment ratio up to a maxi-
mum value and remains constant thereafter, as shown in Figure 8.18. The maximum
value of F, = F is reached at D,/B = (D/B),,. Foundations located at D/B>(D/B),,
are referred to as deep foundations for uplift capacity consideration. For these foun-
dations at ultimate uplift load, local shear failure in soil located around the founda-
tion takes place. Foundations located at D/B<(D/B),, are shallow foundations for
uplift capacity consideration.

8.3.3 MEYERHOF’s THEORY

Based on several experimental results, Meyerhof> proposed the following relationship:

Qu = A(YDf + F‘ccu) (834)
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FIGURE 8.18 Nature of variation of F, with D/B.

For circular and square foundations,

D
F.= 1.2(f] <9 (8.35)
B
and for strip foundations,
D
F. = 0.6(ij <8 (8.36)

The preceding two equations imply that the critical embedment ratio (D/B),, is
about 7.5 for square and circular foundations and about 13.5 for strip foundations.

8.3.4 MODIFICATIONS TO MEYERHOF’S THEORY

Das'3 compiled a number of laboratory model test results'3-!7 on circular foundations
in saturated clay with c, varying from 5.18 to about 172.5 kN/m?. Figure 8.19 shows
the average plots of F versus D/B obtained from these studies along with the critical
embedment ratios. From Figure 8.19, it can be seen that, for shallow foundations,

F. =~ n(zf} <8t 9 (8.37)

where
n = a constant

The magnitude of n varies from 5.9 to 2.0 and is a function of the undrained cohe-
sion. Since 7 is a function of ¢, and F, = F," is about eight to nine in all cases, it is
obvious that the critical embedment ratio (D4/B),, will be a function of c,.

Das'3 also reported some model test results with square and rectangular founda-
tions. Based on these tests, it was proposed that
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FIGURE 8.19 Variation of F, with D,/B from various experimental observations—circular
foundation; diameter = B.

D

(f) =0.107¢, +2.557 (8.38)
B cr-S

where

D . . .
[ij = critical embedment ratio of square foundations
cr-S

(or circular foundations)

¢, = undrained cohesion, in kN/m?

It was also observed by Das'® that

(Df) :(ij {0.73+0.27(L)}31.55[Df) (8.39)
B cr-R B cr-S B B cr-S

where

D .. . .
(Bf) = critical embedment ratio of rectangular foundations
cr-R

L = length of foundation
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Based on the above findings, Das'® proposed an empirical procedure to obtain the
breakout factors for shallow and deep foundations. According to this procedure, o
and B’ are two nondimensional factors defined as

,_ DB
= (D,18) 5) (8.40)
and
,_ F
p= 7 (8.41)

For a given foundation, the critical embedment ratio can be calculated using
Equations 8.38 and 8.39. The magnitude of F, can be given by the following empiri-
cal relationship:

Fn=7.56+ 1.44@) (8.42)

where
F.r = breakout factor for deep rectangular foundations

Figure 8.20 shows the experimentally derived plots (upper limit, lower limit, and
average of  and o). Following is a step-by-step procedure to estimate the ultimate
uplift capacity:

1. Determine the representative value of the undrained cohesion c,,.

2. Determine the critical embedment ratio using Equations 8.38 and 8.39.

3. Determine the D/B ratio for the foundation.

4. If D/B>(D/B)., as determined in step 2, it is a deep foundation. However,
it D/B<(D/B), it is a shallow foundation.

5. For D/B>(D/B),,,

F.=F =756+ 1.44(3)
L
Thus,
B
0, = A{{7.56 + 1.44(Lﬂcu + ny} (8.43)

where
A = area of the foundation
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FIGURE 8.20 Plot of B’ versus o/’.

6. For D/B<(D/B)

0, = AB'Fc,+yD,) = A{B’[7~56 + 1.44(?)}@, + ny} (8.44)

The value of B’ can be obtained from the average curve of Figure 8.20.
The procedure outlined above gives fairly good results in estimating the net
ultimate capacity of foundations.

EXAMPLE 8.4

Arectangular foundation in saturated clay measures 1.5 mx3 m. Given: D;= 1.8 m;
¢, =52 kN/m?; y=18.9 kN/m?. Estimate the ultimate uplift capacity.

