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Preface

The main purpose of this book is to stimulate problem-solving capability and foster
self-directed learning in foundation engineering subject for civil and construction
engineering students and practicing professionals. It also explains the use of the
foundationPro software, available at no cost, and includes a set of foundation
engineering applications. Reading this or any other textbook is not enough and
cannot be sufficient to perform safe and economical designs of foundations as a
considerable experience and judgment are required. The overall layout of the book
chapters is as follows: first, to introduce the general idea behind the title of the
chapter; second, to briefly discuss the theories and methodologies and to summarize
the equations and charts needed in the chapter; third, to provide a step-by-step
procedure on how to deal with design problems related to the title of the chapter;
fourth, to induce a number of design problems and solve these problems by hand,
and then using the foundationPro software; fifth, to present a number of suggested
projects to allow the reader to practice the concepts learned in the chapter; and
finally, to introduce a list of references and additional useful readings about that
specific chapter. In total, this book consists of four chapters. Chapter 1 deals with
the design of shallow foundations resting on homogeneous soil based on bearing
capacity and elastic settlement requirements. Chapter 2 presents the axial capacity
of single pile foundations in homogeneous and nonhomogeneous soils based on
bearing capacity and elastic settlement requirements. Chapter 3 is similar to Chap. 2
but for single drilled shaft foundations. Chapter 4 deals with the design of mechan-
ically stabilized earth retaining walls with strip reinforcement.

Additional materials are and will be available at http://www.foundationpro.net.
These materials include the following:

1. foundationPro software which includes the following applications: Shallow-1,
Pile-1, Pile-2, Shaft-1, Shaft-2, and MSE Wall-1.
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2. Video tutorials on how to use the various applications of foundationPro software.

3. foundationPro Forum which can be visited for general discussions about
foundationPro applications. The forum can be accessed by visiting http://
www.foundationpro.net/forum/.
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Chapter 1
Shallow Foundations on Homogeneous Soil

Abstract This chapter deals with single shallow foundations resting on homogeneous
soil. Calculations of various loads (vertical, horizontal, and bending moment) a
foundation can withstand are explained in details in this chapter. The calculations
were performed to satisfy both bearing capacity and elastic settlement requirements.
For the bearing capacity condition, the effects of many factors were considered in the
analyses such as various loading conditions, foundation shapes, foundation embed-
ment, soil compressibility, and groundwater table. Then again, the effects of several
factors were considered in the elastic settlement analyses such as foundation rigidity,
foundation embedment, and variation in the elastic modulus of soil with depth.
Additionally, a step-by-step procedure is introduced in this chapter to develop
bearing capacity and elastic settlement design charts which can be useful in the
design process of shallow foundations. A number of design problems are also
presented in this chapter and their solutions are explained in details. These problems
were first hand-solved, and then, resolved using the Shallow-1 application of the
foundationPro program. Finally, a set of design projects is suggested at the end of this
chapter to allow the reader practice the concepts learned.

Keywords Shallow foundation * Bearing capacity « Elastic settlement « Shallow-1
« foundationPro

1.1 Introduction

This chapter deals with single shallow foundations on homogeneous soil. Calculations
of various loads a foundation can sustain are explained in details in this chapter.
Allowable and ultimate loads (vertical, horizontal, and bending moment) on a single
foundation are estimated based on bearing capacity and -elastic settlement
requirements.

In the bearing capacity analyses, the classical bearing capacity equations for a
single foundation were utilized. Various loading conditions (vertical, horizontal, and
bending moments) and foundation shapes (circular, rectangular, and continuous/strip)
were included in the analyses. Effect of soil compressibility on bearing capacity was
also included in the analyses. Effects of the depths of foundation embedment and
groundwater table were considered in the bearing capacity equation.

© Springer International Publishing Switzerland 2016 1
M. Yamin, Problem Solving in Foundation Engineering using foundationPro,
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2 1 Shallow Foundations on Homogeneous Soil

In the elastic settlement analyses, the modified settlement equation by Mayne
and Poulos (1999) was utilized. This improved equation deals with circular and
rectangular foundations. It considers the foundation rigidity which depends on the
foundation dimensions, thickness, and elastic modulus. Also, this equation takes
into account the depth of foundation embedment. Additionally, this improved
elastic settlement equation considers not only a unique value for the elastic modulus
of the soil underneath the foundation, but also the linearly increasing elastic
modulus with depth.

A step-by-step procedure was introduced in this chapter to develop bearing
capacity and elastic settlement design charts. These design charts present the
relationship between various applied loads on the foundation and foundation
dimensions for different shapes, depths, and allowable settlement. These charts
can be useful in the foundation design process to find what will control the final
design, the bearing capacity, or the elastic settlement of the foundation.

Fourteen design problems are presented in this chapter. First, these design
problems were hand-solved and solution was explained in details, and then the
foundationPro program was used to resolve the problems to replicate and verify the
hand solution. Also, the program was used to investigate a wider and detailed
solution and design alternatives for the hand-solved problems. Since the
foundationPro includes a set of several applications, the Shallow-1 application of
the foundationPro is the responsible application to perform bearing capacity and
elastic settlement calculations for shallow foundations resting on homogeneous
soil. Therefore, only Shallow-1 application will be used throughout this chapter to
replicate the hand-solved problems. Five design projects are suggested at the end of
this chapter to allow the reader to practice and apply the learned concepts.

1.2 Theory

This section explains how to estimate the allowable and ultimate loads that can be
applied to a single shallow foundation resting on homogeneous soil. The foundation
loads are estimated to meet both bearing capacity and elastic settlement requirements.
All bearing capacity and elastic settlement equations are listed and all variables used in
the equations are defined in the following subsections. These subsections are not
meant to explain the bearing capacity and elastic settlement theories, rather to
summarize the final equations from each theory which will be used in the analyses.

To determine the bearing capacity and the elastic settlement of a shallow
foundation resting on homogeneous soil as shown in Fig. 1.1, soil properties
(¢’ =cohesion, ¢’ =friction angle, u,="Poisson’s ratio, E,= elastic modulus of
foundation soil, y; and y, = unit weight of the soil above and below the groundwater
table, respectively) are required to perform the analysis. Depth of foundation (Dy)
and depth of groundwater table (D,) if exists are also required for the calculations.
Three different foundation shapes are considered: circular (Fig. 1.2a), square/
rectangular (Fig. 1.2b), and strip/continuous (Fig. 1.2c).
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Ground

Fig. 1.1 Definition of various parameters for a shallow foundation on homogeneous soil

Fig. 1.2 Different foundation shapes: (a) Circular foundation; (b) square/rectangular foundation;
(c) strip/continuous foundation
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Fig. 1.2 (continued)

1.2.1 Bearing Capacity of Shallow Foundation

To estimate the allowable and ultimate loads (vertical, horizontal, and bending
moment) a foundation can carry according to the bearing capacity of foundation;
first, one should determine the ultimate bearing capacity of the foundation.
Terzaghi (1943) was the first to present an equation for bearing capacity for
different foundations with some limitations. To account for these limitations,
Meyerhof (1963) suggested the following equation to estimate the ultimate bearing
capacity of a single shallow foundation resting on homogeneous soil:

, 1
Gy = ¢ NeFaF iFccFes + qNgF s F iF gcF g + 57BN, FysFyaFiF (1.1)

In the above equation, ¢’ represents soil cohesion, ¢ is the effective stress at the base
of the foundation, y is the unit weight of the foundation soil, and B is the width of
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c Ground :

B x 1 (Strip/Continuous)

Fig. 1.2 (continued)

foundation or diameter in case of circular foundation. F, Fy, Fs are the shape

qs»
factors, Fq,F44,F,q are the depth factors, F, F,,F,; are the load inclination

factors, N, N,, N, are the bearing capacity factors, and F ., F, F,. are the soil
compressibility factors.

To determine the various factors defined earlier in the bearing capacity equation,
one should use the following equations which were suggested by several
researchers and investigators:

1.2.1.1 Bearing Capacity Factors

Reissner (1924) derived the following equation to calculate N:
2 ¢’ tan (§)
N, = tan 45+E e (1.2)

where ¢’ is the soil friction angle.
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Also, Prandtl (1921) derived the following equation to determine N.:
Ne = (Ng = 1)cot () (1.3)

The following equation was put forth by Caquot et al. (1953) and Vesic (1973) to
estimate N,:

Ny =2(Ny+1) an (¢) (1.4)

1.2.1.2 Effect of Foundation Depth

To account for the depth of foundation, Hansen (1970) suggested the following
depth factors to be used in the ultimate bearing capacity equation:

— For a soil with (,b’ =0:

Fea=1+04y (1.5)
Foa=1
Fu=1

— For a soil with ¢’ > 0, the depth factors can be calculated as follows:

! ! 2
Foa=1+2tan¢ (1 ~ sin (¢)) n (1.6)
1—-—Fu

Fyg=F,q——%_ 1.7
¢ @ than(d)) (1.7)

Fa=1

where

D¢

W:E (1.8)

The ratio n <1 applies for most shallow foundation cases. However, # in
Egs. (1.5) and (1.6) is replaced with ' when 5> 1. 5’ should be in radians and
can be calculated as

7 = tan~! (%) (1.9)
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Fig. 1.3 Vertical and Vv (Vertical load) '
horizontal loads on R (Resultant
foundation load)

d)

1.2.1.3 Effect of Load Inclination

When a vertical load (V) and horizontal load (H) are applied to a foundation as
shown in Fig. 1.3, the net resultant load (R) on the foundation will be inclined an
angle § with the vertical. To account for this load inclination in the bearing capacity
equation, Meyerhof (1963) and Hanna and Meyerhof (1981) suggested the following
load inclination factors:

o 2
Fo=Fy = (1 - ;%) (1.10)
2
Fi— (1 —§> (1.11)

where f is the inclination of the resultant applied load on the foundation with
respect to the vertical:

p= tan”(g) (1.12)

1.2.1.4 Effect of Soil Compressibility

To account for the effect of the soil compressibility on the bearing capacity of
shallow foundations, the derived procedure by Vesic (1973) based on the expansion
of cavities in infinite soil can be followed. Hence, the soil compressibility factors

Fec, Fyc, and F,,. are estimated as follows:

Fro=Fp= exp{ (—4.4 n 0,6@ an () + [(3.07 in:_ (fi/r)l)(qs(’])og%)] }

(1.13)
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I; in Eq. (1.13) can be calculated using the following equation:

E
Ir:z(l + ) (¢ + ¢ tan (¢)) (1.14)

where ¢’ is the effective overburden pressure at a depth of (D £+ %)
The critical rigidity index, Iy, can be expressed as

Lier) = ;{exp [(3.3 - 0.45?) cot (45 - (]3)] } (1.15)

So, if Iy > Iy, then the soil compressibility factors are all considered one
(Fee = Fye = Fre = 1)
However, if I} < Iy, then

Fpo=Fp = exp{ (4.4 + 0.6%) tan (qb) + [(3'07 sin (¢)) (log%)] }

1+ sin (¢)
(1.16)
F . can be calculated depending on the soil friction angle as follows:
— For a soil with ¢/ =0
B
Fe = 0.3»2+0.122+0.6010g]r (1.17)
— For a soil with ¢ > 0:
1-F
Fcc:Fqc_iqcr (118)
N, tan ¢

1.2.1.5 Effect of Groundwater Table

Sometimes, groundwater table is deep enough so that its effect on the bearing
capacity calculations need not be considered. However, sometimes the groundwater
table is shallow and its effect on the bearing capacity calculations is essential. For
these reasons, the following cases need to be identified depending on the depth of
the groundwater table to modify for its effect on the calculations.
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— Case 1:
If the depth of the groundwater table, D,, is between zero and Dy
(0 < Dy, < Dy), then the value of the unit weight y and the effective stress
q in the ultimate bearing capacity equation (Eq. 1.1) is taken as

Y =72 Vw (1.19)
g =71 XDy + (r2—ry) X (Dt —Dy,) (1.20)

where ¥ is the unit weight of soil above the groundwater table, y, is the saturated
unit weight of soil below the groundwater table, and y,, is the unit weight of
water (see Fig. 1.1).

— Case 2:
If Dy, is between Dy and D¢ + B, then Eqgs. (1.21) and (1.22) can be used to
calculate ¢ and y, respectively:

q=7vD¢ (1.21)
(Dw _Df)

7 — V2 tre) Fra—rw (1.22)

y =
— Case 3:
If Dy, is greater than D+ B, then Egs. (1.21) and (1.23) can be used to
determine ¢ and y, respectively:

Y=n (1.23)

1.2.1.6 Effect of Bending Moments on Foundation (Load Eccentricity)

To account for the effect of the applied bending moments on the bearing capacity
calculations of shallow foundations, the effective area method by Meyerhof (1953)
is adopted. To do so, the load eccentricities (eg, e, Or ep) as a result of the applied
bending moments (Mg, M;, Mp) on the different foundation shapes (square/rectan-
gular, circular, and strip/continuous) as shown in Fig. 1.4 are required. Load
eccentricities can be calculated using the following equations:

— For square/rectangular foundations:

M
ep = 73 (1.24)
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/ ‘-\ Mgz = Vx€g

B x L (Square/Rectangular)

Fig. 1.4 Load eccentricity cases and application of bending moment: (a) Application of bending
moments on square/rectangular foundation; (b) application of bending moments on circular
foundation; (c) application of bending moments on strip/continuous foundation

M,
e = 7L (1.25)
— For circular foundations:
M
ep=—2 (1.26)
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b ¥

/—\ Mp = Vx€p

Fig. 1.4 (continued)

— For strip/continuous foundations:

Equation (1.24) can be used,

where

ep, ¢, and ep are the load eccentricities in the B, L, and D directions, and

Mp, M;, and Mp, are the applied bending moments on the foundation in the B, L,
and D directions.

After calculating the load eccentricities, one should determine the effective
dimensions of the foundation (B’ and L'). The effective dimensions must be used
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/\ M;s = Vx€s

B x 1 (Strip/Continuous)

Fig. 1.4 (continued)

in the bearing capacity equation instead of the original foundation dimensions
(B and L). The effective dimensions can be determined depending on the load
eccentricity condition (one-way or two-way) as follows:

— One-way eccentricity
The following equations must be used for square/rectangular foundations:
Eccentricity in the B direction only:

B =B —2ep (1.27)
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L =L (1.28)

Eccentricity in the L direction only:
L' =L—2¢ (1.29)
B =B (1.30)

However, the following equation must be used for strip/continuous foundations:
B =B —2ep (1.31)

Also, the following equations must be used for circular foundations:

B =fD (1.32)
2
L= f;? (1.33)

where f; and f, are calculated using Egs. (1.34) and (1.35). Equations (1.34) and
(1.35) are applicable for °?/p, ratio between 0.05 and 0.5:

f1 = 43.473 (%))4 —61.224 (%3)3 +32.094 (%D)z — 8.7505 (%D)

+1.2896 (1.34)

f, = 15303 (%D)z —2.438 (%D) +0.8257 (1.35)

— Two-way eccentricity
Highter and Anderes (1985) suggested four two-way eccentricity cases with

respect to the %B and % ratios. To identify the appropriate case, Fig. 1.5 can be

used. Then, the effective dimensions must be determined using the suggested
equations for each load eccentricity case from the four cases.

Case I

A =-B|L, (1.36)
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0.5
0.4
E=m
[ caser |
0.3 |_CASE |
S
(]
0.2
/
/| casew g
0.1
/ // I_CASE 1]
0 / : : : .
0 0.1 0.2 0.3 0.4 0.5
e/L
Fig. 1.5 Two-way load eccentricity cases

B
ol 1.5—3(6—3) (1.37)
B B
Ll er,
—:1.5—3(—) 1.38

where A’ can be calculated using Eq. (1.36) with the values of B; and L; from
Egs. (1.37) and (1.38).

Effective length can be taken as larger of L; or By, and the effective length can be
expressed as L' or B’, depending on the dimension that controls. Once L’ or B’ is
found, the other unknown effective dimension can be found through the relation-
ship in Eq. (1.36).

Case II:
o
A =31+ L2)B (1.39)
L _ (158357 (63)2 16 22019(63) +0.95889 (fz 0651 (eL) 1 038)
- = . . . %) +o. . )+ 1.

(1.40)
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% _ (2.518265 (%B)z — 2.86483 (%B) + O.40649> (—5.05047 (%) + 2.52145)

(1.41)
L' =L, or L, Whichever is larger (1.42)
. A . ,
B == Whichever is larger (1.43)
L

where L; and L, can be used to calculate A" and L’ directly from Egs. (1.39) and
(1.42). In addition, B’ can be calculated from Eq. (1.43), using A’ and L'.

Case III:
A= %(Bl +By)L (1.44)
% - (—10.3897 (%B) n 5.219617) (0.711802 (EL—L) + 0.202047) (1.45)

% - (—1.46405 (%B) n 0.731667) (—8.59628 (eL—L) n 1.37955) (1.46)

L =L (1.47)
A
B =— 1.4
; (1.48)

where B, and B, can be found through Eqgs. (1.45) and (1.46), and these values can
then be used to acquire A’ from Eq. (1.44). In addition, A’ can be used with
Eq. (1.48) to yield B'.

Case IV:
, 1
A :BL—E(B—Bz)(L—Lz) (1.49)

B 4 3 2
22 (_6.470.36 (e—B) +2,932.964 (e—B) —493.417 (6—3) + 37.716("—3) —305.403
B B B B B

3 2
+ (—461.303 (%L) +175.968 (eL—L) —26.045 (%) + 305.8)

(1.50)
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3 2 2
Lo _ (54940 (“’—B) 1202478 (6—3) —28.87 (6—3) 410243
L B B B

o ) N (1.51)

+ (355'07<Z) - 136.35(Z> +18.05(Z) - 101.6)
L=L (1.52)
B :% (1.53)

where B, and L, can be determined through Egs. (1.50) and (1.51). Then, Eq. (1.53)
can be used to calculate B’.

1.2.1.7 Effect of Foundation Shape

To account for the various foundation shapes in the bearing capacity calculations,
De Beer (1970) suggested the following equations to calculate the shape factors
required in the ultimate bearing capacity equation (Eq. 1.1):

e (B) () 1)

/

Fo=1+ (ﬁ—) tan (¢) (1.55)

’

B
Fro=1-04(> 1.56
y (7) (1.56)

When no bending moments are applied to the foundation (no load eccentricity), the
effective dimensions in Eqs. (1.54) through (1.56) are replaced with the original
foundation dimensions.

1.2.2 Elastic Settlement of Foundation

The elastic settlement of a shallow foundation resting on a homogeneous soil with a
rock layer at a depth H below the base of foundation as shown in Fig. 1.6 can be
estimated using the improved equation presented by Mayne and Poulos (1999).
The elastic settlement (S.) below the center of foundation according to Mayne and
Poulos can be calculated using the following equation:

_ GannenBelGIFlE

Se ESO

(1—u) (1.57)
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Ground
Surface

Rigid Layer

Fig. 1.6 Elastic settlement of shallow foundation

where gumery 1S the net allowable pressure on the foundation, and /g is the
foundation rigidity factor, I is the foundation embedment correction factor, and
U 1s the Poisson’s ratio.

* B, of a rectangular foundation can be found using the following equation:

B, — | BE (1.58)
T

where B is the width of foundation, and L is the length of foundation
* B, of a circular foundations is simply equal to B, where B is the diameter of the
foundation:

B.=B (1.59)
The modulus of elasticity of the compressible soil layer can be written as
Es=FEx +kz (1.60)

where k is the rate of increase in the elastic modulus of the soil with depth, E, is
the elastic modulus of the soil at the base of the foundation, and z is the depth.

Equation (1.57) must be used to determine the net allowable load bearing
capacity, Gaimer, for an assumed maximum permissible foundation elastic
settlement.
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1.2.2.1 Effect of Foundation Rigidity

The correction factor to account for the rigidity of the foundation can be determined
using the following equation:

Ir=>+ (1.61)

T
4

where
t = foundation thickness
E; = elastic modulus of foundation material

1.2.2.2 Effect of Foundation Embedment

To account for the effect of foundation embedment (Dy), the following correction
factor must be calculated:

1

B.
3.5exp(1.22u, — 0.4 <D— + 1.6)
f

g=1- (1.62)

1.2.2.3 Effect of the Variation of Elastic Modulus of Soil with Depth

This correction factor, I, depends on the variation of elastic modulus of soil with
depth as follows:

I = f(B1, ) (1.63)

where

H
hi=5 (1.64)

B = 10g<kEB°> (1.65)
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I = (—0.01189¢~"20%1 1 0.012608) x (0.348654 + 1.058674;
— 4261863 — 7.13333 + 28.92718p, + 51.4275) (1.66)

Equation (1.66) is only applicable for f; values between 0.2 and 30.

1.2.3 Foundation Loads
1.2.3.1 Foundation Loads Based on Bearing Capacity

Using the ultimate bearing capacity (g,) from Eq. (1.1), one can calculate the
allowable load bearing capacity g, for any given factor of safety (FS) with the
relationship stated in Eq. (1.67) below:

qu
qan1 = ES (1.67)

Also, the vertical allowable and ultimate loads the foundation can carry are
determined using the following equations:

!

V=g, A 1.68
u
Vi
=t 1.
Val = (1.69)

Similarly, the horizontal ultimate load using the following equation:
H, =V,tan (f) (1.70)

Additionally, bending moments can be determined as follows:

(a) Circular:

Mu_D:Vu'é’D (171)

(b) Strip/continuous:

MufB = Vu - ép (172)

(¢) Square/rectangular:

Mqu = Vu - ey (173)
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1.2.3.2 Foundation Loads Based on Elastic Settlement

Using the net allowable load bearing capacity obtained from Eq. (1.57) for an
assumed allowable elastic settlement value, one can calculate the allowable load
bearing capacity based on elastic settlement ¢, for any given factor of safety with
the relationship stated in the equation below:

q
a1 = Yall(net) + ﬁ (174)
Then, vertical load can be determined as follows:
— For square/rectangular foundations, the following equation must be used:
an X B X L
Vi = Jau X2 X2 (1.75)
1+ 663 " 6€L
B L
— For circular foundation, the following equation must be used:
/4
Gan X (ZD2)
all — 1_’_78@ (176)
D
Also, bending moments based on allowable loads:
(a) For circular:
Ma—p = Vanep (1.77)
(b) For strip/continuous:
Mai-p = Vanes (1.78)
(c) For square/rectangular:
M- = Vaer (1.79)

1.3 Step-by-Step Procedure

To develop the bearing capacity and elastic settlement design charts, the following
steps shall be followed:

Step 1:
Assume the foundation width for square/rectangular/strip foundations, or assume
the foundation diameter for a circular foundation.
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Step 2:
Determine the bearing capacity factors, using the known ¢’ (Egs. 1.2-1.4).

Step 3:
Determine the depth factors using 7 (Egs. 1.5-1.9).

Step 4:
Determine the load inclination factors using the assumed % ratio along with ¢’
(Egs. 1.10-1.12).

Step 5:
Determine soil compressibility factors using the foundation dimensions, ¢/, ¢', and
us (Egs. 1.13-1.18).

Step 6:
To account for the depth of the groundwater table, determine ¢ and y depending on
the depth of the water table and the depth of the foundation (Egs. 1.19-1.23).

Step 7:

Determine the effective dimensions to account for the load eccentricity on the
foundation. The effective dimensions can be determined using the actual dimen-
sions of the foundation along with the moment and vertical load applied to the
foundation (Eqs. 1.24-1.53 and Fig. 1.4).

Step 8:
Determine the shape factors using the effective dimensions of the foundation
(Egs. 1.54-1.56).

Step 9:
Determine the allowable and the ultimate bearing capacity of the foundation using
the ¢, from Eq. (1.1) along with the factor of safety for the foundation (Eq. 1.67).

Step 10:
Determine the foundation load based on bearing capacity analyses (Egs. 1.68—1.75).

Step 11:
Determine /g, Ig, and Ir (Egs. 1.61-1.66).

Step 12:

Determine the net applied pressure allowable (qjiner)) based on the assumed elastic
settlement of the foundation, S., rigidity correction factor (/r), embedment correc-
tion factor (/g), influence factor (Ig), and Poisson’s ratio (us) (Eqgs. 1.57-1.59).

Step 13:
Determine the g, from Eq. (1.74).

Step 14:
Determine the foundation loads based on elastic settlement analyses (Eqs. 1.76—1.79).
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Step 15:
Steps 1 through 14 can be repeated for several assumed B values to develop the
required foundation capacity charts.

The above step-by-step procedure can be followed and repeated for different
foundation shapes and depths. Figure 1.7 shows the flowchart that summarizes the
above procedure to develop design capacity charts for shallow foundations on
homogeneous soil based on bearing capacity and elastic settlement criteria.

1.4 Design Problems

In this section, a number of design problems are introduced and solved following
the step-by-step procedure explained earlier in the previous section. These
problems were selected to give exposure to a wide variety of challenges that can
be faced while designing a shallow foundation system while helping us iron out the
finer details of the theories represented above.

1.4.1 Strip/Continuous Foundation

Develop a bearing capacity design chart for a strip/continuous foundation with only
vertical load (no horizontal or bending moment applied). Table 1.1 below summa-
rizes soil properties and design parameters used in this problem. Ignore soil
compressibility.

1.4.1.1 Hand Solution

To develop bearing capacity design charts, the steps below must be followed:

Step 1:
Assume foundation width, B=1 m.

Step 2:
Determine bearing capacity factors.

Using Eq. (1.2):

30\ L.
Ng = tan2<45 —|—2)e”“‘“(30> = 18.414
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_______________________ Assume B ]
' A

v
[ Determine depth, inclination, soil compressibility factors
No
Yes +
[ Modify q and y to account for GWT J
R

{ Determine effective dimensions ]

v

4,[ Determine shape factors ]

)

[ Calculate allowable and ultimate loads, then add to design chart (BC)

No
Settlement?
[ Determine factors I, I, Is J
v
[ Calculate allowable loads, then add to design chart (settlement)
R

More points
on Chart?

Fig. 1.7 Flowchart for development of design capacity charts

23
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Table 1.1 Soil properties Property Value Unit
and design parameters D, G m
C 0 kN/m’
¢ 30 °
y 18.85 kN/m’
FS 3.0 —
GWT depth Too deep -

Using Eq. (1.3):

N. = (18.414 — 1) cot (30) = 30.135
Using Eq. (1.4):

N, =2(18.414 + 1) tan (30) = 22.417

Step 3:
Determine depth factors.
For q’)/ > 0 and from Eq. (1.8), we find the following:

=15>1

15
=7

Therefore,
Depth factors can be determined using Egs. (1.6) and (1.7) as follows:

1.5
Faa=1+2tan (30) (1 — sin(30))* tan ~! (T) =128

1—-1.28 1296

Fea =128 = 30035 % tan30

Fpa=1

Step 4:
Determine load inclination factors.

Since the H/V ratio is zero (no horizontal loading is considered), the angle § can
be computed using Eq. (1.12) as follows:

p = tan ! (g) =0
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Thus,
Using Eq. (1.10):

Using Eq. (1.11):

Step 5:
Determine soil compressibility factors.

Since the effect of soil compressibility on bearing capacity calculations is not
required, the compressibility factors are set to 1.

Therefore,

Step 6:
Determine ¢ and y to account for the GWT.

The groundwater table in this problem is too deep and its effect can be ignored.
So, the unit weight of the foundation soil can be taken as y = 18.85kN/ mZ. Also,
the effective stress at the foundation base can be calculated as follows:

q = 18.85 x 1.5 = 28.275kN/m’

Step 7:
Determine the effective dimensions to account for the effect of load eccentricity.
For strip/continuous foundations, Eq. (1.31) applies:

B =B — 2¢;

where eg can be determined from Eq. (1.24):

Therefore:

Step 8:
Determine shape factors.
For a strip/continuous foundation, the shape factors are equal to 1. So,

ch:Fqs:Fyszl
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Step 9:
Now, one can calculate the ultimate bearing capacity of the foundation using
Eq. (1.1):

gu = (0)(30.135)(1.296)(1)(1)(1)(1) + (28.275)(1)(18.414)(1)(1.28)(1)(1)
+%(18.85)(1)(22.417)(1)(1)(1)(1) = 877.349kN /m?

The ultimate vertical foundation load based on bearing capacity can then be
calculated from Eq. (1.68):

Vu=2877.349 x 1 x 1 =877.349kN/m

Also, the allowable load bearing capacity is calculated using Eq. (1.67):

877.349

G = = 292.44kN/m?

And from Eq. (1.69):
Var =292.44 x 1 x 1 = 292.44kN/m
Step 10:
Several foundation widths (B) can be chosen and the above steps can be repeated to

determine the foundation capacity and to be able to develop a bearing capacity
design chart.

1.4.1.2 foundationPro Solution

After launching the Shallow-1 application of foundationPro program, the main
sections of the applications will appear as shown in Fig. 1.8.

General Information Section

General information alongside the unit format and the factor of safety is entered as
shown in Fig. 1.9.

Y|l == @ DEE S DP

[ Fordisr Shuge Do Lot { oradtu, [

Fig. 1.8 Main sections of Shallow-1 application of foundationPro program
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General informason Urits
gl [ & $1 Units BN, m. )
T— N— BS Unks i )
Proct Nome [Sr o Fourctaton Protiem 1
Dete/Toe [ Satety Factor [Beanng Capacty]
re=atas Fs P
Notes Foudise FS

[ .

Fig. 1.9 General information

Groundwater Table (GWT) Information

I~ GWT exists

|Depth of Groundwater Table [Dw | m

Soil Properties

JUnit weight of ol above oroundwater table Y s kN/m™3

S aturated unit weight of soill below groundwater

table [available only when GWT exits) Yo | kN/m™3
[Soil cohesion ¢* ICI kN/m~2
Bamcionage ® [© degres

For soil compressibility and/or elastic settlement calculations

E lastic modulus of soil at the base of KN/m™2
foundation (at depth = Df) Eso | 2
Rate of ncrease in the elastic modulus of soil K | kN/m™2/m
with depth A B
[Poisson's ratio of soil L = |

I~ INCLUDE Effect of Soil Compressibility

Fig. 1.10 Groundwater table and soil information section

Groundwater Table and Soil Information Section

We don’t click “GWT exists” (see Fig. 1.10) since the groundwater table is very
deep; we enter yy, ¢/, and ¢p. We do not want to consider settlement in this problem.
Therefore, no need for any soil compressibility or elastic settlement information.

Foundation Shape/Depth Section

We enter the depth of the foundation as given (see Fig. 1.11), we select the type of
foundation, and we select various foundation widths to be analyzed for the given
problem statement. L/B ratio is not required since this is a strip foundation.
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Depth of Foundation
Depth of foundation Df | m

Shape of Foundation

(¢ Continuous/Strip Footing [Widthx 1 =B x 1]
(" Square/Rectangular Footing [Width % Length =B % L]

" Circular Footing [Diameter = B]

Foundation Width/Diameter

[Minimum foundation width/Gameter B-min k m

[Maximum foundation width/diameter B-max 10 =

INumbet of data points  [10 o] lie.B=1.2.3..)

Foundation Length/Width Ratio

Foundation length-to-width ratio (avalable only
for square/rectangular foundation option) L/B ratio |

Fig. 1.11 Foundation shape/depth

Load Conditions and Elastic Settlement Sections

We can skip Load Conditions and Elastic Settlement sections in this example since
they are not required in this problem. We will discuss those in future design examples.
And now, we can hit the run button or the hot key F5 on the keyboard to perform the
analysis! The application will check all input data before proceeding in the analyses
and will also require to save the data in a file with a name of the user’s choice. All
saved files will be automatically given the .FPR extension to indicate that these files
are used by foundationPro. Once the input check is completed and the analyses are
performed, the user can view the Output section and navigate through the output
results.

Output Section

One can navigate through the Output section by clicking on the tabs at the bottom of
the screen as shown in Figs. 1.12 and 1.13. These tabs can give the results in terms
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Biml Lim) (] Uim) Fex Fa For Fed Fad
1 1 1 1 1 1 1299 128%
2 2 2 1 1 1 12288 1765
3 ] ] 1 1 1 115% 11443
' 4 ‘ 1 1 1 11 11082
5 5 5 1 1 1 1035 10885
< >
Bearing Capacity (RESULTS) l Bearing Capacy (CHARTS) l Elastic Setlement (RESULTS aF
Fig. 1.12 Bearing capacity results (table format)
Desgn Chat
on Chat | B | <
Allowable Bearing Capacity Chart
Biml sl i)
3204
1 1 254 0699593217
2 2 353 000018838867 = 4801
&
3 1 SR T
H 4 TS SOTSBETST z
5 5 542 TN RIS 5 40
3604
3204}
' 15 31 : is 56
B (m)
Contimuous Stip footing [Bx]
Beasing Capacity (RESULTS) l Bearing Capacity (CHARTS) I Elastic Semement (RES ] shic nant (CHARTS

Fig. 1.13 Bearing capacity results (chart format)

of a table or a chart. One can also switch back and forth between bearing capacity
results and elastic settlement results using these tabs. Excel spreadsheet button can
be used to acquire the results in Excel.

One can right click on the chart and copy it directly from the program as needed.
Table 1.2 summarizes some of the results for the selected foundation widths from
1 to 5 m. Allowable bearing capacity chart at various foundation widths is also
shown in Fig. 1.14.



30

1 Shallow Foundations on Homogeneous Soil

Table 1.2 Foundation loads based on bearing capacity analyses

B (m) g (kN/m?) ) Vo (KN/m) ¢u (KN/m?) V, (kN/m)
1 28.275 1 293.0154 879.0461 879.0461
2 28.275 2 703.4834 1,055.225 2,110.45
3 28.275 3 1,228.82 1,228.82 3,686.459
4 28.275 4 1,894.918 1,421.189 5,684.755
5 28.275 5 2,701.779 1,621.067 8,105.337
560
520
480 7
-
(gl
< /
£ 440
Z
™) /,/
p—
= 400
[a]
o
360 /
320 /
280
8 1.6 24 3.2 4 4.8 5.6
B (m)

Continuous/Stip footing [ Bx1]

Fig. 1.14 Allowable bearing capacity chart for the continuous/strip foundation

1.4.2 Rectangular Foundation

Develop a bearing capacity design chart for a rectangular foundation with an L/B
ratio of 1.5. No horizontal load and bending moments are applied to the foundation.
Factor of safety is 3.0. Other information is listed in Table 1.3 below. Soil
compressibility is not included.

1.4.2.1 Hand Solution

To determine the foundation load for this rectangular foundation, one must follow
the steps below:
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Table 1.3 Soil properties Property Value Unit
and other design parameters D 13 m
¢ 46 kN/m’
4 o
71 18.5 kN/m?
72 19.75 kN/m?
GWT depth 2 m

Step 1:
Assume foundation dimensions.
So, let us assume B=1 m, and then L =1.5 m since L/B=1.5.

Step 2:
Determine bearing capacity factors.
Bearing capacity factors can be computed from Egs. (1.2) through (1.4) as follows:

=

4
= tan? (45 + 5) emtan(4) = 143

=Z
I

(0.43) cot (4) = 6.19
N, =2(1.43 + 1) tan (4) = 0.34

Step 3:
Determine depth factors.
For ¢/ > 0 and from Eq. (1.8), 7 can be calculated as follows:

n="t=""=13>1

Dy 13
B 1

Thus,
Depth factors are calculated using Egs. (1.6) and (1.7) as below:

1.
Fat =1+ 2tan (4) (1 — sin (4))% tan ! (T3) i
1-1.11

Fa=111-————"" =136
d 6.19 x tan (4)
F=1

Step 4:
Determine load inclination factors.
Since the H/V ratio is zero, the angle f can be determined from Eq. (1.12) as

follows:
0
= f{ -1z = 0
p an < O)
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Therefore,
Inclination factors are found to be 1 after using Eqgs. (1.10) and (1.11):

0 2
1- =1
(50

Fg =
0
1—--) =1
Step 5:

Determine soil compressibility factors.
Since the effect of soil compressibility on bearing capacity calculations is not
required in this problem, all compressibility factors are set to unity. Therefore,

Fci

Fy

Fee=Fye =Fy =1

Step 6:
Determine g and y to account for the GWT.
Given that water table is at a depth of 2 m.
Also, given that y; = 18.5kN/m?® and y, = 19.75kN/m>.
Since Dy = 1.3 <Dy, =2 < (Dy + B) = 2.3, Case 2 applies.
The effective stress at the foundation base can be calculated using Eq. (1.21):

g =185 x 1.3 = 24.05kN/m?

Also, the unit weight of the foundation soil is calculated from Eq. (1.22) as follows:

(2—13)

(1851975 +9.81) + 19.75 — 9.81 = 15.93kN/m’

}/ =
Step 7:
Determine the effective dimensions to account for the effect of load eccentricity.
No load eccentricity is considered in this example. Therefore, effective dimen-
sions are the same as the actual assumed dimensions:

B =B=1m
L'=L=15m

Step 8:
Determine shape factors.
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Shape factors can be determined using Eqgs. (1.54) through (1.56) as follows:

1.0 1.43
Fs=1+ (E) (@) =1.5
1
Fqs =1 + (15> tal’l(4) = 104

1
Fo=1-04(—)=0.
" 0 (1.5> 0.733

Step 9:
The ultimate bearing capacity of the foundation is now calculated using Eq. (1.1):

qu = (46)(6.19) (1.36) (1) (1) (1.5) + (24.05) (1.43) (1.04) (1) (1) (1.11)
+%(15.93) (1)(0.34) (0.733) (1) (1) (1) = 487.33kN/m>

From Eq. (1.68):
The ultimate vertical load based on bearing capacity can be determined from
Eq. (1.68):

Vu=48733 x 1 x1.5=730.99kN

From Eq. (1.67):

487.33
Ga =—3— = 162.44kN/m?

From Eq. (1.69):

Var = 162.44 x 1 x 1.5 = 243.66kN
Step 10:
Several foundation dimensions can be selected and the above steps can be repeated

to evaluate the impact of the foundation size on the baring capacity of the
foundation.

1.4.2.2 foundationPro Solution
General Information Section

We enter the factor of safety and select the SI units as shown in Fig. 1.15.
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Fig. 1.15 General Units
information section for

Problem 1.2 & S| Units (kN. m. mm)

" BS Units (Ib, ft, in)

Safety Factor [Bearing Capacity]

Famaisasy FS P

Groundwater Table (GWT) Information

[V GWT exists
|Depth of Groundwater Table [y |2 =
Soil Properties
[Unit weight of soll above groundwater table Tl 185 kN/m"3
S aturated unit weight of soil below groundwater Y 19.75 KN/m™3
table (available only when GWT exits) ) AL

[Soil cohesion ¢' |45 kN/m™2
[Soi fiiction angle P |“ dacress

Fig. 1.16 Groundwater table

Groundwater Table and Soil Information Section

In the Groundwater Table and Soil Information section as shown in Fig. 1.16, we
enter the depth of the groundwater table, saturated unit weight of the soil below the
groundwater table, and unit weight of the soil above the groundwater table. We
enter the soil cohesion and friction angle.
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Foundation Shape/Depth Section

In this section as shown in Fig. 1.17, we enter the depth of the foundation as well as
select the shape of the foundation (square/rectangular). We enter the values we
would like to consider for the foundation dimensions; we also enter the L/B ratio
given in the problem.

We click the run button and get the results in the Output section. Table 1.4
summarizes the foundation loads for several foundation dimensions. The allowable
bearing capacity chart for this problem is shown in Fig. 1.18.

Depth of Foundation
Pephoffoudaion Df | "

Shape of Foundation

" Continuous/Strip Footing [Width x 1 =B % 1]
(¢ Square/Rectangular Footing [Width x Length = B x L]

" Circular Footing [Diameter = B]

Foundation Width/Diameter

Minirnum foundation width/diametet B-min |1 "

[Masirum foundation width/diameter B-mnax |1a =

Hm‘ube:dd&apoiig |'|D :I (Le..B=1, 2, 3,...)

Foundation Length/Width Ratio

oundation length-to-wdth ratio (available only
or square/rectangular foundation option) L/B ratio |'| S

Fig. 1.17 Foundation shape section
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168
162 \
156

150 \

144 N

gall (kN/m”2)

138

132 —o

126

B (m)
Square/Rectangular footing [BxL]; [L/B = 1.5]

Fig. 1.18 Allowable bearing capacity chart for the problem

Table 1..5 Soil properties Property Value Unit
and design parameters D, 5 it
c 540 Ib/ft>
¢ 27 °
¥ 104 1b/ft®
GWT depth Too deep ft

1.4.3 Square Foundation with Horizontal Loading

Develop a bearing capacity design chart for a square foundation with a horizontal
loading that is 25 % of the vertical load (H/V = 0.25). Factor of safety is 3.0. Soil
compressibility is not included. Other information is listed in Table 1.5 as follows:

1.4.3.1 Hand Solution

To determine the ultimate bearing capacity g,:

Step 1:
From the given statement L/B = 1.0.
So let us assume L=1 ft. B=1 ft.
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Step 2:
Determine bearing capacity factor.
Using Eq. (1.2):

2
N, = tan’ <45 - 77) e (27 = 132

Using Eq. (1.3):

Ne=(13.2 = 1)cot27 = 23.94

Using Eq. (1.4):
N, =2(13.2+1)tan27 = 14.47

Step 3:
Determine depth factors.
Using Eq. (1.8):

5
n 1 >
Since ¢, > 0 use Eq. (1.6):

5
Faq=1+2tan27(1 — sin27)" tan ! (T) = 1.417

Use Eq. (1.7):

1—1.417

Fa=1417——— """ 14511
23.94 x tan (27)

Fa=1

Step 4:
Determine load inclination factors.
Using Eq. (1.12):
B = tan '(0.25) = 14.19°
Using Eq. (1.10):

14.19°
Fi=Fg= (1 ~ o0 ) =0.712
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Using Eq. (1.11):

14.19
Fi=(1-—") =048

Step S:
Determine soil compressibility factors.
Since the soil compressibility is not included F. = Fye = F,c = 1.
Step 6:
Determine g and y to account for the GWT.
And given that the water table is very deep, Case 3 applies.

From Eq. (1.23):

y =71 = 104 Ib/ft®
From Eq. (1.21):

q =104 x 5 = 5201b/ft>
Step 7:
Determine the effective dimensions (effect load eccentricity).

There is no eccentricity; therefore,
B =Band L' =L

Step 8:
Determine shape factors.

From Eq. (1.54):
1.0\ /13.20
Fes=1 — =) =1
s * (1.0) (23.94) 53

From Eq. (1.55):

1
Fpo=1+ (1> tan (27) = 1.50

1
Fp=1- 0'4<T> =0.6
Step 9:

Ultimate bearing capacity of the square foundation.
Using Eq. (1.1):

From Eq. (1.57):

qu = (540)(23.94) (1.4511) (0.712) (1) (1.55) + (520) (1.5) (13.2) (0.712) (1.417) (1)
+%(104) (1)(14.47) (0.6) (1) (0.48) (1) = 31,305.21b/fi>

From Eq. (1.68):

Vu=31,3052 x 1 x 1 =31,305.21b
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From Eq. (1.67):

31,305.2

T 10,435.061b/ft*

Ganl =
From Eq. (1.69):
Var = 14,035.06 x 1 x 1 = 14,035.061b

Using the ratio given in the problem:

H, =31,305.2 x 0.25 = 7,826.021b
Step 10:

Several B values can be now chosen and the procedure can be repeated to evaluate
the impact of the foundation size on the baring capacity of the foundation.

1.4.3.2 foundationPro Solution
General Information Section

BS units are selected for this problem as shown in Fig. 1.19.

Groundwater Table and Soil Information Sections

We don’t click “GWT exists” since the groundwater table is very deep; we enter y1,
/
¢, and ¢.

Foundation Shape/Depth Section

We enter the depth of the foundation as well as the foundation shape (square/
rectangular). Also, we enter the values we would like to consider for the foundation
dimensions. The L/B ratio of 1 for square foundation must be entered to define a
square foundation as shown in Fig. 1.20.

Fig. 1.19 Selected units in
the General Information
section

Units

" Sl Units (kN, m, mm)

& BS Units (Ib, ft, in)
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Foundation Length/Width Ratio

oundation length-to-wdth ratio (available only
or square/rectangular foundation option) L/B ratio I1

Fig. 1.20 Foundation shape and L/B ratio

Inclination of Resultant Load (H/V ratio)

orizontal load to vertical load ratio (H and V are V (Vertical load) R (Resultant
horizontal and vertical components of the =
esultant load, respectively)

(Le., HA = 0 indicates no horizontal load applied
and all loads are vertical)

load)

d)

H/V ratio |El.25

Fig. 1.21 Load conditions

Load Conditions and Elastic Settlement

In this section, we enter the H/V ratio provided in the problem as shown in Fig. 1.21.

Next, we run the program and record the results. Table 1.6 summarizes founda-
tion loads based on bearing capacity analyses for the square foundation with
dimensions ranging from 1 to 10 ft. The allowable bearing capacity chart is
shown in Fig. 1.22.

