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Purpose of the study

Az a LASFAU scholar, part of my duty will be to teach at
a urniversity in Honduras at the time I returrn there. There-—
fore, the purpose of the work presented in this report is to
prepare a set of notes on Foundation Enpineering using recent
literature available. Those notes should be used as a guide
that may be added to the actual program of study at the
University of Handuras.

Scope of the Study

The study basically tends to present methods of analysis
ori Foundation Engineering. These methods of analiysis cover
the design of spread footing, mat foundations, piles and
retaining walls. In  addition to that, a soil mechanics
review is included. |

The material included here could be used in a three-

hour—per—-week class during a fourteen-week semester.
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CHAPTER I

INTRODUCTION
It is recognized that soils can be considered as the
oldest and the most complex of the construction materials
used by civil engineers. In the firsf place, soils have been
available since ancient times and manm has used them for
different purposes. For example, there are evidences that
the Romans built notable engineering structures including an

important network of durable and excellent roads where they

followed two important principles: a solid foundation and
good  drainage. In spite of the fact that soils have been
used a lot, the progress in learning and understanding their

behavior has been slow because of the complexity of their
structure, the variability in properties and their behavior
in presernce of water.

Successful foundation desigrn was a matter of experience
until the Terzaghi's work of 1925. Until the middle of the
nineteenth century, most footings were built of masonry.
These were of twc.types= a) dimension—-stone footings consis-—
ting of storne cut and dressed to specific sizes, and b)
rubblefstone footimgs which were made of pieces of ranaom
size Joined by mortar. In some cases, +to increase the size
of the footings without increasing their weight, timber ogril-

lages were built and conventiornal masonary fooctings were



placed on them. Later, the timber grillages were replaced oy
grillages composed of steel railroad rails embeddec 1n
concrete, that improvement saved weight and ircreasec space
in the basement. ét the begirming of the twentietn cerntury,
the steel rails were replaced by steel I beams but, early in
1928, with the advent of reinforced concrete, grillage
footings were replaced almost totally by reinforced corncrete
chtings, which are still the common type. Typical grillage

foundations are shown in Fig. 1. 1.

gclrode ine __ B8
= Wallof
§ M | = adjacent
3 = bui/ding
& 2-20"beams~, | =
Rails. Na-Cancrefe.
Figure 1.1. Historical development of grillage foundat:ons

af (a) timber, (b)) railroad rails, {e) steel I-bDeams, (i
Cantilevelr footing supporting exterioe columm of  Auditarium
Building, Chicago, 1887.



The materials used to build the footings has been
discussed anmd in addition to that, it is important to menmtion
that inm earliest times, the area of a footing was chosen
based on good guessing and experience. For instance, in sone
parts of the United States, the width of a contiruwous footing
in feet was made equal to the number of stories in the
structure. In the early 187@'s, soma‘engineers sungested
that the area of the footings should be selected proportional
toa the loads on the footings and that the centers of gravity
of the loads should coincide with the ecentroids of the
footings, so that tilting problems could be aveoided. This
did not always assure sucecess because the principles of soil
consalidation were 1rot understood. To alleviate this,
"allowable soil pressures" were recommended in‘buildiﬁg codes
based uporn experiernce within a given area.

Fimally, because of the misunderstanding of the soil
behavior under locad, many failures have occurred and some of
the causes are listed below:

a) urcontrolled water flow adjacent to a footing.

b) unexpected settlement of soils.

c) unbalanced soil pressure conditions from differences
in elevations.

d} loss of vertical support from the removal of the
lateral support of the soil. :

2) seismic disturbance.

Some examples of failure foundations are shown in Fig. 1.2
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Figure 35 — Clay backfill after a storm.

Figure 1.:2. Clay backfill arnd water collapsed the wall.

Clay backfill wnicn obecame liguig after a neavy storm
orovoaked lateral pressures oreater tham Tor wnicn IT was

desigried.



In 1934, Terzaghi published a paper in which hg showed
that the settlement and the leaning of the ftower are due to
the gradual consolidaticonm of the clayey soil located 8 9 m

underneath the footing.

Figure 1.3. Pisa Tower. The most successful  foundaticn
failure.

The flow of the soft clay under the gravel bed whicn

formed the support of the buildings may have opeen tne csuse



of structural damage occurring during the Anchorage

sarthquake.

Figure 1. 4. 4th Averiue, Anchorage, May 13&83.

Figure l.4. 4th Avernue, Archaorage, April i, 1364, after
garthauake.



Having’ mentioned that the practice of foundation
engineering was based on empirical rules, it 1s evident that
the main purpose of foundation engineering is to replace the
gmpirical rules with scient-ific methods of analysis that
require quantitative_ soil data such as classification,
shearing strength and compressibility of the soil.

Taday, the philosaophy followed in the design of
foundations is that they must have two main characteristics:

1) The foundation should be safe against shear failure

in the soil that supports it.

2) The foundation should not undergo BXCESSiVE

settlements.
Hence, the scientific methods mentioned abave try to give
mathematical relationships which are able toc predict the
capability of the scil to support loads as well as to predict
the settlement that the soil could suffer under those loads.

The main types of foundations used today and their

general applications are shown in Table 1.



Foundation type

Use

Applicable soil conditions

Taplie i.

Spread footing. wall lootings

Mat foundation

Pile foundations
Floating

Bearing

Caisson (shafts 75 cm or more
in diameter) generaily bear-
ing or combination of bear-
ing and skin resistance

Retaining walls. bridge abut-

ments

Sheet-pile structures

Foungation

Individual columns, walls,

bridge piers

Same as spread and wall foot-
ings. Very heavy column
loads. Usually reduces differ-
ential settlements and total
settlements

In groups (at least 2) to carry
heavy column, wall loads: re-
quires pile cap

In groups (at least 2) to carry
heavy column, wall loads: re-
quires pile cap

Larger column loads than for
piles but eliminates pile cap
by using caissons as column
extension

Permanent retaining structure

Temporary retaining structures
as excavations, waterfront
structures. cofferdams

Any conditions where bearing
capacity is adequate for
applied load. May use on
single stratum: firm layer
over soft layer or soft layer
over firm layer. Check
immediate. differential. and
consolidation settlements

Generally soil bearing value is
less than for spread footings:
over one-half area of build-
ing covered by individual
footings. Check settlements

Poor surface and near surface
soils. Soils of high bearing
capacity 20-50m  below
basement or ground surface.
but by distributing load
along pile shait soil strength
is adequate. Corrosive soils
may require use of timber or
concrete pile material

Poor surface and near-surface
soils: soil of high bearing
capacity (point bearing on) is
8-50 m below ground sur-
face

Poor surface and neur-surface
soils: soil of high bearing
capacily (point bearing on) is
8-50 m below ground sur-
face

Any type of soil. but a specified
zone (Chaps. 11. 12) in back
of.wall usually of controlled
bach fill

Any soil: waterfront structure
may require speciul alloy or
corrosion protection. Coffer-
dums require control of fill
material .

types and typical usage.



CHAPTER II
SOIL MECHANICS REVIEW

a. Soil Deposits

Soil "ecan be defirned as naturally occurring mineral
aggregations that can be separated easily intoc smaller
particles and in mass form contains numerous voids.® It is

also defined as a natural oceourring material that can be

moved by conventional earth moving equipment. Scil deposits
can be divided in three gerneral categories: 1) residual
soils, &) transported soils, and 3) organic soils. Residual

soils are those which develop in the place of their formation
from the underlying rock. Transported soils are those which
have been removed from the place of their formation by wind,
water, ice o gravity to the current 1@83tioﬁ. Based on the
transporting agent, transported soils can be subdivided into
three categories.

i) Aeclian —— deposited by wind action

2) Alluvial —- deposited by rurming water

3) BGlacial -- deposited by glacier action

4) Talus and Creep —— deposited by gravity.
The orpganic scils are those derived from the decomposition of
organic materials and usually are found only in  swamps ard
northern latitudes.

The erngineering properties are different for each o f



these deposits, in general, residual deposits tend to have
better foundation characteristics in terms of strerngth and
deformation than the other two but, when the residual soil
above the bedrock is normally consolidated, heavy loads on
large foundations could cause sericus settlements. Im
general, alluvial deposits have noticeable variatiorn iw
physical properties (void ratio, uriit weight), altering the
load capacity of the soil. The physical characteristics of
the unstratified deposits laid down by glaciers whern they
melt (till), may vary from glacier to glacier arnd during
field exploration programs, erratic wvalues of standard
pernetration tests can be obtained. AReclian deposits guch as
loess can be considered a caoallapsing sail because it looses
its strength when it becomeé saéurated. Therefore, special
precautions should be taken for building foundatiocns on
loessial deposits. Finally, the afganic deposits have a high
rnatural moisture content and are highly compressible causing
a large amount of settlement under load due to secondary
consolidation.

The skilled geoctechnical engineer recognizes that each
of the soil classes vary in & uniform and predictable manmer.
Most so0il stratumswill have a decreasing void ratic with
depfh (probably due %o the weight of the superimposed
overburden) and this alone will increase the shearing

resistance and decrease the compressibility.

10



The water transported alluvium will wvary with +the
velocity of the transporting water since the slower the
velocity of the stream, the finer the deposited sediment will
be. Thus, most river valleys are aggraded with coarser
material at the bottom with finer material at the top. These
materials will always be well rounded sand and gravel.

The wind deposited stratum will become fimner grained and
the thickness of the stratum less in thickress with
increasing distance from the source of the scoil particles.
These stratum are always composed of silt sized particles.

The ice transported materials are always unsorted arnd
will contain particles from boulder to clay size. Ry
stratification or sorting indicates a reworking by water.

Gravity transported materials are found only at the base
af mountains and consist of very large angular blocks or rock
with the wvoids filled with angular granular materials.
Although vast amounts of rocks are transported down minor
slopes by soil creep mechanisms, these materials retain the
characteristics iﬁparted by the origivnal agéﬁt of

transportation.

b. Physical Characteristics of the Soils.
In mnature, the scil is composed of solid particles,
water and air (or gas). The mathematical relationships for

the three phases can be defined as follows:

11



Void ratic, e: The ratio of the volume of voids vy to
the volume of solids vg in a given soil mass anmd can  be

written:

e = - (2. 1)

Porosity, ni: The ratioc of the volume of voids to the volume

of the soil specimen v.

