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Subsoil Exploration



Foundation Engineering

Introduction:

The soil mechanics course reviewed the fundamental properties of soils and
their behavior under stress and strain in idealized conditions. In practice,
natural soil deposits are not homogeneous, elastic, or isotropic. In some
places, the stratification of soil deposits even may change greatly within a
horizontal distance of 15 to 30 m. For foundation design and construction
work, one must know the actual soil stratification at a given site, the
laboratory test results of the soil samples obtained from various depths, and
the observations made during the construction of other structures built under
similar conditions. For most major structures, adequate subsoil exploration
at the construction site must be conducted.

Definition:
The process of determining the layers of natural soil deposits that will

underlie a proposed structure and their physical properties is generally
referred to as subsurface exploration.

Purpose of Subsurface Exploration:

The purpose of subsurface exploration is to obtain information that will aid

the geotechnical engineer in:

1. Determining the nature of soil at the site and its stratification.

Selecting the type and depth of foundation suitable for a given structure.

Evaluating the load-bearing capacity of the foundation.

Estimating the probable settlement of a structure.

Determining potential foundation problems (e.g., expansive soil,

collapsible soil, sanitary landfill, etc...).

Determining the location of water table.

Determining the depth and nature of bedrock, if and when encountered.

8. Performing some in situ field tests, such as permeability tests, van shear
test, and standard penetration test.

9. Predicting the lateral earth pressure for structures such as retaining
walls, sheet pile, and braced cuts.
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Subsurface Exploration Program:
A soil exploration program for a given structure can be divided broadly into
three phases:

1. Collection of Preliminary Information:

This step includes obtaining information regarding the type of structure to
be built and its general use. The following are examples explain the needed
information about different types of structures:

» For the construction of building:
v The approximate column loads and their spacing.
v" Local building-codes.
v’ Basement requirement.

» For the construction of bridge:
v" The length of their spans.
v" The loading on piers and abutments.

2. Reconnaissance:

The engineer should always make a visual inspection (field trip) of the site

to obtain information about:

v" The general topography of the site, the possible existence of drainage

ditches, and other materials present at the site.

v" Evidence of creep of slopes and deep, wide shrinkage cracks at regularly
spaced intervals may be indicative of expansive soil.

v" Soil stratification from deep cuts, such as those made for the construction
of nearby highways and railroads.

v" The type of vegetation at the site, which may indicate the nature of the
soil.

v" Groundwater levels, which can be determined by checking nearby wells.

v" The type of construction nearby and the existence of any cracks in walls
(indication for settlement) or other problems.

v" The nature of the stratification and physical properties of the soil nearby
also can be obtained from any available soil-exploration reports on
existing structures.
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3. Site Investigation:

This phase consists of:

v" Planning (adopting steps for site investigation, and future vision for the
site)

v Making test boreholes.

v" Collecting soil samples at desired intervals for visual observation and
laboratory tests.

Determining the number of boring:

There is no hard-and-fast rule exists for determining the number of borings
are to be advanced. For most buildings, at least one boring at each corner
and one at the center should provide a start. Spacing can be increased or
decreased, depending on the condition of the subsoil. If various soil strata
are more or less uniform and predictable, fewer boreholes are needed than in
nonhomogeneous soil strata.

The following table gives some guidelines for borehole spacing between for
different types of structures:

Approximate Spacing of Boreholes
Type of project Spacing (m)
Multistory building 10-30
One-story industrial plants 20-60
Highways 250-500
Residential subdivision 250-500
Dams and dikes 40-80

Determining the depth of boring:

The approximate required minimum depth of the borings should be
predetermined. The estimated depths can be changed during the drilling
operation, depending on the subsoil encountered (e.g., Rock).

To determine the approximate required minimum depth of boring, engineers
may use the rules established by the American Society of Civil Engineers
(ASCE 1972):

1. Determine the net increase in effective stress (Ac") under a foundation
with depth as shown in the Figure below.
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2. Estimate the variation of the vertical effective stress (o, ) with depth.
3. Determine the depth (D = D,) at which the effective stress increase

(Ac”") is equal to (1—10) g (q = estimated net stress on the foundation).

4. Determine the depth (D = D) at which (Ac’/o6,) = 0.05.

5. Determine the depth (D = D3) which is the distance from the lower face
of the foundation to bedrock (if encountered).

6. Choose the smaller of the three depths, (D,, D,, and D), just determined
IS the approximate required minimum depth of boring.
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After determining the value of (D) as explained above the final depth of
boring (from the ground surface to the calculated depth) is:

Dboring =D¢+D
Because the Drilling will starts from the ground surface.

Determining the value of vertical effective stress (o,):
The value of (o;,) always calculated from the ground surface to the
required depth, as we previously discussed in Ch.9 (Soil Mechanics).
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Determining the increase in vertical effective stress(Ac’):

The value of (Ac") always calculated from the lower face of the foundation
as we discussed previously in soil mechanics course (Ch.10).

An alternative approximate method can be used rather than (Ch.10) in soil
mechanics course, this method is easier and faster than methods in (Ch.10).
This method called (2:1 Method). The value of (Ac") can be determined
using (2:1 method) as following:

According to this method, the value of (Ac") at depth (D) is:

P P
A~ (B+D)x(L+D)

I
Aop =

P = the load applied on the foundation (KN).
A = the area of the stress distribution at depth (D).
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Note that the above equation is based on the assumption that the stress from
the foundation spreads out with a vertical-to-horizontal slope of 2:1.
Now, the values of (D, and D,) can be calculated easily as will be seen later.

Note: if the foundation is circular the value of (Ac") at depth (D) can be
determined as following:

B+D

P P
Area at depth (D) % X (B + D)2

I _
Aop =

P = the load applied on the foundation (KN).
B = diameter of the foundation(m).
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In practice: The number of boreholes and the depth of each borehole will be
identified according to the type of project and the subsoil on site, the
following is example for a 5 story residential building with dimensions of
(40 x 70) m:

v' The required number of boreholes = 5 boreholes (one at each corner and

one at the center) as mentioned previously.

v" The depth of each borehole for this project is (8-10) m up to a depth of
water table.

The following figure shows the distribution of boreholes on the land:

Open Area
o
vy,
® T .5
2
U ,@ D
® “ 5
[
< <
- vy -
O ®
o =~ o
O @)
® T®
~ N

Un—Paved Street

Page (7) Ahmed S. Al-Agha




Foundation Engineering

Procedures for Sampling Soil
There are two types of samples:

» Disturbed Samples: These types of samples are disturbed but
representative, and may be used for the following types of laboratory soil
tests:

Grain size analysis.

Determination of liquid and plastic limits.

Specific gravity of soil solids.

Determination of organic content.

Classification of soil.

But disturbed soil samples cannot be used for consolidation, hydraulic

conductivity, or shear tests, because these tests must be performed on

the same soil of the field without any disturbance (to be
representative)

The major equipment used to obtain disturbed sample is (Split Spoon)

which is a steel tube has inner diameter of 34.93 mm and outer diameter

of 50.8mm.

AN NI N IR

> Undisturbed Samples: These types of samples are used for the
following types of laboratory soil tests:
v" Consolidation test.
v" Hydraulic Conductivity test.
v" Shear Strength tests.
These samples are more complex and expensive, and it’s suitable for
clay, however in sand is very difficult to obtain undisturbed samples.
The major equipment used to obtain undisturbed sample is (Thin-Walled
Tube).

Degree of Disturbance
If we want to obtain a soil sample from any site, the degree of disturbance
for a soil sample is usually expressed as:

2 2

Ap(%) = °D2 L x 100
i

AR = arearatio (ratio of disturbed area to total area of soil)
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D, = outside diameter of the sampling tube.

D; = inside diameter of the sampling tube.

If (AR) < 10% — the sample is undisturbed.

If (AR) > 10% — the sample is disturbed.

For a standard split-spoon sampler (which sampler for disturbed samples):
(50.8)% — (34.93)?

(34.93)2 x 100 = 111.5% > 10% — disturbed.

Ar (%) =

Standard Penetration Test (SPT)

This test is one of the most important soil tests for geotechnical engineers
because it’s widely used in calculating different factors as will explained
later. This test is performed according the following procedures:

1. Determining the required number and depth of boreholes in the site.

2. The sampler used in SPT test is (Standard Split Spoon) which has an
inside diameter of 34.39 mm and an outside diameter of 50.8 mm.

3. Using drilling machine, 1.5m are drilled.

4. The drilling machine is removed and the sampler will lowered to the
bottom of the hole.

5. The sampler is driven into the soil by hammer blows to the top of the
drill rod, the standard weight of the hammer is 622.72 N (63.48 Kg), and
for each blow, the hammer drops a distance of 76.2 cm.

6. The number of blows required for a spoon penetration of three 15 cm
intervals are recorded.

7. The first 15 cm drive is considered as seating load and is ignored.

8. The number of blows required for the last two intervals are added to
give the Standard Penetration Number (N) at that depth.

9. The sampler is then withdrawn and the soil sample recovered from the
tube is placed in a glass bottle and transported to laboratory.

10. Using the drilling machine to drill another 1.5m and then repeat the
above steps for each 1.5 m till reaching the specified depth of borehole.

11.Take the average for (N) value from each 1.5 m to obtain the final
Standard Penetration Number.

12.Split Spoon samples are taken at intervals (1.5m) because theses samples
are highly disturbed.
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Drilling Machine

STANDARD PENETRATION TEST (SPT)

SPT
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Correction to N value

There are several factors contribute to the variation of the standard
penetration number (N) at a given depth for similar profiles. Among these
factors are the SPT hammer efficiency, borehole diameter, sampling method,
and rod length.

In the field, the magnitude of hammer efficiency can vary from 30 to 90%,
the standard practice now is to express the N-value to an average energy
ratio of 60% (Ngo) (but we assume it 100%), so correcting for field
procedures is required as following:

N.. = Nnunsnsnr
60="¢5

N= measured penetration number.

N¢o = standard penetration number, corrected for the field conditions.
Ny = hammer efficiency (%).

N = correction for borehole diameter.

Ns = sampler correction.

Nr = correction for rod lenght.

Variations of ny, ng,Ns, and ng are summarized in table 2.5 (page 84).
Note: take nyg = 0.6 (US safety hammer).

Correlations for Ngg:

Ngo can be used for calculating some important parameters such as:

v" Undrained shear strength (C,) (page 84 in text book).

v Overconsolidation ratio (OCR) (page 85).

v" Angle of internal friction (¢) (page 88).

v" Relative Density (D,)(page 87 ).

v" Allowable bearing capacity (qaj net) and Settlement (S.)(Ch. 5 page 263).

Soil Report
Different soil reports will be discussed on the lecture.
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Problems:
1.

Site investigation is to be made for a structure of 100m length and 70m
width. The soil profile is shown below, if the structure is subjected to 200
KN/m? what is the approximate depth of borehole (Assume

Yw =10KN/m3).

200KN/m?

y
Struct
ructure 7] GWT

T 100m =

Ysat = 18KN/m?®

130m
J 0
Bedrock
Solution
Givens:

q = 200KN/m? , structure dimensions = (70 x 100)m
- P =200 x (100 x 70) = 1.4 x 106 KN.
D¢ = 0.0 (Structure exist on the ground surface) , yqu = 18KN/m3.

D; = 130m (distance from the lower face of structure to the bedrock).

1. Calculating the depth (D) at which Aoy, = (%) Xq:
L — (L — 2
(10) X q = (10) x 200 = 20KN/m? .
The following figure showing the distribution of stress under the structure at
depth (D,):
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P=1.4x10°KN

The increase in vertical stress (Ac") at depth (D,) is calculated as follows:

o P 1.4 x 10
°D: = A T (100 + D,) x (70 + D,)

1.4x10°
(100+D;)x(70+D;)

@D1—>AG’=(1—10)><q—> =20 > D, = 180 m.

2. Calculating the depth (D,) at which (i—'f’) =0.05:

The effective stress(oy,) at depth D, is calculated as following:
O-E),Dz = (Ysat - Yw) X DZ
- G:),Dz - (18 - 10) X Dz i ()-:)’D2 - 8D2.

The increase in vertical stress (Ac") at depth (D) is calculated as follows:

Aot =P 1.4 x 10°
°D: A T (100 + D,) x (70 + D)
Ac’ 1.4x10°
@D, - (G_) = 0.05 - oo o = 005X (8D;) > D, = 1014 m

So, the value of (D) is the smallest value of D,, D,,and D; » D = D, = 101.4 m.
- Dboring =D¢+D— Dboring =0.0+1014=1014m V.
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2. (Mid 2005)

Site investigation is to be made for a structure of 100m length and 70m
width. The soil profile is shown below. Knowing that the structure exerts a
uniform pressure of 200 KN/m? on the surface of the soil, and the load
transports in the soil by 2V:1H slope.

What is the approximate depth of borehole? (Assume y,, =10KN/m®).

200KN/nY

[ 2wu777) e

100m

K

Ysat = 17KN/m?

100m Ysat = 19KN/m3

SIS S S S

Bedrock

Solution
Givens:
q = 200KN/m? , structure dimensions = (70 x 100)m
— P =200 x (100 x 70) = 1.4 x 10° KN.
D¢ = 0.0 (Structure exist on the ground surface).

D; = 130m (distance from the lower face of structure to the bedrock).

1. Check if (D;<30m or D;>30m):
@ depth D=30 m if Ac’ < (1—10) X q - D; < 30m, elseD; > 30m ——
Because the magnitude of (Ac") decreased with depth.
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(1)>< —(1)><200—20KN 2
10/~ 17 10 = fm”

The following figure showing the distribution of stress under the structure at
depth (30m):

P=1.4x10°KN

2 / -
1

7,

0&30\/\/1 W?JG

The increase in vertical stress (Ac") at depth (30m) is calculated as follows:
P 1.4 x 10°

Aoy, == = = 107.7 KN/m?.

30m = A 7 100 + 30) x (70 + 30) /m

1

- Ao3om > (1—0) X q—- D; > 30m.
2. Calculating the depth (D,) at which Aep, = (%) Xq:
(1)x —(1)x200—20KN 2

10/ 797 \10 = 20KN/m?.
The increase in vertical stress (Ac") at depth (D,) is calculated as follows:
Aot P 1.4 x 10°

°p1 = A T (100 + D,) x (70 + D,)

(1 1.4x10° . .

@D, ~ Ao’ = (1_0) X4 004D )x(704Dy) 20 = Dy = 180 m.
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3. Check if (D,<30m or D,>30m):

@ depth D=30 m if () < 0.05 - D, < 30m, elseD, > 30m —-

Oo

Ac’

. ) decreased with depth.
Ac%on, = 107.7 KN/m?(as calculated above).

The effective stress at depth (30m) is calculated as follows:

0-:),30m = (Ysat - Yw) x 30
= 0g30m = (17 = 10) X 30 = 05 30y = 210KN/m?

Ao’ 107.7
> | = ( ) = 0.51> 0.05 - D, > 30m.
o, 210

Because the magnitude of (

4. Calculating the depth (D;) at which () = 0.05 :

Let D, = 30 + X (X: distance from layer (2)to reach(D,).
The effective stress(oy,) at depth D, is calculated as following:
Oop, = (17 —10) X 30 + (19 — 10) x X

- opp, = 210 + 9X.

The increase in vertical stress (Ac") at depth (D) is calculated as follows:
P 1.4 x 10°

A ! = — = ,b tD - 30 X
oD, T (100 + D,) X (70 + D,) e e
, 1.4 x 108
Aop, =
2 (130 + X) x (100 + X)
Ac’ 1.4x10°
@D, - (G_) =0.05 > o = 0.05 X (210 + 9)

- X=69m—->D, =69+30=99m

So, the value of (D) is the smallest value of D,, D,, and D3 » D = D, = 99 m.
= Dporing = Df+ D = Dporing = 0.0 +99=99m V.
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3. (Mid 2013)

For the soil profile shown below, if D;=10m and D,=2D;.

A- Determine the dimensions of the foundation to achieve the required depth
of borehole.

B- Calculate the load of column which should be applied on the foundation
to meet the required depth of boring.

T.\“.\\\\“.\\“.\ 5? FETErrrrrrry

Ysat = 22 KN/m3
30m

S S S

Bedrock

Solution
Givens:
D;=10m , D, =2D; - D, =2X10=20m , Df=2m
D; = 40m (distance from the lower face of foundation to the bedrock)
A. (B=??)

@D; - Aop, = (1—10) X q
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The following figure showing the distribution of stress under the structure at
depth (D;=10m):

The increase in vertical stress (Ac") at depth (D; = 10m) is calculated as
follows:

Aol =2 =— Aop, = ——
OD1 T A T (Brio)x(B+10) oD: T (Br10)? Eq.1

_P_ P 1\ P |
9= %~ BxB) _)[(E) 9= 10(B><B)J >Eq.2

P P

(B+10)2  10B2 - B=4.62m/.

By equal 1&2—

B. (P=??)
D,=2D; » D,=2x10=20m, B=4.62m
@D, — Aop, = 0.05 X o4 p,

, _P_ P o P |_>
Aop, = A (B+20)x(B+20) _)[AGDZ  (4.62+20)2 =
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The effective stress(oy,) at depth (D,=20m) is calculated as following:
o, is calculated from the ground surface
Oop, = 18 X 2+ 18 x 10 + (22 — 10) x 10 = 336KN/m”

= 0.05x 336

@D, - Aop, = 0.05 X 04p, = 4621 20)2

- P =10,183.2KN/V.

4,

Site investigation is to be made for 2500 KN load carried on (3.0 m x 2.0 m)
footing. The foundation will be built on layered soil as shown in the figure
below, estimate the depth of bore hole. (Assume y,,= 10KN/m®).

2500 KN

Clay Ygur = 16.9 KN/m3

S LSS S S

Bedrock
Solution
Givens:
P = 2500 KN , foundation dimensions = (3 X 2)m
q=£=@=41667KN/m2 Df = 1.5m
A 3x2 ' P

D; = 100 — 1.5 = 98.5m
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Without check, it’s certainly the values of D; & D, > 3.5m, but if you don’t
sure you should do the check at every change in soil profile (like problem 2).

1. Calculating the depth (D,) at which Aep,, = (%) Xq:
1 1
() xa= () x 41667 = 41.67KN/m? .

10
The following figure showing the distribution of stress under the foundation

at depth (D,):

2500KN

The increase in vertical stress (Ac") at depth (D,) is calculated as follows:
P 2500

A I = _ =
%01 T AT B3+ Dy x(2+Dy)
p_ (1 2500 . .
@D, > Ac’ = (10) X q = o= = 4167 > Dy = 5.26m.

3. Calculating the depth (D,) at which (i—'f’) =0.05:

Let D, = 3.5 + X (X: distance from the clay layer to reach(D,).

The effective stress(oy,) at depth D, is calculated as following:
cg,Dz =17%x15+17%x2+(185—-10) x 1.5+ (169 —10) x X
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— 0fp, = 72.25+6.9X — 0hp = 72.25+ 6.9 x (D, — 3.5)
> o) p, = 48.1 + 6.9D,

The increase in vertical stress (Ac") at depth (D) is calculated as follows:

Aot P 2500
°p: T AT 3+D,) x (2+Dy)
Ao" _ 2500 _
@D, - (G_) =005 > = 0= = 0.05 X (48.1 + 6.9D;)

- D, =1547m
So, the value of (D) is the smallest value of D,, D,, and D; » D = D; = 5.26 m.
- Dboring = Df +D - Dboring =15+4+15.26=6.76 m V.
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ate Bearing Capacity of Shallow Foundations

Introduction

To perform satisfactorily, shallow foundations must have two main

characteristics:

1. They have to be safe against overall shear failure in the soil that

supports them.

2. They cannot undergo excessive displacement, or excessive settlement.

Note: The term excessive settlement is relative, because the degree of
settlement allowed for a structure depends on several considerations.

Types of Shear Failure
Shear Failure: Also called “Bearing capacity failure” and it’s occur when
the shear stresses in the soil exceed the shear strength of the soil.

There are three types of shear failure in the soil:
1. General Shear Failure

Initial Ground ==
Surface

Final Ground
Surface

\ Shear Surfaces

Load/unit area, ¢

>

qll

Y

Settlement
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The following are some characteristics of general shear failure:

v" Occurs over dense sand or stiff cohesive soil.

v Involves total rupture of the underlying soil.

v' There is a continuous shear failure of the soil from below the footing to
the ground surface (solid lines on the figure above).

v When the (load / unit area) plotted versus settlement of the footing, there
Is a distinct load at which the foundation fails (Q,)

v The value of (Q,) divided by the area of the footing is considered to be
the ultimate bearing capacity of the footing(q,,).

v For general shear failure, the ultimate bearing capacity has been defined
as the bearing stress that causes a sudden catastrophic failure of the
foundation.

v" As shown in the above figure, a general shear failure ruptures occur and
pushed up the soil on both sides of the footing (In laboratory).

v However, for actual failures on the field, the soil is often pushed up on
only one side of the footing with subsequent tilting of the structure as
shown in figure below:
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2. Local Shear Failure:

Initial Ground=—> —
Surface

Shear Surfaces

Load/unit area, g

>

\/

Settlement

The following are some characteristics of local shear failure:

v" Occurs over sand or clayey soil of medium compaction.

v Involves rupture of the soil only immediately below the footing.

v There is soil bulging (Js_» s' #&3l) on both sides of the footing, but the
bulging is not as significant as in general shear. That’s because the
underlying soil compacted less than the soil in general shear.

v" The failure surface of the soil will gradually (not sudden) extend outward
from the foundation (not the ground surface) as shown by solid lines in the
above figure.
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v" S0, local shear failure can be considered as a transitional phase between
general shear and punching shear.

v Because of the transitional nature of local shear failure, the ultimate
bearing capacity could be defined as the firs failure load (q, ;) which occur
at the point which have the first measure nonlinearity in the load/unit area-
settlement curve (open circle), or at the point where the settlement starts
rabidly increase (q,) (closed circle).

v' This value of (q,) is the required (load/unit area) to extends the failure
surface to the ground surface (dashed lines in the above figure).

v" In this type of failure, the value of (q,,) it’s not the peak value so, this
failure called (Local Shear Failure).

v The actual local shear failure in field is proceed as shown in the following
figure:

3. Punching Shear Failure:

-----------

ey e
---------- -—

- -
e - - - - - - -

-
- - e et N = wn s ww - ww wn -

Shear Surfaces
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Load/unit area, g

Surface
y footing

Settlement
The following are some characteristics of punching shear failure:

v" Occurs over fairly loose soil.

v" Punching shear failure does not develop the distinct shear surfaces
associated with a general shear failure.

v" The soil outside the loaded area remains relatively uninvolved and there is
a minimal movement of soil on both sides of the footing.

v" The process of deformation of the footing involves compression of the
soil directly below the footing as well as the vertical shearing of soil around
the footing perimeter.

v" As shown in figure above, the (q)-settlement curve does not have a
dramatic break (>l ua5), and the bearing capacity is often defined as the
first measure nonlinearity in the (q)-settlement curve(qy ).

v Beyond the ultimate failure (load/unit area) (qy, 1), the (load/unit area)-
settlement curve will be steep and practically linear.

v’ The actual punching shear failure in field is proceed as shown in the
following figure:
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Ultimate Bearing Capacity (q,)

It’s the minimum load per unit area of the foundation that causes shear
failure in the underlying soil.

Or, it’s the maximum load per unit area of the foundation can be resisted
by the underlying soil without occurs of shear failure (if this load is
exceeded, the shear failure will occur in the underlying soil).

Allowable Bearing Capacity (q.y)

It’s the load per unit area of the foundation can be resisted by the underlying
soil without any unsafe movement occurs (shear failure) and if this load is
exceeded, the shear failure will not occur in the underlying soil till reaching
the ultimate load.

Terzaghi’s Bearing Capacity Theory

Terzaghi was the first to present a comprehensive theory for evaluation of
the ultimate bearing capacity of rough shallow foundation. This theory is
based on the following assumptions:

1. The foundation is considered to be sallow if (D; < B).
2. The foundation is considered to be strip or continuous if (% - 0.0).

(Width to length ratio is very small and goes to zero), and the derivation of
the equation is to a strip footing.

3. The effect of soil above the bottom of the foundation may be assumed to
be replaced by an equivalent surcharge (q = y X D). So, the shearing
resistance of this soil along the failure surfaces is neglected (Lines ab and cd
in the below figure)

4. The failure surface of the soil is similar to general shear failure (i.e.
equation is derived for general shear failure) as shown in figure below.

Note:

1. In recent studies, investigators have suggested that, foundations are
considered to be shallow if [ Df < (3 — 4)B], otherwise, the foundation is
deep.

2. Always the value of (q) is the effective stress at the bottom of the
foundation.
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N s

Terzaghi’s Bearing Capacity Equations
As mentioned previously, the equation was derived for a strip footing and
general shear failure, this equation is:

qu = c¢N¢ + gqNg + 0.5ByN, (for continuous or strip footing)

Where

qy = Ultimate bearing capacity of the underlying soil (KN/m?)

¢ = Cohesion of undelying soil (KN/m?)

q = Efeective stress at the bottom of the foundation (KN/m?)

N, Ng, N, = Bearing capacity factors (nondimensional)and are
functions only of the underlying soil friction angle, ¢, >—

The variations of bearing capacity factors and underlying soil friction angle
are given in (Table 3.1, P.139) for general shear failure.

The above equation (for strip footing) was modified to be useful for both
square and circular footings as following:

For square footing:
qu = 1.3cN¢ + qNg + 0.4ByN,
B = The dimension of each side of the foundation .

For circular footing:

qu = 1.3cN¢ + qNg + 0.3ByN,,

B = The diameter of the foundation .

Note:

These two equations are also for general shear failure, and all factors in the
two equations (except, B,) are the same as explained for strip footing.
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Now for local shear failure the above three equations were modified to be
useful for local shear failure as following:

2
qQy = §cN{: + qNé1 + O.SByN{( (for continuous or strip footing)

qy = 0.867cN¢ + qNg + 0.4ByN,, (for square footing)

du = 0.867cN¢ + qNg + 0.3ByN,, (for circular footing)

N¢, Ng, Ny = Modified bearing capacity factors and could be determined
by the following two methods:

1. (Table 3.2 P.140) variations of modified bearing capacity factors and
underlying soil friction angle.

2. [(Table 3.1 P.139)(if you don’t have Table 3.2)], variation of bearing
capacity factors and underlying soil friction angle, but you must do the
following modification for the underlying soil friction angle:

2
tan (General Shear) = 3 X tan¢ (Local Shear) —»—

Pmodified general = tan™! (g tan(blocal)

For example: Assume we have local shear failure and the value of ¢ = 30°

1. By using (Table 3.2) N¢, Ng, Ny, = 18.99,8.31, and 4.9 respectively

2. By using (Table 3.1) = bmodified general = tan™ (g tan3o°) =21.05 -

(Ne, Ng, Ny)21.05table 31 = (Ne, Ng, Ny 3o table 32 = 18.92,8.26,and 4.31 respectively

General Bearing Capacity Equation (Meyerhof Equation)
Terzagi’s equations shortcomings:
» They don’t deal with rectangular foundations (0 < % < 1).

» The equations do not take into account the shearing resistance along the
failure surface in soil above the bottom of the foundation (as mentioned
previously).

» The inclination of the load on the foundation is not considered (if exist).
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To account for all these shortcomings, Meyerhof suggested the following
form of the general bearing capacity equation:

qu = N FeoFeqFei + qQNGFqsFqaFqi + 0.5BYN,F ¢F 4F

Where

¢ = Cohesion of the underlying soil

q = Effective stress at the level of the bottom of the foundation.
Y = unit weight of the underlying soil

B = Width of footing (= diameter for a circular foundation).
N¢, Ng, Ny = Bearing capacity factors(will be discussed later).
Fes, Fgs, Fys = Shape factors (will be discussed later).

Fcq, Fqa, Fya = Depth factors (will be discussed later).

Fei, Fqi, Fyi = Inclination factors (will be discussed later).

Notes:

1. This equation is valid for both general and local shear failure.

2. This equation is similar to original equation for ultimate bearing capacity
(Terzaghi’s equation) which derived for continuous foundation, but the
shape, depth, and load inclination factors are added to this equation
(Terzaghi’s equation) to be suitable for any case may exist.

Bearing Capacity Factors:
The angle a = ¢ (according Terzaghi theory in the last figure “above”) was

replaced by a = 45 + %. So, the bearing capacity factor will be change.

The variations of bearing capacity factors (N, Ng, N,) and underlying soil
friction angle (¢) are given in (Table 3.3, P.144).

Shape Factors:

e Q)

B
Fqs =14+ (E) tan¢

B
Fye=1—04 (E)
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Notes:
1. If the foundation is continuous or strip — % =0.0

2. If the foundation is circular-» B = L = diameter — % =1

Depth Factors:

D
>For £ <1
B
1. For¢ =10.0
D¢
ch =1 + 0.4 (E)
qu =1
Fyd =1
2. Forg > 0.0
1—Fgq
Feq = Fqq — 1
cd ™ "ad " N_tand
. .~ (Ds
Fqa = 1+ 2 tand (1 — sind) (E)
Fyd == 1
D
> For Ef > 1
1. For$ =0.0

D
Fw==1+04tmr1(§)

N————_—_—
radians
qu == 1
Fyd - 1
2.For¢ > 0.0
1—Fgq
Feq = Fqa — 1
cd ™ "ad " N _tand
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B

radians

o .1 (Drf
Fqa =1+ 2tand (1 — sin¢p)“ tan <—)
Fyd = 1
Important Notes:
1. If the value of (B) or (Dy)is required, you should do the following:

v Assume (% < 1) and calculate depth factors in term of (B) or (Dy).

v" Substitute in the general equation, then calculate (B) or (Dy).
v' After calculated the required value, you must check your

assumption— (% < 1).
v" If the assumption is true, the calculated value is the final required

value.
v' If the assumption is wrong, you must calculate depth factors in case

of (% > 1) and then calculate (B) or (Ds) to get the true value.

2. For both cases (% < 1) and (% > 1) if ¢ > 0 — calculate Fyq firstly,
because F.q depends on Fyq.

Inclination Factors:

oy 2
B
Fci - Fqi - <1 —%

Bo
Fyi - <1 - (I)O>

B" = Inclination of the load on the foundation with respect to the vertical

Note:

If B” = ¢ = Fy; = 0.0,s0 you don’t need to calculate F,; and F,q,
because the last term in Meyerhof equation will be zero.
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Factor of Safety

From previous two equations (Terzaghi and Meyerhof), we calculate the
value of ultimate bearing capacity (q,) which the maximum value the soil
can bear it (i.e. if the bearing stress from foundation exceeds the ultimate
bearing capacity of the soil, shear failure in soil will be occur), so we must
design a foundation for a bearing capacity less than the ultimate bearing
capacity to prevent shear failure in the soil. This bearing capacity is
“Allowable Bearing Capacity” and we design for it (i.e. the applied stress
from foundation must not exceeds the allowable bearing capacity of soil).

(Qu,gross

. Qu,gross
Jall,gross = FS —— Applied stress < Jall,gross =

FS
dallgross = Gross allowable bearing capacity

Qu,gross = Gross ultimate bearing capacity (Terzaghi or Meyerhof equations)
FS = Factor of safety for bearing capacity > 3

However, practicing engineers prefer to use the “net allowable bearing
capacity” such that:

q _ qu,net
all,net FS

qunet = Net ultimate bearing capacity, and it’s the difference between the
gross ultimate bearing capacity (upward as soil reaction) and the weight of
the soil and foundation at the foundation level (downward), to get the net
pressure from the soil that support the foundation.

Qunet = qu,gross - Ychc - Yshs

Since the unit weight of concrete and soil are convergent, then

. _ qu,gross —q
Qu,net = qu,gross —(q ~ Gall,net = FS

q = Effective stress at the level of foundation level.

If we deal with loads (Q)

q _ Qu,gross +FS _ Qall,gross
WEIOSS T Area Area

> qall,gross -
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Modification of Bearing Capacity Equations for Water
Table

Terzaghi and Meyerhof equations give the ultimate bearing capacity based

on the assumption that the water table is located well below the foundation.
However, if the water table is close to the foundation, the bearing capacity

will decreases due to the effect of water table, so, some modification of the
bearing capacity equations (Terzaghi and Meyerhof) will be necessary.

