CHAPTER 1
INTRODUCTION

1.1 Foundations: Their Importance and Purpose

All engineered construction resting on the earth must be carried by some kind of
interfacing element called a foundation. The foundation is the part of an engineered system that
transmits to, and into, the underlying soil or rock the loads supported by the foundation and its
self-weight.

The term superstructure is commonly used to describe the engineered part of the system
bringing load to the foundation, or substructure. The term superstructure has particular
significance for buildings and bridges; however, foundations also may carry only machinery,
support industrial equipment (pipes, towers, tanks), act as sign bases, and the like. For these
reasons it is better to describe a foundation as that part of the engineered system that interfaces
the load-carrying components to the ground.

Foundation engineering can be defined as the science and art of applying the principles of
soil and structural mechanics together with engineering judgment to solve the interfacing
problem. The foundation engineer is concerned directly with the structural members which
affect the transfer of the load from the superstructure to the soil such that the resulting soil

stability and estimated deformations are tolerable.

1.2 Foundation Classification

Foundations may be classified based on where the load carried by the ground, producing:

1. Shallow foundations: Spreading loads laterally with D < B (where D is the depth of
footing and B is the width of footing). These include pad or isolated footing, strip (or
wall) footing, continuous footing, combined footing (rectangular, trapezoid and strap),
and mat (or raft) foundation.

2. Deep foundations: Distribute the load vertically with D > (4-5) B. These include piles,
drilled piers and drilled caissons.

3. Retaining Structures.

Such as retaining walls, sheet pile walls and walls for excavations.
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Fig. 1.1 General types of foundations

1.3 General Requirements of Foundations

A foundation must be capable of satisfying several stability and deformation requirements
such as:
1. Depth must be adequate to avoid lateral expulsion of material from beneath the
foundation.
2. Depth must be below the zone of seasonal volume changes caused by freezing, thawing

and plant growth.
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3. System must be safe against overturning, rotation, sliding, or soil rupture (shear failure).

4. System must be safe against corrosion or deterioration due to harmful materials present in
the soil.

5. System should be adequate to sustain some changes in later site or construction geometry,
and be easily modified should later changes be major in scope.

6. The foundation should be economical in terms of the method of installation.

7. Total and differential earth movements (settlements) should be tolerable for both the
foundation and superstructure elements.

8. The foundation and its construction, must meet environmental protection standards.

1.4 Foundation Selection
See Fig. (1.2).
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Soil conditions
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CHAPTER 2
SOIL EXPLORATION

Soil exploration refers to the procedure of determining surface and sub-surface conditions

in an area of proposed construction.

2.1 Purpose of Subsurface Exploration

The purpose of the exploration program is to determine the stratification and engineering
properties of the soils underlying the site. The principal properties of interest will be the
strength, deformation, and hydraulic characteristics. The elements of site investigation depend

heavily on the project but generally should include the following:

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

2. Obtaining disturbed and undisturbed soil samples for visual identification and appropriate
laboratory tests.

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

Performing some in-situ field tests.

Observing drainage conditions from and into the site.

o o &~ w

Assessing any special construction problems with respect to the existing structure(s)

nearby.

2.2 Planning for Subsurface Exploration

The actual planning of a subsurface exploration program includes some or all of the
following steps:
1. Assembly of all available information on dimensions, anticipated loads, type and use of
the structure, and the requirements of local building codes.
2. Reconnaissance of the area: This may be in the form of;
A. A Field trip; accessibility of the site, nature of drainage conditions, open cuts, cracks in
nearby structures.
B. Useful information gathered from; geological survey maps, aerial photographs, existing
soil exploration reports, published soil manuals, agronomy maps.

3. A preliminary site investigation. Few borings are made or a test pit is opened to establish
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in a general manner the stratification, types of soil to be expected and possibly the
location of the ground water table.
4. A detailed site investigation. Additional borings are made, laboratory tests to have design

information and finally the report is prepared.

There are two complementary stages:
5. Verification (during construction); compare the actual soil conditions with soil report
information.
6. Observation (after construction); compare the actual foundation behavior with the

expected one.

2.3 Methods of Soil Exploration

A soil exploration program usually involves test (or trial) pits, soil borings (boreholes)
and/or geophysical methods.

1. Trial pits: excavations into the earth that permit visual inspection of the conditions
exposed in the wall of the pit. Samples can be taken. Limited for shallow depths (3 to
4m), see Fig. (2.1).

2. Soil Borings (Boreholes): Boreholes are conducted using one of the following methods:

A. Auger (hand and mechanical); see Fig. (2.2).
B. Percussion drilling; see Fig. (2.3).
C. Wash boring; see Fig. (2.4).
D. Rotary drilling; see Fig. (2.5).
3. Geophysical explorations:
A. Seismic; refraction and reflection.

B. Electrical resistivity.
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Fig. 2.1 Trial Pit
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Fig. 2.2 (a) Short-flight auger, (b) continuous-flight auger, (c) bucket auger, and
(d) lwan (hand) auger.
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2.4 Soil Samples
There are two types of samples:

1. Disturbed samples; in which the in-situ properties of soil do not retain during the
collection process. Such samples are usually used for identification, chemical and
classification tests.

2. Undisturbed samples; in which the structural integrity of the soil is retained and has a
high recovery ratio. Such samples are usually used to determine the mechanical properties

of soil.

2.5 Causes of Disturbance

There are several factors that cause disturbance of soil samples:
1. Stress relief.
2. Volume displacement of the sampler [see Fig. (2.6a)].

DZ — D?
area ratio = Ar = % x 100% «—Ds—>
i
For good samples; Ar<12 %  for 50 mm diameter samples < Di—>
<15%  for 75 mm diameter samples ke Do >
<20 %  for 100 mm diameter samples Fig. 2.6a

3. Friction (bearing capacity failure) [see Fig. (2.6b)].

Casing
D.—D. Sampler
inside clearence ratio = Cr = SD - x 100% 7
i
For good samples; 0.5<Cr<3 L J
Fig. 2.6b
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4. Soil shattering [see Fig. (2.6¢)]. Hammering
5. Water table. ﬂ
6. Loss of hydrostatic pressure.
7. Environment.
8. Handling and transporting. ! O Q0O
g P g Hard soil D O @)
Fig. 2.6¢

Another measure of disturbance is the recovery ratio;

! actual length of recovered sample
r

~ theoretical length of recovered sample

For good samples; Lr = 1

2.6 Soil Samplers

The most common samplers used for in-situ testing and sampling are:
Split spoon sampler [Fig. (2.7a)]
Thin wall (Shelby) tube sampler [Fig. (2.7b)]
Stationary piston sampler [Fig. (2.8a)]
Swedish foil sampler [Fig. (2.8b)]
Osterberg piston sampler [Fig. (2.8¢)]

o~ w D
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A—insert if used  B—Iliner if used Drill rod sizes:
C—ball check valve (provide suction on sample) A:410DXx29 IDmm 551 kg/m
D—sampler-to-drill rod coupling AW: 440D x32 IDmm  6.25kg/m
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(a) Standard split barrel sampler (also called a split spoon).
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A—ball check valve to hold sample in tube on withdrawal
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Common D,: 51, 64, 76, and 89 mm

(b) Thin wall tube sampler.

Fig. 2.7 Commonly used in situ testing and sample recovery equipment. For both split barrel and thin
wall tube details, see (ASTM D 1586 and D 1587).
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2.7 Number of Borings

The required number of boreholes which need to be sunk on any particular location is a
difficult problem which is closely bound up with the relative costs of the investigation and the
project for which it is undertaken. Obviously the more boreholes that are sunk the more is
known of the soil conditions and greater economy can be achieved in foundation design, and
the risks of meeting unforeseen and difficult soil conditions which would greatly increase the
costs of the foundation work become progressively less. However, an economic limit is reached
when the cost of borings outweighs any savings in foundation costs and merely adds to the
overall cost of the project. Below are general guidelines on the number of borings versus type

of project.

e For individual buildings of less than (300 m?) plan area; (3) B.Hs. are the minimum [not to
be on a straight line].

o For large sites or group of buildings; (5) B.Hs. are the minimum [(4) at corners and (1) at
the middle].

o For large sites; probes are needed (penetration tests, geophysical investigations) to obtain
information in areas between B.Hs. As a general rule the area enclosed among any (4)
B.Hs. = 10 % of the site area [Fig. (2.9)].

F @ I @ 7

Probe

BH. > @ + o + o

+ @ <+ ® -+ @ <+
Fig. 2.9

e In case of limestone (from geological information), use a seismic method between B.Hs. to

check any cavities.
e For some special structures;

A. Retaining walls; maximum spacing is (120 m) at centerline with some B.Hs. located on
both sides of the centerline [Fig. (2.10a)].

B. Slope stability problems; (3-4) B.Hs. at critical zone and (1) B.H. outside this zone
[Fig. (2.10b)].

C. Highways; (250-300) m spacing.

D. Earth dams; (25-50) m spacing.
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Table (2.1) provides additional guidelines for the number of boreholes based on the phase

of investigation.

Table 2.1
Phase of Investiaations Geological Number and Location of Borings in the
g Structure Spacing of Borings Field
Preliminary Investigation Uniform | 5-10 B.Hs. per km? .
eliminary vgstlg_a_tlo P Depending on topography of
(to assess the suitability of .
the site) Irregular or 10-30 B.Hs. per the site
Unknown km?
General Investigation Uniform 300 m x 300 m Regular square network of
(selection of areas of most borings parallel to contour
Irregular or .
favorable ground) 100 m x 100 m lines
Unknown

At least 3 B.Hs. As regular as possible

Detailed Investigation (for Uniform (30-50) m apart network to suit individual

individual buildings where 3.5 B.Hs. for each | buildings taking into

location has been fixed) Irregular or building, (10-30) m | consideration preliminary
Unknown a,part investigations

17
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2.8 Depth of Borings

Similar to the boring layout, the depth of subsurface exploration for a particular project
must be based on judgment and experience. Borings should always be extended through
unsuitable foundation bearing material, such as uncompacted fill, peat, soft clays and organic
soil, and loose sands, and into dense soil or hard rock of adequate bearing capacity. In a general
sense, the depth of subsurface exploration will depend on the size and loading of the proposed
foundation, the sensitivity of the proposed structure to settlements, and the stiffness and
coefficient of compressibility of the strata that will underlie the foundation. Below are some

guidelines for different types of geotechnical and foundation projects.

e Highways and airfields; minimum depth is (3 m) but should extend below artificial fill or
compressible layers.
¢ Retaining walls and slope stability problem:
A. Below artificial fill or compressible layers.
B. Deeper than possible surface of sliding.
C. Deeper than wall base width.
D. Equal to the width of bottom of cuts.
e Shallow foundations:
Tomlinson (1986) suggested that for;
A. Single narrow strip footings; depth = (1 to 3) B > 6 m [Fig. (2.11a)].
B. Group of overlapping stress zones footings or raft; depth ~ 1.5 B [Figs. (2.11c and
2.11b)].
The American Society of Civil Engineers, ASCE (1972) suggested that the minimum
depth of boring is the smallest depth of the following (unless bedrock is encountered):
A. The depth of B.Hs. should extend to the point where the net increase in stress due to
the building load is less than (10 %) of the contact pressure [see Fig. (2.12)].
B. The depth of B.Hs. should extend to the point at which the net increase in stress due
to the building load is less than (5 %) of the effective overburden pressure [see Fig.
(2.12)].

18
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For hospitals and office buildings, Sowers and Sowers (1970) used the following
rules:
A. For light steel or narrow concrete buildings; depth (m) =3 S 97
B. For heavy steel or wide concrete buildings; depth (m) = 6 S %7 ; where S is the
number of stories.
e |If bedrock is countered, the minimum depth of core boring into the bedrock is about 3m.
e Deep Foundations: If piled foundation is expected, depth of boring should satisfy the
following:
A. Depth of boring should extend to (3-5) times pile diameter (or width) or 3m into the
bearing stratum.

B. Tomlinson suggested that the boring depth should extend below the pile-point of at
least (1.5 B — %) as shown in Fig. (2.11 d).

| | —l y R

] L1 [ — ]
Sm-I_ 2] L1 Il B .|
(aj v @ [[* Borehole @ :TI:
B -
T | .
;o rNAN AN
ol AL [ Q
ol T ) 5 . ‘T_n
() ol dL
- F—Borehole
(d)

Fig. 2.11 Depths of boreholes for various foundation conditions
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«— o, —>

Fig. 2.12 Determination of the minimum depth of boring

2.9 In-Situ (Field) Tests
In-situ tests are used to identify soils at a site and to provide soil parameters for design. The

results are available quickly, often during the tests or soon after, compared with laboratory
tests. There are a variety of in-situ tests available. The most commonly used in-situ tests are:

o Standard penetration test (SPT)

e Cone penetration test (CPT)

e Vane shear test (VST)

e Plate load test (PLT)

2.9.1 Standard Penetration Test - ASTM-D1586
It is the most popular and economical method to obtain sub-surface information. The test

consists of driving the standard split-barrel sampler [see Fig. (2.7a)] a distance of 460 mm

(18") into the soil at the bottom of the boring, using a 63.5 kg (140 Ib) driving mass falling free

from a height of 760 mm (30"), see Fig. (2.13). The number of blows required to drive the tube
the last 305 mm (12") should be counted to obtain the (N) value.