Vv
n = — (2.2)
v
Water content, w: The ratic of the weight of water wy in a

given soil mass to the weight of soil solids wg in the same

mass.
W ;
wi{%) = —— % 102 (2. 3)
Wg
Unit weight, ¢ The ratio of the weight of soil to the

corresponding volume.

W
= - (2. 4)
v
Since water is present, the weight has to be obtained as:

unit weight, dry unit weight, submerped unit weight and

saturated unit weight. They can be written as

W
moisture unit weight Jm;m = ——
v
where W = Wg + Wy Assuming the weight of the air is equail

to zero.

12



Wg
Dry unit weight a4 = —
v

Saturated unit weight 5 = ¥ if vy = vy

Submerged unit weight Jzub = 75 — Jw

Degree of saturation, 8: the ratico of the volume of water

to the total volume of soil voids.
i Vi
S(%) = —— % 102 (2. 3)
Vv

The soil is completely saturated when all the void volume is

cccupied by water, usually below the water table.

Specific gravity, Ge: The ratio of the unit weight of a
material in air to the unit weight of distilled water at 4°C.
Hngs ngVg
Bg = ————— = ————— g (2. 6)
Ww/Vw W
Jw = 62.4 pef or 1.0@ g/cms

Representative values of Ggy, e and d for natural soils are

shown in Table 2.1 and 2. 2.

Table 2-1. Specific Gravities of Some Soils.

Soil type G
Quartz sand 2.64-2.66
Silt 2.67-2.73
Clay 2.70-2.9
Chalk 2.60-2.75
Loess 2.65-2.73
Peat 1.30-1.9

13



Tabie 2-2. WVoid Ratic, Moisture Content, and Dry Urat
for Some Soils.
Natural moisture
content in
saturated Dry unit
Void ratio condition weight
Type of soil e (%) ¥4 (kN/m?)
Loose uniform sand 0.8 30 14.5
Dense uniform sand 0.45 16 18
Loose angular-grained
silty sand. 0.65 25 16
Dense angular-grained
silty sand 0.4 15 19
Stiff clay 0.6 21 17
Soft clay 0.9-1.4 30-50 11.5-14.5
Loess 0.9 25 13.5
Soft organic clay 2.5-3.2 90-120 6-8
Glacial till 0.3 10 21

Example 2.1

- Underlined information in Table is the data givern:

- Obtairn the reguired data in each case.

Welght

§  Moisture Saturation e n ¥o. dsat, o - Tioal
Specific  w(x) 5% Void fatioc  Porosity  (pcf)  (pef)  {pcf)  (pof)
Bravity

2.65 20 8.2 0,622 B.3862 10150 1256  63.2 128

2.65 18 £6.2 8.72 2486 9.4 1221 T8 l13.44

2,65 ¢ 100 9.5300 0.3464 108,08 129.6  &7.2 129,63

2.65 30 1,860 0.5146  80.27 1123 8.9 %3

14



Sgil 1

a1

Wg
ve B2.4

038621

!
3
o

i

v
Vs= 0.6/36

Tsub = Teat - Tw (3)

63.2 = Ydry + 62.4 vy — 62.4

63. 2

2.65(62.4)vg + BE.4(vy) - 62.4

185.6

165.36 vg + 62.4 vy.

7d = 2.65(0.6138)6&8.4 = 1@1.5@ pcf
Ysat = 101.5 + 62.4(0.3862) = 185.6 pef: vy + vg = 1 (4)

/
Salving (3) and (4).

Tiot = 181.5 + 62.4(Q.3853) = 121.8 pcf

Yeub = 125.6 — 62./4 = 63.2 ok

vy @.3862

1 B4,27%
So0lving (3) and ( 4+)

Wy = 8.20(101.50) = 28.3; 125.6 + 165.36 (1 = vy) + 62.4 vy
2. 3

Vi E m——— = @, 3253 Vy = 2. 3862
62. 4

vg = @.6138.

Vv 2.3862
@ = == = e , @ = @,6898
ve D.6138

15



Y
Soil 2.
Vv
8 = -
Vg
Vy + vg
Solving (1) and (2).
.72 vg
Vg
Vv
Wes = -Eu
Tsup = 122.26 - 62.4 = 59.86
Ww
W = emem
Wg
Jtot = 96.14 + 62.4(0.2773)
17
Vg & —=
62
Vi
5 = e
Vv
Vv
i 2= e
v

Vy @. 3862
R T —— H ’aa 386&-
vig 1
.72 vg = vy (1)
=1 w=1-vg (2)
=1 - Vg
= Q.5814
= P.4186
: 122.26 pcf
ES (@, 5814) (E2.4) = 96. 14-9g
pcf
Wiy
3 @- 15 B e e e e Nw = 1?- 3@
96. 14
.30
.4
@.2773
= —mm——e = Q. EEB2 , E£6.27)= s
Q. 4186 *
Q. 4186

B. 4186

i

-16



Scil 3.

W Ww
W= == , B.280 = -~ , Q.20 wg = wy (1)
We Wg
Vw
Vv

From Eq. (1)
.20 vg (2.85) = vy
B.593 vg = vy (2).
vw + vg = 1 (3) the so0il is saturated.
Solving (3) and (&)
.53 vg = 1 — vg
vg = B.6336

v = B.3464

D. 3464
B B - : 2.5300
2. 6536
2, 3464
N = —————— = @, 3464,

i

Tqa = 2.65(62.4) (B.6536) = 108.128
Ty = 108.28 + 62.4 (B.3464) = 129.63 = Tgu4

fsub = 129.69 - 62.4 = 67.29
Soil 4.

w-‘—'—--‘-’@-E@, @.Elz' W5=WW. (1)

17



5=-_=@I5 [ ] Vw“@.ﬁ VV. (E)
Vv
From (1).
vy + vg = 1 @. 20 (2. 60) (B2.4) {vg) = 62.4(0.5 wvy)

B. 2B (2. 65) (B2. 4) (1-vy) = 62.4(0.5 wvy)

vy = B.5146
v = B.2573
ve = @.4854
@, 5146
€ = ——mm—m— = 1,060
?. 4854
2. 5146
i = mme——— = @, 5146
i

7d = 2.65(62. 4) (D, 4854) = B@.27 pcf

Tiot = 80.27 + 62.4(2.2573) = 96.32 pcf
Tsat = 80.27 + 62.4(D.5146) = 112.38 pof
Tsup = 112.38 - 62.4 = 49,98 pef

C. Soil tests

The following tests are those moast commonly used for

foundat ion design work.

d. .Scil clagsification systems

In order to have a common language, which can be under-
stood by anyone, it is necesgary to classify the soil based
on common engineering properties such as grain size distribu-

tion, ligquid limit and plastic limit. The two main classifi-

18



Routine Laboratory Tests — Advanced Foundation Engineering

Data Used For
Test Obtained
1. Specific Gravity Ratio between Auxiliary factor to compute
(Bs) density of soil other soil properties (n,c) in

and density of water consolidation studies of clay, ceoree
of saturation of a seil, etc.

2, Atterberg Limits Liquid Limit (LL) Classification of soils (cohesive)
Plastic Limit (PL) The LL can pive some igea about
Plastic Index (PI) how expansive the soil is
3. Grain Size Analysis Brain Size Dis- Classification of soils
tribution curve (size particle bigger than
No. 200 sieve)
&, Hydrometer Analysis Grain Size Dis- Classification of soils
tribution curve {size particle smaller than
No. 208 sieve)
3. Water Content Content of Auxiliary factor to calculate
Water in Soil other Soil Properties
6. Void ratio and e: void ratio e = important (maybe the most)
porosity n: porosity characteristic which can pive
idea about the compressibiiity of
the soil

n: pgives some idea about the
degree of soil density

7. Compaction Test Dptimum moisture Used for determining the soil
content and maximum moisture~density relatiomship
dry density of a soil used for fuilding a
fill (road,dam)
8. Permeability Test K: coefficient of Studying: quantity of leakage
permeability through ang under
dams

Rate of comsolidation
Stability of slopes,

embankments
Seepage velocity throuth
the soil
9. Censolidation test : compression index to chtain the amount of settiement
1 coefficiert of to obtain the rate of settliement with tize
consolidation
10, Direct Shear Test Shear resistance { ) Determining the possible bearing
in terss of , capacity of the soil in foundations
. =c+N+g ard earthwork
11, Triaxial compression Shear resistance () Yaking estimates of the oronable tearirg
test in terms of , "p° capacity, stability calculatiers of

140



pore water pressure

i2, Unconfined Com- Shear resistance ( )
pression Test in terms of “¢®
13, Vane shear fest
Shear strength
- of the soil in
terms of torsional
moments
14, California Bearing CBR which is a

15,

16,

i7.

Ratio (CBR)
Plate Bearing Test

Standard Penetra-
tion test (SPT)

Pile load tests

comparative measure
of the shearing re-
sistance of the soil

The strength of any
glevation in an asphalt
pavement

N* values
Pile capacity” or

ultimate pile load",
pile head

garthworks, earth retaining structures
and foundations. FAmalyzing stress-
strain relationships of loaded soils

Measuring the consistency of

cohesive soils giving an igea

about rupture of embankwents, slopes.
Determining bearing capacity of the soil

Dbtaining the shearing
resistance of the soil
when it is not possi-
ble to run unconfined
compression or tri-
axial test

Designing asphalf pavement
structures

The design and evaluation
of asphalt pavements

Obtaining the bearing
capacity of soils directly

To obtain the capacity of
a pile to support loads

20



cation systems currently used are (1) the RASHTO (American
RAssociation of State Highway armd Trarnsportation Officials)
system and (&) The Unified Systeﬁ. The AASHTO classification
system is mainly used for disturbed soils, for instarnce,
highway subgrades. It is nrot used irn fourndation wori,
Normally, the unified system (Table 23) is used in foundation
design.