The values which will be modified are:
1. (g for soil above the foundation) in the second term of equations.
2. (y for the underlying soil) in the third (last) term of equations .

There are three cases according to location of water table:

Case I. The water table is located so that 0 < D; < D¢ as shown in the
following figure:

Y Dy
___________ ____!__ ——-Case |
Df Ysat
D,
Ysat

v' The factor ,q, (second term) in the bearing capacity equations will takes
the following form: (For the soil above the foundation)
q = effective stress at the level of the bottom of the foundation

_)q:D1XY+D2X(Ysat_YW)

v’ The factor, vy, (third term) in the bearing capacity equations will takes the
following form:  (For the soil under the foundation)
y = effective unit weight for soil below the foundation - y' = vt — Yw
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Case Il. The water table is located so that 0 < d < B as shown in the
following figure:

Y

Dy
] [— b 5 -
I n

d ¥

_ _________——%—————Caseﬂ

B Ysat

B-d
.

v' The factor ,q, (second term) in the bearing capacity equations will takes
the following form: (For the soil above the foundation)

q = effective stress at the level of the bottom of the foundation

= q=DeXxy

v' The factor ,y, (third term) in the bearing capacity equations will takes the
following form:  (For the soil under the foundation)

y = effective unit weight for soil below the foundation at depth d = B
I.e. calculate the effective stress for the soil below the foundation from

(d = 0 to d = B), and then divide this value by depth (d = B) to get the
representative effective unit weight (y) for this depth.

0o =dXy+ (B—d) X (Vsat — Yw) = 0pop =d Xy + (B—d) xy

+B Ogog dXYy+BXy —dxy _ ,+d><(y—y’)
> = —_ = _—
B B y=y B
Case I11. The water table is located so that d = B, in this case the water
table is assumed have no effect on the ultimate bearing capacity.
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Eccentrically Loaded Foundation

If the load applied on the foundation is in the center of the foundation
without eccentricity, the bearing capacity of the soil will be uniform at any
point under the foundation (as shown in figure below) because there is no
any moments on the foundation, and the general equation for stress under the
foundation is:

M M, X
Stress = — + x Y + Y
A I, Iy
In this case, the load is in the center of the foundation and there are no
moments SO,

Stress = % (uniform at any point below the foundation)

iii'-.-x---:-;- A A g ey DA “‘
LTI Jerormns

However, in several cases, as with the base of a retaining wall or neighbor
footing, the loads does not exist in the center, so foundations are subjected to
moments in addition to the vertical load (as shown in the below figure). In
such cases, the distribution of pressure by the foundation on the soil is not
uniform because there is a moment applied on the foundation and the stress
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under the foundation will be calculated from the general relation:

Q My lv[y X . .
Stress = — + + (in case of two way eccentricity)
A~ I, Iy
But, in this section we deal with (one way eccentricity), the equation will be:
_Q, Mc
Stress = AT
Q Q

-
|
|

e

| BxL BxL

Since the pressure under the foundation is not uniform, there are maximum
and minimum pressures (under the two edges of the foundation) and we
concerned about calculating these two pressures.

General equation for calculating maximum and minimum pressure:

Assume the eccentricity is in direction of (B) Q
Q Mc
Stress—q—KiT /;,,_\‘M
A=BXxL
M=QXe
B

c=3 (maximum distance from the center)

_ B¥xL

12

(I'is about the axis that resists the moment)

Substitute in the equation, the equation will ~ Gmin
be:
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Q , QxexB Q__ 6eQ Q <1+6e)
= - = e d = —_—
9= xLT 2B xL 97 BxLTBL BxL\ — B
12
Q

1= B3xL

6e
(1 + E) General Equation

Now, there are three cases for calculating maximum and minimum pressures

. B . . ..
according to the values of (e and g) to maintain minimum pressure

always= 0
Case l. (Fore < g):

Q

S~

BRI

Omax

_BEL(1+%)

Amin

L0-5)
 BXL B
Note that when e < gthe value of qyin

Will be positive (i.e. compression).

If eccentricity in (L) direction:

qnin
(Fore<§):
__Q 1+6e) e
qmaX_BXL( L
_ Q (1 6e)
Amin = 5757, L

Case Il. (For e = g):

-2 (148
qmax - B X L B
Q
dmin — m(l - 1) = 0.0
Gmax
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Note that when e = gthe value of q,;, Will be zero (i.e. no compression and
no tension) and this case is the critical case and it is accepted.

If eccentricity in (L) direction:

(Fore =%):
Q 6e
Amax = BxL(HT)

Q
Omin = M(l - 1) = 0.0

Case I11. (For e > 2):
6

:r"e*‘*m'e]*ﬁ
|
|
|
|
|
|
|
|
|
:

Omax qnax.new

Lmlx

B N B

A

X

As shown in the above figure (1) the value of (qni,) 1S Negative (i.e. tension
in soil), but we know that soil can’t resist any tension, thus, negative
pressure must be prevented by making (q,i, = 0) at distance (x) from point
(A) as shown in the above figure (2), and determine the new value of
(gmax) by static equilibrium as following:

1
R = area of triangle X L = 3 X Qmaxnew X X X L »— (1)

sz=0.0—>R:Q—>—>(2)
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B

X B
—>Qx<5—e)=Rx§ (butfromEq.2—>R=Q)—>X=3(E—e)

Substitute by X in Eqg. (1) -
4Q

1 B
R=Q= E X Qmax.new X 3 (E — e) XL Omaxnew — 3L(B _ Ze)

If eccentricity in (L) direction:
(Fore > %):

__ %
qmax,new - 3B(L _ 26)
Note:

All the above equations are derived for rectangular or square footing, but if
the foundation is circular you should use the original equation for calculating
the stress:

Q , Mc
1=2+7T
Where

T
A= 7 D? (D is the diameter of the circular foundation)

D
C=—
2

s
[=—D*
64

And then calculate q,.x and qpuin
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Ultimate Bearing Capacity under Eccentric
Loading—One-Way Eccentricity

Effective Area Method:

As we discussed previously, if the load does not exist in the center of the
foundation, or if the foundation located to moment in addition to the vertical
loads, the stress distribution under the foundation is not uniform. So, to
calculate the ultimate (uniform) bearing capacity under the foundation, new
area should be determined to make the applied load in the center of this area
and to develop uniform pressure under this new area. This new area is called
Effective area. The following is how to calculateq,, for this case:

1. Determine the effective dimensions of
the foundation:

Effective width = B’ = B — 2e
Effective Length = L' = L
Byseq = min(B’,L)

L,used = maX(B" L,)

If the eccentricity were in the direction of
(L) of the foundation:

Effective width = B’ = B
Effective Length =L =L — 2e
Bl seq = min(B’, L")

L seq = max(B’,L")

used

2. If we want to use terzaghi’s equation Z

for example, for square footing: /

qu = 1.3cN¢ + qNg + 0.4ByN,

The value of B (in last term) will be B/ ;.4

because the pressure is uniform for this

value of width and the pressure does not %
7

uniform for width B. Other factors in the 1
equation will not change. |
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3. If we want to use Meyerhof Equation:
qu = CNcFesFeaFei + qNgFosFqaFqi + 0.5BYN, FysFyqFyi

!
use

The value of B (in last term) will be B
width.

q to get uniform pressure on this

In calculating of shape factors (F s, Fqs, Fys) US€ Byseq and Lig.q because
we concerned about the shape of the footing that make the pressure uniform.

In calculating of depth factors (Fcq, Fqq, Fyq) use the original value (B) and
don’t replace it by B ;.4 due to the following two reasons:

v’ Depth factors are used to consider the depth of the foundation and thereby
the depth of soil applied on the original dimensions of the foundation.

v’ In equations of depth factors, as the value of (B) decrease the depth
factors will increase and then the value of (q,,) will increase, so for more
safety we use the larger value of width (B) to decreases depth factors and
thereby decrease (q,) which less than (q,) if we use B ;.4(i-e. more safe).

4. If there is a water table (Case I1), we need the following equation to
calculate (y) in the last term of equations (Terzaghi and Meyerhof):

— , o dx(y-y'

The value of B used in this equation should be the original value (B) because
we calculate the effective unit weight (y) for depth (B) below the
foundation.

Safety Consideration
Calculate the gross ultimate load:

Qu = qu X (Lyseq X Bused) (A" = effective area)
AI
The factor of safety against bearing capacity is: FS = D >3
all
Maximum Applied Load < Q, = l?—‘;

The factor of safety against gy is: FS = —4- > 3

Omax

The value of q,; should be equal or more than q.x: a1 = 9max

The value of q,,;, should be equal or more than zero: q,,i, = 0.0
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Important Notes (before solving any problem)

1. The soil above the bottom of the foundation are used only to calculate the
term (q) in the second term of bearing capacity equations (Terzaghi and
Meyerhof) and all other factors are calculated for the underlying soil.

2. Always the value of () is the effective stress at the level of the bottom of
the foundation.

3. For the underlying soil, if the value of (c=cohesion=0.0) you don’t have to
calculate factors in the first term in equations (N in terzaghi’s equations)
and (N, F., Foq, Fc In Meyerhof equation).

4. For the underlying soil, if the value of (¢ = 0.0) you don’t have to
calculate factors in the last term in equations (N, in terzaghi’s equations)

and (Ny, Fys, Fyq, Fy; in Meyerhof equation).

5. If the load applied on the foundation is inclined with an angle (B = ¢) —
The value of (F,;)will be zero, so you don’t have to calculate factors in the
last term of Meyerhof equation (N, Fy, Fyq).

6. Always if we want to calculate the eccentricity, it’s calculated as
following:
Overall Moment

Vertical Loads

7. If the foundation is square, strip or circular, you may calculate (q,) from
terzaghi or Meyerhof equations (should be specified in the problem).

8. But, if the foundation is rectangular, you must calculate (q,) from
Meyerhof general equation.

9. If the foundation width (B) is required, and there exist water table below
the foundation at distance (d), you should assume d < B, and calculate B,
then make a check for your assumption.
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Problems
1.

The square footing shown below must be designed to carry a 2400 KN load.
Use Terzaghi’s bearing capacity formula and factor of safety = 3.
Determine the foundation dimension B in the following two cases:

1. The water table is at 1m below the foundation (as shown).
2. The water table rises to the ground surface.

2400 kN

i

¢ =32
C = 50 kN/m?
2m Yq = 17.25 kN/m3
3m
1 B
1 4
Ys = 19.5 kN/m3
Solution
1.
qu = 1.3¢N¢ + qNg + 0.4ByN,,

Qan
qQu = gan X FS (dan = Araea , FS=3)

Applied load < Q4 — Qany = 2400kN

Qun 2400 3% 2400
Qall = Area = B2 ES =3 =gz
¢ = 50 kN/m?

q(effective stress) = y X D = 17.25 X 2 = 34.5 kN/m?

Since the width of the foundation is not known, assume d < B
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e, Ax(y—Y)
Y=Y=Y+—Fp
Y =Ysat — Yw = 19.5—-10 = 9.5kN/m® , d=3 -2 =1m
_ 1x(17.25-9.5) _ 7.75
-y=95+ -y =095+—
B B
Assume general shear failure
Note:

Always we design for general shear failure (soil have a high compaction
ratio) except if we can’t reach high compaction, we design for local shear
(medium compaction).

For ¢ = 32" » N, = 44.04, N, = 28.52, N, = 26.87 (Table 3.1)
Now substitute from all above factors on terzaghi equation:

7200 7.75

C = 13X 50 X 4404+ 345 X 28.52 + 04 X B x (95 + =) x 2687
7200

7 = 3923.837 + 102.106 B

Multiply both sides by (B2) — 102.106 B* + 3923.837B* — 7200 = 0.0
—- B =1.33m/V.

2.

All factors remain unchanged except q and v:

q(effective stress) = (19.5 — 10) X 2 = 19 kN/m?

Y=Y =19.5-10=9.5kN/m?3

Substitute in terzaghi equation:

7200

gz 1.3 x50 X 44.04 +19 x 28.52 + 0.4 X B X 9.5 X 26.87
7200

gz 3404.48 + 102.106B

Multiply both sides by (B2) - 102.106 B® + 3404.48 B — 7200 = 0.0

- B=142mV .
Note that as the water table elevation increase the required width (B) will
also increase to maintain the factor of safety (3).
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2.

Determine the size of square footing to carry net allowable load of 295 KN.
FS=3. Use Terzaghi equation assuming general shear failure.

295 kN
¢ =35
C=0.0
1m Yq = 18.15kN/m3
B
¢ =25
C = 50 kN/m?
Ya = 20 kN/m3
Solution
Qall net 295
Qall,net = 295kN and we know Jall,net = ﬁ = Qall,net — ?
qu — (g
Also, Jall,net = uF—S
q(effective stress) = y x Dy = 18.15 x 1 = 18.15 kN/m? , FS =3
295 q, —18.15 885
- B2 = 3 —>qu=¥+ 18.15 -»- (1)

qu = 1.3cN¢ + qNg + 0.4ByN,

¢ = 50 kN/m?

q(effective stress) = 18.15 kN/m?

Y = 20 kN/m?3 (for underlying soil)

For ¢ = 25" - N, = 25.13, Ny = 12.72, N, = 8.34 (Table 3.1)

Substitute from all above factor in Terzaghi equation:
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qQu = 1.3 X 50 x 25.13 +18.15x 12.72 + 0.4 X B X 20 x 8.34
- (qu = 1864.318 + 66.72B

Substitute from Eq. (1):

885

B + 18.15 = 1864.318 + 66.72B
Multiply both side by B?2:

66.72 B3 + 1846.168B% — 885 = 0.0
- B=068m/.
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3.

For the square footing (2.5m x 2.5m) shown in the figure below, determine
the allowable resisting moment (M), if the allowable load P = 800 KN and
F.S = 3. (Using Meyerhof Equation).

P
.
[ ¢ =35
C=0
1.5m Yq = 16.8 KN/m3
J 2.5m
1m
I v
Ys = 20 kN/m3
Solution

M =Q X e =800e

qu = CNcFesFegFei + qNgFosFqaFqi + 0.5BYN, F s F, 4F,;

The first term in the equation will be zero because(c = 0), so the equation
will be:

qu = qNgFqsFqaFqi + 0.5BYN,F F 4Fy;

q(effective stress) = y X Dy = 16.8 X 1.5 = 25.2 kN/m?

Calculating the new area that maintains q,, uniform:
B =B—-2e—->B'=25—-2e , L'=25
B min(B’,L') =25—2e , L,.q =2.5m

! —
used — used —

qQu = qan X FS (Qan = A > A" = Bigeq X Lygeqa » FS=3)

Applied load < Q4 = Q. = 800kN
800 320 320 960

= = ) =3 X =
Qal = o5 2eyx25 25-2¢’  u 25—2e 25— 2e
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d = 1m < B = 2.5m — water table will effect on q, »>—

o, dx(y-Y) , . .
Y=Yy=vy + — 5 (Use B not B4 as we explained previously)
Y =Ysat — Yw =20 —10=10kN/m* , d=1m, y=16.8kN/m? -
_ 1x(16.8—10)
y=10+ 5T = 12.72 kN/m?

Bearing Capacity Factors:
For ¢ = 35" > N, = 46.12, N, = 33.3, N, = 48.03 (Table 3.3)

Shape Factors:
As we explained previously, use B| .4 and Lic.q

!

Bused Nq .
Fs=1+ % (N—) does not required (because c = 0.0)
C

used

!

Bused 25 - Ze
Fes =1+ ™ tanp =1 + (—) X tan35 =1.7—-0.56e

used 2.5
B! 2.5 — 2e
F S=1—0.4<Led>=1—0.4><(—)=0.6+0.32e
Y L 2.5
used

Depth Factors:
As we explained previously, use B not B ;.4

Df 1.5
—=—=06<1 and $ =35> 0.0 »--

B 25
1—Fgq
Fszd_ k!
¢ 9% N.tan¢

does not required (because ¢ = 0.0)

. .~z (Ds
Fqa =1+ 2tand (1 — sind) (E)
=1+ 2tan35 X (1 —sin35)% x 0.6 = 1.152

Fyd - 1
Inclination Factors:
The load on the foundation is not inclined, so all inclination factors are (1).

Now substitute from all above factors in Meyerhof equation:
960

_— = 2 X O X ./ — U, X 1.
=5 = 252%333x (17 - 056 €) x 1152

+0.5 X (2.5 — 2€) X 12.72 x 48.03 x (0.6 + 0.32 ¢)
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960
2.5 —2e
Multiply both sides by (2.5 — 2e) —»—

960 = 5254 — 4203.2e — 1658.85e + 1327.08e? — 488.75e% + 391¢3

— 391e3 + 838.33e? — 5862.05e + 4294 = 0.0
Solve fore—»> e = —=5.33 ore = 2.29 ore = 0.89

Now, the value of (e) must be less than 5 and must be positive value

= 2101.6 — 663.54 ¢ — 195.5¢

B 25
7= = 1.25 < 2.29 - reject the value of e = 2.29 and negative value
—-e=0.89m

Before calculate the value of moment, we check for gmax:

320 320

_ _ _ 2
dall = 35 55 =25 _2x089  T44A4kN/m

To calculate q,,,x We firstly should check the value of (e = 0.89m)

B 25 B
3 = - =0.416m —»> e =0.89 > 5 = 0.416 -»—
4Q
Umax = Qmaxnew = m
4 x 800

— — 2 —
qmax,new - 3% 25 % (25 — 2 x 089) 592.6 kN/m > dan 444 44

Now, we calculate the adequate value of “e” (that makes q,;; = qmax)

444,44 iakink 0.77
44 = —»e=0.
3x25x (25—2x¢e) o

M=Qxe=800x%x0.77=616 kN.m V.

Note that the only variable in this problem is e, so we calculate the value of e
that insure that the maximum pressure gmax does not exceed the allowable
pressure gq.
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4,

For the soil profile is given below, determine the allowable bearing capacity
of the isolated rectangular footing (2m x 2.3m) that subjected to a vertical
load (425 kN) and moment (85 kN.m), FS=3.

425 kN
85 kN.m
¢ =20
C = 35 kN/m?
15m Y4 = 16 KN/m3
—~23m WG.W.T
¢ =25 B
C=0
Ys = 19kN/m3
Solution
q q
Qu = dan X FS = qay =F—;—>Qan =?u

qu = CNcFesFegFei + qNgFosFqaFqi + 0.5BYN, F s F, 4F,;

Note that the value of (c) for the soil under the foundation equal zero, so the
first term in the equation will be terminated (because we calculate the
bearing capacity for soil below the foundation) and the equation will be:

Qu = qNgFqsFqaFqi + 0.5BYN, FyeFaFyy
q(effective stress) = y X Df = 16 X 1.5 = 24 kN/m?

Calculating the new area that maintains q,, uniform:
Note that the eccentricity in the direction of (L=2.3)
M 85

e=6=m=0.2m
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BB=B=2m- , '=L—-2e>L =23-2x%x0.2=19m
B min(B’,L')) =19m , L

used — 2m

lllsed =
Effective Area (A') = 1.9 X 2 = 3.8 m?

Water table is at the bottom of the foundation - y =y’ = y5 — vu
>y=vy =19 —-10 =9 kN/m3

Bearing Capacity Factors:
For ¢ = 25" —» N, = 20.72, Ny = 10.66, N, = 10.88 (Table 3.3)

Shape Factors:
As we explained previously, use B/ .4 and Lic.q

_ B(lsed NCl : —
Fos =1+ |- (=] doesnotrequired (because c = 0.0)
Lused NC

B 1.9
Fgs = 1+ (Led> tand = 1 + (—) X tan25 = 1.443

I",used 2
B 1.9
Fye=1- 0.4( ,“S‘*d> =1-04X (—) = 0.62
Lused 2

Depth Factors:
As we explained previously, use B not B ;.4

Df 1.5
§=7=0.75< 1 and ¢ =25> 0.0 >-—
Feg = Faa — =% does not required (b 0.0
ed = Fad = Tane oes not required (because ¢ = 0.0)
. .~ (Ds
Fqa =1+ 2tand (1 — sind) (E)
=1+ 2 tan25 X (1 —sin25)% x 0.75 = 1.233
Fyd =1

Inclination Factors:
The load on the foundation is not inclined, so all inclination factors are (1).

Now substitute from all above factors in Meyerhof equation:
Qu = 24 X 10.66 X 1.443 x 1.2334+ 0.5Xx 1.9 x9x 10.88 X 0.62 x 1

- qu = 512.87 kN/m?
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q, 512.87
Qan =5 =3 = 170.95 kN/m? v .

Now, we check for qpax = Amax < dan

Now, to calculate q,,.x We firstly should check the value of (e = 0.2m)

L—2'3—038 —02<B—038
g—?— oom — e = U, g— . -

L2 (1,5
qmaX_BXL L
425 (1+6><0.2
Amax = 57553 23

So, the allowable bearing capacity of the foundation is 170.95 kN/m? V.

) = 140.6kN/m? < q,;; = 170.95 kN/m?

Important Note:

If the previous check is not ok, we say (without calculations): the allowable
bearing capacity of 170.95 is not adequate for gmax, SO the footing
dimensions (B or L) must be enlarged to be adequate, the dimension (B or L)
Is the dimension in the direction of eccentricity (L in this problem).

But, if you are asked to calculate the new dimension of the footing:
Put: qpmax = qan and then substitute in equation of q,,,,« to calculate
the new dimension
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5.

An eccentrically loaded rectangular foundation (6ft x 8ft) shown below. Use
factor of safety of 3 and if e = 0.5ft, determine the allowable load that the
foundation could carry. (The factor of safety is based on the maximum
stress along the base of the footing).

Q
€ o
|
|
|
3t | Yq = 110pcf
I B I ) AXA S
I JE—
4t |
4 -~ 6ft—
| A 4
¢ =15
C = 800psf
Ys = 122.4pcf
Solution
Note that the factor of safety is for q,,.x = FS = (f—“ > 3 (As required)

Qu = CNcFesFeaFei + qNgFosFqaFqi + 0.5BYN, FysFyqFyi

c = 800 Ib/ft?

q(effective stress) = 110 x 3 + (122.4 — 62.4) X 4 = 570 Ib/ft?
Calculating the new area that maintains q,, uniform:

Note that the eccentricity in the direction of (B=6)

e = 0.5ft

B'=B—-2e=6-2x05=5ft , L'=L=8ft

Blseqg = min(B’, L) = 5ft , L q = 8ft

Effective Area (A') = 5 x 8 = 40 ft?
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Water table is above the bottom of the foundation -y =y’ = y; — vu
>y=v =122.4—62.4 =60 Ib/ft3

Bearing Capacity Factors:
For ¢ = 15° - N, = 10.98, Ny = 3.94, N, = 2.65 (Table 3.3)

Shape Factors:
As we explained previously, use B .4 and L o4

’ 1+<5)<3'94>—1224
g8/\10.98/

B N
ot (B ()
used NC
_ Bused _ 5 _
Fgs =1+ % tanp =1 + 3 X tan15 = 1.167

!

used
B 5
Fye = 1— 0.4 (L‘“i) =1-04X (—) =0.75
L 8
used

Depth Factors:
As we explained previously, use B not B ;.4

D¢ 7
§=€=1.16>1 and ¢ =15> 0.0 >->—

— N2 1 (s
Fqa =1+ 2tand (1 — sin¢p)“ tan B

radians
D 7
tan~! (Ef) =tan~! (E) = 0.859
radians

— Fgq = 1+ 2tan(15) X (1 —sin15)% x 0.859 = 1.252

L=Faa _ oo, 1-1252 ..
d " N_tandp 1098 X tan(15) ~

ch =F
Fyd = 1
Inclination Factors:

The load on the foundation is not inclined, so all inclination factors are (1).

Now substitute from all above factors in Meyerhof equation:

gy = 800 X 10.98 x 1.224 x 1.337 + 570 X 3.94 X 1.167 X 1.252
4+0.5%x5x60x%x2.65x%x0.75x1
- qy = 17954.34 Ib/ft?
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Now, to calculate q,,,.x We firstly should check the value of (e = 0.5ft)

B_% i 05 <> -1
—=-== —-e=0. —=1--
6 6 © 6

Q 6e
Amax = g L(l +F)

X
__Q (1+6X0'5)—003125
qmax_6x8 6 - . Q
FS = —% =3 5 q, = 3qumax
Amax

— 17954.34 = 3 x 0.03125Q - Q = 191512.96 Ib = 191.5 Kips V.

6.

For the rectangular foundation (2m x 3m) shown below:

a) Compute the net allowable bearing capacity (FS=3).

b) If the water table is lowered by 2m. What effect on bearing capacity
would occur due to the water lowering?

700 kN |
|
|
|
60°7\ |
LSS | RNNNNAN L 5
_ 3| ! m
e YaZ BN L Wewr
1.5m |
|
|
¢ = 25°
C=0.0
Ys = 21 kN/m3
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Solution
Important Note:
The load on the foundation is considered inclined when this load is applied
directly on the foundation, however if the load does not applied directly on
the foundation (like this problem), this load is not considered inclined.

The analysis of the inclined load (700 KN) on the column will be as shown
in figure below:

700 sin(60) 606.2 kN

350 x 1.5 = 525 kN.m
700 cos(60)

1 0.5m l 0.5m
‘ b AATA NS ' B A<XUA N

|

|

|

|

I
o

|

|

|

|

1
o

The inclined load on the column will be divided into two components
(vertical and horizontal):
Vertical component = 700 X sin60 = 606.2 KN
Horizontal component = 700 X cos60 = 350 kN
The horizontal component will exerts moment on the foundation in the
direction shown in figure above:
M =350 X 1.5 = 525 kN.m
Overall moment 525

Vertical Load - 606.2

= 0.866 m

a)

_qu—(q
Jall,net = FS
qu = CNcFesFegFei + qNgFosFqaFqi + 0.5BYN F ¢ F 4F,;
Note that the value of (c) for the soil under the foundation equal zero, so the
first term in the equation will be terminated (because we calculate the
bearing capacity for soil below the foundation) and the equation will be:

qu = gNgFgsFqaFqi + O-SBYNyFysFdeyi
q(effective stress) = 18 X 0.5 + (21 — 10) x 1 = 20 kN/m?
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Calculating the new area that maintains q, uniform:

Note that the eccentricity in the direction of (L=3)

e = 0.866m

BB=B=2m- , '=L—-2e—->L =3-2x%0.866=1.268m
B/seq = min(B’,L') =1.268m , L, ,.q =2m

Effective Area (A’) = 1.268 X 2 = 2.536 m?

Water table is above the bottom of the foundation - y =y’ = y; — vu
»y=vy =21-10=11kN/m?3

Bearing Capacity Factors:
For ¢ = 25" —» N, = 20.72, Ny = 10.66, N, = 10.88 (Table 3.3)

Shape Factors:

As we explained previously, use B cq and L o4

Blllsed Nq .
Fs=1+ R <N_> does not required (because c = 0.0)
C

used

B Blised _ 1.268 B
Fgs =1+ T tancl)—1+( )xtan25—1.296

used 2
B 1.268
Fys=1—o.4<,“—s‘3d>=1—0.4x< )=0.746
Lused

Depth Factors:
As we explained previously, use B not B

!

used

Df 15
§=7=0.75<1 and ¢ =25>0.0 ---
Fog = Fog — ——ad g t required (b 0.0

«d = Fad = N rano oes not required (because ¢ = 0.0)

..~z (Ds
Foq = 1+ 2 tand (1 — sin) (E)
= 1+ 2 tan25 x (1 — sin25)? x 0.75 = 1.233

Fyd == 1

Inclination Factors:
The load on the foundation is not inclined, so all inclination factors are (1).
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Now substitute from all above factors in Meyerhof equation:
qu = 20 X 10.66 X 1.296 x 1.233 + 0.5 x 1.268 x 11 x 10.88 x 0.746

- qy = 397.29 kN/m?

— 397.29 — 20
Jall,net = unS L 3 = 125.76 kN/m? /.

Now, we check for qpax = Amax < dan

_qu 3973 _ 5
dan = FS = 3 = 132.4 kN/m

To calculate q,,,x We firstly should check the value of (e = 0.866m)

L_3 0.5 0.866 > B 0.5
—=—=—=. - e =(. —=05 »->
6 6 m e 3
4Q
Omax = 9maxnew = m
4 x 606.2
Omaxnew = = 318.7kN/m? > q,; = 132.4

3% 2 X (3—2x0.866)

So, the allowable bearing capacity of the foundation is 132.4 kN/m? is not
adequate for q,,.x and the dimensions of the footing must be enlarged.

b)
This case is shown in the below figure:
606.2 kN

350 x 1.5=525kN.m

AN

‘ .
5
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All factors remain unchanged except q and y:
q(effective stress) = y X Dy = 18 X 1.5 = 27kN/m?

d = 1m < B = 2m - water table will effect on q, =»—

o, dx iy =Y) : . .
Y=Y=Y + — 5 (Use B not B, ;.4 as we explained previously)
Y =Yeat —Yw =21—10=11kN/m?® , d=1m , y=18kN/m3 -
_ 1x (18 —-11)
y=11+ > = 14.5 kKN/m3

Substitute in Meyerhof equation:
qQu = 27 X 10.66 X 1.296 x 1.233 + 0.5 X 1.268 x 14.5 X 10.88 x 0.746

- qy = 534.54 kN/m?

The effect of water lowering is increase q, by 534.5 — 397.3 = 137.2kN/m? V..

1.

For the rectangular footing (2.5m x 3m) shown below, if e = 0.35m
and qax = 410 kN/m?. Calculate the factor of safety against bearing
capacity, and determine whether the design is good or not.

Qall

-/

7, : i N I

Yq = 15 kN/m?3 ! i WGW.T “0_5m
1.5m i / :
e
‘—%:ﬁgmH

) C60°
b = 30
C = 30 kN/m?
Ys = 21 kN/m3

Solution
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Note that the inclined load is applied directly on the foundation, so it is an
inclined load with angle (B = 90 — 60 = 30" with vertical).

Q ,
- ) Qu=quXA ’ Qall =?7?
Qan

qu = CNCFCSFCdFCi + quFququqi + O'SBYNyFysFdeyi

FS =

Since B = ¢ = 30, the inclination factor F,; will equal zero, so the last term
in equation will be terminated and the equation will be:

qu = CNcFesFegFei + quFququqi

¢ = 30 kN/m?
q(effective stress) = 15 x 0.5 + (21 — 10) x 1 = 18.5 kN/m?

Calculating the new area that maintains q,, uniform:
Note that the eccentricity in the direction of (L=3)

e = 0.35m
B =B=25m-, '=L—-2e->L=3-2x%x035=23m
Blseq = min(B',L') =23m , Ly =25m

Effective Area (A') = 2.3 X 2.5 = 5.75 m?

Bearing Capacity Factors:
For ¢ = 30" — N, = 30.14, N, = 184, N, = 22.4 (Table 3.3)

Shape Factors:
As we explained previously, use B c.q and Li¢eq
B, N 2.3\ 7 18.4
o= (3) ()< 1+ () () -
es = 1 F <L’ N. "\25/)\30.12 °6

used
!

Fos=1+ Bused tanp = 1 + (E) X tan30 = 1.53
as L 2.5 '

used
Blllsed . °
F,s=1-04(- does not required (because f = ¢ = 30)
used
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Depth Factors:
As we explained previously, use B not B ;.4

Dr_ 15 0.6 <1 and 30 > 0.0
—=—=0. = 0 --o-
B 25 and ¢

Fog=1+2 1 — sing)? (X
qd = 1+ 2 tand (1 — sing) B
Fqa =1+ 2 tan(30) X (1 —sin30)? x 0.6 = 1.173

_ _ 1-Fqa _ . 1-1173
Fea = Faqa Nctand 1.173 30.14xtan(30) 1.183

Inclination Factors:

Bo 2 30 2
Fei =Fgi = 1_% =<1—%> = 0.444
Fyi = 0.0

Now substitute from all above factors in Meyerhof equation:

gy = 30 % 30.14 X 1.56 x 1.183 x 0.444
+18.5x18.4 X 1.53 x 1.173 x 0.444
- qyu = 1012.14 kN/m?