1.4.4 Circular Foundation with One-Way Load Eccentricity

Develop a bearing capacity design chart for a circular footing with a vertical load
and a load eccentricity ratio of 0.25. Do not consider the effect of soil compress-
ibility in the calculations. Other information is given as Table 1.7 below:

1.4.4.1 Hand Solution

To determine the ultimate bearing capacity ¢, for circular foundation:

Step 1:
Assume D = B = 3ft.
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Table 1.6 Bearing capacity results

B (ft) |q (b/ft°) | qui (/%) | Viy (Ib) qu (Ib/f>) |V, (Ib) H, (Ib)
1 520 10,472.07 10,472.07 31,416.2 31,416.2 7,854.049
1.5 520 10,290.63 23,153.91 30,871.88 69,461.73 17,365.43
2 520 10,120.78 40,483.11 30,362.34 121,449.3 30,362.34
2.5 520 9,964.597 62,278.73 29,893.79 186,836.2 46,709.05
3 520 9,823.148 88,408.33 29,469.44 265,225 66,306.25
3.5 520 9,696.654 118,784 29,089.96 356,352 89,088.01
4 520 9,584.712 153,355.4 28,754.14 460,066.2 115,016.5
4.5 520 9,486.511 192,101.9 28,459.53 576,305.6 144,076.4
5 520 9,897.392 247,434.8 29,692.18 742,304.4 185,576.1
55 520 9,723.244 294,128.1 29,169.73 882,384.4 220,596.1
6 520 9,584.141 345,029.1 28,752.42 1,035,087 258,771.8
6.5 520 9,471.996 400,191.8 28,415.99 1,200,576 300,143.9
7 520 9,381.033 459,670.6 28,143.1 1,379,012 344,753
7.5 520 9,307.016 523,519.6 27,921.05 1,570,559 392,639.7
8 520 9,246.766 591,793 27,740.3 1,775,379 443,844.8
8.5 520 9,197.855 664,545 27,593.57 1,993,635 498,408.8
9 520 9,158.393 741,829.8 27,475.18 2,225,489 556,372.4
9.5 520 9,126.887 823,701.6 27,380.66 2,471,105 617,776.2
10 520 9,102.145 910,214.5 27,306.43 2,730,643 682,660.8

10600

€
10400
10200 \\

10000 \
9800 \“ / '\

wl NN
.

9200
T
ey

9000

qall (Ib/ftr2)

1 2 3 4 5 6 7 8 9 10 11
B (ft)
Square/Rectangular footing [BxL]; [L/B = 1]

Fig. 1.22 Allowable bearing capacity chart



1.4 Design Problems 43
Table 1.7 Soil properties Property Value Unit
and other design parameters D; 6 i
¢ 320 Ib/ft®
¢ 28 °
¥ 108.5 Ib/fe?
F ratio 0.25 -
FS 3.5 -
GWT depth Too deep ft

Step 2:
Determine bearing capacity factor.
Using Eq. (1.2):

28
N, = tan> (45 + 2> e — 1472

Using Eq. (1.3):

N. = (14.72 — 1) cot (28) = 25.80
Using Eq. (1.4):

N, =2(14.72 + 1) tan (28) = 16.72
Step 3:

Determine depth factors.
Using Eq. (1.8):

6
=-=2>1
=3 >
Since ¢I > 0 use Eq. (1.6):
. 2 -1 6
Fq=1+2tan28(1 — sin28)" tan 3)= 1.33

Use Eq. (1.7)

1-1.33

Fea =133 = S0 > tan 28

= 1.355

Fpa=1
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Step 4:

Determine load inclination factors.
Using Eq. (1.12):

Using Eq. (1.10):

Using Eq. (1.11):

Step 5:
Determine soil compressibility factors.
Since the soil compressibility is not included Fe = Fyc = F)c = 1.

Step 6:

Determine g and y to account for the GWT.
Given that the water table is very deep, Case 3 applies.
From Eq. (1.23):

y =7y, = 108.51b/ft’
From Eq. (1.21):
g = 108.5 x 6 = 651 1b/ft*
Step 7:
Determine the effective dimensions.
Given that, the load eccentricity for this circular foundation is % =0.25.

Using Eqgs. (1.34) and (1.35), f; and f, can be determined as follows:

f1 = 43.473(0.25)" — 61.224(0.25) + 32.094(0.25)* — 8.7505(0.25) + 1.2896 = 0.321
f> = 1.5303(0.25)* — 2.438(0.25) + 0.8257 = 0.3125

The effective dimensions to account for the effect of load eccentricity can now be
calculated using Eq. (1.32):

B =0.321 x 3 =0.963
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Using Eq. (1.33):

03125 x 37

0963 2919

Step 8:
Determine shape factors.

From Eq. (1.54):
0.963\ [14.72
Fa=1+ (2.919) (25.80) = 1188
From Eq. (1.55):

0.963
Fqs = 1 + (m) tan28 = 1175

From Eq. (1.56):

0.963
Fr=1-04 (2.919) —0.86

Step 9:
The ultimate bearing capacity of the circular footing from Eq. (1.1):

gy, =320 x25.80 x 1.355 x 1 x 1 x 1.188 + 651 x 14.72 x 1.175 x 1 x 1 x 1.33
+0.5 x 108.5 x 0.963 x 16.72 x 0.86 x 1 x 1 x 1 =29,016.621b/ft>

From Eq. (1.68):
V. =29,151.09 x 0.963 x 2.919 = 81,943.321b
From Eq. (1.67):

29,151.09

= 8,328.881b/ft’
35 /

da1 =
From Eq. (1.69):
Van = 8,328.88 x 0.963 x 2.919 = 23,412.461b

From the ratio given in the problem statement:

My, = 81,943.32 x 0.25 = 20, 485.83ftlb
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Step 10: Several foundation diameters can be chosen and the above steps can be
followed again to evaluate the impact of the foundation diameter on the baring
capacity of the foundation.

1.44.2 foundationPro Solution

General Information Section

We enter the factor of safety and select the unit type we wish to use (Fig. 1.23).

Groundwater Table Section

We don’t click “GWT exists” since the groundwater table is very deep; we enter 1,
¢, and ¢.

Foundation Shape/Depth Section

We enter the depth of the foundation as well as foundation shape (circular). We

enter the values we would like to consider for the foundation dimensions; we also
leave the L/B ratio empty due to the fact that this is a circular foundation (Fig. 1.24).

Load Conditions Section

In this section, we enter the load eccentricity ratio given in the problem after
checking the appropriate box for circular foundation as shown in Fig. 1.25.

Fig. 123 F f saft
ig actor of saety Safety Factor [Bearing Capacity]

[Factor of Safety FS l3 S

Foundation Length/Width Ratio

Foundation length-to-width ratio (avalable only
for square/rectangular foundation option) L/B ratio

Fig. 1.24 Foundation shape
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Load Eccentricity

-

Eccentricity in the B-drection to foundation ¢ /B
width (B) ratio B

-

Eccentricity in the L-direction to foundation el/L
length (L) ratio L

[v Eccentricity in the radial direction (for circular foundation)

E ccentricity in the radial direction to e /D 025
foundation diameter (D] ratio D

Fig. 1.25 Load conditions

After running the program, the output will appear in the Output section of the
program. Table 1.8 shows the bearing capacity results for this circular foundation
with load eccentricity. The allowable bearing capacity chart is also shown in
Fig. 1.26.

1.4.5 Rectangular Foundation with One-Way Load
Eccentricity

Develop a bearing capacity design chart for a rectangular foundation with L/B ratio
of 1.2, and eccentricity ratio of 0.25 in the B direction. Factor of safety is 4.0. Soil
compressibility is not included. Other required parameters are listed in Table 1.9.

1.4.5.1 Hand Solution

To determine the ultimate bearing capacity q,:

Step 1:
From the given statement L/B =1.2.

So, let us assume L = 1.2 m. Therefore, B=1 m.

Step 2:
Determine bearing capacity factors.
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8080 \v
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B (ft)
Circular footing [ B]
Fig. 1.26 Allowable bearing capacity chart
Table 1.9 Soil properties Property Value Unit
and other design parameters D, 13 o
¢ 0 kN/m?
32 °
7 18.1 kN/m?®
7 19.25 KN/m?>
ep/B 0.25 -
GWT depth 0.5 m

Using Eq. (1.2):

Using Eq. (1.3):

Using Eq. (1.4):

32

N, = tan2<45 +3

)e”‘a“m) =23.18

Ne = (23.18 — 1) cot (32) = 35.49

N, =2(23.18 + 1) tan (32) = 30.22
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Step 3:
Determine depth factors.

Given ¢ > 0 and using Eq. (1.8):

Using Eq. (1.6):

1.3
Faa=1+2tan(32) (1 — sin(32))*tan ' (1> =1.252

Using Eq. (1.7):

1-1.252
Fa= 1252 —— 11252 5
35.49 x tan (32)
Fu=1

Step 4:
Determine load inclination factors.
No horizontal load is applied to the foundation. Therefore, the H/V ratio is zero.

Using Eq. (1.12):
0
= f{ L = 0
B an (O)

Using Eq. (1.10)

Using Eq. (1.11):

Step 5:
Determine soil compressibility factors.
Since the soil compressibility is not included in the given problem

Fc‘c:Fqc:ch:1

Step 6:
Determine ¢ and y to account for the GWT.
Given water table is at depth 0.5 m.
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Given that, y; = 18.1 kN/m> and y, = 19.25 kN/m?>.

Here 0 < Dy, < Dy, then Case 1 applies.

Using Eq. (1.19):

y =19.25 —9.81 = 9.44kN/m
Using Eq. (1.20):
g =18.1(0.5) + (19.25 —9.81) x (1.3 - 0.5) = 16.6021<N/m2

Step 7:
Determine the effective dimensions (effect of load eccentricity).

Given ep/B =0.25 (eccentricity in the B)

For rectangular footings:

Use Eq. (1.27):

B =B—2e5=1-(2%x025) =05

From Eq. (1.25):

er =

<lo

From Eq. (1.29):
L'=L-2¢=L=12m

Step 8:
Determine shape factors.

Using Eq. (1.54):
0.5Y) [/23.18
Fs=1+ (E) (m) =1.27

Using Eq. (1.55):

0.5
Foo=1+ (E) tan (32) = 1.26

Using Eq. (1.56):

0.5
Fru=1-04(==) =08
7 (1.2)
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Step 9:
The ultimate bearing capacity of the rectangular foundation from Eq. (1.1):

¢, = (0)(35.49) (1.25) (1) (1) (1.277) + (16.802) (23.18) (1.26) (1) (1) (1.24)
+ %(9.44) (0.5)(30.22) (0.8) (1) (1) (1) = 666.94kN /m>
From Eq. (1.68):

Vy = 666.94 x 1.2 x 0.5 = 400.17kN
From Eq. (1.67):

666.94
G = —5— = 166.7kN/m?

From Eq. (1.69):

Vai = 166.7 x 1.2 x 0.5 = 100kN

From the ratio given in the problem statement:

M,, =400.17 x 0.25 = 100.04kNm
Step 10:

Different values of B can be chosen and the procedure can be repeated to evaluate
the impact of the size of the foundation on the baring capacity of the foundation.

1.4.5.2 foundationPro Solution
General Information Section

We enter the factor of safety and select the unit type we wish to use.

Groundwater Table and Soil Information Section

We enter the depth of the groundwater table, unit weight of the soil under the
groundwater table, and unit weight of the soil above the groundwater table. We
enter the soil cohesion and friction angle.
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V¥ Load Eccentncity in the B-deection [for strip/continuous and square/rectangular options)

E ccentncity in the B-deection to foundation e /B 025
|wndh (B) rabio B

Fig. 1.27 Load eccentricity ratio in the B direction

Foundation Shape/Depth Section

We enter the depth of the foundation, and then select the foundation shape as
square/rectangular.

We enter the values we would like to consider for the foundation dimensions; we
also enter the L/B ratio given in the problem.

Load Conditions Section

In this section, we check the appropriate load eccentricity box to enable the textbox
and then we enter the load eccentricity ratio given in the problem as shown in
Fig. 1.27.

Elastic Settlement Section

We do not consider elastic settlement for this problem

Now, we can click the run button and then view the output results. Bearing
capacity results from foundationPro are shown in Table 1.10 for the selected
foundation dimensions with eccentricity in one direction. The allowable bearing
capacity versus foundation widths are shown in Fig. 1.28.

1.4.6 Square Foundation with Soil Compressibility

Develop a bearing capacity design chart for a square foundation under vertical
loading. Use a factor of safety of 3.0. Include the effect of soil compressibility on
bearing capacity calculations. Soil properties and other design parameters are listed
in Table 1.11.

1.4.6.1 Hand Solution

To determine the ultimate bearing capacity g,:

Step 1:
From the given statement L/B = 1.0.
So, let us assume L=1mand B=1 m.
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Fig. 1.28 Allowable bearing capacity chart
Table 1.11 Soil properties Property Value Unit
and design parameters D, 13 o
c 0 kN/m?
¢ 30 °
7 18.1 kN/m’®
72 19.25 kN/m?
GWT Depth 0.5 m
E, 12,400 kN/m?
Hs 0.35 -

Step 2:
Determine bearing capacity factors.
Using Eq. (1.2):

30
N, = tan? (45 + 7) e 30 — 18.40

Using Eq. (1.3):

N = (18.40 — 1) cot (30) = 30.14
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Using Eq. (1.4):
N, =2(18.40 + 1) tan (30) = 22.40

Step 3:
Determine depth factors.

Given qbl > 0 and using Eq. (1.8):

D 13
f —=13>1

}’I:;:

Using Eq. (1.6):
. 2 113
Fga =1+ 2tan(30) (1 — sin(30))" tan 1) = 1.26

Using Eq. (1.7):

1-1.26

Fg=126——" """
d 30.14 x tan (30)

Fpa=1

=1.274

Step 4:
Determine load inclination factors.
Since H/V ratio is zero and using Eq. (1.12):

p = tan ! (g) =0

Using Eq. (1.10):

Using Eq. (1.11):

Step 5:
Determine soil compressibility factors.
¢ at a depth of D¢+ B/2 can be calculated as

q =18.1 x 0.5+ 1.3(19.75 — 9.81) = 21.972kN/m>
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Using Eq. (1.14):

I = 12,400 =21.972
" 2x(1+40.35) (0+21.972 x tan (30))

Using Eq. (1.15):

1 1 30
Liery = E{exp {(3.3 - 045 T) cot (45 — 7)] } =69

I > [r(cr)’ then
Foe=Fyp=F,=1

Step 6:

Determine g and y to account for the GWT.
Given groundwater table is at a depth of 0.5 m.
Given that, y; = 18.1 kN/m> and y, = 19.25 kN/m".
0 < Dy, < Dy, then Case 1 applies.
Using Eq. (1.19):

y =19.25 — 9.81 = 9.44kN/m’
Using Eq. (1.20):
g = 18.1(0.5) + (19.25 — 9.81) x (1.3 — 0.5) = 16.602kN/m?
Step 7:
Determine the effective dimensions (effect of load eccentricity).

There is no eccentricity; therefore, effective dimensions are the same as the
actual dimensions:

B =BandL =L

Step 8:
Determine shape factors.

Using Eq. (1.54):
1.0\ / 184
Fo= 1t <10> (3014) - 1o

Using Eq. (1.55):

1.0
Fy=1+ (T) tan (30) = 1.577
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Using Eq. (1.56):
1.0
Fp=1- 0.4(—) =0.6

Step 9:
The ultimate bearing capacity of the square footing from Eq. (1.1):

q, = (0)(30.14) (1.274) (1) (1) (1.6) + (16.602) (18.4) (1.577) (1)(1) (1.26)
+%(9.44) (1.0)(22.4) (0.6) (1) (1) (1) = 670.421<N/m2
From Eq. (1.68):

Vi =67042 x 1 x 1 =670.42kN

From Eq. (1.67):

670.42
Gai =—3— = 223.47kN/m?

From Eq. (1.69):

Var =223.47 x 1 x 1 =223.47kN
Step 10:

Different values of B can be chosen and the procedure can be repeated to evaluate
the impact of the size of the foundation on the baring capacity of the foundation.

1.4.6.2 foundationPro Solution
General Information Section

We enter the factor of safety and select the appropriate units.

Groundwater Table and Soil Information Section

We enter the depth of the groundwater table, unit weight of the soil below the
groundwater table, and unit weight of the soil above the groundwater table. We
enter the soil cohesion and friction angle as well in this section. We enter the elastic
modulus of soil at the base of foundation, rate of increase in the elastic modulus of
soil, and Poisson’s ratio of soil to account for the effect of soil compressibility.
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For soil compressibility and/or elastic settlement calculations

Elastic modulus of soil at the base of |'I 2400 KN/m™2
foundation (at depth = DI Eso s i
Rate of increase in the elastic modulus of soil |0 KN/m™2/m
“ﬂh deplh k KN/ LA
Poisson's ratio of soil L - 0.35

[v¢ INCLUDE Effect of Soil Compressibility

Fig. 1.29 Soil compressibility information

Table 1.12 Foundation loads based on bearing capacity results

B (m) qan (KN/m®) Vo (kN) qu (KN/m®) V, (kN)

1 224.2040263 224.2040263 672.6120788 672.6121
2 233.0597098 932.2388393 699.1791294 2,796.717
3 244.1611962 2,197.450766 732.4835886 6,592.352
4 260.2859129 4,164.574607 780.8577388 12,493.72

5 278.4199218 6,960.498045 835.2597654 20,881.49

Make sure to check the box at the bottom as shown in Fig. 1.29 to include the effect
of soil compressibility in the bearing capacity analyses.

Foundation Shape/Depth Section

We enter the depth of the foundation, and then we select the foundation shape as
square. We enter the values we would like to consider for the foundation dimensions;
we also enter the L/B ratio of 1 to specify square foundation.

Load Conditions and Elastic Settlement Sections

We can skip both sections since no load eccentricity and settlement analyses are
required in this problem. And now, we can hit the run button! Table 1.12 summarizes
the foundation load results for foundation widths ranging from 1 to 5 m. Also, the
allowable bearing capacity chart is shown in Fig. 1.30.
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Fig. 1.30 Allowable bearing capacity chart

Table 1.13 Soil properties Property Value Unit

and other design parameters D; 06 m
c 38 kN/m>
P 12 °
¥ 18.1 kN/m?
FS 3.0
GWT depth Too deep -
E, 1,600 kN/m’
s 0.3 -

1.4.7 Rectangular Foundation with Soil Compressibility

Develop a bearing capacity design chart for a rectangular foundation with L/B ratio
of 2; no bending moments or horizontal load is applied. Groundwater table is too
deep and can be ignored. Include the effect of soil compressibility on bearing
capacity calculations and use the soil parameters as provided in Table 1.13.
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1.4.7.1 Hand Solution

To determine the ultimate bearing capacity ¢,:

Step 1:
From L/B =2.0.
So, let us assume L =1 m and then B=0.5 m.

Step 2: Determine bearing capacity factors.
Using Eq. (1.2):

12
N, = tan? <45 + 7) e (12) — 2 97

Using Eq. (1.3):

N.= (297 —1)cot(12) =9.28
Using Eq. (1.4):

N, =2(2.97 + 1) tan (12) = 1.69

Step 3:
Determine depth factors.

Given (/5’ > 0 and using Eq. (1.8):

D: 06
_Pr 90 1o
=5 05 >

Using Eq. (1.6):

Fua=1+2tan (12) (1 — sin (12))* tan ~'(1.2) = 1.26

Using Eq. (1.7):

1-1.26
Fg=126———— "= _—139
¢ 9.28 x tan (12)
Fpa=1

Step 4:
Determine load inclination factors.
Using Eq. (1.12), since H/V ratio is zero:

p = tan ! <g> =0

61
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Using Eq. (1.10):

Using Eq. (1.11):

Step 5:
Determine soil compressibility factors.
¢ at a depth of D¢+ B/2 can be calculated as

g =18.1 <0.6 + (%)) = 15.385kN/m>

Using Eq. (1.14):

I = 1,600 = 14.57
2 x (1+0.33) (38 + 15.385 x tan (12))

Using Eq. (1.15):

1 . 12
Liery = E{eXp [(3.3 — 045 (?)) cot (45 - 7)} } =22.29

I, < Ir(cr)a then
Using Eq. (1.16):

= o = oo (~4-06(%5) 1z 4 [0 02) (204577}

1 + sin (12)

= 0.907

Using Eq. (1.18):

1-0.907
Fee =0907 - ———————~ = 0.759
2.97 x tan (12)

Step 6:
Determine g and y to account for the GWT.
Given groundwater table is deep and can be ignored and using Eq. (1.23):
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y1=18.1 kN/m’> =7.
Also, using Eq. (1.21):
g =18.1 x 0.6 = 10.86kN/m?

Step 7:
Determine the effective dimensions (effect of load eccentricity).
Since there is no load eccentricity; B = B and L' = L.

Step 8:
Determine shape factors.

Using Eq. (1.54):
0.5\ (297

Using Eq. (1.55):
0.5

Using Eq. (1.56):
0.5
F=1-04 (—) =0.8

Step 9:
The ultimate bearing capacity of the square foundation can be then calculated from
Eq. (1.1):
g, = (38)(9.28) (1.39) (1) (0.759) (1.16) + (10.86) (2.97) (1.106) (1) (0.907) (1.26)

1

+ 5(18.1) (0.5)(1.69) (0.8) (1) (1) (0.907) = 477.83kN/m?
From Eq. (1.68):
Vu=477.83 x 1 x 0.5 =238915kN

From Eq. (1.67):

477.83
G = —3— = 159.27kN/m?

From Eq. (1.69):



64 1 Shallow Foundations on Homogeneous Soil

Var =223.47 x 1 x 0.5 =79.6kN

Step 10:

Several foundation widths can be chosen and the procedure can be repeated to
evaluate the effect of foundation dimensions on the baring capacity of the
foundation.

1.4.7.2 foundationPro Solution
General Information Section

We enter the factor of safety and the units to be considered throughout the analyses.

Groundwater Table and Soil Information Section

We don’t click “GWT exists” since the groundwater table is very deep; we enter y1,
¢’, and ¢. Enter the elastic modulus of soil at the base of foundation, rate of increase
in the elastic modulus of soil with depth (can be considered zero since a unique
value is provided in the problem), and the Poisson’s ratio of soil.

Foundation Shape/Depth Section

We enter the depth of the foundation, and then select the foundation shape as
rectangular.

We enter the values we would like to consider for the foundation dimensions; we
also enter the L/B ratio of 2 given in the problem.

Load Conditions and Elastic Settlement Sections

We can skip both sections since these are not required for this problem. And now,
we can hit the run button and view the Output section. Foundation loads this
rectangular foundation can sustain including the effect of soil compressibility are
listed in Table 1.14 for many sets of foundation dimensions. The allowable bearing
capacity chart is also shown in Fig. 1.31.

1.4.8 Strip/Continuous Foundation with Horizontal Loading

Develop a bearing capacity design chart for a strip/continuous foundation with a
horizontal loading that is 30 % of the vertical loading (i.e., H/V ratio=0.3).
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Table 1.14 Bearing capacity results

B (m) L (m) qan (KN/m?) Van (kN) qu (KN/m®) Vy (kN)
0.5 1 157.7269573 78.86347864 473.1808718 236.5904
1 2 144.9075039 289.8150078 434.7225117 869.445
1.5 3 135.8447918 611.3015632 407.5343755 1,833.905
2 4 131.4055593 1,051.244474 394.2166778 3,153.733
2.5 5 128.8307925 1,610.384906 386.4923775 4,831.155
3 6 127.1999418 2,289.598953 381.5998255 6,868.797
3.5 7 126.1177981 3,089.886054 378.3533944 9,269.658
4 8 125.3862059 4,012.358588 376.1586176 12,037.08
4.5 9 124.8946297 5,058.232504 374.6838892 15,174.7
5 10 124.5763773 6,228.818864 373.7291319 18,686.46
162

156 '\\
150

144 \

gall (kN/m”2)

132 \\
\

126

120

0 9 1.8 2.7 3.6 4.5 5.4
B (m)
Square/Rectangular footing [BxL]; [L/B = 2]

Fig. 1.31 Allowable bearing capacity chart

Groundwater table is at the ground surface. Ignore the effect of soil compressibility
in the analysis and use a factor of safety of 3.0. Other given information is
summarized in Table 1.15 below.
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Table 1.15 Soil properties

> Property Value Unit
and other design parameters D, 35 it
¢ 150 1b/ft
¢ 28 °
71 124 Ib/ft®
Y2 124 b/t
GWT depth Ground surface ft

1.4.8.1 Hand Solution

To develop a design chart, one must follow the steps below:

Step 1:
Assume B =1 ft.

Step 2:
Determine bearing capacity factors.
Using Eq. (1.2):

N, = tan’ <45 +%> e @) — 1472

Using Eq. (1.3):

Ne= (N, —1)cotd =25.80
Using Eq. (1.4):

N, =2(N,+1)tan¢ = 16.72
Step 3:
Determine depth factors.
Using Eq. (1.8):

D; 35
2P 355
=8 =7 >

Since ¢, > 0 and from Eq. (1.6):

3.5
F,q =1+ 2tan (28)(1 — sin (28)) tan ! (T) = 1.386
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Use Eq. (1.7)
1 —1.386
Foqg=1386 ———— =141
« 25.80 x tan (28)
Fq=1
Step 4:

Determine load inclination factors.
For the given H/V ratio and from Eq. (1.12):

B = tan'(0.3) = 16.7

Using Eq. (1.10):

16.7°\ 2
Fi=Fg = <1 ~50° ) = 0.66

Using Eq. (1.10):

16.7
F,=11———) =0.403
(%)
Step 5:
Determine soil compressibility factors.
Since the effect of soil compressibility is not required Fo. = Fyc = F,c = 1.

Step 6:
Determine ¢ and y to account for the GWT.
Since the groundwater table is at the ground surface (Dw = 0 ft), Case I applies.
Use Eq. (1.19):
y =124 —62.4=61.6 Ib/ft>.
Use Eq. (1.20):

g =0+ (61.6)(3.5) = 215.61b/ft?
Step 7:
Determine the effective dimensions (effect of load eccentricity).
There is no load eccentricity. Therefore,

B =B =1ft

Step 8: Determine shape factors.
For a strip footing the shape factors are equal to 1. So,

F(rs:Fqs:Fyszl
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Step 9:
The ultimate bearing capacity of the strip footing can be now calculated from
Eq. (1.1) as

4,(150) (25.8) (1.41) (0.66) (

1) (1) + (215.6) (14.72) (1) (0.66) (1) (1.38)
+-(61.6)(1)(16.72) (1) (1

1
> )(0.403) (1) = 6,699.501b/ft>
From Eq. (1.68):

Vi =16,600.49 x 1 x 1 =6,660.491b/ft
From Eq. (1.67):

6,660.4
G = % =2,220.161b/f>

From Eq. (1.69):
Var = 2,220.16 x 1 x 1 =2,220.161b/ft

Using the ratio given in the problem:

H, =6,660.49 x 0.3 = 1,998.4171b/ft
Step 10:
Several B values can be selected and the procedure can be repeated to evaluate the

effect of the foundation dimension on the bearing capacity of the strip/continuous
foundation.

1.4.8.2 foundationPro Solution
General Information Section

We enter the given factor of safety and select the BS units in this section to use
throughout the analyses.

Groundwater Table and Soil Information Section

We click “GWT exists” and since the groundwater table is at surface we enter “0”
for the depth of the groundwater table; we enter y;, ¢/, and ¢. We do not enter any
values for the elastic modulus of soil since it is not required in the problem.
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Foundation Shape/Depth Section

We enter the depth of the foundation as well as select the type of the foundation
(continuous).

We enter the values we would like to consider for the foundation dimensions; we
leave the L/B ratio section empty due to the fact that this is a continuous footing.

Load Conditions and Elastic Settlement Sections

We enter the H/V ratio provided in the problem. We do not consider load eccentricity
or elastic settlement. And now, we can hit the run button! Ultimate horizontal and
vertical loads the strip/continuous foundation can sustain are summarized in
Table 1.16. The ultimate horizontal load versus foundation width is shown in Fig. 1.32.

Table 1.16 Allowable and ultimate foundation load results
B (ft) | gun (Ib/ft%) Van (Ib/ft) qu (Ib/ft%) V. (Ib/ft) H, (Ib/ft)
1 2,253.472481 2,253.472481 | 6,760.417444 6,760.417444 2,028.125233
2 2,205.964799 4,411.929598 | 6,617.894397 | 13,235.78879 3,970.736638
3 2,183.362334 6,550.087003 | 6,550.087003 | 19,650.26101 5,895.078303
4 2,258.850982 9,035.403929 | 6,776.552947 |27,106.21179 8,131.863536
5 2,243.269298 | 11,216.34649 6,729.807894 | 33,649.03947 10,094.71184
9000
8000 %
7000
o /
= 6000
=
=
T 5000 g
4000
3000 /
2000 d
.6 1.2 1.8 2.4 3 3.6 4.2
B (ft)

Continuous/Stip footing [ Bx1]

Fig. 1.32 Ultimate horizontal load chart
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Table 1.17 Soil properties

> Property Value Unit
and other design parameters D, 1 it
c 459 1b/ft
¢ 32 °
71 115 Ib/ft>
72 122 Ib/ft®
FS 4.0 -
GWT depth 1.5 ft

1.4.9 Square Foundation with Load Eccentricity
and Horizontal Loading

Develop a bearing capacity design chart for a square foundation with load eccen-
tricity ratios in both directions as follows: ep/B = 0.2 and e¢; /L = 0.2, and a horizontal
loading of 15 % of the vertical loading (i.e., H/V ratio = 0.15). Ignore the effect of
soil compressibility. Other required parameters are listed in Table 1.17.

1.4.9.1 Hand Solution

To determine the ultimate bearing capacity (g,), one must follow the steps below:

Step 1:
Assume foundation dimensions.

So, let us assume L =1 ft, and then B =1t (L/B=1).

Step 2:
Determine bearing capacity factors.
Using Eq. (1.2):

!

32
N, = tan? (45 + 7) e 32 = 23176

Using Eq. (1.3)

N.=(23.176 — 1) cot (32) = 35.490
Using Eq. (1.4):

N, =2(23.176 + 1) tan (32) = 30.22

Step 3:
Determine depth factors.
Given ¢ > 0 and
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Using Eq. (1.8):

Use Eq. (1.6):

4
Fa=1+2tan(32) (1 — sin(32))” tan ! (T) = 1.3661

Use Eq. (1.7):
1—2.517
Fqg=2517—-———-=1.38
d 35.49 x tan (32)
Fy=1
Step 4:

Determine load inclination factors.
Using Eq. (1.12) and with H/V =0.15:

p = tan "'(0.15) = 8.53

Using Eq. (1.10):

8.53°\ 2
Fi=Fg4= (1— 900) = 03819

Using Eq. (1.11):

8.53
Fu= (1 —3—2> —0.733

Step 5:
Determine soil compressibility factors.

71

Since the effect of soil compressibility is not required in this problem soil com-

pressibility factors are taken as Foc = Fyc = Fye = 1.

Step 6:

Determine g and y to account for the GWT which is at a depth of 1.5 ft.

Given that, y; = 115 Ib/ft>; y, = 122 Ib/ft’.
Since Dy, = 1.5 ft is less than D=4 ft,
y can be calculated from Eq. (1.19):

v = (r2 —ry) = 59.61b/ft’
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And ¢ from Eq. (1.20):
g = 115(1.5) 4+ (122 — 62.4) x (4 — 1.5) = 321.51b/ft?

Step 7:
Determine the effective dimensions (effect of load eccentricity).

Since load eccentricity is in two ways, Fig. 1.5 must be used to determine the
applicable two-way eccentricity case. With the given load eccentricity ratios, one
can find that Case I applies.

Therefore, Eq. (1.37) must be used to determine B:

B; =1.5-3(0.2) =091t
Using Eq. (1.38):
Ly =15-3(0.2) =091t

Using Eq. (1.36):

! 1
A = EBILl = 0.405 ft?

Using Eq. (1.48):
L =091t
+0.405

B =——=0451t
0.9

Step 8:
Determine shape factors.

Using Eq. (1.54):
0.45\ [23.18
Fo=1+ (][50 =132
A (0.9) (35.49) 3

Using Eq. (1.55):
0.45

Using Eq. (1.56):

0.45
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Step 9:
The ultimate bearing capacity of the square foundation can be now calculated from
Eq. (1.1) as follows:

q, = (459)(35.49) (1.38) (0.819) (1) (1.32) + (321.5) (23.18) (1.31) (0.819) (1) (1.366)
+%(59.6) (0.9) (30.22) (0.8) (1) (0.733) (1) = 35,752.79 b /ft>
From Eq. (1.68):

Vi =35,752.79 x 0.45 x 0.9 = 14,479.881b

From Eq. (1.67):

35,752.79

yE— 8,938.191b/ft>

qan =

From Eq. (1.69):

Var = 8,938.19 x 0.45 x 0.9 = 3,619.961b

From the H/V, eg/s, and e;/; ratios given in the problem statement, one can find the
ultimate loads the 1 ft x 1 ft square foundation can sustain as follows:

H, =14,479.88 x 0.15 = 2,171.9821b
M,, =14,479.88 x 0.2 x 1 = 2,895.9761tlb
M, =14,479.88 x 0.2 x 1 =2,895.976ftlb

Step 10:

Different values of B can be chosen and the steps can be repeated to determine the
bearing capacity of the square foundation in terms of the foundation dimensions.

1.4.9.2 foundationPro Solution

General Information Section

We enter the factor of safety and select the BS units to be used throughout the
analysis.

Groundwater Table and Soil Information Section

We click “GWT exists” and enter the depth of the groundwater table as 1.5 ft; we

enter yy, ¢/, and ¢. We do not enter any values for the elastic modulus of soil since
settlement analysis is not required in the problem.
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Foundation Shape/Depth Section

We enter the depth of the foundation, and then select the foundation shape as
square/rectangular. We enter the values we would like to consider for the founda-
tion dimensions; we enter the L/B ratio of 1 to indicate square foundation.

Load Conditions Section

We enter the H/V ratio provided in the problem. We also enter the load eccentricity
values stated in the problem statement. See Fig. 1.33 for details. We can now skip
the elastic settlement section since settlement analysis is not required and hit the run
button. Foundation loads for this square foundation under horizontal loading and
two-way load eccentricities are summarized in Table 1.18 (Fig. 1.34).

Inclination of Resultant Load (H/V ratio)

Horizontal load to vertical load ratio (H and V are
the horizontal and vertical components of the
resultant load, respectively)

ie.. HV = 0 indicates no hornizontal load appled
land all loads are vertical)

V (Vertical load) R (Ressltant
load)

d)

H/V ratio |0.15

Load Eccentricity

¥ Load Eccentricity in the B-direction (for strip/continuous and square/rectangular options)
Eccentricity in the B-direction to foundation e /B IIJ.Z
idth (B) ratio B

[V Eccenticity in the L-direction (for square/rectangular option)
ccentricity in the L-drection to foundation el/L |IJ.2
(L) ratio L

ccentricity in the radal deection to e /D I
oundation diameter (D) ratio D

Fig. 1.33 Load conditions data
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=5 Shallow-1 [Shallow Foundation on Homogeneous Soil]
DiwlE /= » DiEEs D4
Genes sl bnformation T GWT = T Foundati ] Load Condiions I Elsatic Setfement T outTPuT
Desgn Chast
Select Desgn Chat [T TR - |
Ultimate Bending Moment.B Chart
Bm Mu8 (b4
o
1 1 253 0540028
2 2 1114 306230564 300001
3 3 24220 SUSERIEEE 'f 400004
4 4 44056, TI2 343963 _E_'
5 5 5354 15423567 3 000
p—"
100004
‘ s 14 24 12 4 43 8
B(®)
Sguare Rectongular foating (Bxl]: (L3 = J]
Bearnng Capacity (RESULTS) ]_ Bearing Capacity (CHARTS) I l
Fig. 1.34 Ultimate bending moment in the B-direction
Table 1.19 Soil properties Property Value Unit
and other parameters D; 125 m
c 55 KN/m?
¢ 20 °
Y1 17.9 kN/m®
2 18.95 kN/m?
FS 3.0 -
GWT depth 2 m
E, 1,850 kN/m?>
s 0.33 -

1.4.10 Rectangular Foundation with Two-Way Load
Eccentricity

Develop a bearing capacity design chart for a rectangular foundation with L/B ratio
of 1.4, and load eccentricity ratios of ez/B = 0.1 and ¢;/L = 0.25. No horizontal load
is applied to the foundation. Include the effect of soil compressibility on bearing
capacity. Groundwater table is at a depth of 2 m below the ground surface. Other
required parameters are summarized in Table 1.19.
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1.4.10.1 Hand Solution

To determine the foundation loads, one must follow the steps below:

Step 1:
Assume foundation dimensions.
So, let us assume L = 1.4 m. Therefore, B=1 m since L/B =1.4.

Step 2:
Determine bearing capacity factors.
Using Eq. (1.2):

20
N, = tan? (45 + 7) e 20 — 6.40

Using Eq. (1.3)

N, = (6.40 — 1) cot (20) = 14.48
Using Eq. (1.4):

N, =2(6.40 + 1) tan (20) = 5.39

Step 3:
Determine depth factors.

For d)l > 0 and from Eq. (1.8):

D 125
P2 0551
=B T

Use Eq. (1.6):

1.25
Fga =1+ 2tan (20) (1 — sin (20))* tan ! (1) =1.28

Use Eq. (1.7):

1—-1.28

Fg=128——— "=
d 14.48 x tan (20)

=133
F=1

Step 4:
Determine load inclination factors.
Since H/V ratio is 0, all load inclination factors are set to 1:

Fci: qi:Fyizl

71
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Step 5:
Determine soil compressibility factors.
¢ at a depth of (D;+ B/2) can be calculated as

g =179 x (1.2540.5) = 31.25kN/m>
Using Eq. (1.14):

1,850

I = =10.57
2 x (14+0.33)(55+31.25 x tan (20))

Using Eq. (1.15):

Lier) = E{exp [(3-3 —0.45 (ﬁ)) cot (45 - 70)} } =35.25

I, < Ir(cr)v then
Using Eq. (1.16):

Fpe=F4p = exp{ (—4.4 +0.6 (ﬁ)) tan (20) + {(3'07 Sinfﬁ))zi:’(gz(g)(lo's 7)))] }

= 0.664

And using Eq. (1.18):

1 —0.664
Fee =0664 ——————=0.519
6.40 x tan (20)

Step 6:
Determine ¢ and y to account for the effect of the groundwater table.

Given that groundwater table is at depth of 2 m, and y; =17.9 kN/m®> and
72 =18.95 kKN/m°.

Also, we know that Dy = 1.25m < Dy, =2m < D¢ + B = 2.25m. Hence,

g =17.9 x 1.25 = 22.37kN/m?
(2 —1.25)

(179~ 18.95 +9.81) + 18.95 —9.81 = 15.702kN/m’

}/ =
Step 7:
Determine the effective dimensions (effect of load eccentricity).
Given ep/B = 0.1 (eccentricity in the B) and e;/L = 0.25 (eccentricity in the L).



1.4 Design Problems 79

Therefore, one can find from Fig. 1.5 that Case II applies to this two-way
eccentricity problem.
The effective area can be calculated using Eq. (1.39):

! 1
A = 5(1.017 +0.255)1 = 0.6364m>

The dimensions L; can be computed from Eq. (1.40):

L :(—18.8357(0.1)2 +6.22019(0.1) + 0.95889) (—2.0651(0.25) + 1.038)
x 1.4 =1.017m

Similarly, L, from Eq. (1.41):

L, :(2.518265(0.1)2 —2.86483(0.1) + O.40649> (—5.05047(0.25) + 2.52145)
x 1.4 =0255m

The effective width is then calculated using Eq. (1.43):

. 0.6364

B
1.017

=0.625m

Also, the effective length is then determined from Eq. (1.42):
L' =1.017m

Step 8:
Determine shape factors.

Use Eq. (1.54):
0.625 6.40
Use Eq. (1.55):

0.625
Fqs =1 + (m) tan (20) = 1223

Use Eq. (1.56):

0.625
Fo=1-04(—"=) =0.754
4 <1.017) !
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Step 9:
The ultimate bearing capacity of the rectangular footing can be now calculated
using Eq. (1.1) as follows:

g, = (55)(14.48) (1.33) (1) (0.519) (1.271) 4 (22.37) (6.4) (1.22) (1) (0.664) (1.28)
1
+ 5(15.702) (0.625)(5.39) (0.754) (1) (1) (0.664) = 860.40kN/m2
The ultimate vertical load is calculated from Eq. (1.68) as follows:
Ve =860.40 x 1.017 x 0.625 = 546.89kN
From Eq. (1.67):

4
86040 _ 286.94kN /m?

qan =

From Eq. (1.69):

Van = 286.94 x 1.017 x 0.625 = 182.29kN

From the ratios given in the problem statement:

M,, =546.89 x 0.1 x 1 = 54.6891 mkN
M,, =546.89 x 0.25 x 1 = 136.77mkN

Step 10:

Now, several other foundation dimensions can be selected to develop design charts
following the steps above.

1.4.10.2 foundationPro Solution
General Information Section

We enter the factor of safety and select the SI units to be used throughout the
analysis.

Groundwater Table and Soil Information Section

We click “GWT exists” and enter the depth of the groundwater table in the provided
textbox; we enter y1, y», ¢/, and ¢. Then, we enter the elastic modulus of soil at the
base of foundation, rate of increase in the elastic modulus of soil, and the Poisson’s
ratio of soil.
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Foundation Shape/Depth Section

We enter the depth of the foundation, and then select the foundation shape as
required by the problem statement. Then, we enter the values we would like to
consider for the foundation dimensions; we enter the L/B ratio of 1.4 given in the
problem.

Load Conditions Section

We do not consider the horizontal loading for this problem; therefore we enter “0”
for H/V ratio. We enter the load eccentricity values as stated in the problem
statement.

Elastic Settlement Section

We can skip this section since settlement analysis is not required in this problem.
So, now we can hit the run button and view the Output section. Allowable and
ultimate foundation loads at various dimensions under two-way eccentricity con-
dition are summarized in Table 1.20. Also, the allowable bearing capacity chart is
shown in Fig. 1.35.

1.4.11 Rectangular Foundation with Elastic Settlement

Develop bearing capacity and elastic settlement design charts for a rectangular
foundation with L/B ratio of 1.5. The maximum elastic foundation settlement
should not exceed 25 mm. The elastic modulus of the soil below the foundation
increases with depth at a rate of 160 kN/m?*/m. Top of rock is at 5.5 m below the
base of the foundation. Ignore the effect of soil compressibility on the bearing
capacity calculations. Use a safety factor of 3.0. Soil properties and other para-
meters are provided in Table 1.21.

1.4.11.1 Hand Solution

To develop design capacity charts based on bearing capacity and elastic settlement
conditions, one must follow the steps below:

Step 1:
Assume B =1 m; therefore, L =1.5 m since L/B=1.5.

Step 2:
Determine bearing capacity factors.
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Fig. 1.35 Allowable bearing capacity chart

Table 1.21 Soil properties Property

and other parameters

—
’\0\“
3 4 5 6 8 9 10 11
B (m)
Square/Rectangular footing [BxL]; [L/B = 1.4]
Value Unit

Df 1.3 m
c 16 kN/m?
¢ 30 °
¥ 18.6 kN/m?
E; 25,000,000 kN/m?
t 400 mm
E, 11,000 kN/m?
s 0.35 -
k 160 kN/m*/m
Se 25 mm
H 5.5 m
GWT depth Too deep -

Using Eq. (1.2):

30

N, = tan” (45 + 7) e (0 — 18,14



84 1 Shallow Foundations on Homogeneous Soil

Using Eq. (1.3):
N, = (18.14 — 1) cot (30) = 30.14
Using Eq. (1.4):
N, =N.= (Ny— 1) cot (¢) = 22.40

Step 3:
Determine depth factors.

For qb/ > 0 and from Eq. (1.8):

D 13
f T =15>1

]1:?:

Use Eq. (1.6):

1.3
Faa =1+ 2tan (30)(1 — sin (30))*tan ! (T) =1.2642

Use Eq. (1.7):

1-1.28

Fp=1

Step 4:

Determine load inclination factors.

Since no horizontal load is considered (H/V ratio = 0), all load inclination factors
are set to 1 throughout this problem.

From Eq. (1.12):

From Eq. (1.10):

From Eq. (1.11):
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Step 5:
Determine soil compressibility factors.

Since the effect of soil compressibility is not required in the given problem, all
compressibility factors are set to 1.
Therefore Foe = Fye = Fy)c = 1

Step 6:
Determine g and y to account for the GWT.
Given that groundwater table is very deep:
Unit weight of the foundation soil is determined using Eq. (1.23):
y =7, = 18.6kN/m?

Also, the effective stress is calculated using Eq. (1.21) as

g =18.6 x 1.3 =24.18kN/m?
Step 7:
Determine the effective dimensions to account for the effect of load eccentricity.

Since there is no eccentricity,

B =B=1m
L,=L=15m

Step 8:
Determine shape factors.

Use Eq. (1.54):
1 18.14
Fos=1+ (ﬁ) <—30.14> = 1.401

Use Eq. (1.55):
1
Foo=1+ (ﬁ) tan (30) = 1.38
Use Eq. (1.56):

1
Fp=1-04 (15> =0.7333
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Step 9:
The ultimate bearing capacity of the rectangular foundation is now computed from
Eq. (1.1) as follows:

qu = (16)(30.14) (1.296) (1) (1) (1) (1.401) + (24.18) (1.38) (18.14) (1) (1.26) (1)
+

%(18.6) (1)(22.4)(0.733) (1) (1) (1) = 1,790.98kN/m>

The ultimate vertical load is found from Eq. (1.68) as follows:

Vu=1,79098 x 1 x 1.5 = 2,686.47kN

From Eq. (1.67), the allowable load bearing capacity is calculated as

1,790.98
G = ~5— = 596.99kN/m’

Also, the allowable vertical load is computed from Eq. (1.69):

Var = 596.99 x 1 x 1.5 = 895.49kN

Step 10:
Different values of B can be chosen and the procedure can be repeated to evaluate
the impact of the foundation dimensions on the bearing capacity of the foundation.