In the Unified System, the following symbols are used

for identification.

Symbol Description
G Gravel
S Sand
i} Silt
c Clay
o Organic silts and clay
Pt Feat and highly organic scoils
H High plasticity
L Low plasticity
W Well graded
F Foorly graded

Table &.4 can be used for a better irnterpretation of the

unified system when used irn foundatiorn desipgn.

Example 2.2
The following laboratory results were obtairned:
percent passing No., 208 sieve : 70%

LL

i
=
.UI

PI

=@,

Classify the soil by the unified system: Refer to Table 2.3,

21



since more tham S@% of the soil passes through #2900 sieve, it
is a fime—grained sail. From the plasticity chart with LL =

35, PI = 28, the soil is CL, clay of low plasticity and from

Table &.

4, " it can be said that the soil may be used o

support foundationm structures when the seepaga is important.

2. Shear strength

shear strength of soil is the resistarce t

The
deformation by continuous shear displacement of soi
particles upon the actiorn of tangential stress (Jumikis). I

can be sa
i.

El

S
Herce, th

s=

x
il

£
T
m
3
1}
0
]

N
]

]

r
Shea
type of

represent

id that the shear strernogth is developed due to:
interlocking of soil particles

frictional resistance between soil particles at
their contact points tp)

cohesion between particles (o).

e shear strength is given by Coulomb as
c + (tan ﬁ (in terms of total stresses)

e + (" tang (in terms of effective stresses)
shear strength

cohesion

friction angle

normnal stress on shear plane

]

1

t

r strenpth of a soil is heavily dependent on the

test. Therefore, the test +to be used should

as good as possible the site conditions, either

22
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during corstruction time or after construction time,
whichever is worse. For example, if consoclidation is
produced by charnge in stress due to construction or loading,
the wunconfined compression test gives comservative results
but, if swelling is producedy, unconfined compression tests
give good results for the construction period or imwmediately
thereafter, but wher the shearing resistarnce decreases with
time, the results become less conservative.

The Mohr's circles and rupture envelopes for several

tests are shown in Fig. 2.1.

NC = normally cansolidated
QOC = overconsolidated

Shear stress s —

(g} CU trigxiai tests on NC soil

Mohr's envelope

Shear stress 5 —
f
]

i
"
Bl B

]
]
3 ]
i !
Er

Normal stress o —=
(&) CU direct shear fests fad) Cu 1ests.on 0OC sail

Mohr's smreic:pe3 Qv _ % 1

N XA

o =0 @2 qy —_— |
{e} Unconfined compression test fe/ U tests on NC soil

Shear stress s —

Figure &.1. Mohr's circles and rupture snvelopes for several
shear-strength tests shown.
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In the following examples can be noticed the different

results that are obtained if the test conditions are changed.

Example 2.2
The following results were cbtaired from ftests on a
saturated ciay soil:
{a) Undrained triaxial tests:
Cell pressure 3 (lb/ind) 15 25 35

Principal stress difference at
failure f1 - 3 (lb/in@) 2 21 19

The inclination of the plane rupture was S2° %o the
plane of the cross—-section.

{b) Shear box tests in which the soil was allowed to
consclidate fully under the influence of both the wnormal and
the shear loads:

Normal stress (1b/ing) 8-9 17-9 Z2E-8
Shear stress at failure (1b/ind) 1a-5 14-3 18~-6&

Determine the shear strength properties of the soil
which can be deduced from these results.

(a) From the plot of the three Mohr circles (see Fig. below)

«-
ne
wy
LR
=3
@ 1%
n
§2o- ol
W
10 e, _Undrained.
I3
EN
- 1 | | L
50

0 10 20 30 40 60 ;
Normal! S+ress 7 L&/
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the best Coulomb line gives ¢ = 1@ 1lb/ing and 9&= o, 45
+ %’E = 529, whence ?;f 1409,

R lirne drawn from the origin at 329 to the horizontal
axis represents the plane of rupture for the case aof dé = &.
This line intersects the Coulomb line at A. From A, draw a
line inclined at 14© to the heorizontal. This intersects the
shear stress axis at B, and OB scales 8 1lb/inZ, which is the

true cohesion.

(b) Direct plotting of the shear—-box tests gives the
parameters for the drained condition:

€d = 6.5 1b/in2 and ¢d = 240

Example 2.3

The results of undrained triaxial tests (with pore

pressure measurement) on compacted soil at failure are as
follows:
Lateral pressure 03 (1b/ind) 1@ 5@
Total vertical pressure 0 (1b/ind) 43-5 i28-a
Pore-water pressure UW (1b/ind) - 4-@ 13-5

Determine the apparent cohesion and angle of shearing
resistance (a) referred to total stress, and (b)) referred to
effective stress.

For (a) +the Mobr circles A and B are plotted in the
usual way. From the common tangent, c = B lb/ine, and

¢L= 21° (see Fig. below).
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shear stress, Lb/in?

o
=1

3

Fer (b) the effective stresses (- W) are:

il

114.3

ai» 43.5 + 4.0 = 47.5 128.@ - 1
1 36.5

a3’ 12.0 + 4.2

H
[y
>
=
)
=
&

|

From these figures the effective-stress circies C and D

are plotted. Note that their radii are the same as those of

]

the total—-stress circles. The tangent gives o’ 2 ib/inmE
and ¢‘ = 329 (see Fig. below).

As already indicatad, the shear strength of any =ozl
abtained in  the laboratory is different for each sirength
test because of the pore water pressure gernerated gduring the
test, the pore water pressure dissipates witn drainage. in
the field, the shearing strength is poverned by the rate of
load application and drainage condition (permeapiiity

coefficient). Therefore, granular soils with coefficients of

cm
permeability greater than 13—4 ——— can be expected to have
sec
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full drainage to eliminate pore pressure due to footing loads
if those are applied at a moderate rate. Drained conditioms

can be assumed to obtain shearing strengths amd snlit  tube

o
tests are adequate. When 10=3 ( k ( 1@0~% ——- and the footing
sec

loacds are applied very guickly, pore pressures can be
developed and drained cornditions are rnot rveliable. For

fangd Ve
rormally consolidated cohesive soils have K & 18-S -——, the
sec

time reguired to dissipate the pore water pressure is usually
tan long, therefore undrained conditions must be used to run
the +test and unconfined compression tests can be suitable,
The reactions of over—consolidated clays (QCR ¥ &, PRI ) 44)
are difficult to predict sivce such materials usually comtain
Joints which govern the shearing resistarnce and the results
ombtained at the laboratory are very deceivirg; for soils
Ravimg a PI { 4@, the triaxial test carn pgive acceptable

results. The strengths of soils with inmtermediate

. om
permeability 184 ( k {( 1876 ——- are unpredictable since
sec

draimage rate is unknowr.

f. Consclidation principles
Wher a soil has low permeability (only conesive soils),
the amount and the rate of settlement due to load depesnds on

time. Therefore, it is rnecessary to obtain a compression

30



parameter to calculate the amount of settlement ard a
consolidation  parameter to calculate the rate of settlement.
The compression parameter is called "compression index” (op)
and the consclidation parameter is called "coefficient of
consoalidation" oy Both cp and oy are ubtaiﬁed from consoli-—
dation tests. The privnciple of consolidation ie  shown  in
Fig., &.8. Letting d be a suwrcharge at the ground surface
which causes the irncrease of total stress at any depth of the
clay layer. It is believed that a time t = 82, the irncrease
of effective stress is equal to zerao = @ and the initial
stress is taken by the excess pore water pressurs, n o= i
As time passes, the water pressure is dissipated and the
stress is transferred to the soil sheleton as effective
stress. At t = s all the excess pore water pressure will
be dissipated and = @ and = D, having caused gracual
sett lement when the stress was transferred from toe water to

the soil.

Au=20
Au = (8hi) Fu = Ap AL AP-AU

@ Ar‘= dP

AT = A@F - Qu
When a void ratio-stress curve is plotted on semilogarithmic

graph paper, three important 931ues can be obtained.

{1} The compression index; Cpt This is the slope of 4nhe

straicht—~line portion, and can be obtained as follows:
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parameter to calculate the amount of settlement and a
consalidation parameter to calculate the rate of settlement.
The compression parameter is called "compression index" (e
and the consoclidation parameter is called ‘'"coefficienmt of
comsalidation" c¢y. Both cp and oy are obtained from consoli-
dation tests. The principle of cnnsolidatinﬂ is shown in
-Fig. &.8. Letting d be a surcharge at the ground surface
which causes the increase of total stress at arny depth of the
clay layer. It is believed that a time t = @, the increase
mf effective stress is equal to zero A0ﬂ= @ and the initial
stress is taken by the excess pore water pressure, Ap = AU,
Rse time passes, the water pressure is dissipated and the
stress is transferred to the soil skeleton as effective
stress. At t = 82, all the excess pore water pressure will
be dissipated and du= g and Ad"'= Ap, having caused gradual
zettlement when the stress was transferred from the water o

the soil.

Au=0
Au = (8hi) Y = Ap A= AP-AU
AT = A€ -~ Du = @ &5 an

Whern a void ratic—-stress curve is plotted on semilogarithmic

graph paper, three important values can be obtained.

(1) The compression index, Cei This is the slope of &he

straight—-line portion, and can be obtained as follows:
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© Dde,

. Pressure, p
[3 (log scale)
Figure 2.3. (b} Construction of field consolidation curve

for over-consolidated clay.