SoLuTioN
From Equation 8.38,

(%) =0.107¢c, +2.5=(0.107)(52)+2.5=8.06
cr-S

So use (D/B)..s = 7. Again, from Equation 8.39,

(&j = (&) |:O.73 + 0.27(L):| = (7)|:O.73 + 0.27(3):| =8.89
B cr-R B cr-S B 1.5
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Check

1 .55(&] =(1.55)(7)=10.85
B cr-S

So, use (D¢/B)..x=8.89. The actual embedment ratio is D/B =1.8/1.5=1.2.
Hence, this is a shallow foundation

w= P _ 12 43
(Ds/B) 8.89

cr

Referring to the average curve of Figure 8.20 for o =0.13, the magnitude of
B’=0.2. From Equation 8.44,

Q, = A{B{zsa 1 .44(?]}@ + ny} ~(1.503)

{(0.2){7.56 +1 .44(1:)}(52) +(18.9)(1 .8)} =540.6 kN

8.3.5 THREE-DIMENSIONAL LOWER BOUND SoLUTION

Merifield et al.'” used a three-dimensional (3D) numerical procedure based on a
finite element formulation of the lower bound theorem of limit analysis to estimate
the uplift capacity of foundations. The results of this study, along with the procedure
to determine the uplift capacity, are summarized below in a step-by-step manner:

1. Determine the breakout factor in a homogeneous soil with no unit weight
(ie.,y=0)as

F.=F, (8.45)

The variation of F,, for square, circular, and rectangular foundations is
shown in Figure 8.21.
2. Determine the breakout factor in a homogeneous soil with unit weight (i.e.,
v#0) as

D
Fo=Fy=F,+ L (8.46)

3. Determine the breakout factor for a deep foundation F, = F. as follows:
F =12.56 (for circular foundations)

F =11.9 (for square foundations)
F =11.19 (for strip foundations with L/B>10)
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FIGURE 8.21 Numerical lower bound solution of Merifield et al.—plot of F,, versus D/B
for circular, square, and rectangular foundations. (Adapted from Merifield, R. S. et al. 2003.
J. Geotech. Geoenviron. Eng., 129(3): 243.)

4. If F., > F/, itis a deep foundation. Calculate the ultimate load as

0,=Ac,F; (8.47)

However, if F oS F?, it is a shallow foundation. Thus,

0., =Ac,F, (8.48)

EXAMPLE 8.5

Solve the Example 8.4 problem using the procedure outlined in Section 8.3.5.

SoLuTioN

Given: L/B=3/1.5=2; D/B=1.8/1.5=1.2. From Figure 8.21, for L/B=2 and
D/B = 1.2, the value of F_,=3.1

Fey :Fw+y—Df=3.1+

u

(18.9)(1.8) _ 3 754
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For a foundation with L/B = 2, the magnitude of £~ =11.5. Thus, F_, < K
Hence,

Q, = ACyFey = (3%1.5)(52)(3.754) ~ 878 kN

8.3.6 FACTOR OF SAFETY

In most cases of foundation design, it is recommended that a minimum factor of
safety of 2-2.5 be used to arrive at the allowable ultimate uplift capacity.

8.4 FOUNDATIONS ON MULTI-HELIX ANCHORS

In certain circumstances, foundation of transmission towers and other such struc-
tures are constructed with multi-helix anchors that resist the uplift load on the foun-
dations. Figure 8.22 shows the dimensions of a typical multi-helix anchor used in the
United States. In this section, a brief outline for the estimation of the ultimate uplift
capacity of multi-helix anchors will be discussed.

8.4.1 Murti-HELIX ANCHOR IN SAND

Figure 8.23 shows a tapered multi-helix anchor embedded in soil subjected to a verti-
cal uplifting force. The diameter of the top helix is D, and that of the bottom helix is

287 mm
66 mm
970 mm?
0.915 m
0.915 m

Not to scale

|
L

:

FIGURE 8.22 Dimensions of a typical multi-helix anchor used in the United States.
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Qug

FIGURE 8.23 Tapered multi-helix anchor embedded in sand and subject to uplift.