Step 11:
To perform elastic settlement analysis:

The effective dimension can be found from Eq. (1.58) as follows:

4x1x15
Bo= /-2 138
T
Given E, = 11,000 kN/m”.

Since I is influence factor for the variation of E¢ with depth = f(,,,), one
must find #, and $, as follows:
From Eq. (1.64):

5.5

A

From Eq. (1.65):

11,000
P> = log(mo X 1.38) =169
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I is then computed from Eq. (1.66):

Ig = (—0.01189¢~"2%0%8%1 1 0.012608)
x (0.3486543 + 1.05867; — 4.26183 — 7.13334; + 28.92718f, + 51.4275) = 0.912

The foundation rigidity correction factor can be computed from Eq. (1.61) as
follows:

1
=24 —0.785

4 3
25,000, 000 (2 X 0.4)

4.6+ 10
11,000+%X 160 1.38

Also, foundation embedment correction factor is computed using Eq. (1.62):

1
Ig=1-— =0.895

138
3.5exp(1.22 x 0.35 — 0.4) (1—3 + l.6>

Given S.=0.025 m and from Eq. (1.57), one can calculate the net allowable
bearing capacity gajmer as follows:

_ _ 2
0.025 = 000 (1-03?)

Therefore,

Gail(nen) = 342.51kN/m?

From Eq. (1.67):

24.18
Gur = 342.51 + —— = 350.57 kN/m?

Hence,
The allowable vertical load can be solved for using Eq. (1.75) as follows:

1 0 0
350.57 = V,
“<<1 x 1.5> Tsx2 T ix 1.52)

Thus,

Van = 525.855kN
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1.4.11.2 foundationPro Solution
General Information Section

In this section, we enter the factor of safety and select the SI units to be used
throughout the analysis.

Groundwater Table and Soil Information Section

We do not click “GWT exists” since the groundwater table is too deep to consider.
We enter y;, ¢, and ¢. Then, we enter the elastic modulus of soil at the base of
foundation, rate of increase in the elastic modulus of soil, and the Poisson’s ratio
of soil.

Foundation Shape/Depth Section

In this section, we enter the depth of the foundation and select the foundation shape
as required. We enter the values we would like to consider for the foundation
dimensions. Also, the L/B ratio of 1.5 is used as required in the problem.

Load Conditions Section

This section can be skipped and no information is required since horizontal load and
bending moments are not applied to the foundation.

Elastic Settlement Section

We enter the required parameters to be used for the elastic settlement analysis in
this problem as shown in Fig. 1.36.

And now, we can hit the run button and view the Output section. Foundation
loads based on elastic settlement analyses are shown in Figs. 1.37 and 1.38. Also,
bearing capacity results at various foundation dimensions are summarized in
Table 1.22. The bearing capacity results are also shown in Fig. 1.39. Foundation
capacity results (allowable load bearing capacity and vertical load) are summarized
in Table 1.23. The allowable vertical foundation loads based on settlement analyses
at various foundation dimensions are also shown in Fig. 1.40.
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Required Information for Elastic Setlement Calculations

W Include Elastic Settlement Calculations

[Allowable Elastic Settlement of foundation Se |25

mim

[Depth from base of foundation to rigid layer  H |5.5

[Elastic modulus of foundation [25000000 02

oundation thickness -lr |4m mim

Fig. 1.36 Required elastic settlement information
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Fig. 1.37 Allowable foundation load results based on elastic settlement analyses

1.4.12 Circular Foundation with Horizontal Loading
and Elastic Settlement

Develop a bearing capacity and elastic settlement design charts for circular founda-
tion with a horizontal loading of 10 % of the vertical loading (i.e., H/V =0.1). Use a
safety factor of 3.2. Ignore the effect of soil compressibility on bearing capacity
calculations. Soil properties and other design parameters are provided in Table 1.24.
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Fig. 1.38 Allowable settlement capacity results

Table 1.22 Bearing capacity results at various foundation dimensions

B (m) L (m) Gan (KN/m?) Van (kN) qu (KN/m?) Vu (kN)

1 1.5 599.9378643 899.9068 1,799.813593 2,699.72
2 3 616.8443573 3,701.066 1,850.533072 11,103.2
3 4.5 639.9666553 8,639.55 1,919.899966 25,918.65
4 6 645.8035776 15,499.29 1,937.410733 46,497.86
5 7.5 658.0136522 24,675.51 1,974.040956 74,026.54
6 9 673.3832546 36,362.7 2,020.149764 109,088.1
7 10.5 690.4496025 50,748.05 2,071.348807 152,244.1
8 12 708.4839547 68,014.46 2,125.451864 204,043.4
9 13.5 727.0856764 88,340.91 2,181.257029 265,022.7
10 15 746.0188364 111,902.8 2,238.056509 335,708.5

1.4.12.1 Hand Solution

To develop design capacity charts (bearing capacity and elastic settlement), one
must follow the steps as below:

Step 1:
Assume foundation diameter, B=D =2 ft.

Step 2:
Determine bearing capacity factors.
Using Eq. (1.2):

8
N, = tan? (45 + 5) e" () =206
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Fig. 1.39 Allowable bearing capacity chart

Table 1.23 Foundation
capacity results based on
elastic settlement analyses

Using Eq. (1.3):

Using Eq. (1.4):

3 4 5 6 7 8 10 11
B (m)
footing [BxL]; [L/B = 1.5]
B (m) L (m) qan (KN/m®) Var (kN)
1 1.5 361.2143795 541.8215693
2 3 193.1326161 1,158.795697
3 4.5 144.2336947 1,947.154878
4 6 121.5691412 2,917.659388
5 7.5 108.1685785 4,056.321694
6 9 98.98223983 5,345.040951
7 10.5 92.10770596 6,769.916388
8 12 86.7195085 8,325.072816
9 13.5 82.40459696 10,012.15853
10 15 78.91533192 11,837.29979

Ne = (2.06 — 1) cot (8) = 7.53

N, =N, = (2.06 — 1) cot (8) = 0.86
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Fig. 1.40 Allowable vertical load based on elastic settlement analyses

Table 1.24 Spil properties Property Value Unit
and other design parameters D, 2 it
c 1,400 1b/ft?
P 5
71 119 1o/t
7 135 1o/t
E¢ 522,000,000 1b/ft®
! 16.8 in.
E, 250,000 1b/ft>
Us 0.3 -
k 0 1b/ft?/ft
Se 1 in.
H 10 ft
GWT depth Too deep -

Step 3: Determine depth factors.
For 45’ > 0 and from Eq. (1.8):
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Use Eq. (1.6):

4
Fga=1+2tan(8)(1 — sin(8))”tan (E) =1.23

Use Eq. (1.7):
1-1.23
Faq=123——"" _—1.447
« 7.53 x tan (8)
Fa=1
Step 4:

Determine load inclination factors.

For H/V ratio of 0.1 and from Eq. (1.12):
p=tan"'(0.1) =5.71

From Eq. (1.10):

5.71°\2
Fi=Fg= (1— 900> =0.87

From Eq. (1.11):
5.71
Fy = (1 _T> = 0.286

Step 5:
Determine soil compressibility factors.

Since the effect of soil compressibility is not required in this problem, all factors are
set to 1.
Thus,

Step 6:
Determine ¢ and y to account for the GWT.

Since groundwater table is very deep, its effect can be ignored. Therefore, the unit
weight of the foundation soil can be found using Eq. (1.23) as follows:

y =y, = 1191b/ft’
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Also, the effective stress at the base of the foundation can be computed from
Eq. (1.21):

q =119 x 4 = 4761b/ft?
Step 7:

Determine the effective dimensions to account for the effect of load eccentricity.
Since there is no load eccentricity,

B =B =2ft.
Step 8:

Determine shape factors.
Use Eq. (1.54):

2.06

Use Eq. (1.55):
Fye=1+(1)tan(8) =1.14
Use Eq. (1.56):
Fis=1-04(1)=0.6
Step 9:
The ultimate bearing capacity of the circular foundation can be now computed from
Eq. (1.1) as follows:
gy = (1,400) (7.53) (1.447) (0.87) (1) (1.273) + (476) (1.14) (2.06) (0.93) (1) (1.23)
+%(119) (2.57)(0.86) (1) (0.6) (0.286) (1) = 18, 545.78 Ib/ft>

The ultimate vertical load based on bearing capacity can then be calculated from
Eq. (1.68):

Vu = 18,545.78 x 3.14 = 38,233.7kN

Also, from Eq. (1.67):

18,545.78

_ 2
Ty = 5 795.55kN/m

qan1 =
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The allowable vertical load is then determined using Eq. (1.69):

Van =5,795.55 x 3.14 = 18,198.0kN

Since the H/V ratio is 0.1, the ultimate horizontal load is computed as follows:

H, =538,233.7 x 0.1 = 53,823.37kN

Step 10:

Several foundation diameters can be selected and the above nine steps can be

repeated to evaluate the bearing capacity of the foundation at various diameters.
To determine foundation loads based on elastic settlement analyses, one must

follow the steps below:

Step 11:
For the effective dimension for circular foundations, one can use Eq. (1.67):

B. = B = 2ft
From Eq. (1.64):
10
= — = 5
p=>

Given that k= 0 1b/ft*/ft.
From Eq. (1.65) and since £ is 0, 3, can be assumed 2 (i.e., log (100)):
Now, one can determine /g from Eq. (1.66) as follows:

I =(—0.01189¢ 2051 1 0.012608) x (0.34865; + 1.05867; — 4.26183;
— 7.133343 +28.92718p, + 51.4275) = 0.91

The foundation rigidity correction factor can also be determined using Eq. (1.61):

1
=24 = 0.785

4 22 x 10° 2 x 1.4\°
464 10222 (2) X
250,000 + 2 x 0 2

Also, foundation embedment correction factor is determined from Eq. (1.62) as
follows:

1
e=1- =0.859
. (3.56xp(1.22 x 0.3 —-0.4) (2 + 1.6)>
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Given S.=1 in. (which is the allowable elastic settlement the foundation can
experience) and using Eq. (1.57):

qAH(nel> x 2 x0.91 x 0.785 x 0.859

_ _ 2
0.0833 = 250.000 (1-03%)

One can solve for the net allowable load bearing capacity, ganen.
Thus,

Gan(nery = 18,647.011b/1t*

Then, the allowable load bearing capacity is calculated from Eq. (1.67):
476
G = 18,647.01 + 27 = 18,795.761b/ft*

From Eq. (1.75):

4 0
22,4761 = V| —=+——=
a"<7r>< 22+r:>< 23>

One can solve for the vertical allowable load based on settlement:

Var = 59,018.711b

1.4.12.2 foundationPro Solution

General Information Section

We enter the factor of safety and select the BS units to be used throughout the
analysis.

Groundwater Table and Soil Information Section

In this section, we do not click “GWT exists” since the groundwater table is too deep to
consider. We enter yy, ¢/, and ¢». We enter the elastic modulus of soil at the base of
foundation, rate of increase in the elastic modulus of soil, and the Poisson’s ratio of soil.
Foundation Shape/Depth Section

In this section, we enter the depth of the foundation and then set the foundation
shape as circular. Then, we enter the values we would like to consider for the

foundation dimensions; we do not enter anything for the L/B ratio since this is a
circular foundation.
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Load Conditions Section

We consider the horizontal loading for this problem by entering an H/V ratio of 0.1
given in the problem statement. We do not need to consider the load eccentricity
since this does not apply in this problem.

Elastic Settlement Section

We enter the “S.,” “H,” “E;,” and “¢” for the elastic settlement analyses in this
problem.

And now, we can hit the run button and view the Output section. Bearing
capacity results (allowable and ultimate) at various foundation diameters are
summarized in Table 1.25. Also, allowable bearing capacity design chart is
shown in Fig. 1.41. Foundation load based on elastic settlement analyses are
summarized in Table 1.26 and also shown in Fig. 1.42.

1.4.13 Rectangular Foundation with Two-Way Eccentricity
and Elastic Settlement

Develop bearing capacity and elastic settlement design charts for rectangular
foundation with L/B ratio of 1.5, and load eccentricity of ez/B =0.1 and ¢;/L =0.1.
The maximum elastic settlement of foundation must not exceed 25 mm and top of
rock is at 8 m below ground surface. Table 1.27 lists the soil properties and other
required design parameters.

1.4.13.1 Hand Solution

The following steps must be followed to develop capacity design charts (elastic
settlement and bearing capacity):

Step 1:
Assume B=1m; then L=1.5 m since L/B=1.5.

Step 2:
Determine bearing capacity factors.
Using Eq. (1.2):

14
N, = tan? (45 + 7) e"an (14 — 3 59
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qall (Ib/ft"\2)

Table 1.26

99

based on elastic settlement

diameters
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5400 \\

5100 N

4800 \\
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B (ft)
Circular footing [B]
Fig. 1.41 Allowable bearing capacity design chart
Allowable loads B (ft) Gant (lb/ftz) Vi (Ib)
. . 1 36,960.75429 29,028.90854
analyses at various foundation

2 18,177.10465 57,105.05843
3 12,106.86226 85,578.36649
4 9,232.880254 116,023.7951
5 7,606.970614 149,362.5187
6 6,578.441141 186,001.0413
7 5,875.008218 226,096.8126
8 5,365.3734 269,693.0826
9 4,979.430272 316,777.6667
10 4,676.721378 367,308.8382
11 4,432.423864 421,227.3251
12 4,230.534969 478,462.2329
13 4,060.309722 538,934.206
14 3,914.284624 602,557.3032
15 3,787.125278 669,240.2785
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Fig. 1.42 Allowable settlement design capacity chart
Table 1.27 Soil properties Property Value Unit
and other design parameters D; G m
¢ 55 kN/m?
¢ 14 °
¥ 19.1 kN/m?
FS 3.0 -
E; 25,000,000 kN/m?
t 400 mm
E, 20,000 kN/m’
Us 0.3 -
k 50 kN/m?/m
Se 25 mm
H 6.5 m
GWT depth Too deep -
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Using Eq. (1.3):
N.=(3.59 — 1) cot (14) = 10.37
Using Eq. (1.4):
N, =N.= (359 —1)cot (14) =2.29

Step 3:
Determine depth factors.
For gb/ > 0 and from Eq. (1.8), one can find # as follows:

Use Eq. (1.6):

1
Foa =1+ 2tan (14)(1 — sin (14))? tan " (TS) _ 1281

Use Eq. (1.7):

1-1.281
Fag=1281———— =" —139
¢ 10.37 x tan (14)

Fpa=1

Step 4:
Determine load inclination factors.
All load inclination factors are set to 1 since the H/V ratio is zero:

Foi=F4=Fi=1

Step 5:

Determine soil compressibility factors.

The effect of soil compressibility on bearing capacity calculations is not required;
therefore,

Foe =Fye=Fy, =1

Step 6:

Determine ¢ and y to account for the GWT.

In this problem, the groundwater table is too deep and its effect can be ignored.
Therefore,
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The unit weight of the foundation soil can be determined using Eq. (1.23):
y =7, = 19.1kN/m?

Also, the effective stress at the base of the foundation can be computed from
Eq. (1.21) as follows:

g =19.1 x 1.5 = 28.65kN/m?

Step 7:
Determine the effective dimensions to account for the effect of load eccentricity.

Given,

Figure 1.5 can be used to determine the two-way load eccentricity case that
applies. Given ep/B =0.1 (eccentricity in the B) and e¢;/L=0.1 (eccentricity in
the L), one can find that Case IV controls.

So, B, dimension can be computed from Eq. (1.49):

B
f = (—6,470.36(0.1)4 +2,932.964(0.1)* — 493.417(0.1)* + 37.716(0.1) — 305.403)

+ (—461.303(0.1)3 +175.968(0.1)% — 26.045(0.1) + 305.8) =0.214

Similarly, L, dimension can be computed from Eq. (1.51):

L
2= (—549.42(0.1)3 +202.478(0.1)% — 28.87(0.1) + 102‘43)

+ (355.07(0.1)3 — 136.35(0.1)% + 18.05(0.1) — 101.6) = 0.203

Therefore,
The effective area is determined using Eq. (1.49):

! 1
A'=1x15—2(1-0214)(15 — 0.304) = 1.029

Using Eq. (1.52):

»1.029
B = — = .
5 0.686m

Using Eq. (1.52):

L =15m
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Step 8:
Determine shape factors.

Use Eq. (1.54):
0.686\ [ 2.59
Fs=1+(—)(=2)=11
. +( 1.5 > <10.37) >

Use Eq. (1.55):

0.686

Use Eq. (1.56):

0.686

Step 9:
The ultimate bearing capacity of the rectangular foundation can be calculated from
Eq. (1.1):

qo = (55)(10.37)(1.39) (1) (1) (1.15) + (28.65) (2.59) (1.115) (1) (1) (1.28)
+%(19.1) (0.686) (2.29) (0.817) (1) (1) (1) = 1,121.5kN/m?

The ultimate vertical load based on bearing capacity can be calculated from
Eq. (1.68):

Vu=1,121.5 x 1 x 0.686 = 769.349kN

Then, the allowable load bearing capacity can be calculated from Eq. (1.67):

1,121.5

Gut = = 373.833kN/m>

From Eq. (1.69):
Var = 373.833 x 1 x 0.686 = 256.44kN

Thus, the ultimate bending moments in both directions can be calculated as follows:

M,, =769.349 x 0.1 x 1 =76.949mkN
M,, =769.349 x 0.1 x 1 =76.949mkN
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Step 10:
Several foundation dimensions can be chosen and the procedure can be repeated to
study the effect of foundation dimensions on the bearing capacity of the foundation.

Step 11:
To find V,, for given allowable settlement:

From Eq. (1.58)
Ax1x15
Be= /2212 _ 138m
T

From Eq. (1.64):

From Eq. (1.65):

20,000
—log 0 ) =246 > 2
pr =log (50 X 1.38) 6>

So, I can be computed from Eq. (1.66) as follows:

I =(—0.01189e "2 1 0.012608) x (0.348654; + 1.05867; — 4.26183
— 7.13334% + 28.92718, + 51.4275) = 0.94

The foundation rigidity correction factor can also be determined from Eq. (1.61):

1
Iy = % + = 0.789
25,000, 000 2% 0.4\°
1.38

4.6+10
1.38
20,000 + - x 55

And the embedment correction factor is determined using Eq. (1.62):

1
Ig=1-— =0.88

1.38
3.5exp(1.22 x 0.3 — 0.4) (ﬁ + 1.6)

Given S, =0.025 m and from Eq. (1.57), one can solve for the net allowable bearing
capacity:

ey X 1.38 % 0.94 x 0.789 x 0.88
20,000

0.025 = (1-0.3%)
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So,
G Alinen = 610.04 kN/m?.
The allowable bearing capacity can then be calculated from Eq. (1.67):

28.65
Gur = 610.04 + —— = 619.59kN/m?

Therefore,
Equation (1.75) can be used to solve for the allowable vertical load based on
elastic settlement as follows:

1 0.6 0.9
619.59 =V,
“((1 x 1.5> sk T ix 1.52>

Thus,

Van = 422.447kN

1.4.13.2 foundationPro Solution
General Information Section

In this section, we enter the factor of safety and select the SI units to be used
throughout the analysis.

Groundwater Table and Soil Information Section

Groundwater table and soil information are entered in this section. We do not click
“GWT exists” since the groundwater table is too deep to consider. We enter y, ¢/,
and ¢. We enter the elastic modulus of soil at the base of foundation, rate of
increase in the elastic modulus of soil, and the Poisson’s ratio of soil.

Foundation Shape/Depth Section

We enter the depth of the foundation and then select the foundation shape. We enter
the values we would like to consider for the foundation dimensions; we also enter
the L/B ratio given in the problem statement.

Load Conditions Section

In this section, we define the load conditions as we do not consider any horizontal
loading for this problem. However, we enter the eg/B and e; /L values given in the
problem to account for the load eccentricity on the foundation.
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Elastic Settlement Section

We enter the “S.,” “H,” “Ey,” and “¢” to allow for elastic settlement analysis in this
problem.

Now, we can hit the run button and view the Output section. Various foundation
loads based on bearing capacity and elastic settlement analyses are summarized in
Tables 1.28 and 1.29. Additionally, design capacity charts are shown in Figs. 1.43
and 1.44.

1.4.14 Circular Foundation with Load Eccentricity, Soil
Compressibility, and Elastic Settlement

Develop bearing capacity and elastic settlement design charts for a circular founda-
tion with a load eccentricity of eg/B = 0.35. Include the effect of soil compressibility
on bearing capacity calculations. Also, include elastic settlement in your analyses
with a maximum foundation elastic settlement of 1 in. Top of rock is at a depth of
12 ft below the base of the circular foundation. Groundwater table is just 6 ft below
the foundation base. Use a safety factor of 3. Table 1.30 provides a list of soil
properties and other required design parameters.

1.4.14.1 Hand Solution

Follow the steps below to develop bearing capacity and elastic settlement design
charts for this circular foundation:

Step 1:
Assume foundation diameter, B=D =1 ft.

Step 2:
Determine bearing capacity factors.
Using Eq. (1.2):

10\ .
N, = tan> (45 + 7) e (10 — 2 47

Using Eq. (1.3)
N.=(2.47 — 1) cot (10) = 8.35
Using Eq. (1.4):

N, =N, = (2.47 — 1) cot (10) = 1.22
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Table 1.29 Foundation loads based on elastic settlement analysis

B (m) L (m) qall (kN/mZ) Van (kKN) Mg (KN m) Myp (KN m)
1 1.5 619.2022754 464.4017066 46.44017066 69.66025599
2 3 316.8823341 1,267.529336 253.5058673 380.2588009
3 4.5 227.7185821 2,305.650643 691.695193 1,037.542789
4 6 187.7870517 3,605.511392 1,442.204557 2,163.306835
5 7.5 163.1091798 5,097.161869 2,548.580935 3,822.871402
360
350
~ 340
<
£
_@ 330
E
320
310 — o
300
1.6 2.4 32 4 4.8 5.6
B (m)

Square/Rectangular footing [BxL]; [L/B = 1.5]

Fig. 1.43 Allowable bearing capacity chart

Step 3: Determine depth factors.
For (,15’ > 0 and using Eq. (1.8):

Use Eq. (1.6):

4
Fga=1+2tan(10) (1 — sin(10))* tan ~! (T) =131
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90
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Square/Rectangular footing [BxL]; [L/B = 1.5]
Fig. 1.44 Allowable elastic settlement capacity chart
Table 1.30 Soil properties Property Value Unit
and other design parameters D, ) i
¢ 1,250 1b/ft?
10 °
71 120 b/t
72 135 b/t
E¢ 520,000,000 Ib/ft?
t 1.5 ft
E, 220,000 1b/ft?
U 0.3 -
k 1,500 b/ttt
Se 1 in.
H 12 ft
GWT depth 10 ft
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Use Eq. (1.7):

1 -1.31

————=1.53
8.35 x tan (10)

Fo =131
Fpa=1

Step 4:
Determine load inclination factors.
All load inclination factors are set to 1, since the H/V ratio is O for this problem. So,

Fci:Fqi:Fyizl
Step S:

Determine soil compressibility factors.
The effective stress, ¢/, at a depth of (Ds+ B/2) can be calculated as

q =120 x (44 0.5) = 540kN/m>

I; can be now calculated using Eq. (1.14) as follows:

220,000
2 x (1+0.3)(1,250 + 540 x tan (10))

I, = =62.90

Using Eq. (1.15):

Lier) = ;{exp {(3.3 —0.45 G)) cot (45 - 120>} } = 14.926

Since I; > Iy(r), then
Fcc:Fqc:chzl
Step 6:
Determine ¢ and y to account for the GWT.
Since the groundwater table is too deep and Case III applies, one can determine
the unit weight of the foundation soil using Eq. (1.23) as follows:
y =7y, = 1201b/ft?

And the effective stress at the base of the foundation is determined using Eq. (1.21):

g =120 x 4 = 4,801b/ft>
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Step 7:
Determine the effective dimensions to account for the effect of load eccentricity
From Eq. (1.34):

fi = 43.473 (%))4 —61.224 (%3)3 +32.094 (%D)z — 8.7505 (%D) +1.2896
—0.185
From Eq. (1.35):
£, = 1.5303 (%3)2 2438 (%D) +0.8257 = 0.155
From Eq. (1.32):
B =0.185 x 1 = 0.185ft

From Eq. (1.33):

;0155 x 12
=———=0.837ft
0.185 0-837

Step 8:

Determine shape factors.

Use Eq. (1.54):

247
Fs=1+4+(022)(—=] =1.06
) + ) (8.35)

Use Eq. (1.55):
Fu =1+ (0.22)tan (8) = 1.06
Use Eq. (1.56):
F,s=1-04(0.22) =0911
Step 9:
The ultimate bearing capacity of the foundation can now be calculated from

Eq. (1.1) as follows:

qu = (1,250) (8.35) (1.447) (0.93) (1) (1.273) + (476) (2.47) (2.06) (0.93) (1) (1.23)
+%(120)(1.22) (0.185) (0.91) (1) (1) (1) = 18,719.644371b/1t>
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Thus,
The ultimate vertical foundation load based on bearing capacity can be com-
puted from Eq. (1.68):

Vi = 18,719.64437 x 0.185 x 0.837 = 2,992.231b

From Eq. (1.67):

18,719.64437

3 = 6,222.3851b/ft

qa1 =

From Eq. (1.69):

Van = 6,222.385 x 0.135 x 0.837 = 996.41b

From the ratio given in the problem statement:

M, =2,992.23 x 0.35 = 1,042.771bft

Step 10:
Several foundation diameters can be selected and the procedure can be repeated to
evaluate the impact of the size of the foundation on the baring capacity of the
foundation.

To determine the allowable foundation loads based on elastic settlement, the
steps below must be followed:

Step 11:
For circular foundations, use Eq. (1.67) to determine the effective dimension:

B.=B=1f1t

Given that, E, = 220,750 1b/ft*> at Dy/2.
From Eq. (1.64):

12

==12
h=7

From Eq. (1.65):

B, =2.16
Thus, I can be computed from Eq. (1.66):

I = (—0.01189e~"20%1 1 0.012608) x (0.34865 x 2.16” + 1.05867 x 2.16*

— 42618 x 2.16° — 7.1333 x 2.16% 4 28.92718 x 2.16 + 51.4275
=0.94
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From Eq. (1.61):

1
+ =0.785

22 x 10° 2 x 1.4\°
46410222 (2) X
250,000 + 2 x 0 2

T
IF:Z

From Eq. (1.62):

1
Ig=1- =0.84

2
3.5exp(1.22 x 0.3 — 0.4) <Z + 1.6>

Given that S =1 in. and from Eq. (1.57), one can solve for the net allowable
bearing capacity:

Ganinery X 1 % 0.94 % 0.785 x 0.84

0.0833 = 350,000

(1-03%

Thus,
Gatinery = 31,920.8 1b/ft>.
From Eq. (1.67):

476
G = 31,920.81 + = =32, 069.551b/ft*

Similarly, Eq. (1.75) can be used to solve for the allowable vertical load based on
settlement analysis as follows:

4 32X
32,060.55 = van( 422X 035>
zx1 zx 1

Therefore,

Van = 6,624.891bft

1.4.14.2 foundationPro Solution
General Information Section

In this section, we enter the factor of safety and select the BS units to be used
throughout the analysis.
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Groundwater Table and Soil Information Section

Soil and groundwater table information are entered in this section. We click the
“GWT exists” button, and enter the depth of the groundwater table. We enter y, y»,
¢/, and ¢. We enter the elastic modulus of soil at the base of foundation, rate of
increase in the elastic modulus of soil, and the Poisson’s ratio of soil.

Foundation Shape/Depth Section

We enter the depth of the foundation and then we select the circular foundation as
the foundation shape. Then, we enter the values we would like to consider for the
foundation diameter; we do not enter any value for the L/B ratio since this is a
circular foundation.

Load Conditions Section

We do not consider the horizontal loading for this problem. For the load eccentric-
ity section, we enter the ep/D values given in the problem.

Elastic Settlement Section

We enter the “S.,” “H,” “Ey,” and “t” to consider the elastic settlement in this
problem.

And now, we can hit the run button to view the results! Various foundation loads
based on bearing capacity and settlement analyses are summarized in Tables 1.31
and 1.32. Also, bearing capacity and elastic settlement design charts are shown in
Figs. 1.44 and 1.45, respectively (Fig. 1.46).

1.5 Suggested Projects

In this section, you will find some suggested design projects for the reader to
practice the concepts learned in the design of shallow foundations on homogeneous
soil. These projects will cover a variety of foundation design configurations (e.g., at
different depths, different groundwater table depths).
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Table 1.32 Foundation loads based on settlement analysis

B (ft) Gall (Ib/ft?) Vau (Ib) Mayp (Ib ft)
1 32,664.93565 6,751.310651 2,362.958728
1.5 21,598.71592 13,314.44707 6,990.084709
2 16,307.14599 21,346.00419 14,942.20293
2.5 13,070.83712 30,264.77437 26,481.67758
3 10,913.8163 39,902.70079 41,897.83582
3.5 9,391.425548 50,197.8348 61,492.34763
4 8,271.040744 61,139.39021 85,595.1463
4.5 7,419.164236 72,737.69721 114,561.8731
5 6,754.034371 85,009.7146 148,767.0006
6300
6200 h\
6100 \\
6000
[\
<
= 5900
=
N
c=<: 5800
o
5700 \\ //'
5600 \ /
5500 —
5400
1.6 2.4 3.2 4.8 5.6
B (ft)

Circular footing [B]

Fig. 1.45 Allowable bearing capacity design chart

1.5.1 Suggested Projects: Rectangular Foundation

Develop a bearing capacity design chart for a rectangular foundation with L/B ratio
of 2, with no horizontal loading and no eccentricity. Ignore the effect of soil
compressibility on bearing capacity calculations. Factor of safety is 3.5. Soil
properties and other design parameters are provided in Table 1.33.
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Fig. 1.46 Allowable elastic settlement capacity chart
Table 1.33 Soil properties Property Value Unit
and other design parameters D, 17 m
¢ 50 kN/m*
¢ 10 °
Y1 20 kKN/m>
72 22 kN/m?
GWT depth 5 m

1.5.2 Suggested Projects: Circular Foundation
with Load Eccentricity

Develop a bearing capacity design chart for a circular foundation with a load
eccentricity of 0.5 in the D direction. Use a safety factor of 3 in your bearing
capacity calculations and do not include the effect of soil compressibility. Other
required parameters are provided in Table 1.34.
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Table 1.34 Soil properties Property Value Unit
and design parameters D, 3 it
c 400 Ib/ft>
¢ 31 °
v 120 Ib/ft®
GWT depth 1 ft
Table 1.35 Soil properties Property Value Unit
and design parameters D, 5 it
c 200 Ib/ft*
¢ 30 °
71 135 Ib/ft®
Y2 145 1b/ft?
GWT depth Ground surface ft

1.5.3 Suggested Projects: Strip/Continuous Foundation
with Horizontal Loading

Develop a bearing capacity design chart for a strip/continuous foundation with no
load eccentricity, and with a horizontal loading of 50 % of the vertical loading (i.e.,
H/V =0.5). Factor of safety is 4.0. Following are the soil properties and other
design parameters (Table 1.35).

1.5.4 Suggested Projects: Rectangular Foundation
with Load Eccentricity

Develop a bearing capacity design chart for a rectangular foundation with L/B ratio
of 1.8, and load eccentricity of ez/B =0.3 and ¢;/L =0.25. Groundwater table is
0.5 m below the foundation base. Include the effect of soil compressibility on
bearing capacity calculations. Table 1.36 below summarizes the other required
information to solve the problem.

1.5.5 Suggested Projects: Circular Foundation with Load
Eccentricity and Settlement

Develop bearing capacity and elastic settlement design charts for a circular foun-
dation with a load eccentricity of eg/B = 0.5 with no horizontal loading. Include the
effect of soil compressibility on bearing capacity calculations and also elastic
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Table 1.36 Spil properties Property Value Unit
and other design parameters D, s m
c 60 KN/m?
¢ 25 °
Y1 18 kN/m?
Y2 20 kN/m?
FS 3.5 -
GWT depth 2 m
Eq 1,900 kN/m?
U 0.30 -
Table 1.37 Spil properties Property Value Unit
and other design parameters D, 5 it
c 1,300 1b/ft*
¢ 15 °
71 125 1b/ft®
72 140 b/t
E; 520,000,000 1b/ft®
t 1.5 ft
E, 220,000 Ib/fe®
Hs 0.3 -
k 1,750 1b/ft?/ft
Se 1.5 in.
H 15 ft
GWT depth 3 ft

settlement analysis with a maximum foundation elastic settlement of 1.5 in. Use a
factor of safety of 3 for bearing capacity analysis. Other required information can be
found in Table 1.37.
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Chapter 2
Axial Capacity of Single Pile
Foundations in Soil

Abstract This chapter deals with single pile foundations in homogeneous and
nonhomogeneous soils. Calculations of axial load a single pile foundation can
withstand are explained in details in this chapter. The calculations were performed
to satisfy both bearing capacity and elastic settlement requirements. For the bearing
capacity condition, several methods were utilized and the effects of many factors
were considered in these methods such as pile shape (square/circular), pile size, pile
length, soil type, and groundwater table. Then again, the effects of skin friction and
the end bearing components were considered in the elastic settlement analyses.
Additionally, a step-by-step procedure is introduced in this chapter to develop
bearing capacity and elastic settlement design charts which can be useful in the
design process of single piles in soil. A number of design problems are also
presented in this chapter and its solution are explained in details. These problems
were first hand-solved, and then, resolved using the Pile-1 (in soil) and Pile-2
(in rock) applications of the foundationPro program. Finally, a set of design projects
was suggested at the end of this chapter to allow the reader practice the concepts
learned.

Keywords Single pile foundation ¢ Bearing capacity * Elastic settlement « Pile-1
* Pile-2 « foundationPro

2.1 Introduction

This chapter deals with single pile foundations in various types of soils. Calcula-
tions of allowable and ultimate loads which a single pile foundation can sustain are
explained in details in this chapter. Allowable and ultimate axial loads on a single
pile foundation are estimated to satisfy both bearing capacity and elastic settlement
requirements.

In the bearing capacity analyses, the classical bearing capacity equations for a
single pile foundation were utilized. Effect of pile foundation shape (i.e., square or
circular) is considered in the bearing capacity calculations. Piles in sand, clay,
and rock are dealt with herein. Effect of the groundwater table depth is also
considered in the bearing capacity equation. In this chapter, a number of methods
are summarized and can be utilized to estimate the axial capacity of a single pile in
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homogeneous and nonhomogeneous soils. The following methods are discussed in
this chapter: Meyerhof, Vesic, Coyle and Castello, alpha, modified alpha, lambda,
and critical depth methods.

The axial capacity of single drilled shaft is also estimated based on elastic
settlement (theory of elasticity). The allowable load a single pile foundation can
sustain to satisfy elastic settlement requirements and not to exceed the allowable
permissible settlement is determined herein. The total elastic settlement of a single
pile in soil was estimated as a result of adding the various types of settlements
occurred due to end bearing and skin friction loads.

A step-by-step procedure was introduced in this chapter to develop bearing
capacity and elastic settlement design charts. These design charts present the
relationship between various applied loads on a single pile foundation versus pile
dimensions (side or diameter and total length). These charts can be useful in the pile
foundation design process to find what will control the final design; the bearing
capacity, or the elastic settlement of the foundation.

Ten design problems are presented in this chapter. First, these design problems
were hand-solved and their solution was explained in details, and then the
foundationPro program was used to resolve the problems to replicate and verify
the hand solution. Also, the program was used to investigate a wider and detailed
solution and design alternatives for the hand-solved problems. Since the
foundationPro includes a set of several applications, the Pile-1 and Pile-2 applica-
tions of the foundationPro are the responsible applications to perform bearing
capacity and elastic settlement calculations for single pile foundations embedded
in homogeneous and nonhomogeneous soils. Therefore, only Pile-1 and Pile-2
applications will be used throughout this chapter to replicate the hand-solved
problems. Three design projects were suggested at the end of this chapter to
allow the reader to practice and apply the learned concepts.

2.2 Theory

In this section, the procedures to estimate the axial capacity of a single pile in soil
are discussed. The governing methodologies to calculate the ultimate and allowable
loads that can be applied to a single pile foundation with the given pile configura-
tions in different types of soil based on bearing capacity and elastic settlement are
summarized in the following subsections. There will be several different theories
that can be used to calculate the bearing capacity of a foundation and these theories
will depend on various factors as will be introduced herein. Figure 2.1 defines the
main soil properties and design parameters used in the analyses of single pile
foundations. As in the figure below, C is the soil cohesion, ¢ is the soil friction
angle, 7' is the effective unit weight of the soil, E is the elastic modulus of the soil,
us is Poisson’s ratio of the soil, and B is the pile diameter (circular) or side (square).
The thicknesses of each soil layer in the case of multiple soil layers can be defined
by providing the depths (Zy, Z,, Z,, etc.) at the boundaries between different soil
layers (see Fig. 2.1).
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Soil 2 from depth Z) to depthZ;

Fig. 2.1 Single pile embedded in multiple soil layers

2.2.1 Axial Capacity of a Single Pile (Bearing Capacity)

The ultimate axial capacity (load), Q,, a single pile foundation embedded in soil can
sustain as shown in Fig. 2.2 is estimated as in Eq. (2.1) by summing the end bearing
capacity component (Q,) and the frictional skin resistance component (Q):

0,=0,+0 (2.1)

where Q,, is the load carrying capacity of the pile point, and Q; is the frictional
resistance (skin friction).

2.2.1.1 End Bearing Capacity (Q,)

One can estimate the pile tip resistant—end bearing capacity of a single pile
depending on the soil which the pile is resting on. Figure 2.3 shows the available
methods in Pile-1 application of foundationPro which can be used to estimate Q.
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Fig. 2.2 Ultimate load on a Qu=Q:+Qp
single pile foundation

Calculation of Pile Tip Resistance - End Bearing (Qp)

~Clay
(¢ Meyerhof's method " Vesic's method

Sand
&+ Meyerhof's method " Vesic's method

" Coyle and Castello method

Fig. 2.3 Auvailable methods of analysis in Pile-1 application for pile tip resistance—end bearing
component

1. End bearing capacity in sand
O, can be estimated using any of the following methods in the case where the
pile tip is resting on sand:

(a) Meyerhof’s method:
O, can be estimated according to Meyerhof’s method (Meyerhof 1976)
using the following equation:
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Q,=Apq,=A4,4 N, (2.2)

where

N, =0.3147 x "7 (2.3)

A, is the cross-sectional area of the pile
¢ is the effective stress at the pile tip
One must be aware that the O, value should be limited to Apg,. Therefore,

Q,=ApN, <Ay (2.4)
¢ = 0.5p,N, tan (¢) (2.5)
where
P. is the atmospheric pressure and can be approximated as 100 kN/m? or
2,000 Ib/ft*

¢’ is the internal friction angle of the soil underneath the pile tip
(b) Vesic’s method:
O, can be estimated according to Vesic’s method (Vesic 1977) using the
following equation:

0,= (By’Nj n q’N;)AP (2.6)

where

B is the pile diameter

N; and N are the bearing capacity factors

y' is the effective unit weight of the soil

The bearing capacity factors can be estimated as in the following
equations:

N = 0.6(le - 1) tan (4/;) (2.7)

N, = (1 + 2K°)NU (2.8)

4 3

where
K, is the earth pressure coefficient at rest and can be taken as

(1—sin(¢))
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907«//) . ' 4sin ¢
Ny=— 2 ,e< )" tan2 (45 + 2| 1,300 ) (2.9)
3 — sing 2

where
I, is the rigidity index and can be computed using Eq. (2.10) below:

E,

= T ) (q an (9)

(2.10)

(c) Coyle and Castillo’s method:
O, can be estimated according to the method suggested by Coyle and
Castello (1981) as in the following equation:

0,=qN,A, (2.11)

where

N, =[1.04529 ¢ 2 — 1.58056 i + 0.6289
a 40 40
X 0.32039 LY’ + 14.2496 L —+ 935.565
. D . D .

2. End bearing capacity in clay
O, can be estimated using any of the following methods in the case where the
pile tip is resting on clay:

(a) Meyerhof’s method:
0, can be estimated according to Meyerhof’s method using the following
equation:

(2.12)

0,=9%u4, (2.13)

where
¢y 1s the undrained cohesion of the soil below the tip of the pile
(b) Vesic’s method:
O, can be estimated according to Vesic’s method using the following
equation:

0, =ApcN, (2.14)
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According to Vesic (1977), N can be calculated using the following
equation:

. 4
N, =Z(nl;+1) +%+ 1 (2.15)

where
I, is the rigidity index in the clay and can be calculated based on the
suggestion made by O’Neill and Reese (1999) as in the following equation:

Cu

I = 347( ) —33 <300 (2.16)

Da

3. End bearing capacity in rock:
O, can be estimated based on the suggestion by Goodman (1980) in the case
where the pile tip extends to rock:

0, =q,(Ny +1) (2.17)

where
qu 1s the unconfined compression strength of rock
¢’ is the friction angle

N, = tan? (45 + %) (2.18)

2.2.1.2 Skin Friction Resistance (Q;)

One can estimate the skin friction resistance of a single pile depending on the type
of soil that is surrounding the pile shaft. Figure 2.4 shows the available methods in
Pile-1 application of foundationPro which can be used to estimate Q.

1. Skin friction resistance in sand
O, can be estimated using any of the following methods in the case where the
pile shaft is surrounded by sand:

(a) Critical depth method:
0,=Y pfL (2.19)

where
fis the frictional resistance
L is the distance from surface to the bottom of the pile
p is the pile perimeter
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Calculation of Pile Skin Friction - Resistance (Qs)

Clay
* Alpha method

" Lambda method

" Alpha® method (with the effect of the effective vertical stress)

- (ie., Usually 0.4 for bored ples and greater than 0.45 for driven
Coefficient piles)

Sand
* Coyle and Castello method

" Ciiical Depth method
[Citical Depth1atio  (L'/B)cr

@ Boredorjettedple K = [1-sin( (]|

 Low/High-displacement diiven ple K = X [1-sin(¢)]

" Load Test K-I

[Sand/Pie Friction Angle 5= [o5 -] &

Fig. 2.4 Available methods of analysis in Pile-1 application for skin friction resistance
component

In order to calculate (f) which is the unit skin friction, one must assume

a critical depth ratio (%) which usually ranges from 15 to 20. From this
cr
ratio, one can determine the critical depth (L'). Therefore,
. (L
L=|—=) xB 2.20
(B ) cr ( )

Thus,
For z=0 to L, f can be estimated using the following equation:

f=Kxo,tan (5’) (2.21)

However, for z=L' to L, f can be estimated using the following equation:

f=r_ (2.22)
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where

K is the earth pressure coefficient and can range from 1 — sin (¢') to 1.8
(1 — sin(¢')) depending on the pile type (bored or jetted and low or high
displacement driven)

6; is the effective vertical stress at depth under consideration

& is the soil-pile friction angle and can be approximated in terms of the
soil friction angle as in the following equation:

5 =08¢ (2.23)

(b) Coyle and Castello method:
Coyle and Castello (1981) suggested the following equation to estimate Q:

0, = 6,Ktan (5’) L (2.24)
where
5 =08¢ (2.25)
¢° L
K ={-1.32484( 3 ) +1.03116 ) x (02879 ) — 13.572 (2.26)
where

D is the width or diameter of pile
¢’ is the soil-pile friction angle

2. Skin friction resistance in clay

(a) Alpha (a*) method:
The unit skin friction f can be estimated as follows:

f=axcy (2.27)
where
C 4 C 3 C 2
a= 0026 x <> —0.02233 <> +0.7498 <>
Pa Pa Pa
~1.198 <C—) +1.1187 (2.28)
pﬂ

where ¢, is the undrained cohesion and p, is the atmospheric pressure as
defined earlier
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Tfa\ll)ll“e 2.1 Typical values Bored piles Driven piles
of ¥in Eq. (2.31) 0.4-0.5 >0.5
Thus,
Q= fxpxAL=Y axc,pxAL (2.29)

(b)

(©)

Modified Alpha (a*) method:
The unit skin friction f can be estimated as follows:

f=a xe (2.30)

where Sladen (1992) suggested the following equation to estimate o™

_r~ 045

o = T<@> (2.31)

Cu

where
&, is the mean vertical effective stress
¥ as in Table 2.1 depends on the pile type
Therefore,

O, =) fxpxAL=> axcpxAL (2.32)
Lambda (1) method:

Vijayvergiya and Focht (1972) suggested the following equation to esti-
mate the average unit skin friction:

Fave = (0, 4+ 2¢4) (2.33)
where
A1is a factor depending on the pile embedment length and can be obtained
from Fig. 2.5.
Thus,
Qs = poavg (234)

3. Skin friction resistance in rock
Skin friction resistance is usually ignored when the pile is surrounded by rock.
Therefore,

Qs:()
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0.6

0.5

0.4 \
A 03

0.1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
L (m)/100 or L (ft)/328

Fig. 2.5 The factor 4 in Eq. (2.33)

2.2.2 Axial Capacity (Elastic Settlement)

The total elastic settlement (S.) of a single pile foundation can be estimated using
the following equation:

Se = Se| + Seg + S63 (235)

where

Se, is the elastic settlement of pile length

Se, is the settlement of the pile caused by the load at the pile tip

Se, s the settlement of the pile caused by the load transmitted along the pile shaft
Se, can be estimated using the following equation:

Se, = W (2.36)

where

Oy 1s the working point bearing

Qs 1s the working frictional skin resistance

A, is the cross-sectional area of the pile

L is the pile length

E,, is the modulus of elasticity of the pile material
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& varies between 0.5 and 0.67
Se, can be estimated using the following equation:

D
S., = (C’E—P) (1= 1)Ly (2.37)
S

where
D is the width or diameter of pile, g, is the point load per unit area at the pile
point (Q.,p/Ap), E; is the modulus of elasticity of soil at or below the pile point, y; is
Poisson’s ratio of the soil, and /,,, is the influence factor which can be taken as 0.85.
Se, can be estimated using the following equation:

(D
oy = iz (1?) (1 — ud)Lys (2.38)

where
Iy s the influence factor and can be estimated from the equation suggested by

Vesic (1977) as follows:
L
Iys =240.35 (\/;> (2.39)

2.2.3 Allowable Loads

Allowable load a single pile foundation can sustain based on bearing capacity
analyses can be determined using the following equation:

0,

Ou =2 (2.40)

where

Q. is the ultimate load a pile can carry and can be determined using Eq. (2.1)

FS is the factor of safety

However, the allowable axial load a single pile foundation can sustain based on
total elastic settlement is determined by solving Eq. (2.42) below for Q,,;,, and then
finding Q,, using Eq. (2.43):

Let

)2

o (2.41)
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Then

(145 DO =)ty D(1 =40
ApEp ApEs ’/IPLES

Se = Oup (2.42)

0, = Oy (1 + %) (2.43)

2.3 Step-by-Step Procedure

To determine the axial capacity of a single pile foundation in soil based on bearing
capacity and total elastic settlement requirements and establish the associated
design charts, the following steps must be followed:

Step 1:
Assume the pile length, L

Step 2:
Determine Q,, end bearing capacity of the pile point depending on the type of soil
below the pile tip

For sand
*  Meyerhof’s method, use Egs. (2.2)-(2.5)
* Vesic’s method, use Egs. (2.6)—(2.10)
» Coyle and Castello method, use Egs. (2.11) and (2.12)

For clay
e Meyerhof’s method, use Eq. (2.13)
* Vesic’s method, use Egs. (2.14)—(2.16)

For rock
e Use Egs. (2.17) and (2.18)

Step 3:
Determine Qj, skin frictional resistance of the pile depending on the type of soil
surrounding the pile shaft.