=i Freconsalidation pressure, ped Is the maximum past-—
effective overburdern pressure to which the sail has Deen
sumbitted. It can be obtained by the Casagrande method. The
value obtaired is compared witth the current effective
overburden pressure, pPos
If
1. Po = peg (1 about 1@%) soil normally consclidated
= Pz } Pe Specimen may have excessive disturbance
Sa Pr { pPe scil is over consclidated.
As already indicated, it is important to know what the state
of fcansolidatioﬂ of the soil is because that state nlays an
important role in the es#imatiun af the shear strerngthn.
3. Swelling Index, Cxe Is the slope of the unloading

portion of the e?log P curve, It is impnrfant in the estima-

tion of settlement of over consalidated.clays.
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Consolidation Settlement (Amouwnt)

The one-dimensional settlement, due to extermal loads
can be obtained as follows:

Letting the volume of voids be equal to "a"  and the

volume of soil equal to 1, that is

——

vw Vy=¢

then the initial volume of the soil vg is
Vo = Vg + Vy
Vo = 1 + ep
where eq = initial vaid ratioc
Then, assuming that the settlement is caused by a change in
the void ratio when the load is applied, the unit settlement

is given by:

Vf = Vo
s S m————— where v¢ = final volume.
unit Vo
VF = 1 + @final
1 + efinal = (1 + eg)
5 = - ——
unit 1 + eq
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Ae
s R (2. 8)
unit 1 + eq

If the stratum of so0il has a thickness Hgs, the total

settlement, s is equal to
S F meme——— Hc (a- 9)

It is apparent that the value to be computed is the Ae
value, which is obtained from the e-log p curve taking into
account if the soil is normally conscolidated or over
consolidated. That can be observed in the following figure
(Fig. 2.4).

When the soil is normally consclidated, an increment of

pressure, Ap due to loads, is added to the existing

overburden pressure po. Then from equation 2.7, the charge
P + Ap
in void ratio becomes: C© = Cg log ——————— and substituting
Pa

this value into equation 2.9, the settlement is expressed as:

ce He Pa +AP
§ BT —————— log  =—=—————
i +E° p:.
oar
ce He AP
S = ———=== log (1 + —=) (2. 1@)
1 + e, Po

When the scil is over consolidated, two cases have to be
considersd:

(a) po + 4p ¢ pe (see Fig. 2.4)
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p +Ap

Again, Ae = ecg log ————— (2.11)
Po
Added pressure Void 4
' ratio, \
e
T Slope C,
Ae
Average J
effective ,
«— pressure |
before load | R
application Jl res;ure.
~ Po PoTAP  (log scale)
Normally consolidated clay
{b)
Void
ratio, e D,

Case 1 Ae ] Ae,

Slope-
C, A_fj
I
| Slope C,
|
} Pressure,
L P
P. P, tAp p,+Ap
Case 1 Case 2 (log scale)
Overconsolidated clay

(c)

Figure 2.4. One-dimensional settlement calculations: (b)
for Eq. ( 2.10)3 (c) is for Egs. ( 2.13) and ( Z./4),

36
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and

Cg Hp
S T ——m———— log (1 + éu% (2. 12)
1 + a5 Pa
(b) pa + Ap ) pec. Since the e-~log p curve shows two

different slopes (see Fig. &2.4), the total settlement is
expressed as the sum of the changes in void ratio called ey
and e —— that is,

Pe

Ae = Dey + Aeg or Ae = c5 10g —— +
o
AP
Ce log (1 + -=) ) (2.13)
Pa
and the total settlement becomes:
cg He Pe ce He Po + Ap
S B —————— log —— + ——————n log —————— (2. 14)
1 + eg Pa 1 + eq _ Pe

Rate of Consclidation

As already indicated, the consolidation process is the
result of dissipation of excess pore water pressure with
time. Therefore, if the rate of that dissipation is known,
the’ percent or degree of consolidation may be Hnown.
Terzaghi derived the following equation for a vertical
drainage condition:

(Au) Cy E(aU)
a = a {(2.15)

ot Sz
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o tAw)

where ————— = rate of change of the excess
ot pore water pressure

aE (Au)

—————— = change in nydraulic pressure gradient

oz2

Oy —————— = amount of water expelled from the
oz2 voids of the soil through one square
unit area and during a time dt.
The solution of the consolidation equation, Eq. (2. 15), is
based on the solution of Fourier's eguation in one dimensian,
a solution which must satisfy the given boundary conditions,

that is Au =2 at z = @, Au =2 at z = Ho = 8H if permeable

layers are located at z = 2 and z = He (see Fig. 2.5).

¥
= A
cLay H. = 2H
Figure 2.5
and at time t = @, Au = Aug where Aus is the initial peore
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water pressure after load applicatiorn. A solution for Eg.

(2.15) is given by

m =00 2(8ug) i 2 -MET,

Au =Z B — sin (-=-=)1]1 exp.
m= @ M H

If the initial pore water pressure is constant

which is the case usually assumed in  the

laboratory test. Where

(2m + 1)

m = an integer = 1,2, «::cas

(2. 18)

with depth,

conventiomal

z = depth where the excess pore water pressure is
computed
H = length of maximum drainage path (two—way drainage
condition).
Cy t
Ty = nondimensional time factor = ———-,
HE
The variation of u with time is shown in Fig. 2.6,
v Ay sle—ady
FaZH . $_4 o
/ Ay = pore water pressvre
-~ [N PRy UV S . | effective pressvre
at t=1%, and Z=h
=t 1 g
Tv'- Tvc,)
=0

Figure Z2.6.
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It must be remembered that at any time and at any depth, the
total stress is pgiven by A(rt = A 4 AU, ther at
t =@ Al = 1 +AU= Ap

t =ty Ag AT +Au = Ap

1
t =0 Aft = AF + @ = Ap
The corncept of percent, or degree, of consalidation U is the

ratioc of settlement of a clay sample in the consolidometer st
to its full or 1004 settlement spmaxy after full conscolidation

at a given loading has been achieved. That is

St
U= ———= x 122 (2.17)
Smax
It is recognized that the pressure distribution area, shown
in Fip. 2.6 |is, in a certain way, a measure of the

compression that the soil undergoes during the consolidation
Process. Therefore, integrating that area and assuming that

the initial pore pressure is constant, is obtained,

2H 2H
st = (Aug) dz - (Au) dz (change in area in
o o diagram of Fig. 2.6)

2H
Smax =~S (Aug?) dz (maximum area enclosed in
= diagram of Fig. &2.86)

2H
(AUQ)EH - Au-dz
o

(Aug) 2H

U =

or
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(2. 18)
(Augs) EH
where Au is given by Eq. 2. 16).

If Eqe 2.16 is plugged into Eg. 2.18, it becomes

s 2 —-MET,,
u=1- Z (——) exp. (2. 19)
m=o M2

A curve of the time factor Ty versus degree of consclidation

U is shown in Fig. 2.7.

Eq. (1.72) »te——Eq. (1.78)——"
1.0
i}
/
> 038
g
- 7
= 0.8
£
b=
0.4
0.2
—-‘____./
0 10 20 30 40 50 60 70 80 90

Average degree of consolidation, U (%)

Figure 2.7. Plot of time factor against averapge degree

o f
consolidation (AU, = constant)
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The value of Ty is given by the following approximated

relationships:

v U%
Ty = = (===)= for U = @ - 60% (2. 2@)
4  112@
Ty = 1.781 - ©0.933 log (1@@ - U%) for U ) B@% (2.21)
Then, Knowing the value of T, for any percert of

consalidation and the time t at which that percent occurs,
the wvalue of the coefficient of consalidation is obtained as
was inmdicated, that is
Ty HE
Cy = =———=—
t-
From the data cbtained in the consolidation test, a time-
settlement curve can be plotted in a semilogarithmic scale.
Then the peﬁcent of consdlidation can be fitted on that curve
if the zero and 1004 can be plotted. In ordeyv to do  that,
there are two methods available: the Casagrande's method and
the Taylor?’s Square Root method. The Casagrande’s method is
shaown in Fig. 2.8 and can be explained in the following
steps:
i. Select a time t1 in the parabolic portion (Fy)
t1
2. Select a time t = -Z (P2)
3. 0Obtain the offset between t1 and t

(distance R Pz = d)

4. Plot this distance above point Pz (P3)
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#lot a horizontal lirne through Pz Tt obtain  zero

P
percent of comsclidaticon linme.

& The above procedure should be repeated to oDtain
diffarent zero lines to choose the best orne.

7. The 182% line is found by intersecting two tanogents
(points s). One lime is tangent to the primary
branch of the curve and the other one to the secorn—
dary branch.

8. The distance between the zeroc and 120% is diviaged
into equal parts, for instance each 18%.

A
OPS Py Ay ,~ Theoretical O% consolidation -
7 - A
d
10 |—Htg L
20 ( 9~ N 2 . 140
4 N
=2 40 Primary time effect 160
g (Theorstical consolidation)
8 %o ¥ g
- 180 5
§ 60 ]
& 70 \‘N =
200 2
l 80 NI, , {Eperimental curve 2
%0 | Theoretical 100% consolidation e | -
100 SN T
dary time effect ‘.\I""-»-...
sl.colniclriylllim. Y I 240
ol 025 10 10 t Io0 1000 10,000

Time,in minutes

Figure Z.8. Time—percent consolidation curve.

The

valiue of O, is commaniy calculated at the laboratory

nsing the SA% of cnhsolidatfmﬁ, that is
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Once the wvalue of Oy has been obtained, the time at which
certain percents of consolidation ococurrring at the field can

be obtain by reversing the equation for Cy. That is,

where Hf 1is the length of longest drainage path for a
particle of water (half layer thickrness when drainage is from
both faces).

Finally, it must be said that the process of
consolidation, due to the pore-water dissipation amd the air
expulsion, is called primary consolidation and that the soil
still continues settling after this primary stage has been
completed and the causes of that second, called secondary
consolidation, are rnot known very well yet. Figure 2.9 shows

the primary and secondary consolidation.

Expylsion
: be— Expulsion o rocesses__
of air ﬂ' Pagr wafer’.f cakmpwas 1 Toma. ¢
| "Q s
} N
i 3
Y | ¥y B
WP | £ .3
< | kg 9
v I QS 83
¥ | 33
3 et §2
t lv—0 U
w
1!‘
Figure 2.9. Elements of time-settlement curve of a cohesive

soil at constanmt load.
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Elastic Properties of the Soil

The modulus of elasticity Egy, the shear modulus G, and
the Poisson's ratio g, are the basic soil properties which
are required to calculate elastic foundation settlements (rno
time dependent) and the modulus of subgrade reaction kg,
Although soils undergo deformation uwnder loads like saolid
deformable bodies, they fallow the Hooke's law only within a
narrow load interval, sa it is very difficult to define
elastic properties for them when they don’t behave as elastic
materials. Many values have beern suggested and the best that
can be done is to establish possible ranges as shown in Table

2.6 and 2.7.