D,. The distance between the ground surface and the top helix is H, and, similarly,
the distance between the bottom helix and the ground surface is H,. The gross and
net ultimate uplift capacities of the anchor can be expressed as

Qu(g) = Qu + Wa (849)

where
Q.p = gross ultimate uplift capacity
0, = net ultimate uplift capacity
W, = effective self-weight of the anchor

Using laboratory model tests, Mitsch and Clemence?® studied the failure sur-
face in soil around a helical anchor at ultimate load. Figure 8.24 shows a schematic
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FIGURE 8.24 Typical failure pattern in sand around a multi-helix anchor for shallow
anchor condition.

diagram of the failure pattern for the condition where the embedment ratio H,/D, is
relatively small. For this case, it can be seen that,

1. The failure surface above the top helix is a truncated cone extending to the
ground surface. The central angle of the truncated cone is approximately
equal to the soil friction angle ¢.

2. Below the top helix, the failure surface in soil is approximately cylindrical.
This means that the interhelical soil below the top helix acts similar to a pile
foundation with shear failure occurring along the interface boundary.

When the conical failure surface of soil located above the top helix extends to the
ground surface, it is referred to as shallow anchor condition. However, if the anchor
is located in such a way that H,/D, is fairly large, the failure surface in soil does not
extend to the ground surface as shown in Figure 8.25. This is referred to as deep
anchor condition.

In granular soils, the limiting value of H,/D, = (H,/D,)., at which the anchor con-
dition changes from shallow to deep is similar to that suggested by Meyerhof and
Adams?. Table 8.6 gives the values of (H,/D,),, for various soil friction angles.
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Qug
A

FIGURE 8.25 Typical failure pattern in sand around a multi-helix anchor for deep anchor
condition.

TABLE 8.6

Variation of (H,/D,),, with Soil
Friction Angle ¢

Soil Friction Angle, ¢ (deg) (H,/D,),

25 3
30
35
40
45
48

— 0 N W A

—_

8.4.1.1 Ultimate Uplift Capacity at Shallow Anchor Condition

Figure 8.26 shows an idealized failure surface in soil around a helical anchor at ulti-
mate load. The net ultimate load can be approximately estimated according to the
procedure outlined by Mitsch and Clemence,>® or

Qu = Qp + Qf (850)
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Qug

FIGURE 8.26 Idealized failure surface in sand for shallow anchor condition where
(HI/DI)S(HI/Dl)cr'

where
0, = bearing resistance for the top helix
Q= frictional resistance derived at the interface of the interhelical soil which is
cylindrical in shape

The bearing resistance Q, can be expressed as

0,= %quDle (8.51)

where F p is the breakout factor, or

F,= 4G’K., tanq{cos2 [q)ﬂ{os +0.333 tan(q)ﬂ
2 G 2

+1+1.33G* tan? (2) +2G? tan(qz)j (8.52)
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TABLE 8.7
Variation of m” with Soil Friction
Angle ¢
Soil Friction Angle ¢ (deg) m’
25 0.033
30 0.075
35 0.18
40 0.25
45 0.289
H,
G=— 8.53
D (8:53)
K, = 0.6+m’[H') (8.54)
D,

The variation of m’ with soil friction angle ¢ is given in Table 8.7. With known values
of m” and K, the magnitudes of F, have been calculated and are shown in Figure 8.27.

400

100

10

0.5 25 45 65 85 9
H,/D,

FIGURE 8.27 Variation of breakout factor with H,/D, for shallow condition.
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The frictional resistance Q, can be expressed as

0= ;( b ;D” )Y(Hf HY)K ey tan ¢ (8.55)
where
Kl = 0.6+ m(Hl) (8.56)
1 er
EXAMPLE 8.6

Refer to Figure 8.26. Given,

For the soil: y=16 kN/m? ¢ = 35°
For the anchor: D,=0.3m D,=0.19m
H,=09m H,=3.05m

Determine the net ultimate uplift capacity, Q,.