20
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Standard Penetration Test (SPT) per ASTM D1586

63.5-kg Drop
hammer
repeatedly
falling 0.76 m I
Anvil I Need to correct to a reference
I energy efficiency, normally
- 60% (ASTM D463
Borehole [ " =
|- Drill rod
( A'\‘l' t;;;e) Note: Occasional fourth
increment used to provide
additional soil material
| |-Split-barrel (drive) _l
“1| sampler [thick
hollow tube: -
0.D. =50 mm
1.D. = 35 mm
L =456 to
762 mm
J
) co-— = A BSERAEE RS el L e 4 H
Seating | i0.152m § &
eating E E 5 m g &
R X T e L SR A S Ee R
1ty b3 irst i
NeNo. 'V losom Be First increment SPT resistance (N-value)
of blows | | g% or "blow counts" is total
per T a § --------------------- Sd\ ----------------- -- ¢~ humber of blows to
0.304 meters! | 0.152 m § g econd increment drive-sampler last 304 mm
b 53 (or blows per foot).
(¢ g e Lt e Sl i m el o s G a i e J b

Third increment

Fig. 2.13 Driving sequence in an SPT
Advantages of SPT

1. The test is too economical.

2. It produces a visual profile of a great percentage of boring depth.
3. The test results in recovery of samples.

4. Long service life of equipment in use.

5. The accumulation of a large SPT data-base which is continually expanding.

Corrections of N-values
Various corrections are applied to the N-values to account for hammer efficiency, borehole

diameter, rod length, sampler type, overburden pressure and pore water pressure effect. Only

two corrections for N values are considered in this class:

A. Fine saturated sands; in very fine, or silty saturated sand, Terzaghi and Peck

recommended that (N) be corrected if (N > 15) as;

1
N'=15+- (N - 15)

21
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where:
N = measured N-value

N’ = corrected N-value

B. Overburden effect; Peck, Hanson and Thornburn (1974) proposed the following empirical
correlation for converting the field standard penetration number to an effective

overburden pressure of 95.76 kPa, see Fig. (2.14).

2000
N' =Cy-N =0.77log N for o, > 239 kPa

o

where g is the effective overburden pressure.

Note: when the two corrections are justified, the pore water pressure correction must be done

first.

Correction Factor, Cy
o Q4 08 0.8 10 1.2 1.4 L6 1.8 20

M.—-—"""

005

Q.10

/
7

0.20

Y

Q.35

.40

‘--‘.._'_*‘\J-h_

D4S

Effective Vertical Overburden Pressure - MPa

0.50

Fig. 2.14 Chart for correction of N-values for influence of overburden pressure
(After Peck, Hanson and Thornburn, 1974)

Correlation for SPT
The standard penetration number is commonly used to correlate several parameters of soil.

See tables (2.2 and 2.3) and Fig. (2.15).
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Table 2.2 Empirical valves for ¢, D,, and unit weight of granular soils based on the
standard penetration number with corrections for depth and for fine saturated sands.

Very

Description Very loose Loose Medium Dense dense
Relative density D,* 0 0.15 035 0.65 0.85 1.00
Standard penctra- I | f ‘

tion no. N 10 815 16-40 20-70 > 35
Approx. angle

of internal

friction ¢t 25 -30° 27-32 30 35 540" 38-43°
Approx. range

of moist unit

weight p, pcf T0-1003 90-115 110-130 116 140 130-150

{kN/m*} (11-16) {14 18} (17-20} {17 22) (20--23)

* Depends on p, ranging from 70 to 500 kPa. Low value of N corresponds to lesser p, .

T After Meyerhof (1956). ¢ = 25 4+ 25D, with more than 5 percent fines and ¢ = 30 + 25D, with less than $
percent fines. Use larger values for granular material with 5 percent or iess fine sand and silt. See also Eq. (4-10) for
estimate of ¢.

1 It should be noted that excavated material or material dumped from a truck will weigh 70 to 90 pef.
Material must be quite dense and hard to weigh much over 130 pef. Values of 105 to 115 pef for nonsaturated soils
are cOmmon.

Table 2.3 Empirical values for g,* and consistency of cohesive soils based on the standard
penetration number.

Very Very
Consistency soft Soft Medium Sufl stiff Hard
4., ksf 0.5 1.0 2.0 4.0 8.0
(kPa) (25) (50) (100} (200) {400)
N, standard
penetration
resistance 2 4 16 32
Yoar» pef 100-120 110-130 120-140
(kN/m* {16-19} {17-20) (19-22}
|
Very loose
l _~ Loose _
Very
* v Medium dense Dense dense
0 T
10
~—~
S
< 20 AN
iy
S 3
5 330
o S
32 \
= T 40
P £ N\
n o
" £ 50 \\
o
= N
60 "3
70
28 30 32 34 36 as 40 42 44

Friction angle (¢)

Fig. 2.15 SPT blow count (N) versus friction angle (¢)
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Chapter Two Soil Exploration

2.9.2 Cone Penetration Test (CPT) - ASTM-D5778
The CPT is a simple test that is now widely used in lieu of the SPT particularly for fine

sands, silty fine sands and clay deposits. In outline, the cone is pushed into the soil stratum of
interest and the corresponding resistance is measured. The resistance may be of the cone alone,
or a cone resistance and the side or skin resistance of a sleeve. The cone is forced into the
ground at a rate varying from (10 to 20 mm/s). The cone resistance is related to the undrained
shear strength, since the test is so rapid [see Fig. (2.16)]. The data obtained are used to estimate
bearing capacity and settlement for footings or static pile capacity.

Tip pressure

4. in kPa
0 1 2 3 4x10°

0 ‘:?. %W:’r.

2
3 &
E =
g 6 G
< [ =
2 ot @
. 5 12 &3
i > B B
A 5 5ifs
D - E
f = 18 4
'k c& g
21 b |3
-
2418
(@) Positions of the Dutch (b) Typical output (usually
cone during a pressure electronically made).

record.
Fig. 2.16 Mechanical (or Dutch) cone, operations sequence, and tip resistance data

Advantages of CPT

1. Quick and economical.

2. Gives a continuous resistance of strata.
3. Gives skin friction of soil.
4. Reliable for sand below water table.

5. No boring is required.
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Limitations of CPT

1. Not suitable for gravel deposits or stiff/hard cohesive deposits.

2. Does not reveal types of soils encountered.
3. No samples are taken.
4. Test depth (15-25) m.

Correlations for CPT: see Table (2.4).

Table 2.4 Approximate relationships between cone
point resistance g, (kPa) and SPT value of NV and static
stress-strain modulus E, (kPa)

Seil type q./N* E ., kPa
~ Silts, fine sands, slightly cohesive ‘

soils 150-300 1.52q,
Fine to medium sands, slightly

silty fine to medium sands 300-450 2-4q,
Coarse sands 450-700 1.5-3q,
Sandy gravel, gravelly sands 700-20007
Stiff clay, sandy clay 5-14.

* After Trofimenkov (1974) and others and usually converted
by author to kPa from kg/cm? or other units. Values should be-
verified on a local basis rather than making arbitrary use of, say, the
midvalue,

t May give much too large N in gravel; so 1500 to 2000 may
be best estimate.

2.9.3 Vane Shear Test (VST) - ASTM D 2573M

The VST is substantially used method to estimate the in-situ undrained shear strength of

very soft, sensitive, fine-grained soil deposits. It consists of inserting a four blades vane [Fig.
(2.17)] into the soil at the required depth and measuring the required torque (T) for rotating the
vane (i.e. shearing the soil), see Fig. (2.18). The measured torque is converted to undrained

shear strength using;
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where;

s,.. undrained shear strength
T : maximum torque

h : height of the vane

d : diameter of the vane

High precision
force gauge
max mum 18"
reading
type

Three-position torgque arm

Ball bearing
Driving mechanism, 720 ratic

c I
1-——_—) Faroe arm

| | (S | Casing head or
hale collar

S

4 .. 3, W T
l ‘ / Hand crank
i 1 2

|

1=
! b Ball baaring, guide coupling
- Casing pipe ) “
Fig. 2.17 Vane tester

] ’ P Ball baaring, guide coupling

Standard drill rod

e A
_ . l 7 Drive shoa

Fig. 2.18 Diagram illustrating the field vane test.
(From NAVFAC DM-7.1, 1982.)
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2.9.4 Plate Loading Test (PLT) - ASTM-D1194
Plate load tests [Fig. (2.19)] are used to estimate bearing capacity and settlement of shallow

footings. It involves loading a horizontal plate, while monitoring the settlement. The test is
usually carried out, in a test pit, by applying a series of loads in increments of (1/5) the working
load to be applied by the foundation, up to at least twice the working stress. The deformation is
monitored under constant load until the settlement rate drops to less than (0.25 mm/hr). Plate
load test is used in the following situations;

1. On soft jointed and fractured rocks.

2. On granular or cohesive soils containing boulders.

3. Where a structure is particularly sensitive to settlement.

Dead weight or a beam attached to anchor piles

A

P i
Jack—é___ § i Props for stability
ad ! when using a
Short | dead weight

block —Anchor piles

?_Pllate
j‘/‘/] | EEN R
I(———B—'L-ZI.SB»

Several dial gauges attached to an
independent suspension system to
record plate settlements

— —— A —— f—— — — — — et f—
. ——————— — — — — — —

—— — i S —

T
4

Fig. 2.19 Plate-load testing. The method of performing this test is outlined in some detail in
ASTM D 1194.
In conducting the plate loading test, the following factors must be considered:
1. Size of plate; the diameter (or width) of the plate should be at least (6) times the size of
the largest soil particle, or in rock should be more than (6) times the spacing between
horizontal fractures. The minimum plate size is (300 mm). Also, the stress zone is

influenced by the plate size [see Fig. (2.20)].
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2.

Number of tests; soils are highly variable. To obtain the variation of soil properties, series

of tests should be carried out at different locations and depths.

Ajf I'_BP_'{ AH, |“"BP = BI"I

T _____ Soil: y,¢, ¢
nD E.u
Strata boundary
AHy % nAH,
Fig. 2.20

2.10 Soil Exploration Report

At the end of the soil exploration program, a soil exploration report is prepared for the use

of the planning and design office. Any soil exploration report should contain the following

information:

1.
2.

© © N o o &~ W

Scope of investigation.

General description of the proposed structure for which the exploration has been
conducted.

General description of the site.

Details of boring.

Description of sub-soil conditions as determined from the soil samples collected.

Ground water table as observed from the B.Hs.

Details of foundation recommendations and alternatives.

Any anticipated construction problems.

Limitations of the investigation.

The following graphic representations also need to be attached to the soil exploration

report:

o  w Do

Site location map.

Location of borings with respect to the proposed structure.
Boring logs, [see Fig. (2.21)].

Laboratory test results.

Other special presentations.
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Boring Log

Name of the iject Two-story apartment building

Location Johnson & Olive 5t.  Date of B.D['ing March 2, 2015

Boring No. 3 Type of _Hollow-stem auger Ground _60.8m

Boring Elevation
Soil — Soil
oi ept sample | Wa C
. omments
description (m) | type ]s;nd 01 (%)
number
Light brown clay (fill)
l —
Silty sand (SM) , ] ss-1 9 | 82
3 —
GWT. __¥_ 1] ss2 |12 | 176 LL = 38
35m — -
4 R
Light gray clayey _:I ST-1 20.4 | LL =36
silt (ML) 5 — g, = 112 kN/m*
ﬁ —
1] ss3 | 11 | 206
Sand with some 7 _|
gravel (SP) a
End of boring @ 8 m 8 —I 55-4 27 9
Ng, = standard penetration number Groundwater table
w_ = natural moisture content
LL = liquid limit; PI = plasticity index observed after one
q, = unconfined compression strength week of drilling
58 = split-spoon sample; ST = Shelby tube sample

Fig. 2.21 A typical boring log
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CHAPTER 3
BEARING CAPACITY OF SHALLOW FOUNDATIONS

3.1 Introduction
Foundations are structural members which are designed to transfer building loads safely to

the underlying ground. They must satisfy the following two design criteria:

1. Bearing capacity: The foundation must be stable against shear failure of the supporting
soil.
2. Settlement: The foundation must not settle beyond a tolerable limit to avoid damage to

the structure.

3.2 Bearing Capacity

Bearing capacity refers to the ability of a soil to support or hold up a foundation and
structure. The ultimate bearing capacity of a soil refers to the loading per unit area that will just
cause shear failure in the soil. It is given the symbol q,: The allowable bearing capacity
(symbol q,) refers to the loading per unit area that the soil is able to support without unsafe
movement. It is the “design” bearing capacity. The allowable load is equal to allowable bearing
capacity multiplied by area of contact between foundation and soil. The allowable bearing
capacity is equal to the ultimate bearing capacity divided by the factor of safety. A factor of

safety of 2 to 3 is commonly applied to the value of qyy;.

3.3 Modes of Soil Failure

Three distinct modes of soil failure have been identified as shown in Fig. (3.1):

1. General shear failure:
e Associated with dense soils of relatively low compressibility.
e The slip surface is continuous from the edge of the footing to the soil surface.
o Full shear resistance of the soil is developed along the failure surface.
e Sudden and may be accompanied by tilting.

e Bulging of the soil near the footing is usually apparent.
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Chapter Three Bearing Capacity of Shallow Foundations

2. Local shear failure:

Associated with medium soils.

The failure surface extends from the edge of the footing to approximately the boundary
of the Rankine passive zone.

The shear resistance is fully developed over only part of the failure surface.

There is a certain degree of bulging on the sides and considerable vertical compression
under the footing. This is not usually apparent until significant vertical penetration

occurs.

3. Punching shear failure:

A condition common for loose and very compressible soils.

The pattern is not easily detected.