E,

Soil ksf Mpa
Clay

Very soft 50-250 2-15

Soft 100-500 5-25

Medium 300-1000 15-50

Hard 1000-2000 50-100

Sandy 500-5000 25-250
Glacial till

Loose 200-3200 10-153

Dense 3000-15 000 144-720

Very dense 10 000-30 000 478-1440
Loess 300-1200 14-57
Sand

silty 150-450 7-21

Loose 200-500 10-24

Dense . 1000-1700 48-81
Sand and gravel

Loose 1000-3000 43-144

Dense 20004000 96-192
Shale 3000-300 000  144-14 400
Silt 40-400 2-20

Table 2.6. Typical range of values for the static stress-

strain modulus E, for selected scils. Field vaiues cdepenc on
stress history, water comtent, density, etc.



Type of soil u

Clay, saturated 0.4-0.5
Clay, unsaturated 0.1-0.3
Sandy clay 0.2-0.3
Silt 0.3-0.35
Sand (dense) 0.2-0.4
Coarse (void ratio = 0.4-0.7) 0.15
Fine-grained (void ratio = 0.4-0.7)  0.25
Rock 0.1-0.4 (depends somewhat on
type of rock)
Loess 0.1-0.3
Ice : 0.36

Concrete 0.15

Table &.7. Typical range of values for Foisson’s ratic.

and from Principles of Mechanics of Materials, the shear

modulus G is obtained as
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CHRPTER III
SUBSURFACE EXPLORATION

There are many steps to carry out a soil investigation
and they may vary from one project to ancther because of the
familiarity with the site geclogy, local code reguirements,
the nature of the structure which is being plarmned and so on.
A pgeneral procedure to be followed to perform a soil
investigation could be:

1. Obtain as much information as passible about the
proposed structure. That is, the magnitude and
nature of loads and a general site plan.

2. Review available soil information from:

a) Soil Conservation Service soil surveys.
b) Gealogical maps. ‘

c) Previous engirneering reports

d) Topographic maps

s Visit the site carrying a camera.

4. Design a tentative footing for the structure.

3. Lay out number of test holes.

£. Show depth of sach bore hole (2B + Dge. (miwviimum) ).

7. Erumerate sampling and testing to determine bearing
capacity and settlement.

a. Data Required

B soil report should include the followiwng informations

1. Information $o select the appropriate type of
foundation
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n

« Information of the shear strength of the soil
3. Data to predict settlements

4, Ground water table location and its possible
variations

S. Information regarding bedrock, if encountered

E. The boring logs drawn to a stated scale.

b. Presentation of Data
The boring data obtained from the scil investigation. is
usually presented on a sheet called "boring log." A typical

boring record for one hole at a project is shown in Fig. 3.:2.

c. Depth and Number of Borings:

There are not exact rules to be feollowed in order to
kriow  the number and depth of borings required in a project,
gach project must be considered individually. Howevear,
experience has shown that when uniform soail conditionms are
found, the number of holes should be four, allowing a boring
at each corner of the proposed structure. The boring depth
éhﬂuld be carvied out to below the depth of foundation
influernce {usually taken where Boussinesg pressure-bulb
analysis shows that the irnduced stress due to structural
loads is on the order of § to 1@8% of the contact pressurel.
Inm cther words, this means a depth of about -3 times footing
width below the foundation for spread footings. Wher scoils
are unpredictable, it is recommended to drill a hole under

pach locaded point.
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Method of bering: woshing Hammer: oa casing: 300 |b; 30** drap
Muthed of sompling: shelby pistan and spesn on spoon: 300 [b; 18" drap
Tatol depth of hole: 53 1 Time of boring eperations: from Janwary 10
Siza of casing: 4" BX o Jonwery 14, W61
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Figure 3.:2. Boring log
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CHAPTER IV

BEARING CAPACITY OF SHALLOW FOUNDATIONS

Introduction

According to Terzaghi, a feooting can be considered
shallow if the depth Z (Fig. 4.8) of the foundation is less
tharn or equal to the width B of the foundation. He noticed
that when a vertical static or transient load is applied on
the footing and results are plotted on a load-settlement
curve, the shape of this curve depends mainly on the
composition of the supporting material. That is, if the scil
is fairly dense or stiff, the footing fails by shear
following & well-defined failure pattern consisting of a
contirmous slip surface from one edge of the footing to  the
groournd surface. Usually, the failure is suddern and
catastrophic and the movement is similar to the curve shown
im Fig. 4a. This type of failure is called Gereral Shear
Failure. If the soil is of medium compaction, an irncrease of
load will alsoc be accompanied by an increase of movement, the
settlement curve does not show a well-defined peak-load value
(s@2e Fig. 4.86). There is no catastrophic collapse or tilting
of the footing and the failure pattern is well defined but

crily after considerable vertical displacements of the footing

B
(== =) may be the slip surfaces appearing in the ground.

2
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This type of failure is called Local Shear Failure. Vesic
(1963) observed that if the scil is a fairly loose scil, the
load—-settlement curve is similar to that shown in Fig. 4c,
there is row a well-defined failure pattern. Except for
sudden small movements of the foundation in the vertical

dirvection, there is rneither visible collapse nor substantial

tilting. The failure surface will not extend to the ground
surface. This type of failure is called Punching Shear
Failure. Vesic (1973) developed a relationship to predict
the mode of failure of footings resting on sands (see  Fig.
4d) where

Dy = relative density-

Df = depth of foundation

ZBL
B* = o

B+L
B = width of footing
L = length of footing

b. Definition

Bearing capacity of the soil can be defined as the
maximum contact pressure which can be imposecd onm a soil
without causing shear failure or excessive settlement,
therefore, it is called ultimate bearing capacity. Based on
the theory of plastic equilibrium, Prandtl developed a theory
to explain the process of pernetration of hard bodies into

another softer, homogenecus, isotonic material and cbtaired
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Figure 4.
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Zone of active state

Zone of passive state

Figure 44. Prantl’s system of study.

an expression for the ultimate compressive stress (ry) that

can be imposed on the saofter material, that is

c
T, = ———— Ctan2 (450 + &)e 7tan - 13 (4. 1)
tan ¢ 2

The system used by Prandth is shown in Fig. 4.1 and can be
applied toc calculate soil-bearing capacity with sSome
variations, as shown in Fig. 4.1.Q

It . can be noted in equation 4.1 that the bearing
capacity becomes zero when the cohesion """ 1s zero.
Terzaghi prevented that introcducing a new value which takes
irnta account the weight of the soil and adding to  the
original ¢ value a new one, c?, where c' = Tttan¢ and

t = equivalent height of surcharge of soil given

by
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area of wedies and sector

t = ———— -——— - - (orme half of the system)
lenmBth GEL

I: scil unit weight.
N R —— [tan2(450 + P/2) e Than - 13 4o 2

New, if c = @, the {, = Q.

fe—— 25 —

%y Pole of spiral
es o (5 {ITTITIATAC = :
Zaone of ¥ g 5 L
[ L)
as -’i -% plqz:t:c. fﬁw :WZ % Ruptumas:r?af
£ fA °

e

-
it © 8-
{a) Forces in Prandtl's system
1~ Equilibrium of

T \ on idealized
cohesive mass
I
T
: YAt
0
_ﬁc&agﬂ—— Ty —
‘ o A

(b) Stress diagram in compression
test

Figure 4.l.a Prandtl’s system for a (ﬁ—c) soil.

c. Terzaghi’s Bearing Capacity Equation

Later, Terzaghi, based on Prandtl’s theory, developed
NEW eXpressions using a differant system (see Fig. LD I
Terzaghi placed the strip Fquting not on the ground surface
but below it and cohsidered'arrough base as they really are.
Using the free body shown in Fig. 4,2, the sum of the

vertical forces must be zera if fthey are in eqguilibrium. The
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analysis can be made taking into account the weight of the

¢
le
s %
4
z g=yz 7 8 P I
i
Y z-%)
L,: A 7 . 9 5)
. . angen
)
PARYS

Rerit= 17 8(1)
| 8 |

I Rerit ]
y

Figure 4.2. Prandtl-Terzaghi’s system.

soil within RADB or disregarding it.

If

P, R
P W:LM

Free ﬁodr o,«z-' wedge .

the weight mentioned

is disregarded, the equilibrium of the strip footing requires

that
Qerit = Pp + B © tang .
where

Fp = passive pressure

footing width

I

¢

=

friction angle

cohesion.

(&4.3)

This eguation represents the solution of the problem where Fop

is Krowr.

The passive earth pressure required to cause a slip on

DEF can be divided into two parts,

pi1 and pa. The force pi

is the resistance due to the weight of BDEF and its point of
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application is the lower third point of BD. The force pp is
compased of two parts. Orne is due to cohesion Pe and the
other is due to surcharge ¥z, Pg. Pe and Pg are uniformly
distributed, then .its point of application is located at the
middle of BD.

Now, the equation 4.3 is arranged as

Berit = 2(p1 + po + Pg) + BC tang

where the passive pressures are given by

2pc

Nog & ——= + tan
BC ¢
2pq

Ng = ——-
YzB
4p1

N B ———
B2

plotting that values into the above egquation is obtained.

Qerit = BleNg + ¥zNg + 1/2 TBNr) (4. 4)
the wvalues ng, Ng and NT are called the "bearing capacity
factors and they are dimensionless quantities which depend
anly on the value of ¢. These values are shown in Table 4. 1.

where

e2(3 /4 - P/2)tang
]

Ne = cot ¢ L[- -1 (4.5)

2 cos2(T + P2y
2

e2(3M4 - $r2) tang
(4. 6)

Nq = -
2 cos2(45 + )
2
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1
T 2 ccse¢

Kpr = passive pressure cocefficient.