For sand
e Critical depth method, use Egs. (2.19)—(2.23)
¢ Coyle and Castello method, use Eqgs. (2.24) and (2.26)

For clay
e Alpha (o*) method, use Eqgs. (2.27)—(2.29)
e Alpha (o*) method, use Eqgs. (2.30)—(2.32) and Table 2.1
¢ Lambda (A) method, use Eqgs. (2.33) and (2.34)
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Step 4:

Find Q, using Eq. (2.1)

Step 5:

Find Q. using Eq. (2.40)

Step 6:

Find Q. using Egs. (2.38) and (2.39)
Step 7:

Find Q. using Egs. (2.39), (2.41), and (2.42)
Step 8:

Find Q,, using Eq. (2.43),

Step 9:

Steps 1 through 8 can be repeated for several L values to develop the required pile
foundation capacity charts

2.4 Design Problems

Many design problems are presented in this section to help the reader reiterate the
theory and integrate the Pile-1 and Pile-2 applications of the foundationPro pro-
gram in the design process of the single pile foundation. These examples were
selected to give exposure to a wide variety of challenges and design configurations
that can be faced in designing a single pile foundation while helping us iron out the
finer details of the theories introduced earlier.

2.4.1 Circular Pile in Sandy Soil (Meyerhof’s and Critical
Depth Methods)

Develop axial capacity (bearing capacity and settlement) design charts for a circular
bored pile with a diameter of 0.75 m in homogeneous sandy soil. Use Meyerhof’s
method for the end bearing capacity and the critical depth method for the skin
frictional resistance. Table 2.2 provides the soil properties and other required
design parameters.

2.4.1.1 Hand Solution

To determine the axial capacity of the pile for the given diameter and soil proper-
ties, one must follow the steps below:

Step 1:
Assume pile length, L =6 m.
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Table 2.2 Soil properties Property Value Unit
and other design parameters
FS 3 -
c 0 kN/m?
¢ 28 °
¥ 18 kN/m?
E, 25,000 kN/m?
U 0.35 -
E, 21,000,000 kN/m*
0 0.5¢ -
Se 0.025 m
€ 0.6 -
(L'/B)er 15 -

Step 2:
Determine Q,, from Eq. (2.2):

Q,=Apq, =0441 x 18 x 6 X N,

From Eq. (2.3):

Nf, =0.3147 x 17228 — 42 498

Therefore,

0, =A4Ap9, =0441 x 18 x 6 x 42.498 = 2,024.109kN

From Eq. (2.5):

g x Ap =0.5 x 100 x 42.498 tan (28) x 0.441 = 498kN

We must use the smaller value; therefore,

0, = 498kN

Step 3:

Determine Qq frictional skin resistance from Eq. (2.20):

L' =15%0.75=11.25m

a’():Oatz:Om

The unit skin friction can be then determined from Eq. (2.21):

=0
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However,
Atz =6m:

0, =6 x 18 = 108 kN /m>
The unit skin friction from Eq. (2.21):
f=(1—sin(28)) x 108tan (14) = 14.28kN/m*

Thus,
The frictional skin resistance, O, can be determined from Eq. (2.19):

0, = % x (3.14 x 0.75) x 6
- % % (3.14 % 0.75) x 6 = 101kN

Step 4:
From Eq. (2.1):

0, =498 + 101 = 599kN

Step 5:
The allowable load based on bearing capacity is determined using Eq. (2.40):

599
Qall - T == 1996kN

To determine the axial capacity of the pile foundation based on elastic settlement
given that S, = 0.025 m, one must follow Steps 6 through 8 as below:

Steps 6-8:
From Eq. (2.41):

498
= (=2) =4.93
7 (101) ?

Solving for O, from Eq. (2.42):

1+22 )6
4.93 N 0.75(1 — 0.35%)0.85

0.025 =
Qup 0.441 x 21,000,000 0.441 x 25,000

0.75(1 — 0.35%)2.98
4.93 x 3.14 x 0.75 x 6 x 25,000
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Therefore,

OQyp = 4754TkN

From Eq. (2.43):

1
—47547(1+-——) =571.91kN
0, =47 7( +4.93) 71.9

Step 9:
Repeat Steps 1 through 8 for another assumed pile length. Another solution is
provided below:

Step 1 (second pile length):
Assume L =10 m.

Step 2 (second pile length):
Determine end bearing capacity, O, for pile tip in sand from Eq. (2.2):

Q,=A4,q,=0441 x 18 x 10 x N,
From Eq. (2.3):
N, = 0.3147 x "173%%% — 42 498

Therefore,

0, =A4pq,=0.441 x 18 x 10 x 42.498 = 3,373.49kN
From Eq. (2.5):

g1 x Ap = 0.5 x 100 x 42.498 tan (28) x 0.441 = 498kN
We use the smaller value:

0, =498kN

Step 3 (second pile length):
Determine Q; frictional resistance (skin friction) for sand using Eq. (2.20):

L' =15%x0.75=1125 m

Atz=0 m:
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From Eq. (2.21):

Atz =10m:
o, =10 x 18 = 180kN/m>
From Eq. (2.21):
f=(1— sin(28)) x 180tan (14) = 23.80kN/m?

From Eq. (2.19):

0, = % X (3.14 x 0.75) x 10
0+ 23.80
0. = % % (3.14 x 0.75) x 10 = 280.358kN

Steps 4 and 5 (second pile length):
From Eq. (2.1):

Q, =498 4-280.358 = 778.35kN

From Eq. (2.40):

778.35

3 = 259.452kN

Qall =

Steps 6-8 (second pile length):
From Eq. (2.41):

Solving for O, from Eq. (2.42):

142019
1.77 +0.75(1 —0.35%)0.85

0.025 =
Qup 0.441 x 21,000,000 0.441 x 25,000

N 0.75(1 — 0.35%)3.27
1.77 x 3.14 x 0.75 x 10 x 25,000
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Therefore,

O, = 463.20kN

From Eq. (2.43):

1
—463.20( 1 +——— | = 724.98kN
Qu ( +1.77)

Step 9 (second pile length):
Repeat Steps 1 through 8 for another assumed pile length. Another solution is
provided below for a third pile length:

Step 1 (third pile length):
Assume L =16 m.

Step 2 (third pile length):
Determine Q,, for pile tip in sand from Eq. (2.2):

Q,=A4pq,=0441 x 18 X 16 x N,
From Eq. (2.3):
N, = 0.3147 x "173%%% — 42 498
Therefore,
0, =A4pq,=0.441 x 18 x 16 x 42.498 = 5,397.58kN
From Eq. (2.5):
g1 x Ap = 0.5 x 100 x 42.498 tan (28) x 0.441 = 498kN
We use the smaller value:
0, =498KN

Step 3 (third pile length):
Determine Q; frictional resistance (skin friction) in sand from Eq. (2.20):

L' =16x0.75=12m

Atz=0m
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From Eq. (2.21):

Atz=12m
6, =12 x 18 = 216kN/m>
From Eq. (2.21):
f=(1—sin(28)) x 216tan (14) = 28.57kN/m’
From Eq. (2.19):

0, = % X (3.14 x 0.75) X 12 + f,_,(3.14 x 0.75)(16 — 11.25)

0+ 28.57
=———X

0, (3.14 x 0.75) x 12+ 28.57(3.14 x 0.75)(16 — 11.25)

= 673.186kN

Steps 4 and 5 (third pile length):
From Eq. (2.1):

0, =498 +673.186 = 1,171.186 kN

From Eq. (2.40):
1,171.186

O = —3 = 390.4kN
Steps 6-8 (third pile length):
From Eq. (2.41):
(498)
=—_=0.73
T~ (673.186)

Solving for Q,,,, from Eq. (2.42):

1+ 2916
E 0.75(1 — 0.35*)0.85

0.025 =
Qup 0.441 x 21,000,000 0.441 x 25,000

0.75(1 — 0.35%)3.616
0.73 x 3.14 x 0.75 x 16 x 25,000
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Therefore,
pr = 439.14kN

From Eq. (2.43):

1
—439.14( 1 +—— | = 1,032.76kN
0, =439 <+0.73> ,032.76

2.4.1.2 foundationPro Solution

After launching the Pile-1 application of foundationPro, the five sections (General,
Pile Information, Soil Properties, Analysis Methods, and OUTPUT) will appear in
the main screen as shown in Fig. 2.6.

General Information Section

In this section, the user can provide some general information such as user name
and project name. This information is optional. Also, the safety factor which will be
used in the bearing capacity calculations and the unit type are required in this
section as shown in Fig. 2.7.

== pile-1 [Auial Capacity of Single Pile in Soil]

D@ ~—| 3| DIEESIS D

[ Gerersl T Pl Infoemation: T Sod Properties l Aunadpsis Methods ] DUTPUT
I'r

Fig. 2.6 Main sections of Pile-1 application of foundationPro program

General Information Units.

User Name [oeer & SN, m, roen]

85 in)

Froject Hame |Hehwlen|

Salfety Factor [Bearing Capacity]

= A

Date/Tine |

Fig. 2.7 The General Information section for Pile-1 application
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Pile Shape Elassc Semfement Calculations of Pile

& Coculsr [Diameter = B]

i Fociion Coslicard 18 1arges b o
" Squae B8] 5-067)
File Material
Elastc meddn o ple  Ep 21000000 -
File Diameter/Widt (B)
[Pl DuameterWikh B |?'£l e D= Qs+ Oy
File Length

s Pie Longth  L-min [ T,

[Marmm Pie Length. L-mc [:n

b ol Dta Pords e =]
fie.L=5 B 7

Fig. 2.8 Input data for Pile Information section

Pile Information Section

In this section, the user specifies pile shape (circular or square), provides the pile
diameter/width, defines the required range for the pile length to be investigated, and
enters elastic settlement of the pile and its allowable elastic settlement. Figure 2.8
shows the data entered for this design problem.

Soil Properties Section

In this section, the user must specify the number of soil layers to describe the soil
problem in problem. Also, the user must provide the thickness of each soil layers
and the physical properties (cohesion, friction angle, effective unit weight, elastic
modulus, and Poisson’s ratio) associated with it. Figure 2.9 shows the input data for
the current design problem.

Analysis Methods Section

In this section, the user must specify the method of analysis to be used throughout
the analysis as illustrated in Fig. 2.10. In this problem, the critical depth method in
sandy soil is required for the skin friction resistance and the Meyerhof’s method
under sandy soil is required for the end bearing capacity.
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Total rusmber of sod lapers [} =]

NOTES:

Toscontla . routthe vt fle. weight -
et o wate

~ To define ol depthe: 20 = 0 and Z3 > 22> 21 > 20 [eg.. for 10l 2 hom depth = 21 to depth = Z2]
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Fig. 2.9 Properties and thicknesses of soil layers

Calculation of Pile Skin Frction - Pesistance (Os) Calculason of Pide Tip Resistance - End Beanng (Op)

Clay Cla

(& Alpha method

" Lambda method % Meyerhol's method " Veuc's method

€ Agha® "~ o

Sand
l— e, sy 0.4 b : than 0,45 bor i
Coafficiant I:::_.L 4 bon buowed ples ared grestier than 0,45 for diven # bty natrcd e

Sand 1 Coyle and Castelo mathod

" Coyle and Castelo method

& Crical Degth method Qu=Qi+Qy
Ecabepthaie (LB |'®
Efiective Earth Prossure Coelficiert )

& Bowdorttedpde K = [1-sin( 4 )]

™ Low/High-aplacement divenple K = |' % [1-sin(y)]

© LosdTen K= |'°

BandPiefrctonirge &= [05 =l é

Fig. 2.10 Analysis Methods section for Pile-1 application

Output Section

Now we can hit the RUN button to perform the analyses and view the OUTPUT
section and navigate through the results as shown in Figs. 2.11 and 2.12 in table and
graph formats, respectively. Of course, the user can specify the required chart and
results to view. The various axial capacities based on bearing capacity and elastic
settlement analyses at pile lengths from 5 m to 20 m are summarized in Table 2.3.
The working load (settlement analysis) and allowable load (bearing capacity
analysis) design charts are shown in Figs. 2.13 and 2.14. It is very clear from the
two design charts how the bearing capacity is controlling the design for this design
problem and not the settlement.
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T
-
Lim) Qs kM) Op (kN] QukN] e Owo N} Owes KN} Ow kH)
1 5 TOIZSONTIITEH | 459 2563, 183
2 L3 L) 600 2
3 7 Rk = 472 TA0NEITATTE| 130, 02 ITTEINGIM
4 8 79| 433 1470T444m2 226224278751 | 458 168767
5 ] 227 052ATIEIST | 4581402 | 726 2 m
B "0 158| 459 2 CRTALE 269 -
7 " T3 A05I4B5059 | 45314042 9| 279 457 1|m 2
] 12 02 4591470744412 |51 5 12752307116
9 13 455 L) %64 3N S1TETISSET 12| a4 il 3
1 " L @ 02 5 M 57
1 15 Lol U
12 16 654 74036220255 | 430 14707444112 | 11528874 4282579, 1031
13 7 7 eE126362 | 4saramraaanz 1 4 1058 27452432534 o
l RESULTS l CHARTS

Fig. 2.11 Output results (table format)
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Fig. 2.12 Output results (chart format)

2.4.2 Circular Pile in Sandy Soil (Vesic and Critical
Depth Methods)

Develop pile axial capacity design charts (bearing capacity and elastic settlement
charts) for a circular bored pile with a diameter of 0.75 m in sandy soil. Use a design
factor of safety of 3.0. Use Vesic’s method for the end bearing capacity and use the
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Table 2.3 Axial pile capacities
L (m) | Qs (kN) Op kN) | Oy (kN) Qan (kN) | Qup (kN) | Qus (KN) Ow (kN)
5 70.15973 | 499.585 569.7447 | 189.9149 | 479.6251 67.35664 546.9817
6 101.03 499.585 600.615 200.205 476.3768 96.33666 572.7134
7 137.5131 499.585 637.098 212.366 472.9855 | 130.1914 603.1769
8 179.6089 499.585 679.1939 | 226.398 469.4441 | 168.7728 638.2169
9 227.3175 499.585 726.9025 | 242.3008 | 465.7457 |211.9202 677.666
10 280.6389 499.585 780.2239 | 260.0746 |461.8835 | 259.4604 721.3439
11 339.5731 499.585 839.158 279.7193 | 457.8516 |311.2065 769.0581
12 402.5165 499.585 902.1014 | 300.7005 | 453.749 365.5863 819.3353
13 465.6365 499.585 965.2214 | 321.7405 |449.7919 |419.227 869.019
14 528.7058 499.585 | 1,028.291 3427636 | 445.9477 | 471.9421 917.8898
15 591.657 499.585 | 1,091.242 363.7473 | 442.1854 |523.6789 965.8644
16 655.0638 499.585 | 1,154.649 384.8829 | 438.4481 |574.9001 1,013.348
17 717.841 499.585 | 1,217.426 405.8086 | 434.7772 | 624.7204 1,059.498
18 781.4049 499.585 | 1,280.99 426.9966 | 431.0832 | 674.2607 1,105.344
19 843.634 499.585 | 1,343.219 447.7397 | 427.466 721.849 1,149.315
20 906.2167 499.585 | 1,405.802 468.6006 |423.8304 |768.8026 1,192.633
1200
1100
1000 e
Z. 900 /
i~ /
N—
5 800 //'
700 / 7
600
L
o
500
3 6 9 12 15 18 21
L (m)

Circular Pile [ Allowable Elastic Settlement = 25 mm]

Fig. 2.13 Total working load design chart (settlement analysis)
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Fig. 2.14 Allowable load carrying capacity (bearing capacity analysis)

Table 2.4 S(?il properties Property Value Unit
and other design parameters B 0 N /m2
¢ 28 °
¥ 18 kN/m?
E, 25,000 kN/m?
U 0.35 -
E, 21,000,000 kN/m*
é 0.5¢ —
Se 0.025 m
€ 0.6 -
U/B)er 15 -

critical depth method for the frictional skin resistance. Table 2.4 provides a list of
soil properties and other required design parameters to perform the analyses.

2.4.2.1 Hand Solution

To develop the required design capacity charts, the following steps must be
considered:

Step 1:
Assume pile length, L =6 m.
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Step 2:
Determine Q,, from Eq. (2.6):

0,= (0.75 X 18 X N 46 x 18 x Nj;)o.441

Equation (2.10):

25,000
I = i = 161.24
2(1+0.35)(108 tan (28))

Equation (2.9):

3 90-28 28 4sin (28)
No=-— (W) an2( 45 + 22 ) (161.24)7 5 = 84.37
3—sn28) ¢ an”| 45+ )(161.24)

Equation (2.8):

. (1 +2(1 — sin (28))

N, = : )84.37 = 57.96

Equation (2.7):

N’ =0.6(57.96 — 1) tan (¢) — 18.17

Equation (2.14):

Q,=(0.75x 18 x 18.17 + 6 x 18 x 57.96)0.441 = 2,868.69kN

Step 3:
Determine Q, frictional resistance (skin friction).
For sand
L'=15%0.75=11.25m
Atz=0m

From Eq. (2.21):

147
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Atz=6m
6, =6x 18 = 108kN/m>
From Eq. (2.21):
f=(1—sin(28)) x 108 tan (14) = 14.28kN/m’

From Eq. (2.19):

0, = % X (3.14 x 0.75) x 6
0+14.28
L= % X (3.14 x 0.75) x 6 = 101 kN

Steps 4 and 5:
From Eq. (2.1):

0, =2,868.69 4+ 101 = 2,969.69KN
From Eq. (2.40):

2,969.69
Qu = =5 — = 989.89kN

Steps 6-8:
From Eq. (2.41):

2,868.69
_ (229007 g4
1 ( 101 ) 8

Solving for O, from Eq. (2.42):

0.5
(1 * 28.4)6 0.75(1 — 0.35%)0.85
“P10.441 x 21,000,000 ©  0.441 x 25,000

0.025 =Q

0.75(1 — 0.35%)2.98
28.4 x 3.14 x 0.75 x 6 x 25,000
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Therefore,

O, = 484.54kN

From Eq. (2.43):

1
—484.54( 1+ —— | = 501.60kN
Qu ( +28.4)

Step 9:
Repeat Steps 1 through 8 with another assumed pile length. The solution below is
for a second assumed pile length.

Step 1 (second pile length):
Assume pile length, L =10 m.

Step 2 (second pile length):
Determine end bearing capacity, Q,, using Eq. (2.6):

0, = (075 x 18 x N} + 10 x 18 x N, )0.441

Equation (2.10):

25,000
I, = ’ =96.74
" 2(1+0.35)(180tan (28))

Equation (2.9):

4sin (28)

3 90—28

28 >
= ( 180 )” 2(g5 422 74)3(+sin28) — 7.
No 3= sin(28)° tan (5+2)(967) 67.90

Equation (2.8):

« (1 +2(1 — sin (28))

N,= 3 )67.90 =46.64

Equation (2.7):
N} = 0.6(46.64 — 1) tan (28) = 14.56

Equation (2.14):

Q,=(0.75x 18 x 14.56 4+ 10 x 18 x 46.64)0.441 = 3,788.96kN
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Step 3 (second pile length):
Determine Q, frictional resistance (skin friction) for sand.

L' =15x0.75=11.25m

Atz=0m

From Eq. (2.21):

Atz =10m
6, =10 x 18 = 180kN/m>
From Eq. (2.21):
f=(1— sin(28)) x 180tan (14) = 23.80kN/m?

From Eq. (2.19):

0, = % x (3.14 x 0.75) x 10
0+ 23.80
=—X

5 (3.14 x 0.75) x 10 = 280.358kN

OX

Steps 4 and 5 (second pile length):
From Eq. (2.1):

Q. = 3,788.96 + 280.358 = 4,069.32kN

From Eq. (2.40):

4,069.32

="y = 1.356.44kN

Steps 6-8 (second pile length):
From Eq. (2.41):

2,308.05
= (280.358) = 1331
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Solving for Q,,, from Eq. (2.42):

(1 * 13.51) 10 0.75(1 — 0.35%)0.85
“P10.441 x 21,000,000 '~ 0.441 x 25,000

0.025 = Q

0.75(1 — 0.35%)3.27
13.51 x 3.14 x 0.75 x 10 x 25,000

Therefore,

Oyp = 479.56kN

From Eq. (2.43):

0, 479.56(1 " ) — 515.06kN

1
13.51

Steps 9:
Repeat Steps 1 through 8 with another assumed pile length. The solution below is
for a third assumed pile length.

Step 1 (third pile length):
Assume pile length, L =15 m.

Step 2 (third pile length):
Determine end bearing capacity, O, from Eq. (2.6):

0, = (075 x 18 X N, +16 x 18 x N, )0.441

Equation (2.10):

;o 25,000
" 2(1+0.35)(288 tan (28))

= 60.46

Equation (2.9):

4sin (28)

3 90—28

28 (
Ny =5—"—+5¢€\ 180 )”t 2( 45 + 22} (60.46)3(T+sin28) — 55 58
3— sin(28)° . ( +2)( )
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Equation (2.8):

x (1 +2(1 — sin(28))

N,= 3 )55.58 =38.18

Equation (2.7):
N; =0.6(38.18 — 1)tan (28) = 11.86
Equation (2.14):
0,= (0.75 x 18 x 11.86 + 16 x 18 x 38.18)0.441 = 4,919.77kN

Step 3:
Determine Q; frictional resistance (skin friction) in sand:

L'=15%x0.75=11.25m

Atz=0m

From Eq. (2.21):

Atz=1125m
o, =11.25 x 18 = 202.5kN/m>
From Eq. (2.21):
f=(1— sin(28)) x 202.5tan (14) = 26.78kN/m’

From Eq. (2.19):

0, = % X (3.14 x 0.75) x 11.25 + f,_;; 5(3.14 x 0.75)(16 — 11.25)
0+26.78
= % x (3.14 x 0.75) x 11.25 + 26.78(3.14 x 0.75)(16 — 11.25)

= 654.39kN



2.4 Design Problems 153
Steps 4 and 5 (third pile length):
From Eq. (2.1):

0, =4,919.77 + 654.39 = 5,574.16 kN

From Eq. (2.40):

5,574.16
Qu = ==5— = 1.858.05kN

Q.1 is for assumed value L =16 m.

Steps 6-8 (third pile length):
Let

(4,919.77)
=82 g5
= " (654.39)

Solving for Q.,, from Eq. (2.42):

12216
751 0.75(1 — 0.35%)0.85

025 =
0025 = Qup | 5221 % 21,000,000 | 0.441 x 25,000

0.75(1 — 0.35%)3.616
7.51 x 3.14 x 0.75 x 16 x 25,000

Therefore,

Oyp = 472.41kN

From Eq. (2.43):

1
0, =472.41 (1 +W> = 535.326kN
2.4.2.2 foundationPro Solution
General Information Section
In this section, we select the SI units and we enter a safety factor of 3.0 in the

provided textbox. These units and this safety factor will be used throughout the
entire analyses.
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Fig. 2.15 Pile information

Pile Information Section

In this section, the pile information is entered as shown in Fig. 2.15. Number of data
points was 10 points (i.e., 10 pile lengths will be considered including the minimum
and the maximum lengths).

Soil Properties Section

The thicknesses and physical properties of the soil layers must be entered in this
section. As provided in the problem statement, we have a 20 m homogeneous sand
layer with properties as shown in Fig. 2.16.

Analysis Methods Section

The methods of analysis to be used to perform end bearing capacity and skin
friction analyses are specified in this section as shown in Figs. 2.17 and 2.18.

Now, we can hit the RUN button to view the output results. Summary of results
for this design problem is provided in Table 2.5. An example of the available design
charts that can be obtained for this design problem is shown in Fig. 2.19.
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SolLaperNo. | From Degth m] Cabvesion fkh/m"2) | Frickion Angie [deg ) ng?n E‘;’:’:‘Nm’ Posarts st

1 0 20 o 2 18 25000 0¥

Fig. 2.16 Pile information

Fig. 2.17 Specifying Sand
Vesic’s method for end
bearing capacity analysis " Meyerhof's method (¢ Vesic's method

" Coyle and Castello method

Sand
" Coyle and Castello method

@ Ciical Depth method
Critical Depthratio  (L'/B)cr |‘5

Effective Earth Pressure Coefficient (K]
(¢ Boredorjettedple K = [1-sin( $)

" Low/High-displacement driven pile K = | X —sin(¢ N

" LoadTest K = |

S and/Pile Friction Angle 5= [o0s <l ¢

Fig. 2.18 Specifying critical depth method for skin friction analysis

2.4.3 Square Pile in Clay Soil (Meyerhof’s and o Methods)

Develop pile capacity design charts (bearing capacity and settlement) for a square
pile (bored) in clay soil with a side of 0.6 m. Use a factor of safety of 3.0. Use
Meyerhof’s method for the end bearing capacity and o« method for the frictional skin
resistance. Other required information is provided in Table 2.6.
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Table 2.5 Axial pile capacities based on bearing capacity and settlement analyses

Lm |QkN) [QpkN) [QukN) |Qui(kN) | Qwp (kN) | Ous (kN) | Oy (kN)

6 101.03 2,885.656 | 2,986.686 995.5622 | 485.5879 |17.00097 |502.5889
7 137.5131 |3,135.468 |3,272.981 |1,090.994 |484.328 |21.24131 |505.5693
8 179.6089 |3,371.355 |3,550.964 |1,183.655 |483.0698 |25.73554 |508.8053
9 227.3175 |3,595.611 |3,822.928 |1,274.309 |481.8108 |30.46048 |512.2712

10 280.6389 | 3,809.955 |4,090.594 |1,363.531 |480.5492 |35.39695 |515.9461
11 339.5731 |4,015.715 |4,355.288 |1,451.763 | 479.2835 |40.52872 |519.8122
12 402.5165 |4,213.941 |4,616.458 |1,538.819 |478.0263 |45.66116 |523.6875
13 465.6365 |4,405.484 |4,871.12 1,623.707 |476.8035 |50.39562 |527.1991
14 528.7058 |4,591.042 |5,119.747 |1,706.582 | 475.6072 |54.77108 |530.3783
15 591.657 | 4,771.197 |5,362.854 |1,787.618 |474.4313 |58.83231 |533.2636

630

>

540 ///
450 %

S

360 /

//
270 //‘

180

90 4/
6 7 8 9 10 11 12 13 14 15 16
L (m)

Qs (kN)

Circular Pile

Fig. 2.19 Ultimate skin friction design chart (bearing capacity)

2.4.3.1 Hand Solution

The following steps must be followed to determine the required design charts:

Step 1:
Assume pile length, L =6 m.

Step 2:
Determine Q,, using Eq. (2.13):

0, =9x40x0.6 x 0.6 =129.6kN
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Table 2.6 Sqil properties Property Value Unit
and other design parameters B 4 KN/m?
¢ 0 °
¥ 19 kN/m®
E 9,000 kN/m?
U 0.35 —
E, 21,000,000 kN/m*
o 0.5¢ —
Se 0.025 m
€ 0.6 -

Step 3:
Determine Qs frictional using Eq. (2.28):

a = 0.026 x (%)4— 0.02233 (%)34— 0.7498 (%)2— 1.198 (%) +1.1187
=0.758
From Eq. (2.27):
f=0.758 x 40 = 30.32
From Eq. (2.29):
0, =0.758 x 40 x 4 x 0.6 x 6 = 436.608kN

Steps 4 and 5:
The ultimate load can be determined from Eq. (2.1):

0, = 129.6 + 436.608 = 566.20kN

The allowable load can also be determined from Eq. (2.40):

566.20
Qu = — = 188.736kN

Steps 5-8:
Calculating Q,, for given settlement from Eq. (2.41):

129.6
= (436.608) =0.296
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Solving for Q,,, from Eq. (2.42):

Ly 060,
0,296 0.6(1 —0.35%)0.85
P 0.36 x 21,000,000 ~ 0.36 x 9,000

0.025 = Q

0.6(1 —0.35%)2.94
0.296 x 4 x 0.6 x 6 x 9,000

Therefore,

O,p = 135kN

From Eq. (2.43):
0, =135|1+ ! = 591.08 kN
v 0.296) '

Step 9:
The above steps can be repeated for several pile lengths to evaluate the effect of pile
length on the axial capacity of this pile in sand.

2.4.3.2 foundationPro Solution

General information Section

As described in previous design examples, the user must enter the factor of safety
and specify the units to be used in the analysis.

Pile Information Section

In this design problem, pile properties are entered as shown in Fig. 2.20.

Soil Properties Section

In this section, we enter the number of soil layers we will be dealing with and the
given depth parameters for the soil layer. If we are dealing with a single layer of soil
and the depth parameters are not given, we select a reasonable depth to consider.
We also enter the soil cohesion, friction angle, effective unit weight, elastic
modulus, and the Poisson’s ratio for the soil. Notice that the cohesion is equal to
40 kN/m? in this problem.
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Pile Shape

" Circular [Diameter = B]
Side=B
@ Square (B8]

Pile Diameter/Width (B)

[Ple DiameterAwidth B |51]3 i

Pile Length

Fomnthlogh Lmin | m

[Masimum Pile Length  L-max |1[] =
[Number of Data Points |1[] v

fe.L=1,2 3,..]

Fig. 2.20 Pile Information section

Analysis Method Section

We specify the methods as provided in the problem statement in this section.
Alpha (a*) method for skin friction and Meyerhof’s method for end bearing were
selected for this problem.

After saving the input data into a file and performing the analysis, one can view
the output results for this design problem. Summary of the axial capacity results is
provided in Table 2.7. A snapshot for one of the design charts is also shown in
Fig. 2.21.

2.4.4 Circular Pile in Clay Soil (Vesic’s and o * Methods)

Develop design capacity charts (bearing capacity and elastic settlement) for a
circular bored pile in clay soil (undrained cohesion = 900 Ib/ft?) that has a diameter
of 3 ft. Use Vesic’s method for the end bearing capacity and a* method for the
frictional skin resistance. The total elastic settlement must not exceed 1.2 in. Soil
properties and other design parameters are provided in Table 2.8.
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Table 2.7 Pile capacity based on bearing capacity and settlement requirements at various lengths

L (m) | Qs (kN) Op kN) | Oy kN) | Qun (kN) | Qwp (kN) | Qws kN) | Oy (kN)
1 71.58935 |129.6 201.1894 | 67.06312 |145.931 80.61037 |226.5414
2 143.1787 129.6 2727787 | 90.92623 | 143.5976 |158.6428 |302.2404
3 214.7681 129.6 344.3681 |114.7894 141.7371 |234.8813 | 376.6184
4 286.3574 129.6 415.9574 | 138.6525 140.0936 |309.5434 | 449.637
5 357.9468 129.6 487.5468 | 162.5156 138.5692 | 382.7192 | 521.2885
6 429.5361 129.6 559.1361 | 186.3787 137.1154 | 454.4446 |591.56

7 501.1255 129.6 630.7255 | 210.2418 135.7041 | 524.7281 660.4322
8 572.7148 129.6 702.3148 |234.1049 1343179 |593.5635 | 727.8814
9 644.3042 129.6 773.9042 |257.9681 132.9455 | 660.9361 793.8815
10 715.8935 129.6 845.4935 | 281.8312 131.5793 | 726.8267 | 858.4059

Genesal l Pile Information l ‘Sol Propesties l Analysis Methods ] DUTPUT

Select Design Chast  [\y/ccking Load o Pie Tp (Omol =l
Working Load Carried at Pile Ti

Lim) Owp N

BOEI0ITIITROTOR

V58 6428291 33612

2034 881 255658085

3 IR

Qwp (kN)

BTN TS 3004

454 A0SR0

24,7280 27000071
S92 S6IGIEITET
BB 06070669275 L

wle|lw|lola|le]oln]=
wle|lw|lo|o|a]ow|[w]|=

1 2 3 4 5 L] 1 9 w n
0 10 T B2ETSIIZNG L (m)

Square Pile [Aliowable Elastic Settlamant = 25 mm]

RESULTS | CHARTS

Fig. 2.21 A snapshot of one of the design charts from Pile-1 application

Table ;.8 Soil properties Property Value Unit
and design parameters FS 20 -
Cu 900 1b/ft?
® 0 °
¥ 65 b/t
E, 94,000 Ib/ft*
U 0.25 -
E, 460,000,000 Ib/ft®
1) 0.5¢ -
Se 1.2 in.
€ 0.6 -
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2.4.4.1 Hand Solution
The steps below must be followed to develop the required design charts for this
design problem:

Step 1:
Assume pile length, L =15 ft.

Step 2:
Determine end bearing capacity, O, for clay using Eq. (2.14):

0, =7.06 x 900 x N,

From Eq. (2.16):

900
2,000

I, = 347( > —33=123.15 < 300

From Eq. (2.15):
< 4 T
N, = g(ln(123.15) +1) —&-5 +1=10.32

0, =7.06 x 900 x 10.32 = 65,573.28Ib

Step 3:
Determine Q, the frictional resistance (skin friction) for clay from Eq. (2.30):

f=a x900

From Eq. (2.31):

. 165 x 15\ %

f=0.379 x 900 = 341.5

From Eq. (2.32):

0, =0.379 x 9.42 x 15 x 900 = 48,297.4301b

Steps 4 and 5:
From Eq. (2.1):

Q, =065,573.28 +48,297.43 = 113,870.711b
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From Eq. (2.40):

113,870.71
Qu =~ =28.467.671b

Steps 6-8:
From Eq. (2.41):

65,573.28
= (222020
1 (48,297.43) 35

Solving for Q.,, from Eq. (2.42):

1—0 (1+2515  3(1 —0.252)0.85+ 3(1-0.25%)2.67
T\ 7.06 x4.6x 108 7.06 94,000 135 x 3.14 x 3 x 15 x 94,000

Therefore,

Oyp = 24,811.9071b

From Eq. (2.43):
1
O, = 24,811.907(1 —1—@) =43,055.951b

Step 9:
The above steps must be repeated for other pile lengths to allow us to develop the
required design charts and have enough points on the charts.

2.4.4.2 foundationPro Solution
General Information Section

For this design problem, we select the BS units to be used and enter a value of 4.0
for the factor of safety as shown in Fig. 2.22.

Pile Information Section

In this section, we select the circular shape as shown in Fig. 2.23. Also, enter the
pile diameter, specify the pile lengths to be considered (10, 11, 12, 13, .. ., 20 ft with
a total of 11 points), and enter elastic settlement properties.
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Fig. 2.22 Units and safety Units
factor selection
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Fig. 2.23 Pile Information section for pile capacity

Soil Properties Section

The soil properties for the homogeneous clay layer are shown in Fig. 2.24. The
thickness of the clay soil layer can be assumed 25 ft; any value would work as long
as it is larger than the maximum pile length specified in the Pile Information
section.

Analysis Methods Section

In this section, we select the method of analysis that we wish to use under the soil
type that is given to us. In this problem, we use the Alpha (a*) method for clay soil
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o Layer N From Degth (i To Depth sheson (BM2) | Frction Angle (deg ::’;:’; ] E“_Z".:":": dN. Rt
> - = 400K
Fig. 2.24 Soil properties and thickness of clay layer
Calculation of File Skin Fricton - Resistance (Os) Calculation of Fila Tip Resistance - End Beasing (Op)
Clay
(=]
© dipha method i
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= Alch® sathod [wih the effect of the sltecires vertcl thos]
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3 " e, Usually 014 for bored ples and grostes than 0145 for diiven
Coefficient ] & Meperhol's mathod  Vesc's mathod

Fig. 2.25 Specifying the methods of analyses in Pile-1 application

Table 2.9 Axial capacity of pile

L (fy | Qs (Ib) Oy (Ib) Q. (Ib) Qan () | Oyp (Ib) | Qs (Ib) | Oy (Ib)

10 26,817.73 | 65,665.72 | 92,483.46 |23,120.86 |25,355.62 |10,355.17 |35,710.80
11 30,792.24 | 65,665.72 | 96,457.97 |24,114.49 |25,229.47 |11,830.71 |37,060.18
12 3493291 |65,665.72 |100,598.64 |25,149.66 |25,108.11 |13,357.03 |38,465.15
13 39,231.94 | 65,665.72 | 104,897.67 |26,224.41 |24,990.96 |14,930.83 |39,921.80
14 43,682.51 |65,605.72 |109,348.24 |27,337.06 |24,877.55 |16,549.18 |41,426.74
15 48,278.56 | 65,605.72 | 113,944.29 |28,486.07 |24,767.49 |18,209.48 |42,976.97
16 53,014.66 | 65,665.72 | 118,680.39 |29,670.09 |24,660.44 |19,909.39 |44,569.83
17 57,885.92 | 65,665.72 | 123,551.65 |30,887.91 |24,556.12 |21,646.81 |46,202.94
18 62,887.90 | 65,665.72 | 128,553.63 |32,138.40 |24,454.31 |23,419.83 |47,874.15
19 68,016.57 | 65,665.72 | 133,682.30 |33,420.57 |24,354.79 |25,226.69 |49,581.48
20 73,268.19 | 65,605.72 | 138,933.92 |34,733.48 |24,257.38 |27,065.78 |51,323.16

for the calculation of the skin friction resistance component. We enter 0.5 for the
coefficient to stay consistent with the hand solution. This coefficient can be
obtained from Table 2.1. Next, we select the Vesic’s method for clay soil for the
calculation of the end bearing capacity component (see Fig. 2.25).

Now we can hit the RUN button to perform the analysis and then view the
results. Axial capacities at pile lengths from 10 to 20 ft are summarized in Table 2.9.
The allowable load bearing capacity design chart is also shown in Fig. 2.26.

2.4.5 Circular Pile in Clay Soil (Meyerhof’s and \ Methods)

Develop pile capacity design charts for a circular bored pile in clay soil with a
diameter of 3 ft. Use Meyerhof’s method for the end bearing capacity and use A
method for the frictional skin resistance. Table 2.10 provides a list of required other
parameters.
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Fig. 2.26 Allowable load bearing capacity design chart
Table 2.10 Soil properties Property Value Unit
and other information S 20 .
c 1,000 1b/ft>
4 0 °
¥ 110 1b/ft>
E, 100,000 1b/ft
s 0.25 -
E, 460,000,000 Ib/ft*
5 0.5¢ -
Se 1.2 in.
€ 0.6 -

2.4.5.1 Hand Solution

Below are the steps to follow to develop the required pile capacity design charts:

Step 1:
Assume L =20 ft.

Step 2:
Determine Q,, from Eq. (2.13):

0, =9 x1,000 x 7.06 = 63,617.251b
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Step 3:

Determine Q..
A can be acquired from Fig. 2.5. Therefore,
A=0.31.
From Eq. (2.33):

Fave = 031(0.5 x 110 x 20 + 2 x 1,000) = 961

From Eq. (2.34):
O, =m x3x20x961 =181,144.231b

Steps 4 and 5:
From Eq. (2.1):

0, =63,617.25+ 181, 144.23 = 244,761.481b
From Eq. (2.40):

244,761.48

al == 61,190.0581b

Steps 6-8:
From Eq. (2.41):

63,617
= (181, 144.23) =035

Solving for Q,,,, from Eq. (2.42):

(1 +0.35> 20 3(1-0.25%)0.85 3(1-0.25%)2.904
7.06x4.6x10%  7.06 x 100,000 ' 0.35 x 3.14 x 3 x 20 x 100,000

0.1=0,,

Therefore,

0Oy = 21,547.691b

From Eq. (2.43):
1
=21,547.69( 1 +—) = 83,112.5281b
Qw ( +0.35>

Step 9:
One must repeat Steps 1 through 8 for several pile lengths.
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2.4.5.2 foundationPro Solution
General information Section

Select the BS units and enter a safety factor of 4 in the provided textbox.

Pile Information Section

In this section, we enter required pile information. We enter a minimum pile length
of 15 ft and a maximum pile length of 25 with 11 points (i.e., a step of 1 ft).

Soil Properties Section

We enter soil properties as provided in the problem statement. The thickness of the
single homogeneous clay layer can be assumed 30 ft which is larger than the
maximum pile length (25 ft).

Analysis Method Section

Lambda method is selected for skin friction calculations and Meyerhof’s method is
also selected for end bearing calculations.

Now, we can save our progress and hit run to get the results. Axial capacities at
various pile lengths are shown in Fig. 2.27. Also, skin friction resistance results
based on elastic settlement analyses are shown in Fig. 2.28.

Genersl T Pl Infomation T Sol Progerties T Analyiia Methods T oUTPUT
T
L Deib) Op &) Dulby) Oal i} Qwp B] Qwa it} Ow k]

1 15 137587 47SEE2241 | 63B17. 251435 | 2N N4 7RIS, 34354 | 20482 3086 | E4783 0164836011
2 1% T4E402 0STSMT| EIB17.2512435 | 210019 5813447 | 52504 20441 AT042 THIBZTI 9N | E7484 SE0E22E9E8|
3 7” 155166, 729733485  63517.2512435 | 218783 990302985 | S4695 J7T457461 | 20402 S7RINZTETT | 49764 2331 29994 FNET 21 2082762
4 18 1638504 SEISMES| 617 25NIS | 27N 20085 52455 SOMZIE6286 | 72871 BE000SIIN S|
5 19 172583 014523371 | 63817251435 206 20028 B2MIIIT 7543

13 20 181253 586748773 6172512435 ] [ 20053 155302695 | STEN7. TE3MI08662 | 78110 9187735612
T a 165691 SPAI25612] 63B17 2512435 | 253509 209569112 | 63377 063502781 | 20058 00070262 | 60468 781 T90ET1 | SOT2T. 161 2500452
] 2 198507 S26T058|  63B1T 2245 | 262125.180410558 | 6551, MEZIENTIEIME| 63105 5T S|
a Fad A0S MZETAIE| BIBIT 295 | 270722 434117856 | GTER0 E2IEIMEL L

0 u SERT M2IAA0EE | GIBIT 224G | 2TU00M FIATESEE | GIE26 2408651415 20156, 113 E2454 32T004T 3
n -} ZMSA080AZTY|  BIBITISIIG | 2BTETE IS4S1723 ma 0 053 45451475

RESULTS | CHARTS

Fig. 2.27 Axial capacities at various pile lengths
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Desgn Chart
Select Dessgn Chart  [\/erking Load by Skin Resistance [wi |
Working Load Carried by Skin Resistance
L Owes )

204404
1 15 20402 1958682925
2 13 20441 8387995058 203704
3 7 20002 97BITETT E
P 18 2095 IR g a0q
5 19 203B82NET -

202304
& il 293155200655
7 a 20258 200070262 01604
8 F-§ A22IBNTIEMAE
3 E:] 018 NEENN 20090 T g T T N

1 16 18 2 n M %

i} b 20156, 3550607626 L#)
n = 20123 454626706 Cireular Pile [Allowable Elastic Sestlement = 1.2 tn]

Fig. 2.28 Skin friction resistance results based on settlement analyses

Table 2.11 Thicknesses and physical properties of soil layers

Soil | Thickness | Cohesion | Friction | Effective unit Elastic modulus | Poisson’s
layer |(m) (kN/m?) angle (°) | weight (kN/m%) | of soil (kN/m?) ratio
1 10 0 30 19 9,000 0.35
2 9 0 32 10 10,000 0.35
3 11 0 35 9.9 11,000 0.35
Table 2.12 Other design Property Value Unit
parameters E, 21,000,000 IN/m?
6 0.5¢ -
Se 0.025 m
€ 0.6 -
U/B)er 18 -

2.4.6 Circular Pile in Sandy Soil (Three Sand Layers)

Develop pile capacity design charts (bearing capacity and elastic settlement) for a
circular bored pile (diameter = 0.8 m) in a sandy soil. Thicknesses and properties of
sandy soil layers are listed in Table 2.11. Use a design factor of safety of 3.0 for
bearing capacity calculations. Use Coyle and Castillo’s method for the end bearing
capacity and use the critical depth method for the frictional skin resistance. Other
required design parameters are summarized in Table 2.12.
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2.4.6.1 Hand Solution

Design capacity charts for this problem can be developed by following the steps
below:

Step 1:
Assume L; =7 m.