Generally, some vertical shear deformation is visible around the periphery of the
footing.

No apparent bulging of the soil around the footing.

General shear failure does not exist when the relative density for sandy soils (Dr < 30 %)

and when the sensitivity for clayey soils (S; > 10).

A
(a)
(b)
g
3
a (@
® </\<> )
N / N
(© l ; Settlement i
N\ e

Fig. 3.1 Modes of failure: (a) general shear, (b) local shear, and (c) punching shear.
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Bearing Capacity of Shallow Foundations

3.4 Terzaghi’s Bearing Capacity Equation

Terzaghi (1943) was the first to present a comprehensive theory for the evaluation of the

ultimate bearing capacity of rough shallow foundations. According to this theory, the following

assumptions were adopted,;

1. Di<B
2. Soil is plastic.
3. Rough surface of footing.
4. Neglected shear resistance along
: -
cd [Fig. (3.2a)]. bt P mmen——————= v
) ) T2 g=yD D qu=qf =7 /
5. Replaced the soil above foundation ¢ diidid — T*' /
/!
. _ i /
level with surcharge ( g ) placed at I fFR=cxab+puns 7
d e
foundation level. < X 7
6. B = ¢ Terzaghi and Hansen Meyerho
@ = ¥ace or tabd" For Hansen, Meyerhof: p = 45 +§
7. ad is log-spiral = ¥acd or Fabd Torzaghi:s =

n=9"-¢

®)
Fig. 3.2

ad or ad’ = log spiral for ¢ > 0

(a) Shallow foundation with rough base defined. Terzaghi and Hansen equations of Table 4-1 neglect

shear along ¢d; (&) general footing-soil interaction for bearing-capacity equations for strip footing—Ileft side for
Terzaghi (1943), Hansen (1970), and right side Meyerhof (1951).

By applying static equilibrium for the above mechanism, the following equations can be

developed (Table 3.1):

For a continuous footing, GQuie =C¢*N.+q-Ny,+05y-B-N,

For a square footing, Guit =13¢c*N.+q N, +04y-B-N,

For a circular footing, Guit =13c¢*N.+q N, +03y-B-N,

For a rectangular footing,

where
Qurc - ultimate gross bearing capacity
¢ : soil cohesion below foundation level
¢ : angle of internal friction below foundation level

. effective overburden pressure at foundation level

Q|

32
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Chapter Three Bearing Capacity of Shallow Foundations

Dy : depth of footing below lowest adjacent soil surface

y . unit weight of soil below foundation level

B : width or diameter of footing

L : length of footing

Ne, Ng, N,: bearing capacity factors = f(¢) [see Tables (3.1 and 3.2) and Figs. (3.3) and

(3.4)]

In case of the local shear failure, use reduced shear strength parameters [i.e. (2/3)c and

(2/3) tan ¢] for Terzaghi’s bearing capacity equation.

Table 3.1 Bearing-capacity equations by the several authors indicated

Terzaghi (1943). See Table 3.2 for typical values and for K, values.

&
2 cos2(45 + ¢/2)
e{O.TSdl—dv’l]'umb

qu = cN.s. + GN, + 0.5yBN,s, N, =

a =

N, = (N, — I)cotp
_tang( Ky _
Ny = T(cosqu 1)

For: strip round square rectangule
s5: =10 1.3 1.3 1+0.3B/L
5, =10 06 08 102B/L

]

Meyerhof (1963).* See Table 3.3 for shape, depth, and inclination factors.
Vertical load: guy = cN.s.d. + GN s.d, + 0.5yB'N,s,d,
Inclined load: qun = cN d i, + GN,dyi, + 0.5yB'N,d, i,

= e tan? (45 + %]

Ny
N, = (N;— 1)cotd
N, = (N, — 1)tan (1.4¢)

Hansen (1970).* See Table 3.5 for shape, depth, and other factors.
General:¥ que = N5 deicgb, + GNsd i g by + 0.5vyB'N, s, dyis g b,
when =0
use gue = S 045, (1 +s5.+d. — i, — b, —g.)+7
N, = same as Meyerhof above
N, = same as Meyerhof above
N, = L5(N, — I)tang

*These methods require a trial process to obtain design base dimensions since width B and
length L are needed to compute shape, depth, and influence factors.
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Table 3.2 Bearing-capacity factors for the
Terzaghi equations
Values of N, for ¢ of 0, 34, and 48° are original
Terzaghi values and used to back-compute K,

&, deg N. N, N, K,
0 5.7 1.0 0.0 10.8
5 73 1.6 05 12.2

10 9.6 2.7 12 14.7
15 129 44 25 18.6
20 17.7 74 50 250
25 25.1 12.7 97 350
30 37.2 225 197 520
34 526 36.5 36.0

35 578 414 24 820
40 95.7 81.3 1004 1410
45 1723 1733 2975 2980

48 258.3 287.9 780.1
50 3475 415.1 1153.2 800.0

3.5 Factor of Safety

Referring to Fig. (3.5), let;
(quit) gross = Quie = The total intensity of pressure applied at the level of foundation base will
cause failure of soil.

_ P
(Qult)net = quit — 4 l
where; q = yDy . .
y is the effective unit weight of the soil above i Ws 0
the footing base. Then we define: D l W l i
(Ga)gross = Ga = 2 | l |
a’sgross @ F VYV G
_ (qult)net _ Quie — q A=area
(qa)net - F - F Fig. 35

where F is the factor of safety which is usually taken between 2 and 3.
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1500 : 100 .
1000 o
J
800 / — 60 7
7 50 /A
0 H o &
7 T
I 30
400 1 v "2
A : 20 - V4
/ ! 7
200 |— y — y '
_”u y 4 Y 7
\\. - 10 \;\ﬁ\
™~ -8 4 % »< Z
"y 80 Vi T 6 | \\ P4
=" 0 _ 75 = 5 738 M <
= 50 - ! —AS- £ 4 \)w\ =
3 40 i | . LN\ = N 4
m ' T 7 3 3 q
2 10 | 7 z 7 a
= 3 2 - 4
§ ~ 7 3 = ya
g 20 7 7. 3 e
3 e 77 £ e (N
: S § o
m 10 = o sar 0.8 7 Forg =0
. - i 4 0.6 - »m a2 .\M.q
6 b Oira 0.5 ¢ ‘=
5 Ll For ¢ = 0: 0.4 7 N,=0
4 s ¢ N.=57 : /-
w 7 s ’ 24 - 0 \
| 0.2 :
N \\ HzJ F s \.n
pa ra
7 7
! &ls 10 20 30 40 50
0 10 20 30 40 50

Soil friction angle, ¢ (deg)

Soil friction angle, ¢ (deg)
Fig. 3.4 Terzagh!'s bearing capacity factors for local shear failure

Fig. 3.3 Terzuaghi's beuring capacity factors for general shear failure
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3.6 Effect of Water Table on B.C.
The bearing capacity equation developed in section (3.4) based on the assumption that the

water table is located well below the foundation (d,, > B). However, if the water table is close
to the foundation, it reduces the unit weight of soil, so some modifications of the bearing

capacity equations will be necessary. Referring to Fig. (3.6), let;
¥e = wet (or total) unit weight (above W.T.) I Groundwaier % 1,
tabl .
Ysar = Saturated unit weight (below W.T.) T "‘1‘9‘%‘%“ Casel
i ; ; < B > :
y'= effective unit weight; Jf 52
Y = Vsat — Yw dw
_ — L Groundwater table
qult - C.NCI SC+q.Nq +0l5 ly.B.NylSy I _________________L__ _____ CZ[SB“
Yea = saturated
unit weight
Fig. 3.6 Modification of bearing capacity

equations for water table

The presence of W.T. close to the foundation will affect g (in the second term) and y (in

the third term). Three cases can be recognized:
v in the third term

Case Depth of the W.T. |q in the second term
! 0=<D; =Dy q=Dyy+Dyy y=v'
Y=v

Il 0<dy<B q = Dy - _ o dw :

! 1T 7=y +20:—v)

Il dy, =B The W.T. has no effect on bearing capacity
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3.7 Meverhof’s Bearing Capacity Equation

1. Considered shear resistance along cd [Fig. (3.23)].

2 f=45+2

3. Adjusted the angle of internal friction when (¢, > 34°) as follows:
a. for L/B<2 ,use @ps = dpri
b. for L/B>2 ,use ¢ps=15¢dy —17

where, ¢, : plane strain value of ¢ and ¢,,;: ¢ from triaxial test.

4. Used shape, depth and load inclination factors.

Basic equations:
For vertical load, GQuit =€ Ne-Sc-de+q Ny sq-dy+05y-B-N,-s,-d,
For inclined load, GQuit =€ Neig-de+q-Ng-ig-dg+05y-B-N,-i,-d,
where N, Ng, N,: Meyerhof’s bearing capacity factors, [see tables (3.1 and 3.4)].
Sc »Sq Sy - Shape factors
d.,dq,d, : depth factors (see Table 3.3)

ic,iq,1, - load inclination factors

Table 3.3 Shape, depth, and inclination factors for the Meyerhof bearing-capacity equations of Table 3.1

Factors Value For
Shape: se=1+ O.ZK,,% Any ¢
sq=s.,=]+0;lﬂ'pg d = 10°
5, =15y =1 b=0
D
Depth: de =1+02 /K, % Any ¢ where K, = tan?(45 + ¢/2)

6 = angle of resultant R measured from vertical

D
dg=dy =1+01/K, 7 ¢>10 without a sign: if 6 =0, all i; = 1.0.

d,=d, =1 ¢=0
e\
Inclination: =1, = (l - W) Any ¢
R v )
=Y . a°
; J.,,-—(l—g-o—) ¢=>0
H iy =0for8 >0 ¢=0

37



Chapter Three Bearing Capacity of Shallow Foundations

Table 3.4 Bearing-capacity factors for the Meyerhof and Hansen bearing-capacity equations

@ N. N, Nyay Ny N/N.  2tang(l — sin p)?

0 5.14* 1.0 0.0 0.0 0.195 0.000

5 6.49 1.6 0.1 0.1 0.242 0.146
10 8.34 25 04 0.4 0.296 0.241
15 10.97 39 1.2 1.1 0.359 0.294
20 14.83 6.4 29 29 0.431 0.315
25 20.71 10.7 6.8 6.8 0514 0.311
26 22.25 11.8 79 8.0 0.533 0.308
28 25.79 14.7 10.9 11.2 0.570 0.299
30 30.13 18.4 15.1 15.7 0.610 0.289
32 35.47 232 20.8 22.0 0.653 0.276
34 42.14 294 28.7 31.1 0.698 0.262
36 50.55 37.1 40.0 444 0.746 0.247
38 61.31 48.9 56.1 64.0 0.797 0.231
40 75.25 64.1 794 93.6 0.852 0.214
45 133.73 134.7 200.5 262.3 1.007 0.172
50 266.50 3185 567.4 871.7 1.195 0.131

Note that N, and N, are same for both methods.

3.8 General (Hansen’s) Bearing Capacity Equation

Quit =C*Ne-Serdetic ge be+q-Ng-sq-dg-ig-gq by +05y-B-Ny,-s,-d,"i,"g,"b,
For ¢ =0; que =5.14s,(1+sc+d. —ic—ge—b.) +q
where N, Ng, N,: Hansen’s bearing capacity factors, [see tables (3.1 and 3.4)].
Sc »Sq » Sy - shape factors n
d.,dg,d,: depth factors
ic,lq,1, . load inclination factors — (see Table 3.5)

Jc 94 » 9y - 9round inclination factors

b. ,bq , b, : base inclination factors

s, : undrained shear strength

Notes:
- Do not use shape factors in combination with load inclination factors.
- The B.N, term does not cause an increase in bearing capacity without bound. A suggested

reduction factor is;
B
r=1- 0.25[0g§ for B >2m

This factor can be used with any bearing capacity equation by multiplying it by the third term.
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3.9 Skempton’s Method [¢ = 0]

Guie =¢"N.+q
where N, is obtained from Fig. (3.7).

For rectangular, N, can be obtained using the following equation;

B
NCree = NC,Sq : (0-84 + 0.16 z)

10

Circular or square
(B/L=1)

; /)/
7

Y
/ Strip (B/L

0)

N
AN

D/B

Fig. 3.7 Skempton’s Values of A for ¢p, =0
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Table 3.5 Shape, depth, inclination, and other factors for use in the Hansen bearing capaci?y equation in Table 3.1
Table combined from Hansen (1970), De Beer (1970), and Vesic (1973). Primed factors for undrained (U) conditions and ¢ = 0

Shape factors Depth factors Inclination factors Ground factors (see figure)
s. = 0.2B/L d. =04D/B D<B | £=05-05/1—H/A,c, g. = y°/147°
D . for horizontal ground use g, = 0.0
s;=1+N_B/NL | d=04tan"'= D>B | i =i, — (1 —i)(N,— 1)
a7 e B ge=1—4°/147°
d=1+0.42 D<B g, =49, ={(1—05 tan y°)°
¢ B
D .
= = D>B
d=pt0dta B Base factors (see figure)
5
D , 0.5H e
s, =1+ (B/L) tan ¢ dq=l+2tan¢(1——sm¢)2§ D<B lq=(lfm;m b, = n°/147
for horizontal ground use b, = 0.0
D h =1—=n° °
dy=1+2tan §(1 —sin )" tan”’ b>B . 1°/147
s,=1—-04B/L d, = 1.00 for all ¢ Horizontal ground: b, = b, = exp(—27 tan ¢)

. 0.7H 3 :
h=\1- V + Asc,cot ¢ 1 = radians for b,
5

Sloping ground:

= (1 G2ty
th V + Asc,cot ¢

where A4, = effective footing contact area B'L
L = effective footing length = L — 2e,
B’ = effective footing width = B — 2e,
D = depth of footing in ground
ep, €, = eccentricity of load with respect to center of footing area
¢ = cohesion of base soil
¢ = angle of internal friction of soil
H, V = load components parallel and perpendicular to footing, respectively
tan & = coeflicient of friction between footing and base soil {use & = ¢ for
concrete poured on ground [Schultze and Horn (1967)]}
1, ¥ = as shown in accompanying figure with positive directions shown
Notes: Do not use shape factors in combination with inclination factors. Use d; and i; only in
combination or s; with d;, g; and b;. When triaxial ¢ is used for plane-strain conditions, one may
adjust as follows:

for L/B <2,use ®eri
L/B>2,use ¢ps=15¢;; —17
Ger < 34°, use beri = ¢ps

Limitations: H = V tan 8 + c, A,

i, i,>0
=
n+y=90°
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3.10 Footings with Eccentric Loadings

Meyerhof (1953) introduced the concept of effective area in which the non-uniform soil
pressure is reduced to a uniform by considering a new footing area called the “effective area"
instead of original dimensions of the footing [see Fig. (3.8)].