Values of N, for ¢ of 34 and 48° are original
Terzaghi values and used to back-compute K,
for forward computations of N, by author

¢odeg N, N, N, K,,
0 57 1.0 0.0 10.8
-] 7.3 1.6 0.5 122
10 9.6 27 12 14.7
15 129 44 25 18.6
20 17.7 74 50 250
25 25.1 127 9.7 350
30 37.2 225 19.7 520
34 52.6 36.5 360
35 57.8 414 424 82.0
40 95.7 813 1004 141.0
45 172.3 1733 2975 298.0
48 2583 2879 780.1
50 3475 415.1 1153.2 800.0
Table 4.1. Bearing capacity factors for the Terzaghi

eguations.

It is necessary to mention that Terzaghi developed the above
equation assuming a pgeneral shear failure and basically ne
suggested that the failure zone under the foundation bDe
divided into three parts (see Fig. 4.2):

1. A trianmgular Rankin éctive Zone (Zone ABD)

2. Two radial shear zones BDE and ADG, being the curves
FPE and DG arcs of a logarithmic spiral.

3. Two triangular Rankin passive zones BEF and AGI.

The wedge ABD is pushed downward by the load footing and
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shear resistance is developed along planes BD and AD fraom the
soil cohesion and a frictionm resistance develops along the
slip develops along the slip surfaces DEF or DGI to  produce
the passive force pp mentioned above. Whern the footing is
ot an infinite strip, the plane wedge becomes a come for
circular footing and pyramid—-shape for sgquare and rectanpular
footings. Terzaghi, based on experiments, suggested the
following semiempirical values
Square qy = 1.3 Ne + JDf + 2. 4 VBN, (4.8)

Round qu = 1.3CNg + JDf + 2.3 UBNy (4.9)

d. Meyerhof?’s Bearing Capacity Equation

The ultimate bearing capacity equations shown in  Egs.
(4.4), (4.8) and (4.9) are used for continucous, sguare and
round footings. Meyerhof and Hansen suggested factors which
can be applied to the Terzaghi equations tﬁ take into account
depth and shape when the footing is rot infinitely long and
also to take into accpunt inclined load effect. The eguation

suggested by Meyerhof is:

q = CNe Fes Fed Fei + UDf N Fag Faj Fag
. 1
+ 1/2 Tth. Frs Fyd Fai (4, 1@)
wherea
c = choesion

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

= unit weight of the soil
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B = width of foundation {diameter for a circular
footing)

Feoss Fasy Frs = shape factors
Feds Fads Fyd = depth factors

load inclination factors

Feis Fais Fpi
If the mMeyerhof equation is used, the bearing capacity
factors must be modified because the angle between AR and AD

which was considered equal to ¢ by Terzaghi is cornsidered

equal to 45 + 9 by Meyerhof and those factors become:

2

Ng = emtang tang (450 + 2, (4.11)
2

Ne = (Ng - 1) cotg (4. 12)

N = (Ng - 1) tan (1.4 (4.13)

Modified bearing capacity factors are shown in Table 4.&.

Table 4.2 Bearing-capacity factors for the Meyerhof
bearing-capacity eguations

Note that N, and H? are same for both eguations

P, deg N, Nq, N 2tan (1 - singt Ny
2 S 14 .8 &l13 2 2
3 6,58 1.6 Q.24 Q.15 2t
b} 8.3 2.5 a3 2.24 8.4
13 11.20 39 836 8.29 -
20 14,80 6.4 .43 2.3 2.9
25 0. 78 16,7 &3t 2.3l 6.8
3 30.10 18.4 &bt 2.29 15.7
35 46,10 323 Am .25 37.1
49 75.38 64,2 0.8 2.2t 93.7
43 133.98 1349 L@ .17 262.7
) 266.990 319.9 1.20 2.13 873.7
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Shape factors can be obtained as

Fes

Fgg

Frs

B Ng
1 + (=) (==}
L Ng
B
1 + (=) tan
i
B
-

L = length of foundation (L } B)

Depth factors can be acbtained as:

Fed =

Fad

Frd

for Df/B )

Fag =

Fyd =

the factor

And, the inclinmation factors can be cbtairmed as

Fei =

Df

1 + @.4 (=) for Df/B ¢ 1
B

i+

tan™

Faij

2 tan

2.4 t

2 tan¢ (1 - sin¢)2 tan—1 (ﬁ—)

D¢
{—=)
B

= (1

(1 - sim)2 - for DF/B (1

Df
an—1l (<)
B

is in radians.

B

- —Z

220
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Df

(4. 14)

(4.135)

(4. 16)

(4. 17)

{4.18)

(4.13)

(4. 22)

(4.i21)

(4. ZE)

(&4.23)



BO
Ffi = (1 - —==)2 {4.24)

#

where B® is the inclination of the load on the foundation
with respect to the vertical.
e. Modification of Bearing Capacity Equations for Water

Table

Normally, the bearing capacity equations are developed
assuming that the water table is located well below the
foundation. But, when it is close to the surface, some
madifications must be made to the bearing capacity eguation
sa that the surcharge pressure can be an effective value as
the original equations are developed.

According to the location, three possible cases can be
analyzed (see Fig. 4.3):

a) Water table located at @ £ Dy £ Df
The factor g must be changed to:

q=D17+ Dz (¥Vsat - Tw) (4. E25)
where

Ysat = saturated unit weight of the soil

Jw = unit weight of water
The value of ¢ in the last term of the bearing capacity

equation must be changed to

r = Tsat -~ ¥w = Tsubmerged (4.26)

b) Water table at @ £ d £ B.

The factor g remains the same, that is
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q = IDf (4.27)

The factor § in the last term of the equation must be changed

Tt

T =y + Eca"— T (4.28)

c) Water table at d ; B.

The factors remain the same

, GWT v Case b.

ol — — — — —

Figure 4.3. Modification of bearing capacity equations for
water table.

The above modifications do not take inte acecocunt seepage

forces.
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f. Some Special Cases of Bearing Capacity

f.i..Eccentrically Loaded Footings

Whernn footings are submitted to moments which cause
eccentricity either with respect to orne axis or both, the
pressures berneath those footings are no longer uniform and
their distribution can be calculated by the mechanics of

material expression.

1 ey X ey Yy
q = P(- ——— ————) (4.29)
A Iy Ix
where

P = vertical load
A = area of footing
ey, ey = eccentricity of P with respect to y and x

Ty Iy = moment of inertia of plan area with respect to
¥ and y

X, ¥ = points where soil presure is calculated.

Meyerhof (1953) suggested a procedure to modify the
bearing capacity equation for those types of foot ing.
Basically, he reduced the actual lenath and width of the
faa#iﬂg as follows (see Fig. 4.4):

L' = L - EBey

B!

B — Zey
where L' and B' are the effective lenpgth and the effective
width af the footing respectively.

The ultimate bearing capacity eguation, usirng the

Meyerhof equation, is obtained using the effective dimensions
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L, B to svaluate the shape factors anmd to replace B* by B
in the FBNr terms. Tao obtain the depth factors, the actual
value aof B must be used.

The ultimate load is abtained as

Fult = qu B" L’ (4. 32)
r =
L 3
|
2e, | B
|18 -
@ my L] = @
I wgn
1 L' -
| ETE LR o Sy e S
4
5 V= g, (B'L)/F
M,
1 Vv G‘ = -V
~Ta M,_ Mx
p—a' bsing L Imax v
R=V

Figure 4.4. Method of computing effective footing dimensions
when footing is eccentrically loaded.

f.2 Foundations in Layered Soils

The utlimate bearing capacity equaticon might be modified:
when footings are placed on layered socils and the thichkress
of the stratum where the footings are resting do not enclose
the rupture zone (zone DEF, Fig. 4.2). Reddy and Srinivasan
(1967) develaped an expression for bearing capgacity on
layered clay soils. They assumed _¢ = ) {undraimed
conditions), becoming the curve sector of Fig. 4.3, circular

{(see Fig. 4.5y and defined the anisrotopy of the soil by
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means of a coefficient K, which was the ratic of the vertical
shear strength to the horizontal shear strength of the soil.
A wvalue of K ( 1 means overconsalidation, K = 1 means that
the so0il is iscotropic, and K ) 1 is a normally consolidated
soil. Charts are available to compute the value of bearing
capacity factor, Np, which is no longer constant, those
charts are plotted for different values of K. However,
Meyerhof and Brown (1967) suggest that the chart for K = 1 is
enough to obtain the value of Ngy, that chart is shown in Fig.
4, 6.

The bearing capacity for the layered clay scil conditions
of Fig. 4.5 is obtained from the Meyerhof equation (4.12):

gu = CNg Fes Fed Fei + ¥YDf Ng Fas Fqd Fai

+ 1/2 ¥YBNFys Fyd Fyi

If the shape, depth, inclimation and bearing capacity factors
are obtained as indicated before, the above equation becomes

qy = Ci Ng Fes Fed + ¥Df (4. 31)

1f &y = o [

¢ =0

Cylindrical
failure
surface

Figure 4.035.
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£ Z/B = y 01
8 4
0.3
0.4

0.4 08 1.2 1.6 2.0
/e,

Figure 4.6. Bearing capacity on layered clay soils —— ¢= &
(redrawn after Reddy and Srinevasan, 1967).
g. Safety Factor in Foundation Engineering
The complexity of the soil behavior, the difficulty to
determine either in the field or in the laboratory exact
values for soil properties, the change in those properties
before, during and after construction, the variability of the
smil and so on, are amont others, some of the problems to
evaluate the bearing capacity of the soil. It must be
remembered that the bearing capacity expressions developed
abave are based on mathematical models which are supported by
gxperimental data. Therefore, the wvalue obtained for
ultimate bearing capacity uf‘ﬁhe soil must. be reduced by a
factor called "safety factarQ“: This is not a constant value;
it may vary from foundation type to expected failure mode.

As a marrer of guide, common values are shown in Table 4. 3.
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In Table 4.4 is shown the loads that can be expected to act
on a structure. The codes sugpest what combination of these

loads cam be critical.

Tapnle 4.4 Values of customary safety factors

o e o o ————————— e S — S T S i o T S S S e P S S e SO S ] S S Sk b S SO o i o Bt Vo S Mo Liotd S T e e T T e Sy S

Shear Earthworks l.Z2=1.6
Dams, fills, etc.