Step 2:
Determine O, from Eq. (2.12):

. 30\ 2 30
= (1.04520( =) —1. e 62
N, < 045 9(40) 58056<40> +0.6 89)

7\?2 7
~0.32039 — 14.2496 ( — .
x ( 0.3 039<0'8> + 96(0.8) + 935 565)

=32.57
From Eq. (2.11):

0, =7x18.75x32.57 x 0.502 = 2,157.81 kN

Step 3:
Determine Qq frictional resistance (skin friction) from Eq. (2.20):

L'=18x0.8=144m

Atz =0m:

From Eq. (2.21):

Atz =7Tm:
6, =7x 18.75 = 131.25kN/m>
From Eq. (2.21):

f = (1 = sin(30)) x 131.25tan (15) = 17.58kN/m>
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From Eq. (2.19):

0, = % X (3.141 x 0.8) x 7
17.
= @ % (3.141 x 0.8) X 7 = 154.64kN

Steps 4 and 5:
From Eq. (2.1):

0, =2,157.8 +154.64 = 2,312.44kN

From Eq. (2.40):

2,312.44
Qau - ’f - 770816kN

Steps 6-8:
From Eq. (2.41):

2,157.8
= <154.64> = 13.95

Solving for O, from Eq. (2.42):

0.6
0025 - 0 (1 v 13,95)7 0.8(1 — 0.35%)0.85
P9 = 2w | 0,502 % 21,000,000 T 0.502 x 9,000

0.8(1 —0.35%)3.03
1395 x 7 x 0.8 x 7 x 9,000

Therefore,

Oyp = 188.11kN

From Eq. (2.43):

1
0, = 188.11 (1 +1395> = 201.59kN
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Step 9:
Repeat the above steps for another assumed pile length.

Step 1 (second pile length):
Assume L, =13 m.

Step 2 (second pile length):
Determine Q,, from Eq. (2.12):

. 32\ 32
N, = (1.04529 (40) — 1.58056 <40> +O.6289>
13)° +14.2496 13 +935.565
0.8 ‘ 0.8 '

X (0.32039

N\

=36.196
From Eq. (2.11):
0, = (19043 x 10.1) x 36.196 x 0.502 = 4,002.9373kN

Step 3 (second pile length):
Determine Q; frictional resistance (skin friction) from Eq. (2.20):

L' =18x0.8=14.4m

Atz =0m:

From Eq. (2.21):

Atz =10m:
o, =10 x 18.75 = 187.5kN/m?
From Eq. (2.21):

f = (1—sin(30)) x 187.5tan (15) = 25.12kN/m?*
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From Eq. (2.19) with z=0to z=10:

0. = M x (3.141 x 0.8) x 10

_0+25.12

§ 3 x (3.141 x 0.8) x 10 = 315.60kN

At z=13m
6, =187.5+3 x 10.1 = 217.8kN/m?
From Eq. (2.21):
f=(1-sin(32)) x 217.8tan (16) = 29.35KN/m>
From Eq. (2.19) with z=10to z=13:

0, = % x (3.141 x 0.8) x 3

251242935

5 x (3.141 x 0.8) x 3 = 205.24kN

0,
O, = 205.24 + 315.60 = 520.8kN

Steps 4 and 5 (second pile length):
From Eq. (2.1):

0, =4,002.93 + 520.8 = 4,523.73kN

From Eq. (2.40):

4,523.73
all — f - 1,507912kN
Steps 6-8 (second pile length):
From Eq. (2.41):
4,002.93
= (W) = 7.686

Solving for Q,,;, from Eq. (2.42):
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0.6
<1 i 7.686) 13 0.8(1 — 0.35%)0.85

0.025 =
Qup 0.502 x 21, 000,000 0.502 x 10,000

0.8(1 —0.35%)3.41
7.686 x 7 x 0.8 x 13 x 10,000

Therefore,

O, = 209.86kN

From Eq. (2.43):
1
= 209. 1+-——) =237.16k
Oy 0986( +7.686> 37.16kN

Step 9 (second pile length):
Repeat Steps 1 through 8 for another assumed pile length.

Step 1 (third pile length):
Assume L, =19 m.

Step 2 (third pile length):
Determine Q,, using Eq. (2.12):

32\ 32
= 1.04529(22) —1. -z 62
N, ( 045 9(40) 58056<4O) +0.6 89)
« {—0.32039( 22 2+ 14.2496 (2 +935.565
' 0.8 : 0.8 :

= 36.58

From Eq. (2.11):

0, =(187.5+9 x 10.1) x 36.58 x 0.502 = 5, 112.303kN

Step 3 (third pile length):
Determine Qq, the frictional resistance (skin friction) from Eq. (2.20):

L' =18x0.8=14.4m

Atz =0m:

173
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From Eq. (2.21):

Atz =10m:

o, =10 x 18.75 = 187.5kN/m>

From Eq. (2.21):
f=(1—sin(30)) x 187.5tan (16) = 25.12

From Eq. (2.19) with z=0to z=10:

0, = M X (3.141 x 0.8) x 10

=212, (3.141 x 0.8) x 10 = 315.60kN
Atz=10m
o, =10 x 18.75 = 187.5kN/m?
f = (1 — sin(30)) x 187.5tan (16) = 25.12
z=144m
o, = 1875+ 4.4 x 10.1 = 231.94kN/m>
So

f = (1= sin(32)) x 231.94tan (16) = 31.26kN/m’

0, = fe=to T femuaat +2fz=14~4+ x (1% 0.8) x 4.4

25.12 4+ 31.26
0. :+ % (1% 0.8) x 4.4 = 31 1.73KN

Atz=19m
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6, =187.5+4.4 x 10.1 = 231.94kN/m?

f=(1—sin(32)) x 231.94tan (16) = 31.26kN/m>

0, = % X (3.14 x 0.8) x (19 — 14.4)

31.26+31.26

. 5 x (3.14 x 0.8) x (19 — 14.4) = 361.39kN

Steps 4 and 5 (third pile length):
From Eq. (2.1):

Q. =5,112.03 +988.728 = 6, 100.75kN

From Eq. (2.40):

6,100.75
Qu =5 — = 2.033.58kN

Q. is for assumed value L; =19 m.

Steps 6-8 (third pile length):
From Eq. (2.41):

5,112.03
— (2020 — 5
1 (988.728) 5170

Solving for O, from Eq. (2.42):

0.6
<1 * 5.170> 19 0.8(1 — 0.35%)0.85

0.025 =
Qup 0.502 x 21,000,000 0.502 x 10,000

0.8(1 —0.35%)3.70
5.170 x 7 x 0.8 x 19 x 10,000

Therefore,

Oyp = 209.6kN

From Eq. (2.43):
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1
=209.6( 1+ ——= ] =250.14kN
Qu =209 ( +5.17>

Step 9:
Repeat Steps 1 through 8 for as many pile lengths as needed.

2.4.6.2 foundationPro Solution
General Information and Pile Information Sections

Information is entered as provided in the design problem statement. Pile lengths of
5,6,7,8, ...,20 m are considered for the development of design charts.

Soil Properties Section
In this section, we must specify the number of soil layers which is three in this

problem. Then, thicknesses and physical soil properties are entered in the provided
table as shown in Fig. 2.29.

Analysis Method Section

The required methods of analysis are selected in this section according to the
provided problem statement.

T otad rasmben of vol layers [ .J'

NOTES

To accourt bk e gourdeter lable rgad e eflecines und weghi i | Lohusied urd wenght - und
weghi of weater]

To e sl depthe: 20 = 0 and 20> 225 21 > 20 . bor i 2 gt 21, b0 gt # 221
SolLamNe | FromDephiml | ToDepimi | Cohesion B 2| Freton Angle eg } \omnc masy | oot b | Possoris Rato
1 0 \ 0 " 000 »

2 0 1 x 0 10000 0%

3 " 0 » " 11000 s

Fig. 2.29 Thicknesses and physical properties of soil layers
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Now we can save our progress and hit run to get the results. Axial capacity
results at various pile lengths are summarized in Table 2.13. Also, ultimate skin
friction design chart based on bearing capacity analyses is shown in Fig. 2.30.

Table 2.13 Axial capacity results at various pile lengths

L
(m) | Qs (kN) 0, kN) | Qy (kN) | Quay (kN) Qup (kN) | Qws (KN) | Oy, (kN)
5 80.00648 | 1,520.051 | 1,600.058 | 400.0144 |187.5836 | 9.873289 | 197.4569
6 115.2093 |1,846.238 |1,961.448 | 490.3619 |187.4195 |11.69539 |199.1149
7 156.8127 |2,177.713 |2,334.525 | 583.6313 |187.2564 |13.48396 |200.7404
8 204.8166 |2,513.572 |2,718.388 | 679.5971 |187.0937 |15.24519 |202.3389
9 259221 | 2,852.914 |3,112.135 | 778.0337 |186.9307 |16.98487 |203.9156
10 320.0259 |3,194.836 |3,514.862 | 878.7156 |186.7671 |18.70842 |205.4756
11 386.1409 |3,601.148 |3,987.289 | 996.8223 |207.1797 |22.2153  |229.395
12 455.6378 |3,803.035 |4,258.673 | 1,064.668 |206.9273 |24.79175 |231.7191
13 528.5465 |4,003.987 |4,532.534 |1,133.133 | 206.6841 |27.28335 |233.9675
14 604.6678 |4,200.221 |4,804.888 | 1,201.222 | 206.4465 |29.72023 |236.1667
15 683.5709 |4,395.163 |5,078.734 | 1,269.684 |206.215 |32.07221 |238.2873
16 763.2559 |4,592.29 |5,355.546 | 1,338.887 |205.9949 |34.23713 |240.2321
17 8422705 |4,778.215 |5,620.486 |1,405.121 |205.7814 |36.2737 | 242.0551
18 921.6413 | 4,965.323 |5,886.964 | 1,471.741  |205.575 |38.15792 |243.7329
19 [1,000.548 |5,143.515 |6,144.062 |1,536.016 |205.3718 [39.95017 |245.3219
20 | 1,079.695 |7,350.498 |8,430.194 |2,107.548 |225.9695 |33.19207 |259.1616
1100
1000 //
900 /)'
800 /
700
é 600 /
@ 500
o /../
400 /
300 s o
200 /
100 e
0
3 6 9 12 15 18 21
L (m)
Circular Pile

Fig. 2.30 Ultimate skin friction design chart (bearing capacity analysis)
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Table 2.14 Useful design Property Value Unit
parameters FS 3.0 —
E, 22,500,000 kN/m?
b 0.8¢ -
Se 0.025 m
€ 0.6 -

Table 2.15 Thicknesses and physical properties of sand layers

Soil | Thickness | Cohesion | Friction Effective unit Elastic modulus Poisson’s
layer |(m) (kN/m?)  |angle (°) | weight (kN/m®) | of soil (kN/m?) | ratio
1 12 0 30 19 12,500 0.30
2 30 0 34 18.1 19,000 0.35

2.4.7 Square Pile in Sandy Soil (Two Sand Layers)

Develop pile capacity design charts for a 0.6 m x 0.6 m square bored pile in
cohesionless sandy soil. The sandy soil is not homogeneous. Use Meyerhof’s
method for the end bearing capacity and use Coyle and Castillo’s method for the
frictional skin resistance. Many useful design parameters are provided in Table 2.14.
Thicknesses and physical properties of the two sand layers are listed in Table 2.15.

2.4.7.1 Hand Solution

To develop axial pile capacity design charts, one must follow the steps below:

Step 1:
Assume L; =8 m.

Step 2:
Determine end bearing capacity, O, from Eq. (2.3):

N, =0.3147 x *17269 = 60.33
From Eq. (2.2):

0, =0.6 x0.6 x19 x 8 x60.33 = 3,301.256

From Eq. (2.4):

g x Ap = 0.5 x 100 x 60.33 tan (30) x 0.36 = 626.96kN
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0, = 626.96KN

Step 3:
Determine Q; using Eq. (2.26):

K= (1.32484 <§20) + 1.03116) X <0.2879 <086> - 13.572) =0.709

From Eq. (2.24):

19 x 8
0, = <( ; ))0.709 tan (0.8 x 30) x 4 x 0.6 x 8 = 460.62
Steps 4 and 5:
From Eq. (2.1):
0, = 626.96 4+ 460.62 = 1,087.58kN
From Eq. (2.40):

1,087.58
Qu =~ = 362.52kN

Steps 6-8:
From Eq. (2.41):

626.96
= (460.62) =136

Solving for Q,,,, from Eq. (2.42):

L4 06,
136 0.6(1 — 0.32)0.85

0.025 =
Qup 0.36 x 22,500,000 0.36 x 12,500

0.6(1 —0.3%)3.27
1.36 x 4 x 0.6 x 8 x 12,500

Therefore

Oyp = 22727kN
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From Eq. (2.43):
1
=22727| 1 +-—=) =394.38kN
Qu < + 1.36)

Step 9:
Repeat Steps 1 through 8 for other pile lengths. Below is another solution for a
second assumed pile length.

Step 1 (second pile length):
Assume L, =16 m.

Step 2 (second pile length):
Determine Q,, the end bearing capacity from Eq. (2.3):

N, =0.3147 x 172654 = 121.59
From Eq. (2.2):
0,=0.6x0.6x (12x 19+ 18.1 x 4) x 121.59 = 13,149.22
From Eq. (2.4):
¢ x Ap=0.5x 100 x 121.59tan (34) x 0.36 = 1,476.24kN

0, = 1,476.24kN

Step 3 (second pile length):
Determine Oy, the frictional resistance (skin friction) from Eq. (2.26) with z = 0-12:

30° 16
K= <_1'32484(ﬁ> + 1.03116) X (0.2879 (R) - 13.572) =0.4295

From Eq. (2.24):
19 % 12
0, = (%)0.4295 tan (0.8 x 30) x 4 x 0.6 x 12 = 627.8kN

From Eq. (2.26) with z = 12-16:

34° 4
K= (—1.32484<360) + 1.03116) x <0.2879 (06> - 13.572> =13
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0. = (((19 X 12) + (4 x 18.1) + (12 x 19))

> )1.3tan(0.8><34)><4><0.6><4

=1,694.51kN

Steps 4 and 5 (second pile length):
From Eq. (2.1):

0, =1,476.24 4-2,322.33 = 3,798.5788 kN
From Eq. (2.40):

~3,798.5788

all — 3 - l, 266.19kN

Steps 6-8 (second pile length):
From Eq. (2.41):

1,476.24
= <2, 322.33> =063

Solving for O, from Eq. (2.42):

1+ 00 16
0.63 0.6(1 — 0.35%)0.85
0.36 x 22,500,000 ' 0.36 x 19,000

0.025 = Q,,,

0.6(1 — 0.35%)3.807
0.63 x 4 x 0.6 x 16 x 19,000

Therefore,

0,, = 348.46kN

From Eq. (2.43):
1
=348.46( 1 + —) =901.575kN
Qu (+0.63> ’

Step 9:
Repeat the above steps for as many pile lengths as needed to develop required
design charts. More solutions are obtained from foundationPro.
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2.4.7.2 foundationPro Solution
General Information Section

The SI unit is selected in this section, and then the safety factor of 3.0 is entered in
the provided textbox.

Pile Information Section

Pile Information is entered in this section. Pile lengths that will be considered in the
analysis are from 5 m to 20 m with 16 points.

Soil Properties Section

The thicknesses and physical properties of sand layers are entered in this section as
illustrated in Fig. 2.31.

Analysis Methods Section

The required methods are selected in this section as provided in the problem
statement. Coyle and Castello’s method is selected for skin friction in sand, and
then Meyerhof’s method for end bearing capacity in sand is selected as well.
After saving our progress and performing the analyses, one can view the
Output section and navigate through the output results. Axial capacities at
various pile lengths are summarized in Table 2.16. Also, Figs. 2.32 and 2.33

Totarunber of sollapers [3 ]

NOTES:

- To acoount for the groundater table, nput the effective uni wesght e, sshasted uni weight - und
weght of water]

+ To define o depthe: 20 = 0 and 23> 223 21 > 20 [eg., for sod 2 hom depth = Z1; 1o depth = Z2)

SolLwerHo | FromDephiml | ToDeptim) | CohesionB/m’2)| Fickon Ange [deg)| | ENectivelUnt | Elastic Mot of | by, sy

weght i | Sl bNim2)
1 1] 12 0 0 14 12500 03
2 12 2 ] u " 19000 5

Fig. 2.31 Properties of sand layers
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Table 2.16 Axial pile capacities at various pile lengths

183

Lm) [OkN) [QpkN) [QukN) |Qui(kN) |Quwp (kN)| Quws kN) | Oy (kN)
5 206.6284| 626.9897| 833.6181| 277.8727|232.5931| 76.65249| 309.2456
6 284.7664| 626.9897| 911.7561| 303.9187|230.7207| 104.7888 335.5095
7 370.2057| 626.9897| 997.1954| 332.3985|228.9183|135.1647 364.0829
8 460.8167| 626.9897| 1,087.806 362.6021| 227.1952| 166.981 394.1762
9 554.4695| 626.9897|1,181.459 393.8197| 225.5609 | 199.4716 | 425.0325
10 649.0345| 626.9897| 1,276.024 425.3414|224.0251 | 231.9017 455.9268
11 742.3818| 626.9897|1,369.371 456.4572|222.598 |263.5652 486.1632
12 832.3817| 626.9897| 1,459.371 486.4571|221.2908 | 293.7822 515.0729
13 1,249.338 | 1,476.257 |2,725.595 908.5317| 354.2315| 299.7816 654.013
14 1,642.357 | 1,476.257 |3,118.614 |1,039.538 |348.6947|387.9277 736.6224
15 2,003.548 | 1,476.257 |3,479.805 |1,159.935 |343.8554|466.6738 810.5292
16 2,318.926 | 1,476.257 |3,795.183 |1,265.061 |339.764 |533.7061 873.47
17 2,584.546 | 1,476.257 |4,060.804 |1,353.601 |336.3632|588.8853 925.2485
18 2,797.257 | 1,476.257 |4,273.514 | 1,424.505 |333.6128|632.1395 965.7522
19 2,939.5 1,476.257 | 4,415.757 | 1,471.919 |331.6576|660.3913 992.0489
20 3,016.784 | 1,476.257 |4,493.041 |1,497.68 |330.3923|675.1682 |1,005.56
3500
3000 //
2500
z a
<~ 2000
=]
o
1500 /
1000 ,,/'\J
./‘;/./
500
3 6 9 12 15 18 21
L (m)
Square Pile

Fig. 2.32 Ultimate load carrying capacity design chart (bearing capacity analysis)
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420 @
Pl -
350

280 ’/
210 /

140 /'/ /
70

s

Qwp (kN)

3 6 9 12 15 18 21
L (m)
Square Pile [ Allowable Elastic Settlement = 25mm ]

Fig. 2.33 Working load carried by pile tip design chart (elastic settlement analysis)

Table 2.17 Thicknesses and physical properties of clay layers

Soil | Thickness | Cohesion | Friction Effective unit Elastic modulus | Poisson’s
layer | (ft) (Ib/ft?) angle (°) | weight (Ib/ft>) | of soil (Ib/ft?) ratio

1 40 835 0 47.6 135,000 0.3

2 60 1,350 0 53 166,000 0.3

show some obtained design charts based on bearing capacity and elastic settlement
analyses, respectively.

2.4.8 Circular Pile in Clayey Soil (Two Clay Layers)

Develop pile capacity design charts (bearing capacity and elastic settlement) for a
circular bored pile in nonhomogeneous clayey soil that has a diameter of 2.5 ft. Soil
properties and thicknesses of the clay layers are provided in Table 2.17. Use Vesic’s
method for the end bearing capacity calculations and use a method for the skin
frictional resistance calculations. Other required design parameters are provided in
Table 2.18.
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Table 2.18 Other useful

: Property Value Unit
design parameters FS 10 ~
E, 470,000,000 1b/ft?
0 0.5¢ —
Se 1 in.
€ 0.6 -

2.4.8.1 Hand Solution

One must follow the steps below to develop the required capacity design charts:

Step 1:
Assume L, =20 ft.
Step 2:
Determine Q,, in clay from Eq. (2.16):
831
I, = 347 —33=111.17
(2, 000)

From Eq. (2.15):
. 4 T
N, = g(ln(111.17) +1) +§+ 1=10.18
From Eq. (2.14):
0, =490 x 831 x 10.18 = 41,548.891b

Step 3:
Determine Q, using Eq. (2.28):

831 \* 831 \° 831 \?
a = 0.026 x <m> ~0.02233 <m> +0.7498 <2,0W>

831
—1.198 (2’00()) + 1.1187

=0.756

From Eq. (2.27):

f=0.756 x 831 = 628.67
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From Eq. (2.29):

Q, = 628.67 x r x 2.5 x 20 = 98, 683.081b

Steps 4 and 5:
From Eq. (2.1):

0, =41,548.89 + 98, 683.08 = 140,231.971b

From Eq. (2.40):

140,231.97
Qu = - 35,057.991b

Steps 6-8:
From Eq. (2.41):

41,548.89
= (98,683.08> =042

Given that S, = 0.083 ft and solving for Q,,, from Eq. (2.42):

0.6
(1 +0@) 20 2.5(1 - 0.3%)0.85

0.083 =
Qup 4.90 x 4,700,000,000  4.90 x 135,000

N 2.5(1-0.3%)2.98
0.42 x 7 x 2.5 x 20 x 135,000

Therefore,

Oyp = 22,519.111b

From Eq. (2.43):

O, = 22,519.11(1 +@

! ) =76,136.06kN

Step 9:
Repeat the above steps by varying the assumed pile length to obtain it new axial
capacities. Below is a solution for a second assumed pile length.
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Step 1 (second pile length):
Assume L, =45 ft.

Step 2 (second pile length):
Determine end bearing capacity.
From Eq. (2.16):

1,350
2,000

I, = 347( ) —33=201.225

From Eq. (2.15):
% 4 T
N, = §(1n(201.225) +1)+ 3 +1=10.97

From Eq. (2.14):

0, =490 x 1,350 x 10.97 = 72,610.831b
Step 3 (second pile length):

Determine Qy, the frictional resistance (skin friction) from Eq. (2.28):
From z=0-40 m:

831\ 831 \ 831 \ 831
a = 0.026 x (W) ~0.02233 (m) +0.7498 (W) —1.198 (2’ ooo)

+1.1187 = 0.749

From Eq. (2.27):
f=0.749 x 831 = 622.87

From Eq. (2.29):

Q, =622.87 x & x 2.5 x40 = 195,682.2311b

From Eq. (2.28):
From z =40-45 ft:

1 4 1 3 1 2 1
a=0.026 x <ﬂ> 002233 <ﬂ> +0.7498 <—’350) - 1.198< ’350>

2,000 2,000 2,000 2,000

+ 1.1187 = 0.650
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From Eq. (2.27):
f =10.650 x 1,350 = 877.78
From Eq. (2.29):

Q,=87778 x 7 x 2.5 x5 =134,470.341b

Steps 4 and 5 (second pile length):
From Eq. (2.1):

0, =72,610.83 4230, 152.57 = 302, 763.408 1b
From Eq. (2.40):

~290,638.644

= . = 75,690.851b

Steps 6-8 (second pile length):
From Eq. (2.41):

72,610.83
= (230, 152.57) = 0315

Solving for Q,,,, from Eq. (2.42):

0.6
(1 * 0.315)45 2.5(1 —0.3%)0.85
4.90 x 4,700,000,000 '~ 4.90 x 166,000

0.083 = Q,,

2.5(1—0.3%)3.48
0.315 x 7 x 2.5 x 45 x 166,000

Therefore,

0, = 29,542.3901b

From Eq. (2.43):

1
=29,542. 1 +——] =123,327.7551
Oy 9,5 390( —|—0.315> 3,327.7551b
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Step 9:
Repeat Steps 1 through 8 for other pile lengths to obtain enough data points for the
development of the design charts.

2.4.8.2 foundationPro Solution
General Information Section

Select the BS units to be used throughout the analyses, and then enter the safety
factor of 4 in the provided textbox.

Pile Information Section

Pile information is entered in this section. Various pile lengths are considered in this
problem as illustrated in Fig. 2.34.

Soil Properties Section

Number of soil layers, thicknesses, and soil properties are entered in this section as
shown in Fig. 2.35.

Garmal Pile Information T Sol Propestes T Ay Methods T

File Shape Elastc Semement Calculations of File

- it Eos St 70 S

[

% Cocular [Dismetes = B]

¥ Frckon Costicient lie. wngesfiom |06
" Souae [Bafl] Diameter = B chon Ks. e
B Pl Matenol
[Elsicmodhndple Ep G —
Pile DiameteWidth (5)
Lot = B n Gom o s O
Pile Langth

Firamn Pl ot L-min |2 "
e

M Ple Longth L-max  [13 e

[Number of Data Ports |

Fig. 2.34 Pile Information section
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Fig. 2.35 Soil properties used for this design problem

Analysis Methods Section

The user must specify the methods of analysis to be used in this section. In this
problem, we use Vesic’s method in clay for skin friction computations and we use a
method in clay for end bearing capacity computations.

Now we can save our progress and hit run to perform the analyses and get the
results. Summary of the axial pile capacity results at various pile lengths (20, 21,
22,23, ...,49 ft) is shown in Table 2.19. A view of the Output section in the Pile-1
application of foundationPro is also shown in Fig. 2.36.

2.4.9 Square Pile in Clayey Soil (Two Clay Layers)

Develop pile capacity design charts for a 24 in. X 24 in. square bored pile in
nonhomogeneous clay soil. Soil properties for the two clay layers are provided in
Table 2.20. Use Meyerhof’s method for the end bearing capacity and use a* method
for the frictional resistance. Use a safety factor of 4.0 for bearing capacity calcu-
lations. Other required information is listed in Table 2.21.

2.4.9.1 Hand Solution

The steps below describe the procedure the user must follow to determine the axial
capacity of the square pile in the two clay layers:
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Table 2.19 Axial capacities at various pile lengths
L (fy | O, (b 0, (Ib) 0. (Ib) Qun (Ib) Owp (b)) | Qus (b) | Oy (Ib)
20 96,264.62 | 41,802.31 |138,066.9 |34,516.73 |22,670.02 |52,205.75 | 74,875.77
21 101,077.8 |41,802.31 |142,880.2 |35,720.04 |22,622.65 |54,701.49 | 77,324.14
22 105,891.1 |41,802.31 |147,693.4 |36,923.35 |22,575.97 |57,188.09 | 79,764.06
23 110,704.3 |41,802.31 |152,506.6 |38,126.66 |22,529.93 |59,665.63 | 82,195.56
24 115,517.5 |41,802.31 |157,319.9 |39,329.96 |22,484.47 |62,134.15 | 84,618.62
25 120,330.8 |41,802.31 |162,133.1 |40,533.27 |22,439.53 |64,593.71 | 87,033.25
26 125,144 | 41,802.31 |166,946.3 |41,736.58 |22,395.07 |67,044.36 | 89,439.43
27 129,957.2 |41,802.31 |171,759.5 |42,939.89 |22,351.05 |69,486.12 | 91,837.16
28 134,770.5 |41,802.31 |176,572.8 |44,143.19 |22,307.42 |71,919.02 | 94,226.44
29 139,583.7 |41,802.31 | 181,386 |45,346.5 |22,264.15 |74,343.08 | 96,607.23
30 144,396.9 |41,802.31 |186,199.2 |46,549.81 |22,221.22 |76,758.33 | 98,979.55
31 149,210.2 |41,802.31 |191,012.5 |47,753.12 |22,178.58 |79,164.77 |101,343.4
32 154,023.4 |41,802.31 |195,825.7 |48,956.42 |22,136.23 |81,562.41 |103,698.6
33 158,836.6 |41,802.31 |200,638.9 |50,159.73 |22,094.13 |83,951.27 |106,045.4
34 163,649.9 |41,802.31 |205,452.2 |51,363.04 |22,052.26 |86,331.33 |108,383.6
35 168,463.1 |41,802.31 |210,265.4 |52,566.35 |22,010.6 |88,702.6 |110,713.2
36 173,276.3 |41,802.31 |215,078.6 |53,769.66 |21,969.13 |91,065.08 |113,034.2
37 178,089.5 |41,802.31 |219,891.9 |54,972.96 |21,927.84 |93,418.76 |115,346.6
38 182,902.8 |41,802.31 |224,705.1 |56,176.27 |21,886.71 |95,763.62 |117,650.3
39 187,716 | 41,802.31 |229,518.3 |57,379.58 |21,845.73 |98,099.67 |119,945.4
40 192,529.2 |41,802.31 |234,331.5 |58,582.89 |21,804.87 |100,426.9 |122,231.8
41 198,745.5 |72,773.8 |271,519.3 |67,879.83 |29,591.76 |80,815.22 |110,407
42 205,030.2 |72,773.8 |277,804 |69,451.01 |29,519.44 |83,167 112,686.4
43 211,260.8 |72,773.8 |284,034.6 |71,008.64 |29,449.5 |85,491.28 | 114,940.8
44 217,428.6 |72,773.8 |290,202.4 |72,550.59 |29,381.97 |87,785.44 |117,167.4
45 223,781.7 |72,773.8 |296,555.5 |74,138.88 |29,311.52 |90,133.86 |119,445.4
46 229,935.3 |72,773.8 |302,709.1 |75,677.27 |29,246.16 |92,405.86 |121,652
47 236,140.2 |72,773.8 |308,913.9 |77,228.49 |29,180.57 |94,686.62 |123,867.2
48 242,396.4 |72,773.8 |315,170.2 | 78,792.54 |29,114.74 |96,975.94 | 126,090.7
49 248,703.9 |72,773.8 |321,477.7 |80,369.42 |29,048.67 [99,273.6 |128,322.3
Step 1:
Assume L, =10 ft.
Step 2:
Determine Q,, using Eq. (2.13):

0, =9%4,

0, =9 x900 x 2% =32,4001b
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Fig. 2.36 Output section for the solved problem

Table 2.20 Soil properties and thicknesses of clay layers

Soil | Thickness | Cohesion | Friction Effective unit Elastic modulus | Poisson’s
layer | (ft) (Ib/ft?) angle (°) | weight (Ib/ft®) | of soil (Ib/ft?) ratio
1 20 900 0 50 135,000 0.3
2 40 1,400 0 55 166,000 0.3
Table 2.21 Useful design Property Value Unit
parameters E, 470,000,000 Ib/f2
o 0.5¢ -
Se 1 in.
e 0.6 -
Step 3:

Determine Q; frictional resistance (skin friction) from Eq. (2.31):

<10 x 50> 045
a =05 AN, =0.28

900

From Eq. (2.30):

f =0.28 x 900 = 252.85
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From Eq. (2.32):

0, =0.28 x900 x 4 x 2 x 10 = 20, 1601b

Steps 4 and 5:
From Eq. (2.1):

Q, = 32,400 + 20, 160 = 52,5601b
From Eq. (2.40):

52,560
Qall = T = 13, 1401b

Steps 6-8:
From Eq. (2.41):

32,400
= =1.
1 (zo, 160> 6
Given that S, = 0.083 ft and solving for Q,,, from Eq. (2.42):

0.6
(1 +R)10 2(1-0.3%)0.85

0.083 =
Qup 4 x 4,700, 000,000 4 x 135,000

N 2(1-0.3%)2.78
1.6 x 4 x 2 x 10 x 135,000

Therefore,

O,p = 26,378.551b

From Eq. (2.43):

1
0,, = 26,378.55 (1 + 16) =424,865.141b

Step 9:
Repeat the above steps with a different pile length. The solution below is for
another assumed pile length.
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Step 1 (second pile length):
Assume L, =30 ft.

Step 2 (second pile length):
From Eq. (2.13):

0, =%,
0, =9 x 1,400 x 2* = 50,4001b
Step 3 (second pile length):

Determine Q,, the frictional resistance (skin friction) using Eq. (2.31) with
z=0-20 ft:

20 x 50\ %
a 05< 900 ) 0.5

From Eq. (2.30):

f=0.52x900 =471.84

From Eq. (2.32):

0, =0.52 x 900 x 4 x 2 x 20 = 74,8801b

From Eq. (2.31) with z=20-30:

2
1,400

<10 x 55 420 x 50 + 20 x 50) 045
a =0.5 =047

From Eq. (2.30):
f =047 x 1,400 = 658
From Eq. (2.32):

0, =0.53 x 1,400 x 4 x 2 x 10 =52,6401b

Steps 4 and 5 (second pile length):
From Eq. (2.1):

Q. = 50,400 + 127,520 = 177,9201b



2.4 Design Problems 195

From Eq. (2.40):

177,920

=g = 44,480 Ib

Steps 6-8 (second pile length):
From Eq. (2.41):

50,400
= (127,520> =039

Solving for Q.,, from Eq. (2.42):

6
(1 " @) 0 (1 -03%)0585

0.083 =
Qup 4 x 4,700, 000,000 4 x 166,000

N 2(1-0.3%)335
0.39 x 4 x 2 x 30 x 166,000

Therefore,

0, = 30,571.831b

From Eq. (2.43):

1
= 1.83(14+-—) =1 1.1441b
0, = 30,57 83< + 0'39) 08,96

Step 9:
Repeat the above procedure as many times as needed to develop additional data
point for the design charts.

2.4.9.2 foundationPro Solution
General Information Section

Enter a safety factor of 4 in the provided textbox, and then select the BS units to be
used in the analyses of this problem.
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Calculation of Pile Skan Friction - Resistance (Os) Calculation of Pile Tip Resistance - End Beasing (Op)

Clay E Clay
Alpha method
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Fig. 2.37 Methods of analysis used for this design problem

Pile Information Section

Pile information is entered in this section as provided in the problem statement. Pile
lengths from 10 ft to 34 ft will be considered with 34 data points including the
minimum and the maximum pile lengths.

Soil Properties Section

The number of soil layers which is two, the thicknesses, and the physical properties
of the clay layers must be entered in the provided table in this section.

Analysis Method Section

In this problem, we use the Alpha (a*) method in clay soil for the skin friction
resistance. We enter 0.5 for the coefficient (see Fig. 2.37) to stay consistent with the
hand solution. This coefficient can be obtained from Table 2.1. Next, we select the
Meyerhof’s method under clay soil for the end bearing capacity.

Now we can save our progress and hit run to get the results. Summary of the pile
capacity results based on both bearing capacity and elastic settlement analyses is
shown in Table 2.22. Total working load design chart based on elastic settlement
analyses is shown in Fig. 2.38.

2.4.10 Square Pile in Rock

Determine the design capacity of a square Pile in rock, with a width of 1 m.
Consider a factor of safety of 3.0. The rock has unconfined compression strength
of 40,000 kN/m? and friction angle of 40°.
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Table 2.22 Pile capacity results (bearing capacity and elastic settlement analyses)

L) | Qs (Ib) Op (Ib) | 0, (Ib) Qan (b)) 1 Qwp (b)) | Qys (Ib) | O\ (Ib)

10 20,228.63 32,400 | 52,628.63 |13,157.16 |26,330.53 |16,439.21 | 42,769.73
11 23,226.61 |32,400 | 55,626.61 |13,906.65 |26,180.95 |18,768.36 | 44,949.31
12 26,349.91 [32,400 | 58,749.91 |14,687.48 |26,036.42 |21,174.61 | 47,211.04
13 29,592.68 |32,400 | 61,992.68 |15,498.17 |25,896.29 |23,652.48 | 49,548.77
14 32,949.74 32,400 | 65,349.74 |16,337.44 |25,760.02 |26,197.1 51,957.13
15 36,416.54 32,400 | 68,816.54 |17,204.14 |25,627.19 |28,804.13 | 54,431.32
16 39,988.98 [32,400 | 72,388.98 |18,097.25 |25,497.43 |31,469.64 | 56,967.07
17 43,663.38 | 32,400 | 76,063.38 |19,015.84 |25,370.43 |34,190.08 | 59,560.51
18 47,436.38 | 32,400 | 79,836.38 |19,959.09 |25,245.93 |36,962.2 62,208.12
19 51,304.93 32,400 | 83,704.93 |20,926.23 |25,123.68 |39,782.99 | 64,906.68
20 55,266.23 32,400 | 87,666.23 |21,916.56 |25,003.51 |42,649.69 | 67,653.19
21 60,188.79 |50,400 |110,588.8 |27,647.2 |32,134.64 |38,375.89 | 70,510.54
22 65,206.61 |50,400 |115,606.6 |28,901.65 |31,985.42 |41,382.16 | 73,367.58
23 70,381.48 |50,400 |120,781.5 |30,195.37 |31,837.18 |44,459.27 | 76,296.45
24 75,662.65 | 50,400 |126,062.6 |31,515.66 |31,692.02 |47,577.42 | 79,269.44
25 81,082.32 50,400 |131,482.3 |32,870.58 |31,548.1 |50,753.84 | 82,301.94
26 86,582.83 50,400 |136,982.8 |34,245.71 |31,407.65 |53,955.61 | 85,363.26
27 92,254.51 |50,400 |142,654.5 |35,663.63 |31,266.52 |57,231.7 88,498.22
28 97,985.22 50,400 |148,385.2 |37,096.3 |31,129.15 |60,519.77 | 91,648.93
29 103,816.9 | 50,400 |154,216.9 |38,554.23 |30,993.49 |63,842.23 | 94,835.73
30 109,803.8 | 50,400 |160,203.8 |40,050.95 |30,857.32 |67,227.2 98,084.52
31 115,813.7 |50,400 |166,213.7 |41,553.43 |30,725.35 |70,603.5 |101,328.9
32 121,966.7 | 50,400 |172,366.7 |43,091.68 |30,592.98 |74,034.24 |104,627.2
33 128,263.3 | 50,400 |178,663.3 |44,665.82 |30,460.17 |77,518.28 |107,978.5
34 134,627 50,400 | 185,027 46,256.76 |30,329.41 |81,015.05 |111,344.5

2.4.10.1 Hand Solution

Step 1:

First, we determine the force that the soil under the pile tip can carry using
Egs. (2.17) and (2.18):

Step 2:

40
N4 = tan? <45 +7> = 4.5989

Q, =40,000(4.5989 + 1) = 223,956.40kN

Since the skin friction around the pile is ignored, Qs is considered equal to zero.
Therefore,

Ou= Qp-
0, =223.956.40 kN.
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Fig. 2.38 Total working load (elastic settlement) design chart

Step 3:
Using the factor of safety given in the problem we can find Q,:

Q. = 223,956.40/3 = 74,652.13kN

2.4.10.2 foundationPro Solution

Using Pile-2 application of foundationPro, one can determine the axial capacity of
the square pile extending to rock. In this problem, one must enter the design
parameters in the Input section as in Fig. 2.39. After that, we hit run to perform
the analysis and view the results.

As shown in Fig. 2.40, one can see that the program will calculate soil resistance
at the pile tip (Q},) and consider this value equal to the ultimate resistance of the soil
(Qu)- In addition, the program will calculate the allowable (Q,) force that the
foundation can resist based on the safety factor given in the problem statement.

2.4.11 Suggested Projects

In this section, you will find some suggested design problems to allow the reader
practice the concepts and the ideas discussed in the previous sections. These
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General

Safety Factor 13

Urits: @ SIkN.m] ¢ BS[b.f
Pile Geometry
(* Square pile
(" Circular pile
Pile Width 1 m
Rock Properties

Friction angle of rock |40 deg

Unconfined Compression Strengh, qu (LAB) 40000 KN/m™2

Safety factor (for determination of qu [DESIGN) II
Fig. 2.39 Input section in Pile-2 application

RESULTS

Qu=Qp 223956 397426822 N

Qall 74662.1324766076 KN

RUN

Fig. 2.40 Allowable load of a square pile extending to rock

suggested problems will cover a variety of different pile shapes in homogeneous
and nonhomogeneous soils.

2.4.12 Suggested Projects: Circular Pile in Sandy Soil

Develop pile capacity design charts (bearing capacity and elastic settlement) for a
750-mm-diameter circular bored pile in sandy soil. Use Meyerhof’s method for the
end bearing capacity calculations and use the critical depth method for the skin
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frictional resistance calculations. Use a safety factor of 3.5. Show your results for
pile lengths that vary from 6 to 20 m. Additional required information is provided in
Table 2.23.

2.4.13 Suggested Projects: Circular Pile in Clayey Soil

Develop pile capacity design charts based on both bearing capacity and elastic
settlement requirements for a circular bored pile (diameter =4 ft) in clayey soil.
Use Meyerhof’s method for calculating end bearing capacity and use 4 method for
calculating skin frictional resistance. Use a safety factor of 4.0 for bearing capacity
calculations. Show your results for pile lengths that vary from 15 to 60 ft. Addi-
tional required information is provided in Table 2.24.

Table 2.23 Soil properties

; - Property Value Unit
;ﬁaothFJr;equlred design p 0 KN/m?
¢ 30 °
¥ 20 kN/m?
E, 25,000 kN/m?
Hs 0.35 —
E, 21,000,000 kN/m*
8 0.5¢ -
Se 25 mm
€ 0.6 —
(L'/B)¢r 15 -
Table 2.24 Spil properties Property Value Unit
and other design parameters p 1,500 o/t
¢ 2 °
¥ 110 1b/ft
E, 100,000 1b/ft
Hs 0.25 _
E, 460,000,000 Ib/ft®
é 0.5¢ -
Se 1.2 in.
€ 0.6 -
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Table 2.25 Properties of sand layers

Soil | Thickness | Cohesion | Friction Effective unit Elastic modulus Poisson’s
layer | (m) (kN/m?) | angle (°) | weight (kN/m®) | of soil (kN/m?) | ratio
1 10 0 30 19 9,000 0.35
2 5 0 35 12 11,000 0.35
3 10 0 37 9 13,000 0.35

Table 2.26 Additional

: Property Value Unit
design parameters S 30 ~
E, 21,000,000 kN/m?
0 0.5¢ -
Se 0.025 m
€ 0.6 -
(L'/B) 18 -

2.4.14 Suggested Projects: Square Pile in Sandy Soil
(Three Sand Layers)

Develop pile capacity design charts (bearing capacity and elastic settlement) for a
450-mm x 450-mm-square bored pile in nonhomogeneous sandy soil. Thicknesses
and physical properties of sand layers are provided in Table 2.25. Use Coyle and
Castillo’s method for the end bearing capacity and use the critical depth method for
the skin frictional resistance. Show your results for pile lengths that vary from 5 to
18 m. Additional required information is provided in Table 2.26.
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Chapter 3
Axial Capacity of Single Drilled Shaft
Foundations in Soil

Abstract This chapter deals with single drilled shaft foundations in homogeneous
and nonhomogeneous soils. Calculations of axial load a single drilled shaft foun-
dation can withstand are explained in details in this chapter. The calculations were
performed to satisfy both bearing capacity and elastic settlement requirements. For
the bearing capacity condition, the general bearing capacity equation was utilized
and the effects of many factors were considered in the analyses such as shaft type
(straight/belled), shaft size, shaft length, soil type, and groundwater table. Then
again, the effects of skin friction and the end bearing components were considered
in the elastic settlement analyses. Additionally, a step-by-step procedure was
introduced in this chapter to develop bearing capacity and elastic settlement design
charts which can be useful in the design process of single drilled shafts in soil.
A number of design problems were also presented in this chapter and its solution
were explained in details. These problems were first hand-solved, and then,
resolved using the Shaft-1 (in soil) and Shaft-2 (in rock) applications of the
foundationPro program. Finally, a set of design projects was suggested at the end
of this chapter to allow the reader practice the concepts learned.

Keywords Single drilled shaft foundation « Bearing capacity ¢ Elastic settlement ¢
Shaft-1 ¢ Shaft-2 « foundationPro

3.1 Introduction

This chapter deals with single drilled shaft foundations in different types of soils.
Calculation procedures of allowable and ultimate loads in which a single drilled
shaft foundation can sustain are discussed in details in this chapter. Allowable and
ultimate axial loads on a single drilled shaft foundation are estimated to satisfy both
bearing capacity and elastic settlement requirements.

In the bearing capacity analyses, the classical bearing capacity equations for a
single drilled shaft foundation were utilized. Effect of drilled shaft foundation type
(i.e., straight or belled) is considered in the bearing capacity calculations. Drilled
shafts in sand, clay, and rock are dealt with herein. Effect of the groundwater table
depth is also considered in the bearing capacity equation.