L Fuke

—_ B

V = q.(B’'L’)/SF

€y

g.f_“ju o

R=V

(a) Rectangular base

Fig. 3.8 Method of computing effective footing dimensions when footing is eccentrically loaded for
rectangular footing

A =B"-L (effective area)
B'=B-2 _ M
= ey ey = v
M
I'=L-2 ) =2
ex ex V
Notes:

- (B) must be replaced by (B") in the third term of the bearing capacity equations.
- While computing the shape factors, (B’) should be used for (B) and (L") for (L).
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-1f(L-2e,)<(B-2ey)then(L-2e)=B'and (B-2e,) =L’
- Use the effective dimensions in calculating the allowable load:
P,=q,"B'-L

For a circular footing [see Fig. (3.9)] of radius R, the effective area A’ = 2 X (area of

. . .. L' Ac
circular segment ADC). Consider A’ to be a rectangle with Pyl
M
e=—o—
Y
A'=25S=B'L'
1/2
=25 R+e
B R-e
B =L R—e
-7 JR+e

5= e VRT= e + R2 st (2)

R

2
b ¢
REDUCED AREA
B 0 1} D 1
P
0'B=0'D

Fig. 3.9 Reduced (effective) area for circular footing
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3.11 Footing on Layered Soils

When the thickness of the top stratum is less than the depth of rupture zone, some

modifications are required in calculation of q,;. Two cases will be considered:

Case 1: Footing on layered clays (¢ = 0 condition).
The ultimate bearing capacity of a foundation can be given as (Reddy and Srinivasan,
1967);
Quie = Cur *Ne(L+si+de) +q
where:
Cu1y Cyz. Undrained shear strength of the upper and lower layers [Fig. (3.10)].
N, : bearing capacity factor depending on c¢,,/c,; and d/b [Fig. (3.11)].
d: depth measured from the bottom of the foundation to the interface of the two clay layers
[Fig. (3.10)].
s., d. :shape and depth factors of general bearing capacity equation (Hansen).
Note:

The constant b in Fig. (3.11) is defined as:
b=B/2 (B = width of footing)

Cu(1y

]
d ¢1=0
!

Cu(2)

¢ =0

Cylindrical
failure surface

Fig. 3.10 Footing on layered clays
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Fig. 3.11 Bearing capacity factor N. for a footing on layered clays

Case 2: Footing on layered ¢ — ¢ soil [Fig. (3.12)]

In this case, the weighted average values of ¢ and ¢ are used in the bearing capacity

equation.
= i=1 i " H;
av — n
i=1 H;

*  H;-tan ¢;
— tan‘l i=1""1 L
¢av < ’;’l=1 Hl

< B >
. 7 A 7'y
y
1, P1 \ ’ H;
\ ’ v
Y 7 A
2, P2 AN R \ H,
\ ’ 4 H=B
C \ ’ H.
3, $3 . , v
A / A
\\ // V[
N 4
A4 \ o v
b 0 T TTTToo oo

Fig. 3.12 Footing on layered ¢ — ¢ soil
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where:
c¢;= cohesion of stratum of thickness H;; ¢ may be zero.

¢; = angle of internal friction in stratum of thickness H;; ¢ may be zero.

n
zHi=HzB
i=1

3.12 Bearing Capacity of Footings Adjacent to a Slope

The lack of soil on the slope side of the footing will tend to reduce the stability of the
footing. Table (3.6) has been developed to provide the values of the modified factors (N and
N,) for the slope effects.

Quit =C*Ni-sc i, +q Ng-sg-ig+05y-B-N,s,-d, i,
Notes:
- N, is not corrected for slope effects.
- The effect of depth is included in both (N; and N;) when ( §> 0), so that (d;) factors
should not again be used.

- A (¢4) should not be adjusted to (¢,) since the slope edge distorts the failure patterns

such that plane-strain conditions may not develop except for large ( g) ratios.
- The overall slope stability should be checked for the effect of footing load.
- To simplify the calculations, linear interpolation will be used for intermediate values. The

accurate method is to estimate (N; and N;) by plotting. I'_ b___|
&

Fig. 3.13 Footings on or adjacent to a slope.
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Table 3.6

Bearing capacity N;, N, for footings on or adjacent to a slope

Refer to Fig. 4-4 for variable identification. Base values (8 = 0) may be used when length or area ratios > 1 or when b/B > 1.5
to 2.0 (approximate). Values given should cover usual range of footing locations and depths of embedment.

DIB=0 bB=0 D/B=075 bB=0 DB =150 bB=0
Bl ¢=0 10 20 3 40 | 0 10 20 30 40 | 0 10 2 30 4
0° N:= 514 835 1483 3014 7531 | 514 835 1483 30.04 7531 | S5.14 825 1483 3014 7531
Nj= 103 247 640 1840 6420 | 103 247 640 1840 6420 | 103 247 640 1840 64.20
1 489 780 1337 2680 6442 | S5.14 835 14.83 30.14 7531 | S.14 835 1483 3014 7531
103 247 640 1840 6420 | 092 195 443 1116 3394 | 103 247 585 1413 408l
20° 463 728 1239 2378 55.01 514 835 14.83 30.14 66.81 5.14 835 1483 3014 75.31
103 247 640 1840 6420 | 094 190 411 984 2821 | 1.03 247 565 1293 3514
25° 451 702 1182 2238 S50.80 | 5.4 835 1483 2876 6218 | 5.14 835 1483 3014 7357
1.03 247 640 1840 6420 | 092 1.82 385 900 2509 | 103 247 539 1204 31.80
30° 438 677 1128 2105 4688 | 514 835 1483 27.14 5776 | S5.14 835 1433 3014 68.64
103 247 640 1840 6420 | 088 171 354 808 2191 | 103 247 504 1099 2833
60° 362 531 833 1434 2856 | 470 683 1055 17.85 3484 | 514 834 1276 2137 41.12
.03 247 640 1840 6420 | 037 063 117 236 552 | 062 1.04 18 352 780

DIB=0 bB =075 D/B=075 BB =075 D/B =150 BB =075
10° 514 833 1434 2802 6660 | 514 835 1483 3014 7531 | 514 835 14.83 3014 7531
1.03 247 640 1840 6420 | 103 234 534 1347 4083 | 103 247 640 1579 4545
HP 5.14 8§31 1390 26.19 5931 5.14 835 1483 3014 7111 5.14 8.35 1483 30.14 7531
1.03 247 640 1840 6420 | 1.03 247 604 1439 4088 | 103 247 640 1631 43.96
25° 504 829 1369 2536 5611 | 514 835 1483 3014 6749 | 514 835 1483 30.14 7531
1.03 247 640 1840 6420 | 1.03 247 627 1456 4006 | 103 247 640 1620 42.35
30° 514 827 1349 2457 53.16 | 514 835 1483 3014 6404 | 514 835 1483 3014 7492
1.03 247 640 1840 6420 | 1.03 247 640 1452 3872 | 103 247 640 1585 4023
60° 514 794 1217 2043 3944 | 514 835 1438 2394 4572 | 514 835 1483 2746 52.00
1.03 247 640 1840 6420 | 1.03 247 514 1005 2256 | 103 247 497 941 2033

DB=0 BB =150 D/IB =075  b/B = 150 DB =150  b/B = 1.50
10° 514 835 1483 2924 6878 | 5.14 835 1483 3014 7531 | 514 835 1483 3014 7531

1.03 247 640 1840 64.20 1.03 247 o601 1539 47.09 1.03 247 640 1726 4977

209 5.14 835 14.83 2859 63.60 5.14 835 1483 3014 7531 5.14 835 14.83 30.14 7531
1.03 247 640 1840 64.20 103 247 640 1840 5321 1.03 247 640 1840 5258

250 514 835 1483 2833 6141 5.14 835 1483 30.14 7280 5.14 835 14.83 30.14 7531
103 247 640 1840 64.20 1.03 247 640 1840 5520 1.03 247 640 1840 5297

30° 514 835 1483 28.09 59.44 5.14 835 14.83 30.14 70.32 5.14 835 14.83 30.14 7531
1.03 247 640 1840 64.20 103 247 640 1840 5641 1.03 247 640 1840 52.63

60° 5.14 835 14.83 2652 5032 5.14 835 1483 3003 56.60 5.14 835 1483 30.14 62.88
1.03 247 640 1340 64.20 103 247 640 1840 46.18 1.03 247 640 1672 36.17
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3.13 Bearing Capacity from Field Tests

It is difficult to obtain undisturbed samples of coarse-grained soils for testing in the
laboratory. Consequently, the allowable bearing capacity and settlement of foundations on
coarse-grained soils are often based on empirical methods using test data from in-situ tests.
Various empirical equations have been proposed and only a few of these equations are

presented here.

3.13.1 Bearing Capacity from SPT

A. Peck, Hanson and Thornburn (1974)

They presented empirical correlations [Fig. (3.15)] between standard penetration resistance,
width of footing and the allowable bearing pressure limiting maximum settlement to 25 mm.
The correlations are applicable to situations in which the W.T. is greater than B below the
footing. A correction should be made if the W.T. is within a depth B below the foundation [see
Fig. (3.14)]. Thus, the allowable bearing pressure obtained should be multiplied by a factor C,,,
given by:

d
C, =05+ O.S?W

/"\_//
e
Dy
< B >
\ 7
\ /
\ /
\ ’ a
\ y: w
\ /
U NS Y (U —_
\ /
\ ’
« H=B Vs
\ ’

Fig. 3.14 Correction of (qa)netfor water table

In the case of rafts, the allowable bearing pressure should be doubled because a maximum

settlement of 50 mm is considered acceptable.
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Net allowable bearing capacity, gane: (MPa)
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(@) D/B =1 (b) 0/B8:=0.5 (c) 0/B =0.25
0.6
N =50 N =50 N = 50
05 L L /
N =40 | \ N= 40 N= 40
0.4 e / L \ \\
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- \v N=10 \\ ~ N= 10 \‘ \x\ N= 10
: =
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\
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Width of footing, B (m)

Fig. 3.15 Correlation of net allowable bearing capacity with standard penetration number for foundation
settlements not exceeding 1 in (25.4 mm) (after Peck, Hanson, and Thornburn, 1974)
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Note: The N-value is the average value within the footing influence zone (B below footing

base) and should be corrected for the effect of overburden pressure.

B. Meyerhof (1974)

Meyerhof proposed an approach which is similar to the earliest published relationships
obtained by Peck, Hanson and Thornburn. Bowles (1999) compared the two relations with the
available field observations and concluded that the two relations are overly conservative.
Consequently, he adjusted the Meyerhof equations for an approximate 50% increase in

allowable bearing capacity to obtain the following:

N
ForB < 1.2 A

ors = Lem 9a =405

ForB > 12 N <B+0.3)2
ot e m 9% =908\ B d

where K, =1+ 0332 <133

ga is in (kPa), [see Fig. (3.16)].

Notes

e The N-value is the average value of the corrected standard penetration number for the

footing influence zone of about 0.5B above footing base to 2B below.

¢ In the above equations g, is for an assumed 25.4 mm settlement. In general, g, for any

settlement is given by:

Tolerable settlement
(Qa)any sett — (Qa)25.4mm sett X 2% 4 mm
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800 TN \ T T 7T T I I |
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Fig. 3.16 Allowable bearing capacity for surface-loaded footings with settlement limited to
approximately 25 mm. Equation used is shown on figure.

3.13.2 Bearing Capacity from CPT

Meyerhof (1965) suggested the bearing capacity for an estimated 25 mm settlement could

be obtained directly as:

qc
ForB < 1.2 = —°
orB < m a = 3,
ForB > 12 _qC(B+0.3>2
or 2m %=t5\"3

where g, : cone-point resistance (kPa).

Values of g, calculated from the above formulae should be halved if the sand within the
stressed zone is submerged. Meyerhof suggests that the allowable bearing pressure should be

doubled for raft foundation.
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3.14 Foundations Subjected to Uplift or Tension Forces

The foundation behaves as shallow or deep according to its embedment ratio compared to

the limiting one that obtained from Table (3.7).