Q, =9y XA =1012.14 x 5.75 = 5819.8 KN

0.35 L—3—05 —035<L—05
e m , 6 6 m e 6

We used term (L) because eccentricity in L direction

. _ Qan be _ Qan 6 X 0.35
qmax_410_BXL<1+L)_)410_2_5><3X<1+ 3 )—)—)
Qay = 1808.3KN

Qu 5819.8
FS = = =3.22V.

Q,p 1808.3

Since the factor of safety is larger than 3, the design is good v'.
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8.

A square footing 2.5m x 2.5m is shown in the figure below. If the maximum
pressure on the foundation should not exceed the allowable bearing capacity.
Using factor of safety (FS=3), find the maximum horizontal force that the
foundation can carry if the water table is 1m below the foundation.

(Use Terzaghi equation)

V=300 kN
165 kN.m
H=?77?
7777 ANNAN
Yq = 17 kN/m3
15m
2.5m
¢ =30
1m C = 50 kN/m?
_J____________________________Y_G_-‘f“i-I____
Year = 19.5 kN/m3
Solution
The following figure explains the analysis of the given loads:
V=300 kN V=300 kN
165 kN.m 165+1.5H
H=?? >
1.5m 1.5m
2.5m 2.5m

Overall moment B 165 + 1.5H
Vertical Load 300
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Qmax < qan(given) == qa1 = qmax (To get maximum value of H)

—)FS=&_)3=&_)qu=3qall S0, qu = 3Qmax

Jal qall
qu = 1.3cN¢ + qNg + 0.4ByN,
¢ = 50 kN/m?
q(effective stress) = 17 X 1.5 = 25.5 kN/m?

Calculating the new area that maintains q,, uniform:

B =B—-2e=25—-2e », '=B=25
B/seq = min(B’,L') = 2.5 —2e , Liq = 2.5m

Effective Area (A") = (2.5 — 2e) X 2.5 = 6.25 — 5e

d = 1m < B = 2.5m - water table will effect on q, =»—

o 4x0 YD : . .
Y=Y=vy + — 5 (Use B not B;.q as we explained previously)
Y =Y¥sat — Yw = 19.5—-10=9.5kN/m* , d=1m, y=17kN/m? -
_ 1x (17 —9.5)
y=95+ o = 12.5 kN/m?

Bearing Capacity Factors:
For ¢ = 30" —» N. = 37.16, Ny =22.46, N, = 19.13 (Table 3.1)

Substitute from all above factors in Terzaghi equation:

qQu = 1.3 X 50 X 37.16 4+ 25.5 X 22.46 + 0.4 X (2.5 — 2e) X 12.5 x 19.13
qu = 3227.25 — 191.3e

Calculating of quax:

B 25
—=—=10.416, e =0.55+ 0.005H
6 6
B B

(Note that the first term of e = 0.55 > i 0416 —»e> 3 --
Use the modified equation for qy,x:

B 4Q B 4 x 300 160
Amaxmodified = 31/ B~ 5y = 3375 x (2.5 — 2¢) 2.5 — Ze

160

qu = 3qmax — 3227.25—-191.3e =3 X m
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Multiply both side by (2.5 — 2e):

382.6e2 — 6932.75e + 7588.125=0.0 > e = 1.17 m
Substitute in Eq.(2):

1.17 = 0.55 + 0.005H - H =124 kN /.

Q.

For the soil profile given below, determine the net allowable bearing
capacity of the isolated rectangular footing (2.5m x 3m) that subjected to a
given load as shown. Use FS=3.

For ¢ = 20° > N, = 14.83, Ny = 6.4, N, = 5.39

For ¢ = 32" > N, = 3549, Ny = 23.18, N, = 30.22
800 kN

60°,
77 ANNNNN
o =20
C =35kN/m?
1.2m y = 16 kN/m?

~—1.1—~

1.9

o =32
C=00
2.7 y = 18 kN/m?

Yeat = 19.5 kN/m?

Solution

The analysis of the inclined load (800 KN) on the column will be as shown
in figure below:
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800 sin(60)=692.8 692.8 kN
(400 x 1.2)-(692.8 x 0.4) = 202.87 kN.m
800 cos(60)=400 v
i
|
i
12m 1.2m i
|
EE—— e —
Overall moment 202.87 0.29
= _ = = 0.29m
Vertical Load 692.8
q ~_qu—q
all,net FS

qu = CNcFesFegFei + qNGgFosFgaFqi + 0.5BYN, F sF 4F,;
But c = 0.0 for the soil under the foundation -

= (y = qNgFgsFqaFqi + 0.5BYN, F,sF qFy;

q(effective stress) = 16 X 1.2 = 19.2 kN/m?

Calculating the new area that maintains q,, uniform:
Eccentricity in the direction of (L=3)

e =0.29m

B P=B=25m—-> , '=L—-2e->L =3-2x%0.29=242m

Blseqg = min(B',L') = 242m , L g =2.5m

Water table is at distance (2.7m) below the foundation base

- B = 2.5m < 2.7 - No effect of water table — use y = 18kN/m3
Bearing Capacity Factors:

For ¢ = 32" > N = 35.49, N, = 23.18, N, = 30.22 (Givens)
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Shape Factors:

' N
Fs =1+ (Led> (N_q) does not required (because c = 0.0)
C

Depth Factors:

D 1.2
§f=ﬁ=0.48<1 and ¢ =32> 0.0 >>—
1—Fgyq
Feqa = Fga — A% does not required (because c = 0.0)
cd ™ "ad " N _tand

Fga = 1+ 2 tan¢ (1 — sing)? (%)

=14 2tan32 x (1 —sin32)% x 0.48 = 1.13
Fyd = 1

Inclination Factors:

The load on the foundation is not inclined, so all inclination factors are (1).
Now substitute from all above factors in Meyerhof equation:

gy = 19.2x23.18x 1.6 Xx1.134+0.5%x2.42x 18 x 30.22 X 0.61 X 1

= 1206.16 KN/m?

- 1206.16 — 19.2
Qall,net = unS 1 = 3 = 395.65 kN/rrl2 V.
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Now, we check for qupax = Amax < dan

q, 1206.16
=== = 402 kN/m?

Now, to calculate q,,,,5 We firstly should check the value of (e = 0.29m)

L_3 0.5 029<B 0.5
6 6 ~mTE 6

- (1+7)
Amax = 55T L

69238 (1 6 X 0.29
Amax = 557573 3

So, the allowable bearing capacity of the foundation is 402 kN/m? /.

) = 145.95 kN/m? < q,; = 402 kN/m?
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Introduction

The ultimate bearing capacity theories discussed in Chapter 3 assumed that
the soil supporting the foundation is homogeneous (i.e. one layer) and
extends to a great depth below the bottom of the foundation. They also
assume that the ground surface is horizontal. However, that is not true in all
cases: It is possible to encounter a soil may be layered and have different
shear strength parameters, and in some cases it may be necessary to
construct foundations on or near a slope.

All of above cases are special cases from Chapter 3, and will be discussed in
this Chapter.

Bearing Capacity of Layered Soils: Stronger soil
Underlain by Weaker Soil

The bearing capacity equations presented in Chapter 3 involved cases in
which the soil supporting the foundation is homogeneous and extend to a
great depth (i.e. the cohesion, angle of friction, and unit weight of soil were
assumed to remain constant for the bearing capacity analysis). However, in
practice, layered soil profiles are often encountered (more than one layer). In
such instances, the failure surface at ultimate load may extend in two or
more soil layers. This section features the procedures for estimating the
bearing capacity for layered soils (stronger soil layer, underlain by a weaker
soil layer that extends to a great depth).

Notes:
1. Always the factors of top soil are termed by (1) and factors of bottom soil
are termed by (2) as shown in the following table:

Soil Properties
Layer U.mt Friction Cohesion
weight angle
Top Y1 ¢4 Cq
Bottom Yo b, Cy

2. The equation will be derived for continuous or strip footing and then will
be modified to be valid for rectangular, square, and circular footings.
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Let the depth ,H, is the distance from the bottom of the foundation to the top
of weaker soil (bottom soil layer) and ,B, is the width of continuous or strip
footing (i.e. equation will be derived for continuous footing), the failure
surface in layered soil below the foundation may have two cases:

Case I: If the depth H is relatively small compared with the foundation
width B (upper layer can’t resist overall failure due to its small thickness), a
punching shear failure will occur in the top soil layer, followed by a general
shear failure in the bottom soil layer (due to its large extend downward), so
the ultimate bearing capacity in this case will equal the ultimate bearing
capacity of bottom layer (because general shear failure occur on it) in
addition to punching shear resistance from top layer.

Weaker soil
Y2
b3

!
(&)

— B —>]
k: | | 4
‘ |
/ vy ViV Y .
a ! b Stronger soil
| Y1
Cu | : I C(l d);
H o : ; 3 C
l 8 o 'Y
[ | e
|
|
|
|

qu = qp + Punching shear resistance from top layer (qpunching)

(qpunching)can be calculated as following (see the above figure):
(2C, + 2Pp sin §)

Upunching = B x 1 — y1xXH
Downward
Upward

C, = adhesive force (between concrete and soil) - C, = c, X H
c, = adhesion between concrete and soil along the thickness H
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0 = inclination of the passive, Pp, force with the horizontal
Pp = passive force per unit length along the thickness H applied from
soil to the foundation and can be calculated as following:

1
Pp = EH X vertical effective stress X K

1
5 H X vertical effective stress = area of the vertical pressure diagram

vertical effective stress = y; X H
Kpn

Kpy = Kcosd » K= ——
PH cosd

K = Coefficient used to transform vertical pressure to the direction
of passive force
Kpy = Horizontal component of passive earth pressure coefficient(K)

Now the equation of P, will be:
KPH

1 1
P, = —H X X H) X K==xXvy,; X H? x
P35 (V1 ) > Y1 0S8

Now substitute in equation 0fqp,ynching:

1 2 . Kpn -
2ca><H+2><(2XY1><H xcos&)xsm8

Qpunching = B B —v1 XH
2c, X H Kpy tand
Upunching = aT + Y1H2 X T —y1 xH

Now correction for depth factors (according Terzaghi assumption) should be
established. This modification will be in punching shear term as following:

2c, X H 5
Upunching = T +v.H (1 +

2D\ Kpy tand
) x

— v, X H
H B Y1

From several experiments, investigators found that Kpy tané = K tand,
K = Punching shear coefficient

2c, X H 2D\ K, tang,
_)qpunchingzaT'I'YlHZ(l'l' H)x . B —v1 X H
Now substitute in equation of (q,):
2c, X H 2D\ K, tand,
qu = Qqp + aB +y1H2<1+H>x SB —v1 X H
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Case I1: If the depth ,H, is relatively large (thickness off top layer is large),
then the failure surface will be completely located in the top soil layer and
the ultimate bearing capacity for this case will be the ultimate bearing
capacity for top layer alone (q,).

5 ]
+ ‘]u
D, Yy
y
Stronger soil
H Y1
ol
c1
Weaker soil
Y2
b3

ch
qu = qt = ClNc(l) +q Nq(l) + O-SBY1Ny(1)
N¢c1), Ngc1y, Ny1y = Meyerhof bearing capacity factors (for ¢,)(Table3.3)

All depth factors will equal (1) because their considered in punching term.
All shape factors will equal (1) because strip or continuous footing.
Assume no inclination so, all inclination factors equal (1).

Combination of two cases:
As mentioned above, the value of q, is the maximum value of q, can be
reached, so it should be an upper limit for equation of qy;:

2c, X H 5
qu =qp + B +v:H (1+

2D K. tan
f))( S (I)l

H B —v1 XH < q;

The above equation is the derived equation for strip or continuous footing,
but if the foundation is square, circular and rectangular the equation will be
modified to be general equation for all shapes of footings:

Page (70) Ahmed S. Al-Agha




Foundation Engineering ] B.C. of Shallow Foundations (Special Cases)

Qu=qp+(1+7)x 222

B 2D K. tan
+y1H2><<1+—)(1+ Hf)x s . Ps

L —v1 XH<q;

dc = ¢1Ne)Fesry + 4 NgyFgscay + 0-5By 1Ny ) Fysy
q = effective stress at the top of layer(1) = y; X D¢

db = ¢2N¢2)Fesz) + A Ng)Fascz) + 0.5By2Ny ) Fys2)
q = effective stress at the top of layer(2) = y; X (Df + H)

All depth factors will equal (1) because their considered in punching term.
Assume no inclination so, all inclination factors equal (1).

Note:
All factors and equations mentioned above are based on Meyerhof theory
discussed in Chapter 3.

All of above factors are known except K andc,

C
K = f(%, c|)1> and —= = f(ﬁ) - to find K andc,: (2) must be known.
1

€1 d1 q1
Calculating of g, andq, is based on the following three main assumptions:
1. The foundation is always strip foundation even if it’s not strip
2. The foundation exists on the ground surface (D¢ = 0.0) and the second
term on equation will be terminated.
3. In calculating q, we assume the top layer only exists below the foundation
to a great depth, and the same in calculating of q,.
q1 = ¢;N¢gpy + 0.5By Ny ()
qz = CzN¢(2) + 0.5By;N, (3

d2) _
Calculating of K:

d:2
s 0 b4
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K, can be calculated easily from (Figure 4.9) according the values of
q2
(a andcl)l)

Calculating of c,:
Ga_ f(k)
€1 d1

=2 can be calculated easily from (Figure 4.10) according the value of (2)

Cq1 q1

fa_ v andc, =V -->c, =V

€1

Important Notes:

1. If there is a water table near the foundation (above or below foundation),
the three cases discussed in Chapter 3 should be considered (i.e. the factor q
for top and bottom layers may be modified and y;and y, for top and bottom

layers may also be modified according to the existing case of water table.

2. If the strong layer and the weak layer are not clear (cohesion and friction
angle for each layer are convergent), to know the strong and the weak layer
do the following:

v’ Calculate q, and q, and then calculate (2)

d1
VIt (%) <1 - The top layer is the stronger layer and the
1
bottom is the weaker layer
VIt (%) > 1 — The top layer is the weaker layer and the
1

bottom is the stronger layer.

3. Any special cases can be derived from the general equation above.
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Bearing Capacity of Layered Soils: Weaker soil
Underlain by Stronger Soil

‘Weaker soil

I
I
|
|
l
71
D |
! ’
! é
: i
: I RS TR
\B
I
! D
1 H

Stronger soil

Y2
’

(o))
’

CH

Case |

" Stronger soil
72

r Case Il

’
CH

Let the depth ,H, is the distance from the bottom of the foundation to the top
of stronger soil (bottom soil layer) and ,B, is the width of the foundation and
,D, is the depth of failure beneath the foundation.

As shown on the above figure, there are two cases:
Casel: For(H<D - % < 1) —-The failure surface in soil at ultimate load

will pass through both soil layers (i.e. the ultimate bearing capacity of soil
will be greater than the ultimate bearing capacity for bottom layer alone).

Casell: (H>D - % > 1) —The failure surface on soil will be fully located

on top ,weaker soil layer, (i.e. the ultimate bearing capacity in this case is
equal the ultimate bearing capacity for top layer alone).
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For these two cases, the ultimate bearing capacity can be given as following:
For(H<D--<1)

H 2
qu = q¢ + (db —qt)<1—5)
Note that if% = 1 —the value of q, will equal g, and this is logical,
because in this special case the failure surface will be exist on whole depth
of top (weaker layer).
For(H>D—>§> 1)
qu = qt
Because failure surface is fully located on top (weaker soil).

Arweak = €1Nc)Fesay +a NqayFgsary + 0-5By1Ny 1y Fys(py
q = effective stress at the top of layer(1) = y; X D¢

qb,strong = CZNC(Z)FCS(Z) + q Nq(z) Fqs(z) + O-SBY1Ny(2) Fys(z)

q = effective stress at the top of layer(1) by assuming the foundation
is located directly above stronger soil layer at depth of D¢

= q= Y XD

Important Note:

D = B (for loose sand and clay)

D = 2B (for dense sand )
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Bearing Capacity of Foundations on Top of a Slope

In some instances, foundations need to be constructed on top of a slope, thus
calculating of bearing capacity of soil under such conditions will differ from
Chapter 3. This section explains how we can calculate the bearing capacity

of soil under these conditions.
l*—— b ‘br—B
L AT T T
T B - k.
H o

Y

C
d)l

< \D >

H = height of slope , [ = angle between the slope and horizontal
b = distance from the edge of the foundation to the top of the slope

The ultimate bearing capacity for continuous or strip footing can be
calculated by the following theoretical relation:

qu = cN¢q + 0.5ByN, 4

For purely granular soil (c = 0.0):
qu = 0.5ByN,q

For purely cohesive soil (¢ = 0.0):
qu = CNcq

Calculating of N, 4:
The value of N4 can be calculated from (Figure 4.15 P.204) according the
following steps:

1. Calculate the value of (%).

2. If (%) = (0.0 — use solid lines on the figure.
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3.1f (%) = 1 - use dashed lines on the figure.

4. Calculate the value of (%) which the horizontal axis aof the figure.

5. According the values of (¢, B and factors mentioned above ) we can
calculate the value of N, on vertical axis of the figure.

Note:
If the value of % is in the following range: (O < % < 1) do the following:

v" Calculate N,q at (%) = 1.

v’ Calculate N, 4 at (%) = 0.
v' Do interpolation between the above two values of N, , to get the required
value of N,4.

Calculating of Ng:
The value of N can be calculated from (Figure 4.16 P.205) according the
following steps:

1. Calculate the value of (5).
B
2. 1f (%) = 0.0 - use solid lines on the figure.

3.1f (%) = 1 — use dashed lines on the figure.
4. Determining the horizontal axis of the figure:
v If B < H - the horizontal axis of the figure is (g)

v If B > H — the horizontal axis of the figure is (%)
5. Calculating the value of stability number for clay (Ny):
v If B < H - use Ng = 0.0 in the figure

v If B > H - calculate N from this relation Ng = Y

- to be used in

the figure.
6. According the values of (¢, B and factors mentioned above) we can
calculate the value of N, on vertical axis of the figure.
Note:

If the value of % is in the following range: (O < % < 1) -

Do interpolation as mentiond above.
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Problems
1.

The figure below shows a continuous foundation.
a) If H=1.5 m, determine the ultimate bearing capacity,q,

b) At what minimum depth ,H, will the clay layer not have any effect on the

ultimate bearing capacity of the foundation?

l

Sand
Y1 = 17.5 kN/m3
1.2m ¢, = 40
Cl = 0
2m
H
Clay Y, = 16.5 kN/m3
$, = 0.0
C, = 30 kN/m?
Solution

The first step in all problems like this one is determining whether the two
soils are stronger soil and weaker soil as following:

q1 = ¢;N¢qy + 0.5By;Ny(y (¢ = 0.0) » g4 = 0.5By;Ny(q
B=2m , y; =17.5kN/m3

For ¢; = 40" - N1y = 109.41 (Table3.3)

—>q; =0.5%x2x175x 109.41 = 1914.675 KN/m?

dz = ¢3N¢z) + 0.5BY;Ny 2y (b2 = 0.0) = q; = ¢;N¢(p)

¢, = 30kN/m? , For ¢, = 0" - N = 5.14 (Table3.3)
s = 30 X 5.14 = 154.2 kN/m?
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dz 154.2 _ _

a = 1914675 0.08 < 1 — The top layer is stronger soil and bottom
layer is weaker soil.

1. For strip footing:

2c, X H

B

2D K. tan
f))( S (I)l

1
+ V1 + H B

Qu =qp t+ —v1 XH=q

dt = ClNc(l) + q Nq(l) + OSBY1NV(1)

c; =00, q=y; XxDf=175x%x1.2=21kN/m? , B=2m

For ¢, = 40° - Ney = 75.31,Nq(1) = 64.2,N, ;) = 10941 (Table3.3)

qc =0+ 21X 64.2+0.5% 2 X 17.5x 109.41 = 3262.875 kN/m?

dp = C2N¢z) + 9 Ngz) + 0.5By;Ny (2

c; =30 , q=y, X (Dg+H) =175 % (1.2 + 1.5) = 47.25 kN/m?
Forp, = 0" - N¢z) = 5.14,Ngz) = 1,Ny () = 0 (Table3.3)

qp = 30 X 5.14 + 47.25x 1+ 0 = 201.45 kN/m?

Calculating of c,:

d2 = 0.08
d1

From figure (4.10) — Z—a =07-¢c,=07%x0=0
1
Calculating of K:

it = 0.08
d1

From figure (4.9) - K, = 2.4

2 X 1.2) 2.4 tan40

1S > —17.5x%x 1.5

qu = 201.45 + 0 + 17.5 x 1.52 <1 +
qy = 278 kKN/m? /.

2. The minimum depth that make the clay layer have no effect on q,, is
occur when q, = q; and q, = 0.0

2c, X H 2D K. tan
qu:qt=0+ a +Y1H2<1+ f))( > ¢1—Y1XH
B H B
2x1.2 2.4 tan40
3262.875 =040+ 17.5 x H? (1 + T ) X > —17.5x H

- H=1292m/V.
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2.

A rectangular footing of size 6m x 8m is founded at a depth of 3 m in a clay
stratum of very stiff consistency overlying a softer clay stratum at a depth of
5 m from the ground surface. The soil parameters of the two layers of soil
are as shown in the Figure below. If the top layer has been removed and
replaced by dense sand. The soil parameters of the dense sand are [] =19
kN/m® and [ = 35 degrees. All other data remain the same. Estimate the
ultimate bearing capacity of the footing.

For ¢ = 35" - N, = 46.12, Ny = 33.3, N, = 48.03

For¢=0- N, =514, Ny=1, N, =0

|

4 AN
3m
-~ 6m X 8m ————=
= 2
Soil (1):very stiff clay ~ C ~ 200KN/m
2m y = 18.5 kN/m?
Soil (2):soft clay C = 100 kN/m?
Solution

The top layer is dense sand with ¢; = 35" and y; = 19 kN/m?3

Determine which layer is strong:

d1 = ¢1N¢qy + 0.5By;Ny(qy butc; = 0.0 > q; = 0.5By; N, ()
at ¢, = 35" = Ny(y) = 48.03

- q; =0.5X%X6x19x48.03 = 2737.71kN/m?

qz = C3N¢z) + 0.5By;Ny ;) but ¢, = 0.0 > q; = ;N
atp, = 0 > Ny = 5.14 - q, = 100 x 5.14 = 514 kN/m”?
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qz 514
q 2737.7
— The top layer is strong and the bottom is weak

=0.187<1

General equation fir rectangular foundation:

- +(1+B)><2C3XH+ Hzx(1+B)<1+2Df)sztan¢1
—Y1 XH =< q;

Butc; = 0.0 = c, = 0.0 = so the equation will be:

_ H2 " E " 2D¢ Kstan(l)1_ H <
qQu = qp + Y107 X +L +H X B Y1 X 0=

Calculation of q:

ae = ¢ NeyFesy + @ NgcyFascay + 0-5By1Ny(1yFys(1) bute; = 0.0
= ¢ = q NgyFgsy + 0-5By1NyyFysay

q =3 %19 = 57 kN/m?

at ¢1 = 350 - Nq(l) = 33.3 , Ny(l) = 48.03

Fosy = 1+ (1) tandy = 1+ (5) tan35 = 1525

Fysy =1-04(3) =1-04(%) =07
- qy =57 % 333X 1525+ 0.5x 6 X 19 x 48.03 x 0.7
= 4811 kN/m?
Calculation of qy,:
dp = C2N¢2)Fesez) + d Ng2yFgscz) + 0.5BY2Ny(2)Fys2) but p, = 0.0
= qp = CNco)Fes2) + 4 Ng)Fgs(2)

q= (3+2)x 19 = 95kN/m?
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at (I)z =0- NC(Z) = 5.14 , Nq(Z) =1

_ B) (Na@) _ 6 1 _
Fes@ =1+ (L) (NC(Z)) =1+_X—=1146

B 6
Fasy = 1 + (E) tang, = 1+ (2)tan0 = 1
- qp = 100 X 5.14 x 1.146 + 95 X 1 x 1 = 684 kN/m?

Determination of K

qz

a = 0.187 and ¢, = 35  — K, = 2.5 (from the given chart).
1

Now apply in the equation an calculate q,

5 6 2X3 2.5 X tan35
qy =684+ 19 x 2 ><<1+§)<1+ > )x ; —19x2

=801.21 kN/m? < q, = 4811 kN/m? - q, = 801.21 kN/m? V.
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B

Foundation Engineering

3.

Solve examples 4.4 and 4.5 in your text book.

4.

Solve example 4.6 in your text book, but use this equation for

calculating(qy):
2

H
qu=qt+(qb—qt)<1—5)

Because the equation in text book for this case doesn’t true.

S.

For the soil profile shown below, determine the ultimate bearing capacity of
the continuous footing.

i 1.25m

]

45°

om 2.5m

y = 17.5 kN/m3
C = 40 kN/m?
— b = 0.0

Solution
From the figure: B = 2.5m,b = 1.25m,H = 5m,Df = 2.5m, = 45°
qu = cN¢q + 0.5ByN, 4 butp = 0.0 - g, = cN¢q

¢ = 40 kN/m?

Calculating of N, (Figure 4.16):
D 25

B 25
b 1.25
B = 2.5 < H = 5 - the horizontal axis of the figure is <§> =5c = 0.5

= 1 — use dashed lines on figure

B =25<H=05 - useNg = 0.0 in the figure

From the figure, the value of Noq = 5.7 - q, = 40 X 5.7 = 228 kN/m?* /.
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6.

For the soil profile shown below, determine the ultimate bearing capacity of
the continuous footing.

{ = 1.25m 3m
T a5 777777 ANAN\\Y
y = 20 kN/m?3
2 5m C = 25 kN/m?
¢ =0.0
_
Solution

From the figure: B = 3m,b = 1.25m,H = 2.5m,Df = 0.0m, = 45
qu = cN¢q + 0.5ByN, 4 butp = 0.0 - g, = cN¢q

c = 25 kN/m?

Calculating of N, (Figure 4.16):

o0 o lid I f
—_——=—= -
B = 3c use solid lines on figure
b 1.25
B =3 > H = 2.5 - the horizontal axis of the figure is <ﬁ) =5T = 0.5

yxH 20x25

C 25
From the figure, the value of Noq = 3 - q, = 25 x3 = 75kN/m?* /.

B=3>H=25->useNg = = 2 in the figure
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Foundation Engineering apacity and Settlement

Introduction

As we discussed previously in Chapter 3, foundations should be designed for
both shear failure and allowable settlement. So the allowable settlement of
shallow foundations may control the allowable bearing capacity. The
allowable settlement itself may be controlled by local building codes.

For example; the maximum allowable settlement for mat foundation is 50
mm, and 25 mm for isolated footing. These foundations should be designed
for these limiting values of settlement (by calculating the allowable bearing
capacity from the allowable settlement). Thus, the allowable bearing
capacity is the smaller of the following two conditions:

du (to control shear failure Ch.3)
gan = smallest of

(all settlement (t0 control settlement)

In this Chapter, we will learn how to calculate the allowable bearing
capacity for settlement (qay; settlement), PUt firstly we want to calculate the
total settlement of the foundation.

The settlement of a foundation can be divided into two major categories:

a) Immediate or elastic settlement (S,):

Elastic or immediate settlement occurs during or immediately after the
application of the load (construction of structure) without change in the
moisture content of the soil.

b) Consolidation Settlement (S.):

Consolidation settlement occur over time, such that pore water is extruded
from the void spaces of saturated clayey soil submerged in water.
Consolidation settlement comprises two phases: Primary and secondary.

To calculate foundation settlement (both elastic and consolidation), it is
required to estimate the vertical stress increase in the soil mass due to the
net load applied on the foundation (exactly as discussed previously in soil
mechanics course “Ch.10” ). Hence, this chapter is divided into the
following three parts:

1. Calculation of vertical stress increase (Ch.10 in soil mechanics course).
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2. Elastic Settlement Calculation (Main topic of this chapter).

3. Consolidation settlement calculation (Ch.11 in soil mechanics course).
Vertical Stress Increase in a Soil Mass Caused by
Foundation Load

Stress Due to a Concentrated (Point) Load:

We calculate the vertical stress increase at any point at any depth due to the

applied point load as following:
Consider we want to calculate the vertical stress increase at point A in figure

below: s}
h.
N /; X
\\ i //
\\\ /Y
N //
e '
|
|
Y, W4
|
|
3A
\J
Z
3.P.Z3 _
Ao, = = , and the same at any point.

2n(r? + 72)2

r=+X%+4+Y?
X,Y and Z are measured from the point of applied load as shown in figure
above.

Note: If there are more than one point load applied on the soil profile at
different positions , you should calculate Ao, for each load and then :
Ao, = Aoy, + Aoy, + Ao,z + -+ Aoy,
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If we want to calculate the vertical stress below the center of the circular
foundation or at any point at distance (r) from the center of the foundation,
do the following:

B
LetR = 5 = Radius of circular area

r = distance from the center of the foundation to the required point
z = depth of point at which the vertical stress increas is required

. ) from (Table 5.1 P. 226) which gives the

variation of (Aqiz) with (BL/Z) and (Bi/z) {For 0< (BL/Z) < 1}

column load )

Aoy,

We can calculate the value of (

g, = the stress at the base of the foundation ( -
foundation area

Note that, if the value of (BL/Z) = 0.0 = The point is below the center of the

foundation
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Vertical Stress Caused by a Rectangularly Loaded

Area

Consider we want to calculate the vertical stress increase at point A in figure
below:

@‘k
&
Q

q(load/unit area
o )

I | I o '.X

Y
Z

We calculate the vertical stress increase at point below the corner of
rectangular loaded area as following:

Ao, =l

I = Influence factor = f(m,n) (From Table 5.2 P. 228 and 229)
_ B _ L

m=z 0 77

B: Smaller dimension , L: Larger dimension
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If we want to calculate Ao, below the center of rectangular

area there are two methods:
’—7 L2 —=
B/2

0 t

1. Divide this area into 4 areas to make point “A” under the corner of each
area:

We note that, point “A” is under the corner
of each rectangular area, so:

I
|

Aoy total = QU + 1 + 13 + 1) 1 : 2
|

Because the total area is rectangular and

divided into 4 areas it is clear that the four [ f ———————
areas are equal so: |
L=l =l3=1,=1 3 4
1
Ao-z,total = q(4I)
2.

Ao-z,total = ql.

I. = f(my,n,) (From Table 5.3 P. 230)

L 7 22
M=y » MTyT7p
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Approximate Method (2:1 Method)

An alternative approximate method can be used rather than (Ch.10) in soil
mechanics course, this method is easier and faster than methods in (Ch.10).
This method called (2:1 Method). The value of (Ac")at depth D can be
determined using (2:1 method) as following:

According to this method, the value of (Ac") at depth (D) under the center
of the foundation is:
P P

A I = _ =
°°TAT(B+D)x(L+D)

P = the load applied on the foundation (KN).

A = the area of the stress distribution at depth (D).

Note that the above equation is based on the assumption that the stress from
the foundation spreads out with a vertical-to-horizontal slope of 2:1.
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Note: if the foundation is circular the value of (Ac") at depth (D) under the
center of the foundation can be determined as following:

B+D

P P
Area at depth (D) % X (B + D)2

1
Aop =

P = the load applied on the foundation (KN).
B = diameter of the foundation(m).
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Average Vertical Stress Increase Due to a

Rectangularly Loaded Area

In many cases, the average stress increase (Ao, ) below the corner of the
rectangular foundation is required (to calculate the consolidation settlement
below the corner of rectangular foundation), this can be calculated by the
following method:

q, lunit area
S .. . 5. > Ao
Section T :
H,
H l : b Af’m-(H_,/HI)
) -~
i I
IIA
|
I
|
|A’
|
Y o
«—— B —>
Plan L

A A’ J_

The average stress increase for layer between z = H; and z = H, can be
calculated using the following equation:

' Hzla(Hz) B Hlla(H1)
AGaV(HZ/Hl) = (o [ Hz _ Hl ]

g, = Stress at the base of the foundation

B L
lagn, =laforz=0toz=H, =f(m2 =H—2,n2 =H—2>

B L
lau) = laforz=0toz =H, =f<m2 =H—1,n2 :H_1>

Values of I,y and [,(4,) can be calculated from (Figure 5.7 P.234)
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If we want to calculate Acyyy, u,) below the center of

rectangular area:
’—7 L2 ——
B/2

0 t

Divide this area into 4 areas to make point “A” under the corner of each
area:

I

We note that, point “A” is under the corner : 2
of each rectangular area, so: 1 |
I

Because the total area is rectangularand - —————— 9 -
divided into 4 areas it is clear that the four |
areas are equal so: 3 | 4

! _ /
Ao-aV(Hz/Hl),center =4 X AO-aV(HZ/Hl),corner

Solve Example (5.2)

There is another method used to calculate Aoy, :
Aot + 4Aop, + Aoy,
6
Ao; = Increase in effective stress at the top of soil layer.