© Springer International Publishing Switzerland 2016 203
M. Yamin, Problem Solving in Foundation Engineering using foundationPro,
DOI 10.1007/978-3-319-17650-5_3
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The axial capacity of single drilled shaft is also estimated based on elastic
settlement (theory of elasticity). The allowable load a single drilled shaft founda-
tion can sustain to satisfy elastic settlement requirements and not to exceed the
allowable permissible settlement is determined herein. The total elastic settlement
of a single drilled shaft in soil was estimated as a result of adding the various types
of settlements occurred due to end bearing and skin friction loads.

A step-by-step procedure was introduced in this chapter to develop bearing
capacity and elastic settlement design charts. These design charts present the
relationship between various applied loads on a single drilled shaft foundation
versus shaft length (for straight and belled shafts). These charts can be useful in
the drilled shaft foundation design process to find what will control the final design:
the bearing capacity or the elastic settlement of the foundation.

Five design problems were presented in this chapter. First, these design prob-
lems were hand-solved and their solution was explained in details, and then the
foundationPro program was used to resolve the problems to replicate and verify the
hand solution. Also, the program was used to investigate a wider and detailed
solution and design alternatives for the hand-solved problems. Since the
foundationPro includes a set of several applications, the Shaft-1 and Shaft-2
applications of the foundationPro are the responsible applications to perform
bearing capacity and elastic settlement calculations for single drilled shaft founda-
tions embedded in homogeneous and nonhomogeneous soils. Therefore, only
Shaft-1 and Shaft-2 applications will be used throughout this chapter to replicate
the hand-solved problems. Three design projects were suggested at the end of this
chapter to allow the reader to practice and apply the learned concepts.

3.2 Theory

In this section, the procedures to estimate the axial capacity of a single drilled shaft
in soil are discussed. The governing methodologies to calculate the ultimate and
allowable loads that can be applied to a single drilled shaft foundation with the
given shaft design configurations in different types of soil based on bearing capacity
and elastic settlement are summarized in the following subsections. Figure 3.1
defines the main soil properties and design parameters used in the analyses of
single drilled shaft (straight shaft as in Fig. 3.1a and belled shaft as in Fig. 3.1b)
foundations. As can be seen in the figure, C is the soil cohesion, ¢ is the soil friction
angle, ¥’ is the effective unit weight of the soil, E is the elastic modulus of the soil,
U 1s Poisson’s ratio of the soil, Dy is the shaft diameter, and Dy, is bell diameter. The
thicknesses of each soil layer in the case of multiple soil layers can be defined by
providing the depths (Z,, Z,, Z,, etc.) at the boundaries between different soil layers
(see Fig. 3.1).
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a
Z

Soil 2:

c‘. ¢: '.'1",'. Ew }Jv\

Soil 2 from depth Z; to depth Z;

Soil 3:

Soil 2:

C, ¢".~ a:(',‘. E-‘:: Hs

Soil 2 from depth Z; to depth Z;

Fig. 3.1 Single drilled shaft embedded in multiple soil layers: (a) straight shaft and (b) belled

shaft
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Fig. 3.2 Ultimate load Qu=0Q;+ Qp
on a single drilled

shaft (straight) foundation

3.2.1 Axial Capacity of a Single Drilled Shaft (Bearing
Capacity)

The ultimate axial capacity (load), Q,, a single drilled shaft foundation embedded
in soil can sustain as shown in Fig. 3.2 can be estimated as in Eq. (3.1) by summing
the end bearing capacity component (Q,,) and the frictional skin resistance compo-

nent (Qy):
0, =0, + 0, (3.1)

where
O, is the load carrying capacity of the pile point
O, is the frictional skin resistance

3.2.1.1 End Bearing Capacity (Q,)

One can estimate the shaft tip resistant—end bearing capacity of a single drilled shaft
depending on the soil which the drilled shaft is resting on. Below is a discussion of
the procedures to be followed to estimate O, in sand, clay, and rock.

1. End bearing capacity in sand:
From the general bearing capacity equation as suggested by Meyerhof (1963),
the ultimate end bearing capacity (at the shaft tip), Op, in sandy soil is given as
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0,=4, [q’ (N, — I)Fququqc} (3.2)

where
N, is the bearing capacity factor
F 4 is the shape factor
F 44 is the depth factor
F . is the soil compressibility factor
¢ is the effective vertical stress at the base of the shaft

A, = %Df for straight shaft and = %Df,

Shape and depth factors can be determined using the following equations:

Fyo=1+ tang (3.3)
! ’ 2 L
Fa=142tan¢ (1 — sin(/)) x tan ! {D—} (3.4)
b
o

To determine the compressibility factor (F,.), Chen and Kulhawy (1994) sug-
gest the following procedure:

Foe = 1if Iy > I (3.5)

However, if I, > 1,

, 3.07sin¢ ) (logyo2l:)
F,.=ex (—3.8tan ) + ( - 3.6
q P{ ¢ 1+ sing (3.6)
where
1., is the critical rigidity index and can be found from the following equation:
_ ¢
I, = 0.5exp [2.85cot | 45 — ) (3.7)

and [, is the reduced rigidity index which can be determined using the equation
below:

(3.8)
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E
I;is the soil rigidity index = - , (3.9)
2(1 4+ p,) X ¢ x tan¢g

A= n(i) (3.10)

Pa 1s the atmospheric pressure
25
n:O.005<1—¢20 ) (3.11)

2. End bearing capacity in clay:
From the general bearing capacity equation as suggested by Meyerhof (1963)
and the suggestion made by Das (2010) the shaft length is greater than three
times the shaft diameter. The net ultimate end bearing capacity (at the shaft tip),
O,, in clayey soil is given as

®

Q p(net) — A pcuNc.- (3 12)

where
¢, 1s the undrained cohesion:

N, =133 x Kln(i))—&—l} (3.13)

In the case that the elastic modulus of the soil is not available, one can review the
suggested relationship by O’Neill and Reese (1999) to obtain the elastic modulus
of the soil.

3. End bearing capacity in rock:
Based on the full-scale drilled shaft test results by Zhang and Einstein (1998),
the end bearing capacity of a drilled shaft extending to and resting on rock can be
estimated using the following equation:

0,=w(,)""4, (3.14)

where

qu 1s the unconfined compression

@ = 4.83 when SI units are used in Eq. (3.14) as follows: ¢, in MN/m?, Apisin
mz, and @, will come out in MN, or

o = 8,299.29 when BS units are used in Eq. (3.14) as follows: when ¢, in
lb/ftz, A, is in ft2, and @, will come out in Ib.
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3.2.1.2 Frictional Skin Resistance (Qy)

One can estimate the friction skin resistance of a single drilled shaft depending on
the type of soil that is surrounding the drilled shaft along its length. Below is a
discussion of the procedures to be followed to estimate Qg when a shaft is
surrounded by sand, clay, or rock.

1.

Frictional skin resistance in sand:
The frictional resistance at ultimate load, Oy, developed in a drilled shaft may be
calculated as in the following equation:

Q,=> pxfxAL (3.15)
where

p is the shaft perimeter
f can be determined depending on the depth z as follows:

For
z=0toL
f:Kx@m(ﬂ (3.16)
For
z=LtlL,
f=f_ (3.17)

L, is the length of the straight portion of the drilled shaft

!

! L
L =Dy — 1
s X (Ds)cr (3.18)

’

Usually, the critical depth ration (lLT) varies from 15 to 20.
s/ cr

In Eq. (3.16),

K is the effective earth pressure coefficient

o, is the effective vertical stress at depth under consideration which will
increase until L', and will remain constant thereafter

&' is the soil/shaft friction angle and can be taken as (0.7-0.8)¢ for poor
construction or ¢’ for good construction.

. Frictional skin resistance in clay:

The expression for skin resistance of drilled shafts in clay is given as

L=L,
Q,= Y da'cupAL (3.19)
L=0
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Table 3.1 Required parameters for Eq. (3.21)

¢in Eq. (3.21) Units used in Eq. (3.21)
Units Smooth socket Rough socket Dy L qu 0O
ST 1.2566 25133 m m MN/m? MN
BS 1,954.793 3,908.644 ft ft 1b/ft? b

o*, which must not exceed the value of 1.0, can be calculated according to
Kulhawy and Jackson (1989) as in the following equation:

a*:O21+025<&9 (3.20)

Cu

3. Frictional skin resistance in rock:
O, can be estimated again from the work done by Zhang and Einstein (1998)
when the shaft is surrounded by rock and is embedded in the rock a length (L) as
in the following equation:

0, =¢EX Dy XL x\/q, (3.21)

Required parameters and more details about Eq. (3.21) can be found in
Table 3.1.

3.2.2 Axial Capacity of a Single Drilled Shaft (Elastic
Settlement)

The total elastic settlement (S,) of a single drilled shaft foundation can be estimated
using Eq. (3.22). Definition of the various working loads under total elastic settle-
ment condition is illustrated in Fig. 3.3:

Se = Se, +Se, + S, (3.22)

where

Se, 1s the elastic settlement of shaft length

Se, is the settlement of the pile caused by the load at the drilled shaft tip

Se, 1s the settlement of the pile caused by the load transmitted along the drilled
shaft length

Se, can be estimated using the following equation:

~ (Oyp + 0 )L
%7—7ﬁr— (3.23)
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QW:QWS+QWp

Qw:Qws+pr

Fig. 3.3 Definition of working loads due to total settlement for (a) straight shaft and (b) belled
shaft

where
Qwp is the load carried at the shaft base under working load
Q. 1s the load carried by frictional skin resistance under working load
L is the length of shaft
E,, is the modulus of elasticity of the shaft material
In Eq. (3.23), the parameter ¢ varies between 0.5 and 0.67.
Se, can be estimated using the following equation:

(QupDs)

Se, = 0.85
2 “TALE,

(1-4) (3.24)

where
E; is the modulus of elasticity of soil at or below the shaft point
Se, can be estimated using the following equation:

Sey = (1 — p?) (iz) (%) (2 +0.35 (@)) (3.25)
where

p is the perimeter of shaft
L is the embedded length of shaft
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3.2.3 Allowable Loads

Allowable load single drilled shaft foundation can sustain based on bearing capac-
ity analyses and can be determined using the following equation:

O pmer) +0
Qui = % (3.26)
where
FS is the factor of safety for bearing capacity
However,

To determine the allowable (working) load based on elastic settlement analyses:
First,
Let

n= % (3.27)

Then,
One can solve for Oy, at the total allowable settlement (S.) using the following
equation:

1+£)L 2 _ 2
5. = 0u, ( q) +O.85><Ds(1 ﬂs)+DS(1 us)<2+0.35<\/§>)

ALE, ALE, npLE,

(3.28)

Thus,
The total working load based on settlement analyses can be found using the
equation below:

O, = pr(l —&-%) (3.29)

3.3 Step-by-Step Procedure

To determine the axial capacity of a single drilled shaft foundation in soil based on
bearing capacity and total elastic settlement requirements and establish the associ-
ated design charts, the following steps must be followed:

Step 1:
Assume drilled shaft length L
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Step 2:
Determine the end bearing capacity, Qp, for the given soil type as follows:

« For sandy soil use Egs. (3.2)—(3.11).
« For clayey soil use Egs. (3.12) and (3.13).
» For rock soil use Eq. (3.14).

Step 3:
Determine the frictional skin resistance, Q, for the given soil type as follows:

« For sandy soil use Egs. (3.15)—(3.18).
« For clayey soil use Egs. (3.19) and (3.20).
» For rock soil use Eq. (3.21).

Step 4:
Determine the ultimate load based on bearing capacity analyses, Q,,, from Eq. (3.1).
Then, determine the allowable load (bearing capacity analyses), Q.y;, using Eq. (3.26).

Step 5:
In order to find the total working load, Q,,, based on the elastic settlement analyses,
we use Eq. (3.29).

Step 6:
Repeat steps 1 through 5 for as many shaft lengths as needed to have enough data
points for the capacity design charts.

3.4 Design Problems

Several design problems are presented in this section to help the reader reiterate the
theory and integrate the Shaft-1 and Shaft-2 applications of the foundationPro
program in the design process of the single drilled shaft foundations. These
examples were selected to give exposure to a wide variety of challenges and design
configurations that can be faced in designing a single drilled shaft foundation while
helping us iron out the finer details of the theories introduced earlier.

3.4.1 Straight Shaft in Homogeneous Sandy Soil

Develop axial capacity design charts based on bearing capacity and elastic settle-
ment for a straight drilled shaft (diameter = 1.2 m) in homogeneous cohesionless
sandy soil. Use a factor of safety of 3.0 for bearing capacity calculations. The total
allowable settlement of the drilled shaft must not exceed 25 mm. Soil properties and
other useful information are provided in Table 3.2.
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Table 3.2 Soil properties

3 Axial Capacity of Single Drilled Shaft Foundations in Soil

) Property Value Unit
and other design parameters B 0 KN /rn2
¢ 28 °
% 18.5 kN/m®
E, 25,000 kN/m?
Hs 0.35 -
E, 23,000,000 | kN/m*
) 0.75¢ -
Se 25 mm
(Ly/Dy)er 16.5 -
€ 0.6 -

3.4.1.1 Hand Solution

To develop axial capacity design charts, one must follow the step-by-step procedure
explained in Sect. 3.3.

Step 1:

Assume L=15m

Step 2:

Determine Q,, in sand.

Calculate the critical rigidity index (I.,) using Eq. (3.7):

28
I: = 0.5exp [2.85 cot (45 — 7)} = 574

Also, calculate the soil rigidity index from Eq. (3.9):

25,000

I, =
2(1+0.35) x (18.5 x 15) x tan(28)

=62.75

In order to calculate I, we will need to first calculate A and n; these can be
calculated as follows:

From Eq. (3.11):
28 — 2
n= 0.005(1 — ( 820 5)) = 0.00425

q =18.5 x 15 = 277.5kN/m>

From Eq. (3.10):

277.5

A =0.00425( =2
( 100

) = 0.0117
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Now, we can calculate the reduced rigidity index from Eq. (3.8):

62.75
Iy = = 36.18
T 14 (62.75 x 0.0117)

Since I, < I, we use Eq. (3.6) to calculate the F:

(3.07sin (28)) (log, (2 x 36-18))} } =0.821

F, = exp{(—3.8 tan (28)) + T4 sin28
From Eq. (3.3):

Fg =1+ tan (28) = 1.531
From Eq. (3.4):

15
Faa=1+2tan(28)(1 — sin (28))* x tan ' [ﬁ} = 1.446
\.\',./

radians
From Eq. (3.2):

0, = (1.13) x [(18.5 x 15)(14.72 — 1)(1.531)(1.446)(0.821)] = 7,819.55 kN

Step 3:
Determine Q in sandy soil.
First, we need to find L' which can be acquired from Eq. (3.18):

L' =165x12=19.8m
At z = O0m we are between 0 and L'; therefore, we use Eq. (3.16):
0; =0
f=0
At z = 15m we are between 0 and L'; therefore, we use Eq. (3.17):

o, =15 x 18.5 = 277.5kN/m>
f=(1—sin(28)) x 277.5tan (21) = 56.51kN/m?
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We use Eq. (3.15):

o, =l=0" 11 Zfz:ls x (3.76) x 15
0+ 56.51
0, = +T % (3.76) x 15 = 1,593.58 kN

Step 4:
The ultimate load based on bearing capacity analyses, Q,, is determined using
Eq. (3.1) as follows:

0, =7,819.55+1,593.58 =9,413.1 kN

Then, the allowable load, Q,;;, can be found from Eq. (3.26):

_7,819.55+1,593.58

= =3,137.71 kN
all 3.0

Step 5:

In order to find the working loads from the elastic settlement analyses, we must first
find a ratio between Qs and Q,. This relationship can be established through
Eq. (3.27):

7,826.29
=1 50358+
From Eq. (3.28):
0.6
(1 + m) 15 1.2(1 - 0.35%)(0.85)

0025 =0wp | (713)  (23,000,000) T (1.13)(25,000)

1.2(1 - 0.35%)3.237
T @90)(x x 1.2)(15)(25, 000)

Thus,
Owp=T783.77T kKN
Therefore,
The total working load from Eq. (3.29):

I
—783.77( 14— ) = 943.73 kN
Qu ( +4.90>
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Step 6:

The above steps can be repeated for other shaft lengths.

3.4.1.2 foundationPro Solution

After launching the Shaft-1 application of foundationPro, the four sections (Gen-

eral, Drilled Shaft Information, Soil Properties, and OUTPUT) will appear in the
main screen as shown in Fig. 3.4.

General Section

In this section, general information can be entered such as user name and project
name and this information is optional. Additional, units to be used throughout the
analysis must be specified and the factor of safety for bearing capacity must be
entered in the provided textbox. For the calculations of the skin friction in sand, the
user must input the required parameters as shown in Fig. 3.5. The critical depth ratio
is usually 15-20. The effective earth pressure coefficient is usually 1 unless other-
wise stated.

== shaft-1 [Axial Capacity of Single Shaft in Soil]
D «—| 3 DEE S D)
[ Genesal l Deled Shalt bnformabon. l Sol Properties T i

Fig. 3.4 Main sections of Shaft-1 application

Genoral l Dilled Shialt Indommation T Sol Propartie: l
Genaral Informason Units
User Nsme: = = 51 RN, m, mn)
©BSMb. i
Project Name: [Problem 31
!

Factor of Salety (Bearing Capacity)

feage Factr ol Satety  FS [’
Hotes
(Dponal | Calculation of Skin Friction in Sand

[155

[Cica Depth oo (L'/Dis)cr

fie. Usually ranges from 1040 20, & valkee of 15
o ba canetr el okeri

e
Eﬂm k=l X [1-sin(4)]

Fig. 3.5 The General information section of Shaft-1 application
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General I Drilled Shaft Information T Sol Properties T
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Pcveatia Elnshe: Setlermert of Pie S = e
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Beled [iin Friction Cosfcaent [12.. fanges fiom [05
‘ b 050671
Drnlic:d Shat Matenal

Drillod Shek Diamatars Joakc modshu ol shell | Ep 2 K2
Emuhmm part of

= Ds ' - Qu= Qo+ O
[Dlammater el the shut bed Db | .
Pila Length

Lengthol shafbell Lb -
ke Shaft Langhh Ls-min ~ |' :

Masaren Shalt Length  Ls-muox [20

Fibes ol DuaPorts [ =] Ba.Le15. 16

Fig. 3.6 The Drilled Shaft Information section for Shaft-1 application

Drilled Shaft Information Section

In this section, drilled shaft type must be specified (straight or belled), and its
diameter, minimum shaft length, maximum shaft length, and settlement informa-
tion must be entered. In this problem, the drilled shaft is straight and other data is as
shown in Fig. 3.6.

Soil Properties Section

Number of soil layers must be specified as in the combo box in Fig. 3.7. Thick-
nesses and physical properties of soil layers must be entered in the provided table as
well. In this problem, we have one soil layer and the other properties are as shown in
the figure.

Now we can save our progress and hit run to get the results. One can view the
results in the OUTPUT section. Axial capacity results based on bearing capacity
and elastic settlement analyses can be viewed in the OUTPUT section as a table
format (see Fig. 3.8) or as a chart format (see Fig. 3.9). The total working load for
this problem based on elastic settlement analyses can be extracted from the Shaft-1
application as shown in Fig. 3.10.

3.4.2 Straight Shaft in Homogeneous Clayey Soil

Develop axial capacity design charts (bearing capacity and elastic settlement) for a
2-m-diameter straight drilled shaft in homogeneous clayey soil. Use a safety factor of
3.0 for bearing capacity computations. Other information is provided in Table 3.3.



3.4 Design Problems

219

= |

Drilled Shaft Informshon

Total rumber of sod lagers [ -

NOTES

T
waght of water]

- T define sol depthe: 20 = 0 and 23> 22> Z1 > 20 feg.. for vod 2 leom depth = Z1. o depth = 22)

EalLiva e | NErmast el |1 Tort el | etewe i 2| -t Weaps by | “Sarptomn’! | Poiseets Rt
1 o 0 o 2 185 25000 L]
Fig. 3.7 Soil Properties section for Shaft-1 application
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1 15 159, TR 140 ™2 N
2 L3 m 7
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Figure 3.8 Axial capacity results—OUTPUT section (Table format)

3.4.2.1 Hand Solution

Axial capacity design charts can be developed by following the steps below:

Step 1:
Assume shaft length, L=20 m
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Design Chast
SekctDevon O IR P T R |
LUltimate Load-carrving Cpacity
1
Lm] OukN)
12000
1 1% U2 TULEANNE
11500
2 1 UG THEEETE14T
3 7 10475 SOESTAEL & 11000
) ® 11012 9296764 ;‘
o 10500~
5 ] 11556, 8425110268
& o V203 TTTSR0153 100004
#3500 -
000 T T T T T
[H] "% m 4 1] » 1
L (m)
Crrewlar Plle
RESULTS l CHARTS

Fig. 3.9 Ultimate axial capacity design chart—OUTPUT section (Chart format)
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Fig. 3.10 Total working load design chart
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Table 3.3 S(?il properties Property Value Unit
and other design parameters B 65 KN/m?
4 0 °
¥ 19.8 kN/m*
Eq 8,500 kN/m*
Us 0.3 -
E, 21,500,000 kN/m*
Se 0.025 m
€ 0.6 -

Step 2:
To determine end bearing capacity, first, we find N} using Eq. (3.13) as follows:

. 8,500
=1. | 1| =6.
N, 33{(n(3x65>)+ ] 6.350
Thus,

We use Eq. (3.12) to calculate Qy;:

0, = (3.14) x (65) x (6.350) = 1,296.035 kN

Step 3:
In order to find the skin friction resistance we first use Eq. (3.20) to find o

% 1
a =021+0.25 (g) =0.594

Next, we can find the skin friction resistance using Eq. (3.19):

0, = (0.594) x (65) x 6.28 x 20 = 4,854.4 kN

Step 4:
The ultimate load based on bearing capacity analyses, Q,, is determined using
Eq. (3.1) as follows:

0, =1,296.0+4,854.4 = 6,150.4 kN

Then, the allowable load, Q,;;, can be found from Eq. (3.26):

6,150.4

=2,050.1 kN
3.0

O =
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Step 5:
First, 5 can be calculated using Eq. (3.27) as follows:
1,296.035
=_—""=02

"= g ssaaz 020

Then, from Eq. (3.28):
0.6
(1 N 0.26> 20 2.0(1 —0.30%)(0.85)

025 =
0025 =0w, | 312) % (21,500, 000) (3.14)(8, 500)

2.0(1—0.30%)3.10
+0.26)(6.28)(20) (3, 500)

Solving the above equation for Q,,p:
Thus,

O,p = 316.55kN

From Eq. (3.29):

1
0, =3 655< +0.26) ,534.06 kN

Step 6:
The above steps can be repeated for other shaft lengths. The solution below is for
another assumed shaft length.

Step 1 (second shaft length):
Assume L =25 m

Step 2 (second shaft length):
From Eq. (3.12):
To determine end bearing capacity, first, we find N} using Eq. (3.13) as follows:

. 8,500
=133 (In( = 1| =6.
N 33[(n<3x65)>+ } 6.350

Thus, Q,, can be calculated using Eq. (3.12) as follows:

0, = (3.14) x (65) x (6.350) = 1,296.035 kN
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Step 3 (second shaft length): .
In order to find the skin friction resistance, we first use Eq. (3.20) to find a

. 100
=0214025(—) <1
a + ( 65 ) s
Next, we can find the skin friction resistance using Eq. (3.19):

0, = (0.594) x (65) x 6.28 x 25 = 6,061.77 kN

Step 4 (second shaft length):
First, we find » using Eq. (3.27):

~1,296.035

=2 " _0213
T="6,061.77
Then, from Eq. (3.28):
0.585
0025 = 0 <1 T g01 >25 2.0(1 —0.30%)(0.85)
T EVRL(3.14) x (21,500,000) (3.14)(8,500)

2.0(1 —0.30%) 5 03s( /2
+(0.213)(6.28)(25)(8,500) +0 2

So, solving the above equation for Oy

Oyp = 312.7kN

The total working load is then determined using Eq. (3.29) as follows:

1
—312. 1+——) =1,7805k
0, =312.7 x ( +0.213) ,780.5 kN

3.4.2.2 foundationPro Solution
General Section
In this General section, input data is entered as shown in Fig. 3.11. The SI unit was

selected. The effective earth pressure coefficient is entered as 1 since it was not
provided in the problem statement.
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Fig. 3.11 Input data for

R Units
General section

&SI kN, m, mm)

" BS (b, it in)

Factor of Safety (Bearing Capacity)

[Factor of Safety  FS I3

Calculation of Skin Friction in Sand

[Sol/Shaft FrictionAngle 8= [075 ~| ¢
(ie., [For cast-in-place concrete] Usually 0.7 - 0.8 for

poor construction and 1.0 for good construction)

[Cribcal Depthatio (L'/Ds)cr |83

(ie.. Usually ranges from 10 to 20, a value of 15
can be conservatively taken)

E ffective Earth
Pressure K=|1 % [1-sin(,
Coefficient [1-sin(p)]

Drilled Shaft Information Section

In this section, we select the straight shaft type, we enter the diameter of the shaft as
2,000 mm, we enter the shaft length variation that we wish to consider (15-25 m
with 11 points), we enter the allowable elastic settlement of the shaft, we enter the
skin friction coefficient (0.6), and finally we enter the elastic modulus of the shaft as
shown in Fig. 3.12.

Soil Properties Section

We enter the number of soil layer we will be dealing with (we have one in this
problem). We enter the given depth parameters for the soil layer. If we are dealing
with a single layer of soil and the depth parameters are not given, we select a
reasonable depth (we choose 30 m) to consider as long as the maximum shaft length
(25 m) is less than that depth. Finally, we enter the other soil properties as shown in
Fig. 3.13.
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Fig. 3.13 Soil properties in Shaft-1 application
Table 3.4 Axial capacity results for different shaft lengths
Lm [Q;kN) |0, kN)  [Qu(kN) | Qun (kN) | Qup (kN) | Qws (kN) | Oy (kN)
15 3,642.677 |1,300.047 |4,942.724 |1,647.575 |323.1615 |905.4847 |1,228.646
16 3,885.522 | 1,300.047 |5,185.569 |1,728.523 |322.0527 |962.5364 |1,284.589
17 4,128.367 |1,300.047 |5,428.414 |1,809.471 |320.9632 |1,019.235 |1,340.198
18 4,371.212 | 1,300.047 |5,671.259 |1,890.42 |319.8905 |1,075.583 |1,395.474
19 4,614.057 |1,300.047 |5,914.104 |1,971.368 |318.8324 |1,131.583 |1,450.415
20 4,856.902 |1,300.047 |6,156.95 |2,052.317 |317.7871 |1,187.234 |1,505.022
21 5,099.747 | 1,300.047 |6,399.795 |2,133.265 |316.753 1,242.54 | 1,559.293
22 5,342.592 | 1,300.047 |6,642.64 |2,214.213 |315.7287 |1,297.499 |1,613.228
23 5,585.438 | 1,300.047 |6,885.485 |2,295.162 |314.713 1,352.112 | 1,666.825
24 5,828.283 | 1,300.047 |7,128.33 |2,376.11 |313.7049 |1,406.38 |1,720.085
25 6,071.128 |1,300.047 |7,371.175 |2,457.058 |312.7032 |1,460.302 |1,773.005

Now we can save our progress and hit run to get the results. Axial capacity
results based on bearing capacity and elastic settlement analyses at various shaft
lengths are summarized in Table 3.4. Also, ultimate end bearing capacity design
chart is shown in Fig. 3.14. A snapshot from the OUTPUT section is also shown in
Fig. 3.15.
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Fig. 3.15 Results of working load carried by skin friction component

3.4.3 Straight Shaft in Nonhomogeneous Clayey Soil

Develop axial capacity design charts (bearing capacity and elastic settlement) for a
straight drilled shaft (diameter = 2.5 ft) in nonhomogeneous clay soil with proper-
ties as in Table 3.5. Use a safety factor of 4.0 for bearing capacity calculations.
Other useful information can be found in Table 3.6.
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Table 3.5 Physical properties and thicknesses of clay layers

Soil Thickness | Cohesion | Friction Effective unit Elastic modulus | Poisson’s
layer | (ft) (Ib/ft%) angle (°) | weight (Ib/ft>) | of soil (Ib/ft?) ratio

1 40 835 0 47.6 135,000 0.3

2 60 1,350 0 53 166,000 0.3

Table 3.6 Other required Property Value Unit
design parameters E, 470,000,000 | Ib/fe
Se 1 in.
€ 0.6 -

3.4.3.1 Hand Solution
We will follow the step-by-step procedure in Sect. 3.3 to develop the required
design charts. Details of each step are presented below:

Step 1:
Assume shaft length, L; =20 ft

Step 2:
N7 can be determined using Eq. (3.13) as follows:

. 135,000 B
N, = 1.33[<ln<3 > 835)> + 1} = 6.63

Then, the end bearing capacity (Q,,) can be obtained from Eq. (3.12):

0, = (4.90) x (835) x (6.30) = 27,137.43 Ib

Step 3:
a* can be calculated from Eq. (3.20):

* 27
a =021 +0.25( 000) =0.8

835
Therefore, O, can be found using Eq. (3.19):
0O, = 0.80 x (835) x (7 x 2.5) x 20 = 106,083.72 1b

Step 4:
The ultimate load-carrying capacity is now obtained using Eq. (3.1) as follows:

Q. =27,137.4+106,083.7 = 133,221 b
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So,
The allowable load-carrying capacity Q,; can be obtained using Eq. (3.26):

133,221
Qu = = 33,305.251b

Step 5:
In order to find the working loads from the elastic settlement analyses, we must first
find 5 using Eq. (3.27) as follows:

_27,137.43

"= To6.083.72 0%

Then, one can write Eq. (3.28):

0.6
(1 i <E))20 2.5(1 — 0.30%)(0.85)
(4.90) x (470,000,000) (4.90)(135,000)

0.0833 = 0,

2.5(1 - 0.30%)2.98
10.25)(x x 2.5)(20)(135,000)

After solving the above equation, one can find Q,,, = 19,473.93 kN

Thus,
The total working load is determined from Eq. (3.29) as follows:

1
= 19,473. 1+—) =1 15.3171
Ow 9, 7393( +0'24> 00,615.317 1b

Step 6:
The above steps can be repeated for another shaft length. The solution below is for
another assumed shaft length.

Step 1 (second shaft length):
Assume L =50 ft

Step 2 (second shaft length):
From Eq. (3.13), one can find:

135,000 B
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Then, the ultimate end bearing capacity is found from Eq. (3.12):

0, = (4.90) x (1,350) x (5.99) = 39,719.17 Ib

Step 3 (second shaft length):
From Eq. (3.20):

. 2,000
— 0214025 —0.58
* * (1,350)

Therefore,
O, is found from Eq. (3.19) as follows:

0, =0.58 x 7 x 2.5(835 x 40 + 1,350 x 10) = 213,780.43 1b

Step 4 (second shaft length):

The ultimate load-carrying capacity can be determined from Eq. (3.1):

Q. = 39,623 4 213,780 = 253,404 1b

Step 5 (second shaft length):
From Eq. (3.27):

39,623.85
= (213,780.43) = 0.185

And from Eq. (3.28):

0.6
(1 i 0.185) 30 2.5(1 - 0.3%)0.85

0.083 =
Qup 4.90 x 470,000,000  4.90 x 166,000

2.5(1 —0.3%)3.48
0.185 x 7 x 2.5 x 50 x 166,000

Solving the above equation yields

0Oy = 26,733.711b

Thus,
The total working load using Eq. (3.29):

1
=2 T 14+ —=—| =171,240.301
O 6,733.7 ( +O.185> 71,240.301b

229
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Fig. 3.16 Input data for the Units

General section
"SI (kN, m, mm)
@« BS(b.Rt in)

Factor of Safety (Bearing Capacity)

[Factorof Safety  FS 4

Calculation of Skin Friction in Sand

[Sol/Shaft Friction Angle 8= [0.75 ~| ¢

(Le., [For cast-in-place concrete] Usually 0.7 - 0.8 for
poor construction and 1.0 for good construction)

[Criical Depthratio. (L'/Ds)er |13

(Le.. Usually ranges from 10 to 20, a value of 15
can be conservatively taken)

fective Earth
1 2
essure K= X [1-sin(g
= [1-sin(g )]

3.4.3.2 foundationPro Solution
General Section

In this section, we select the BS unit to be used in the problem and we enter the
Safety Factor of 4 in the provided textbox as shown in Fig. 3.16. For this problem,
skin friction in sand section does not apply; therefore, the values we enter will not
be considered because there is no sand surrounding the drilled shaft based on the
given soil profile.

Drilled Shaft Information Section

A straight shaft is selected for this problem. 30 in. is entered for the shaft diameter.
The range of shaft lengths considered in this problem is 20 ft to 50 ft with 6 points
(20, 26, 32, .. ., 50 ft). Elastic settlement properties and shaft modulus are shown in
Fig. 3.17.
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- Elastic Settlement Calculations of Shaft

[llowable Elastic Settlement of Ple Se I in

[Skin Friction Coefficient [i.e.. 1anges from |—3

0.5-087

~ Drilled Shaft Material

lastic modulus of shaft Ep lil?fIIIZIIIJ bA2

Fig. 3.17 Elastic settlement and shaft properties

SolLoyerNo. | FromDeph (1) | ToDepth®) | Coheson @2 [Frcion Ange deg)| \Fies iy | % taoadsy * | Poissons oo

76

1 0 40 835 0 135000 3
2 40 100 1350 (] 53 166000 3
Fig. 3.18 Soil layer properties and thicknesses
Garaea I Dol Shalt Irdoemapor I Sl Propastes T outPuT
im 0 ) Qomi Qud Qe G ) ] Om )

T0B0RD 72904045 | 27254 VON00NN4E | 130007 MIGNEN0DY | XU ATITA2N0T) | 1HEE2 MYEEI009 T 0N TN TSN

137008 S4BT 29 | 27254 VENOXNINAE | 165163 Q0TI | 41290 PISANN00S | 19515 727487 | 9875 46SSI6000T 167 191 200508

16STIIMETIONZ | 27254 18S00NIN4E | 19696 YSEROSSAT | 46047 O0SXINN0 | 1910 0SSOSR 119500 990511564 138724 085741054

201959 0NEBIMNE | 27254 1GCSINAE | 228813 27SMNETEY | STX00 MESTIEINY | 16888 251 NE0eET 1 S WIS 156951 24619006

226747 BE2007A2% | 41645 10S009S06T | 270090 DABOMENIY | 695SE 26201ITIN | MTRMTITMMNN | M2 NAIG0SE | 171978 BEEINM06E
277700 405598116 | 41645 18600950680 | 15048 SA00IMEDY | PEEI7 148008057 | 25067 TIMOS05 166066 5861 T2 191 104 090764287

ola|la|lw|n|=-
Bl ||

Fig. 3.19 A snapshot of the axial capacity results from the OUTPUT section

Soil Properties Section

Two layers are specified. Then, the given thicknesses and physical properties of the
soil layers are entered as shown in Fig. 3.18.

Now, we can save our progress and hit run to get the results. A snapshot from the
OUTPUT section for the axial capacity results based on bearing capacity and elastic
settlement at different shaft lengths is shown in Fig. 3.19. The allowable load-
carrying capacity design chart is also shown in Fig. 3.20.
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Fig. 3.20 The allowable load-carrying capacity design chart

Table 3.7 Sand layer properties and thicknesses

Friction Effective unit Elastic modulus Poisson’s
Soil layer | Thickness (m) |angle (°) | weight (kN/m3) of soil (kN/mz) ratio
1 10 30 19 9,000 0.35
2 9 32 10 10,000 0.35
3 11 35 9.9 11,000 0.35

3.4.4 Bell Shaft in Nonhomogeneous Sandy Soil

Develop axial capacity design charts based on bearing capacity and elastic settle-
ment for a belled drilled shaft (D,=shaft diameter=1.2 m and D,=bell
diameter = 1.5 m) in nonhomogeneous cohesionless sandy soil with properties as
given in Table 3.7, and length of the shaft bell is 0.85 m. Use a factor of safety of 3.0
for bearing capacity calculations. Table 3.8 provides additional useful information
to solve this problem.
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Table 3.8 Design parameters Property Value Unit
E, 21,000,000 kN/m*
3 0.75¢ -
Se 0.025 m
€ 0.6 -
L'/Dy)er 18 -

3.4.4.1 Hand Solution

One must follow the steps below to determine the required axial capacity design

charts:

Step 1:
Assume total shaft length, L=7 m

Step 2:
Calculate the critical (I.,) rigidity index from Eq. (3.7):

30
I; = 0.5exp [2.85 cot (45 — 7)] — 69.63

Before we can calculate the reduced rigidity index, we must first calculate the

rigidity index from Eq. (3.9):

9,000

I, = soil rigidity index =

Then, we must calculate n from Eq. (3.11):

2(1+0.35) x (19 x 7) x tan (30)

n = 0.005 (1 - (302_025)) = 0.00375

The effective stress at the shaft base is found as follows:
qd =19 x 7= 133kN/m?

Also, we must calculate A from Eq. (3.10) as follows:

133
A = 0.00375 x 22 = 0.004985
x (100> ?

=43.40
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Now, we may calculate the reduced rigidity index from Eq. (3.8):

43.40
Iy = =35.68
"1+ (43.40 x 0.004985)

Since I, < I we use Eq. (3.6) to determine compressibility factor:

(3.07sin (30) (logo (2 x 35-68))] } 0742
1+ sin30

Fy = exp{(—3.8 tan (30)) +

From Eq. (3.3):
Fg =1+ tan (30) = 1.577
From Eq. (3.4):

7
Fq =1+ 2tan (30)(1 — sin (30))* x tan ! LS} =1.39
\;/_/

radians
Thus, the end bearing capacity is calculated from Eq. (3.2):

0,=(1.13) x [(19 x 7)(18.40 — 1)(1.577)(1.39)(0.742)] = 7,207kN
Step 3:
Determine Q, frictional resistance (skin friction).
To find the critical length, we use Eq. (3.18):
L' =18 x 0.8 =14.4m

At z = Om we are between 0 and L':

From Eq. (3.16):

At z = 7m we are between 0 and L':
6, =7x 19 = 133kN/m>
From Eq. (3.17):

f = (1= sin(30)) x 133tan (22.5) = 27.54 kN/m>
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From Eq. (3.15):

042754

s > x (3.141 x 1.2) x 7 = 363.45kN

Step 4:
From Eq. (3.1):

0,=7,207+363.45 =17,570kN
From Eq. (3.26):

7,570
Qu =5~ =2.53kN

Step 5:
From Eq. (3.27):

7,570
= > = 2 .
7 ( 363 ) 08
From Eq. (3.28):

0.6
(1 i 16.92)7 1.5(1-0.35%)0.85  1.5(1—0.35%) x 2.84

1.13 x 21 ><106Jr 1.76 x 9,000 20.8 x 3.76 x 7 x 9,000

0.025 = 0,

0, = 349.08kN

From Eq. (3.29):

0, = 349.08 (1 + 1692

) = 369.72kN

Step 6:
Repeat the above steps for as many shaft lengths as needed to have enough data
points for the development of the required capacity design charts.

Step 1 (second shaft length):
Assume L=13 m

Step 2 (second shaft length):
Calculate the critical (/) rigidity index from Eq. (3.7):
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I = 0.5exp [2.85 cot (45 — %)] = 85.48

Before we can calculate the reduced rigidity index, we must first calculate the
rigidity index from Eq. (3.9):
10,000

I = = 45.59
2(140.35) x (10 x 13) x tan (32)

Also, we must calculate n from Eq. (3.11):

3225
=0.005(1— = 0.00325
o= (57)

We must also calculate A from Eq. (3.10) as follows:

220
A =0.00325 x (==") =0.00715
x (100)

Now, we may calculate the reduced rigidity index from Eq. (3.8):

45.59
Iy = = 34.38
1+ (45.59 x 0.00715)

Since I, <1, we use Eq. (3.6) to calculate the compressibility factor:

(3.07sin (32)) (10.g10<2 X 34'38))] } — 0.656
1+ sin32

Fp = exp{(3.8 tan (32)) +

From Eq. (3.3):
Fy =1+ tan(32) = 1.62
From Eq. (3.4):
. 2 1|13
Fa=1+2tan (32)(1 — sin(32))" x tan 5| = 1.40
\.,_/

radians

Therefore,
The end bearing capacity is determined from Eq. (3.2) as follows:

0, = (1.13) x [(220)(23.18 — 1)(1.62)(1.40)(0.656)] = 10, 888kN
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Step 3 (second shaft length):
The critical depth can be estimated using Eq. (3.18) as follows:

L =18 x0.8 = 14.4m

Atz = Om we are between 0 and L':

From Eq. (3.16):

Atz = 10m we are between 0 and L':
6, =10 x 19 = 190kN/m?
From Eq. (3.17):
£ = (1= sin(30)) x 190 tan (22.5) = 39.35KN/m>
From Eq. (3.15):

043935

s =

x (3.141 x 1.2) x 10 = 741.73kN
Atz = 13m we are between 0 and L':
6, =190+ 3 x 10 = 220kN/m?
From Eq. (3.16):
f=(1—sin(32)) x 217.8 tan (24) = 46.04kN/m’
From Eq. (3.15):

254542935

Qs 2

X (3.141 x 1.2) x 3 = 482.89kN

Thus,

O, =741.73 +-482.89 = 1,224kN
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Step 4 (second shaft length):
From Eq. (3.1):

0,=10,888+1,224 = 12,116kN

From Eq. (3.26):
12,116
Q. = 5 =4,038kN

Step 5 (second shaft length):

From Eq. (3.27):
10, 888
= ( 1,224) =89

From Eq. (3.28):

0.6
(1 * 10.389) 13 1.5(1-0.35%) x 0.85
1.13 x 21,000,000 1.76 x 10,000

0.025 = Q,,

1.13(1 - 0.35%) x 3.151
8.9 x 7 x 1.2 x 13 x 10,000

0, = 386.5kN

From Eq. (3.29):
1
0., =386.5 x (1 +8—9> = 430kN

Step 6 (second shaft length):
Steps 1 through 5 can be repeated for as many shaft lengths as needed to develop the
required design charts.

3.4.4.2 foundationPro Solution
General Section
SI unit is selected for this problem with a safety factor of 3 as provided. Other

required design parameters for the skin friction in sand are entered as shown in
Fig. 3.21.
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Fig. 3.22 Dirilled shaft information

Drilled Shaft Information Section

In this section, the belled shaft type is selected. The shaft diameter and the bell
diameter are also entered as 1,200 and 1,500 mm, respectively. The length of the
shaft bell is entered in the provided textbox as 0.85 m as given in the problem. For
the development of the design charts, various shaft lengths are considered from 6 m
to 20 m with a total number of shaft lengths of 15 including the minimum and the
maximum shaft lengths (i.e., 6, 7, 8, ..., 20 m). Other required shaft information is

shown in Fig. 3.22.
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Fig. 3.23 Physical properties and thicknesses of sand layers

Table 3.9 Axial capacity results for different shaft lengths
Lm [OKkN) (O, kN) [QuKN) | Qui(kN) |Qup kN) | Qus (kN) | Oy (kN)

6 267.0248 | 6,653.426 |6,920.45 |2,306.817 |351.0925 |14.09055 |365.1831
7 363.4504 |7,207.334 |7,570.785 |2,523.595 |350.5825 |17.67912 |368.2617
8 4747107 |7,729.425 |8,204.136 |2,734.712 |350.0846 |21.50081 |371.5854
9 600.8057 |8,224.907 |8,825.713 |2,941.904 |349.5957 |25.53696 |375.1327

10 741.7355 | 8,697.706 |9,439.441 |3,146.48 |349.1138 |29.77223 |378.886

11 895.6489 |10,331.22 | 11,226.87 |3,742.29 |387.6166 |33.60382 |421.2204
12 1,057.443 |10,613.24 | 11,670.69 |3,890.229 |387.0444 |38.56291 |425.6073
13 1,227.178 |10,888.77 |12,115.95 |4,038.649 |386.4949 |43.55848 |430.0533
14 1,404.403 |11,153.95 |12,558.35 |4,186.116 |385.9621 |48.59682 |434.559

15 1,589.59 11,414.87 |13,004.46 |4,334.82 |385.4426 |53.67521 |439.1179
16 1,783.894 | 11,677.17 |13,461.06 |4,487.02 |384.9323 |58.80525 |443.7376
17 1,984.246 |11,924.2 13,008.44 |4,636.148 |384.4305 |63.97113 |448.4016
18 2,193.97 12,173.26 | 14,367.23 |4,789.076 |383.9331 |69.19574 |453.1289
19 2,410.134 | 12,412.31 |14,822.44 |4,940.813 |383.4412 |74.4539 |457.8951
20 2,636.408 |15,553.53 |18,189.94 |6,063.312 |421.9616 |71.52478 |493.4864

Soil Properties Section

One must select a total of three layers. Then, physical properties and thicknesses of
sand layers must be entered as shown in Fig. 3.23.