T,
NYIANY T T
q=19yL, L,
Y \lrlif AR
b b ' | /
TS < i | | / D
| I ./ Probable
Probable Nip |1 pulow H
pullout zone —p \: I k [/ zone
===
[/}
“Shatlow Deep >

Fig. 3.17 Footings subjected to uplift or tension forces

For shallow circular footing:
T

T, =7r-B-c-D+E-sf-B-y-D2-Ku-tan¢+W
For shallow rectangular footing:

T,=2c-D-(B+L)+y-D?> (2s,*B+L—B) K, -tangp + W
For deep circular footing:

Ty,=mn"B-c-H+157-s;-B-y-(2D—H)-H K, tan¢p + W
For deep rectangular footing:

T,=2c-H-(B+L)+y-(2D—H)-(2s;B+L—B)-H-K,-tangp + W

where B = footing width (or diameter)
L = footing length
W =W; + W, + any additional loads.
sy = shape factor = (1 + mTf)) < (1 + mTH)
K, = coefficient of earth pressure [K, is one of the suggested values of it].

K, = (1 —sin¢)VOCR
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Table 3.7 Values of m, s;, and H/B for various ¢ angles

25° 30° 35° 40° 45° 48°

4.0 5.0 7.0 9.0 11.0
0.25 0.35 0.50 0.60
3.45 5.50 7.60

) 20°

Limiting H/B 2.5 3.0
m 0.05 | 0.10 | 0.5

1.12 1.30 1.60 2.25

Maximum s
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CHAPTER 4
FOUNDATION SETTLEMENT

4.1 Introduction
In general, the settlement in soil due to loading consists of three parts:

1. Immediate settlement (S;), which is due to the elastic deformation of dry soils and of

moist and saturated soils without any change in the water content.

2. Consolidation settlement (S;), which is the result of volume change in saturated fine-

grained soils due to the expulsion of water occupying the void spaces.

3. Secondary compression (Ss), which is due to the plastic adjustment of soil fabrics. It is

measured after complete dissipation of excess pore water pressure.
The total settlement (S;) is the sum of the above three components:

Si=Si+S¢ + S

4.2 Contact Pressure

It is the pressure transformed to the soil at foundation level. The actual contact pressure
distributions are shown in figures (4.1, 4.2), [discuss]. In practice, it is generally assumed that
the pressure distribution beneath the footing is uniform for concentric loading and linearly

increasing for eccentric loading.

q/unit area
bddd

Settlement profile Settlement profile

Contact pressure = g

Contact pressure = g
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l l i q/unit area q/unit area

Y A 4 Y l l l Y
g A X T AT R TN A RO O
St e N N A L et g e U :

-

Settlement profile Settlement profile

Contact pressure = g Contictpressae =g

(b) (b)
Fig. 4.1 Flexible (a) and rigid (b) Fig. 4.2 Flexible (a) and rigid (b)
foundations on clay foundations on sand

4.3 Stresses in a Soil Mass

The foundation settlement depends on the loading, size, and shape of the foundation, along
with the properties of the underlying soil. Several methods can be used to estimate the

increased pressure at some depth in the strata below the loaded area.

4.3.1 2:1 Slope Method

An early method (not much used at present) is to use 2:1 slope as shown in Fig. (4.3). This
had a great advantage of simplicity. Others have proposed the slope angle anywhere from 30°
to 45°. This (2:1 slope) method compares well with theoretical methods for a depth ranged
between z = B and z = 4B, but should not be used for z < B (B = width of footing).

In this approach, the vertical pressure (o,) at a depth z beneath the loaded area due to load

Qis: Q
o _9 T
z AZ
qo Dr
where; VY VYV VY
7 |« B >\
A, =B+2)(L+2) Rectangular )/ AN
/
A, = (B + Z)? Square ,/ gt z
T // Oz 1\\
A, ==(B+ Z)? Round + x
2=, B+2) oun TN Y
A, =B+2Z)x1 Continuous —Z —pe——— g——— pe— Z |
2 2

Fig. 4.3 Stress distribution according to 2:1 slope method
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4.3.2 Boussinesq Method

Based on the theory of elasticity, Boussinesq developed a mathematical relationship for

determining the normal stress at any point inside homogeneous, elastic and isotropic mediums

due to a concentrated point load located at the surface, as shown in Fig. (4.4), to obtain:
30

g, =

2152
2mz2 |1 + (—)
Z
Q 0.5 171 T T T T T T T 777 T T 1 T T
1 — i
s TR 041 \ S -apy _
= 2 N
i 3/2n ]
03 N = 2152
N \ [‘ *(z) ] ]
N B h
« n N ]
0.2 \
v, 0.1 B N .
! [
0 01 Lt Ll -Tm‘}-— -
- ——— 0 05 1.0 1.5 20 25

Fig. 4.4 Vertical stress under point load

r'z

(S8 I
(=)

The vertical stress at any point in a medium due to a distributed load on different shapes of

footing can be found by integrating the above Boussinesq relation within the loaded area. This

will result in the following charts:

Circular loaded area [see Fig. (4.5)].
Square loaded area [see Fig. (4.6)].
Uniform strip load [see Fig. (4.7)].

Triangular strip load [see Fig. (4.9)].
Embankment loading [see Fig. (4.10)].

Rectangular loaded area [see Fig. (4.8)].
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Newmark’s Influence Chart

Newmark constructed an influence chart, based on the Boussinesq solution, enabling the
vertical stress to be determined at any point below an area of any shape carrying a uniform
pressure q,. The loaded area is drawn on tracing paper to a scale such that the length of the
scale line on the chart [line AB in Fig. (4.11)] represents the depth z at which the vertical stress
is required. The position of the loaded area on the chart is such that the point at which the
vertical stress required is at the center of the chart. Referring to Fig. (4.11), the vertical stress is

given by:

o,=1-N-q,=0.005N"-q,
where;
o, increase intensity of soil pressure

q,- foundation contact pressure

I influence factor of the chart (I = ﬁ = 0.005)

N: number of units counted (partial units are estimated)

Scale: z = AB = 35 mm

56



Foundation Settlement

Chapter Four

BI2

Z 3BI2

2B

5BI/2

3B
3812

B BI2 0 BI2 B

Fig. 4.5 Vertical stress under circular loaded area
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Fig. 4.6 Vertical stress under square loaded area
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Fig. 4.7 Vertical stress under uniform strip load
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Fig. 4.8 Vertical stress under rectangular loaded area
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Fig. 4.9 Vertical stress under triangular strip load
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Fig. 4.11 Influence chart for vertical stress (Newmark chart)
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4.4 Immediate (Elastic) Settlement

Immediate settlement takes place as soon as the load is applied. It occurs in partially

saturated fine grained soils (silts and clays) and all cohesionless soils (sands and gravels) for

any degree of saturation.

The immediate settlement can be computed using different approaches:

4.4.1 Elastic Settlement Based on the Theory of Elasticity

_4'B

Y
L ES

. intensity of contact pressure.

- lesser dimension of footing.

- influence factor, [see Table (4.3)].

: Poisson’s ratio of soil, [see Table (4.

(-

2)].

F5 : depth correction factor, [see Fig. (4.12)]

Vz) .IW 'F3

: Young’s modulus of soil, [see Table (4.1)].

Note: For depth ratio D/B < 0.5, use depth factor, F3 = 1.0.

Table 4.1 Typical range of values for the static
stress-strain modulus for selected soils

Soil E,,MPa
Clay
Very soft 2-15
Soft 5-25
Medium 15-50
Hard 50-100
Sandy 25-250
Glacial till
Loose 10-150
Dense 150-720
Very dense 500-1440
Loess 15-60
Sand
Silty 5-20
Loose 10-25
Dense 50-81
Sand and gravel
Loose 50-150
Dense 100-200
Shale 150-5000
Silt 2-20

*Value range is too large to use an “‘average” value for design.

Table 4.2 Typical range of values for Poisson’s ratio
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Type of soil v

Clay, saturated 04-0.5

Clay, unsaturated 0.1-0.3

Sandy clay 0.2-0.3

Silt 0.3-0.35

Sand, gravelly sand -0.1-1.00
commonly used 0.3-04

Rock 0.1-0.4 (depends somewhat on

type of rock)

Loess 0.1-0.3

ice 0.36

Concrete 0.15

Steel 0.33
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Table 4.3 Influence factor (/,) for footings

10
Flexible Rigid
0.9 r\\-‘ - Shape Center  Corner Average I,
N
< - +
\x\ % L= footing length Circle 1.00 0.64 {edge) 0.85 0.88
0.8 N \1\ N {/6 \_ h Square 1.12 0.56 0.95 0.82
N \\ Sy a& Rectangle:
M N, » LB=02
07 h S/ 0, 0.5
< L 15 136 0.68 115 1.06
Zs % 2 1.53 0.77 130 1.20
06 ,M I 5 2.10 105 183 1.70
=05 [T \ 10 2.54 1.27 2.25 2.10
] \ 100 401 200 369 3.40
0w =wgo ) > = o 2
[T B i e N = (a1 (2] -+ s} 2

Depth ratio, D/B

Fig. 4.12 Influence depth factor (F3)

4.4.2 Elastic Settlement of Shallow Foundation on Saturated Clay (v = 0.5)

For saturated clay layer underlain by a hard stratum, the average elastic settlement is given
by:
q-B
Eg

Si =M1 Ho-
where
w1 - correction factor for finite thickness of elastic soil layer, [see Fig. (4.13)].

o - correction factor for depth of embedment of footing, [see Fig. (4.13)].

4.5 Consolidation Settlement

Consolidation is the gradual reduction in volume of a fully saturated soil of low
permeability due to drainage of some of the pore water. The process continuing until the excess
pore water pressure set up by an increase in total stress has completely dissipated.

The characteristics of a soil during consolidation or swelling can be determined by means
of the oedometer test. The compressibility characteristics are represented by plots of void ratio
(e) against effective stress (a') [see Fig. (4.14)]. The shapes of the curves are related to the
stress history of the clay. The e — log g’ relationship for a normally consolidated clay is linear

and is called the virgin compression line. If the clay is overconsolidated, its state will be

62



Chapter Four Foundation Settlement

represented by a point on the expansion or recompression parts of the plot. The plots show that
a clay in the overconsolidated state will be much less compressible than the same clay in a

normally consolidated state.

Length=L
. T
DI:
—— %
H
X = o o = = = +:|G =
1.0
T 0.9
= \\‘--..‘_‘_‘
—
—_— ]
0.8
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LiB=eo
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L5 / L/B=5
L~
L/IB=12
T Lo [ — : —
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0.5
EI/ Ll [ L1
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Fig. 4.13 Coefficients for vertical displacement of foundations on saturated clays

63



Chapter Four Foundation Settlement

4.5.1 Compressibility Characteristics

The compressibility of the clay can be represented by [see Fig. (4.14)]:
1. Compression index (C.), which represents the slope of the linear portion of the (e —
log ¢') plot and is dimensionless:

|Ae]| e, — e
CC p— —_—
A(logo’)

O.I
loga—é
where;

e, . initial void ratio

o'y initial effective overburden stress

For normally consolidated clay, it can be estimated using the following approximate
formulae: C_=0.009(L.L - 10); where L.L = liquid limit.

The expansion portion of the (e —loga’) plot can be approximated to a straight line, the
slope of which is referred to as the expansion index (C,) or swell index or recompression index
(C), [C,=(0.1-0.2) C.].

‘SZ' e A

\1DCL (Slope C)
\

Virgin
/compression

Unload-reload line  Expansion
(Slope C,)

v

>
o log 67

Fig. 4.14 Void ratio-effective stress relationship

2. The coefficient of volume compressibility (m,): which represents the slope of ¢, — ¢’ plot
and has the units of the inverse of stress (L/F).

el 1 |Ae|_1(HO—H)
" Ao’ 14e, Ac’ H,

! !
o' — o,
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where H, is the initial thickness.

The slope of the expansion-recompression part of €, — ¢’ plot is called the coefficient of
volume recompressibility (m,,.) and is expressed as:

|(Ag,), |
Mor = pg

In calculating either m, or m,,, the vertical stress difference (Ao"’) should not exceed 100

kPa because of the nonlinearity of the €, — g’ curve.

4.5.2 Overconsolidation Ratio and Preconsolidation Pressure

The degree of overconsolidation, called overconsolidation ratio (OCR), is defined as:
OCR =<
O-O
where;
o, = the maximum effective vertical stress that has acted on the clay in the past which is called

the preconsolidation pressure [see Fig. (4.15)].

o, = present effective vertical stress.

Accordingly, we can define two types of clayey soils based on stress history:

1. Normally consolidated clay (O.C.R = 1), whose present effective overburden pressure is
the maximum pressure that the soil has been subjected to.

2. Over consolidated clay (O.C.R > 1), whose present effective overburden pressure is less

than that which the soil has experienced in the past.

Whenever possible, the pre-consolidation pressure for an over consolidated clay should not

be exceeded in construction.

Casagrande (1936) suggested a simple graphic construction to determine the
preconsolidation pressure (o) from the laboratory e — log o’ plot. The procedure is as follows
[see Fig. (4.15)]:

Step 1. By visual observation, establish point a, at which the e —log o’ plot has a minimum
radius of curvature.

Step 2. Draw a horizontal line ab.
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Step 3. Draw the line ac tangent at a.
Step 4. Draw the line ad, which is the bisector of the angle bac.
Step 5. Project the straight-line portion gh of the e —log ¢’ plot back to intersect line ad at f.

The abscissa of point f is the preconsolidation pressure, ;.