Aoy, = (under the center or under the cornere)

Aoy, = Increase in effective stress at the middle of soil layer.

Aoy, = Increase in effective stress at the bottom of soil layer.

Ao, Aoy, and Aoy, can be caculated under the center or cornere of the
foundation (as required).

If Ao}, is required under the center of the foundation, we can use (2:1)
method to calculate Aoy, Aoy, and Aay,.
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Stress Increase under Embankment Loading
Consider we want to calculate the vertical stress increase at point A in figure

below: . : :
: Bg i B1 i
A
q=yH
H
B; — Always for rectangle i
B, — Always for triangle iz
5

We can calculate the vertical stress increase at any point due to the
embankment load as following:

Ao, = ql’

q = Embankment Load = yH

The value of I’ can be taken from (Figure 5.11 P.237) according to the

B B
values of ?1 and ?2
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Elastic Settlement

Elastic Settlement of Foundations on Saturated Clay
This method used for calculating elastic settlement only for saturated clay
from the following equation:

q0B

Se = A1, E
S

! N

H L
A =f (E&ﬁ) = factor depends on the shape of the loaded area

and can be estimated from (Figure 5.14 P.244)

D
A, =f1 (é) = factor depends on the depth of the footing

and can be estimated from (Figure 5.14 P.244)
H = Thickness of clay layer under the bottom of the foundation
B = Foundation width , L = Foundation length
E; = Modulus of elsticity of clay layer = f3c,
c, = undrained shear strength for clay
B = f(PI,OCR)
PI = Plasticity Index = LL — PL

_ _ Preconsolidation Pressure o
OCR = Overconsolidated Ratio = =—

Present Effective Pressure o,

Now, the value of 3 can be taken from (Table 5.7 P.244) and then calculate
the value of E,.
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Settlement Based on the Theory of Elasticity

Elastic or immediate settlement (S.) occurs directly after the application of
the load without change in the moisture content of the soil.

The magnitude of the elastic settlement will depend on the flexibility of the
foundation (flexible or rigid), and on the type of material (soil) that the
foundation will rest on it (i.e. this method is valid for both sand and clay).

Elastic Settlement under a flexible foundation can be calculated from the
following equation:

Impermeable Roc

L = Larger dimension of the foundation
B = Smaller dimension of the foundation
Ao = Applied Net Pressure = Load/Area

E; = Modulus of Elsticity of the soil through the depth H.
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If there are more than one soil layer through the depth H we can find the
modulus of elasticity for all layers by weighted average method:

B Y Esq X AZ

==

Esiy = modulus of elasticity of each layer.

AZ = depth of each layer.

Z = H or 5B whichever is smaller

H = Distance from the face of the footing to the nearest rock layer (as
shown in figure above)

Eq

Now, as shown in figure above, the elastic settlement under a flexible
foundation at the center is larger than at the corner, thus there are some
differences in calculating (S.) under the center and under the corner of the
footing.

These differences can be considered in the values of (B" and a) .

For calculating S, under the center of the foundation:

B’—B d =4
=5 and a=

For calculating S, under the corner of the foundation:

B'=B and a=1

Where, a = factor depends on the location on the foundation where
settlement is being calculated.

I, = shape factor.

1-2ps
I, =F
s 1t —

Fy

F;(can be calculated from Table 5.8 P.248)
F,(can be calculated from Table 5.9 P.250)

To get the values of F;and F, from tables we need the values of m'and n’
L H

r__ r—
m = , n—B,

I = factor depens on depth of excavation, footing dimensions and soil type
The value of (I¢) can be calculated from (Table 5.10 P.252).

Note: If D; = 0.0 5> [; =1

Page (94) Ahmed S. Al-Agha




Foundation Engineering aring Capacity and Settlement

Elastic Settlement under a rigid foundation:

From the figure above (page 93) it is noted that the elastic settlement under a
rigid foundation is constant and less than S, for flexible foundation (at
center).

So, the value of S, under a rigid foundation can be estimated as following:

Se(rigid) = 0-93Se(ﬂexible,center)

See (example 5.5 P.252) in your textbook.

Settlement of Sandy Soil: Using Strain Influence Factor
This method is one of the most famous methods used to calculate elastic
settlement for sandy soil. According to this method, the settlement is:

4)
I
Se = clcz(q—q)zE—ZAz
0 S

C, = correction factor for depth of foundation embedment

q—q
C, = correction factor to account for creep in soil
(i. e.at what time after construction, you want to calculate S.?)
Time in years
0.1 )

C,=1+0.2 log(

Applied gross Load P
Foundation Area A

q = effective stress at the base of the foundation

E; = modulus of elasticity of soil

Az = thickness of each soil layer

q = gross stress at the level of the foundation =

[, = influence line factor

Note:

d — q = net stress applied at the base of the foundation, so if you are
Net Load
Foundation Area

giventhe netload > q—q =
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Procedures for calculating elastic settlement using strain influence
factor:

1. Plot the variation of I, with depth (under the base of the foundation):
To do this, three values of I, at three depths should be calculated:

A- Calculate the value of I, at depth z = 0.0 (i.e.at the base of the
foundation) by the following equation:

Iyinital = 0.1 +0.0111 (% — 1) <0.2
Special cases:
v For square or circular footings - % =1 > I jnitia = 0.1
v For strip or continuous footings—

- % > 10 = I ipitial = 0.2 (maxvalue at % = 10)
v For rectangular footing— apply on the equation by % to get Iz initial
B- Calculate the value of I, .« at depth z = z,from the base of the
foundation using the following equation:

q—q

!

dze1)

I max = 0.5 + 0.1

q’Z(l) = effective stress from the ground surface to depth z, befor

construction the foundation
So to calculate q’Z(l) and then calculate I, .4, we fiestly must calculate

(z,) by the following equation:
Z1—05+00555(L 1><1
5 =0 : = <

Special cases:
v For square or circular footings — % =1-2, =058
v’ For strip or continuous footings—

L
~z2 10 - z; = B (maxvalue at 5= 10)

v For rectangular footing— apply on the equation by % to get z;
Now, you can easily calculate q,,;, an then calculate I, .,y
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C- The value of I, ¢, = 0.0 at depth z = z,from the base of the

foundation, so we need to calculate the value of (z,) by the following
equation:

ZZ—2+0222(L 1)<4
B ' B =
Special cases:

v’ For square or circular footings — % =1-z,=28B
v’ For strip or continuous footings—

L
3 > 10 - z, = 4B (maxvalue at B= 10)
v For rectangular footing— apply on the equation by % to get z,

Now, you can draw the variation of I, with depth as following:

I

SIS TRNENN

BxL. Iz

~—0

>

z,initial

z(m)

v
Depth
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2. Plot the variation of Eg with depth (under the base of the foundation):
Firstly we want to calculate Eg for each layer under the base of the
foundations as following:

» Using correlation from cone penetration test:

E; =259, (Forsquare or circular foundation)

Ec =3.5q. (For strip or continuous foundation)

. = cone penetration resistance

For rectangular foundation:

L
Es(rectangle) = (1 + 0-410g§) Es(square)

» Using correlation from standard penetration test:

E, = 500 N, (KN/m?) for all types of foundations, or you may given
different rule according the type of sand.

Now, calculate the value of E4 for each soil layer and then draw the variation
of E; with depth on the same graph of I, with depth as following:

BxL l, Es
- i >
= Eyp
2N e i
l Es2 i
I I
Z, z(m) . _.,I
(3
_________ _L_______:
E —
s) i
______ _{__________I
I T S T
v v
Depth Depth
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3. Divide the soil layer from z = 0 to z = z,into a number of layers:
Each layer must satisfy the following two conditions:

v" The value of E; must be constant along the layer thickness.

v" The slope of I, line must be constant along the layer thickness, if not you
have to divide this layer into two layers although the value of E is constant.
After divided the layers, match between E¢ and I, charts by horizontal line
as shown below:

. | E
BxL Z’ i s’
= Eqp
Ese) |
zim)y | —I____J
=~ Eg T
Esa) |
_____________________ e
v v
Depth Depth

4. Calculate the value of I, at the middle of each layer by interpolation:

z(m) "z(m)
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5. Prepare table (such the following table) to obtain Z(Z,ZL—ZSAZ:

[, at the middle I_z
Layer No. Az Eg of each layer E. Az
I,
1 AZl Es(l) Iz(l) E ((1)) AZl
S
Iy
2 Az, Es(2) I22) = Z)) Az,
S
Iy
3 AZ3 ES(3) 12(3) E 2)) AZ3
S
I,
4 Az, Es(4) ) E z:)) Az,
S
n Az E I ) A
n s(n) z(n) Estn) Zn
s(n
Zy I
Z
—A
2 E,
0

6. Finally calculate the value of S,:

Z2
[
Se = C1C,(@— Cl)zE—ZAZ
0 S
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Settlement of Foundation on Sand Based on Standard

Penetration Resistance
Bowles (1977) proposed a correlation for a net allowable bearing capacity
for foundations:

60

2 N Se
Qainet (KN/m?) = 0,05 % Fyq (g) ForB<1.22m

Neo (B+0.3)2 (se) ForB S 122
008\ B d\35) "°T ~om

Jall,net (kN/mZ) =

Df
Fa=1+ 0.33§ < 1.33

Se = elastic settlement in (mm)
Ngo = corrected standard penetration resistance (number).

Se(mm) = 22" dalnet (P )2 For B < 1.22m
€ NeoxFq \B+40.3 -

__ 2Xdall,net B 2
Se(mm) = NooxFa (B+0_3) For B > 1.22m

Consolidation Settlement

Primary Consolidation Settlement

As we discussed previously in soil mechanics course (Ch.11), the
consolidation settlement is the process of water expulsion from the voids of
saturated clay with time. But here, we want to calculate total primary
consolidation settlement (i.e. @ t = oo ) using the following three equations:

1. For normally consolidated clay:

0_/
For Normally consolidated clay — OCR = G—,C =1
(0]

C.xH <0(, + AG;V>
c = X log| ———
1+e,

S. = primary consolidation settlement
Cs = swellindex , H = thickness of clay layer , e, = initial void ratio

o, = present effective overburden pressure (at the middle of clay layer)
Aoy, = average effective stress increase for clay layer
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2. For Overconsolidated clay

!

o
For Overconsolidated clay — OCR = G—f >1

0
There are two cases:

Case One (o = o, + Acyy):

1+eq
Cs = swell index

Case Two (o, < o, + Aoyy):
. = CsxH xlog(i) +cc xH log(o; +,Aogv>

1+e, O, 1+e, O
If the stress at the base of the foundation is decreased with depth, we can
calculate the value of Ac}, by Simpson’s rule as following:
Aot + 4Aop, + Aoy,

6

Ao; = Increase in effective stress at the top of clay layer.
Aoy, = Increase in effective stress at the middle of clay layer.
Aoy, = Increase in effective stress at the bottom of clay layer.

! —_
Aoy, =

Secondary Consolidation Settlement
At the end of primary consolidation (after complete dissipation of pore water
pressure), some settlement is observed that is due to the plastic adjustment of
soil fabrics. This stage of consolidation is called secondary consolidation.
H % C, t,
g = X log (—)
1+e, tq
ep, = Vvoid ratio at the end of primary consolidation stage.
t, = time at the end of primary consolidation settlement (start secondary
consolidation settlement).
t, =any time after beginning secondary consolidation settlement.
the value of C, is depend on type of clay (N.C.Clay or O.C.Clay or Organic
clay) and there is a typical values for each type.
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Plate Load Test

The ultimate bearing capacity of foundations, as well as the allowable
bearing capacity based on tolerable settlement considerations, can be
effectively determined from the field load test, generally referred as plate
load test.

Plate Properties:

The plate used in this test is made of steel and have the following
dimensions:

v If the plate is circular, the diameter will be (150mm to 762mm) with
25mm thickness.

v If the plate is square, the dimensions are (305mm x 305mm) with 25mm
thickness.

Test Mechanism:

v To conduct a test, a hole is excavated with a minimum diameter of 4B (B
is the diameter of the test plate) to depth Ds (depth of proposed foundation).
v’ The plate is at the center of the hole, and the load is applied on the plate
and increased gradually.

v" As the load increase, the settlement of the plate is observed on dial gauge.
v" The test should be conducted until failure, or the settlement of the plate
became 25mm.

v" The value of load at which the test is finished is the ultimate load can be
resisted by the plate.

v Divide the ultimate load on the plate area to get ultimate bearing capacity
of the plate q,p).

For test in clay:

QurE = Qu)
quer) = ultimate bearing capacity of the proposed foundation

For test in sandy soil:
Br
Qu(p) = dQup) 7

Br = width of the foundation , Bp = width of the test plate
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Problems
1.

A 3mx3m square footing is shown in the figure below, if the net load on the
foundation is 2000 KN.

A. Use strain influence factor method to calculate elastic settlement of the
footing after 6 years of construction. Given to you values of tip resistance
from cone penetration test:

Depth (m) from
the gprougd)surface qc(kN/m?)
0-2 8000
2-4 10000
4-6 9000
6-8 8500

B. If the corrected standard penetration number (N¢,) = 10 and the
allowble settlement is 25.4mm. Calculate the net allowable bearing
capacity using Bowles equations.

2000 kN
i 4 NN
y =17 kN/m*
2m
1 3m
Solution

A. S. =77 (using influence line factor method).
Z
Nk
Se = C1C(A—0) ) A2
0 S

q
q—q
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q=yDf =17 X 2 = 34 kN/m?
Net Load _ 2000

a —_— = = = 2
-4 Foundation Area 3 X 3 222.22 kN/m
-C;=1-05x 52222 = 0.923

Time in years

C,=1+0.2 log( ) time = 6years

0.1
6
- C,=1+0.2log <ﬁ> =1.356

Calculation of ¥,g* ;—zAz:

S

1. Calculation of I, with depth:
v/ At depth z = 0 (at the base of the foundation) = I, = I, nitjal
L
Iz,initial =0.1+0.0111 (E - 1) but for square footing - Iz,initial = 0.1
‘/At depth Z=171— IZ = Iz(max)
q—q
qlz(l)
Before calculating I,mayx) We need to calculate g,y at depth z,

Iz(max) = 05 + 01

Z L
El = 0.5+ 0.0555 (E — 1) but for square footing - z; = 0.5B

-7, =05B=05%Xx3=15m

222.22

co5 - 0.69

- Iz(max) =0.5 + 0.1

v Atdepthz =2, » I, = 0.0
Z L
Ez =2+ 0.222 (§ - 1) but for square footing - z, = 2 B

-7, =2B=2x%x3=6m
I.e. we concerned about soil to depth of 6m below the foundation or (6+2) m
from the ground surface.
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2. Calculation of Egwith depth:
The value of Eg will vary with depth according the values of q. and for
square footing —» E; = 2.5 q. »—

Depth (m) from 2 E; =2.5q,
the ground surface qc(kN/m”) (kN/m?)

0-2 8000 20000
2-4 10000 25000
4-6 9000 22500
6-8 8500 21250

3. Now we can draw the variation of I, and E with depth and then divide
the soil for layers according the values of E¢ and the slope of I,:

I3mI Iz E
| — > »

: |

|

1.5m 1.5 = ':41) 1 :
{ 069 —25000 ——

05] =— |2{2} 47/ 2 :

E)

|a) -~ 21250

e L | ——_—— ——— " ]
1
N

v v
Depth Depth

Note that the layer (2) has the same value of E for layer (1), but because the
slope is differing, we divided them into two layers.
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Now we want to calculate the value of I, at the middle of each layer by
interpolation:

z(4)

(
|
|
|
|
|
|
|
|
|
|

b
/

1.5+(0.5/2) 2+(2/2) 4+(2/2)
By interpolation (using calculator):
Iz(l) = 0395 ) IZ(Z) = 0651 ) IZ(3) = 0.46 ) IZ(4-) = 0153
4. Now we can calculate the value of Y2 ;—ZAz:
I, at the middle I,
2 Z =
Layer No. Az(m) E;(kN/m*) of each layer E. Az
1 1.5 25000 0.395 2.37 x 107°
2 0.5 25000 0.651 1.30 X 107°
3 2 22500 0.46 4.08 X 10~°
4 2 21250 0.153 1.44 x 1075
Z2
|
z—zAz =9.192 x 1075
0 s

- S, =0.923 x 1.356 X 222.222 X 9.192 x 10~°
= 0.02557m = 25.57 mm v .

B. Qainet =77 (if S¢ = 25.4mm and N4y = 10)

(all net (kN/mz) =

N60

B+ 0.3

0.08

Se

2
B ) Fq (25

) ForB> 1.22 m

Df 2
Fg=1+033—-<1335F;=1+033x5=122

(all net (kN/mz) =

10

3+0.3

0.08
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2.

A continuous foundation resting on a deposit of sand layer is shown in the
figure below, along with the variation of the modulus of elasticity of soil
(Es). Assuming y = 115 Ib/ft3 and the time = 10 years. Calculate the elastic
settlement using strain influence factor.

SIS RSN
I} q = 4000 Ib/ft?
l I Es(Ib/in?)
N _ ZP ’ i - >
! o ! l-— 875 —-!
] SEEELELE bemem
|
=——1740 —-I:
|
20k 1___}
|
[—— 1450 :
|
| JI
v
Depth(ft)
Solution

Z3
I
Se = C1C,(@— CI)ZE—ZAZ
0 S

q

C,=1-05x
q-q

q=yDs=115x5 = 575b/ft? , g = 4000 Ib/ft?
q— q = 4000 — 575 = 3425 b/ft2

C,=1 05><575
- =1-—
1 "~ 73425

Time in years
0.1

= 0.916

C,=1+0.2 log( ) time = 10years
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10
-C, =1+0.2log (ﬁ) =14

Calculation of Y2 ;—zAz:

S

1. Calculation of I, with depth:
v/ At depth z = 0 (at the base of the foundation) = I, = I, sitjal
L
I,; =0.1+0.0111 <§ - 1) but for continuous footing — I,; = 0.2
v At depth Z=171 IZ = Iz(max)

9—q

dze1)
Before calculating I,mayx) We need to calculate g,y at depth z,

Lymax) = 0.5 + 0.1

zZ L
El = 0.5+ 0.0555 (E — 1) but for square footing —» z; = B

71 = B = 8 ft.
Q1) = 115 X (5 + 8) = 1495 Ib/ft2

3425
- Iz(max) =0.5+0.1 ﬁ = 0.651

v Atdepthz =2, -» I, = 0.0

Z L

EZ =2+ 0.222 (E — 1) but for continuous footing - z, = 4 B
-7, =4B=4x8=32ft

2. Calculation of Eqwith depth:
The variations of E¢ with depth is given.
Now we can draw the variation of I, and E with depth:
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" I, Es(Ibfin?)
T | 0. > 0 1 I >
ot GIt _._|2m3\ 6-— 875 ——!
L oft o ——= 0651 o 2 |
| 1740
32t 12ft =—Izp I
3 |
20 | '
4]
1260 L) -~ 1450 '
]
3 i
A0 b Jl
A\ 4 v
Depth(ft) Depth(ft)

Now we want to calculate the value of I, at the middle of each layer by

interpolation:
0.651

|
|
!
|
|
|
|
|
|
|
|

T 2ot 32ft

6+(2/2) 8+(12/2) 20+(12/2)

By interpolation (using calculator):
Iz(l) = 0.369 ) IZ(Z) = 0595 ) IZ(3) = 0.488 ) IZ(4-) = 0.163
Now, don’t forget to transform the unit of Es from (Ib/in? to Ib/ft?) —

— 875Ib/in? = 875 X 144 = 126000 Ib/ft? and so on,,,
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I
3. Now we can calculate the value of Y2 = Az
S

- 1
LayerNo. | Azt | E.(b/f?) Izoaf'teghc‘;rg‘;ge 5l
1 3 126000 0.369 1757 x 10°5
2 2 250560 0.595 0.449 X 10~
3 12 250560 0.488 2337 X 10°°
4 12 208800 0.163 0.937 X 105
Zy
ZI—ZAZ — 553 %1075
0 Es

— S, = 0.916 X 1.4 X 3425 x 5.53 x 107>
= 0.242ft = 0.074m = 74mm V.

3.
Solve example 5.7 in your textbook
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Foundation Engineering of Shallow Foundations

Introduction

As we stated in Chapter 3, foundations are considered to be shallow if

if [Df < (3 — 4)B]. Shallow foundations have several advantages: minimum
cost of materials and construction, easy in construction “labor don’t need
high experience to construct shallow foundations”. On the other hand, the
main disadvantage of shallow foundations that if the bearing capacity of the
soil supporting the foundation is small, the amount of settlement will be
large.

Types of Sallow Foundations
1. Isolated Footings (spread footings).
2. Combined Footings.

3. Strap Footings.

4. Mat “Raft” Foundations.

Geometric Design of Isolated Footings

The most economical type of foundations, and usually used when the loads
on the columns are relatively small and the bearing capacity of the soil
supporting the foundations is large.

In practice, we usually use isolated square footing because is the most
economical type if the following condition is satisfied:

The distance between each footing should be more than 30 cm from all
direction, if not; we use isolated rectangular footing (if possible) to make the
distance more than 30 cm. The following figure explains this condition:

i & & & = &
f
<3gcm_f |=—tf—c>30cm
o B e B | TS| B . &
Im.:m |
<30.:m—f
= & & &
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Note that for the middle foundation the distance from two sides is less than
30, so we use rectangular isolated footing as shown in figure (right side).
If using of rectangular footing is not possible, we use combined footing as
we will explain later.

Design Procedures:

1. Calculate the net allowable bearing capacity:

The first step for geometric design of foundations is to calculate the
allowable bearing capacity of the foundations as we discussed in previous
chapters. Q

q _ Qunet
all,net FS

Qunet = qu,gross - Ychc - Yshs

2. Calculate the required area of the footing:

_ Qservice

Areq = =BxL

qall,net
Assume B or L then find the other dimension.

If the footing is square:
Areq = B2 > B= Areq
Qservice = Pb + B

Why we use Qgervice:

Are _ Qservice —A — Qservice
q req
qall,net qlll:',get
_ FS X Qservice
qu,net

In the above equation the service load "Qgervice 1S Multiplied by FS and
when we multiply it by load factor, this is not economical and doesn’t make
sense.

Note:

The equation of calculating the required area (Areq = M) is valid only

Jall,net
If the pressure under the base of the foundation is uniform.
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Geometric Design of Combined Footings
Types:

1. Rectangular Combined Footing (two columns).

2. Trapezoidal Combined Footing (two columns).

3. Strip Footing (more than two columns and may be rectangular or
trapezoidal).

Usage:

1. Used when the loads on the columns are heavy and the distance between
these columns is relatively small (i.e. when the distance between isolated
footings is less than 30 cm).

2. Used as an alternative to neighbor footing which is an eccentrically loaded
footing and it’s danger if used when the load on the column is heavy.

Design of Rectangular Combined Footings:
There are three cases:
1. Extension is permitted from both side of the footing:

t Q
Q R=Q;+Q, 5
—
Xr |
L A A A A A A A A} L A A A A A A ) L A A A A A ) WY

L/2 L/2

The resultant force R is more closed to the column which have largest load.
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To keep the pressure under the foundation uniform, the resultant force of all
columns loads (R) must be at the center of the footing, and since the footing
Is rectangular, R must be at the middle of the footing (at distance L/2) from

each edge to keep uniform pressure.
Areq — ZQservice _ Q1+Q2 — B X L

dall,net Jall,net

How we can find L:
L, = distance between centers of the two columns and it's always known
X, = distance between the resultant force and column (1)
OR column (2) asu like ©.
L;and L; = extensions from left and right " usually un knowns"
Now take summation moments at C, equals zero to find X;:

z Mc, =0.0 - Q;L; + (Wfooting + Wsoi) XX =R XX, > X, = V.

(Weooting + Wsoi1) are located at the center of the footing

If we are not given any information about (Wg,oting + Wsoil) —
Q,L, =RxX, > X, = V.

Now, to keep uniform pressure under the foundation:

L
X, +L; = 5 (Two unknowns "L;" and "L")
The value of L; can be assumed according the permitted extension in site.
A
-L=V —>—>B=%= v.

2. Extension is permitted from one side and prevented from other side:

LIQ”QZ
{
TTﬂ [TTefetsy
i Ly Tl
c, c,
B & } B
L/2 L/2
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The only difference between this case and the previous case that the

extension exists from one side and when we find X, we can easily find L:
. 1 idth _ L
To keep the pressure uniform — X, + w == L=/.

3. Extension is not permitted from both sides of the footing:
In this case the resultant force R doesn’t in

the center of rectangular footing because Q; Q R7GrQ Q
and Q, are not equals and no extensions from
both sides. So the pressure under the ] e |[.F i
foundation is not uniform and we design the |
footing in this case as following: v :

|

L=L1+W1+W2=\/

ow e ca i ¢ (T,

Z M¢oundation center = 0.0

L W L W e —
G x(3-5) - Qx(z-5)=Rxe ML

—e=V
Note: the moment of W + Wy is zero B [ B
because they located at the center of footing.

The eccentricity in the direction of L.:

L
Usually e < 3 (because L is large)

R 1_{_6e>
qmaX_BXL( L

qall,gross = Jmax ~ qall,gross = (Qmax (Critical Case)

R 6e

Qall,gross = m(l + T) -»B=/.

Check for B:
__R (1 6e) tbe > 0.0
Amin = 5T [ ) must be > 0.

If this condition doesn’t satisfied, use the modified equation for q,,,4 to find
B:

4R
Omax,modified = m -B=V.
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Design of Trapezoidal Combined Footings:

Advantages:

1. More economical than rectangular combined footing if the extension is
not permitted from both sides especially if there is a large difference
between columns loads.

2. We can keep uniform contact pressure in case of “extension is not
permitted from both sides” if we use trapezoidal footing because the
resultant force “R” can be located at the centroid of trapezoidal footing.

Design:
R=
Q; > Q, — B;atQ; and B,at Q, Q Q+Q, Q,
L=L1+W1+W2=/_ Xr_"
A — Z Qservice _ Ql + Qz - _ _
red (all,net (all,net
Q:+Q; L
=—-(B;+B,) »>> Eq.(1

qall,net 2 ! 2 9 ( ) L
Now take summation moments at C; equals
zero to find X;: M * ]
Z MC1 =00~ QZLI + __|--—__-..
(We+ W) XX, =RxX, 2 X, = V. |

Wl — \
Xp+—=X= v .

L%B, +28 C, cq C,
X = — 1—2) E . 2 B . -

3(B1+B2 -~ Eq.(2) e jz
Solve Eq. (1)and Eq. (2) —»—
B;=+v and B, ="/. _1_//

WL o~
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Geometric Design of Strap Footing (Cantilever Footing)

Usage:

1. Used when there is a property line which prevents the footing to be
extended beyond the face of the edge column. In addition to that the edge
column is relatively far from the interior column so that the rectangular and
trapezoidal combined footings will be too narrow and long which increases
the cost. And may be used to connect between two interior foundations one
of them have a large load require a large area but this area not available, and
the other foundation have a small load and there is available area to enlarge
this footing, so we use strap beam to connect between these two foundations
to transfer the load from largest to the smallest foundation.

2. There is a “strap beam” which connects two separated footings. The edge
Footing is usually eccentrically loaded and the interior footing is centrically
loaded. The purpose of the beam is to prevent overturning of the
eccentrically loaded footing and to keep uniform pressure under this
foundation as shown in figure below.

d
R= Q-fl' Q2= R1+ R2

o ) ﬁz
_j/\_ _ ~

i
|
|
|
2
I

L -

W W
= d b
- v :
//// / Strap Beam % i
- L, - %_ U? -
A A + A A A A A A *JL A A A
R, |R2

Note that the strap beam doesn’t touch the ground (i.e. there is no contact
between the strap beam and soil, so no bearing pressure applied on it).

This footing also called “cantilever footing” because the overall moment on
the strap beam is negative moment.
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Design:

R:Q1+Q2:R1+R2 but,QliRlansziRz

Q; and Q, are knowns but R; and R, are unknowns

Finding X,:

z Mg, = 0.0 (before use of strap beam) » RX X, =Q, Xd - X, = V.

w
a=X,+ 71 — ?1 (L4 should be assumed "if not given")
b=d-X,

Finding Ry:

Z Mg, = 0.0(after use of strap beam) - R; X (a+b) =Rxb->R; = V.

Finding R:
Rz - R - Rl
Design:
R R
Al — 1 , A2 — 2
qall,net qall,net

Mat Foundation

Usage:

We use mate foundation in the following cases:

1. If the area of isolated and combined footing > 50% of the structure area,

because this means the loads are very large and the bearing capacity of the

soil is relatively small.

2. If the bearing capacity of the soil is small (usually < 15 t/m?).

3. If the soil supporting the structure classified as (bad soils) such as:
e Expansive Soil: Expansive soils are characterized by clayey material
that shrinks and swells as it dries or becomes wet respectively. It is
recognized from high values of Plasticity Index, Plastic Limit and
Shrinkage Limit.
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e Compressible soil: It contains a high content of organic material and
not exposed to great pressure during its geological history, so it will be
exposed to a significant settlement, so mat foundation is used to avoid
differential settlement.

e Collapsible soil: Collapsible soils are those that appear to be strong and
stable in their natural (dry) state, but which rapidly consolidate under
wetting, generating large and often unexpected settlements. This can yield
disastrous consequences for structures unwittingly built on such deposits.

Types:
e Flat Plate (uniform thickness).
e Flat plate thickened under columns.
e Beams and slabs.
e Slabs with basement walls as a part of the mat.
(To see these types open Page 295 in your textbook)

Compensated Footing
The net allowable pressure applied on the mat foundation may be
expressed as:

q= % — YDs¢

Q = Service Loads of columns on the mat + own weight of mat

A = Area of the mat "raft" foundation.

In all cases q should be less than q; net Of the soil.

The value of g can be reduced by increasing the depth D¢ of the mat, this
called compensated footing design (i.e. replacing (substituting) the weight
of the soil by the weight of the building) and is extremely useful when the
when structures are to be built on very soft clay.

At the point which g = 0.0 — the overall weight of the soil above this point
will replaced (substituted) by the weight of the structure and this case is
called fully compensated footing (fully safe).

The relationship for fully compensated depth D¢ can be determined as
following:

0.0 = % —vYDf = D¢ = Agy (fully compensated depth )
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Geometric Design of Mat Foundation (Working Loads)

AY y
A
C10 Ciz
"ExATR
C G —
B - ® Nl »X
C, C C
1 é : P X
et L —

Procedures:
1. Determine the horizontal and vertical axes (usually at the center line of the
horizontal and vertical edge columns) as shown.

2. Calculate the centroid of the mat [ point C (X, Y)]with respect to X and Y

v Y X A
XA XA
A; = shapes areas.
X; = distance between y — axis and the center of the shape.
Y; = distance between y — axis and the center of the shape.