SoLuTION
_H_09_
D, 0.3

K,=0.6+0.183)=1.14

With ¢ = 35° (Equation 8.52),

1€ osmn(S)]

+2Gztan[ j

F, =4G*K; tand{cosz(

N |

+1+1 33GZtanz(

F, = (4137011 4)tan35) |:Cos (325]}{+0333tan(325ﬂ

+1+(1.33)(3)* tan’ (3—;) +(2)(3)* tan ( 35)

N &

2
=14.97

From Equation 8.51,

Q= %quofm - (%)(1 4.97)(16)(0.3)°(0.9) = 15.24 kN
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Again, from Equation 8.55,

Q=

E(D1+Dn

T )yws — HEK ey tano

Kl =0.6+ m’(l_h] =0.6+(0.18)(5)=1.5

1

Qr = (gj{“g&)a 6)[(3.05)* —(0.9)*](1.5)tan(35) = 54.93 kN

Hence,

Q,=Q,+Q; =15.24+54.93
=70.17kN

8.4.1.2 Ultimate Uplift Capacity for Deep Anchor Condition

Figure 8.28 shows the idealized failure surface in soil around a deep helical anchor
embedded in sand. For this condition,®

Qu = Qp + Qf + Qs (857)

In the preceding equation, O, and Q,, respectively, are the bearing resistance
of the top helix and the frictional resistance at the interface of the interhelical soil.
The term Q, is the frictional resistance derived from friction at the soil-anchor shaft
interface above the top helix. It is recommended that, due to various uncertainties
involved in the determination of the soil parameters, the term Q, may be neglected.
Hence,

Qu = Qp + Qf (858)

The bearing resistance Q, of the top helix can easily be determined in terms of
the breakout factor (as in Equation 8.51), or

0, = qu*nyHl (8.59)

where F, = deep anchor breakout factor

The magnitude of F,= F, can be determined by substituting G and G, [i.e.,
(H,/Dy).) and K|, = K., (see Equation 8.56) in Equation 8.52. The variation of F,
has been calculated in this manner and is plotted against the soil friction angle ¢ in
Figure 8.29 (also see Table 8.8).
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FIGURE 8.28 Idealized failure surface in sand for deep anchor condition.

The frictional resistance Q, can conservatively be estimated as (similar to
Equation 8.55)

_T D, + D,
Q_f_z( 5

)Y(Hs - HIZ)K;(cr) tan(l) (860)
8.4.2 Murti-HEeLix ANCHOR IN SATURATED CLAY (¢ = 0 CONCEPT)

For shallow anchors in clay where the failure surface reaches the ground surface, the
net ultimate capacity can be expressed as

Qu = Qp + Qf (861)

where
0, = bearing resistance of the top helix
O, = resistance due to cohesion at the interface of the interhelical soil
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300

375

100

30

10 | |

25 30 35

FIGURE 8.29 Variation of F,, with soil friction angle ¢.

q

40 45
Soil friction angle, ¢ (deg)

Following the procedure for estimation of the uplift capacity of shallow founda-

tions in clay (Equation 8.35), we can say that,

0, = A(c,F. +vH,)

where
A = area of the top helix = (1 /4)(D})
F_ = breakout factor
Y = unit weight of soil
¢, = undrained cohesion of clay

(8.62)

H, = distance between the top helix and the ground surface

TABLE 8.8

Variation of F, with Soil Friction

Angle ¢
Soil Friction Angle, ¢ (deg)

25
30
35
40
45

Fy
11.97
17.75
35.67
110.03

186.7
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0 0.2 0.4 0.6 0.8 1.0
(H,/D,)
(Hl/Dl)cr

FIGURE 8.30 Variation of F,. with (H,/D,)/(H,/D),).,.

The magnitude of F, increases with the H,/D, ratio up to a maximum value of 9
at (H,/D,).,- The critical value of H,/D, is a function of the undrained cohesion and
can be expressed as'®

(Hl) =0.107¢,+2.5<7 (8.63)

1

where ¢, is in kN/m?.

The variation of the breakout factor F. can be estimated from Figure 8.30, which
is a plot of F, versus (H,/D))/(H,/D,),.