A

Void ratio, e

r
T

Y

Pressure, o’ (log scale)

Fig. 4.15 Graphic procedure for determining preconsolidation pressure

4.5.3 Effect of Disturbance on e — log ¢’ Curve

A soil specimen will be remolded when it is subjected to some degree of disturbance. This
remolding will result in some deviation of the e —logo’ plot as observed in the laboratory
from the actual behavior in the field. The field e —loga’ plot can be reconstructed from the

laboratory test results in the manner described in this section (Terzaghi and Peck, 1967).

Normally Consolidated Clay of Low to Medium Plasticity [Fiqg. (4.16)]

Step 1. In Fig. (4.16), curve 2 is the laboratory e —log ¢’ plot. From this plot, determine the
preconsolidation pressure, o, = o, (that is, the present effective overburden pressure).
Knowing where ¢/ = g/, draw vertical line ab.

Step 2. Calculate the void ratio in the field, e,. Draw horizontal line cd.

Step 3. Calculate 0.4e, and draw line ef. (Note: f is the point of intersection of the line with

curve 2.)
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Step 4. Join points f and g. Note that g is the point of intersection of lines ab and cd. This is the
virgin compression curve.
It is important to point out that if a soil is remolded completely, the general position of the

e — log o’ plot will be as represented by curve 3.

I
| @ A 1c
I

1

«— Virgin consolidation
curve; slope = C,.

|
|
€| ——————— -~ ————Y{—— d g —————————= e A 8

«— Virgin consolidation
curve; slope = C, =
compression index

w =
g Laboratory i Laborz?tor}:'
i Consolidation curve <% consolidation curve E consolidation curve
2 ci I ‘5
R for remolded specimen : 2
i Laboratory
: rebound curve;
| slope = G5 =
I swell index
I
e ! P | | k
0'4‘?0 : f | |
| | d | b
¥ N Y ¥ -
o, = ol a, a,
Pressure, o' (log scale) Pressure, o’ (log scale)
Fig. 4.16 Consolidation characteristics of normally Fig. 4.17 Consolidation characteristics of overconsolidated
consolidated clay of low to medium sensitivity consolidated clay of low to medium sensitivity

Overconsolidated Clay of Low to Medium Plasticity [Fig. (4.17)]

Step 1. In Fig. (4.17), curve 2 is the laboratory e —log g’ plot (loading), and curve 3 is the
laboratory unloading, or rebound, curve. From curve 2, determine the preconsolidation
pressure o,.. Draw the vertical line ab.

Step 2. Determine the field effective overburden pressure a,. Draw vertical line cd.

Step 3. Determine the void ratio in the field, e,. Draw the horizontal line fg. The point of
intersection of lines fg and cd is h.

Step 4. Draw a line hi, which is parallel to curve 3 (which is practically a straight line). The
point of intersection of lines hi and ab is j.

Step 5. Join points j and k. Point k is on curve 2, and its ordinate is 0.4e,,.

The field consolidation plot will take a path hjk. The recompression path in the field is hj

and is parallel to the laboratory rebound curve (Schmertmann, 1953).
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4.5.4 One-Dimensional Consolidation Settlement Calculations

Referring to Fig. (4.18), the consolidation settlement can be estimated as follows:

A. For N.C. clay

S = T3 e, o 08 57—

where;

S.: final consolidation settlement (t = o)

C.: compression index

H,: thickness of clay layer

e, initial void ratio at mid of clay layer

o, effective overburden pressure at the center

of clay layer.

Ac: increase in pressure induced at the center

of clay layer.

B. For O.C. clay:

@) if o, +Ac <o,

(ii) if o, 4+ Ac > o

o, C. o, + Ao

Void ratio, e

T Virgin compression
Af - slope, C.
i
le—— Ao—»]
oy o1 o' (logscale)

- RGCO]TIPIE’SSIO]'[

Void ratio, e

S = H,log— + H,log

T
1+e, o, l+e,

_.Recompression
1 slope, C;

Ae ~" slope, G,
|
! Virgin compression
I slope, C,
|
|
t— g —» :

! .

o g, o, o' (logscale)

Void ratio, e

/\-’irgin compression
2 slope, C,
I
'
— Ag >
L] " " . =
ag o, o] o (log scale)

Fig. 4.18
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4.5.5 Consolidation Settlement for Thick Layer

The average pressure increase can be obtained by simply averaging the top and bottom

value for H, up to about 1 m. For greater thickness (H, > 1.5 — 2 m), the following methods

may be adopted: ﬂ
1. Dividing into thin layers [Fig. (4.19)]: q
n — AR ARR R
Se = Z(Sc)i L Sand
i=1 Y

1 clay (90)1 Ao, _I_hl
(00)2 Ao, h,
H, @33 f— aoy hs
G I

Sand Fig. 4.19

2. Calculation of Ao using Trapezoidal Rule [Fig. (4.20)]:

h h h h
Ao-H, = E(Aal + Ao,) + 3 (Ao, + Agg) + -+ 3 (Ao, + Acy) + ch (Ao, + Aoy yq)

h (Ao + Ao
Aa=—<1—n+1+A02+-~+Aan> ﬂ
H, 2

q
Y YV VY vy

Sand Aoy

=

Clay 1

Aos
!
0y, Aok

w1 Aoy

Aoyq

=

o)
(e}
>
Ny
> |[¢—>|e—rl—>|—>
= > =

sand oM

Fig. 4.20
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4.5.6 Rate of Consolidation Settlement

Terzaghi’s theory of one-dimensional consolidation settlement results in the following
differential equation:

ou 0%u
o )

where;
U = excess pore water pressure (p.w.p)

¢, = coefficient of consolidation = ( dimensions: L%/T)

Yw "My,
k = coefficient of permeability

m, = coefficient of volume compressibility

For a uniform initial excess p.w.p. and boundary conditions as shown in Fig. 4.21, the
solution of the above D.E. (Eq. 1) yields:

S f2u; . M-
u = Z %sin( y Z)] e M*Ty (2)
m=0
where;
u = excess p.w.p. at time = t and depth = z. Sand

=

m = an integer \ T T
M=%(2m+1) z

u; = initial excess p.w.p.

Sand
d = the longest drainage path z=0 , u=0
=Hy/2 for two-way drainage z=H, , u=0
=H, for one-way drainage t=0 , U=y,
T, = time factor = Czlzt (dimensionless) Fig. 4.21 Distribution of

initial excess p.w.p.
The degree of consolidation at a distance z at any time t is:

U_a’—a(;_ui—u_l u @)
zZ Ao B Uu; N U;

Equations (2 and 3) can be combined to obtain the degree of consolidation at any depth z.
This is shown in Fig. (4.22).
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Degree of consolidation U,

Fig. 4.22 Variation of U, with T, and z/d

The average degree of consolidation (U,, or U) and (T,) relation for a uniform initial excess
pore water pressure can be expressed using Fig. (4.23) or the following equations:
T
T4
T, = —0.933log(1 — U,,) — 0.085 forUg,, = 0.6

T, UZ, forU,, < 0.6

The consolidation settlement at any time can be calculated as:

Sc at any time — Uaw " S¢
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Results of Terzaghi for a linear

0 distribution of excess pore pressure
10 \ Average degree of  Time factor
& 20 consolidation U,, % 7,
S w0 \ 0 0
= 5 0.002
Y EEAN 10 0.008
£ \ )
8 60 15 0.017
g 20 ~~ 20 0.031
= o _ i
£ g 25 0.049
o ~—~— 30 0.071
100 ] 33 0.092
0O 01 02 03 04 05 06 07 08 09 10 11 12 40 0.136
Time factor, T, (vertical drainage) _'1;3 g :;f
2 1Y
. . . . —— 55 0.238
Fig. 4.23 Variation of time factor T, with percentage of consolidation U. &0 0.786
65 0.340
. . Sy . . 0 0.403
Assumptions: Terzaghi theory of consolidation, linear initial excess s 0477
pore water pressures, and instantaneous loading. ﬂﬂ 0.567
Note: The above values are based on the following approximate 85 0.683
equations by Casagrande (unpublished notes) and Taylor (1984): o) 0.848
For U _ < 60%, the time factor T=Y,n(U _ /100)> 93 113
avg avg 100 -

For U, , = 60%, the time factor T'=1.781-0.933 log (100-U_ )

avg

4.5.7 Correction for Construction Period

In practice, structural loads are applied to the soil not instantaneously but over a period of
time. Terzaghi proposed an empirical method of correcting the instantaneous time-settlement

curve to allow for the construction period.

A. Analytically:

during construction period; [Sc at tlact =[S, 4, tlinst X 5
2
after construction period, [Scae tlact =[S, 4 (t_%)]inst

where;
P = instantaneous load during construction period

P' = load at the end of construction period
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B. Graphically [see Fig. (4.24)]:

- Project vertically from (t/2) on the instantaneous curve and then horizontally. The
intersection with (t;) locates point (B).
- For any time (t) less than (t.), project from (t/2) vertically on the instantaneous curve and

then horizontally to intersect (AB) at point (C). The intersection of (CO) and (t) locates
another point on the corrected curve.

- For any time after (t;), the horizontal distance between the two curves is (t./2).

Load4
Actual
0 —
L Effective Time
construction period
Load 4
Assumed |
T
[ P
I
| :
0 t. Time
L
0 2 2 4 t, ﬁmf.'
= T I IA L
~ I I I
e
4 | | |
SR |
P I
I o |
R T lC
l____ 'B Corrected curve

t

2

'Instantaneous’ curve

SCV

Fig. 4.24 Correction for construction period

4.6 Secondary Settlement

Experimental results show that compression does not cease when the excess p.w.p. has
dissipated to zero but continues at a gradually decreasing rate under constant effective stress.

Secondary compression is thought to be due to the gradual readjustment of the clay particles
into a more stable configuration.
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A plot of deformation against the logarithm of time during secondary consolidation is

practically linear as shown in Fig. (4.25).

|

5.00 +3, Initial 01  Theoretical curve
« 2, compr‘essicrn
h Y
-________“_- g
4.50 T £ U
\\. 41
BN
N
\
Y
4.00 . 1.0 -
T asgtH - Primary log T,
£ | consolidation
5 |
£ [
® 350 : \\
g i
o | \
=4 |
|
It | \\\ ]
3.00 wEgg=Fr i HH :
: t‘h"\-.._____h Secondary
—
| T =L compression
a4 {111 | e~ -
2.50 i Gradient=C,
|
|
[
Iteg
2.00 '
0.1 1 10 100 1000 10000
t (min)

Fig. 4.25 The log time method

The magnitude of the secondary consolidation can be calculated as:

S. = Ca H,1 L
S_1+ep7"0gtp

C, . coefficient of secondary compression.
t, :time required for 100% primary consolidation. (T,, =1 > t, = d*/C,)
e, : void ratio at the end of primary consolidation.

H, : thickness of layer at the end of primary consolidation.

For practical purposes: C,/C.=0.05

Note: e, and H, may be used for e, and H,, respectively, without much loss of accuracy.
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4.7 Allowable Settlement

Settlement can be important, even though no rupture is imminent, for three reasons:
appearance of the structure, utility of the structure, and damage to the structure.

Settlement can detract from the appearance of a building by causing cracks in exterior
masonry walls and/or the interior plaster walls. It can also cause a structure to tilt enough to be
detected by human eye.

Settlement can interface with the function of a structure in a number of ways, e.g. cranes
and other such equipment may not operate correctly, pumps, compressors may get out of line,

and tracking units such as radar become inaccurate.

Settlement can cause structure to fail structurally and collapse even though the F.S. against

a shear failure is high.

The following measures of settlement should be considered:
1. Total settlement [(S; or S,) in Fig. (4.26)]

2. Differential settlement [(S; - S,) in Fig. (4.26)]

3. Angular Distortion [{(S; - Sp)/L} in Fig. (4.26)]

See Tables (4.4, 4.5, and 4.6) and Fig. (4.27).
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Table 4.4 Allowable Settlement

Type of movement

Limiting factor

Maximum settlement

Total settlement

Drainage
Access

Probability of nonuniform settlement:

Masonry walled structure
Framed structures
Smokestacks, silos, mats

15-30 cm (612 in.)
3060 cm (12-24 in.)

25-5cm (1-2 in.)
5-10cm (24 in.)
8-30cm (3-121n.)

Tilting Stability against overturning Depends on H and W
Tilting of smokestacks, towers 0.004L
Rolling of trucks, etc. 0.01L
Stacking of goods 0.01L
Machine operation—cotton loom 0.003L
Machine operation—turbogenerator 0.0002L
Crane rails 0.003L
Drainage of floors 0.01-0.02L
Differential High continuous brick walls 0.0005-0.001L
movement One-story brick mill building, wall cracking 0.001-0.002L
Plaster cracking (gypsum) 0.001L
Reinforced-concrete-building frame 0.0025-0.004L
Reinforced-concrete-building curtain walls 0.003L
Steel frame, continuous 0.002L
Simple steel frame 0.005L

Source: Sowers (1962).

Notes: L= distance between adjacent columns that settle different amounts, or between any two points that
settle differently. Higher values are for regular settlements and more tolerant structures. Lower values are for irreg-

ular settlement and critical structures. H = height and W = width of structure.

Table 45 Tolerable differential settlements of buildings, in
inches,* recommended maximum values in parentheses

o Isolated
Criterion foundations Rafts
Angular distortion (cracking) 1/300
Greatest differential settlement:
Clays 13(13)
Sands . 13{1)
Maximum settlement:
Clays 3(24 3-5(24-4)
Sands 2(14 2-3(15-24)

* MacDonald and Skempton (1955).
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Table 4.6 Permissive differential building slepes by the U.S.S.R, code

on both unfrozen and frozen ground
All values to be mujtiplied by L =
consideration. H = height of wall above foundation*

length between two adjacent points under

On sand or On plastic Average max.