Now we can save our progress and hit run to get the results. Axial capacity
results for this belled shaft in nonhomogeneous sand at various shaft lengths are
summarized in Table 3.9. Ultimate skin friction (bearing capacity analyses) design
chart is also shown in Fig. 3.24. A snapshot from Shaft-1 application for the total
working load results is shown in Fig. 3.25.
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Fig. 3.25 A snapshot from the OUTPUT section of the Shaft-1 application

3.4.5 Straight Shaft in Rock

Determine the axial capacity of a straight drilled shaft with a diameter of 1 m and
shaft length of 4 m in rock (smooth socket). Consider a factor of safety of 3.0 and
unconfined compression strength of 4,000 kN/m?.
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3.4.5.1 Hand Solution

Step 1:
First, we determine the force that the soil under the shaft tip can carry from
Eq. (3.14):

The unconfined compression is 4,000 kN/m? and is equal to 4 MN/m?.

For SI units, w is 4.83.

Therefore,

0,= |483x (4" (5 x17)] =7.693MN

Step 2:
We determine the force that can be carried by the soil surrounding the shaft; this
force is due to the friction between soil and the shaft surface. From Eq. (3.21):

0, = 1.2566 x 1 x 4 x V4 =10.053MN

Step 3:
We use Eq. (3.1) to find the sum of the loads that the shaft foundation can withstand:

Q, = 7.693 + 10.053 = 17.746 MN

Step 4:
Using the factor of safety given in the problem we can find Q,:

Ou = 17.746/3 = 5.915MN

3.4.5.2 foundationPro Solution

After launching Shaft-2 of foundationPro, the main screen will appear as in
Fig. 3.26. For the axial capacity of shaft foundations in rock, we only have a single
page in foundationPro. In this page we enter the given information from the
problem statement as shown in the figure: factor of safety, units, shaft diameter,
shaft length, shaft type, and unconfined compression for the rock (we must be
careful in entering this value in kN/mz).

Then, we hit run! The results are shown in Fig. 3.27. One can see that the Shaft-2
application will calculate soil resistance at the shaft tip (Qp), as well as the skin
friction resistance (Q). In addition, the program will calculate the ultimate (Q,) and
allowable (Q,y) force that the foundation can resist.
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General

Safety Factor 3

Units: @ SIkN.m] BS[b.f]
Shaft Information

Shaft Diameter ’17 m

Shaft Length ’47 m + smooth socket ( rough socket
Rock Properties

Unconfined Compression Stiengh, qu (LAB) |"‘3"JO KN/m"2

Safety factor [for determination of qu [DESIGN) |1

Fig. 3.26 Input section for the straight shaft in rock

RESULTS
Qp ) 7692 85608238627

Qs ® 100530964928
Qu v 177459525751863

Qall xyy 5916.3176260621

Fig. 3.27 Axial capacity results

3.5 Suggested Projects

In this section, you will find some suggested design projects to allow the reader
practice the concepts and the ideas discussed in the previous sections. These
suggested projects will cover a variety of drilled shaft types in rock and in
homogeneous and nonhomogeneous clayey and sandy soils.



244 3 Axial Capacity of Single Drilled Shaft Foundations in Soil

3.5.1 Suggested Projects: Straight Shaft
in Homogeneous Sandy Soil

Develop axial capacity design charts (bearing capacity and elastic settlement) for a
straight drilled shaft (diameter = 1.5 m) in homogeneous cohesionless sandy soil.
Consider a factor of safety of 3.5 for bearing capacity calculations. Table 3.10
provides physical properties of sand layer and other necessary parameters.

3.5.2 Suggested Projects: Bell Shaft
in Nonhomogeneous Sandy Soil

Develop bearing capacity and elastic settlement design charts for the axial capacity
of a drilled shaft (shaft diameter =1.2 m) that has a bell at its tip (length of
bell=0.75 m and diameter of bell=1.5 m). The drilled shaft is embedded in
nonhomogeneous cohesionless sandy soil with properties as provided in Table 3.11.
Consider a safety factor of 3.0 when performing bearing capacity computations.
Other useful information is also provided in Table 3.12.

Table 3.10 Soil properties

> Property Value Unit

and other design parameters . 0 KN/m?
¢ 30 °
¥ 20 kN/m?
E, 25,000 kN/m?
U 0.35 -
E, 23,000,000 kN/m?
S 0.75¢ -
Se 0.025 m
(L' IDg)ex 16 -
€ 0.6 -

Table 3.11 Thicknesses and physical properties of sand layers

Friction Effective unit Elastic modulus | Poisson’s
Soil layer | Thickness (m) angle (°) weight (kN/m3) of soil (kN/mz) ratio
1 5 30 17 9,000 0.35
2 10 35 15 10,000 0.35
3 15 40 13 11,000 0.35
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Table 3.12 Additional

. . Property Value Unit
required design parameters E, 21,000,000 KN/m?
o 0.75¢ -
Se 0.025 m
€ 0.6 -
(L'IDg)ex 18 -

3.5.3 Suggested Projects: Straight Shaft in Rock

Determine the axial design capacity of a straight drilled shaft with a diameter of 2 m
and a length of 8 m in rock with rough socket. Consider a safety factor of 5.0 for
bearing capacity analysis and unconfined compression strength of 7,000 kN/m?.
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Chapter 4
Design of Mechanically Stabilized
Earth Retaining Walls

Abstract This chapter deals with the design of mechanically stabilized earth
retaining wall using strip reinforcement. Internal and external stability requirements
of an MSE wall with strip reinforcement are discussed in details in this chapter. For
internal stability of an MSE wall, safety against pullout and breakage of reinforcing
strips is checked. For external stability, safety against overturning, sliding, and
bearing capacity is also checked. The overall safety of the MSE wall (internal and
external) was performed considering various design parameters such as constant/
varying strip length and spacing between the strips (along the wall height and the
wall length) under different types of applied surcharge loading conditions (line
load, strip load, and embankment load). Additionally, a step-by-step procedure was
introduced in this chapter to perform internal and external stability requirements for
safe and economical designs. A number of design problems are also presented in
this chapter and its solutions are explained in details. These problems are first hand-
solved, and then, resolved using the MSE Wall-1 application of the foundationPro
program. Finally, two design projects are suggested at the end of this chapter to
allow the reader practice the concepts learned herein.

Keywords MSE wall « Reinforcing strips ¢ Pullout « Breakage » Bearing capacity ¢
Sliding « Overturning * foundationPro

4.1 Introduction

This chapter deals with the design of mechanically stabilized earth retaining wall
structures using reinforcing strips. As these MSE walls with strip reinforcement are
constructed to retain soil behind it, thin and long reinforcing strips (ties) are one of
its main design components. The design of these walls mainly is of twofold:
(1) internal stability which can be generally satisfied when the reinforcing strips
(a) resist pullout forces as a result of the developed horizontal stresses on the wall
from the soil and any additional applied surcharges, and (b) withstand the vertical
forces and don’t break as a result of the vertical stresses on them from the soil and
any additional applied loads, and (2) external stability which can be satisfied by
ensuring that the wall with the surrounding soil and the attached reinforcing strips
to the wall act as one unit and this unit (a) doesn’t slide due to the horizontal

© Springer International Publishing Switzerland 2016 247
M. Yamin, Problem Solving in Foundation Engineering using foundationPro,
DOI 10.1007/978-3-319-17650-5_4
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stresses, (b) doesn’t overturn due to developed overturning moments, and
(c) doesn’t make the foundation soil (soil underneath this unit) to fail and not to
bear the unit weight. Procedures and equations to satisfy the above aspects required
for a safe and economical design are discussed in details in this chapter.

Chief design parameters that are responsible for satisfying internal and external
stabilities of MSE walls are thoroughly explained herein, which include strip
lengths (L), strip thickness (¢), strip width (w), number of strip levels and their
depths (n and Z;) along the wall height, and horizontal spacing between the
reinforcing strips (Sy) across the wall at different strip levels (depths). The effect
of various types of additional applied surcharge loading on top of soil is also
included in the design process.

A step-by-step procedure is introduced in this chapter to allow safe and eco-
nomical design of an MSE wall in a systematic way through considering equal or
unequal strip lengths, equal or unequal vertical distances between strip levels along
the wall height, and constant or varying horizontal spacing at different strip levels
along the wall length.

Several design problems are presented in this chapter. First, these design prob-
lems are hand-solved and their solution was explained in details, and then the
foundationPro program was used to resolve these problems to replicate and verify
the hand solution. Also, the program was used to investigate a wider and detailed
solution and design alternatives for the hand-solved problems. Since the
foundationPro includes a set of several applications, the MSE Wall-1 application
of the foundationPro is the responsible application to perform MSE Wall analysis
and design. Two design projects are suggested at the end of this chapter to allow the
reader to practice and apply the learned concepts.

4.2 Theory

In this section, three main topics are introduced: how to estimate the different types
of stresses (horizontal and vertical) due to earth pressures and additional surcharge
loading on top of soil the MSE wall must be designed for, and how to perform
internal and external stability calculations of mechanically stabilized earth walls.
First, let us consider designing an MSE wall with a height of H as depicted in
Fig. 4.1 to retain a granular backfill soil behind it that has a unit weight of y; and
friction angle of 45/1. Also, let us give the unit weight, friction angle, and cohesion of

the foundation soil (soil underneath the wall) as y,, ¢/2, and c/z, respectively. To
safely design this wall and prevent the retained soil from moving and pushing the
wall, one needs to arrange the reinforcing strips at a horizontal spacing of Sy : (Sy(1),
Su(2), Suez)) across the wall at different levels (depths), where Sy, is the hori-
zontal spacing of the strips at level 1, Sy ) is the horizontal spacing of the strips at
level 2, and so on (see Fig. 4.1). Additionally, one must select the depths (levels) where
the strips must be placed vertically along the wall height. These depthsorlevelsare Z;, Z,,
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Strip level (2)
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Strips
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Fig. 4.1 Analysis of MSE wall

s Ziy ..., L,, where n is the total number of strip levels and Z; is the depth from the
ground surface to the reinforcing strip at level i. Therefore, the effective vertical distances
for each reinforcing strip at each strip level, Sy : (Sy(1), Sv@)s - - -» Sv(iy - - -» Svany)» €an be
calculated using Egs. (4.1) through (4.3), where S, (1, is the effective vertical distance the
reinforcing strips at strip level 1 (top) will be responsible for and can be found using
Eq. (4.1), Sy is the effective vertical distance the reinforcing strips at any level
i (between levels 1 and n) will be responsible for and can be found using Eq. (4.3), Sy
is the effective vertical distance the reinforcing strips at strip level n (bottom) will be
responsible for and can be found using Eq. (4.3), and so on:

_Zl+Zz

Sy =5 (4.1)
Zivi —Zi
S = 2 (4.2)
2H-Z,-Z,,
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After selecting the total number of reinforcing strip levels and their depths along the
wall height, one can estimate the vertical and horizontal stresses at each strip level
(depth) due to soil and any additional applied loading as will be discussed in the
next subsection.

4.2.1 Vertical and Horizontal Stresses

Total vertical (G/\/(T)) and horizontal (GL(T)) stresses can be obtained using the

following equations:

i

Oy(1) = Oy(s) T Oy(ioad) (4.4)

On(T) = On(s) T Oh(load) (4.5)

where
a’v(s) and 6;1(5) are the vertical and horizontal stresses due to the soil, respectively

0;(103(1) and Gil(load) are the vertical and horizontal stresses due to the additional

applied surcharge loading on top of soil, respectively
These different types of stresses can be found as in the following subsections.

4.2.1.1 Stresses Due to Soil
Vertical and horizontal stresses due to the soil can be calculated using the following
equations:

i

GV(S) =Yz (46)

’

Onis) = Kar12 (4.7)

where
K, is the Rankine’s active lateral earth pressure coefficient and can be found using
Eq. (4.8):

K, = tan? (45 — ﬁ) (4.8)
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Fig. 4.2 Analysis of MSE wall with a line load

4.2.1.2 Stresses Due to Surcharge Loading

Several surcharge loading cases on top of soil are considered herein, such as line
load, strip load, and embankment load. Vertical and horizontal stresses due to these
different cases of loading are estimated as below.

— Line load (see Fig. 4.2)

Based on the theory of elasticity, the vertical and horizontal stresses due to line
load as derived by (Das 1997) can be found as follows:

’ 2q23
O\ (load) = m (4.9)

, 2qb’z
=1 4.1
Oh(load) ”(bz n 22)2 (4.10)
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However, Das (2010) suggested that horizontal stress can be taken as in the
following equations to account for the plastic behavior of soil:

' Am3my
Oh(load) = m (Form; > 0.4) (4.11)
2
Oh(load) = Lqmzz (Form; < 0.4) (4.12)
H(0.16 + m3)
2
where
b
m=4 (4.13)
my = Ii-l (4.14)
— Strip load (see Fig. 4.3)
q/ unit area

FOUNDATION SOIL

Fig. 4.3 Analysis of MSE wall with a strip load
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Vertical and horizontal stresses due to strip loading can be determined according
to (Laba and Kennedy 1986) as in the following equations:
The vertical stress due to strip load is expressed by

Cutonsy = 77 (For=<20) (4.15)
O tont) = — 52— (Forz > 2b) (4.16)
a—+ 5 +b

Also, the horizontal stress due to strip load is expressed by

’ 2q .
Oh(load) = M ;(ﬂ — sin S cos 2a) (4.17)
where
0.4b
=14-—> ,
M=14-01am =1 (4.18)
b+2
a= tan"' 2 (4.19)
z

p = tan"! (?) — tan ! (g) (4.20)

— Embankment load (see Fig. 4.4)

The vertical stress due to embankment load can be determined using the
following equation:

! !

Oy (load) = Pv(loadl) + 0y (load2) + Oy (10ad3) (421)

where

) (tan’l(%) — tan’l(—7 Z )) _(hma)
Gv(loadl) = C]*b* ’ (a * ) b - q*Z* 7((—1)—11.) +Zz> (422)
17T T

(tan (%) - tan ! (xfa )) (7(#@3) z)
O, oagz) = 0" ’(_a3*ﬂ) 5)) q*z*% (4.23)
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q / unit area

Fig. 4.4 Analysis of MSE wall with an embankment load

The variable x above is described in the following equations:

X=a+a +a+b (4.24)

! g ay
Tvoats) = 7 ForZ < 2(a; + b) (4.25)

' T a
Oyloadsy = ——— 7 ForZ>2(a+b) (4.26)

aj+a+b+%

Additionally, the horizontal stress due to embankment load is expressed in the
following equation:

Oh(load) = Oh(loadl) T Oh(load2) T Ch(load3) (4.27)
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where

(=b—a))* + 27
L >l<L0g< (7b)2+(z)2 )

Oh(loadl) — 474 ()

+ (b)*q* (tanl <”i al) e (ib)) (4.28)

(m*ay)

—b—a1
ey (-h-a)+2

T

(x — a3)2 + Z2>

Log( 5 5
o (x)"+(2)
Zq T as)

() (tan_l (x +Za3> ~tan (%)) (4.29)

(m*az)

* Oh(oad2) =

( X —as

(x —a3)* + 2°
*Z*

+4q -

The variable x above is described in Eq. (4.24):

!

Oh(loads) = M F—ﬂq (f — sinfcos 2a)} (4.30)

where a, #, and m in Eq. (4.30) can be determined from the following equations:

b4 2
a= tan”" (%) (4.31)
b b
p = tan"! (W) — tan! (al; > (4.32)
0.4%(a +b)

m=14— (4.33)

0.14*H —
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4.2.2 Internal Stability

Internal stability of an MSE wall is acquired when the breakage and pullout of the
reinforcing strips at each strip level (depth) are prevented. First, the maximum
horizontal spacing (Sg.max) at each strip level is obtained by satisfying the breakage
condition. The actual design horizontal spacing (Sp.gesign) Can be taken as a single
value for all strip levels or can be varying with strip levels (e.g., one horizontal
spacing value for strip levels 1, 2, and 3, and another horizontal spacing value for
the remaining strip levels). In any case, the design horizontal spacing (Sy-gesign) at a
strip level must not exceed the maximum horizontal spacing (Sy.max) at that strip
level. Then, after selecting the horizontal spacing at each strip levels, the minimum
required length (L,,;,) of the reinforcing strips at each level is obtained by satisfying
the pullout condition. Once again, the actual design length (Lgesign) can be taken as a
single value for all strip levels or can be varying with strip levels (e.g., one strip
length for strip levels 1, 2, and 3, and another strip length for the remaining strip
levels). In any case, the design length (Lgesign) at a strip level must not be less than
the minimum required length (L,,;,) of the reinforcing strips at that strip level.

The following subsections summarize the equations needed to determine hori-
zontal spacing between reinforcing strips and length of reinforcing strips at each
strip level to satisfy internal stability of the MSE wall.

4.2.2.1 Breakage of Reinforcing Strips

For an assumed strip thickness () and width (w), the maximum horizontal spacing
between reinforcing strips (Sy.max) at each strip level to meet the minimum factor of
safety against breakage for any strip (FSp_n,;,) is defined by

wtf,

_— (4.34)
O—h(T)SVFSB-min

S H-max —

where
fy 1s the yielding strength of the reinforcing strip material

After calculating the maximum horizontal spacing (Sy.max) at each strip level,
the design horizontal spacing (Sy.design) at €ach strip level can be selected to
account for practical and economical considerations.

One can also determine the actual applied breakage/pullout force (Fgp) at each
strip level and the maximum breaking force (Fp.max) the reinforcing strips can
withstand using the following equations:

Fip = 0y (1) SvStdesign (4.35)
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Fgomax = Wlfy (436)

The actual factor of safety against breakage (FSg) at each strip level based on the
selected horizontal spacing (Sy.design) between strips is defined by

FB-max
FSg =
T Fep

(4.37)

4.2.2.2 Pullout of Reinforcing Strips

The minimum strip length (L;,) at each level (depth) to meet the factor of safety
against strip pullout (FSp) is expressed by

H — FSpF
Lmin = ( Z) + SP BP (438)

tan (45 + %) 2we, (g tan g,

where
4’;4 is the friction angle between the soil and the reinforcing strip

Fpgp is the actual applied breakage/pullout force at each strip level and obtained
from Eq. (4.35)

After calculating the minimum strip length (L,,;,) at each strip level, the design
strip length (Lgesign) at each level can be selected to account for practical and
economical considerations.

One can also determine the maximum pullout force (Fp_.x) any reinforcing
strip can withstand at each strip level as a result of the friction between the soil and
the strips using the following equation:

H—z

FP—max = (ZW"/V(T) tan (Q');,)) X Ldesign - T 7 N\
tan (45 + %)

(4.39)

Therefore, the actual factor of safety against pullout (FSp) at each strip level based
on the final selections of the horizontal spacing (Sy_gesign) between strips and the
design strip length (Lgesign) 1s obtained from

F -max
FSp — L Pmax (4.40)
Fgp

4.2.3 External Stability

After selecting the final design horizontal spacing between strips and strip length at
each strip level to meet the internal stability requirements (FSp_,i, and FSg_in), the
wall with the attached reinforcing strips and the retained soil behind the wall are
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considered to act as a one unit/system. The stability of this one unit must be checked
to avoid sliding, overturning, and bearing capacity. The following subsections
discuss how to check the external stability of the MSE wall system against the
mentioned three conditions (sliding, overturning, and bearing capacity).

4.2.3.1 Overturning

The overturning safety factor (FSp) for the MSE wall must be greater than a
minimum specified factor of safety for overturning (FSo.mi,) to avoid wall
overturning. One can determine FSq through dividing the resisting moments (M)
by the overturning moment (M) as in the following equation:

M
FSo = — > FSo.min (4.41)
Mo

Thus, the overturning and resisting moments can be determined using the following
equations:

n

Mo =" [ayr x Sui)  (H = 7)) (4.42)
p
MR = Mgsoity + MR (10ad) (4.43)
where
7, 2
R(soil) EZ:: |: Ldes1gn ) :| (444)

The resisting moment due to additional applied surcharge loading can be found
depending on the loading type as follows: (Mg (joaq) = 0 when no surcharge loading
is applied on top of soil):

MR(10aa) = gb (For line load) (4.45)

MR 10aa) = qa2 [al + % + b} (For strip load) (4.46)

a 2a
M = ez + 5 +0) + 55 00) + G+ a5 40)]

(For embankment load)
(4.47)
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4.2.3.2 Sliding

The sliding safety factor (FSg) for the MSE wall must be greater than a minimum
specified factor of safety for sliding (FSo.min) to avoid wall sliding. One can
determine FSg through dividing the resisting/driving forces (Fr) by the driving
force (Fp) as in the following equation:

F
FSg = — > FSq.min (4.48)
Fp

So, the driving and resisting forces can be determined using the following
equations:

n

Fo =Y [ * Suo (4.49)

i=1

Fr = FR(soil) + FR(load) (450)

, 24, .
FR(soil) = <Y1 tan (%)) (Z [Sv(i)Ldesign(i)]> (451)
=1

The resisting force due to additional applied surcharge loading can be found
depending on the loading type as follows (Fg(ioaq) = 0 when no surcharge loading
is applied on top of soil):

where

!

2
FRoad) = ¢ tan (%) (For line load) (4.52)

!

2
FR(load) = gatan <f'> (For strip load) (4.53)

2 !
FRioad) = q(% +a + %3) tan (Tl> (For embankment load) (4.54)

4.2.3.3 Bearing Capacity

The bearing capacity safety factor (FSgc) for the MSE wall must be greater than a
minimum specified factor of safety for bearing capacity (FSgc_min) to avoid failure
of foundation soil (soil beneath MSE wall). One can determine FSgc through
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dividing the ultimate bearing capacity (g, as in Chap. 1—Eq. (1.1)) by the total
vertical stress at the base of the MSE wall (depth z=H) (G;(T) at .—py) @S in the
following equation:

1
ESpe = N, ""/EVZNVLdesign(n)

> FSgc.min (4.55)
6V(T> at z=H

In the above equation,

N, and N, are bearing capacity factors corresponding to the friction angle (;5’2 of
the foundation soil (soil beneath the MSE wall) and can be calculated from
Egs. (1.3) and (1.4), respectively.

/V(T) a oy 18 the total vertical stress at the base of the MSE wall (at depth

z=H) due to soil and additional surcharge loading and can be determined from
Eq. (4.4).

O

4.3 Step-by-Step Procedure

In order to design an MSE wall with strip reinforcement, one can follow the
step-by-step procedure described below which will enable us to determine
required design parameters which satisfy internal and external stability of the
MSE wall.

Step 1:

Obtain properties of granular backfill soil (y; and ¢’1), properties of foundation soils
(72, (15’2, and c'z), height of wall (H), and information about the surcharge load if
exists (¢, a, b, etc.).

Step 2:
Establish minimum values for the safety factors to meet while designing of the
MSE wall with reinforcing strips:

— For internal stability: FSg. i, to avoid breakage, and FSp. i, to avoid pullout
— For external stability: FSqg. i, to avoid overturning, FSg. i, to avoid sliding,
and FSpc. min to avoid bearing capacity failure

A safety factor of 3.0 could be used as a suggested value for the above minimum
safety factors.

Step 3:
Assume the dimensions of the reinforcing strips (w and ¢). Then, obtain the yielding
strength of the strips (f,) and the friction angle between the strips and the backfill

soil ().


http://dx.doi.org/10.1007/978-3-319-17650-5_1
http://dx.doi.org/10.1007/978-3-319-17650-5_1#Equ1_1
http://dx.doi.org/10.1007/978-3-319-17650-5_1#Equ3_1
http://dx.doi.org/10.1007/978-3-319-17650-5_1#Equ4_1
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Step 4:

Assume the number of reinforcing strip levels (n) along the wall height
and the depths for which each strip level must be placed at from the ground
surface (Z;).

Step 5:
Calculate the vertical effective distances at each strip level (Sy(;)) using Eqs. (4.1)
through (4.3).

Step 6:

Calculate the total vertical (6:/ 1) and horizontal (U;1 1)) stresses at each reinforcing
strip level due to soil and additional surcharge loads using Egs. (4.4) and (4.5),
respectively.

Step 7:

Calculate the maximum horizontal spacing (Sg - max) between the strips at each strip
level to satisfy FSg_,i, using Eq. (4.34). Then, select appropriate and practical
design values for the horizontal spacing (Sg - design) between the strips at each strip
level to be considered.

Step 8:

Calculate the maximum breakage force the reinforcing strip can withstand using
Eq. (4.36). Also, calculate the actual applied breakage/pullout force and the actual
factor of safety against breakage at each strip level using Eqgs. (4.35) and (4.37),
respectively.

Step 9:

Calculate the minimum strip length (L.,;,) at each level to satisfy FSp_,;, using
Eq. (4.38). Then, select appropriate and practical design values for the strip length
(Lgesign) at each strip level to be considered.

Step 10:

Calculate the maximum pullout force any reinforcing strip can withstand at each
strip level due to friction using Eq. (4.39). Also, calculate the actual factor of safety
against pullout at each strip level using Eq. (4.40).

Step 11:

Check external stability to avoid overturning, sliding, and bearing capacity
failure using Egs. (4.41), (4.48), and (4.55), respectively. Overturning and
resisting moments could be calculated using Egs. (4.42) and (4.43), respectively.
Additionally, driving and resisting forces could be calculated using Eqs. (4.49) and
(4.50), respectively.
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4.4 Design Problems

Several design problems are presented in this section to help the reader reiterate the
theory and integrate the MSE Wall-1 application of the foundationPro program in
the design process of the mechanically stabilized earth retaining wall using
reinforcing strips. These examples were selected to give exposure to a wide variety
of challenges and design circumstances that can be faced in designing an MSE wall
with strip reinforcement while helping us iron out the finer details of the theories
introduced earlier.

4.4.1 MSE Wall with Constant Length and Spacing
(Horizontal and Vertical) of Strips

Design an MSE wall that is 10 m high with galvanized steel reinforcement strips to
retain a granular backfill behind it. Physical properties of the backfill soil, the
foundation soil, and the strip reinforcement are listed in Table 4.1.

4.4.1.1 Hand Solution

To design the 10 m high MSE wall, one must follow the steps below:

Step 1:
The following are given in the problem statement:

H = 10m; y; = 16.5kN/m>; ¢, = 36°% y, = 17.3 kN/m’;
¢, = 28°% and ¢, = 50 kN/m?

No surcharge load is applied on top of soil.

Table 4.1 P gy(;icgl Item Property | Value Unit
properties ‘an esign Backfill soil / 36 -
parameters 3
71 16.5 kN/m
Foundation soil b2 28 °
72 17.3 kN/m®
c 50 kN/m?
Reinforcing strips w 75 mm
t 6 mm
fy 240,000 | kN/m®
d,. 20 °
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Step 2:
The following minimum values for the safety factors are considered to satisfy
internal and external stability requirements for the 10 m high MSE wall:

For internal stability:
FSp.min = 3.0 and FSp_pmin = 3.0

For external stability:
FSO—min = 3.5; FSS—min = 4.0; and FSBC—min =50

Step 3:
A suggestion for the dimensions of the reinforcing strips is given in the problem
statement as follows:

w="75 mm and =6 mm.

Also,
fy = 240,000 kN/m? and ¢, = 20°.

Step 4:
Let’s assume 13 strip levels along the wall height (vertically) with depths as in
Table 4.2 below:

Step 5:
Using Eqgs. (4.1) through (4.3), one can calculate S,;, as follows:
At the first strip level,

075+ 15

Sv(l) = 1.125m

Table 4.2 Suggested strip Strip level (i) | Depth, Z; (m)
levels 075
1.5
2.25
3.0
3.75
4.50
5.25
6.0
6.75
7.5
8.25
9.0
9.75

O | Q|| N || N —

U N
—| o

—
[\

—
w
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Also, at the third strip level,

At the last strip level, i =13:

2x10=Z;—Z1s 2% 10—9.75—9.0
Su(i3) = 5 2 _ > — 0.625m

The effective vertical distances, Sy;, are summarized in Table 4.3 below:

Step 6:
The total vertical stresses are calculated using Eq. (4.4) as follows:

Oy(T) = Ovy(soil) + 0y (load)

Since a;(load) =0, a;(T) can be calculated using the following equation:
O-V(T) = Gv(soil) =16.5 x Zi

Calculations of the total vertical effective stresses at each strip level are summa-
rized in Table 4.4.
However, the total horizontal stresses are calculated using Eq. (4.5) as follows:

! ’

Oh(T) = On(soil) T Chload)

Table 4.3 Effective vertical

Strip level (i) Sviiy (M)
distances (Sy() - E

1.125
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.625

NeREeC.RIEN R Ne N RV, NN SN ROVRE SRR

= | =
k=]

—_
[\S)

—_
W
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Table 4.4 Total vertical

i ; ! 2
effective stresses (G,V(T)) at Strip level (i) Zi (m) oy(r) (KN/m?)
each strip level 1 0.75 12.375

2 1.5 24.75
3 2.25 37.125
4 3.0 49.5

5 3.75 61.815
6 4.50 74.25
7 5.25 86.625
8 6.0 99

9 6.75 111.365
10 7.5 123.75
11 8.25 136.125
12 9.0 148.5
13 9.75 160.875

Since "'il(mad) =0, GL(T) can be calculated using the following equation:

, , 36
OuT) = On(soty = tan’ (45 - 7) x 165 x Z; = 0.26 X 16.5 x Z; = 4.29 x Z;

Calculations of the total horizontal effective stresses at each strip level are sum-
marized in Table 4.5.

Step 7:
The maximum horizontal spacing (Sy-max) between the strips at each strip level to
satisfy FSg_min = 3.0 can be calculated using Eq. (4.34) as follows:

At Z;=0.75 m (first strip level, i = 1):

0.75 x 0.006 x 240,000
Shma = 35 T35 %3 oM

At Z;=9.75 m (last strip level, i = 13):

0.75 x 0.006 x 240,000
Sty = 2 0.62
Homa 4182 % 0.625 x 3 m

Calculations of the maximum horizontal spacing between the reinforcing strips at
each strip level are summarized in Table 4.6.

Let’s use a design horizontal spacing between the strips at all strip levels with a
value of 1.0 m. Therefore,

SH-design = 1.0 m at all strip levels.
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Table 4.5 Total horizontal
effective stresses (U;I(T)) at
each strip level

Table 4.6 Maximum
horizontal spacing (Sy - max)
between the strips at each
strip level

Step 8:

4 Design of Mechanically Stabilized Earth Retaining Walls

Strip level (i) Z: (m) oyer) (KN/m2)

1 0.75 3.21

2 1.5 6.435

3 2.25 9.65

4 3.0 12.87

5 375 16.08

6 4.50 19.305

7 5.25 22.5225

8 6.0 25.74

9 6.75 28.95

10 7.5 32.175

11 8.25 35.39

12 9.0 38.61

13 9.75 41.82
Strip level (i) Z; (m) SH-max (M)
1 0.75 9.96
2 1.5 7.5
3 2.25 4.87
4 3.0 3.72
5 375 2.98
6 4.50 2.486
7 5.25 2.13
8 6.0 1.86
9 6.75 1.65
10 7.5 1.49
11 8.25 1.35
12 9.0 1.24
13 9.75 0.62

The maximum breakage force the reinforcing strip can withstand is calculated using

Eq. (4.36) as follows:

Fp-max = 0.75 x 0.006 x 240,000 = 108 kN

Also, the actual applied breakage/pullout force and the actual factor of safety
against breakage at each strip level can be determined using Eqs. (4.35) and

(4.37), respectively:

At Z; =2.25 m (third strip level, i = 3):
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Using Eq. (4.35),
Fgp =9.96 x 0.75 x 1.0 = 7.23 kN;

Using Eq. (4.37),

108
FSg = T3 14.9

Calculations of the actual breakage/pullout forces and safety factors against break-

age at each strip level are summarized in Table 4.7.

Step 9:
The minimum strip length (L.,;,) at each level to satisfy FSp_,;,=3.0 can be
calculated using Eq. (4.38) as follows:

For example, at Z; =2.25 m (third strip level, i = 3):

(10 — 2.25) 3.0x7.23
Liin = 36° 5
tan (45 +28°) " 2'x 0.075 x 37.125 x tan 20

= 14.65m

Calculations of the minimum strip length at each strip level are summarized in
Table 4.8.

Let’s use a constant design strip length of 21 m at all strip levels along the wall
height. Therefore,

Lgesign = 21 m at all strip levels.

Step 10:

The maximum pullout force any reinforcing strip can withstand due to friction can
be calculated using Eq. (4.39) as follows:

For example, at Z; =2.25 m (third strip level, i = 3):

Table 4.7 Actual breakage/ Strip level (i) Z: (m) Fap (kN) FS,

pullout fort?es and safety 1 075 261 20,88

factors against breakage at

each strip level 2 L5 4.82 22.41
3 2.25 7.23 14.94
4 3.0 9.64 11.21
5 3.75 12.05 8.96
6 4.50 14.46 7.47
7 5.25 16.87 6.40
8 6.0 19.28 5.60
9 6.75 21.69 4.98
10 7.5 24.10 4.48
11 8.25 26.51 4.07
12 9.0 2891 3.74
13 9.75 26.10 4.14
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Lable ‘(‘LS I;Aii‘im“}‘:‘ suip Strip level (i) | Zi (M) | Lygy (m)
oy rmin) S SAER TP 1 0.75 20.76
2 1.5 15.03
3 2.25 14.65
4 3.0 14.27
5 3.75 13.88
6 4.50 13.50
7 5.25 13.12
8 6.0 12.74
9 6.75 12.36
10 7.5 11.97
11 8.25 11.59
12 9.0 11.21
13 9.75 9.04
Table 4.9 Actual maximum Strip level (1) Z: (m) Foo (N FSy
pullout/friction fo.rces and 1 075 1100 o
safety factors against pullout
at each strip level 2 1.5 22.52 4.67
3 2.25 34.56 4.78
4 3.0 47.11 4.89
5 3.75 60.18 5.00
6 4.50 73.77 5.10
7 5.25 87.87 5.21
8 6.0 102.49 5.32
9 6.75 117.62 5.42
10 7.5 133.27 5.53
11 8.25 149.44 5.64
12 9.0 166.13 5.75
13 9.75 183.33 7.02
Using Eq. (4.39),
10 —2.25
Fp.max = (2 X 0.075 x 37.125 x tan20°) x | 2] ——————— | = 34.56 kN
( tan (45 + 3%))

Using Eq. (4.40),

34.56
FSp == = 4.48

Calculations of the actual maximum pullout/friction forces and safety factors
against pullout at each strip level are summarized in Table 4.9.
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Step 11:

Check external stability to avoid overturning, sliding, and bearing capacity failure
using Eqgs. (4.41), (4.48), and (4.55), respectively. Overturning and resisting
moments can be calculated using Eqs. (4.42) and (4.43), respectively. Additionally,
driving and resisting forces can be calculated using Egs. (4.49) and (4.50),
respectively.

— Check overturning (Eq. (4.41))

To determine the safety factor against overturning and compare it with the
minimum safety factor, first, we need to calculate the overturning and resisting
moments as follows:

Equation (4.42) can be used to determine the overturning moment (M):

13
Mo=Y" [a;(T) X Sy x (10— Z;)| =3.21 x 1125 x (10 — 0.75) + - - -
i=1

i=1
+12.57%0.75 x (10 —3) + - --

i=4

Thus,

Mo = 713.9 mkN

Equation (4.43) can be used to determine the resisting moment (Mg).
Since MR(load) =0

16.5¢ 16.5 x 212
My = Moty = —— [SV@ (21)2} = O 1125 4
i=1
i=1
16.5 2
165 X217 0754
2
=4
Therefore,
Mg = 36,382 mkN
So, using Eq. (4.41),
36,382
FSo = =51 > FSo.min = 3.5 O.K.

713.9
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— Check sliding (Eq. (4.48))

To determine the safety factor against sliding and compare it with the minimum
safety factor for sliding, first, we need to calculate the driving and resisting forces as
follows:

Equation (4.49) can be used to determine the driving force (Fp):
13

Fo = [ohm % Svip| =321 x 1125 4+ 4 12,57 x 0.75 + -+

=1 i—1 i—4

Thus,

Fp =2142kN/m

Equation (4.50) can be used to determine the resisting moment (Fg) noting that
F R(load) = 0:

72 % 36 13 13
Fr = FR(soil) = (165 X tan (T)) Z [Sv(i) X 21] = 154.27 x Sv(i)
i=1 i=1
Therefore,

Fr =1,542.7kN/m

So, using Eq. (4.48),

1,542.7

F =
Ss =142

= 7.2 > FSg.min = 4.0 O.K.

— Check bearing capacity (Eq. (4.55))
Bearing capacity factors can be obtained as follows:

N, = 25.80 using Eq. (1.3) with ¢/ =28°.
N, = 16.72 using Eq. (1.4) with ¢' =28°.

Also, the total vertical stress at depth, Z= 10 m, can be obtained from Eq. (4.4)
(keeping in mind that no surcharge load is applied) as follows:

Gy =165 x 10 = 165 kN/m’

Therefore, Eq. (4.55) can be used to determine the safety factor against bearing
capacity and compare it with the minimum safety factor for bearing capacity as
follows:


http://dx.doi.org/10.1007/978-3-319-17650-5_1#Equ3_1
http://dx.doi.org/10.1007/978-3-319-17650-5_1#Equ4_1
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50 x 25.8 +% X 17.3 x 16.72 x 21

FSpe =
BC 165

=25.3 > FSpcomin = 5.0 O.K.

4.4.1.2 foundationPro Solution
After launching the MSE Wall-1 application, the input/output screen will show up

as shown in Fig. 4.5 with the main five sections (General, Reinforcing Strips, Soil
Properties, Additional Surcharge, and DESIGN/OUTPUT).

General Information Section

In the General Information section, all minimum values of safety factors to satisfy
internal and external stability requirements are entered herein. Also, the units
(BS or SI) to be used and the wall height are required in this section. For our design
problem, wall height and safety factors are entered as shown in Fig. 4.6.

W72 SE Wil 1 [Mechanically Stabilized Earth Walls with Reinforcing Strips
D&l «~-| 3 DER S D9
i 1 [—— 1 Sol Prapaion I A S ] ]

Fig. 4.5 Main sections of MSE Wall-1 application of the foundationPro

Eeneral | l Rerdoecing Stips l Sed Propesis: l Addiional Suchage 1
General Information Units:
ethias e * SI[kN, m, mm)
CBSm AN
Projesct Name 441 MSE 'wak Constant Stips Langth and Spacng Honzontally and
Factors of Safaty
DistesTime Intesnal Stability:

Py 'FSR [
Hotes

BresPulos  FS

Extounal Statiliy

—
Prbars  FSg 0

4
Fidng FS¢ [

Fewrg Cooscy FS . |°
Wil Height (H)

Wafeght™ 0 [0

Fig. 4.6 General Information section
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Reinforcing Strips Section

Dimensions and strength of the reinforcing strips are entered in the provided
textboxes as shown in Fig. 4.7. Also, the number of strip levels which is 13 is
selected herein. The depths from the ground surface to each strip level are also
entered in the provided table with yellow cells as shown in the figure.

Soil Properties Section

Physical properties of the granular backfill to be retained behind the wall and the
foundation soil to carry the MSE wall are entered in this section. For our design
problem, the physical properties are entered as shown in Fig. 4.8.

Additional Surcharge Section

In this section, one can provide any additional surcharge loading information if it
exists. For this design problem, no surcharge load is applied on top of soil.
Therefore, none is selected as shown in Fig. 4.9.

DESIGN/OUTPUT Section (Internal Stability)

In this section, one can perform the design and also view the output results in a table
and chart format. After providing all necessary input information in the previous
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Fig. 4.7 Reinforcing Strips section
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Fig. 4.9 Additional Surcharge Loading section

section and the information is saved, the application will check the data for errors.
In the case no errors are found, one can perform the analysis and the first design
screen (Internal Stability) will show up as in Fig. 4.10 to allow the user to enter
design values for horizontal spacing between the reinforcing strips at each strip
level based on the calculated horizontal spacing values. These design values are
entered in the column labeled (Sy_gesign) With yellow cells as shown in Fig. 4.10. For
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Fig. 4.10 DESIGN/OUTPUT section (design horizontal spacing—internal stability)
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Fig. 4.11 DESIGN/OUTPUT section (design of strip length—internal stability)

our problem, the design horizontal spacing was selected to 1 m at all strip levels.
After the design values for the horizontal spacing are selected, the user is required
to enter the design strip length based on the calculated minimum strip length at each
level. These design values must be entered in the column labeled (Lgesign) With
yellow cells as shown in Fig. 4.11. For this design problem, the design length was
selected as 21 m at all strip levels. In this first design screen, the various forces and
safety factors will be automatically calculated based on the selected design values
(horizontal spacing and length) as shown in Fig. 4.12.



4.4 Design Problems 275

Internal Stability (Safety against strip failure and pullout)
~
Strip Level Pullowt Force [kN/m) Friction Force [kN/m) FSB F5P

3 7.22868811660876 34.5603372517837 14340470284 2079 4. 7809971455785

4 9.63325082214505 47.1131860352024 11. 2053527131559 4.88914691634235

5 120478135276813 60.1824030016339 B96420217052472 4 9952966071 0622

B 14.4573762332175 73.7679881512761 TAT023514210336 5.10244845787011

7 16.8669389387538 7 8699414839312 6.40305869323195 5.20959622863397

8 19.27650164429 102 488262999665 5 BO2ETE3SE57797 5.31674599339785

9 21.6860643438263 117.622952698478 4.58015676140263 5423897706173

10 24 0956270553625 13327401 0580369 4 48214108526238 5.5310455409256

1 26.5051897608388 1459.441436645339 4.07467371387488 5.63819531168946

12 20.9147524664351 166.125230893388 ATENTEN05197 5.745345008245332
- 13 26.1035959766427 183.325393324515 4137361001 78066 7.02299382386063 - ¥

INTERNAL STABILITY EXTERNAL STABILITY

Fig. 4.12 DESIGN/OUTPUT section (various forces and safety factors at each strip level—
internal stability)

DESIGN/OUTPUT Section (External Stability)

The second screen in the DESIGN/OUTPUT section is for the external stability
check. The application will not allow the user to view this screen unless the internal
stability is satisfied based on the selected design parameters (horizontal spacing
between strips and strip length) at each strip level. In this screen, one can view the
external stability checks (overturning, sliding, and bearing capacity). If any of these
requirements is violated, the application will give a message to inform the user with
that regard. Details of all checks and calculations are shown in this screen as
depicted in Fig. 4.13. The three safety factors in our design problem were satisfied
and shown in the figure with the highlighted cells.

DESIGN/OUTPUT Section (CHARTS)

In this third screen (CHARTS) of the DESIGN/OUTPUT section, one can view any
required output results in table and chart formats. For example, the total horizontal
stress with depth is plotted and data was summarized as shown in Fig. 4.14.

Other charts and tables can be obtained to be used in another application like Word
or Excel. For example, distributions of various forces (maximum pullout or breakage/
pullout) with depth are shown in Figs. 4.15 and 4.16. Also, distributions of safety
factors against breakage and pullout are shown in Figs. 4.17 and 4.18, respectively.
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Fig. 4.13 DESIGN/OUTPUT section (external stability)
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Fig. 4.14 DESIGN/OUTPUT section (charts)

4.4.2 MSE Wall with Varying Length and Spacing
(Horizontal and Vertical) of Strips

Design an MSE wall that is 10 m high with galvanized steel reinforcement strips to
retain a granular backfill behind it. The physical properties of the backfill soil, the
foundation soil, and the strip reinforcement are listed in Table 4.10.
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Fig. 4.15 Distribution of breakage/pullout forces
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Fig. 4.16 Distribution of the maximum pullout/friction forces
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Table 4.10 Physical Item Property | Value Unit
properties and design Backfill soil p 36 S
parameters ! 3
71 16.5 kN/m
Foundation soil b 28 °
72 17.3 kN/m?
I 50 kN/m?
Reinforcing strips w 75 mm
t 6 mm
£ 240,000 | kN/m’
o, 20 °

4.4.2.1 Hand Solution

To design the 10 m high MSE wall, one must follow the steps below:
Step 1:
The following are given in the problem statement:
H=10m; y, = 16.5kN/m’; ¢, = 36° y, = 17.3kN/m?;
¢, = 28°% and ¢, = 50 kN/m>.

No surcharge load is applied on top of soil.

Step 2:
The following minimum values for the safety factors are considered to satisfy
internal and external stability requirements for the 10 m high MSE wall:

For internal stability:

FSg.min = 3.0 and FSp_p, = 3.0
For external stability:

FSO-min = 35, FSS-min = 4.0; and FSBC-min =5.0.

Step 3:
A suggestion for the dimensions of the reinforcing strips is given in the problem
statement as follows:

w="75 mm and t=6 mm.
Also,

fy = 240,000 kN/m? and ¢, = 20°.