Shear Retaining structure
Walls
Sheetpiling, coffer-
dams
Braced excava-
tions
(temporary) ) 1w

:..L
M h
Br I'i_i
(i ¢ i

[
.
"

i
et
i

Shear Footings
Spread
Mat 1.
Uplift 1.

-~ '*IJ o
oo
1] oG

8o

Seepapge Uplife, Heaving 1y
Fiping :

(ud (]ﬂ
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Table 4.4a Fourndation loads

ot o i i S e S S i o Ol ot SRS W, oy, S S, S S S W o S Sy Vo Mo ey S M N P St SO Sk Sooen S S et et ey St . rre e e v FrENE S o e —— ik S e B B S . >

L e S S by S MY S S bl i S SN ey S i e S Y B PPPPS S e S S pem S S v S s B e e T ——

Dead load (DL Weight of structure ard ail
permanently attached material

l.ive locad (LL) Arny locad not permanently atitachec
to the structure, out to which
the structure may be supiectea

Srow load (S5) Acts on roofs: value to o useo
gererally stipulated by codes

Wird loads (W) Acts on exposed parts of structure

Earthguake (E) A lateral forece (usualliy) which
acts on the structure

Hydrostatic (HB) Ary loads due to water pressure
and may be either ((+) or (=)
Earth pressure (ER) Ary loads due to earth pressures—-—

commoarvily lateral but mav be in
aother directions

o o e i e e il i ey i P e il B e s et e St o s S S S S 4o (e P M SR S U S et Lok S b s S o e} S o oyt o g o S o S o

69



h. Bearing Capacity from Standard Pernetration Test

Being the standard penetration test commonly used, many
efforts have been made to evaluate bearing capacity of =oil
using peretration record (M). Experience has proved that
this is adequate only for cohesionless soils.

Teng (19&2) proposed the following equation to svaluate

the allowable bearing capacity

] B + 1
(Hgf) Qa = T2A(N-3) (=————)2 wl Kd {4.32)

2B

where
ga = allowable bearing pressure
N = standard penetration number
B = width of fourndation {least dimension)
w! = water correction factor (8.3 if grournd water table

is within B below the base of the footingg
1.@ otherwise)

D
B

D

depth of foundation.

Meyerhof suggested less conservative values given as

N

(Kef) Qa = ——= wl Kgq for B 41 (4.33)
2.5
N B + 1

(Kgf) Qa = " cwﬂaﬁ-)e w! Kgq for B 47 (4. 34)

Gibbs and Holtz proposed a set of curves to obtain the

relative density of a scil given the standard penetration
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resistance "N" and the vertical effective stress. These
curves are shown in Fig. 4.7. The average effective pressure

B
should be computed at the depth D¢ + -
2

|
\ \ (AFTER USBR EARTH MANUAL ,1960)

Ny
A\ DN N
12aiSNM\\AN
EERITANANN

0 20 30 40 50 60
0 STANDARD PENETRATION RESISTANCE,N BL/FT.

VERTICAL EFFECTIVE STRESS,K/FT2
—1
/
/

Figure 4.7. Correlations Betweenn Relative Density and

Standard Feretration Resistance in Accordarce with Gibbs and
Holz.

71



Once the relative density (Dy) is krnown, the angle of
friction of the soil can be determined from Fig., 4.8 when the
dry unit weight (¥g) is pgiven and the scil is classified
according to the unified system. The value of the friction
angle (@) obtained above can be used in the Terzaghi

equaticons to obtain the allowable bearing capacity.

45
ANGLE OF INTERNAL FRICTION
VS DENSITY
{FOR COARSE GRAINED SOILS)
n
40 W
g h“\"&ﬁ
& a2
% At
z 35 SW X
=] - A
71
&
Ed BRe—T" ¢’ OBTAINED FROM
- % y EFFECTIVE STRESS
w _/ FAILURE ENVELOPES
£ prosmiost APPROXIMATE CORRELATION
& IS FOR COHESIONLESS
w 25 MATERIALS WITHOUT —
§ PLASTIC FINES
L4
20
75 80 20 100 1o 120 130 140 150
- DRY UNIT WEIGHT (yy), PCF
L | L . | I I I | 1 L | 1 | | L ] J
2 Ll 10 09 O8QI50706506 055 Q5 045 04 035 03 025 02 OIS
VOID RATIO.® ,
L | | | ] | 1 | |
0.55 0.5 045 0.4 0.35 03 0.25 0.2 0.5
POROSITY,N
(G=268)
Figure 4.8. Coorelations of Strength Characteristics for

Granular Soils.
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CHARPTER V
SETTLEMENTS OF SHALLOW FOUNDATIONS

a. Types of Foundation Settlements

Foundation settlements are difficult to predict. It is
understood that -thé so0il settlements are provoked by the
increase of stress in soil due to the imposed locads, but
thoge loads act on 38 material which is not  homogernecus, and
its properfies are variable at any direction. Therefore,
only reasonable values can be expected when soil settlements
are estimated.

In pgerneral, the total settlement S of a foundatiom can
be expressed as the sum of an immediate settlement 8=y, &
primary cdﬁscbidation settlement Sq, and. 2 secondary
consclidation settlement Sg, that is

§ = 5g + 5o + Sg (5. 1)
The immediate settlement or elastic settlement is that which
ocours as soon as the load is applied (@-7 days). In
granul ar soils, which have a large coefficienmt nf
permeability, it is the predominant part of the settiement.
This type of setitlement may be cbtained by using theory of
elasticity, by empirical correlations and by using the method
called "strain influence factor."

The primary consclidation settlement is that which is

time—dependent and takes place as a resuit of dissipatiom of
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the pore water from the void spaces. It is the type of
settlement which predominates in all saturated or nearly

saturated fine—grained scils which have a K on the order of

m
126 ———~ or less. It can be cobtained using the consclidation
sec
principles mernt ioned in Chapter II. The secondary

cornsolidation settlement which continues after the water has
beert expulsed. The reason for that settlement is not clear
vet, some authors believe that it is because a colloid-
chemical process which becomes active and others believe that
it is due to a continued readjustment of clay particles. It
may be calculated by

t

Sg = C Htg log —-— (5. 2)
tp
AHg 7Ht

- coefficient of secondary consol-
1o8 €t - 108 t4

where C

idation {(slope of the curve between ti1 and tz, see Fig. S.1).

Hts = thickness of clay layer at the beginning of
secondary consolidation, Hgg = Hy - Se

t = time at which secondary consaolidation is reguired

tp = time at end of primary consoclidation

He = thickness of clay layer

AHt = charnge in thickmess of clay layer during secongary

consolidation
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Sample deformation

7ime ( fog scale) t, 4

Figure 5. 1.

b. Elastic Settlement
The elastic settlement calculated by mearns of the theory

of elasticity is expressed as

Sey = q B ————re L (5. 3)

where

SE1= elastic settlement

g = intensity of contact pressure, in units of Eg

B = width of foundation

Iw = Influence factur. which depends on shape and
rigidity of the footing (see Table 5.1}

ESJA{ = glastic properties of the soil (see Table Z.6

and Table 2.7)
Equation 5.3 can be applied whern the footing is placed onm the
ground surface of a semi-infinite half-space, Df = @. When
DfF = 3 (commorn practice) and the soil depth to the bedrack is

finite, the equation 3.3 should be modified as
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SE = g B? e (F‘l d —— Fe) (5. 4)
z Eg 1 =M
where
1 (1 + AIME + 1) (AlME + NE)
Fi = — [M Ln - —— s

M(1 + «IME + N2 + 1

(M +VME + 1) 41 + NE

+ Ln - T |
M + .\’M3+NE+ 1
]

Fg = == tan™! (———omm——r Y y tarn~l in rads

21 N‘VME+NE+1

L_"
M= - N= - B'" = - for center

B* n?

B' = B for center

LY = - for center
L' = L for carner.

Fax (1948) proposed a correcticon for depth that can be
applied either to eguation 5.3 or equation S. 4. That is

Se = 81 or 2 (F3)

L

The values of F3 can be obtained from Figure S.2.

It can be rnoted inm Table S.1 that the influesnce factors
are given for flexible and rigid foundations. It 1is
genewally assumed that footirngs are flexible. In practice,
no footing is perfectly flexible, nor is it infinitely rigid.

Borowicka (1936, 1938) found that the digstribution of the
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contact pressure underneath the footing depernded orn the elas-
tic properties of both the footing and the soil om which the
footing is placed. He found that such distributiorn depernded

or & non—dimensional factor Ffor Ky which is expressed as

1 1 -Ms® Ef T _

- {mm————— Y (==} (=)

& 1 -Mp2 Eg b

Ky =00 means a perfectly rigid footing

Ky = @ means a perfectly flexible footing

where
Mz ME : Poisson’s ratic of scil and footing,
respectively
Egy EF t Modulus of elasticity of soil and footing,

respectively
T = thickness of the footing

B .
b=~ for gtrip and square footings, radius for circular
e

footing
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Table 5.1 Influence factors I , for various-—-snaped

members and for flexible and rigid footirgs

Flexible Rigid
Shape Center Corner Average Tw
Circle 1. 0@ P. &4 (edge) @.835 Z. 88
Square 1.12 B, 56 @, 95 @. 8z
Rectangle:
L/B = Q.2
@.5
1.5 1.36 h. 68 1.15 1. @26
Z2.@ 1. 353 @B. 77 1.382 1.2@
5.8 2. 1@ 1.@85 1.83 1. 7@
ig. 2 2. 54 1.27 e 25 . 1@
1qa, a 4,21 2. 0@ 3. 69 3. 4
1.0 r
9 \\\l ‘
LN - :
u.':' " \\\L J
S of \ (
§ \\ \\\ %53 \G‘qd‘
w H
R AN
° \Jc' Qs \\\
oﬂ Ao
. (e N
\\\#WJ \\‘::%\\\\\\\
\
5 — ‘QEkﬁﬁt
g 5 6 7 8310 20 30 40 s0 10.0

Figure 5.:2.

Depth Ratio, D/B

Influernce factor for footing at a depts D. Use
actual footing width and depth dimension for D/B ratic.