Structure hard clay clay settlement, cm
Crane runway 4003 0.003
Steel and concrete frames 0.0010 0.0013 Hy
End rows of brick-clad frame 0.0007 0.001 15
Where strain does occur 0.005 0.005
Multistory brick wall 8 L/iH > 25

LiH 1o 3 0.003 0.004 10 L/H <15
Multistory brick wall

L/H over 5 0.005 0.007
One-story mill buildings 0.001 0001
Smokestacks, water towers,

Ring foundations 0.004 0.004 30

Structures on permafrost

Reinforced concrete 0.002-0,0015
Masonry, precast concrete 0.003-0.002
Steel frames 0.004-0.0025
Timber 0.007-0.005

15 at 4 em/yeart
20 at 6 cm/year
25 at 8 ¢myyear

40 at 12 cmy/year

* From Mikhejev et al. (1961) and Polshin and Tokar (1957).

* not Lo exceed this rate per year,

Angular distortion, §/L

11 o1 11111 1L
3.5 08 IS0 W 0 E0 W0 @0 X0 W
T T
I I l — Limit where difficulties with
machinery sensitive to settlements
are to be feared
3.0~ — Multistory concrete rigid frame on
structural mat foundation 4 ft = thick
— Limit of danger for frames with diagonals
~— Safe limit for buildings where cracking \/6\
2.5 is mot permissible P
— Rigid circular mat or ring footing ﬂ\f
for 1all and slender rigid structures Mo
—- Limit where first cracking in panel walls is = AR
to be expected ’{3\‘"
2.0 — Limit where difficulties with overhead
cranes are to be expected \/\
& Hb >
s —Limit where tilting of high, rigid o
E buildings might become visible \
< L5+ _ ==
YL 313
— Limit where structural damage
of buildings is to be feared
1
—
1.0~ 3L = 30
.
SIL = {000
0.5~
| | | | 1 | | ] |
0 0 5 10 15 20 25 30 35 40 45 50
feet
| | | | | | | | | | | | 1 | |
0 2 4 6 8 10 12 14
Meters

Column spacing, L

Fig. 4.27 Tolerable settlements for buildings. (Bjerrum, 1963; Navy, 1982)
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CHAPTER 5
SPREAD FOOTING DESIGN

5.1 Ultimate Strength Design Method (USD) (ACI: 318 - 19)

The ultimate strength design will be used for the structural design of footings (spread,
combined, and raft foundation). This method requires converting working design loads to
ultimate loads through the use of load factors [ACI: 318-19; Table 5.3.1] as:

P,=12DL+ 1.6LL
or P,=12DL+1.0W + 1.0 LL
or P,=09DL+10W

For earthquake loading, substitute E for W (wind load).

The ultimate concrete strength f. in USD is reduced for workmanship and other

uncertainties by use of ¢ factors as shown in Table (5.1).

Table (5.1): Reduction Factors for Ultimate Concrete Strength (f.)

Design consideration ¢

Moment (tension-controlled) 0.90
Shear 0.75
Compression members, spiral 0.75
Compression members, tied 0.65
Unreinforced footings 0.60
Bearing on concrete 0.65

5.2 Design of R.C. Spread Footings

Steps in design of square or rectangular footings with a concentric load and no moments
are as follows:

1. Compute the footing plan dimensions using the allowable soil pressure (q,):
Working load; P,=DL+LL
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Area of footing; A=~
da
For square footing; B=vVA

For rectangular footing; B-L=A4

A rectangular footing may have a number of solutions unless either (B or L) is fixed.

2. Convert the working load to an ultimate value (B,) and find the ultimate design pressure

(q4) as;

B
qu :Z

3. Compute the effective footing depth (d) from diagonal tension shear (punching shear or

two-way action shear) or for rectangular footing from wide beam shear (one-way action

shear).
a. Punching shear [see Fig. (5.1)]:
e For rectangular column section (b X c):
By =bo-d-(vc)p
where b, = critical perimeter given by:

b, =2(b+d)+2(c+4d) for central column
d
b, = 2 (b + E) +(c+d) for edge column

d d
b, = (b + E) +(c+5) for corner column

e For round column (diameter = a): .l 4
Two-way' T— '.“ 2

P,=b,-d- (Uc)p B action | b —)’ +

£
where b, for central column is given by: Bloek L' < l_,'—d
2

b, =mn(a+d) L

Fig. 5.1 Critical section for two-way
action (punching) shear
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b. Wide beam shear [see Fig. (5.2)]: . fWide beam
— — — — —— ____i_ — —
. L—c—2d T; '
2 B b —‘LH
I
LI'xX1xq,=dx1x vy €
L 7 im
]

(L —Cc— Zd) —d- ()
2 Q=0 Wew Fig. 5.2 Critical section for wide

beam shear

Allowable stresses (ACI: 318-14: Art. 22.6.5.2 and Table 22.5.5.1)

e Allowable stress for punching shear (v.), should be the least of (a), (b) and (c);

(@) (ve), = 0.33¢ \/f! forB<2 (MPa)
(b) (ve), = 0.17 (1 +§) ¢f, forB>2 (MPa)

a.d

; ) WA (MPa)

o

(©) (v), = 0.083 (2 +

where
¢ =0.75

_ Column section length
~ Column section width

30 for columns at an edge of a footing

40 for columns in the center of the footing
ag =
20 for columns at a corner of the footing

b, = the critical perimeter as defined above.

e Allowable stress for one-way shear:

(Ww = 0.17¢ \/f! (MPa)

Note: (ACI: 318-19; Art. 13.3.1.2)
Minimum depth: d,,,;, = 150 mm

h=d+%+75mm
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4. Compute the required steel for bending. The bending moment is computed at the critical

section shown in Fig. (5.3). For the length (I) shown, the bending moment per unit width
IS;
_Qu- 1?

M
“ 2

M,=¢bd%f, <1 ~0.59 ﬂ)
fe
e Check & >0.005 (for tension controlled sections) (ACI: 318-19; Table 21.2.2)
where

_(d¢—0)

& x 0.003

a . As- fy
~ 0.85f/-b

(f! = 28)

p1 = 0.85 — 7 0.05 , 0.65<p,<0.85 (ACI: 318-19; Table 22.2.2.4.3)

d; = distance from extreme-compression fiber to extreme-layer of tension steel.

Wall, column, b
or pedestal r’— —‘1
T except ,,— Masonry walls
masonry walls ,—b/2
Critical—{ b/4—"} 1 critical
L L
R.C. (wall, column, or pedestal) Masonry wall
x
% /2_,{ Base plate
— Critical
L
Steel column

Fig. 5.3 Critical sections for computing bending moment
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o Check A; = Agmin

Asmin = 0.0018 A4 (ACI: 318-19; Art. 8.6.1.1)

e Check spacing S < Spax

2h

Smax = smaller Of (AC' 318-19; Art. 8722)

450 mm

5. Check the column bearing and use dowels if allowable bearing stress is exceeded. If not,
use minimum dowel area.

A
Ay = (fy = (f)p) " ==
fy
0.005 Ay, (ACI: 318-19; Art. 16.3.4.1)
(As)b,min =
4 bars at least (with diameter not less than
4 mm of the column bar diameter)
where; N
C
. P
fp: actual bearing stress, f, = — o A
- col dI ,"%]l s\\\\\
(f.)p: allowable bearing stress v | o o e e o
(f)» = 0.85¢ f! - Y < f! (ACI: 318-19; Table 22.8.3.2) « ctdd N
¢ = 0.65
K N A 3
\ /
4, N ? ’
Y = T <2 N P
A 3
A=A =b-cC . b : +
[See Fig. (5.4)] - -
A, = (b + 4d)(c + 4d) e AN
/ \
/ S [
c+4d

ry
¥y

Fig. 5.4 A; and A, for allowable bearing stress
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6. Check development lengths and lap splices [see Fig. (5.5)].

a. Development length for flexure:

Ap - fy
Ly = 0.019—, =0.058d, - f (for d, < 35mm)

c

Li=14L, (for top bars with more than 300 mm

of concrete cast below the bars)

b. Development length for compression bars:

Lg=024f,-dp /\f!

= 0.044f, - dp Main column reinforcement
= 200 mm
c. Lap splices for compression bars: Dowels reinforcement
Ly=171L,
L
where Lg for s
flexure Lq for_
L4 = development length for compression.  |e > | /compression
7. Make a design sketch. PSP | : i'; o o

Fig. 5.5 Development lengths and lap splices

5.3 Design of Plain Concrete Spread Footings

For plain concrete footings, the moment requirement is usually the most critical in
specifying the footing depth. So, it is required to satisfy the moment requirement and then
check for shear.

i<,
where;
2

Z: elastic modulus = as
6
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f+- allowable tensile stress:
fi = 0.42¢./f!
where ¢ = 0.6

Note: For plain concrete footing:
h=d+50mm (ACI: 318-19; Art. 14.5.1.7)
Romin = 200 mm (ACI: 318-19; Art. 14.3.2.1)

5.4 Rectanqular Footings

Rectangular footings are necessary when;
1. The space in one direction is limited.

2. An overturning moment is present.

Notes:
1. The depth is controlled by wide beam shear (W.B.S.) if % > 1.2 or when an overturning
or eccentric loading is present.
2. Reinforcement in long direction is distributed across the entire width of footing (as in
square footing).
3. Reinforcement in short direction is distributed more under column-zone (with width =
B) with a percentage (y) of the total reinforcement where [see Fig. (5.6)]:

2

Y =14p

(ACI: 318-19; Art. 13.3.3.3)

where

_ footing length
~ footing width
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x p S

A

[ ] [
L—B L—B
|42_’|<;>|42_’|
Fig. 5.6

5.5 Eccentrically Loaded Spread Footings
First we will consider the case of eccentrically loaded footing about one axis [see Fig.

(5.7)]. Let M be the resultant moment around the centerline of the footing given by:
M=m+H-z+V-a

Then, from static equilibrium, we get:

M—-V-e=
M
or e=y

The soil pressure distribution beneath the footing can be computed from principles of

mechanics of materials to get:
_ V N M- x
T=aT,
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x

Fig. 5.7

The above formula can be generalized for the case when the eccentricity about both axes

which yields [see Fig. (5.8)]:
V M,- M, -
g=— x y+ y X
A L, L,

and
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x

Fig. 5.8

where
My =my,+H, z,+V"-a,
M, =my,+H, -z, +V-a,

V= Vertical load (column load).

a,, a, = Coordinates of the vertical load (column).

Yy

H,,H, = Components of horizontal force in the directions of x and y, respectively (positive

components directed in the positive directions of coordinate axes).

zy, z, = lever arms of the horizontal components measured to the base of footing.

m,, m, = applied moments about x and y axes, respectively. Moments directed toward the first

quarter are taken positive as shown in Fig. (5.8).

ey, e, = coordinates (eccentricities) of the soil pressure resultant (R).

x,y = coordinates of the point at which the soil pressure is computed.

A = area of footing; A=B - L
L., 1, = moments of inertia about x and y axes:

B-L3

I, = I, = 12
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Three general cases can be recognized for the distribution of soil pressure depending on the

value of eccentricity:

/4
Case I: Uniform soil pressure (e = 0) [see Fig. (5.9)] m
If e = 0, the soil pressure will be uniform. 117
M
e= = 0 >M=0 H—ou—
|
or m+H-z+V:-a=0 z T‘ E
m+H-z [
Thus, a=———— . I
|74 ] 1
- - - a I
and the soil pressure is given by:
R
V 1
4=7<4a ) - g
A A y A A A A A A
qd=4qq
Fig. 5.9
V
- : : L :
Case 1l: Eccentricity at middle third (e < g)[see Fig. (5.10)] PR
V M-x
y H—)
For eccentricity about both axes: 1;
Z
V. Myy M, -x :
= — <
1=at T, T S !
I
. e
‘ R=V
le L q|
™~ =1
, Qmin T T I T
— L /
(6 - E Umax

Fig. 5.10
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Case 111: Eccentricity out of middle third (e > %Isee Fig. (5.11)]

UL y
3°27° !
v=3(t-9 T i
1 | ;

V:Eqmax.BL’ B _______i. ..... _®____>x
PUt: Gmax = 4a |

2V x i
7 N Ya

38 (3-¢) ) : .

Tensile T\T\\
stress

> — e
L' R=V
le »|
I~ d
Fig. 5.11
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CHAPTER 6
COMBINED FOOTING DESIGN

6.1 Introduction

When a footing supports a line of two or more columns, it is called a combined footing. A
combined footing may have either rectangular or trapezoidal shape or be a series of pads
connected by narrow rigid beams called a strap footing.

Combined footings are necessary when:

1. The columns as very close that the area of individual foundation for each column will

overlap [Fig. (6.1)].
L 171

Overlap
le—!

Fig. 6.1

2. There is a space limitation that the column is not possible to place at the center of spread
footing. Columns located off center will result in a nonuniform soil pressure. In order to
avoid the nonuniform soil pressure, the footing geometry is made such that the column
loads in the center of the footing. The three types of combined footing are shown in Fig.
(6.2).