The resistance due to cohesion at the interface of the interhelical soil can be
approximated?®' as

0= n(D‘;D"}Hn _H)e, (8.64)

In a similar manner, for deep anchor condition,

Qu = Qp + Qf + Qs (865)
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where
Q, =resistance due to adhesion at the interface of the clay and the anchor shaft
located above the top helix

The bearing resistance is
0, =7 (D) (9, +yih) (8.66)

The expression for Q, will be the same as given for shallow anchor condition
(Equation 8.64). The resistance due to adhesion at the interface of the clay and the
anchor shaft located above the top helix can be approximated as

Q.r = p,leca (867)

where
p, = perimeter of the anchor shaft
¢, = adhesion

The adhesion ¢, may vary from about 0.3¢c, for stiff clays to about 0.9¢, for very
soft clays. Now, combining Equations 8.64 through 8.67, for deep anchor condition,

0, =3 (D)Oe, + vy + n(D';D")(Hn ~H)e,+pHe,  (868)

In all cases, a factor of safety of at least 3.0 is recommended for determination of
the net allowable uplift capacity.

EXAMPLE 8.7

Consider a multi-helix anchor embedded in a saturated clay. Given:

For the clay:  y=18.5 kN/m?
¢, =35 kN/m?
For the anchor:  D;=04m D,=0.25m
H,=3m H,=7m

Diameter of the anchor shaft =50 mm
Estimate the net ultimate uplift capacity.

SoLuUTION
Hy,=3m; D;=0.4m

H

-2 75
D, 0.4
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From Equation 8.63, it can be seen that the maximum value of (H,/D,)., is
7. Since the value of H,/D, is 7.5, it is a deep anchor condition. So, from
Equation 8.68,

Q. = 01O, + )+ n(@jwﬂ ~Hye, + pHi,
50
=) 22 |=0.157m
ps = )(1000)

Assume c,=0.5¢, = (0.5)(35) = 17.5 kN/m?2. So,

Q, = (g) (0.4)’[(9)35)+(18.5)(3)] + (n)( (7=3)(35)+(0.157)(3)(17.5)

=47.6+142.9+8.24
=197.74 kN

o.4+0.25)
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Index

A

Active earth pressure coefficient, Coulomb, 273
Allowable bearing capacity:
definition of, 10
gross, 73
net, 74-75
with respect to shear failure, 75-76
Angular velocity, 292
Anisotropic clay, Casagrande-Carrillo
equation, 69
Anisotropic soil, bearing capacity:
c—¢ soil, 69-71
equivalent bearing capacity factor, sand,
62-64
equivalent friction angle, sand, 62
friction ratio, sand, 62
sand, 61-64
saturated clay, 65-67
saturated layered clay, 137-145
Anisotropy coefficient, 69
Average effective stress, 250-252
Average effective unit weight, water table, 53

B

Balla’s bearing capacity theory, 46—47, 48-50
Bearing capacity equation:

general, 54

rigid base at limit depth, 127-135
Bearing capacity factor N, :

Biarez, 41

Booker, 42

Caquot and Kerisel, 41

comparison of, 43—-44

Dewaikar et al., 42, 44, 45

Hansen, 41

Hijaj et al., 42

Martin, 42

Meyerhof, 38

Michalowski, 42

Terzaghi, 21, 22

Vesic, 41
Bearing capacity ratio, definition of, 320
Breakout factor:

clay, 358

sand, 342

C

Cavity expansion, 349-351
Close spacing, interference, 78—82

Coefficient, anisotropy, clay, 69
Compressibility, factor, 58
Compression index, 247-248
Consolidation:
calculation, 248-253
compression index, 247-248
general principles, 246248
secondary, 241-262
three-dimensional effect, 255-260
Coulomb:
active wedge, earthquake, 275, 277
active wedge, static, 271, 272
earth pressure coefficient, active, 273
earth pressure coefficient, active, earthquake,
277,278
earth pressure coefficient, passive, 273
earth pressure coefficient, passive,
earthquake, 277, 278
Creep correction, settlement, 274
Critical embedment ratio, uplift, 342
Critical rigidity index, 58
Curvature, Mohr-Coulomb failure envelope, 47
Cyclic load:
settlement, clay, 296-300
settlement, sand, 289-291