Step 4:
Let’s assume 12 strip levels along the wall height (vertically) with depths as in
Table 4.11 below:
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Table 4.11 Suggested strip levels Strip level (i) | Depth, Z; (m)

0.75
1.5
2.25
3.0
3.75
4.50
5.25
6.0
7.0
8.0
9.0
10.0

N=RECCRIEN R No NNV I I N RUVRE SR

—_ | =
— o

—_
[\

Step 5:
Using Egs. (4.1) through (4.3), one can calculate S,;, as follows:
At the first strip level,

075+ 1.5

Sy = 1.125m

Also, at the third strip level,

At the tenth strip level, i = 10:

Z,—Zy 9-1
== =1
SV(]O) ) ) m

At the last strip level, i =12:

2x10-Z,~Zi; 2x10-10-9.0

> > 0.5m

Sy(2) =

The effective vertical distances, S,;, are summarized in Table 4.12 below:

Step 6:
The total vertical stresses are calculated using Eq. (4.4) as follows:

’ ’

Oy(T) = Oy(soil) T Cy(load)

Since o-:/(load) =0, olvm can be calculated using the following equation:

Ov(r) = o-:/(soil) =16.5xZ;
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Table 4.12 Effective vertical distances (Sy;)) Strip level (i) Sy (m)

1.125

0.75
0.75
0.75
0.75
0.75
0.75
0.875
1.0
1.0
1.0
0.5

NeREeCRIEN B Ne N RV, 1 BN SR USRI (S

—_
(=)

—
—_

—
[\

Table 4.13 Total vertical -
effective stresses (";(T)) at Strip level (i) |Z; (m) |0y (KN/m?)
each strip level 1 0.75 12.375

2 1.5 24.75

3 2.25 37.125

4 3.0 49.5

5 3.75 61.875

6 4.50 74.25

7 5.25 86.625

8 6.0 929

9 7.0 115.5

10 8.0 132

11 9.0 148.5

12 10.0 165

Calculations of the total vertical effective stresses at each strip level are summa-
rized in Table 4.13.
However, the total horizontal stresses are calculated using Eq. (4.5) as follows:

! ’

Oh(T) = On(soil) T Chload)

Since o-il(load) =0, GL(T) can be calculated using the following equation:
/ ) 2 36
Oh(T) = Op(soiny = tan”( 45 — 5 )% 16.5x7Z; =0.26 x 16.5 x Z; =429 X Z;

Calculations of the total horizontal effective stresses at each strip level are sum-
marized in Table 4.14.
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Table 4.14 Total horizontal '
. oL morizonta Strip level (i) | Z; (m) | ycr) (KN/m2)
effective stresses (ah(T)) at
. 1 0.75 3.21

each strip level
2 1.5 6.43
3 2.25 9.64
4 3.0 12.85
5 3.75 16.06
6 450 ]19.28
7 525 2249
8 6.0 25.70
9 7.0 29.99
10 8.0 34.27
11 9.0 38.55
12 10.0 42.84

Step 7:

The maximum horizontal spacing (Sy-max) between the strips at each strip level to
satisfy FSg_min = 3.0 can be calculated using Eq. (4.34) as follows:

At Z; =0.75 m (first strip level, i = 1):

0.75 x 0.006 x 240,000
Stma = =91 153 00M

At Z;=3.0 m (fourth strip level, i =4):

¢ _ 075 x 0.006 x 240,000 _ .~
Hmae = 182 x 075 x 3

At Z;=9.0 m (eleventh strip level, i=11):

0.75 x 0.006 x 240,000
St = A 0.933
Homa 4182 x1.0x3 m

Calculations of the maximum horizontal spacing between the reinforcing strips at
each strip level are summarized in Table 4.15.

Based on the calculated maximum horizontal spacing, one can select the
following design values for the horizontal spacing between strips at different strip
levels:

SH-design = 1.0 m at all strips levels from 1 through 8.
SH-design = 0.75 m at all strips levels from 9 through 12.

Step 8:
The maximum breakage force the reinforcing strip can withstand is calculated using
Eq. (4.36) as follows:

Fp.max = 0.75 x 0.006 x 240,000 = 108 kN
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Table 4.15 Maximum Strip level (/) Z: (m) S (m)
horizontal spac@ng (SH-max) 1 075 996
between the strips at each
strip level 2 1.5 7.47
3 2.25 4.98
4 3.0 3.74
5 3.75 2.99
6 4.50 2.49
7 5.25 2.13
8 6.0 1.60
9 7.0 1.20
10 8.0 1.05
11 9.0 0.93
12 10.0 1.68
Table 4.16 Actual breakage/ Strip level (i) Z. (m) Fap (KN) S,
pullout forc‘es and safety 1 075 361 0.9
factors against breakage at
each strip level 2 1.5 4.82 224
3 2.25 7.23 14.9
4 3.0 9.64 11.2
5 3.75 12.05 9.0
6 4.50 14.46 7.5
7 5.25 16.87 6.4
8 6.0 22.49 4.8
9 7.0 22.49 4.8
10 8.0 25.70 4.2
11 9.0 28.91 3.7
12 10.0 16.06 6.7

Also, the actual applied breakage/pullout force and the actual factor of safety
against breakage at each strip level can be found using Egs. (4.35) and (4.37),
respectively:

At Z; =3 m (fourth strip level, i =4):

Using Eq. (4.35),

Fpp = 12.85 x 0.75 x 1.0 = 9.64 kN;
Using Eq. (4.37),

108
FSp = —— =112
BT 964

Calculations of the actual breakage/pullout forces and safety factors against break-
age at each strip level are summarized in Table 4.16.
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lTab:E ‘(‘L17 )Mtiﬂimllllmt strip Strip level (i) | Z;(m) | Lypin (M)

g min) L EACT SHIP 1 0.75 20.76
2 1.5 15.03
3 225 14.65
4 3.0 14.27
5 3.75 13.88
6 4.50 13.50
7 5.25 13.12
8 6.0 14.52
9 7.0 12.23
10 8.0 11.72
11 9.0 11.21
12 10.0 535

Step 9:

The minimum strip length (L,;,) at each level to satisfy FSp_,j,=3.0 can be
calculated using Eq. (4.38) as follows:

For example, at Z; =3 m (fourth strip level, i =4):

(10 —3) 3.0x9.64

36") 2 x 0.075 x 49.5 x tan20°

me
<

= 1427m

Calculations of the minimum strip length at each strip level are summarized in
Table 4.17.

Based on the calculated minimum strip lengths, one can use the following
varying design lengths of strips:

Lgesign = 22 m for the upper four strip levels (from strip levels 1 to 4).
Lgesign = 15 m for strip levels from 5 to 12.

Step 10:
The maximum pullout force any reinforcing strip can withstand due to friction can
be calculated using Eq. (4.39) as follows:

For example, at Z; =3 m (fourth strip level, i =4):
Using Eq. (4.39),

10-3

Fpamax = (2 0.075 x 49.5 X tan20°) x (22— ——— > __
P ( ) ( tan (45 +35°)

) = 49.8 kN

Using Eq. (4.40),
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Table 4.18 /1\10“1‘;‘; ; Strip level () | Zi(m) | Fp-max (KN) | FSp

maximum pullout/friction

forces and I;afety factors 1 0.75 1168 3.23

against pullout at each strip 2 L5 23.88 4.95

level 3 2.25 36.59 5.06
4 3.0 49.82 5.17
5 3.75 3991 3.31
6 4.50 49.45 3.42
7 5.25 59.49 3.53
8 6.0 70.06 3.12
9 7.0 84.95 3.78
10 8.0 100.76 3.92
11 9.0 117.48 4.06
12 10.0 135.12 8.41
49.8

FSp =961 5.17

Calculations of the actual maximum pullout/friction forces and safety factors
against pullout at each strip level are summarized in Table 4.18.

Step 11:

Check external stability to avoid overturning, sliding, and bearing capacity failure
using Eqgs. (4.41), (4.48), and (4.55), respectively. Overturning and resisting
moments can be calculated using Eqs. (4.42) and (4.43), respectively. Additionally,
driving and resisting forces can be calculated using Egs. (4.49) and (4.50),
respectively.

— Check overturning (Eq. (4.41))

To determine the safety factor against overturning and compare it with the
minimum safety factor, first, we need to calculate the overturning and resisting
moments as follows:

Equation (4.42) can be used to determine the overturning moment (Mo):

12
Mo :Z [a;m x Sy % (10 = Z;)| = 3.21 x 1.125 x (10 — 0.75) + - - -
i=1
i=1
+12.85 % 0.75 x (10 = 3) +---

i=4

Thus,
Mo = 713.9 mkN

Equation (4.43) can be used to determine the resisting moment (Mp).
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Since MR(joaq) = 0

My = My (soi1) = %(Z [Svm(zzﬂ + 212: [Sv(i)(15)2]>
‘ i

i=1

16.5 x 222 16.5 x 152
= OO X2 1.125+--~++><0.75+~~

i=1 i=5
Therefore,
Mg = 25,774 mkN
So, using Eq. (4.41),

25,774
713.9

FSo = = 36.1 > FSo.min = 3.5 0.K.

— Check sliding (Eq. 4.48)

To determine the safety factor against sliding and compare it with the minimum
safety factor for sliding, first, we need to calculate the driving and resisting forces as
follows:

Equation (4.49) can be used to determine the driving force (Fp):

12
Fo =Y |6 % Sup| =321 X 1125 4. + 12.85 x 075 +---
=1 i=1 i=4
+25.7 % 0.875 + -
i=8
Thus,
Fp =2142KkN/m

Equation (4.50) can be used to determine the resisting moment (Fg) noting that
FR(10aa) = 0:

2 x 36 4 12
Fr = FR(soi]) = (165 X tan < 3 )> <Z [Sv(l) X 22} + Z [SVO) X 15})

i=1 i=4

4 12
=161.6 X ¥ Sy + 1102 x Y Sy
i=1 i=5

Therefore,
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Fr =1,275.5kN/m
So, using Eq. (4.48),

1,275.5
214.2

FSg = =6 > FSg.min =4 O.K.

— Check bearing capacity (Eq. (4.55))
Bearing capacity factors can be obtained as follows:
N. = 25.80 using Eq. (1.3) with ¢/ = 28°.
N, = 16.72 using Eq. (1.4) with ¢’ =28°.
Also, the total vertical stress at depth, Z= 10 m, can be obtained from Eq. (4.4)
(keeping in mind that no surcharge load is applied on top on soil) as follows:

oyr) = 16.5x 10 = 165 kN/m”

Therefore, Eq. (4.55) can be used to determine the safety factor against bearing
capacity and compare it with the minimum safety factor for bearing capacity as
follows:

50 x25.8+1x173x16.72 x 15
165

FSpc = =21 > FSpcmin =5 O.K.

4.4.2.2 foundationPro Solution

General Information Section

In the General Information section, the SI unit is selected and all minimum values
of safety factors to satisfy internal and external stability requirements are entered as
shown in Fig. 4.19.

Reinforcing Strips Section

Dimensions and strength of the reinforcing strips are entered in the provided
textboxes as shown in Fig. 4.20. Also, the number of strip levels which is 12 is
selected herein. The depths from the ground surface to each strip level are also
entered in the provided table with yellow cells as shown in the figure.

Soil Properties Section

In this design problem, the physical properties are entered as shown in Fig. 4.21.


http://dx.doi.org/10.1007/978-3-319-17650-5_1#Equ3_1
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Fig. 4.20 Reinforcing Strips section

Additional Surcharge Section

For this design problem, no surcharge load is applied on top of soil. Therefore, none
is selected as shown in Fig. 4.22.
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Fig. 4.22 Additional Surcharge Loading section
DESIGN/OUTPUT Section (Internal Stability)

For our problem, two design horizontal spacing values were selected to be 1 m from
strip level 1 to 8 and 0.75 m from strip level 9 to 12 as shown in Fig. 4.23.
Additionally, the design length was varied along the wall height and selected as
22 m for the upper four strip levels (1-4) and 15 m for strip levels from 5 to 12 as
shown in Fig. 4.24.
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Fig. 4.23 DESIGN/OUTPUT section (design of horizontal spacing—internal stability)
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Fig. 4.24 DESIGN/OUTPUT section (design of strip length—internal stability)

DESIGN/OUTPUT Section (External Stability)

Details of all external stability checks and calculations are shown in this screen as
depicted in Fig. 4.25. The three safety factors in our design problem were satisfied
and shown in the figure with the highlighted cells.
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Fig. 4.26 DESIGN/OUTPUT section (charts)

DESIGN/OUTPUT Section (CHARTS)

For example, the safety factor against pullout versus depth is plotted and data
was summarized as shown in Fig. 4.26. Other charts and tables may also be
obtained such as the distribution of the maximum pullout/friction force as shown

in Fig. 4.27.
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Fig. 4.27 Distribution of breakage/pullout forces

Table ‘!"19 Physi.cal Item Property | Value Unit
properties and design Backfill soil b 3 5
parameters ! 1085 T
71 . /ft
Foundation soil 2 30 °
72 112 1b/ft?
s 500 1b/ft?
Reinforcing strips | w 3 in.
t 0.25 in.
£ 5,000,000 | Ib/ft?
by 18 °
Table 4.20 Details of strip Property | Value | Unit
loading q (strip) | 1,400 | Ib/fi®
a 20 ft
b 8 ft

4.4.3 MSE Wall with Strip Surcharge Loading and Constant
Length and Spacing of Strips

Design an MSE wall that is 25 ft high with galvanized steel reinforcement strips to
retain a granular backfill behind it. Physical properties of the backfill soil, the
foundation soil, and the strip reinforcement are listed in Table 4.19. An additional
surcharge strip loading is applied on top of soil with details as provided in Table 4.20.
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4.4.3.1 Hand Solution

To design the 25 ft high MSE wall, one must follow the steps below:
Step 1:

The following are given in the problem statement:

H=25ft; y, = 108.51b/ft>; ¢, = 32°; y, = 1121b/ft* ; ¢, = 30°; ¢, = 500
Ib/ft*; g = 1,4001b/ft>; @ = 20 ft; and b = 8 ft.
Step 2:

The following minimum values for the safety factors are considered to satisfy
internal and external stability requirements in the design of the 25 ft high MSE wall:

For internal stability:
FSg-min = 3.0 and FSp_pin = 3.0.
For external stability:
FSo-min = 3.5; FSs.min = 3.5; and FSpc_min = 4.0.

Step 3:
A suggestion for the dimensions of the reinforcing strips is given in the problem
statement as follows:

w=231in. and t=0.25 in.
Also,

f. = 5,000,000 Ib/ft> and ¢, = 18°.
y H

Step 4:
Let’s assume ten strip levels along the wall height (vertically) equally spaced with
depths as in Table 4.21 below:

Step S:
Using Egs. (4.1) through (4.3), one can calculate S,;, as follows:

Table 4.21 Suggested depths for strip levels Strip level (i) | Depth, Z; (ft)

2.5

5.0

7.5
10.0
12.5
15.0
17.5
20.0
22.5
25.0

O | Q||| Wi —

—
[«]
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At the first strip level (i=1),

Also, at the third strip level (i =3),

Z,~Z, 10-5

At the last strip level (i =10),

2% 25 —Z—Zo 2x25-—250—225
Sy10) = 2‘° = 5 = 1.25ft

The effective vertical distances, Sy;, are summarized in Table 4.22 below:

Step 6:
The total vertical stresses are calculated using Eq. (4.4) as follows:

! ’

Oy(T) = Ovy(soil) + 0Oy (10ad)

The vertical stresses due to soil (a/v( )) can be found using Eq. (4.6):

soil

O-/v(soil) = 108.5 x Zi
However, the vertical stresses due to the strip loading (alv(

Egs. (4.15) and (4.16):

load)) €an be found using

/ 1,400 x 20
Sviond) T 0 1 7. (For Z; <2 x 8 = 16 ft)

g‘i:glsctjfsvif)fecnve vertical Strip level (i) Z; (fo) Sy (£0)
1 2.5 3.75
2 5.0 2.5
3 7.5 2.5
4 10.0 2.5
5 12.5 2.5
6 15.0 2.5
7 17.5 2.5
8 20.0 2.5
9 22.5 2.5
10 25.0 1.25
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Table 4.23 Total vertical effective stresses (O’;(T)) at each strip level

Strip level (i) Z: (f) Oy soity I/ O (1oaa) (ID/FE) 0,y (b/EE%)
1 25 27125 1,244 44 1,515.69
2 5.0 542.5 1,120.00 1,662.50
3 75 813.75 1,018.18 1,831.93
4 10.0 1,085 93333 201833
5 125 1,356.25 861.54 221779
6 15.0 1,627.5 800.00 242750
7 17,5 1,898.75 761.90 2,660.65
8 200 2,170 736.84 2,906.84
9 25 244125 71338 3,154.63
10 250 27125 691.36 3.403.86
Oy (load) = ;’;004;(20 (For Z; > 2 x 8 = 16 ft)
+Z48

Calculations of the total vertical effective stresses at each strip level are summarized
in Table 4.23.

Additionally, the total horizontal stresses are calculated using Eq. (4.5) as
follows:

’ ’

Oh(T) = On(soil) T Chload)
The horizontal stresses due to soil can be found using Eq. (4.7):

’

32
Osoqty = tan’ (45 - 7) x 108.5 x Z; = 0.307 x 108.5 x Z; = 33.3 X Z;

However, the total horizontal stresses due to the strip loading on top of soil can be
obtained as follows:

Using Eq. (4.18),

04 x8

—— =04
0.14 x 25 0486

M=14

But, M must be greater than or equal to 1.0. Then, M =1.
Also, using Eqgs. (4.19) and (4.20),

a = tan ! 8+22_0 = tan ! ﬁ
Z; Z;
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Table 4.24 Total horizontal effective stresses (6;]<T)) at each strip level

Strip level (i) Z: (f) O soity (ID/FD) Fntoady 1D/FE) Ouer) (IB/F)
1 25 8334 372.56 455.90
2 5.0 166.69 624.93 791.62
3 75 250.03 734.15 984.19
4 10.0 33338 740.23 1,073.60
5 12,5 416.72 689.39 1,106.11
6 15.0 500.06 614.27 1,114.34
7 17,5 583.41 533.81 1L117.22
8 200 666.75 45757 1,124.32
9 25 750.09 389.58 1,139.67
10 250 833 44 33091 1,164.35

p = tan"! (8 i 20) = tan ! (§>
Z; Z;

Now, Uil(load) can be obtained using Eq. (4.17):

!

Oh(load) — 1.0

S @) (@) x e (2)))]

Calculations of the total horizontal effective stresses at each strip level are sum-
marized in Table 4.24.

Step 7:
The maximum horizontal spacing (Sy-max) between the strips at each strip level to
satisfy FSp_min = 3.0 can be calculated using Eq. (4.34) as follows:

At Z;=2.5 ft (first strip level, i =1):

3 0.25
SH—max = I - 12 - 5,000, 000 = 5.1ft
4559 x 3.75 x 3

At Z; =25 ft (last strip level, i = 10):

3 %925 45,000,000
SH—max =12 12 = 6ft
1164.35 x 1.25 x 3

Calculations of the maximum horizontal spacing between the reinforcing strips at
each strip level are summarized in Table 4.25.

Let’s use a design horizontal spacing between the strips at all strip levels a value
of 2.5 ft. Therefore,

SH-design = 2.5 ft at all strip levels.
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Table 4.25 Maximum Strip level (l) Z,- (ft) SH*max (ft)

horizontal spac@ng (SH-max) 1 25 51

between the strips at each

strip level 2 5.0 4.4
3 7.5 35
4 10.0 32
5 12.5 3.1
6 15.0 3.1
7 17.5 3.1
8 20.0 3.1
9 22.5 3.0
10 25.0 6.0

Step 8:

The maximum breakage force the reinforcing strip can withstand is calculated using
Eq. (4.36) as follows:

=3 925 5,000,000 = 2,6041.7 Ib

FB—max 12 12

Also, the actual applied breakage/pullout force and the actual factor of safety
against breakage at each strip level can be determined using Eqgs. (4.35) and
(4.37), respectively:

At Z;="1.5 ft (third strip level, i = 3):
Using Eq. (4.35),

Fpp =984.19 x 2.5 x2.5=6,151.21b;

Using Eq. (4.37),

26,041

ESp = 42
Sp 6,151.2

Calculations of the actual breakage/pullout forces and safety factors against break-
age at each strip level are summarized in Table 4.26.

Step 9:
The minimum strip length (L,;,) at each level to satisfy FSp_,;;=3.0 can be
calculated using Eq. (4.38) as follows:

For example, at Z;="7.5 ft (third strip level, i =3):

(25-175) 3.0 x 6,151.16

32° +2 31,8319 x t 18":71'7ft
tan 4_54_7 XEX , D X tan

Lmin =

Calculations of the minimum strip length at each strip level are summarized in
Table 4.27.
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Tal';’let“%z“ Acﬂéal bfriakage/ Strip level (/) Z; (ft) Fpp (Ib) FSp
ullout forces and safel
If)at:tors against breakagg at 1 25 4,274.11 6.1
each strip level 2 5.0 4,947.63 5.3
3 7.5 6,151.16 4.2
4 10.0 6,710.01 3.9
5 12.5 6,913.19 3.8
6 15.0 6,964.60 3.7
7 17.5 6,982.61 3.7
8 20.0 7,027.00 3.7
9 22.5 7,122.96 3.7
10 25.0 3,638.60 72
Table 4.27 Minimum s'trip Strip level (i) Z; (ft) Lonin ()
}Z:,lflth (Linin) at each strip ] 55 645
2 5.0 66.0
3 7.5 71.7
4 10.0 69.7
5 12.5 64.5
6 15.0 58.5
7 17.5 52.6
8 20.0 474
9 22.5 43.1
10 25.0 19.7

Let’s use a constant design strip length of 72 ft at all strip levels along the wall
height. Therefore,
Lgesign = 72 ft at all strip levels.

Step 10:
The maximum pullout force any reinforcing strip can withstand due to friction can
be calculated using Eq. (4.39) as follows:

For example, at Z; = 7.5 m (third strip level, i = 3):
Using Eq. (4.39),

25-17.5

3
F.max:(ZX—x1,831.9>< tan18°) x |72 -————
! 2 ( tan (45 + 2)

> = 18,5413 1b

Using Eq. (4.40),

18,5413

FSp = 6.151.2

3.0

Calculations of the actual maximum pullout/friction forces and safety factors
against pullout at each strip level are summarized in Table 4.28.
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Table 4.28 IﬁCtut% . Strip level (i) Z, (ft) Fp-mae (ID) ESp
forees and safety factors ! 25 [146ssds | 34
against pullout at each strip 2 5.0 16,452.18 3.3
level 3 7.5 18,541.32 3.0
4 10.0 20,882.31 3.1
5 12.5 23,445.23 34
6 15.0 26,208.70 3.8
7 17.5 29,324.97 4.2
8 20.0 32,692.80 4.7
9 22.5 36,189.79 5.1
10 25.0 39,815.30 10.9
Step 11:

Check external stability to avoid overturning, sliding, and bearing capacity failure
using Eqgs. (4.41), (4.48), and (4.55), respectively. Overturning and resisting
moments can be calculated using Eqgs. (4.42) and (4.43), respectively. Additionally,
driving and resisting forces can be calculated using Egs. (4.49) and (4.50),

respectively.

— Check overturning (Eq. (4.41))

To determine the safety factor against overturning and compare it with the
minimum safety factor, first, we need to calculate the overturning and resisting

moments as follows:
Equation (4.42) can be used to determine the overturning moment (Mg):

10
Mo = Z |:0;1(T) X Sv(i) X (25 — Zl)i|

i=1

=455.9 x 3.75 x (25 — 2.5) +- -+ + 1,073.6 x 2.5 x (25 — 10) +-- -

i=1 i=4
Thus,
Mo = 256,221.9 ftlb
Equation (4.43) can be used to determine the resisting moment (Mg):

My = (%ﬁi [Svm(mz]) ’ <1’400 X 20% (8 +§>>

i=1

MR (soit) MR 10ad)
108.5 x 722 108.5 x 722
Mg :fx 3.75 +~~+fx 2.5 +---4+504,000
—_———

i=1 i=4
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Therefore,

Mg = 17,534,800 ftlb

So, using Eq. (4.41),

7,534,800

FSp ="~ """~
So 256,221.9

—=29.4 > FSo.min = 3.5 O.K.

— Check sliding (Eq. (4.48))

To determine the safety factor against sliding and compare it with the minimum
safety factor for sliding, first, we need to calculate the driving and resisting forces as
follows:

Equation (4.49) can be used to determine the driving force (Fp):
0 -
Fp — [0' xsv,-} — 4559 X 375 4+ +1,073.6 X 2.5 +---
b= |oum) X Su)) = ,

=1 i=1 i~4

Thus,
Fp =23,817 Ib/ft

Equation (4.50) can be used to determine the resisting moment (Fr):

10
Fr = (108.5 X tan (2 232)) (121: [Sv(i) X 72]) + <1,400 x 20 X tan (2 232)>

FR(loud) — Eq. (4-53)

Frgoon)~ Ed. (451)

10
Fr =3,051 x Y (Sy) + 10,935.5

i—1
Therefore,

Fr =87,210.7 1b/ft
So, using Eq. (4.48),

87,2107

= = ). > -min — - AN
FSs 23,817 3.66 > FSs.min =3.50K
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— Check bearing capacity (Eq. (4.55))
Bearing capacity factors can be obtained as follows:

N, = 30.10 using Eq. (1.3) with ¢/ =30°.
N, = 21.22 using Eq. (1.4) with ¢/ =30°.

Also, the total vertical stress at depth (Z =25 ft) can be obtained from Eq. (4.4)
as follows (see also Step 6):

, 1,400 x 20
oy = (108.5 % 25) + | S— =

’

Oy (soil) ;
Gv(load)

Thus,
oy(r) = 3,403.91b/ft*

Therefore, Eq. (4.55) can be used to determine the safety factor against bearing
capacity and compare it with the minimum safety factor for bearing capacity as
follows:

500 x 30.10+% X 112 % 21.22 x 72

F =
See 3,403.9

=31 > FSpcomin = 4.0 O.K.

4.4.3.2 foundationPro Solution

General Information Section

For our design problem, the BS units are selected, and wall height and safety factors
are entered as shown in Fig. 4.28.

Reinforcing Strips Section

Dimensions and strength of the reinforcing strips are entered in the provided
textboxes as shown in Fig. 4.29. Also, the number of strip levels which is 10 is

selected herein. The depths from the ground surface to each strip level are also
entered in the provided table with yellow cells as shown in the figure.


http://dx.doi.org/10.1007/978-3-319-17650-5_1#Equ3_1
http://dx.doi.org/10.1007/978-3-319-17650-5_1#Equ4_1
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Fig. 4.29 Reinforcing Strips section

Soil Properties Section

Physical properties of the granular backfill to be retained behind the wall and the
foundation soil to carry the MSE wall are entered in this section. For our design
problem, the physical properties are entered as shown in Fig. 4.30.
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Fig. 4.30 Soil Properties Backiil Soil (Granular)
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Fig. 4.31 Additional Surcharge Loading section

Additional Surcharge Section

For this design problem, a strip surcharge loading is applied on top of soil. Input
data for this loading is entered as shown in Fig. 4.31.
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Fig. 4.32 DESIGN/OUTPUT section (design of horizontal spacing—internal stability)

DESIGN/OUTPUT Section (Internal Stability)

For our problem, the design horizontal spacing based on the calculated maximum
horizontal spacing values was selected as 2.5 ft at all strip levels as shown in
Fig. 4.32. After the design values for the horizontal spacing are selected, the user is
required to enter the design strip length based on the calculated minimum strip
length at each level. These design values must be entered in the column labeled
(Lgesign) With yellow cells as shown in Fig. 4.33. For this design problem, the design
length was selected as 72 ft at all strip levels.

DESIGN/OUTPUT Section (External Stability)

The three safety factors (overturning, sliding, and bearing capacity) in our design
problem were all satisfied and shown in Fig. 4.34 with the highlighted cells.
DESIGN/OUTPUT Section (CHARTS)

In this third screen (CHARTS) of the DESIGN/OUTPUT section, one can view any
required output results in table and chart formats. For example, the total horizontal

stress (soil +load) with depth is plotted as depicted in Fig. 4.35. Also, distributions
of safety factors against pullout are shown in Fig. 4.36.
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Fig. 4.33 DESIGN/OUTPUT section (design of strip length—internal stability)
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Fig. 4.34 DESIGN/OUTPUT section (external stability)

4.4.4 MSE Wall with Line Loading and Varying Strip Length

Design an MSE wall that is 25 ft high with galvanized steel reinforcement strips to
retain a granular backfill behind it. Physical properties of the backfill soil, the
foundation soil, and the strip reinforcement are listed in Table 4.29. An additional
surcharge strip loading is applied on top of soil with details as provided in

Table 4.30.
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Fig. 4.36 Distribution of safety factor against pullout for the selected design parameters
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Table 4.29 Physical Item Property | Value Unit
properties and design Backfill soil p 0 S
parameters ! 1085 e
71 . /ft
Foundation soil &> 30 °
72 112 Ib/fe
e 500 Ib/ft*
Reinforcing strips w 3 in.
t 0.25 in.
£ 5,000,000 | Ib/ft
b, 18 °
Table 4.30 Details of strip Property Value Unit
loading q (line) 650 I/t
b 4 ft

4.4.4.1 Hand Solution

To design the 25 ft high MSE wall, one must follow the steps below:

Step 1:
The following are given in the problem statement:

H=25 ft; y, = 108.51b/ft’; b, = 32% y, = 1121b/ft’; b, = 30% ¢, = 500 Ib/ft*;
q=0650 Ib/ft; and h=4 ft.

Step 2:
The following minimum values for the safety factors are considered to satisfy
internal and external stability requirements in the design of the 25 ft high MSE wall:

For internal stability:
FSg-min = 3.0 and FSp_in = 3.0.
For external stability:
FSo.min = 3.5; FSs.min = 3.5; and FSgc.min = 4.0.

Step 3:
A suggestion for the dimensions of the reinforcing strips is given in the problem
statement as follows:

w=231in. and t=0.25 in.

Also,
fy = 5,000, 000 lb/ft2 and gb;l = 18°.
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Table 4.31 Suggested depths Strip level (i) Depth, Z; (ft)
for strip levels 2.5
5.0
7.5
10.0
12.5
15.0
17.5
20.0
22.5
25.0

NeREeCRIEN B iNe N NV, 1 BN SR ROS R S

(=)

Step 4:
Let’s assume ten strip levels along the wall height (vertically) equally spaced with
depths as in Table 4.31 below:

Step 5:
Using Egs. (4.1) through (4.3), one can calculate S,;, as follows:

At the first strip level (i=1),

25+5.0
Sv1y = ;L = 3751t
Also, at the third strip level (i =3),
Z,—7Z 10-5
Sy = 2= =251

2 2
At the last strip level (i = 10),

2% 257, —Zo 2x25-250—225
Suto) = — = . 5 — 1251t

The effective vertical distances, S, are summarized in Table 4.32 below:

Step 6:
The total vertical stresses are calculated using Eq. (4.4) as follows:

! /

av(T) = O-v(soil) + 0y (load)

The vertical stresses due to soil (alv( )) can be found using Eq. (4.6):

soil
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Table 4.32 Effective vertical Strip level (i) Z; (ft) Sv(i) (ft)
distances (Sy(;)) 1 25 375
2 5.0 2.5
3 7.5 2.5
4 10.0 2.5
5 12.5 2.5
6 15.0 2.5
7 17.5 2.5
8 20.0 2.5
9 22.5 2.5
10 25.0 1.25
Table 4.33 Total vertical effective stresses (a;(T)) at each strip level
Strip level (i) Z: (f) Oy soity (I/FD) %y oad) ID/FE) Oyr) (Ib/f)
1 2.5 271.25 13.06 284.31
2 5.0 542.5 30.77 573.27
3 7.5 813.75 33.44 847.19
4 10.0 1,085 30.75 1,115.75
5 12.5 1,356.25 27.24 1,383.49
6 15.0 1,627.5 24.05 1,651.55
7 17.5 1,898.75 21.36 1,920.11
8 20.0 2,170 19.13 2,189.13
9 22.5 2,441.25 17.28 2,458.53
10 25.0 2,712.5 15.74 2,728.24

Oy(soity = 108.5 X Z;

However, the vertical stresses due to the strip loading (a;(load)) can be found using
Eq. (4.9):

;o 2x650xZ]
Oy (load) = m

Calculations of the total vertical effective stresses at each strip level are summarized
in Table 4.33.

Additionally, the total horizontal stresses are calculated using Eq. (4.5) as
follows:

! ’

Oh(T) = On(soil) T Chload)

The horizontal stresses due to soil can be found using Eq. (4.7):
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!

32
Osoqty = tan’ <45 - 7) x 108.5 x Z; = 0.307 x 108.5 x Z; = 33.3 x Z;

However, the total horizontal stresses due to the line loading on top of soil can be
obtained as follows:

First, using Eq. (4.13), m; can be calculated as

4

Using Eq. (4.14), m, can be calculated as

Since m; = 0.16 < 0.4 Eq. (4.12) is used to determine a;(load):

: 0.203 x 650 x (£)
Oh(load) 2\ 2
25 x (016 + (%)°)

Now, G,h(loa 4) can be obtained using Eq. (4.17):

0.203 x 650 x ()
25 % (0.16+ (%)2)2

Oy =333 X Zi +

Calculations of the total horizontal effective stresses at each strip level are sum-
marized in Table 4.34.

Table 4.34 Total horizontal effective stresses (U;I(T)) at each strip level

Strip level (i) Z; (ft) ";l(sou) (Ib/ft*) U,h(load) (Ib/ft%) G;I(T) (Ib/ft%)
1 2.5 83.34 18.26 101.61
2 5.0 166.69 26.39 193.08
3 7.5 250.03 25.33 275.37
4 10.0 333.38 20.62 353.99
5 12.5 416.72 15.70 432.42
6 15.0 500.06 11.71 511.77
7 17.5 583.41 8.74 592.15
8 20.0 666.75 6.60 673.35
9 22.5 750.09 5.05 755.14
10 25.0 833.44 3.92 837.36
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Table 4.35 Maximum Strip level (i) 7, (ft) S ()

horizontal spac@ng (SH-max) 1 55 8

between the strips at each

strip level 2 5.0 18.0
3 7.5 12.6
4 10.0 9.8
5 12.5 8.0
6 15.0 6.8
7 17.5 5.9
8 20.0 5.2
9 22.5 4.6
10 25.0 8.3

Step 7:

The maximum horizontal spacing (Sy-max) between the strips at each strip level to
satisfy FSp_min = 3.0 can be calculated using Eq. (4.34) as follows:

At Z; =2.5 ft (first strip level, i =1):

¢ _%x%xs,ooo,ooo_zzgft
Hmas = 015 x3.75x3

At Z; =25 ft (last strip level, i = 10):

&% %25 % 5,000,000

Shma = g3 e 1053 oo Mt

Calculations of the maximum horizontal spacing between the reinforcing strips at
each strip level are summarized in Table 4.35.

Let’s use a design horizontal spacing between the strips at all strip levels a value
of 3.5 ft. Therefore,

SH-design = 3.5 ft at all strip levels.

Step 8:
The maximum breakage force the reinforcing strip can withstand is calculated using
Eq. (4.36) as follows:

3 0.25

FB.max = T X1 % 5,000,000 = 26,041.7 1b

Also, the actual applied breakage/pullout force and the actual factor of safety
against breakage at each strip level can be determined using Eqs. (4.35) and
(4.37), respectively:

At Z;=1.5 ft (third strip level, i =3):
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Talll)le:%% Acﬂéal bfriakage/ Strip level (/) Z; (ft) Fpp (Ib) FSp

ullout Torces and sare

If)actors against breakagg at 1 25 1,333.59 19.5

each strip level 2 5.0 1,689.43 15.4
3 7.5 2,409.45 10.8
4 10.0 3,097.44 8.4
5 12.5 3,783.66 6.9
6 15.0 4,478.03 5.8
7 17.5 5,181.33 5.0
8 20.0 5,891.80 4.4
9 22,5 6,607.51 3.9
10 25.0 3,663.46 7.1

Using Eq. (4.35),
Fpp = 27537 x 2.5 x3.5=2,409.51b
Using Eq. (4.37),

26,041

F =
Sp 2,409.5

=10.8

Calculations of the actual breakage/pullout forces and safety factors against break-
age at each strip level are summarized in Table 4.36.

Step 9:
The minimum strip length (L,;,) at each level to satisfy FSp_,j,=3.0 can be
calculated using Eq. (4.38) as follows:

For example, at Z;=7.5 ft (third strip level, i =3):
(25 -17.5) 3.0 x 2409.45

390 3 = 62.2 ft
tan<45 + 7) 2 x o x 847.19 x tan18°

Lmin =

Calculations of the minimum strip length at each strip level are summarized in
Table 4.37.
Let’s use varying strip design lengths as suggested below:

Lgesign = 100 ft for strip level 1.
Lgesign = 66 ft for strip levels 2-6.
Lgesign = 55 1t for strip levels 7-10.

Step 10:
The maximum pullout force any reinforcing strip can withstand due to friction can
be calculated using Eq. (4.39) as follows:
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Table 4.37 Minimum strip
length (L) at each strip
level

Table 4.38 Actual
maximum pullout/friction
forces and safety factors
against pullout at each strip
level

For example, at Z; =7.5 m (third strip level, i =3):

Using Eq. (4.39),

Fpmax = (2 X % x 847.19 x tan18°> X <66

Using Eq. (4.40),

313

Strip level (i) Z; (ft) Lnin (ft)
1 2.5 99.1

2 5.0 65.5

3 7.5 62.2

4 10.0 59.6

5 12.5 57.4

6 15.0 55.6

7 17.5 54.0

8 20.0 52.5

9 22.5 51.0

10 25.0 24.8
Strip level (i) Z; (ft) Fp_max (Ib) FSp
1 2.5 4,042.83 3.0
2 5.0 5,114.31 3.0
3 7.5 7,748.78 32
4 10.0 10,456.33 34
5 12.5 13,276.92 3.5
6 15.0 16,221.18 3.6
7 17.5 15,859.87 3.1
8 20.0 18,574.82 32
9 22.5 21,414.20 32
10 25.0 24,377.59 6.7

- ﬂ = 7,748.8 Ib
tan(45 + %)

7,748.8

T 2,409.45

Calculations of the actual maximum pullout/friction forces and safety factors
against pullout at each strip level are summarized in Table 4.38.

Step 11:

Check external stability to avoid overturning, sliding, and bearing capacity failure
using Eqgs. (4.41), (4.48), and (4.55), respectively. Overturning and resisting
moments can be calculated using Eqs. (4.42) and (4.43), respectively. Additionally,
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driving and resisting forces can be calculated using Eqgs. (4.49) and (4.50),
respectively.

— Check overturning (Eq. (4.41))

To determine the safety factor against overturning and compare it with the
minimum safety factor, first, we need to calculate the overturning and resisting
moments as follows:

Equation (4.42) can be used to determine the overturning moment (Mg):

10
Mo=Y" [a;m x Sy % (25 = Z;)] = 101.6 x 3.75 x (25 — 2.5)

i=1

i=1
4354 X 2.5 x (25— 10) +- - -

i=4

Thus,

Mo = 92,217.6 ftlb

Equation (4.43) can be used to determine the resisting moment (Mg):

108.5 2 2
Mg = | —= Syiy (Lesin + (650 x 4
R (2;[<>(dg)}> (650 x 4)

MR (10ad)
MR (soil)
108.5 x 1002 108.5 x 667
R:%x 3.75+~--++x2.5—|—~--+2,600
N e’
i=1 i=4

Therefore,

Mgr =6,426,817.2 ftlb

So, using Eq. (4.41),

6,426,817.2
FSo ==575176 = 70 = FSomin = 350K

— Check sliding (Eq. (4.48))

To determine the safety factor against sliding and compare it with the minimum
safety factor for sliding, first, we need to calculate the driving and resisting forces as
follows:
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Equation 4.49 can be used to determine the driving force (Fp):
10
Fp = {a’ xSV»} — 101.6 X 3.75 4+ + 354 X 2.5 + - -
D= | % Svi| = et ,

=l i=1 i=4

Thus,
Fp =10,773.5 1b/ft

Equation (4.50) can be used to determine the resisting moment (Fg):

2% 32 10 2% 32
FR - (1085 X tan( X3 )> (; [Sv(z) XLdesign]> + (650 X tan( >; >>

Frsoiy— Eq. (4.51) Fritoan) ~ Eq- (4.52)

10
FR = (42375 X Z [SV(I) X Ldesign}) + (25386)
i=1

Therefore,
Fr = 171,497 1b/ft
So, using Eq. (4.48),

71,497

FSg = —— 1
Ss 10,773.5

= 6.6 > FSq.min = 3.5 O.K.

— Check bearing capacity (Eq. (4.55))
Bearing capacity factors can be obtained as follows:

N. = 30.10 using Eq. (1.3) with ¢’ =30°.
N, = 21.22 using Eq. (1.4) with ¢' =30°.

Also, the total vertical stress at depth (Z =25 ft) can be obtained from Eq. (4.4)
as follows (see also Step 6):

, 2 x 650 x 25°

o, = (108.5 x 25) + = 2=

v(T) 2 2\2
—— (4 +25)

Oy (soil) -

%, (load)

Thus,

oy = 2,728 2 Ib/ft’


http://dx.doi.org/10.1007/978-3-319-17650-5_1#Equ3_1
http://dx.doi.org/10.1007/978-3-319-17650-5_1#Equ4_1
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Therefore, Eq. (4.55) can be used to determine the safety factor against bearing
capacity and compare it with the minimum safety factor for bearing capacity as
follows:

500 x 30.10 +% x 112 x 21.22 x 55

FSpc = —30.8 > FSpeumin = 4.0 0.K.
BC 2,728.2 = OBC

4.4.4.2 foundationPro Solution

Similar to the design problem in the previous section (Sect. 4.4.3), the first three
sections in the MSE Wall-1 applications are the same (General, Reinforcing Strips,
and Soil Properties). However, one should include a line loading on top of soil
instead of a strip loading.

Additional Surcharge Section

For this design problem, a line loading is applied on top of soil. Input data for this
loading is entered as shown in Fig. 4.37.

DESIGN/OUTPUT Section (Internal Stability)

For our problem, the design horizontal spacing based on the calculated maximum
horizontal spacing values was considered constant and was selected as 3.5 ft at all

Additional Surcharge

" Hone q / undt length
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 Enbarbment Losdng
Erolod q |
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Wahdwideed o2 |
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Fig. 4.37 Additional Surcharge Loading section
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Fig. 4.38 Design of horizontal spacing and strip length—internal stability
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Fig. 4.39 DESIGN/OUTPUT section (external stability)

strip levels as shown in Fig. 4.38. After the design values for the horizontal spacing
are selected, the design length based on the calculated minimum strip length at each
level was considered varying and selected as depicted in Fig. 4.38. These design
values were entered in the column labeled (Lgegign) With yellow cells as shown in the
figure. The three design lengths that were considered are 100 ft (for level 1), 66 ft
(for levels 2—-6), and 55 ft (for levels 7-10).

DESIGN/OUTPUT Section (External Stability)

The three safety factors (overturning, sliding, and bearing capacity) in our design
problem were all satisfied and shown in Fig. 4.39 as in the highlighted cells.
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Fig. 4.40 Distribution of safety factors against strip breakage

DESIGN/OUTPUT Section (CHARTS)

As in examples of the charts that can be viewed in this section, distribution of safety
factors against breakage is plotted in Fig. 4.40.

4.5 Suggested Projects

In this section, you will find some suggested design projects to allow the reader
practice the concepts and the ideas discussed in the previous sections. These
suggested projects will cover a variety of MSE wall designs by varying strip length
and spacing (vertical and horizontal) under various loading conditions (strip load,
embankment load, etc.).

4.5.1 Suggested Projects: MSE Wall with Applied Strip
Loading

Design an MSE wall that is 35 ft high with galvanized steel reinforcement strips to
retain a granular backfill behind it. Physical properties of the backfill soil, the
foundation soil, and the strip reinforcement are listed in Table 4.39. An additional
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Table 4.39 Physical Item Property | Value Unit
properties and design Backfill soil o 35 S
parameters 3
71 110 Ib/ft
Foundation soil &> 28 °
7 115 Ib/ft>
e 734 Ib/ft*
Reinforcing strips w 2.5 in.
t 0.3 in.
£ 5,000,000 | Ib/ft
b, 19 °
Tab!e 4.40 Details of strip Property Value Unit
loading ¢ (strip) 1,000 b/t
a 15 ft
b 6 ft
Table 4.41 Physical Item Property | Value Unit
properties and design Backfill soil o 33 S
parameters 3
71 17.8 kN/m’
Foundation soil b 30 °
72 18.9 kN/m’
C2 35 kN/m*
Reinforcing strips w 60 mm
t 4 mm
£ 240,000 | kN/m*
Py 16 °

surcharge strip loading is applied on top of soil with details as provided in
Table 4.40. Use a total of 14 reinforcing strips (vertically) along the wall height
with depths (in ft) as follows: 2, 4, 6, 8, 10, 12.5, 15, 17.5, 20, 22.5, 25, 28, 31, and
34. Use a single value for the design horizontal spacing between the reinforcing
strips at all levels. Also, use a safety factor of 3 for internal stability and 3.5 for
external stability.

4.5.2 Suggested Projects: MSE Wall with Embankment
Loading

Design an MSE wall that is 8 m high with galvanized steel reinforcement strips to
retain a granular backfill behind it. Physical properties of the backfill soil, the
foundation soil, and the strips reinforcement are listed in Table 4.41. An additional
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Tab!e 4.42 Details of strip Property Value Unit
loading q (embankment) 75 kN/m?
b 3 m
a, 4 m
a, 8 m
as 3 m

embankment loading is applied on top of soil with details as provided in Table 4.42.
Use a total of 12 reinforcing strips (vertically) along the wall height with depths
(in m) as follows: 0.75, 1.5, 2.25, 3, 3.75, 4.25, 5, 6, 7, 8, 9, and 10. Feel free to
consider varying horizontal spacing and length of strips. Use a safety factor of 3 for
internal stability and 4.5 for external stability.
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