If the mat is rectangular:

L Wyertical edge columns

2 2

B w horizontal edge columns
2

B 2

>
Il

]
Il
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3. Calculate the resultant force R:

R=>Q

4. Calculate the location of resultant force R (Xg, Yg) with respect to X and
Y axes:
To find Xy take summation moments about Y-axis:
. Z Qi X Xri
Xp =
Qi
To find Yg take summation moments about X-axis:
Z Qi X Yri
Yp="u—
2 Q;
Q; = load on column
X,i = distance between columns center and Y — axis
Y,; = distance between columns center and X — axis

5. Calculate the eccentricities:
ex = |Xg — X| eyzlYR_?l

6. Calculate moments in X and Y directions:

szeyszi Myzexszi

7. Calculate the stress under each corner of the mat:

. M M
A LT

How we can know the sign (+ or —):

If compression (+) If tension (=)

Compression if the arrow of moment is at the required point
Tension if the arrow of moment is far away from the required point

X and Y are distances from the centroid to the required point

X and Y (take them always positive)

I, = I = moment of inertia about centoid of mat (in x — direction)

I, = Ig = moment of inertia about centoid of mat (in y — direction)
B3L L3B

y

(in case of rectangular foundation
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8. Check the adequacy of the dimensions of mat foundation:

Calculate q,,x (maximum stress among all corners of the mat)
Calculate q,i, (minimum stress among all corners of the mat)

Omax = Jall,net

min = 0.0

If one of the two conditions doesn’t satisfied, increase the dimensions of the
footing.

Structural Design of Mat Foundation (Ultimate Loads)

In structural design we want to draw shear force and bending moment
diagrams, to do this we have to subdivide mat foundations into a strips in
both directions, each strip must contains a line of columns, such that the
width of strip is related to the loads of the columns including in this stip.

For the previous mat, let we take a strip of width B, for the columns 5,6,7
and 8 as shown in figure below:

A % @

Co C10 Ciq Crz

BITE yjﬁ }i .

' R 2

— L —

I\(p

Procedures for structural design (drawing shear and moments
diagrams):

We will take the strip as shown in the figure above, and the following
procedures are the same for any other strip:
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1. Locate the points E and F at the middle of strip edges.
2. Calculate the factored resultant force (R,):

Ry = ZQui

3. The eccentricities in X and Y directions remains unchanged because the
location of the resultant force will not change since we factored all columns
by the same factor.

4. Calculate the factored moment in X and Y directions:

Mu,x = €y X Z Qui 1v[u,y =ex X z Qui

5. Calculate the stresses at points E and F (using factored loads and

moments):

ZQui Muy Mux
= +—2X+—2Y
=72 =77, T

y

6. Since the stress at points E and F is not equal, the pressure under the strip
in not uniform, so we find the average stress under the strip:

_ Qe+ QF
Qu,avg = >

7. Now, we check the stability of the strip:

(Z Qui) = Quavg X Astrip
strip

If this check is ok, draw the SFD and BMD and then design the strip.
If not ®:>>>> Go to step 8.

8. We have to modified the loads to make the strip stable by the following
steps:

e Calculate the average load on the strip:

(Z Qui)strip + qu,avg X Astrip

2
e Calculate the modified columns loads:

(Qudmod = Qui X erage Load
ui/mod ut (2 Qui)StI‘ip
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e Calculate the modified soil pressure:

Average Load

(Qu,avg)mod - qu,an qu,avngstrip

Now, (z Qui) = Quavg X Astrip > Draw SFD and BMD
strip

I
AREERRRRRRRARARRRARRARRRERA

C|u)( B1

Important Note:
If the SFD and BMD and you are given only service loads, do the above
steps for service loads and draw SFD and BMD for service loads.
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Problems
1.

Design the foundation shown below to support the following two columns
with uniform contact pressure:

Column (1): Pp=500 kN , P =250 kN , cross section (50cm x 50cm).
Column (2): Pp=700 kN , P =350 kN , cross section (50cm x 50cm).
Assume the net allowable soil pressure is 200 kN/m?

A
C, 05m C,
!" 5m =
Solution
To keep uniform contact pressure Q R=Q+Q, Q
1 2
under the base, the resultant force R X
must be at the center of the r

foundation.

Since the extension is permitted from
right side, we can use rectangular
combined footing. Y

T
Q; =500+ 250 = 750 KN |
QZ =700+350= 10501{N AL A A A A A A A A .Ii| W YEYEY YY)
|
"‘7 m X
R = 1800 kN :
The weight of the foundation and the C, | C,
soil is not given, so we neglect it. B % : %
|
L/2 L/2 —
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chl=0.0—>1050><5=1800><Xr—>Xr=2.92m
. 0.5 L

To keep uniform pressure: X, + — =3

L—292+0'5—317

2— . 5 = o. m

L

§=3.17m—>L=3.17x2=6.34m/.

Calculation of B:

Qservice 1800
A.,=——————=BXL->——=BXx634—->B=142m/V.
red qall,net 200
Check for B:

Available value for B:

The permitted extension for the width B is 0.5 m, so the available width is
0.5+ (column width)+0.5 = 0.5+0.5+0.5 =1.5m

B=1.42m < 1.5m Ok
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2.

For the combined footing shown below.

e Find distance X so that the contact pressure is uniform.
o I Qa1 ne=140 KN/m?, find B.

e Draw S.F. and B.M diagrams.

1000 KN 660 KN

Solution
To keep uniform contact pressure under the base, the resultant force R must
be at the center of the foundation.
Q; = 1000 KN
Q, = 660 kN
R=Q; +Q, = 1000 + 660
R = 1660 kN
The weight of the foundation and the soil is not given, so we neglect it.
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1000 KN R 660 KN
* Xr
V V
- X

chl — 0.0 5660 x5 =1660 x X, > X, = 1.98m

To keep uniform pressure: X, + X = g
=(5-198)+1=4.02m

=4.02m > L=4.02X 2 =8.04m

NN

L
Xr+X=§—> 198+X=4.02->X=2.04mv.

Calculation of B:
A _ Qservice

req —

1660
=BXL->——=Bx804->B=147mV.
qall,net 140

Drawing SFD and BMD:
To draw SFD and BMD we use factored loads (if givens), but in this
problem we given the service loads directly, so we use service loads.

The free body diagram for the footing, SFD and BMD are shown in figure
below:
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1000 KN 660 KN
—2.04 -1 hm im —
Y
Tn [T

140 x 1.47=206 kN/m

%420 N /

- 137
— - 210/

383

498 | |

580 <Shear)

Di 2.8 = ——
istance 2.8 206 \ W

Note that the moment and shear for the footing is the opposite for beams
such that the positive moments is at the supports and the minimum moments
at the middle of spans, so when reinforced the footing, the bottom
reinforcement mustn’t cutoff at supports but we can cut it at the middle of
the span, also the top reinforcement mustn’t cutoff at the middle of the span
and we can cut it at the supports (Exactly).
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3.

A. For the rectangular combined footing shown below, to make the soil
reaction uniform, determine the live load for the column C;, knowing that
dead load is one and half live load for this column.

Column DL (tons) | LL (tons)

C, DL, LL,

C, 80 46

Cs 55 35

7
4 4.8m ~+ 3.8m -
C, C, C,
7

B. Design a combined footing for the same figure above if C, has a dead
load of 90 tons and live load of 54 tons, knowing that the extension is not
permitted and the soil reaction is uniform. (qa ne=20.8 t/mz).

Solution
A.
For rectangular footing, to keep uniform pressure, the resultant force R must
be in the center of the foundation.
Q; = DL + LL
DL=15LL-Q; =15LL+LL=25LL
Q, =80+ 46 =126 ton
Q3 =55+35=90ton
R=Q;+Q,+Q3=Q,; +126+90
R=Q, + 216
The weight of the foundation and the soil is not given, so we neglect it.

L=04+48+38+04=94m - 0.5L=4.7m

Page (132) Ahmed S. Al-Agha




Geometric Design of Shallow Foundations

Foundation Engineering

5m 4m

Xr

4.7m 47m

EllAAERRREARARRN AR AR AR AR R AR R

X, =4.7—0.2 = 45m

chl — 0.0 5126 X5+ 90X 9 = (Q, + 216) X 4.5 - Q, = 104 ton

Q; =104=25LL—->LL=4.6ton V.

B.

IfQ; =90 + 54 = 144 ton,

Design the footing to keep uniform contact pressure .

Note that if we want to use rectangular footing, the pressure will be uniform
only when Q, = 104 ton otherwise if we want to use rectangular footing the
pressure will not be uniform, so to maintain uniform pressure under the
given loading we use trapezoidal combined footing (The largest width at
largest load and smallest width at smallest column load) as shown:

..0-_4_1_7 4.8m 4_#-7 3.8m 4..|_(H_
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Q; = 144 ton
Q, =126 ton
Q3 =90 ton

R=0Q, +Q,+ Qs =144 + 126 + 90 = 360 ton
L=04+48+38+04=094m

om 4m
R
144ton 126 ton 90/ ton
X
X
\ 4
T T O T T T A T A T T T ey
Areq=%::3=;(B1+Bz)_’%=92;4(31+32)

- (B;+B,) =3.68->B; =3.68—B, = Eq.(1)
ZMCI=0.0—>126><5+90><9=360><Xr—>Xr=4m

X 402 =% 42 L<B1+2B2) <B1+2B2
2=X-42==—)- =(—
r B, + B, B, + B,

3 ) -- Eq.(2)

Substitute from Eq.(1) in Eq.(2):
3.68 — B, + 2B,
3.68 — B, + B,
B; =3.68—-125=243m /.

1.34=( )—>B2=1.25m/.
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4.

Determine B, and B, of a trapezoidal footing for a uniform soil pressure of
300 kN/m?. (Consider the weight of the footing "Yconcrete = 24 KN/m3").

M,;= 600 KN.m M,= 800 KN.m M;= 1200 KN.m
Q= 3000 KN Q.= 2000 KN Q5= 4000 KN

T 1 T

7 ~oml——bm —d—6m —— 2m 7

Solution
Note that we are given the thickness of the footing and the unit weight of
concrete (i.e. the weight of the footing) that must be considered.
The largest Width B; will be at the largest load (4000) as shown below:

R=ZQ=9000kN

L=24+6+6+2=16m
Footing Weight = Footing Volume X vy,

L
Footing Volume = > (B; +B,) x1=8(B; +B,)
Footing Weight = 8(B; + B,) X 24 = 192(B; + B,)
Note:

A _ Qservice,net _ Qservice,gross
req — -

qall,net qall,gross
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Qservicenet = applied column load on the foundation
Qservice,gross = Applied column load + footing weight + soil weight

In this problem the footing weight is given and the soil weight is not given,
so we neglect it.
The given bearing capacity is allowable gross bearing capacity.

_ Qservice,gross _ 8(B1 + Bz) N 9000 + 192(B1 + Bz)
qall,gross 300

Areq -

R

M= 600 KN.m M,= 800 KN.m M,= 1200 KN.m
Q= 3000 KN Q,= 2000 KN Qy= 4000 KN

Ve

| |

Now, take summation moments about the center of the footing (to eliminate
the moments of the resultant force and the weight of the footing).

I1m

>l

z Meenter = 0.0 = 3000 X (14 — X) + 600 + 2000(8 — X) + 800
—4000 x (X —2) — 1200 = 0.0 >» X = 7.36 m

— L (Bl + ZBZ> 16 <B1 + 2B2>
3

X=736==(—"2)>
3\'B, + B, B, + B,

B, + 2B
1.38 = (#

B, 1B, ) —— Eq.(2) substitute from Eq. (1)

4.07 — B, + 2B,
407 - Bz + Bz
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S.

A combined footing consists of four columns as shown in figure, determine
the width of the rectangular combined footing B.

Allowable gross soil pressure = 255 kN/m?.

Ye = 24 KN/m3 and ygo50 = 20 KN/m3

1500 KN 3500 KN 4000 KN 2500 KN

500 KN.m

L=28m

Solution
Note that the foundation is rectangular (as given) but the pressure in this
case will not be uniform, so we will design the footing for eccentric
loadings.
W+ W, =28 XxBx(1x20+1.5x%x24)=1568B
z Q = Rservicegross = 11500 + 1568 B

Now calculate the moment at the centroid of the footing:
ZM = 1500 x (14 — 2.5) + 2500 + 3500 x 4 — 4000 % 4
@center

—2500(14 — 2.5) — 2500 = —13500 kN.m

2 M@center — 13500
>Q 11500 + 1568 B

e =

The eccentricity in L direction and since L is so large e < % -

Q 6e

1= Bx L( ~ L )
Q 6e .
(1 + T) by equating qmayx and qay gross =

qmaX_BXL
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11500 + 1568 B 6( 2200 )
S5E = 1 + - \1500 + 1568 B

B x 28 28
- B=258mV/V.
Check For B:

13500
e = = 0.868 m

11500 + 1568 x 2.58
z Q = 11500 + 1568 X 2.58 = 15545.4
Q < 6e> 155454 ( 6 x 0.868

) — 175.2kN/m? > 0 Ok

Amin = BT L)~ 258x28 28

6.

For the strap footing shown below, if g net =250 kN/m?, determine Q:and Q,
. 10m i
| R |
|Q1 Q,

RN RS

0.3 0.4

|
|
7 // T 7 |
/%f/ // Strap Bean// / % i 4x4
om Tty Am -

3 [ * L

—

Solution
Ry = A; X qapnet = (2 X 3) X 250 = 1500 KN
R, = Ay X Qanet = (4 X 4) X 250 = 4000 KN
R=R; + R, =1500+ 4000 = 5500 KN =Q; + Q,
a+b=10+0.15—-1=9.15m
Z Mg, = 0.0(after use of strap ) - 1500 X 9.15 = 5500 Xxb - b =2.5m

-a=915-25=665m-> X, =6.65+1—-0.15=75m
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zM@Ql — 0.0 510Q, = 5500 X 7.5 > Q, = 4125 kN /.
5 Q, =R—Q, = 5500 — 4125 = 1375 kN /.

1.

For the shown mat foundation, If qg =150 KN/m?.

1. Check the adequacy of the foundation dimensions.

2. Draw SFD and BMD for the strip ABCD which is 2m width.

Interior Columns | Edge Columns | Corner Columns
Columns Dimensions 60cm x 60cm 60cmx40cm | 40cm x40 cm

Service Loads 1800 kN 1200 kN 600 kN
Factored Loads 2700 kN 1800 kN 900 kN
Y

R
B

H

4m

x T
R M—.‘ X

ﬁZmP*
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Solution
Firstly we take the horizontal and vertical axes as shown in figure above.
Calculate the centroid of the footing with respect to these axes:
B=5+8+2x0.2=13.4m (horizontal dimension)
L=5+8+4+2x0.2=17.4m (certical dimension)

_ 134 04
X = - 5 = 6.5m (from y — axis)
— 174 04
Y = T3 = 8.5 m (from x — axis)

Calculate the resultant force R:
R = Z Q; (service loads) = 2 X 1800 + 6 x 1200 + 4 x 600 = 13200 kN

Calculate the location of resultant force R (Xg, Yg) with respect to X and
Y axes:
_ Z Qi X Xri

Xg = = ——
R % Qi
_2><1800><5+2><1200><5+2><1200><13+2><600><13

13200

Xr = 5.82 m (from y — axis)
Note that the moments of the first vertical line of columns will equal zero
because y-axis is at the centerline of these columns.

i X Yri
=S

_2x1200><4+1800x4+2x1200x12+1800><12+2><600x17+1200><17
B 13200

Yr = 8.2 m (from x — axis)
Note that the moments of the first horizontal line of columns will equal zero
because x-axis is at the centerline of these columns.

Calculate the eccentricities:
e, = |Xg — X| = [5.82 — 6.5| = 0.68
e, =Yg — Y| =18.2—-85] = 0.3m
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Calculate moments in X and Y directions:
M, = ey X Z Q; = 0.3 x 13200 = 3960 KN.m

M, = e, X z Q; = 0.68 X 13200 = 8976 kN.m

Calculate moment of inertia in X and Y directions:
_ B 13 _ 134X 17.43

—_— — — 4
== - 5882.6 m
L B® 17.4x134° 148865 mé
y= 2 T 12 - €0 M

Not that the value which perpendicular to the required axis will be tripled
because it’s the value that resist the moment.

Calculate the stresses:

a =ZQ1 +&X+&Y—> q = 13200 N 8976 Y+ 3960 v
A 7L T 13.4x 17.4~ 3488.85 ™ 5882.6

q=56.611+257X+067Y

If compression, use (+) sign

If Tension, use (—) sign.

But we want to calculate q,,.x and qpin

Qmax = 56.61 + 2.57 X+ 0.67Y

Qmin = 56.61 —2.57 X —-0.67Y

X = maximum horizontal distance from centroid to the edge of mat

13.4

= T = 6.7 m

Y = maximum vertical distance from centroid to the edge of mat
17.4

= T = 8.7m

= Qmax = 56.61 + 2.57 X 6.7+ 0.67 X 8.7 = 79.66 kN/m2
= (Quin = 56.61 — 2.57 X 6.7 —0.67 X 8.7 = 33.56 kN/mZ
Qmax = 79.66 < JQall,net = 150 —» Ok

dmin = 33.56 > 0.0 = Ok

The foundation Dimensions are adequate v .
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Now we want to Draw SFD and BMD for strip ABCD (using factored
loads)

Locate point E at the middle of the upper edge of strip (between A and B)
and point F at the middle of the lower edge of strip (between C and D).

R, =2Qui =2X2700+ 6 X 1800 + 4 x 900 = 19800 kN
The eccentricities will not change since we factored all loads by the same factor
My = €y X z Qu = 0.3 X 19800 = 5940 kN. m

My, = €y X Z Qy = 0.68 x 19800 = 13464 kN.m

¥ Qui, Myy My 19800 13464 5940
W=y T AT T P N T 3174 348885 © 58826
- qy,=8492+386X+1.01Y
If compression, use (+) sign
If Tension, use (—) sign.

X = horizontal distance from centroid to the points E and F at strip

Y

134 2 5 7
= > > =o./Im
Y = vertical distance from centroid to points E and F at strip
17.4
=—=87m
2
Y
A |
The shown figure explains the 5 | | 5 |
moments signs (compression or A Bm | m |
tension) and the strip ABCD with T % ‘/:__\
points E and F: om % M, |
: |
At point E: g @ 5

My, = compression (+)

M, = tension (—) L L
At point F: e

M, = compression (+) R

M, = compression (+) § X @% My/ B

e ——

5
\
?

S X

tol
o
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Que = 84.92+3.86 x5.7—1.01 x 8.7 =98.13 kKN/m?
Qur = 84.92 +3.86 x 5.7+ 1.01 x 8.7 = 115.7 KN/m?

Que t 4, 98.13 + 115.7
Quavg = 5 - = 5 = 106.9 kN/m2

Now, we check the stability of the strip:
(> Q) =2x1800+2x 900 = 5400 kN
strip

qu’avg X AStI‘ip = 106.9 x (174 X 2) = 3720
(Z Qui) # Quavg X Astrip — Not stable —» Loads must modified
strip

(X Qui)strip + duavg X Astrip _ 5400 + 3720

Average Load = > > = 4560 kN
(Qudmod = Qui X Average Load Q0 X 4560 0.84Q
ui/mod ui (Z Qui)strip ui 5400 . ui
(Qu,corner columns)mod = 0.84 X 900 = 756 Kn
(Qu,edge columns)mod = 0.84 x 1800 = 1512 kN
B o Average Load — 106.9 x 4560 — 131KN/m?
(qu,avg)mod - Qu,avg Qu,avg Astrip = . 3720 = /m

Now, we check the stability of the strip (after modification):
(> Qu)  =2x1512+2x756 = 4536 kN
strip

Quavg X Astrip = 131 X (17.4 x 2) = 4558.8 kN

(Z Qui) = (uavg X Astrip — €an be considered stable
strip

The final loads on the strip are shown below:
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~— 4m —i= 8m —-=— 5m
N\
AN \
756 1512 1512 756

Vo l |

130.1x2=260.2 KN/m

Now you can draw SFD and BMD but you will observe that the SFD and
BMD will not enclosed to zero (at the end) and this because the vertical

loads not exactly the same 4536 = 4558.8.
I try to say “ don’t confused if SFD and BMD” are not enclosed to zero (i.e.

trust yourself ©). (see problem No.2).

Page (144) j Ahmed S. Al-Agha




Fou

ndation Engineering | ic Design of Shallow Foundations

8.

For the mat foundation shown in the figure below:

A. Calculate the depth of embedment for fully compensated foundation
(ignore the mar self weight).

B. Find the pressure below points A, B, C and D.

C.Draw the SFD fir the strip ABCD.

D. For the soil profile shown below, calculate the primary consolidation
settlement for clay layer using Ds=1.5m.

Hint: Use 2:1 method and all columns are 80 cm x 80 cm.

Y
f — A
D=7 D(I]*'QI ~—.6m —=—f=— 6m —= =
08mf
{/
e i i i
Sand T 10(OKN 1300kN 1200kN
3m
y = 17 kN/m3 om
y = 18 kN/m3 B B i
10QOkN 1400kN 1300kN
c = 50 kN/m?
5m  C.=0.32,C, = 0.06 om
e, =0.8,0CR=0.2
i i @ (X
08m| | 900 kN 1100 kN 1200 kN
B
Sand ~—3m—=
Solution
A-
The net applied pressure from the structure is:
q= % —yD¢  but for fully compensated footing - q = 0.0 - % = yD¢
g Df = Q
AXy
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Q= z Q; = 1000 + 1000 + 1300 +900 + 1300 + 1400 + 1100

+1200 + 1300 + 1200 = 10400 KN
A = area of mat foundation = B X L

0.8
B=5+5+2><0.8+2><7=12.4m

0.8
L=6+6+2X0.8+2X7=14.4m

A=12.4x 144 = 178.56 m?

Y = unit weight of the soil that will be excavated = 17 kN/m3
10400

Pt = T7856 x 17
B-
Firstly we take the horizontal and vertical axes as shown in figure above.
Calculate the centroid of the footing with respect to these axes:
B = 12.4m (vertical dimension)
L = 14.4m (horizontal dimension)

=3.426m V.

— 144 0.8
X =T_0'8_7 = 6 m (from y — axis)
— 124 0.8
Y:T_O'S_T = 5 m (from x — axis)

Calculate the resultant force R:
R= Z Q, = 10400 kN (as calculated above)

Calculate the location of resultant force R (Xg, Yg) with respect to X and
Y axes:

Z Qi X Xri
XR =

% Q;

_ (1300 + 1400 + 1100) x 6 + (2 x 1200 + 1300) x 12
B 10400
Xr = 6.461 m (from y — axis)
Note that the moments of the first vertical line of columns will equal zero
because y-axis is at the centerline of these columns.
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Z Qi X Yri
YR = ————
X Q;
_ (1000 + 1400 + 1300) X 5+ (1000 + 1300 + 1200) x 10

10400
Yr = 5.14 m (from x — axis)
Note that the moments of the first horizontal line of columns will equal zero
because x-axis is at the centerline of these columns.

Calculate the eccentricities:
e, = |Xg — X| = |6.461 — 6] = 0.461m
ey = |[Yg — Y| =15.144 — 5| = 0.144 m

Calculate moments in X and Y directions:
M, = ey X z Q; = 0.144 X 10400 = 1497.6 KN.m

M, = e, X z Q; = 0.461 X 10400 = 4794.4 kN.m

Calculate moment of inertia in X and Y directions:
L B3 B 14.4 X 12.43

—_— —_— —_— 4
== - 2287.95 m
L _B [} 124X 144° r0gss
y=T12 T 12 . > M

Not that the value which perpendicular to the required axis will be tripled
because it’s the value that resist the moment.

Calculate the stresses:
>Q; M M 10400 4794.4 1497.6

+IX+—2Y->q= + X + Y
AT, T T 9T 124x 144730855 T 2287.95

q = 58.24 + 1.55X + 0.6545 Y
If compression, use (+) sign

If Tension, use (—) sign.

At point A:

M, = tension (—)

M, = tension (—)
L 144

XA:E T-72m YA=
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qa = 58.24 — 1.55 X 7.2 — 0.6545 X 6.2 = 43.02 kN/m?2 /.

At point B:
M, = tension (—)
M, = tension (—)
L 14.4 B 124

XB=§—3=T—3=4.21’1’1 YB=§—T=6.2m

qg = 58.24 — 1.55 X 4.2 — 0.6545 X 6.2 = 47.67 kN/m? /.
At point C:
M, = tension (—)

M, = tension (+)
L 14.4 B 124

XC=E—3=T—3=4.21’1’1 YC=§—T=6.21’I‘1
qc = 58.24 — 1.55 X 4.2 4+ 0.6545 X 6.2 = 55.78 kN/m? V.
At point D:

M, = tension (—)
M, = tension (+)

L 144
XD=E=T=7.21‘I’1 YD=

qp = 58.24 — 1.55 X 7.2 + 0.6545 X 6.2 = 51.14 kN/m2 v .

B_12.4_62
> =5 6 m

C-
Locate point E at the middle of the upper edge of strip (between C and D)
and point F at the middle of the lower edge of strip (between A and B).
Note that we are not given factored load, so we use the given loads to draw
SFD and BMD.
The relation for calculating the stress (q) will remains unchanged because
the loads on columns doesn’t changed.
q = 58.24 + 1.55X+ 0.6545Y
At point E:
M, = tension (—)
M, = tension (+)

L 3 144 3 B 12.4
XE =§—§=T—E=5.7m YE=§=T=6.2m
qg = 58.24 — 1.55 X 5.7 + 0.6545 X 6.2 = 53.46 kN/m?

Page (148) Ahmed S. Al-Agha




Foundation Engineering | tric Design of Shallow Foundations

At point F:
M, = tension (—)
M, = tension (—)

L 3 144 3 B 124

XF—E—E T—§=57m YF=§ T=62m

qr = 58.24 — 1.55 X 5.7 — 0.6545 X 6.2 = 45.35kN/m? /.

+q. 53.46+ 4535
Qavg = = . e . = 49.4 kN/m?

Now, we check the stability of the strip:
(> @) =2x1000+900 = 2900 kN
strip

Quavg X Astrip = 49.4 X (12.4 X 3) = 1837.68 kN
(Z Qi) # Qavg X Astrip = Not stable - Loads must modified
strip

(Z Qi)strip + qavg X Astrip _ 2900 + 1837.68

Average Load = 5 5 = 2368.8 kKN
Average Load 2368.8
(Q)mod = Qi X T W = Qi X 2900 0.816Q;
(Q 1)moa = 0.816 x 1000 = 816 KN
(Q2)moa = 0.816 X 900 = 734.4 kN
Average Load 2368.8
(davg)mod = Javg X Govs X Ao =49.4 X 83766 = 63.67kN/m?

Now, we check the stability of the strip (after modification):
(D Qi)  =2x816+7344 = 23664 kN
strip

Qu,avg X Astrip = 63.67 X (12.4 x 3) = 2368.52 kN

(z Qui) = (yavg X Astrip — can be considered stable
strip

The final loads on the strip are shown below:
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-——T——'I Y: om —— om ——TL 2

734.4 816 816

63.67x3=191.01 kN/m

The SFD and BMD are shown below:

589

505/191 450 366/191

229 /
l_— 2 64 —¢ﬂ — 19
Mzae
206 |
529 366
346

431

|

| | |
| | |
| | |
| | |
| | |
| | |

1.65
W5 | : |
| |

567

Note that the BMD not enclosed to zero, because we assume that the
pressure under the strip is uniform and this assumption is not accurate.
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D-
To calculate consolidation settlement, the following parameters should be
calculated firstly:

Calculation of present effective stress at the f
middle of clay layer (o,): D=7?
D¢ = 1.5 m (as given
0, =17 X 45+18x - = 1215 kN/m? Sand
3m 3
Calculation of preconsolidation pressure (c%): y =17 kN/m
OCR = 0—é -2 = o — o, = 243 kKN/m? = 18 kN/m?
A 121.5 Y
Calculation of average stress increase on the ¢ = 50 kN/m?
clay layer (Aoh,): 5m C. =0.32,C; = 0.06
Aot + 4Ac), + Act, € = 0.8,0CR =2
Oav = 6
We calculate the stress increase at the top, Sand

middle and bottom of clay layer by using
(2:1) method (as given):

P
(B+2) x (L+72) P =

Ao, = Z Q; = 10400KkN,B =12.4m,L = 14.4m
At the top of the clay layer (Acy):

z = 3m (distance from mat foundation to the required point)
10400

T (124 +3) x (144 + 3)

Aoy = 38.8 kN/m?

At the middle of the clay layer (Ao, ):

z=255
, 10400 B ,
Aom = 22455 x (144 +55)  2-2KN/m
At the bottom of the clay layer (Acy,):
z=255
10400
Ac}, = = 22.75 kN/m?

(12.4 + 8) x (14.4 + 8)
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38.8+4 x29.2 +22.75
6

- Ao =

= 29.72 kN/m?

o) + A, = 121.5 +29.72 = 151.22 < . = 243 >—

Use the following equation for calculating consolidation settlement:

For (o, = o, + Acy,):

Cs x H (02, + A0;V>
.= X log | ———
1+e, 0o

C; =006, e, =08, H=5m—

o _006x5 (15122
c= 1408 °g< 1215

) —0.01583m = 15.83 mm v'.
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Q.

For the shown mat foundation, If g ne=150 kN/m?, check the adequacy of
the foundation dimensions.

Interior Edge Corner
Columns Columns Columns SWi SW2
Dimensions | 60cm x 60cm | 60cm x 40cm | 40cm x 40cm | 40cm X 5m | 40cm X 4m
Loads 1800 kN 1200 kN 600 kN 1500 kN 1300 kN
Moment 0.0 0.0 0.0 800 KN.m | 600 KN.m
Y
A
—{| 2.5m |=25m=f=25m=| 25m |=—
1 &
2.5m SW,
i
!
2m
WL SW, o {sw,
2m
|
3"%
3.5m
SW,
Solution

What is shear walls??
It’s a structural element that used when the number of stories of the building
became more than 7 stories to resist the horizontal forces (earthquake and

wind).

Theses horizontal forces will exert a moments on shear walls, and thereby

shear walls will resist these moment about its strongest axis only.
Also shear walls can resist vertical loads as a column.
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The following figure explains how shear walls resist the applied moment
(about its strongest axis):

Now, return to problem above, the procedures of solution will not differ
from the other problem discussed above except in calculating the center of
resultant force (Xg, Yr) and for this problem will be calculated as
following:

R=ZQ=4X600+2X1800+2X1200+2><1500+2><1300

= 12802 kN
To calculate Xg we take summation moments about y-axis:
Note that the moment of SW, is about y-axis so will be considered here, but
the moment of SW, is about x-axis and will not be considered here.
The loads of all shear walls will exert moment exactly as columns.
Always take the moments on shear walls in the same direction of the
moments from columns loads because this will exerts the worst case
(maximum eccentricity).

Z Mey_axis = 0.0 = 2 X 800 + 2 X 1500 X (5 — 0.2)

+2 % 1800 X (5 — 0.2) + 2 X 600 X (10 — 0.2 — 0.2)
+1300 x (10 — 0.2 — 0.2) + 1200 x (10 — 0.2 — 0.2) = 12802Xg
> Xg = 5.374m
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To calculate Y we take summation moments about X-axis:

Note that the moment of SW, is about X-axis so will be considered here, but
the moment of SW; is about Y-axis and will not be considered here.

The loads of all shear walls will exert moment exactly as columns.

Y Max—axis = 0.0 > 2 x 1200 x (3.5 — 0.2)+1800 x (3.5 — 0.2)

+2 X 600 + 2 x 1300 X (8.5 — 0.2) + 1800 x (8.5 — 0.2)

+2 X 600 X (13— 0.2 — 0.2) + 1500 X (13 — 0.2 — 0.2) = 12802Yg
> Yg = 6.686 m

Note:

The loads on the shear wall may be given as distributed load (kN/m) in this
case multiply this load by the length of shear wall to be a concentrated load.
Now you can complete the problem exactly with the same procedures
discussed in previous problems.

10.

Calculate the base pressure at the points indicated below the mat foundation
shown. Total vertical load acting on the foundation is 26000 kKN and it’s
location as shown in the figure.