D

Deep foundation, 1
Deflection ratio, 263
Depth factor, 56
Depth of embedment, settlement, 230, 236
Differential settlement:
definition of parameters, 263264
limiting values for, 264-266
nonuniform settlement, 11
uniform, tilt, 11
Drilled shaft, 1
Dynamic bearing capacity:
bearing capacity factor, 277, 278,
285-286
seismic factor, 283
under earthquake loading, 269-270

E

Earthquake loading:
continuous foundation on edge of granular
slope, bearing capacity, 287-288
dynamic bearing capacity, 278, 283, 285
settlement, 280-282
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Eccentric loading, bearing capacity:
Meyerhof’s theory, 98—99
rectangular foundation, 107-116
reduction factor method, 99-100
theory of Prakash and Saran, 100-104
Effective area, 99
Effective width, 98
Elastic parameters, typical values of, 210-212
Elastic settlement:
based on theory of elasticity, 229-231
Burland and Burbidge method, 218-219
by variation of soil modulus of elasticity with
strain, 242244
in saturated clay, 213-214
Mayne and Pools method, 237-240
Meyerhof’s correlation, 216-217
Peck and Bazaraa method, 217-218
strain influence factor method, 220-224
Terzaghi and Peck correlation, 215-216
Embedment depth, settlement, 230, 236
Empirical relations, Terzaghi’s bearing capacity
factor, 22
Energy transmission, machine foundation,
295, 296
Equivalent free surface, 28

F

Factor of safety, 10

Failure, ultimate load, 3

First failure load, 3

Flexible circular load, stress, 196-198

Flexible foundation, definition of, 207208
Flexible rectangular load, stress, 198-202
Force, tie reinforcement, 307-308

Foundation on slope, 170-172

Foundation over void, bearing capacity, 168—170

G

General bearing capacity equation, 54

General shear failure, 3

Geogrid reinforcement:
bearing capacity calculation, 328-329
bearing capacity ratio, 320
cover ratio, 327
critical nondimensional parameter, 321-324
cyclic loading, settlement, 331-336
deep foundation mechanism, 326
eccentric loading, bearing capacity, 329-330
function of, 317
impact loading, settlement, 333-337
inclined loading, bearing capacity, 330-331
manufacturing process, 317
reinforcement, general parameter, 319-321
type of, 317
wide slab mechanism, 326

Index

Granular trench, bearing capacity, 164—168
Gross allowable bearing capacity, 73

H

Hansen’s inclination factor, 89-90
Hu’s bearing capacity theory, 46
Hydraulic radius, 5

Inclined foundation, normal load, 94-97
Inclined loading:

cohesionless soil, 87, 89

cohesive soil, 87, 88

Dubrova’s equation, 90

inclination factor, 88-90

Meyerhof’s theory, 85-88
Interference, ultimate bearing capacity, 78—82

J

Janbu’s method, settlement, 213-214

L

Layered soil, bearing capacity:
anisotropic saturated clay, 137-142
bearing capacity factors, clay, 143-145
punching shear coefficient, 147
rectangular foundation, clay, 142
relative strength ratio, clay, 140
stronger over weaker, 145-156
weaker over stronger, 160—163

Local shear failure:
bearing capacity factor, 25-26
definition of, 3
Terzaghi’s theory, 25-26
ultimate bearing capacity equation, 25

Logarithmic spiral, 13

M

Machine foundation, settlement, 290,
292-296

Mat foundation, type of, 1

Metallic strip reinforcement, bearing capacity:
design for, 312-314
factor of safety, tie break, 308
factor of safety, tie pullout, 311
failure mode, 305-307
force in ties, 307

Meyerhof’s bearing capacity:
equivalent free surface, 28
factor N, 32-33, 34
factor N, 32-33, 34

@

factor Nv’ 37,38
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factors, 39-40

theory, 28—-40
Meyerhof’s inclination factor, 88—89
Modulus of elasticity, values of, 211

N

Net allowable bearing capacity, 74
Nominal uplift coefficient, 344
Nonuniform settlement, 11