6.2 Rectangular Combined Footing

It is used when the load on the exterior column is less than that on the interior column. The
footing dimensions are made in such a way to produce a uniform soil pressure. The basic
assumption in design is that the footing is rigid so that the soil pressure is linear. The design

steps are as follows [see Fig. (6.3)]:
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P1 R P2 P1 R PZ P1 PZ
- l /$/ l -4 /+/
; ' Strap
I I
¢, ¢,
!
!
!
!
I
i i
P, =P, P, > P, P, >>P,
Rectangular Combined footing  Trapezoidal Combined footing Strap footing

Fig. 6.2 Possible types of combined footing

1. Find the footing length (L):

Py, XS+ My, + My,
Pu1+Pu2

X =
For uniform soil pressure, the resultant of factored loading should act at the centroid
of footing, or:
Wg o _
L= Z(C + 7 + X)

wy +w,
2

Lmin:S+ +c

If L < L,,in, Use other shape (trapezoidal or strap).

2. Find the footing width (B) and the ultimate soil pressure (q,,):

B:ZPW
Qa'L
A=B"L
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3. Find the depth based on D.T.S. or W.B.S.
4. Find the required flexural steel for the design bending moments at critical sections.
5. Check column bearing on the base.

6. Prepare a final design sketch.

Py P,
. S
ﬁ »>
ﬁ el NA 7 TNM,
’.i’ / Ny /'\\/
.
ﬁ C wq w»
gh—» Y «— —| Vv |—
7 |
” |
Z ——
’ | x >
-;,." i« " R
2!4 L/2 e L/2 J

»
>
[
»
»
>
»
>
»
>
»
>
»
>
»
>
»
P
»
>
[
»

Qu

Fig. 6.3 Rectangular combined footing

Notes

1. For the long direction, the minimum area of flexural reinforcement shall be the larger of
(@) or (b) [ACI: 318-19; Art. 9.6.1.2]:

0.25./77
(a) As,min = < bW ' d
fy
1.4
(b) As,min =—>by,d
fy
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2. For the bending reinforcement in the short direction [see Fig. (6.4)]:

- The zones closest to the columns are most effective and should be reinforced for

flexure.

- For the remainder zones, use T & S steel.

B

C+w +0.75d T&S . wy+15d T&S

"< w, +1.5d

Fig. 6.4 Details of reinforcement in short direction
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6.3 Trapezoidal Combined Footing

A combined footing will be trapezoid-shaped if the column which has too limited space for

a spread footing carries the larger load. In this case doubling the centroid distance will not

provide sufficient length to reach the interior column. The footing geometry necessary for this

type is illustrated in Fig. (6.5).

1 ’ .
/ < »
vy ﬁ B =it 1
/ 1
ﬁ \
_ I
?‘" - — I T =
1
b g col.1 : col.2
/ | N O I, 941X F--- | a
Y I
?’ Wq 1 Wy
/, I v
Y x’ N !
/ g
/ .
v l\ o
; """""""" Rectangular footing is too
’/’ Linin N short to reach column 2
g
7 L l
,::: q
Fig. 6.5 Geometry of trapezoidal combined footing
w
x'=x+ 71
wy +w
Lpin =S - 2 :
’ Lmin
o If x > > — Rectangular C.F.
Lmin ' Lmin .
o |If 3 <x' < 5 — Trapezoidal C.F.
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o |If 3 * —  Strap footing

Dimensions of Combined Footing

o TakeL = L,,;p,
%P,
da
e Find a and b from the following equations:

e Compute the required area: A=

a+b
A= > X L (1)
,_2a+be

~a+b "3 (2)
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6.4 Strap (or Cantilever) Footing

A strap footing is used to connect an eccentrically loaded column footing to an interior
column as shown in Fig. (6.6). The strap is used to transmit the moment caused from
eccentricity to the interior column footing so that a uniform soil pressure is computed beneath
both footings.

The strap footing may be used as an alternative to the rectangular or trapezoidal footing if:

. . ' Lmin
1. The exterior column load is very large (x < 3 )

2. The distance between columns is large and/or the allowable soil pressure is relatively

large so that the additional footing area is not needed.

6.4.1 Basic Considerations for Strap Footing Design

1. Strap must be rigid (Istrqp/Iooting > 2)- This rigidity is necessary to control rotation of

the exterior footing.

2. Footings should be proportioned for approximately equal soil pressure and avoidance of

large difference in B to reduce differential settlement.
3. Strap should be out of contact with soil so that no soil reactions are developed.

4. Design the strap as a beam if the clear span is greater than 4h, where h is the overall

depth. Otherwise, the strap should be designed as a deep beam.

Footings Dimensions

IR
u ZPW a
S
R, = u1'§ ; R2=ZPu—R1

The eccentricity e is to be assumed.

L, =2(e+x) ; B, =
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R,

B, =
2 |

Check B, and B, for differential settlement.

Strap
7'y R P 8 3 U, 7'y
X e Li/2
[—>le—> 41—>| 'Y
Rl < RZ
vy +
B4 Strap B,
Yy v
le L S l€ B, N
< g < >

Fig. 6.6 Assumed loading and geometry of strap footing
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CHAPTER 7
MAT (RAFT) FOUNDATION DESIGN

7.1 Introduction

A mat foundation is a large concrete slab used to interface one or more columns in several
lines with the base soil. Mats are commonly used beneath silo clusters, chimney and various
tower structures. Buoyancy rafts and basements (or box foundations) have an important
function in that they utilize the principle of buoyancy to reduce the net load on the soil. In this
way the total settlement of the foundation is reduced and it follows that the differential

settlement will also be reduced.
A mat foundation may be used:

1. Where the soil has a low bearing capacity and/or column loads are so large that more than

50% of the area is covered by conventional spread footings.

2. For deep basements to provide the floor slab for the basement. A particular advantage for

basements at or below GWT is to provide a water barrier.

3. If the soil conditions at the site vary so that raft foundation is necessary to reduce the

differential settlement.

4. If there are any compressible soil lenses in the subsoil, it is better to design a raft

foundation to bridge these compressible lenses.

Mat foundations may be supported by piles in situations such as high groundwater (to
control buoyancy) or where the base soil is susceptible to large settlements. We should note
that a portion of the mat contact stresses will penetrate the ground to a greater depth or have a
greater intensity at a shallower depth, both factors tend to increase settlements unless there is

stress compensation from excavated soil so that the “net” increase in pressure is controlled.

7.2 Types of Mat Foundations

Figure (7.1) illustrates several possible mat-foundation configurations. The most common
mat design consists of a flat concrete slab with continuous two-way reinforcement top and

bottom.
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E P P A MM@
A-A C-C
T 1) 1
Al B " 8 B, B = '\ c 'f"l-'l"'l.r-ﬂ.:""l. C
t t t L. - L J L S A R I
1 | | H f 1 i .
. s . |_| - :!' l'"l.i"-'!.r"l.l'"'._i
" ] o o4 Lo b ) 173
- ’dl - - - -
| ] ] ] ] L M [ ] L T
- r=" =3 r-a1 r--
Lod Led tod bLod
. - - - -
3 = 8 = = ) 2 8 B
(a) ()
A AR R A r;
IBasermnt
E-E
E ':"'": :'"‘: HE r 1| E
? | N By I | :..--.: L...__t 1.
FTTAETTI TSy Ry
|_ 1__ 1 il i '
1 [ ‘ N —
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e e e p-——ny
I i L] [} ]
! it (B [ r
bt bnd b d
()

Fig. 7.1 Common types of mat foundations; (a) flat plate; (b) plate thickened under columns;

(c) beam-and-slab (waffle slab); (d) plate with pedestals; (e) basement walls as part of mat

7.3 Bearing Capacity of Mat Foundations

A mat must be stable against a deep shear failure which may result in either a rotational
failure (G.S.F.) or a vertical (punching) failure. The bearing capacity equations of conventional

shallow foundations [Table (3.1)] may be used to compute the soil capacity, e.g.,
GQuit =C Ne Sc-de-ic+q Ny sg-dg-ig+05y-B-N,-s,-d, i,
or Quie = 5.14s,(1 +s.+d, — i) +q

When the bearing capacity is based on standard penetration test (SPT) in sands and sandy

gravel, one may use the Meyerhof formula as follows:
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N (S,
o= (), ke
where
D¢
Kg=1+0335<133

S, = allowable settlement (mm)

For CPT, the allowable bearing capacity can be estimated as:

_

=20 kPa

4a

where: q. = cone-point resistance (kPa)

7.4 Mat Settlements

Mat foundations are commonly used where settlements may be problem as where a site

contains erratic deposits or lenses of compressible materials, suspended boulders, etc. The

settlement to be controlled via:

1. Lower soil contact pressure.

2. Displaced volume of soil (floating effect). Theoretically if the weight of excavation

equals the combined weight of the structure and mat, the system “float” in the soil mass

and no settlement occurs.
3. Bridging effects due to:

a. Mat rigidity.
b. Superstructure-rigidity contribution to the mat.

The floating effect should enable most mat settlements to be limited to 50-80 mm. A

problem of more considerable concern is the differential settlement. Again the mat tends to

reduce this value. It can be seen that bending moments and shear forces induced in the

superstructure depends on relative movement A between beam ends [Fig. (7.2)]. Mat continuity

results in a somewhat less assumed amount of differential settlement relative to the total

expected settlement versus a spread footing as follows:

100



Chapter Seven Mat Foundation Design

Foundation type Expected max Expected differential
yP settlement (mm) settlement (mm)
Spread 25 20

Total
A settlement

A = differential settlements

=

p
4

3 L

/)
e
=

=2M/L

V=1M/L

Fig. 7.2 Reduction of bending moments in superstructure by using mat foundation. Bending
moment M is based on differential settlement between columns and not on total settlement.

7.5 Design of Mat Foundations

There are several methods which can be used to design a mat foundation:
1. Approximate rigid (conventional) method.

used when:

- columns are regularly spaced.

- the distance between adjacent columns or the adjacent column loads do not differ by
over about (20%).

- column spacing < (1.75/\), where:

sk B
4E]

1=

k. = modulus of sub-grade reaction.

= the pressure required to produce unit deflection (units; F/L3).
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= 40 quit kN/m?®
B = width of strip of mat between centers of adjacent bays.
E = modulus of elasticity of concrete.

| = moment of inertia of the strip of width (B).

This method is not recommended at present because of the substantial amount of
approximations and the wide availability of computer programs that are relatively easy

to use (the finite grid method in particular).

2. Approximate flexible method: This method was suggested by ACI committee 336
(1988).

3. Discrete element methods: In these the mat is divided into elements by gridding. These
methods include the following:
a. Finite-difference method (FDM)
b. Finite-element method (FEM)
c. Finite-grid method (FGM)

7.6 Conventional (Rigid) Method of Mat Analysis

A
Yy
¥ |+ - B T +
e i X i . i
| : L en |
5 : X |
i i i €y |
BIB"| | 4--mmmmmmmomeee- - -+ ! + > X
i e e y o
I I e RS s s 1
h | L, »|

Fig. 7.3 Rigid Mat Design
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Design steps [see Fig. (7.3)]:

1. Find the magnitude of resultant of working loads (R,) and the eccentricity in both

directions (e, and e,).

Ry = ) (B

D CHNEY TR
>, - YTTRG),
X B

€y =X — el , ey =y— >

2. Compute the actual soil pressure (based on working loads) at different points beneath the

mat:
1 e, x ey-y>
q=R(—+ + <q
AT I @
where
A=B"L
I_L-B3 I_B-L3
X 12 yoo12

3. Covert the actual soil pressure to ultimate values for USD.
4. Find depth to satisfy shear requirements.

5. Find bending moments in the several mat strips by constructing the bending moment
diagram for each strip (noting that each strip must satisfy the condition of vertical

equilibrium), [or simply using (w - 1?/10)].

6. Find the reinforcing steel according to the ACI-Code requirements.
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CHAPTER 8

PILE FOUNDATIONS - SINGLE PILE ANALYSIS

8.1 Introduction

Piles are structural members of timber, concrete, and/or steel that are used to transmit
surface loads to lower levels in the soil mass. This transfer may be by vertical distribution of
the load along the pile shaft or a direct application of load to a lower stratum through the pile
point. A vertical distribution of the load is made using a friction (or floating) pile and a direct

load application is made by a point, or end-bearing, pile [See Fig. (8.1)].

Piles are commonly used for the following purposes:

1. To carry the superstructure loads into or through a soil stratum. Both vertical and lateral

loads may be involved.

2. To resist uplift, or overturning, forces, such as for basement mats below the water table or

to support tower legs subjected to overturning from lateral loads such as wind.

3. To compact loose, cohesionless deposits through a combination of pile volume

displacement and driving vibrations. These piles may be later pulled.

4. To control settlements when spread footings or a mat is on a marginal soil or is underlain

by a highly compressible stratum.

5. In offshore construction to transmit loads above the water surface through the water and

into the underlying soil.

Py

«—1—H
. — ‘ m'Lr‘m?_H
Sofl X i rSl:in resistance
SO +
with competent 1 'produm ajos
bearing soil at part of P,
great depth
L] : [ 1 Common
l}J},'/to neglect
- - ’
(a) Group and single pile on rock or very (b) Group or single pile “floating” in soil
firm soil stratum (end bearing pile) mass (friction pile)

Fig. 8.1 Types of piles based on their resistance
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8.2 Classification of Piles

Piles may be classified in a number of ways [see Table (8.1) and Fig. (8.2)]:

(i) by the material of which they are formed (timber piles, steel piles, concrete piles:

precast, prestressed, cast in place).

(i) by their manner of installation (driven piles, driven and cast-in-place piles, jacked

piles, bored and cast-in-place piles, and composite piles).

(iii) by their effect on the soil during installation (displacement piles: driven and jacked

piles, and non-displacement piles: bored piles).

(iv) by their action in transferring loads to the soil (end bearing piles and friction piles).
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Chapter Eight
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