10

Y
A B —
5
C E | F D —
| 575
[ |
X - e - X S
26000 kN
I
K L |
G H
5
M N -
Y
| 5 3
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Solution
Any shape you given it the first step is to calculate the centroid of this
shape, but because the shape of the mat shown above is symmetry, the
centroid will be at the middle of horizontal and vertical distance.
The idea in this problem is how to calculate moments of inertia in x and y
directions as following:
103 x5 63x5 103x5

I,y = + + =923.33 m*
T T2 12 12 m
Ixx = Ibox - Itwo rectangles

153x10 53x2 53x2
= - — = 2770.83 m*

12 12 12
Also we can calculate I, by using parallel axis theorem:

I _53><6_|_2>< 53><10_|_Adz
XX 12 12

2:because the upper and the lower rectangles are the same.
A = area of upper and lower rectangles = 10 X 5 = 50
d = distance from the center of the rectangle to x — axis = 5m

-1 =53><6+2X<53X10+50X52>=277083
XX 12 -

12
I M M,
AT T

But, as shown in the given figure, no eccentricity in y-direction, so the
moment about x-axis equal zero and the equation will be:

ZQi lv[y

+-2X
A T

y

ZQi = 26000 Kn

A =matarea=15x10—2 X (5 x 2) = 130 m?

My = ) Qi xe

ex =575-5=0.75m - My = 26000 X 0.75 = 19500 kN.m

Now, compute the stress at any point you want with sign convention
discussed previously.
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Introduction

Vertical or near vertical slopes of soil are supported by retaining walls,
cantilever sheet-pile walls, sheet-pile bulkheads, braced cuts, and other
similar structures. The proper design of those structures required estimation
of lateral earth pressure, which is a function of several factors, such as (a)
type and amount of wall movement, (b) shear strength parameters of the
soil, (c) unit weight of the soil, and (d) drainage conditions in the backfill.
The following figures shows a retaining wall of height H. For similar types
of backfill.
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cro \ :Et
£ Wi
il P —_—iiy
i P =
i &
7 )
Active LEP Passive LEP
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As shown in figure above, there are three types of Lateral Earth Pressure
(LEP):

1. At Rest Lateral Earth Pressure:

The wall may be restrained from moving, for example; basement wall is
restrained to move due to slab of the basement and the lateral earth force in
this case can be termed as" P,".

2. Active Lateral Earth Pressure:

In case of the wall is free from its upper edge (retaining wall), the wall may
move away from the soil that is retained with distance " + AH " (i.e. the soil
pushes the wall away) this means the soil is active and the force of this
pushing is called active force and termed by " P,".

3. Passive Lateral Earth Pressure:

For the wall shown above (retaining wall) in the left side there exist a soil
with height less than the soil in the right and as mentioned above the right
soil will pushes the wall away, so the wall will be pushed into the left soil
(i.e. soil compresses the left soil) this means the soil has a passive effect and
the force in this case is called passive force and termed by " Pp".

Now, we want to calculate the lateral pressure from water firstly and from
earth (3 cases mentioned above) secondly.

Lateral Pressure from Water

As we learned previously in fluid mechanics course, the pressure of static
fluid at a specific point is the same in all directions “Pascal’s Law”. So if
there exist water in the soil (saturated soil) we must calculate the vertical
stress for soil alone (effective stress) and calculate the vertical pressure for
water alone (because the horizontal pressure of water is the same as vertical
pressure), but for soil, each one —according soil parameters- having different
transformation factor from vertical to horizontal pressure as we will discuss
later. The following figure showing that the horizontal pressure of water
against a wall is the same as vertical pressure:
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At Rest Lateral Earth Pressure:

As stated above, the soil in this case is static and can’t pushes the wall with
any movement, the transformation factor of vertical pressure to horizontal
pressure in this case is "K," and the lateral earth force is termed by "P,"

Calculation of at rest lateral earth force "P," for different cases:
Firstly the value of K, can be calculated as following:

K, =1 —sing

Always, (at rest) lateral earth pressure at any depth (z) may be calculated as
following:

op,o = vertical effective pressure (oy) X K, + Pore water pressure (u)
o, =q+Y Xz , u=yyXz

- Opo =0y XKy +u

Note that the value of (u) doesn’t multiplied by any factor since the
horizontal pressure of water is the same as vertical pressure.
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As shown there is no water table.

q
— gK, =
@

v, ¢ e

H H [

-
% 2 7
= (q+YH)K,

Firstly we calculate the vertical stress at each depth (each change):
At depth z = 0.0:

oy =q
At depth z = H:
oy=q+YyXH

So, lateral at rest pressure at each depth now can be calculated:
At depth z = 0.0:

Oh,o — qK,
At depth z = H:
Oh,o = (q+YXH) X Ko

Now calculate the lateral forces P, and P, and then calculate P,:
P, = Area of rectangle (1) = gK, X H (per unit lenght)

1 1
Pz=Areaoftriangle(2)=§><(y><H><KO)><H=§><y><H2><K0

PO == Pl + P2
To find the location of P,, take summation moments at point A (for ex.):

H H _ _
P1><E+P2><§=Po><z—>—>z=/.
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In case of water table (if exist):

q
— 9K, =—
é |
:
H, Y, ¢ @ :@ /(q+yH1)K0
H ; 1 wwatertable H !
; Ysat
Ll H @
2 @ ®
7 7 ‘ ‘

(@+vH, +YH)K, — yuHz
Firstly we calculate the vertical stress at each depth (each change):
At depth z = 0.0:

oy =q
At depth z = H;:
oy =q+YyXH; u=0.0

At depth z = H,:

oy, =q+yXH +YHy (' = Vsar — Yw)
u=YWH2

Now calculate the lateral forces P;, P,, P;, P, and Ps then calculate P,:
P, = area of recangle(1) = qK,H;

1
P, = area of triangle(2) = EnyKo
P; = area of recangle(3) = (q + YH;)K, X H,

1
P, = area of triangle(4) = EY,H% K,

1
P. = area of triangle(5) = EYWH% (factor for water = 1)

PO=P1+P2+P3+P4+P5

To find the location of P,, take summation moments at point A (for ex.):
(Note, Ps must be included in moment equation)

(See example 7.1 Page 327)
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Lateral Earth PressureTheories

Two theories are used to calculate lateral earth pressure (active and passive):
Rankine Earth Pressure theory and Coulomb’s Earth Pressure theory.
Firstly we will learn rankine earth pressure theory (the most important) and
then coulomb earth pressure theory.

Rankine Active Lateral Earth Pressure

This theory is based mainly on the assumption of neglecting friction between
the soil and the wall, so no shear forces are developed on soil particles.

As previously introduced, the soil in this case pushes the wall far away.

The transformation factor of vertical pressure to horizontal pressure in this
case is "K," and the lateral earth force is termed by "P,"

Firstly the value of K, can be calculated as following:

K, = tan? (45 — %)

There are different cases:
In case of granular soil (pure sand):

[ oK,

v
H ELd -
’ ~ aKa - yHK S (g + YH)K,
Exactly as the case of at rest LEP but here the transformation factor is K,
P,=P, +P,

If the soil is C — ¢ soil:

The clay exerts a lateral earth pressure with value of 2cvK (in general).

In case of active earth pressure the value of K is K,, and when the wall
moves away from soil, the soil particles will disturbed and the cohesion of
soil will decreased, so in case of active earth pressure we subtract the lateral
earth pressure of clay because the cohesion of clay decreased.
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The value of 2¢VK is constant along the layer, and differ when the value of
C or ¢ change (i.e. constant for each layer)
—-2¢/K,

ij
T

B B N |?| =

7 -~ YHK,~ -

- -
2c\/K_a YHK, — 2c\/K_a1

As we see, at depth z=0.0, the lateral earth pressure is —2c,/K, this negative

value (i.e. the soil will exerts a tensile stress on the wall) and this tensile
stress will causes cracking on the wall from depth z=0.0 to depth = z..

——

Calculation of z:
The lateral pressure will be zero at depth z,:

2¢ K, 2¢ K, 2c
yz.K; —2¢ /K, =0.0 - z. = = =

YKa vy JKox K, vJK,
But, we know that soil can’t develop any tension, so in design (in practice)

we modify negative pressure to be zero and design for it (more safe because
we enlarge lateral pressure) as shown:

YHK, — 2c,/-Ka

Page (164) Ahmed S. Al-Agha




Foundation Engineering al Earth Pressure

If there exist surcharge:
q

@

I
| O O

s
e
_I_
|
®

7 - qK, = = yHK A = =
ZC\/E

So the final equation for active lateral earth pressure at and depth z can be
calculated as following:
ona = (a4 +YHK, - 2¢/K,
Note:
If there exist a water table, calculate the lateral force from water alone and
then added it to the lateral force from soil to get total active force.

Generalized Case for Rankine Active Pressure:

In previous section, we calculate rankine active lateral pressure for the
vertical wall and horizontal backfill, but here we will calculate the lateral
earth pressure for general case (inclined wall and inclined backfill):

This General case for Granular soil only (pure sand)
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o = inclination of backfill with horizontal
0 = inclination of wall with vertical
B = inclination of P, with the normal to the wall

From trigonometry, the angle between the normal to the wall and horizontal
Is 6.

Calculation of P,:

P, = Vertical force X K,

Vertical force = area of vertical pressure digram = EYHZ

The value of K, in this case is calculated from the following equation:

K = cos(a — 8) /1 + sin2¢ — 2 sind cos Y,

) cos26(cosa + /sin2¢ — sin?a)

= sin™! (ﬂ) —a+ 26
Va = sing
The angle B is:

B _ sind sinyr,
p=tan™ (1 — sing cosq,la)

1
P, = 5YH? X K,

The location of P, is g from base as shown above

If we need the horizontal and vertical components of P;:
P, = P, cos(B+0)

P,y = P;sin( + 0)
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Case of vertical wall and inclined backfill:
Two cases:

1. For pure sand

2. For C — ¢ soil

For Pure sand:

Here P, is inclined with angle a with horizontal.
Effective vertical pressure = yH

1
P, = EYHZKa

K, in this case is calculated from the following equation:

cos o — 4/cosZa — cosZ

K, = cosa

cos a + +/cos2a — cosZd

Or, by using (Table 7.1Page 337) easier than the equation above.
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For C — ¢ soil

Here the force P, is inclined with angle a with horizontal, but the
calculation of P, will differ because there exist clay and there is a tensile
stress from clay at depth Z. as shown:

L.y ~ -~y T
LU ’
CLL

N —=
-
C
C

=
r
-

=
r
-

H CLl
CLC P
CLC a

CC
H-Z: [Cod

CLL

CCL

CLL

CLL

CCO

CCL

CCL

L a

o
VA

The value of Z. in this case is calculated as following:

7 _ 2c¢ [1+sing
€y |1—sind

Calculation of Py:

Vertical pressure= yH

Horizontal pressure = YHK,

K, = Kjcosa — Horizontal pressure = YHK,cosa

1
P, = 5 X (YHK}cosa) X (H—Z,)
K} can be calculated from (Table 7.2 Page 338)

Note
The calculated value of P, is inclined by angle a with horizontal, so:
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P, = P, cos(a)
P,y = P, sin(a)

Rankine Passive Lateral Earth Pressure

As previously introduced, the wall in this case pushed into the soil.

The transformation factor of vertical pressure to horizontal pressure in this
case is "Kp" and the lateral earth force is termed by "Pp"

Firstly the value of Kp can be calculated as following:

Kp = tan? (45 + %)

The only difference between passive and active is in the formula of
calculating K.

If the soil is C — ¢ soil:

In case of passive earth pressure the value of K is Kp, and when the wall
moves into the soil, the soil particles will converges and the cohesion of soil
will increased, so in case of passive earth pressure we add the lateral earth
pressure of clay because the cohesion of clay increased.

The value of 2cVK is constant along the layer, and differ when the value of
C or ¢ change (i.e. constant for each layer)

+2c\/K—p

A\t 2| =

4 ——

YHKp  2¢/Kp YHKp + 2¢/Kp
If there exist surcharge, will be added to vertical pressure and the final form
for passive rankine pressure will be:

O-h’p = (q + YH)KP + ZCW/ KP
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Rankine Passive Pressure (Vertical wall and inclined backfill):
The same as rankine active pressure for this case, the only difference is in
the equation of calculating Kp (negative sign in active transformed to
positive sign in passive). (Page 363).

Coulomb’s Lateral Earth Pressure Theory

The main assumption of this theory is considering the friction between the
wall and the soil, this friction angle between the soil and the wall is (5).
So there exist shear stresses on the soil particles and the equations for
calculating passive lateral earth coefficient will differ from equations of
active lateral earth coefficient.

This theory deal only with granular soil (pure sand).

Coulomb’s Active Lateral Earth Pressure

General case (inclined wall and inclined backfill):

a = inclination of backfill with horizontal

0 = inclination of wall with vertical

B = inclination of wall with the horizontal

0 = friction angle between soil and wall

From trigonometry, the angle between the normal to the wall and horizontal
is 0.
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Calculation of P,:
P, = Vertical force X K,

1
Vertical force = area of vertical pressure digram = EYHZ

The value of K, in this case is calculated from equation 7.26 Page 342.
The value of § is less than ¢ since 6 is friction angle between wall and sail,
but ¢ is friction angle between soil itself.

In general, the value of & = (% - %) ¢ so there are tables for calculating K,
for § = %cb and for § = %q)
(Table 7.4 Page 343) for 6 = gcp -

K,is obtained according the following angles:
a, B and ¢

(Table 7.5 Page 344) for § = %q;
Now, we can easily calculate the value of P;:

1
P, = 5YH? X K,

P,n = Pycos(6+6) P,, = P,sin(8+6)

Special case (when the wall is vertical " = 90" and the backfill is
horizontal "o = 0") .

1
P, = EYHZ X K, (Inclined by angle 6 with horizontal)

K, can be calculated from( Table 7.3 P342)according the values of
d and ¢, so for this special case:
P,y = Pycosd P,y = P,siné

Coulomb’s Passive Lateral Earth Pressure

The same as coulomb active pressure for this case, the only difference is in
the equation of calculating Kp (negative sign in active transformed to
positive sign in passive). (Page 365).
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Problems:

For the shown figure below. Plot the pressure diagram and find the resultant
force F and its location under active conditions.

LTI

5{1 ¢d=32° y=110pcf K, =0.307

A0

2:!1 ¢ =30° y=125pcf

30ft

I ¢ =10° y=126pcf

— K, =0.333
K, = 0.704
c = 600 pcf
y = 120 pcf
Ky=1
c = 800 pcf
y = 120 pcf
K, = 0.49
c = 400 pcf

Solution

Note that the value of ¢ is differ for each layer, so the value of K, will differ
for each layer, thus the first step is to calculate the value of K, for each layer.

K, = tan? (45 — %)

For ¢ = 32 - K, = tan? (45 - %) = 0.307

Calculate K, for each layer by the same way.
The values of K, are written on each layer on the figure above.
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Now, calculate the lateral earth pressure at each depth (each change) from
soil alone (i.e. vertical effective pressure x K;), then the water will
considered alone.

Before calculating the pressure, at each change we calculate the lateral earth
pressure just before and just after the layer because the value of K, is differ
before and after the layer.

The general formula for active lateral earth pressure at any depth is:

ona = (@ +YH)K,; — 2¢y/K,;  yw = 62.4pcf
q = 2ksf = 2000psf

@z =0.0:
Oha = (20004 0) X 0.307 — 0 = 614 psf
@z = 6ft:

Just before (K, = 0.307,c = 0):

Oha = (2000 + 110 X 6) X 0.307 — 0 = 816.62 psf

Just after (K, = 0.333,c = 0):

Oha = (2000 + 110 X 6) X 0.333 — 0 = 885.8 psf

@z = 8ft:

Just before (K, = 0.333,c = 0):

Opa = (2000 + 110 X 6 + (125 — 62.4) X 2) X 0.333 — 0 = 927.5 psf
Just after (K, = 0.704,c = 600):

Opa = (2000 + 110 X 6 + (125 — 62.4) X 2) X 0.704

—2 %X 600 X v0.704 = 953.9 psf
@z = 17ft:
Just before (K, = 0.704,c = 600):
Oha = (2000 + 110 X 6 + (125 — 62.4) X 2 + (126 — 62.4) X 9) X 0.704

—2 X 600 X vV0.704 = 1356.9 psf
Just after (K, = 1,c = 800):
Opa = (2000 4+ 110 X 6 + (125 — 62.4) X 2 + (126 — 62.4) X 9) X 1

—2 X 800 X V1 = 1757.6 psf
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@z = 25ft:

Just before (K, = 1,c = 800):
G = <2000 +110x 6+ (125—62.4) X 2+ (126 — 62.4) X9
ha —

+(120 — 62.4) X 8 ) x1

—2 x 800 x V1 = 2218.4 psf

Just before (K, = 0.49,c = 400):

—2 %X 400 xv0.49 = 1311 psf

@z = 30ft:

S (2000 4+ 110X 6 + (125 — 62.4) x 2+ (126 — 62.4) X 9) < 0.49
ha = +(120 — 62.4) x 8 '
o (2000 +110 % 6 + (125 — 62.4) x 2+ (126 — 62.4) X 9) < 0.49
ha = +(120 — 62.4) x 8 4 (120 — 62.4) X 5 '

—2 X 400 x V0.49 = 1452 psf

Now we calculate the pore water pressure:

Water starts at depth 6ft to the end (i.e. depth of water is 24 ft)
u=624x 24 =1497.6 psf

Now we draw the pressure diagram as following:

14
6ft 1
316 86
2ft
4\ 954
927
oft
6
1757
1357
o ! 8 1
1311
2218
51t 9 "
. 1452
A 1497
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Now calculate the force for each shape (1 to 11) i.e. area of each shape and
then sum all of these forces to get total active lateral force P,.

P, = 57214 Ib/ft' /.

To calculate the location of P,, take summation moments at point A
(Include the moment from water force “don’t forget it”)

The location of P, is = 10.7 ft (above point A) V.
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Introduction

Retaining walls must be designed for lateral earth pressure. The procedures
of calculating lateral earth pressure was discussed previously in Chapter7.
Different types of retaining walls are used to retain soil in different places.
Three main types of retaining walls:

1. Gravity retaining wall (depends on its weight for resisting lateral earth
force because it have a large weigh)

2. Semi-Gravity retaining wall (reduce the dimensions of the gravity
retaining wall by using some reinforcement).

3. Cantilever retaining wall (reinforced concrete wall with small dimensions
and it is the most economical type and the most common)

Note:

Structural design of cantilever retaining wall is depend on separating each
part of wall and design it as a cantilever, so it’s called cantilever R.W.

The following figure shows theses different types of retaining walls:

AR
AT

Cantilever RW

" Gravity RW Semi-Gravity R W
There are another type of retaining wall called “counterfort RW” and is a
special type of cantilever RW used when the height of RW became larger
than 6m, the moment applied on the wall will be large so we use spaced

counterforts every a specified distance to reduce the moment RW.
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Where we use Retaining Walls

Retaining walls are used in many places, such as retaining a soil of high
elevation (if we want to construct a building in lowest elevation) or retaining
a soil to save a highways from soil collapse and for several applications.
The following figure explain the function of retaining walls:
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Elements of Retaining Walls
Each retaining wall divided into three parts; stem, heel, and toe as shown for
the following cantilever footing (as example):

Application of Lateral Earth Pressure Theories to
Design
Rankine Theory:

Rankine theory discussed in Ch.7 was modified to be suitable for designing

a retaining walls.

This modification is drawing a vertical line from the lowest-right corner till
intersection with the line of backfill, and then considering the force of soil
acting on this vertical line.

The soil between the wall and vertical line is not considered in the value of
P., so we take this soil in consideration as a vertical weight applied on the
stem of the retaining wall as will explained later.
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The following are all cases of rankine theory in designing a
retaining wall:

1. The wall is vertical and backfill is horizontal:

Here the active force P, is horizontal and can be calculated as following:

1
P, = EyHZKa , K, = tan? (45 — %)

2. The wall is vertical and the backfill is inclined with horizontal by
angle (a):

Page (180) Ahmed S. Al-Agha




Foundation Engineering ing Walls

Here the active force P, is inclined with angle () and can be calculated as
following:

1
Py = EYHIZKa

Why H'? — Because the pressure is applied on the vertical line (according
active theory) not on the wall, so we need the height of this vertical line H’
H' =H+d —»— d = Ltana

K, is calculating from (Table 7.1 Page 337)

Now the calculated value of P, is inclined with an angle («), so its analyzed
in horizontal and vertical axes and then we use the horizontal and vertical
components in design as will explained later.

Pyn = P, cos(a) , P,y = P, sin(a)

3. The wall is inclined by angle (8)with vertical and the backfill is
inclined with horizontal by angle (a):

Note that the force P, is inclined with angle («) and not depend on the
inclination of the wall because the force applied on the vertical line
and can be calculated as following:

1 .
P, = EYH K,
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What about K, 7??

K, is depend on the inclination of the wall and inclination of the backfill
because it’s related to the soil itself and the angle of contact surface with
this soil, so K, can be calculated from the following equation (Ch.7):

K = cos(a — 8) /1 + sin2¢ — 2 sind cos Y,

) cos26(cosa + /sin2¢ — sin?a)

P, =sin~? (sinoc) — o+ 20

an sing
Pyn = P, cos(a) , P,y = P, sin(a)
Coulomb’s Theory:

Coulomb’s theory discussed in Ch.7 will remains unchanged (without any
modifications) in this chapter. The force P, is applied directly on the wall, so
whole soil retained by the wall will be considered in P, and thereby the
weight of soil will not apply on the heel of the wall.
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1
P, = 5 YH?K,

Why H??? Here the force P, is applied directly on the wall, so the lateral
pressure of the soil is applied on the wall from start to end, so we only take
the height of the wall (in coulomb theory).

K, is calculated from (Table 7.4 and 7.5 Page 343) according the following

angles:

é, o, B and 6

As shown, the force P, is inclined with angle (& + 0) with horizontal, so:
Pyn = P, cos(8 + 6) ,  Pyy = P,sin(6 + 6)

What about Passive Force

You can always calculate passive force from rankine theory even if its
require to solve the problem based on coulomb’s theory, because we
concerned about rankine and coulomb’s theories in active lateral pressure.

Important Note:

Coulomb’s theory can’t be used in the following cases:

1. If the soil retained by the wall is C — ¢ soil, because coulomb’s theory
deal only with granular soil (pure sand).

2. If wall friction angle between retained soil and the wall is equal zero.
3. If we asked to solve the problem using rankine theory ©.

Stability of Retaining Wall

A retaining wall may be fail in any of the following:

1. It may overturn about its toe.

2. It may slide along its base.

3. It may fail due to the loss of bearing capacity of the soil supporting the
base.

4. It may undergo deep-seated shear failure.

5. It may go through excessive settlement.

We will discuss the stability of retaining wall for the first three types of
failure (overturning, sliding and bearing capacity failures).
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We will use rankine theory to discusses the stability of these types of
failures. Coulomb’s theory will be the same with only difference mentioned
above (active force applied directly on the wall).

Stability for Overturning

A, B —
L T
R SN B ey
s T

The horizontal component of active force will causes overturning on
retaining wall about point O by moment called “overturning moment”

Mot = Pyp X 3

This overturning moment will resisted by all vertical forces applied on the
base of retaining wall:

1. Vertical component of active force P, , (if exist).

2. Weight of all soil above the heel of the retaining wall.

3. Weight of each element of retaining wall.

4. Passive force (we neglect it in this check for more safety).

Now, to calculate the moment from these all forces (resisting moment) we
prepare the following table:

Force = Volume X unit weight but, we take a strip of 1 mlength
— Force = Area X unit weight
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Section Area Weight/unit length Moment arm Moment
of the wall measured from O about O

1 Ay W;=A, Xy, X4 M,

2 A, W, = A, Xy, X, M,

3 Az W; = A; Xy, X3 M;

4 A, W, =A; Xy, Xy M,

P, v (if exist). B My

2

v

ZM=MR

Y1 = unit weight of the soil above the heel of RW

FSOT=1\I/\I/[_R22

Note:

oT

If you asked to consider passive force— consider it in the resisting moment
and the factor of safety remains 2. (So we neglect it here for safety).

Stability for Sliding along the Base

bFfr
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Also, the horizontal component of active force may causes movement of the
wall in horizontal direction (i.e. causes sliding for the wall), this force is
called driving force Fy = P, ,.

This driving force will be resisted by the following forces:

1. Adhesion between the soil (under the base) and the base of retaining wall:
c, = adhesion along the base of RW (KN/m)

C, = c, X B = adhesion force under the base of RW (KN)

Cc, can be calculated from the following relation:

cy; = K,cy c, = cohesion of soil under the base
So adhesion force is:
Ca = K2C2B

2. Friction force due to the friction between the soil and the base of RW:
Always friction force is calculated from the following relation:

Fg = usN

Here N is the sum of vertical forces calculated in the table of the first check
(overturning)

— N = )V (including the vertical component of active force)

us = coefficient of friction (related to the friction between soil and base)
ks = tan(d,) 8, = Ky, »— pg = tan(Kd,)

¢, = friction angle of the soil under the base.

- Fg = z V x tan(K;¢)

Note:

1 2 2
K, =K, = (E - §) if you are not given them — take K; = K, = 3

3. Passive force Pp.(Calculated using rankine theory).
So the total resisting force Fi can be calculated as following:

Factor of safety against sliding:

F
FSg = F—R > 2 (if we consider Pp in Fg)
d

F
FSg = F_R > 1.5 (if we dont consider Pp in Fy)
d
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H/3

0 - e -
-—— B/2 —= B2 —=

As we see, the resultant force (R) is not applied on the center of the base of
retaining wall, so there is an eccentricity between the location of resultant
force and the center of the base, this eccentricity may be calculated as
following:

From the figure above, take summation moments about point O:

MOZZV XX

From the first check (overturning) we calculate the overturning moment and
resisting moment about point O, so the difference between these two
moments gives the net moment at O.

Mo = Mg — Mor

— - Mrp—M
_)MR_MOT=ZV ><X—>—>X=RZ—VOT

B _
e=2- X = v/ (see the above figure).

Since there exist eccentricity, the pressure under the base of retaining wall is
not uniform (there exist maximum and minimum values for pressure).
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qmin

Omax

We calculate gmax and gmin as stated in chapter 3:
Eccentricity in B-direction and retaining wall can be considered strip footing

B
|fe<g

Omax = Bx1

_ZV " 6e)
qmi“_Bxl( B

B
Ife >g
_ayv
qmaX,neW - 3 X 1 X (B _ Ze)

Now, we must check for qp,ax:
max < dall = 9max = dan (at critical case)

Ju

max

FSpc = >3

Calculation of q,:
q,Is calculated using Meyerhof equation as following:
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qu = N FeoFeqFei + qQNGFqsFqaFqi + 0.5BYN,F ¢F 4F

Where

¢ = Cohesion of soil under the base

q = Effective stress at the level of the base of retaining wall.
q =Yz X D

D¢ here is the depth of soil above the toe = D (above figure)
- q=Y; XD

Y = unit weight of the soil under the base of the RW.
Important Note:

May be a water table under the base or at the base or above the base (three
cases discussed in chapter 3) is the same here, so be careful don’t forget

Ch.3.
B=B'=B-—2e
N, Ng, Ny, = Myerhof bearing capacity factors (Table3.3)according

the friction angle for the soil under the base
Fes = Fqs = Fs = 1 (since RW is considered a strip footing)

Depth factors: (We use B not B")
Here since the depth D is restively small to width of the base B, in most

D
cases B <1--

1. For¢p=0.0

D¢

B
qu =1
Fyd =1
2. For >0.0
1—Fy
Feq = Faaq — .
cd ™ 7ad "N tang
. D¢
Fqa = 1+ 2 tan¢ (1 — sind)? <§>
Fyd =1
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Inclination Factors:

Note that the resultant force applied on the base of the foundation is not
vertical, but it is inclined with angle f = W (with vertical), this angle can
be calculated as following:

Problems:
1.

The cross section of the cantilever retaining wall shown below. Calculate the
factor of safety with respect to overturning, sliding, and bearing capacity.

Ye = 24 kN/m3

0.7/m

:i"._..'
P T

Sl
TEanail 1

Y, = 19 kN/m3
(1)2 = 240
C, = 40kN/m?
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Solution

Since it is not specified a method for solving the problem, directly we use
Rankine theory.

Now draw a vertical line starts from the right-down corner till reaching the
backfill line and then calculate active force (P,):

ﬁ

= |d=0.458m
I

. )1—'_/‘_ Pa  \4=7 158m

-0.7m-l—0.7... 26m

d
tan10 = o —»d=2.6Xtan10 = 0.458m
H =67+d=6.74+0.458 = 7.158m

Now we calculate P,:

1 2
PaZEXY1XH X Kj,

Since the backfill is inclined and the wall is vertical, K, is calculated from
Table 7.1 according the values of a = 10 and ¢, = 30:
K, = 0.3495

1
- P, = 5 X 18 x 7.1582% x 0.3495 = 161.2 kN

Location of P,:

Location= % = %58 = 2.38

The force P, is inclined with angle a = 10 with horizontal:
P,n = 161.2cos(10) = 158.75 , P,, = 161.2sin(10) = 28
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Check for Overturning:

O.Smﬂ

e
o P

Pa =28

Mot = 158.75 X 2.38 = 337.8 KN.m
Now to calculate Mg we divided the soil and the concrete into rectangles and
triangles to find the area easily (as shown above) and to find the arm from
the center of each area to point O as prepared in the following table:

—P, ,=158.75

section | Area Weight/unit length Moment arm Moment about
of the wall measured from O O
1 0.595]10.595x18=10.71] 4 — ? = 3.13 33.52
2 15.6 | 15.6 x 18 = 280.8 14+13=27 758.16
3 3 3X24=72 1.4 —-0.25=1.15 82.8
4 0.6 0.6 x24 =144 0.9 — % = (0.833 12
5 2.8 28X 24 =672 % =2 134.4
P,, = 28 B=4 112
Z ZV = 470.11 My = 1132.88

Note that we neglect passive force because it is not obligatory.
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Mgr _ 1132.88
Mot 377.8

FSor = =299>2->0K /.

Check for Sliding:

F
FSg = F—R > 2 (if we consider Pp in Fg)
d

It is preferable to consider passive force in this check.

Applying rankine theory on the soil in the left (draw vertical line till
reaching the soil surface).

1.5m

2

b o ht

Y, X 1.5 X kp

kp is calculated for the soil using rankine theory without considering
any iniclination of the wall, because it is calculated for the soil below the bas

20
kp = tan? (45 + %) = tan? (45 + 7) = 2.04
P, = (rectangle area) = (2 X 40 X \/2.04) X 1.5 =171.4kN

1
P, = (triangle area) = 3 X (19 x 1.5 x 2.04) x 1.5 = 43.6 kKN
Po =P, +P, =171.4 + 43.6 = 215 kN

Fd = Pa,h = 158.75 Kn

Take K, =K, =2/3 YV =470.11 (from table of first check)
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2 2
Fr =470.11 X tan <§ X 20) + 3 X 40 x4+ 215 =433.1kN

433.1

FS. = =272>2 50KV,
~ s T 15875 -

Check for Bearing Capacity Failure:

E|=

O i--_e—- a,h

-~ 2m 2m ——

As stated previously, X can be calculated as following:
Mg —Mor 1132.88-377.8

X = - 16
TV 47011 m
B _
e=5-X=2-16=04m
B 2 0667 04< >
—=—=0. —»e=0. — 55>
6 6 © 6
3V (1+6e>_470.11<1 6XO'4>—188041<N ,
Amax = 557 B) ™ 4x1 ;) = 188.04kN/m
XV 6oy 470010 6x04\ o,
qmin_Bxl( B)_ 4><1< 4 )‘ /m
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Calculation of q, (for the soil below the bas):

qu = cNFesFeqFei + qNFosFqaFqi + 0.5BYN, FysF qFy;

c=40 , q=15%x19=285 , y=19
B=B'=B—-2e=4—-2(04) =3.2m

Shape factors = 1 (RW can be considered strip footing).