P

Passive earth pressure coefficient, Coulomb, 273
Peak acceleration, 292

Pile, 1

Plate load test, 215

Point load, stress increase, 194—-196, 203-204
Poisson’s ratio, typical values for, 210

Prandt’s radial shear zone, 13

Punching shear coefficient, 147

Punching shear failure, 3, 5

R

Rectangular load, settlement:
center, flexible, 229-231
corner, flexible, 229-231
rigid, 231
Rectangular foundation, eccentric loading,
107-116
Reduction factor, eccentric loading, 99-100
Relative friction angle, 210
Relative stiffness factor, 210
Rigid foundation, 209
Rigid rough base, limited depth:
Buisman’s theory, clay, 134, 135
Mandel and Salencon’s theory, 134, 135
modified bearing capacity factor, 129, 130,
131, 132
modified shape factor, 129, 130, 132, 133
saturated clay, 134-135
settlement, 213
Rigidity index:
critical, 58
definition of, 58

S

Saturated clay:
anisotropic bearing capacity, 65-67
settlement, Janbu’s method, 213
Scale effect, 47
Secondary compression index, 261
Settlement:
consolidation, 248-253
cyclic loading, clay, 296-300
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cyclic loading, sand, 289-290
differential, 263-266
earthquake loading, 280-284
eccentric loading, 102
effect of ground water table rise, 245-246
L,—L, method, granular soil, 225-227
machine foundation, 290, 292-296
plate load test, 215
secondary consolidation, 213-214
standard penetration resistance correlation,
215-217
strain influence factor, 220-223
transient load, 300-303
ultimate load, 6-9
Shape factor, 55
Shear failure, allowable bearing capacity, 75-76
Shear modulus, 58
Slope, foundation on:
bearing capacity factor, 170-172
granular soil, 171
purely cohesive soil, 171
stability number, 171
Slope, foundation on top:
Hansen and Vesic’s solution, 174-176
limit equilibrium analysis, 176
Meyerhof’s solution, 172-174
stress characteristic solution, 176
subjected to earthquake loading, 287-288
Soil compressibility, effect of, 57-59
Spring constant, 293
Standard penetration resistance, settlement
correlation:
Burland and Burbidge, 218-219
Meyerhof, 216-217
Peck and Bazaraa, 217-218
Stone column:
area replacement ratio, 183
general parameters, 182-185
load bearing capacity, 185-187
stress concentration, 184
Stress, Boussinesq:
circular area, 196-198
point load, 194-196
rectangular area, 198-201
Stress, Westergaard:
circular load, 204-205
point load, 203-204
rectangular load, 205-206
Stronger over weaker soil, bearing capacity:
clay over clay, 155-156
punching shear coefficient, 147
rectangular foundation, 149
sand over clay, 150
sand over sand, 150151
shape factor, 151
theory, 146-149
Swell index, 249
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T

Terzaghi’s bearing capacity:
factor, local shear failure, 26
factor, value of, 23
local shear failure, 25
N, 19

Prandtl’s radial shear zone, 13
theory, 11-21
ultimate capacity, 22-23
Threshold acceleration, 292
Tie break, 308
Tie pullout, 310-311

U

\%

Index

breakout factor, clay, 358

breakout factor, sand, 342

critical embedment ratio, 342

definition of, 339

Meyerhof’s theory, clay, 359-360

multi-helix anchor, clay, 374-377

multi-helix anchor, sand, 366-372

nominal uplift coefficient, 344

shape factor, 345

theory of Meyerhof and Adams, sand,
342-349

theory of Vesic, sand, 349-351

Vesic’s theory, clay, 358-359

Velocity of load, ultimate bearing capacity,

269-270

Ultimate bearing capacity, eccentrically
obliquely, 122-125
Ultimate bearing capacity, Terzaghi:
circular foundation, 22 w
continuous foundation, 21
square foundation, 22
Uniform tilt, 11

Viscous damping constant, 293, 294
Void, foundation over, 168—170

Water table, effect of, 50, 51-53
Weaker over strong soil, bearing capacity,

Uniformly loaded circular area, 196—198 160-162
Uplift capacity: Wedge-shaped foundation, bearing capacity,
Balla’s theory, 340-342 187-190
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