For$ = 20 > N, = 14.83 ,N; = 6.4,N, = 5.39 (from table 3.3)

Depth factors: (We use B not B")

D 15
§=T=O.375< land $ =20 > 0.0 »—
.~z (Ds
Fqa = 1+ 2 tand (1 — sind) (E)
=1+ 2 tan20 (1 — sin20)? (0.375) = 1.12

— 1—Fqa 1-1.12 114

cd™7ad N tanp 14.83 x tan20
Fyd = 1
Inclination Factors:

=Y = tan™? (Pa'h) = tan™? (158'75> = 18.6 (with vertical
=W =tan sv) = an™ | —o77) =18 (with vertical)

B\, 18.6\°
Fi=Fg = 1_% (1——9()) = 0.63

ry = (1-5)= (1-55) = 007

- qy =40Xx14.83 %X 1.14 X 0.63 + 285 x 6.4 X 1.12 X 0.63
+0.5%x3.2X19 X539 %x1x0.07
- qy = 566.2 KN/m?
qu _ 566.2
Omax  188.04

FSgc = = 3.01 > 3 (slightly satisfied)OK v'.
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2. (Example 8.2)
A gravity retaining wall is shown in figure below. Use 6 = §¢1 and
coulomb's active earth pressure theory.

vy = 18.5 kN/m?
&, = 32° kN/m?
C1 = OO

T
ey e e s 4 10.8m
! R I' BT P RSSO SN M |
—= .8‘0.2? 06 1.53 -——dé;

Y, = 18 kN/m3
b, = 24° kN /m3
CZ == 30 kN/m2

(See the solution from textbook) with the following notes:

o Fod it Aoy
4‘0.8 ‘ 0.27 153 |

06 0.3'
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1. As seen the force P, is applied directly on the wall.

2. The force P, is inclined with angle & with the normal to the wall and
inclined with angle (8 + 15) with horizontal.

3. The distance 2.83 (arm of vertical component of P, from toe corner) is not
given and can be calculated as following:

The location of force P, is g = 63—5 = 2.167 Pa
2.167 — 0.8 = 1.367
tan(75) 1.367 X 1.367
= ——— =
anl X tan(75)
- X=0.366m 1.367 -
2.83 =(3.5—-0.3) — 0.366 &
— =X
4.

Note that when we want to calculate passive force (in overturning pressure)
we use rankine theory for the following two reasons:

v The soil below the base is C — ¢ soil, so we can’t use coulomb’s theory
because it deals only with granular soil.

v 1t is required to use coulomb’s theory in calculating of active force,
however in calculating passive force we can always use rankine theory.

5. In calculating summation of vertical forces, the weighs if soil above the
heel are not taken in consideration because the force is applied directly on
the wall.

6. Always when calculating P, the height of the wall (H) is always taken
even if the backfill is inclined because the force applied directly on the wall.
7. (After these notes, solve the problem by yourself ©).
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3.

For the retaining wall shown below.

a. Find the lateral earth pressure distribution.

b. Compute P, (Rankine).

c. Calculate Overturning stability.

d. Compute Sliding safety factor.

e. Locate the resultant on the base of the footing and determine the
eccentricity.

f. Calculate the factor of safety against bearing capacity failure.

Y. = 150 pcf 9=o00 psf
y J J 3
b = 28°
y = 115 pcf

C =400 psf

22ft
'.‘_'_"I:." F
4ft 11t | 1ft 6ft

C = 750 psf

y = 130 pcf

¢ = 35°

Solution

We use rankine theory because there is no friction between the soil and the
wall.
a.
Calculation of active lateral earth pressure distribution:

oha = (q + YH)K, — 2¢/K, K, = tan? (45 - %)
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28
K, = tan? (45 — 7) = 0.361 (for the soil retained by the wall)

@z = 0.0 (right side)

Oha = (500 + 0) X 0.361 — 2 X 400 X V0.361 = —300.2 psf

@z = H = 22ft (right side)

Oha = (500 + 115 x 22) X 0.361 — 2 x 400 x V0.361 = 613.2 psf

Since the pressure at the top is negative, so there are some depth causing
cracking on the wall and may be calculated as following:

(500+ 115 % Z.) x0.361 —2 x 400 X v0.361 =0.0 > Z. = 7.23 ft
Calculation of passive lateral earth pressure distribution:

Onhp = (q + YH)KP + 2¢/Kp Kp = tan? (45 + %)

35
Kp = tan? (45 + 7) = 3.69 (for the soil below the wall "left soil")

@z = 0.0 (left side)

onp = (0+0) X 3.69 + 2 X 750 X V3.69 = 2881.4 psf

@z = 4ft (left side)

onp = (0 + 130 X 4) X 3.69 + 2 x 750 x V/3.69 = 4800.2 psf

Now the LEP distribution on the wall is as following:

300.2

Z:=T7.23ft

2881.4

48002 6132
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Now, for design purposes, we modify this pressure to be zero at the top of
the wall (for more safety), so the LEP distribution after modification is:

2881.4

2213

48002 " 613.2

b.
We calculate the active rankine force using the modified LEP because we
use it in designing process.

1
P, = (area of modified triangle) = 5 % 613.2 X 22 = 6745.2 Ib.

Location of P, is at % = 7.33 ft (from the base)

If we want to calculate passive force (for sliding check):

1
Pp = (area of trapezoidal) = 3 X (2881.4 4+ 4800.2) X 4 = 15363.2 Ib.

c. Overturning Stability:

221t

e

«——P,,=6745.2

7.33

At | 1t 1t 6ft \

—

[
Mg
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Note that there is no vertical component of active force.

Mgr = 6745.2 X 7.33 = 49442.3 Ib. ft.

Now to calculate Mg we divided the soil and the concrete into rectangles and
triangles to find the area easily (as shown above) and to find the arm from
the center of each area to point O as prepared in the following table:

section | Area Weight/unit length of Moment arm Moment about

the wall measured from O O
120 | 120 x 115 = 13800 12—-3=9 124200
2 20 | 20x 150 = 3000 6—0.5=05.5 16500
3 10 | 10 x 150 = 1500 5 _ % = 4.67 7005
12
4 24 | 24 %150 = 3600 — =6 21600
Z zv — 21900 My = 169305
FS Mg _ 169305 342>2 - 0K vV
— = = . - .
OT ™ Mor  49442.3

The most important note here, the surcharge (q) is considered only when we
calculate the pressure and it is not develop any moment about O because it is
not applied force on the wall, and doesn’t considered in vertical forces
because we considered it in pressure calculation.

If the overturning check is not satisfied, what modification you shall do
to make the foundation stable against overturning?? (Important)

In this case, we want to increase the resisting moment (Mg) by increasing
the vertical forces and these arms about O.

This can be satisfied by increasing the width of the footing (increase the
width of heel) to increase the weight of soil above the base and the weight of
the base itself as following:
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22ft
«——FP, ,=6745.2

[
7.33
4ft . )
(] -
) 3
\ o)
[ | | | |
Mor ‘\/
Mg
Mot = 6745.2 X 7.33 = 49442.3 Ib. ft.
The table of calculating Mgis:
Sectio Weight/unit length of the Moment arm
Area measured Moment about O
n wall
from O
1 20B’| 20B'x 115 = 2300B’ 0.5B'+ 6 1150B'%2 + 13800B’
2 20 20 X 150 = 3000 i_s (5)'5 16500
1
3 10 10 x 150 = 1500 5-— 3 = 4.67 7005
4 12 12 x 150 = 1800 g= 3 5400
5 2B’ 2B’ x 150 = 300B’ 0.5B'+ 6 150B’2 + 1800B’
z z V = 2600B’ + 6300 My

Mg = 1300B’2 + 15600B’ + 28905
Now, put FSgt = 2 (critical case) to calculate B’

Mrp 1300B'? + 15600B’ + 28905

2 =
Mot 494423
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1300B’2 + 15600B’ — 69979.6 = 0.0

Now, in this problem if we calculate B’ here, it will be less than 6ft, because
calculated the FS is 3.42>2 (as calculated above) and here we put it 2.

So, if the FS is not satisfied (<2) do the above procedures and calculate the

new value of B’ and then:

The final footing width is: B = 6 4+ B’ (must be larger than original value of
B).

d. Check for sliding:

F

FSg = F—R => 2 (if we consider Pp in Fg)
d

Fd = Pa,h =6745.21b

Take K, =K, =2/3 YV =21900 (from table of first check)

2 2
Fr = 21900 X tan <§ X 35) + 3 X 750 X 12 + 15363.2 = 30809.94 Ib.

FS 3080994 457>2->0KV
d = =4, - .
ST 6745.2

If the Sliding stability not satisfied, what modifications you shall do:
Solution (1):

Increase the base width of the footing (width of the heel) to increase vertical
forces:

FR - ZV X tan(Klq)Z) + KzCzB + Pp

z V = 2600B’ + 6300 (as calculted above in terms of B")

Fr L
FSg = .= 2 (at critical case)
d
Now the value of B’ can be calculated and then calculate the new width of

the footing.

Solution (2):
Use a base key (beam) of depth D under the base of the wall, this base key
increase the passive force as following:
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2881.4

I:)al,h

2213

613.2

Pp 1 / >

479.7D+4800.2

As we see, this base key increase the passive force and thereby increase the
value of Fg and factor of safety.
@z=4+D

opp = (0+130 X (4 +D)) X 3.69 + 2 x 750 X v3.69 = 4800.2 psf
1

Pp = 3 X (2881.4 +4800.2 + 479.7D) X (4 + D)

You may ask the following tow question (in this case):

1. If a base key of depth 1.5m is constructed under the base of the
foundation, calculate the factor of safety against sliding.

1
Pp = - X (2881.4 +4800.2 + 479.7 X 1.5) X (4 + 1.5) = 23103.16 Ib.

2 2
Fr = 21900 X tan <§ X 35) + 3 X 750 X 12 +23103.16 = 38549.94 Ib

- 38549.94
- = —
ST 6745.2

Note that the FS increase when we use base key.

2. If the sliding stability is not satisfied, find the depth of base key located
under the base key to make the wall sable against sliding.

Here, the passive force is a function of D (base key depth), so calculate the
value of Fg in terms of D, and then:
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67452

e.

Mg — Mor _ 169305 — 49442.3

X = = 5.47ft
TV 21900
B _
e=5—X=6-547 =053
B_12__ N
—=—= = 0. s
6 6 - ° <%
B >V (1+6e>_21900< 6><O.53)_23086 ¢
Amax = 557 B) 12x1 12 )~ O Ps
B ZV( 6e)_21900< 6><O.53>_13414 ¢
Amin = 5757 B)  12x1 12 )~ *Ps

Calculation of q, (for the soil below the bas):

qu = cNFesFeqFei + qNgFosFqaFqi + 0.5BYN, FysF qFy;
c=750 , g=4x%x130=520 , y=130
B=B'=B—-2e=12-2(0.53) = 10.94 ft

Shape factors = 1 (RW can be considered strip footing).
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For ¢ = 35 —» N, = 46.12,N, = 33.3,N, = 48.03 (from table 3.3)

Depth factors: (We use B not B")

D 4
== =0333<land¢ =35> 0.0 -
_ : 2 (Ds
Fqa = 1+ 2 tand (1 — sind) B
=1+ 2 tan35 (1 — sin35)? (0.333) = 1.084
Fog = Fog———9d _qgg, 171084 0
cd™%ad N tanp 46.12 X tan35

Fyd=1

Inclination Factors:

’h)—t ‘1(6745'2>—1712 ith vertical
=tan™" | o555 ) =17 (with vertical)

B\, 17.12)\2
Fi =Fg = 1_% (1——90 ) = 0.65

= (1-5) = (1-15) - 01

- (qy = 750 X 46.12 X 1.086 x 0.65 + 520 x 33.3 X 1.084 x 0.65
+0.5 X 10.94 x 130 x 48.03 x 1 x 0.51

- qy = 54036.54

qu _ 54036.54

Omax  2308.6

B=1P=tan‘1(

FSpc = =234>30K /.
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4.

A gravity retaining wall shown in the figure below is required to retain 5 m
of soil. The backfill is a coarse grained soil with saturated unit weight =18
kN/m?, and friction angle of ¢ = 30°. The existing soil below the base has
the following properties; yso¢ = 20 kN/m3, ¢ = 36°. The wall is
embedded 1m into the existing soil, and a drainage system is provided as
shown. The ground water table is at 4.5m below the base of the wall.
Determine the stability of the wall for the following conditions (assume
K=K, = 2/3):

a- Wall friction angle is zero.

b- Wall friction angle is 20°.

c- The drainage system becomes clogged during several days of rainstorm
and the ground water rises to the surface of backfill (use rankine).

Yconcrete = 24 kN/m3
Drainage blanket
0.6m—=| | -7/

R

5m

Solution
a- (wall friction angle = § = 0.0)
Since 6 = 0.0 (we use rankine theory).
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I:>a,h

PP,h 7 Pl
77 29.97

(The unit weight of the soil (natural) is not given, so we consider the
saturated unit weight is the natural unit weight).

30
K, = tan? (45 — %) = tan? (45 — 7) = 0.333 (for the retained soil)

36
Kp = tan? (45 + %) = Kp = tan? (45 + 7) = 3.85 (for soil below the base)

Calculation of active lateral earth pressure distribution:

Oh,a = (q + YH)Ka - ZC\/ K,
@z = H = 5m (right side)
ona = (0+ 18 X 5) X 0.333 — 0 = 29.97 kN/m?

Calculation of passive lateral earth pressure distribution:

onp = (q + YH)Kp + 2¢\/Kp
@z = 1m(left side)
onp = (0+ 20 x 1) X 3.85 + 0 = 77 kN/m?

Calculation of active force:

1
P, = (area of right triangle) = 3 X 29.97 x5 =749 kN

Calculation of passive force:

1
Pp = (area of left triangle) = 3 X 77 x 1 =38.5KkN
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Overturning Stability:

0.6m+—-

4
>

Mot = 74.9 X 1.67 = 125.08 KkN.m

Now to calculate Mg we divided the soil and the concrete into rectangles and
triangles to find the area easily (as shown above) and to find the arm from
the center of each area to point O as prepared in the following table:

Note that since there is no heel for the wall, the force is applied directly on

the wall.
i Weight/unit length of Moment arm Moment about
Section | Area
the wall measured from O @)
1 3 3X24=72 3.9 280.8
2 9 9 %24 =216 2.4 518.4

Z Zv — 288 My = 799.2

Note that there is no vertical component of active force

Mg  799.2
FSor = — = ~=639>2- 0K /.
OT = Mgy  125.08 Ze

Page (209) Ahmed S. Al-Agha




Foundation Engineering etaining Walls

Sliding Stability:

F
FSg = F_R > 2 (if we consider Pp in Fg)
d

Fd = Pa,h =749 kN/mZ
FR = Z V X tan(Klq)z) + K2C2B + Pp

Take K, =K, =2/3 )V = 288 (from table of first check)
Pp = 38.5 kN/m? (as calculated above)

2 2
Fr = 288 X tan (5 X 36) + 3 X 0Xx 4.2+ 384 =166.62 kN.

166.62

729 =22>2-0K/V.

—>FSS=

Bearing capacity check:

0-6m-<—-—

4.2m
— Mgp—Mypr 799.2-125.08
X= = = 2.34
SV 288 -
B _ 4.2
e = 5~ X =——2.34 = —0.24 m (R is at right of base center)

Page (210) Ahmed S. Al-Agha




Foundation Engineering ing Walls

B 42 B
g=?=0.7—>e=0.24< g—>—>—>
TV 6e\ 288 6 % 0.24 ,
Amax = m(l + E) Ta2x1 (1 T2 ) = 92.08kN/m
TV 6e\ 288 6 % 0.24 ,
qum( _§>:4.2><1< T 42 >=45'06kN/m

Calculation of q, (for the soil below the bas):

qu = N FesFegFei + qNgFosFqaFqi + 0.5BYN,F sF, qFy;

c=00 , g=1x20=20

Water table is at distance 4.5m > B=4.2m >>> no effect of water table.
-y=20

B=B'=B—2e =4.2-2(0.24) = 3.72m

Shape factors = 1 (RW can be considered strip footing).

For ¢ = 36 - N. = 50.59,N, = 37.75,N,, = 56.31 (from table 3.3)

Depth factors: (We use B not B")

D 1
§=E=0.238<1and¢=36>0.0—>—>
D¢

Fga = 1+ 2 tand (1 — sing)? (§>

=1+ 2 tan36 (1 — sin36)? (0.238) = 1.058
1—Fq 1-1.058

Fea = Foa = N.tandp 1058 = 50.59 X tan36

Fydzl

1.06

Inclination Factors:

h (749 o, . :
_> = tan (—) = 14.6 (with vertical)

Fyi=<1_%ﬁ>=(1_%2):o.59

- gy, = 0.0+ 20x37.75 x 1.058 x 0.7
+0.5 % 3.72%x 20 X 56.31 x 1 x 0.59
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- qy = 1795 kN/m?
du 1795

= =195>30K V.
Qmax  92.08

FSgc =

b-(wall friction angle = § = 20)

Since 6 = 20 (we use coulomb'’s theory for active pressure ).

Here, the active force is not horizontal, but it is inclined by angle 6 = 20
with horizontal:

PP, h ) > e
7r7

Pa=%><y><H2><ka

2
6=120, ¢=30—>6=§c|)—>—>
k, in this case is calculated from (Table 7.4 P.343)
B=90,a=0,¢p =30->-k, =0.2973
1
P, = 5 X 18 X 52 X 0.2973 = 66.9 kN

This force having horizontal and vertical components:
P,n = 66.9 cos(20) = 62.86 KN
P,y = 66.9sin(20) = 22.88 kN

Calculation of passive force always done by rankine theory (i.e. passive
force doesn’t change from first required)
Pp = 38.5 kN (as calculate in first required)

Now, you can complete the solution without any problems © .

Page (212) Ahmed S. Al-Agha




Foundation Engineering taining Walls

c- When the ground water rises to the surface, the retaining wall is shown
below:

What differ???
If we want to use rankine theory (force from soil is gorizontal):
1. Calculation of active force:

P, —
§=1¢.67 §=1¢.67
(18-10)x5x0.33=13.32 5 x 10=50 13.32+50=63.32
Don’t forget we calculate effective stress every change, and the we add
water alone.

1
P, = (force due to effective soil) = > X 13.32 x5 = 33.3kN

1
P, = (force due to water) = > X 50 x5 =125KN
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P,h =P, + P, = 33.3 + 125 = 158.33 KN

Loacation of P, y,:

Take the moment at the bottom of the wall to get the location, but here the
two forces have the same location, so the resultant of the two forces will
have the same location (1.67 from base).

2. Calculation of passive force:

P, ‘}’ P, Py g

(20-10)x1x3.69=69.9 1x10=20 69.9+20=89.9

Ppp, =P +P,

3. In calculation of vertical forces due to the soil weight always take the
effective unit weight and multiply it by the area to get the effective force
but this is not required in this problem because the force applied
directly on the wall.

4. In calculating of bearing capacity for the soil below the base, since the
water table is above the base (case 3) we take y = y' in Meyerhof Eq.

Now you can complete the solution with the same procedures without any
problem ©.

Now, If the water table is at distance 2m below the surface, what’s new???
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Calculation of Active force:

12
20 3x 10=30
—

18x2x0.33+(18-10)x3x0.33

Here we calculate the effective stress every change, and then added the
water alone from its beginning:

P,n =P + P, + P;+P,

To find the location of P, }, take summation moment at the base of the wall.

Calculation of passive force will not change

P, ‘!* P, P, g

(20-10)x1x3.69=69.9 1x10=20 69.9+20=89.9

The weight of soil above heel (when heel exist), we divide the soil above
the heel for two areas, soil above water table and soil below water table.
The area of soil above water table is multiplied by natural unit weight,
and the area of soil below water table is multiplied by effective unit
weight.

In calculating of bearing capacity, the water is still above the base, so we
use effective unit weight in Meyerhof Eq.
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The last idea in this chapter:
If you are asked to solve this problem (in case of water table) using

Coulomb’s theory:
0.6m—=—=

5m

A _4.2m

As stated above, the force here will be inclined by angle § = 20 with
horizontal.
Calculation of Active force:

Calculation of P, :
1
P, =§><ny2xka Y=y =18-10=8

2
6=20, ¢=30—>6=§c|)—>—>
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k, in this case is calculated from (Table 7.4 P.343)
B=90,a=0,¢=30->->k, =0.2973

1
P, = 5 X 8 X 52 x 0.2973 = 29.73 kN

This force having horizontal and vertical components:
P n = 29.73 cos(20) = 27.93 KN
P,y = 29.73sin(20) = 10.17 kN

Calculation of P,:

1
P, = (force due to water) = > X 50 x5 =125KN

Calculation of active force:
Poh =P p + P, = 2793 +125 = 15293 kN
P,y = Py = 10.17 kN

Calculation of passive force:

Will not changes because always we can use rankine theory in calculating of

passive force.
Other notes remains the same.
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Introduction

Sheet piles are a temporary structures used to retain a soil or water for a
specific period of time, to build a structure in the other side of this wall.

For example; if we want to build a structure with three basement floors
(underground) and this structure surrounded by other structures, when the
excavation process starts, if the soil under the surrounding structures doesn’t
retained by a sheet pile, this soil will fail and will moves to the excavation
site, and the structure above this soil may collapse suddenly, so before
establishment of excavation process, sheet pile must be constructed to retain
this soil and prevent it from fails and after completion of constructed the
structure , we can remove this sheet pile because it’s function was end.
Another example; if we wanna build a structure in the sea (waterfront
structures) we can use sheet piles to retain sea water from flowing to the
required area, and then withdraw the water confined between sheet piles and
thereby build the required structures, finally remove sheet piles because
there functions were end.

The following figures are some explanation of the applications of sheet piles
and the shape of sheet pile itself:

—

Sheet Pile Walls

Sheet Pile in basement

Sections of steel Sheet Piles
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R DR iU s RAE R m e

Notes:

1. Sheet piles may be made from steel, concrete or wood.

2. As seen in the above pictures, sheet piles must penetrates a specified
distance in earth (from both sides) to be stable against applied lateral loads,
this depth called depth of penetration, and the following figure explain the
main parts of sheet piles:

The line at which the sheet pile starts penetrating in soil from both sides is
known by dredge line, and the depth of penetration of sheet pile under this
line is D: depth of penetration.
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Designing of sheet piles mainly is to calculate the depth of penetration D and
determining the section of sheet pile as will be discussed later.

Types of Sheet Piles

There are two main types of sheet piles:

1. Cantilever Sheet Piles.

2. Anchored Sheet piles.

Now, we will learn how to analyze and design each type.

Cantilever Sheet Piles

Cantilever sheet pile walls are usually recommended to use for walls of
moderate height (< 6m) measured above the dredge line. In such walls, the
sheet piles are act as a wide cantilever beam above the dredge line.

The main step in analyzing cantilever sheet pile is to knowing the deflection
of cantilever sheet pile with depth, and knowing (from deflection shape) the
type of LEP (active or passive).

The following figure clarifies the deflection of the cantilever sheet pile due
to lateral earth pressure:

\ Active
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As you see, due to the lateral earth pressure the wall will pushed out the soil
above the dredge line so the type of LEP above the dredge line is active
pressure and no passive pressure because there is no soil exist in the other
side (Zone A) in the above figure.

Below the dredge line there exists a soil in both sides of the wall the wall
and the wall still moves out (left side) till reaching point O (point of
rotation) after point O the wall will moves to right side as shown.

So, soil below dredge line can be divided into two zones; zone B between
dredge line and point O, in this zone the wall moves to the left, so the soil on
the right exerts active pressure and the soil on the left exerts passive
pressure. Zone C between point O to the end of sheet pile, in this zone the
wall moves to the right, so the soil on the right exerts passive pressure and
the soil on the left exerts active pressure as seen in the figure above.

There are three cases for cantilever sheet piles:

v’ Cantilever Sheet Pile penetrating in Sandy Soil.
v' Cantilever Sheet Pile penetrating in Clayey Soil.
v’ Cantilever Sheet Pile penetrating in C — ¢ Soil.

Before discussing each type, the following notes are very important:

» The first step in designing the sheet pile is to draw the net LEP
distribution with depth along the sheet pile, the net LEP is the difference
between passive LEP and active LEP at every change in soil with depth
i.e.net pressure = AG = Opagsive — Oactive

» Designing a sheet pile consists of the following two steps:
1. Calculation the depth of penetration (D).

2. Determining the section Modulus (S) where: S = %
all

Mp,ax = maximum moment along sheet pile
0, = maximum allwable flexural stress (for sheet pile material).

> Always in this chapter we will use Rankine LEP theory.

The most important one, is drawing the LEP distribution along sheet pile
(especially below the dredge line) correctly (If you did, completion of
designing process will be easy), so now we want to learn how to draw the
LEP distribution for all cases of cantilever sheet pile.
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Cantilever Sheet Piles Penetrating Sandy Soil
Consider the following example:

Ysat = 19 kN/m3
b = 30°

Ysat = 19 kN/m?®
b =30

The first step always is calculating K, and K, for each layer, but here all
layers have the same friction angle, so:

30
K, = tan? (45 — %) = tan? (45 — 7) = 0.333

b 30
K, = tan® (45 + E) = tan? (45 + 7) =3
Now we calculate the LEP at each depth:
Oh,a = (q + yH)Ka - ZC\/ K,

onhp = (q + YH)K, + 2c /Kp

@ z = 0.0 (above dredge line — active pressure only)
Opa = (0+16x0)x0.333-0=0.0

AO'h = Gh,p — Gh,a = 0.0

@ z = 2m (above dredge line — active pressure only)

just before = just after because K, is the same

Oha = (0416 x 2) X 0.333 — 0 = 10.65kN/m?

Aoy = Opp — Opa = 0 — 10.65 = —10.65 kN/m?

The negative sign means we draw this value at right side (side of active
pressure because is the largest pressure at this depth.

Page (223) Ahmed S. Al-Agha




Foundation Engineering ile Walls

@ z = 5m (just before — active pressure only)

Oha = (0+16 X2+ (19— 10) x 3) x 0.333 — 0 = 19.65 kKN/m?
Aoy = opp — Opy = 0 — 19.65 = —19.65 kN/m?

(Don’t forget, effective pressure always)

@ z = 5m (just after — active pressure at right, passive pressure at left)
Since K, is the same before and after, the pressure will be the same

Oha = (0416 X 2+ (19— 10) x 3) x 0.333 — 0 = 19.65kN/m?

Ohp = (0+(19—-10) x0)3+0=10.0

Aoy = opp — Opa = 0 — 19.65 = —19.65 kN/m?

@ z =5 + D (passive pressure at right, active pressure at left)

Note that at this depth the types of pressure changes as explained above
Active pressure at left side:

Opa = (0+(19-10) xD) x 0.333 — 0= 3D

Passive pressure at right side:

Ohp = (0+16 X2+ (19— 10) X 3+ (19— 10) x D)3 + 0 = 177 + 27D
Aoy, = Oy p — Opa = (177 + 27D) — 3D = 177 + 24D

Note that the value of (177 + 24D)is positive which means we draw this
value as a line in the passive zone at this depth (right side).

Now, we draw the LEP distribution along the wall:

Passive

Active

177+24D
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Now, under dredge line the net lateral pressure Acy,always will increase by
the value of yz’(Kp — Ka) where z': depth below dredge line at any point.
And since K, is always larger than K, (when ¢ > 0) the increase in

pressure will always in the direction of passive zones. So, at the specific
point (point O) the pressure will changes from active to passive (right side)
and thereby the LEP distribution will tend to moves in the direction of
passive zone as shown.

Cantilever Sheet Piles Penetrating Clay
Consider the following example:

Dredge Line
y = 17 kN/m?3
D=" C = 40 kN/m?
¢ =0.0

The first step always is calculating K, and K, for each layer:

K, = tan? (45 — %)
30

K,; = tan® (45 — 7) = 0.333
35

K,, = tan® (45 — 7) = 0.27

K,; =tan?(45—-0) =1
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K, = tan? (45 + %)

5 30
Ky, = tan (45 +7) =3

5 35
Ky, = tan (45 + 7) = 3.69

Kps = tan*(45+0) =1

Now we calculate the LEP at each depth:
Oha = (q + YH)K, — ZC\/ K,

onp = (q + YH)K, + 2c /Kp

@ z = 0.0 (above dredge line — active pressure only)
Opa = (0+16x0)x0.333—-0=0.0
A(Fh = Gh,p - Gh,a = 0.0

@ z = 2m (above dredge line — active pressure only)

just before

Ona = (0+16 X 2) X 0.333 — 0 = 10.65 kN/m?

Aoy = opp — Opa = 0—10.65 = —10.65 kN /m?

just after

Opa = (0+ 16 X 2) X 0.27 — 0 = 8.64 KN/m?

Aoy = oy p — Op, = 0 — 8.64 = —8.64 kN/m?

@ z = 5m (just before — active pressure only)

Opa = (0+16%x2+18%x3) % 0.27 — 0 = 23.2 KN/m?

Aoy = oy p — Opa = 0 — 23.2 = —23.2 kN/m?

@ z = 5m (just after — active pressure at right, passive pressure at left)
And there is a value for cohesion( C = 40) below the drege line
Ona=(0+16x2+18x3) x1—2 x40 x V1 = 6kN/m?

Ohp = (0+0)x1+2x40xV1=380

Aoy = Opp — Opa = 80 — 6 = 74 kKN/m?

The positive sign means we draw this value at left side (side of passive
pressure because is the largest pressure at this depth.
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@ z =5+ D (passive pressure at right, active pressure at left)
Active pressure at left side:

Oha=(0+17xXD)x1—2%x40x+v1=17D—80

Passive pressure at right side:
Ohp=(0+16x2+18x3+17xD)X 142 x40 x V1 =166+ 17D
Aoy, = oy p — Opa = (166 + 17D) — (17D — 80) = 246

Note that the value of (246)is positive which means we draw this value as
a line in the passive zone at this depth (right side).

Now, we draw the LEP distribution along the wall:

2m
_______________ R 1065
3m
74 23.2
*I
z Passive Active
Passive
Active
246

Now, under dredge line the net lateral pressure Aoy,always will increase by
the value of yz'(K,, — K,) . But here since (¢ = 0) » K, =K, = 1.

So, the increase in pressure will be zero till reaching point O (i.e. the
pressure will be constant at this depth). At the specific point (point O) the
pressure will changes from active to passive (right side) and thereby the LEP
distribution will tend to moves in the direction of passive zone as shown.

Page (227) Ahmed S. Al-Agha




Foundation Engineering Pile Walls

Cantilever Sheet Piles Penetrating C — ¢ Soil
Consider the following example:

2m

vy = 18 kN/m3
3m & =35

y = 17 kN/m?3
D=7 C = 40 kN/m?

b =20

The first step always is calculating K, and K, for each layer:
K, = tan? (45 — %)
30
K,; = tan? (45 — 7) = 0.333
35
K,, = tan? (45 — 7) =0.27

20
K,3; = tan? (45 — 7) = 0.49

K, = tan? (45 + %)
5 30
Ky = tan (45 +7) =3
5 35
Kpz = tan (45 + 7) = 3.69

5 20
Kps = tan (45 + 7) = 2.04
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Now we calculate the LEP at each depth:
Oha = (q + YH)K, — ZC\/ K,

ohp = (q + YH)K, + 2c /Kp

@ z = 0.0 (above dredge line — active pressure only)
Opa = (0+16x0)x0.333-0=0.0
AGh = Gh,p — Oh,a = 0.0

@ z = 2m (above dredge line — active pressure only)
just before

Ona = (0+16 X 2) X 0.333 — 0 = 10.65 kN/m?

Aoy = o p — Opa = 0 — 10.65 = —10.65 kN/m?

just after

Ona = (0+ 16 X 2) X 0.27 — 0 = 8.64 KN/m?

Aoy = oy p — Op, = 0 — 8.64 = —8.64 kN/m?

@ z = 5m (just before — active pressure only)
Opa = (0+16x2+18%x3) % 0.27 — 0 = 23.2 KN/m?
Aoy = oy p — Opy = 0 — 23.2 = —23.2 kN/m?
@ z = 5m (just after — active pressure at right, passive pressure at left)
And there is a value for cohesion( C = 40) below the drege line
Opa = (0+16Xx2+18x%x3) x0.49 —2 X 40 x V/0.49 = —13.86 kN/m?
Ohp = (0+0) X 2.04 + 2 X 40 X V2.04 = 114.3 kN/m?
Aoy = oy, — Op, = 114.3 — (—13.86) = 128.12 kN/m?
@ z =5 + D (passive pressure at right, active pressure at left)
Active pressure at left side:
Onha = (0417 X D) X 0.49 — 2 X 40 X v/0.49 = 8.33D — 56
Passive pressure at right side:
Onp = (0+16 X2+ 18X 3+ 17 x D) X 2.04 + 2 X 40 X v/2.04
= 200.26 + 34.68D
Aoy, = Opp — Opa = (200.26 + 34.68D) — (8.33D — 56)
= 256.26 + 26.35D
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Note that the value of (256.26 + 26.35D )is positive which means we
draw this value as a line in the passive zone at this depth (right side).

Active

Passive

Active

256.26+26.35D

Now, under dredge line the net lateral pressure Acyalways will increase by
the value of yz' (K, — K,) . And since ¢ = 20 - K, > K, —the increase in
pressure will be in the direction of passive zones. So, after the value of
128.12 the stress will be increased gradually in the direction of passive zone
till reaching (point O) the pressure will changes from active to passive (right
side) and thereby the LEP distribution will tend to moves in the direction of
passive zone as shown.

Now If we draw the net LEP distribution correctly, we can calculate the
depth of penetration D by applying equilibrium equations:

z Fy = 0.0 (Along the sheet pile)

z M = 0.0 (At the bottom of sheet pile)

Note:
If Mnax IS required always take a section with distance (x) above point O
Because in cantilever sheet piles the maximum moment always above O.

See examples 9.1 and 9.3
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Anchored Sheet Piles

When the height of the backfill soil behind a sheet pile exceeds 6m, the
deflection on the sheet pile will be great and thereby the depth of penetration
and the section of sheet pile will be large to meet this large deflection. To
reduce this deflection, sheet pile should be supported from its upper edge
(usually at distance 1m-2m from the top), this support is called anchor and
the sheet pile with anchor called Anchored Sheet Pile.

There are two ways for analysis of anchored sheet piles:

e Free Earth Support Method.

¢ Fixed Earth Support Method.

In our discussion we will mainly discuss free earth support method.

The following figure shows anchored sheet pile:

Anchor

/ Force
_____________F_________"_G.W.T

Anchored Sheet pile (Free Earth Support Method)

In this method, the soil is assumed as a simply support (pin support) at the
end of sheet pile, and also the wall is simply supported from its upper edge
by anchor. So the deflection of sheet pile will be similar to the deflection of
simply supported beam as shown in the following figure:
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Anchor
/ Force

Maximum /
Deflection ™ Active
—-—f AMax
|
Active
Active
Active

Important notes on the above figure:

1. As you see, the deflection of the sheet pile is similar to the deflection of
simply supported beam, so if we need M.« We take a section above the
dredge line (at point of maximum deflection “zero shear”).

2. Note that the soil in right side at all depths pushes the wall to the left side,
so the soil in the right side will exerts active LEP at all depths of sheet pile
and no inflection point (as in cantilever sheet pile), also, under the dredge
line, the soil on the wall will pushed into the left side soil, thus the LEP of
the left soil is passive pressure to the end without any inflection (<)),

3. Depending on note(2), when we drawing the net pressure distribution
under the dredge line, the increase in pressure will be always in the left side
(passive side) to the end without any inflection.

Now, we will sketch the pressure distribution for anchored sheet pile using
free earth support method when the sheet pile penetrating in different types
of soil.
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Anchored Sheet Piles Penetrating Sandy Soil

Consider the following example:

Anchor
/ Force

Pure Sand

The net pressure distribution along the sheet pile will be as following:

Anchor

./ Force
e N ____F_________Y_G.W.T

Active

Passive Active

Passive Active

Page (233) Ahmed S. Al-Agha




Foundation Engineering ile Walls

Below the dredge line:

The net lateral pressure Aop,always will increased by the value of

yz’(Kp — Ka) . And since the soil is pure sand (¢ > 0) - K, > K, —the
increase in pressure will be in the direction of passive zones. So, below
dredge line, the stress will be increased gradually in the direction of passive
zone till reaching the end of sheet pile because there is no inflection point
(no change in LEP types) below the dredge line.

Anchored Sheet Piles Penetrating Clay

Consider the following example:

Anchor

/" Force
F WGoWT

Pure Clay

The net pressure distribution along the sheet pile will be as following:
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Anchor
/ Force

WGWT

z' Passive

Passive

Passive

Below the dredge line:

Active

Active

Active

The net lateral pressure Aop,always will increased by the value of
vz'(K, — K,) . But since the soil is pure clay (¢ = 0) - K, = K, —the
increase in pressure will zero till reaching the end of sheet pile because

there is no changes in the type of LEP.

Anchored Sheet Piles Penetrating C — ¢ Soil

Consider the following example:

Anchor

/' Force
F

- YGWT

C — ¢ Soil
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The net pressure distribution along the sheet pile will be as following:

Anchor

/ Force
e ____F_________'Y_G.W.T
Zt Passive Active
Passive Active
Passive Active

Below the dredge line:

The net lateral pressure Aop,always will increase by the value of

vz'(K, — K,) . And since the soil is C — ¢ soil (¢ > 0) - K, > K, —the
increase in pressure will be in the direction of passive zones. So, below
dredge line, the stress will be increased gradually in the direction of passive
zone till reaching the end of sheet pile because there is no inflection point
(no change in LEP types) below the dredge line.

Important Note:
Read the fixed earth support method from textbook page 476 and read
example 9.9 pages (477 — 479).

Holding Capacity of Anchor Plates in Sand (Page 488)

Solve Example 9.11page (493-494) (Important)
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Problems
1.

For the anchored sheet pile shown below, do the following:
1. Draw the lateral earth pressure distribution with depth.

2. Calculate the depth of penetration (D).

3. Calculate the anchor force per unit length of the sheet pile.

4. Calculate section modulus if 6,,=175 MPa.
q = 70 kN/m?

ll | ¥ © y

y

1.5m‘_ y = 18 kN/m?

1 ¢ =33
1.5m C = 17 kN/m?
_________________ WGwWT
y = 19 kN/m3

b = 28"
6m C = 27 kN/m?
y = 19 kN/m?

=22
D ¢_ )
C =50 kN/m

Solution

The first is calculating K, and K,, for each layer:

K, = tan? (45 — %)
33
K,; = tan? (45 — 7) = 0.29

28
K,, = tan® (45 — 7) =0.36
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22
K,3 = tan? (45 — 7) = 0.45

K, = tan? (45 + %)
The required value of K, is the value of the third layer (layer below the
dredge line)
— 2 22 —
Kp3 = tan (45 + 7) =2.2

Now we calculate the net LEP at each depth:
Oha = (q + YH)K, — 2¢yK,

ohp = (q + YH)K, + 2C\/K7p

@ z = 0.0 (above dredge line — active pressure only)

Oha = (70 + 18 X 0) X 0.29 — 2 X 17 X V0.29 = 2 kN/m?
Aoy = Opp — Opa = 0 — 2 = —2 (2 in active direction)

@ z = 3m (above dredge line — active pressure only)

just before (K, = 0.29 , C=17)

Oha = (70 + 18 X 3) X 0.29 — 2 X 17 X V0.29 = 17.65 kN/m?
Aoy = oy p — Opy = 0 — 17.65 = —17.65 kN/m?

just after (K, = 0.36 , C=27)

Oha = (70 + 18 X 3) X 0.36 — 2 X 27 x V/0.36 = 12.24 kN/m?
Aoy = opp — Opy = 0 — 12.24 = —12.24 kN/m”

@ z = 9m (just before — active pressure only)(K, = 0.36 , C=27)
Gh,a=(70+18><3+(19—10)><6)><0.36—2><27><\/(m

= 31.68 kN/m?
Aoy = Opp — Opa = 0—31.68 = —31.68 kN /m?
@ z = 9m (just after — active pressure at right, passive pressure at left)
And(K, = 0.45, K, =2.2, C=50) below the drege line
Active pressure (at right)

Oha = (70 + 18 X 3 4 (19 — 10) X 6) X 0.45 — 2 x 50 x V0.45
= 13 kN/m?
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Passive pressure (at left)
Opp = (0+ (19 —10) X 0) X 2.2 + 2 X 50 X V2.2
= 148.3 kN/m?
Aoy = Opp — Opa = 148.3 — 13 = 135.3 kN/m?
@z =9 + D (Active pressure at right, Passive pressure at left "no inflection")
Active pressure at (at right):
Opa = (70+18x 3+ (19—-10) X 6 + (19 — 10) x D) x 0.45
—2 x50 x V0.45 = 13 + 4.05D
Passive pressure (at left):
Onp = (0+ (19 —10) X D) x 2.2+ 2 X 50 x V2.2
= 148.3+19.8D
Aoy, = Oy — Op, = (148.3 + 19.8D) — (13 + 4.05D)
= 135.3+15.75D

Note that the value of (135.3 + 15.75 D ) is positive which means we
draw this value as a line in the passive zone at this depth (left side).

Now we draw the net stress distribution along the sheet pile:

135.3+15.75 D
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As you see, there are two unknowns (D and F).
The most suitable method to find D and F is:

To find D - takez Mer = 0.0

To find F — takez F, =0.0

Assume forces 1,2 ,3 and 4 are positive and forces F , 5 and 6 are negative.
We prepare the following table (to simplified the solution):

Force Magnitude Arm from F Moment about F
P 2X3=6(+4) 0.0 0.0
0.5%x(17.65—-2)x 3 3
P, 2348 (4) 15—2=05 11.74 (+)
P, 12.24 X 6 = 73.44 (+) 34+1.5=45 330.48 (+)
0.5 % (31.68 — 12.24) X 6 6 B
P, — 58.32 (+) 6 — 3 +15=55 320.76 (+)
P; 135.3D (-) 75+ 05D 1014.75D + 67.65D? (-)
0.5 x (15.75D) x D 2 ) 3
P — 7.88 D2(—) 7.5+ §D 59.1D“ 4+ 5.25D°(—)
F F(-) 0.0 0.0

z M@r = 0.0 > 11.74 + 330.48 + 320.76 = 1014.75D + 67.65D?

+59.1D? + 5.25D3
— 5.25D3 4+ 126.75D? + 1014.75D — 663 = 0.0

By trial and error or by calculati = D = 0.606 m v'.

z Mg, = 0.0 - 6 + 23.48 + 73.44 + 58.32 = 135.3 X 0.606
+7.88 x 0.606% + F »— F = 76.35kN /.

Now to find section modulus:
Mmax

Oall
So we need to calculate M4, and we mentioned previously, the maximum
moment in anchored sheet pile will be above dredge line (at point of zero
shear), so we can make a section above the dredge line and calculate M, .4
as following:

S =
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Now, to calculate the areas 3 and 4 in terms of X we must calculate the
pressure at the distance X (o) by interpolation.
@X=00—-0=1224, @X=6->0=31.68@X=X—> 0 =o0y
31.68—12.24 ox—12.24

- ox = 3.24X+12.24

6—0 T X-0
Now we can calculate the force 3 and 4 in terms of X:
P; = 12.24 X

P, = 0.5 x (oyx — 12.24)X
=0.5x (3.24 X+ 12.24 — 12.24)X = 1.62X?
Now at distance X, summation forces must be zero (point of zero shear) to
get maximum moment:
F=P +P,+P; +P, (F, P, and P, are taken from table above)
76.35 =6+ 23.48 + 12.24 X + 1.62 X?

- 1.62X%+12.24X - 46.87 = 0.0
- X=2.8m
— P, =12.24 x2.8=34.27 and P, = 3.24 x 2.8% = 25.4
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Now to get maximum moment, take summation moment at point E (point of
zero shear):

Mmnax = Z Mek

3
My = 76.35 X (1.5 + 2.8) — 6 X (1.5 + 2.8) — 23.48 X <§ + 2.8)

34.27 X (2 8) 25.4 X (2'8)
' 2 ' 3
—-- M ax = 141.6 KN.m

6, = 175 MPa. = 175,000 kPa. (kN/m?)
Mpax 1416

S = =
Oan 175000

= 0.81 x 1073 m3/m ofwall V.

Important Note:

In the above problem, the water table is at both sides of sheet pile, so pore
water pressure will canceled from both sides, however if the water table is at
one side of the sheet pile (right side) as shown in the following figure:

q=60kN/m?
1.5m
+ F
1.5m
1 WGWT
6m

When calculating the pressure at right side (active pressure), pore water
pressure must be added as following:

ona = (q + YH)K, — 2¢\/K, + vy X hy, (ateach depth below the GWT)
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2.

For the anchored sheet pile shown below, do the following:
1. Draw the lateral earth pressure distribution with depth.

2. Calculate the depth of penetration (D).

3. Calculate the anchor force per unit length of the sheet pile.
4. Calculate Maximum moment.

g=30kN/m?
j 'Yy y 3 Y
1.5m y = 17 kN/m3
»F =36
1.5m
Yy =17 kN/m?3
Bm ¢ =32°
y = 18 kN/m?3
D ¢ = 20°
C = 30 kN/m?
i
Solution

Note that there is no water table in this problem.

Solve the problem by yourself © with the same procedures in the problem
above.

Final Answers:

D=206m F=149kN Mp,,x =351kN.m

See Examples 9.5 and 9.10 in your textbook
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Introduction

Piles are structural members that are made of steel, concrete, or timber. They
are used to build pile foundations (classified as deep foundations) which cost
more than shallow foundations (discussed in Chapters 3, 4, 5, and 6).
Despite the cost, the use of piles often is necessary to ensure structural
safety. The most case in which pile foundations are required, is when the soil
supporting the structure is weak soil (expansive soil, or collapsible soil, etc...)
we use piles to transmit the foundation load to the nearest bed rock layer,
and if bed rock is not encountered, we use piles to transmit the load to the
nearest stronger soil layer to ensure the safety for the structure.

The following figure clarifies the function of pile foundation (which
mentioned above):

_ —
2 E Lo

Weak Soil

Weak Soll

Strong Soil

Bed Rock
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Capacity of Piles
The ultimate load capacity of the pile may be expressed as:
Qu =Qp + Qg

When the pile penetrates weak soil to rest on strong soil or bed rock, the pile
will supported by the bed rock or the strong soil from at the pile end (end
point of pile), So:

Qp = Load carried at the pile end point

In addition, when the pile penetrates the soil, the shearing resistance between
the soil and the pile should be considered in Qg where:

Qs = Load carried by the skin friction developed at the sides of the pile
(caused by shearing resistance between the soil and the pile)

Page (246) Ahmed S. Al-Agha




Foundation Engineering

Types of Pile

1.Point Bearing Piles:

If the soil supporting the structure is weak soil, pile foundation will used to
transmit the load to the strong soil layer or to the bed rock (if encountered),
here the pile will resist the entire load depending on its end point load Qp
and the value of Qg (frictional resistance) is very small in this case, so:
Qu=0Qp+Qs Qs=0.0- Q, =Qp (Point Bearing Piles)

Qu T
=0 Qs=0
'y > Weak Soil
T TWeak Soll L T T
Strong Soil
Bed Rock T

Qp Qp

Qu=Qp Qu=Qp

2.Friction Piles:

When no strong layer or rock is present at reasonable depth at a site, point
bearing piles becomes very long (to reach strong layer) and uneconomical.
In these type of soil profiles, piles are driven through the softer (weaker) soil
to specified depth, and here the point bearing load (Qp) is very small and
can be considered zero, however the load on the pile will resisted mainly by
the frictional resistance between soil and pile (Q;) so:

Qu=Qp+Qs Qp=0.0- Q, =Qg (Friction Piles)
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£

Weak Soll

|—
— Ay

D)
N
-

Qu=Qs

In practice, we assume the pile resist the applied loads by its point bearing
load and its frictional resistance to estimate the ultimate load the pile can
carry.

Qu =Qp + Qs
In the following sections, we will learn how to calculate the value of
Qp and Qg and thereby Q, for sand and clay and C — ¢ soil
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Calculation of Point Bearing Load(Qp)

We will use Meyerhof method to calculate the value of Qp for sand and
clay.

Calculation of Qp for sand:

Qp =Ap Xqp =Q_

Ap =Cross-sectional area of the end point of the pile (bearing area
between pile and soil).

gp =q' X Ng

q' = Effective vertical stress at the level of the end of the pile.

Ng = Load capacity Factor (depends only on ¢ — value)

Ngq is calculated from (Figure 11.13 P.557) or (Table 11.15 P.558)
Qp = Limiting value for point resistance

QL = 0.5 X Ap X p; X Ng X tan¢

p, = atmospheric pressure = (100 kN/m? or 2000 Ib/ft?)

So, for sandy soil the value of Qp is:
Qp = Ap X q' X Ng < 0.5 X Ap X py X Ng X tand

Important Note:

The soil profile may consists of several sand layers, the value of friction
angle (¢) which used to calculate Qp as shown in the above equation is the
friction angle for the soil that supporting the pile end (for last soil layer).

Calculation of Qp for Clay:

Qp = Ap X ¢y X N¢

c, = Cohesion for the soil supported the pile at its end.

N¢ = Bearing capacity factor for clay = 9 (when ¢ = 0.0)
Qp =9 X Ap Xy

Calculation of Qp for C — ¢ Soile:

If the supporting the pile from its end is C — ¢ soil:

Qp = (Ap X q' X Ng < 0.5 X Ap X py X Ng X tand) + Ap X ¢, X N¢
But here, the value of ¢ # 0.0 - N¢ # 9 (you will given it according ¢)
But, if you are not given the value of N at the existing value of ¢ —
Assume N: = 9 and complete the solution.
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Calculation of Frictional Resistance(Qy)

Calculation of Qg for sand:
The general formula for calculating Q is:

QS=PfoixLi

P = pile perimeter = m X D (if the pile is circular, D = Pile diameter)

= 4 X D (if the pile is square, D = square dimension)

f; = unit friction resistance at any depth

L; = depth of each soil layer

Now, how we calculate the value of f; (for each soil layer):

f=ps XN

Here the value of (f) is vertical, so N must be perpendicular to f (i.e. N must
be horizontal) as shown in the following figure:

—-D-—

Y

I = friction coefficient between soil and pile = tan §

8 = soil — pile friction angle = 0.8¢ — pg = tan(0.8¢) (for each layer)
N = Horizontal stress from the soil to the pile

— N = o, X K (for each soil layer)

o, = vertical effective stress for each layer

But, to calculate o5, for each soil layer, to be representative, we take the
average value for oy, for each layer.

K = Effective earth pressure coefficient
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K=1-sinp orK= 0.5+ 0.008D, D, = relative density (%)
If you are not given the relative density for each layer, use K = 1 — sin¢ or
you may given another formula to calculate K.

Now, N = oy ,, X K (for each soil layer)

—— f = tan(0.8¢) X oy 5, X K (for each soil layer)
Now, how we calculate the value of oy, 5, for each soil layer:

We draw the vertical effective stress along the pile, but the stress will
linearly increase to a depth of (15D), after this depth the stress will be
constant and will not increase. (this is true only if we deal with sandy soil).

If there is one soil layer before reaching 15D:

— D | —
i 7
’
1 5D . Gv,av,l
! ? _________ Oy
7
, 0+ oy, .
Oyavi = > = 0.50y,
. o, + oy, )
Oyav2 — 2 = Oy
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If there are more than one soil layer before reaching 15D:

—— D el ——
Z-
/ __@Cvav1
!
/ Oy 1
/ o
_____ v,av,2
1D 7 ,
2
/ !
/ _________ cTv,av,3
!
% GV,3
/ /
/ ——————————— @ Ovavs
%
0 + o
! _ v, !
Gv,av,l - 2 - O'SGV,l
! !
I} _ O-V,l + O-V,Z
GV,aV,Z - 2
! !
I} _ GV,Z + GV,3
0-V,av,3 - 2
! !
/; _ GV,B + GV,3 _ 12
Gv,av,4 - 2 - GV,3

Finally we can calculate the value of Qg as following:

Q. = P X Z tan(0.8¢;) X 0 o; X Ki X L

i = each soil layer

Note:

We take soil layer every change in soil properties or every change in slope
of vertical stress.
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Calculation of Qg for clay:
There are three methods used to calculate Qg in clay:

1. A Method

QS=PfoixLi

But here we take the entire length of the pile:

QS=PxLfoi
zfi =foy = AX (Ga,av_l' 2 Cu,av)

oy .y = mean effective vertical stress for the entire embedment length
Cuav = Mean undrained shear strength for the entire embedment length
A = function of pile length (L) (calculated from Table 11.9 P.576)

Calculation of oy 5, and ¢, 5y:
We prepare the following graph (assuming three soil layers):

: Vertical
7 e ;Undrqlned —» effective
; T % cohesion, ¢, nce !
o X stress, o,
foty s Area = A,
l ' u(l)
L L, [€— Cy2) —> [ Area = A,
Ly «—> Area = A,
l Cu3)
X D), (SN
\ 4 Y
Depth Depth

Note that the soil is clay, and the stress is not constant after 15D, the stress is
constant (after 15D) in sand only.
Ly Xcyq+ Ly Xcyy+La Xcys

C
u,av L

, A +A, +A;
Oyav = L
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2. a Method
Q. =P x Z £ x Ly
fi = 4 X Cu,i

Cu,i

a; = function of ( ) (calculated from Table 11.10 P.577)

Patm

QS:PXZaiXCu,iXLi

3. B Method
QS = P X Z fi X Li
fi = Bi X 0y avi

!

Oy avi = average vertical effective stress for each clay layer

Bi = K X tandg;

¢r = drained friction angle of remolded clay (given for each layer)
K; = earth pressure coefficient for each clay layer

K =1 — sindy (for normally consolidated clay)
K = (1 — sindg) X VOCR (for overconsolidated clay)

Important Note:
If the soil is (C — ¢)soil, we calculate Q, for sand alone and for clay
alone and then sum the two values to get the total Qg

Now, from all above methods, we can calculate the ultimate load that the
pile could carry:

Qu = Qp + Qs
If we want to calculate the allowable load:
Qu
. >
Qan TS (FS = 3)
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Problems
1.

Determine the ultimate load capacity of the 800 mm diameter concrete bored
pile given in the figure below.

? 7 Clay
am C, = 60 kN/m?
= 18 kN/m3
Y / WeW.T
Sand
6m ¢ =30
Y = 20 kN/m3
Clay
5m C, = 100 kN/m?
l Y = 20 kN/m?3
7
Solution

Calculation of Qp:
Note that the soil supporting the pile at its end is clay, so:
Qp =Ap Xcy XN: Ni =9 (pureclay ¢ = 0.0)
g
Ap = I X 0.82 = 0.502 m?
c, = 100 kN/m? (for the soil supporting the pile at its end)
Qp =0.502 x 100 x 9 = 452.4 KN

Q. = 0.0 since tand = 0.0 - Qp = 452.4 KN

Calculation of Q:

Since there are one sand layer and two clay layer, we solve firstly for sand
and then for clay:

For sand:

The stress will increase till reaching 15D

15D =15 0.8 =12m

Now we draw the vertical effective stress with depth:

oundations
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=08
I ? 7
4m 1 18x4=72
l / WGW.T
15D=12m T N
6m 2
l 72+(20-10)x6=132
xr J‘ ________ % ——————— ? ————————— 132+(20-10)x2=152
5[n / s
%

Q,=Px Z(tan(o.&bi) X 0y avi X Ki) X L
Note that the value of ¢ for layers 1, 3, and 4 is zero (clay), so we calculate

Q. only for the layer 2 (sand layer).

P=nmXD=mXx08=251m
_72+132

OYavz = ———— = 102 kN/m’
LZ B 6m
d, = 30°

K, =1—-sindp, =1 —5sin30 = 0.5
— Qssand = 2.51 X (tan(0.8 X 30) X 102 x 0.5) X 6 = 342 kN

For Clay:

If we want to use A Method:

Qs =PXLXf,,

fav = A X (O-(/,av + 2 Cu,av)

P=251m L=4+4+6+5=15m
A= 0.2 (atL = 15m from Table 11.9)

Ly Xcy1+ Ly Xy + L3 Xcygs
Cu,av_ L
4x60+6x%x0+5x%x100

Cpay = = = 49.33 kN/m?
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A1 +A2 +A3 + "'An
GV,aV = L

We draw the vertical effective pressure with depth:
—— 0-8-—

18x4=72
1
/ WGW.T

72+(20-10)x6=132

AT

132+(20-10)x5=182
A, =%x72x4= 144
A, =%><(72+132)><6= 612
A, =%><(132+182)><5 — 785
144 + 612 + 785
Oyay = T = 102.73 kN/m?

fo, = 0.2 X (102.73 + 2 x 49.33) = 40.28
- Qqclay = 2.51 X 15 X 40.28 = 1516.54 kN

If we want to use a Method:

QS=PXZ(XiXCu'iXLi

For layer (1)

c 60
Cus =60 > L = —— = 0.6 > a; = 0.62
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For layer (2)

0.0 - 22 0 0 0
=UuU.U-—- = — = - =
“u2 Patm 100 "2
For layer (3)
100 — 23 100 1 0.48
= - = —= g = VuU.
“u3 Patm 100 ’3

Qsclay = 251 % [(0.62 X 60 X 4) + 0 + (0.48 x 100 x 5)] = 975.88 kN

Qs total = Qssand T Qs,clay
Qs total = 342 + 1516.54 = 1858.54 kKN (when using A — method)

Qstotal = 342 +975.88 = 1317.88 kN (when using « — method)
Qu = Qp + Qs,total

Qu = 452.4 + 1858.54 = 2310.94 kN (when using A — method) v
Qu, = 452.4+ 1317.88 = 1770.28 kKN (when using a« — method) v'.

2.

A pile is driven through a soft cohesive deposit overlying a stiff clay, the
average un-drained shear strength in the soft clay is 45 kPa. and in the lower
deposit the average un-drained shear strength is 160 kPa. The water table is
5 m below the ground and the stiff clay is at 8 m depth. The unit weights are
17.5 KN/m® and 19 kN/m? for the soft and the stiff clay respectively.
Estimate the length of 500 mm diameter pile to carry a load of 500 kN with
a safety factor of 4. Using (a). a — method (b). A — method

Solution
There is no given graph in this problem, so you should understand the
problem and then draw the following graph by yourself:
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Qu=500x4=2000kN

=i

Soft Clay
. Sm y=17.5kN/m3 C = 45kN/m?
m

Stiff Clay
y = 19 kN/m?3
C = 160 kN/m?

| ! /

Qupn =500kN, FS=4-Q, =500 x4 = 2000 KN

Qu =Qp + Qg
Calculation of Qp:
Note that the soil supporting the pile from its end is clay, so:
Qp =Ap Xcy XNz Ni =9 (pureclay ¢ = 0.0)
T
Ap = I X 0.52 = 0.196 m?
c, = 160 kN/m? (for the soil supporting the pile at its end)

Qp = 0.196 X 160 x 9 = 282.24 KN
Q. = 0.0 since tand = 0.0 » Qp = 282.24 KN

Calculation of Q:
Note that all layers are clay.

(@). « — method

QS=PXZaiXCu,iXLi
P=nXxD=m1Xx05=157m
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For layer (1)

Cy 45
Cy1 = 45— 1 = =045 o, = 0.71 (by interpolation from table)
Patrm 100
For layer (2)
160 » a2z 100 _ 4 0.38
= - =—=1.6 > = .
e Patm 100 "

Q. = 1.57 X [(0.71 X 45 X 8) + (0.38 x 160 x X)] = 401.3 + 95.45X Kn

Qu=Qp + Qs = 282.24 + 401.3 + 95.45X = 683.54 + 95.45X
But Q, = 2000 — 2000 = 683.54 + 95.45X - X = 13.8m
-->L=8+13.8=218=22m/V.

(b). A — method

Qs =PXLXf,,

fav =AX (O_(I,av + 2 Cu,av)

P=157m L=8+X

We want to calculate A from the table, but A is a function of pile length
which is required, so in this types of problems when the solution is required
according A — method you are strongly recommended to assume a
reasonable value of L.

AssumeX=7m—->L=8+4+7=15

A= 0.2 (atL = 15m from Table 11.9)

Ly Xcy1+ Ly Xcye+ L3 Xcygs

Cuav — L
8xX45+4+7 x 160 5
Cyav = 1c = 98.67 KN/m
A1 +A2 +A3 + An
Oyav = L

We draw the vertical effective pressure with depth:
For the upper layer (Soft clay) assume the saturated unit weight is the same
as the natural unit weight (17.5) because no enough information about them.
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Qu=500x4=2000kN

1 17.5x5=87.5
NS wowT

2

87.5+(17.5-10)x3=110

% 110+(19-10x7=173

1

A = > X 87.5x5 = 218.75
1

A, = 2 X (87.5+110) x 3 = 296.25
1

A; = 2 X (110 +173) x 7 = 990.5

218.75 4+ 296.25 + 990.5
Oyay = T = 100.36 kN/m?
f,, = 0.2 X (100.36 + 2 X 98.67 ) = 59.54
- Qs =157 x15x59.54 = 1402.167 kN

Q, = Qp + Qg = 282.24 + 1402.167 = 1684.4 < 2000 »—>— We need
to increase L to be closed from 2000

TryX=12m->L=8+12 =20
A=0.173 (atL = 20m from Table 11.9)

Ly Xcyq+ Ly Xcyy+La Xcys
Cu,av - L
8xXx45+ 12 x 160

Cuay = 30 = 114 kN/m?
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A1 +A2 +A3 + "'An
GV,aV = L

We draw the vertical effective pressure with depth:
Qu=500x4=2000kN

1 17.5x5=87.5
e N/ WGwWT

2

87.5+(17.5-10)x3=110

% 110+(19-10)x12=218

1
Ay =5 X 87.5x5 = 21875
1
A, = 5 X (87.5 +110) x 3 = 296.25
1
Ag =5 x (110 +218) x 12 = 1968

218.75 + 296.25 + 1968
Oyay = 20 = 124.15 kN/m?
f,v, =0.173 x (124.154+ 2 x114) = 60.92
- Qs =157 %x20x%x 6092 =1912.94 kN
Qu = Qp + Qs = 282.24 + 1912.94 = 2195.12 > 2000
Note that at X= 12 m the value of Q,, is closed to 2000 but its need to
slightly decrease, sowe can say X = 10m —» L = 18m V.
As you see, the solution is by trial and error, so when you assume the value
for L, be logic and be realistic to save time. © © ©
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3.

A concrete pile is 20 m length and 360 mm x 360 mm in cross section. The
pile is fully embedded in sand which unit weight is 16.8 kN/m®and ¢ = 30°
You are given alsoNg = 56.7. Calculate:

a) The ultimate load (Qp,), by using Meyerhof’s method.
b) Determine the frictional resistance (Qs), if k = 1.3 and § = 0.8¢.
c) Estimate the allowable load carrying capacity of the pile (Use FS = 4).

Solution
a)Qp =77
Qp =Ap X q' XNg=<Q
Qp = Ap X q' X Ng
Ap = 0.36 X 0.36 = 0.1296 m?
q' = 16.8 X 20 = 336 kN/m?
Ng = 56.7 (given)
— Qp = 0.1296 x 336 X 56.7 = 2469 KN

Now we check for Upper limit:

QL = 0.5 X Ap X p; X Ng X tand

p, = atmospheric pressure = 100 kPa , ¢ = 30°(given)
Q. =0.5x%x0.1296 x 100 x 56.7 X tan30 = 212.13 kN
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b) Qs =77

The soil is pure sand, so:

Q. = P x z tan(0.8¢;) X & 1 X Ki X L

But, since the soil is sand the stress will varies at depth of 15D then will be
constant on the remained pile length.

15D = 15 X 0.36 = 5.4m
The shown figure is the pressure distribution with depth:

P =4 x 0.36 = 1.44 (Square cross section) ——fo.3s}=—

K; = K, = 1.3 (given)

0.8¢; = 0.8 x 30 = 24’ 5.4m |\ (0+90.72)/2 =45.36
Qs = 1.44 X 1.3 X tan(24) [0}, 4v; X Li] 16.8x5.4=90.72

Q, = 0.8334[45.36 x5.4+90.72x146] 4
- Q, = 1308 kN /.

¢) Qup =77 146m - @072
all —- -
Q
Qan = F_;
Qu=0Qp+Qg=212.13+ 1308 = 1520.13kN , FS = 4 (given)
1520.13
= Qan =—F = 380 kN v.
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