The model used by Borowicka was footings reating on a semi-

infinite elastic mass. In Fig. 5.3 the distribution of
contact stress that he obtairned can be aobserved. Being the
soil a nonperfect elastic material and so variahbhle in its

characteristics, that distribution will be somewhat different

P a
lcnnuﬂ (]
ll.l'_* . -
Figure 5.3. Contact stress over rigid foundations resting on
an elastic medium. {(a) Circular foundation. (b) Strip

foundat ion.
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depending on the type of material. For instance, a flexible
footing resting on saturated clay, ¢= @3 will perform as
shown in Fig. 5. 4a. A rigid footing resting on the same caly
will perform as shown in Fig. 35.4b. If a flexible footing is
placed on sand (c = @), the pressure distribution anrd
settlement profile will 1look as shown in Fig. S.4c and,
fimally, if a rigid footing is placed in the same sand, it

will behave as shown in Fig. S.4c.

Applied load = (/unit sres lod load = a/uni
Appl = gifunit ares

- “w g -
Contact stress - q e N y
3 Settiement Contact stress = q Settiemany

profile prafils

(e} :« (c)

Applied load m a/unitares - - Applied oed = qfunit srea
T I .\_Smumom
profile
]
Figure 3. 4. Flexible {(a) and rigid (b)) foundatioms orn clay;

flexible {(a) and rigid (b)) foundations on sand.
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Example 5.1

A square tank is shown in Fig. 5.8, Assuming flexible
loading conditions, find the averapge elastic settliement of

the tarnk for the following conditions.

— T o o sic)
| 2kips [f2
- Df - I | I |

T a0k ool
= 440 %
H =03 P/

Figure 5.5

Soiluticon

a) Since Df = @ and H = s eguation 5.3 can be applied.
1 - 2
SEI=QB —————— Iw
Eg
Iw = 2.95 from Table S.1
averale
—_B
1 —B-S
Sej = 2(1Q) ———————- 2.95 = B, @39 ft = . 47"
44
b)Y Df = 4.3° H = 3&?
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Then

and

Using Egq. 5.4

; 1- & 1 -2
Seg = g B' —-————- (F1 + == Fad
Eg 1 -
12 L* S
B! = - (center), B! & www =5, M= == = « = ]
(=4 =4 B? =°
L 12 H 3B
L' = - (center), L' == - =5 , N = == = —— = ¢
2 EB* S
1 (1 +4/12 + 1) ( 412 + &2)
Fi ==9T0L11Ln ——--V :1/ =
101 +4/12 + 62 + 1)
(1 +412 + DY + D)
+ Lp ——- - ——=]
1 +NJ1 + B2 + ]
Fi = @.46
1
Fop = — tan~l (ceem—memeo— } =
2 61 + 62 + 1
Fp = —— x B.027 rad = B.226
e
1 - 2.3 i - 23, 3)
Sep = 2(9) (&) ——————— (. 46 + ———————— B B2E)
= B, 2196 (two times Fy and Fp because of
four corner distributions)
Sez = @.24" Fz = 2.24" x @.77 = B.19"
center
F3 = B.77 D/78 = @. 43
(from Fipg. 3.2) L/B = 1, = 3
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c. Consolidation Settlement
The principles of consolidation shown in Chapter II can

be used to abtain settlements due to consolidation.

Example 5.2

Calculate the settlement of the 18" thick clay layer
shown in Fig. S5.5 caused by the load carried by & sguare

footing of size S x 3°

200%-
.'l_ i
R — P =TT T
G-W-T,;-.'.-- w0 Re T el WO T e - T¢=!0QPGF.
——E_ —_————
' T _:';' E}a,.g_-.tzopa,f 10°
Norﬂmllf consolidated clay éae'is ;’Iz PE£. 1o’
= ' Cc = 0.27 AT
Figure 5.6

The settlement can be obtained using the equation 2. 1@

, Ce He AP
C T emm———— log (1 + ==)
1 + en F'r_'.

Bettér results can be obtained if the clay layer is divided
into several layers (1 or &' in thickness). Then the induced

stress (AP) and the effective stress (Ps) are calculated at
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the middle of each layer. The total cornsolidation settlement
is the sum of the settlement of each layer.

Assuming two-Ffoot layers:
IMO‘

—— e ———— — — ——

‘f;féj:f{khﬂéﬁﬁf

a#, Layer 1
3 ; i
AHS / Larfer 5
(R, , 8¢5}

Calculation of the effective stress:

Poy = 1202 x 12 + (128 - 62.4) 1@ + (110 - &2.4) 1
= 1623.6 Psf.

Pozg = 102 x 18 + (1200 — &2.4) 1@ + (110 - E2.4) =
= 1718.8 Psf.

Poz = 112 % 12 + (120 - &62.4) 10 + (11@ - &&.4) 3
= 1814 Psf.

Fog = 118 x 1@ + (1290 - 62.4) 1@ + (118 - 62.4) 7

]

1923.2 Psf.

Pog = 118 x 1@ + (12@

i

E2.4) 1@ + (11 - 62.4) 3

2024, 4 Psf.

]

Calculation of the induced stress ( F).
There are several methods available, the 2:1 method will

be used for simplicity.
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=drrln el
—P = —————— =

(5 + 18)&

202027

{:l:_.“ E e ——— 5
(5 + 2=
pegrlrlrdrelv)

F3 & =———————— =
(5 + 22)2
eqralnralvalr)

F3 = —m—————mm =
(S + 24 2
b=driinrlrin]

p4 E P E————— .
(5 + 26 &

The settlement of each

S = @.2241

' 8o = @. R

Sz = @.317

S4 = A.213

85 = Q.01

G- = @.0861 =

Total =

AP P
(8+2)?
[
/ £ 4*k
:’I AP 'ZE\' :
N & AN
B AN ' AR S 'S T R S S A
| .34 |

378. 07 Pef
320 Psf

574,35 Psf
237.81 Psf

z@8. 12 Psf

layer is given by:

1.@a3"
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{
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(a) Chart for use in determining vertical stresses below corners of loaded rectangular surface areas on elastic, Isotropic material. Chart gives

A

Sun, n). (b) At point 4, Ao, = Ag, X f(m, n). (From Newmark, 1942)



If the induced stress are obtained by Newmark cnart (see Fig.

S3.7) 4, is obtained
Point ] 1§ z m/z n/z If p

1 2.9 2. 9 i8 @a.138 B.128 @. 20395 324
2 2.5 2.9 2@ 2. 125 @. 125 2. a7 224
3 2.5 2ed 22 B.113 2,113 @, @as 16@
4 2.5 2.9 24 a. 124 2. 104 B. 2D45 154
S 2.3 2.9 26 2. a%96 a. 296 a. 2904 128

S22

AP = (o) 4 1If
S xS
m

bu

The settlement obtaired by using the Newmark's ingucedg

stresses is equal to Stgta] = @. 0610 = B. 72"

d. Structure Tolerance to Settlements of Building

Tolerable settlement carn be defined as the valus that a

structure could underge withowut affecting its functiorn. The
tolerable settlement may be different for different types of
structures of different types of soils. For instarnce,. some

authors suggest a range from 1/4" to 1Y depending on if  tne

structures are statically indeterminate o staticaily
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determinate. Values recommended by MacDonald and Skempton
(1955) are shown in Table 5.2 and values recommended by the
U. 8. 8. R. code are shown in Table 5. 3.

Bjerrum (13963) proposed the following table that pro-
vides some guidelines to evaluate the tolerable settlement

for a building (see Table 5.4).

Table 5.2 Tolerable differential setilements of
buildings, in inches,® recommended maximum vaiues
in parentheses

Isolated
Criterion fourdations Rafts

Angular distortion (cracking) 1. 309

Greatest differential settlement: _
Clays 11/4 (1 1/2)
Sands ' 1 1/4(1)

Maximum settlement:
Clays 32 1/72) 3-5{2 i/2-4)
Sands 2l 1/2) e-3)1 i/2-2 L/2}
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Table 5.3 Permissive differential building slopes by
the U.5.5.R. coge on both unfrozen and frozen pround

All values to be multiplied by L = length between two
agjacent points under comsideration. H = height of

wall above fourdation,#

On sand or On plastic Average max,

Structure hard clay clay settiement, o
Crare rumnway 8. 003 g.a03
Steel and concrete frames 2.0010 2.20813 12
End rows of brick-clad frame  9.007 %} g
Where strain does occur 2,085 8.205
Multistory bricik wall 4 Lim 25

L/H to 3 0. @05 0. bdg B LH o LE
Multistory brick wall

L/H over § 2.803 9.007
Ore-story mill buildings . a0t Q. b
Smokestacks, water towers,

Ring foundations 0. 004 0.004 0

Structures on permafrost

Reinforced concrete
Masonary, precast concrete
Steel frames

Timber

2. 002-9. 9813

8, 203-9. 002

2, 204~8, 9025

0, 827-8, 305

i at & om/year
28 at & cm/vear
25 at 8 cn/year

48 at 12 onfyear

89



e. Elastic Settlement from Stanmdard Penetration Test Data

In Fig. 5.8 is shown the method to obtain the elastic
settlemernt in cohesionless soils when the relative density Dy
is krown. It must be remembered that the value of Dy can be
cbtained from standard penetration data as explained in

Chapter IV.

\ y )
T T EEY B R RN
L ] L] ) 1 1 1
LENT WA SPVICATEES W
BACEENY SRITVE TO STTTLENETY
g A 7O 08 PEARED
30 me—!‘.
g STRUCTVRAAL MAT FOLBIDATION 46T THIK
;' OF RN PRI POSIETY. TR CAAGIRR &
=. om 20w LT FoR BSOS R Cum 328
w 83 » oy .
z RCULAR T it Ges FOOTIID
s 7o a1, A0 SLENSER o TERCTVRE B )
- wiSe FERET CRACEED 5P WL\ 8 & &,
- ™ st CECHD + 5
T ) LEET WHERE DTICULTIES WYYV OVIDRGEAR
. CAMNES ARE O BF EXPECTED <
# L . e -
- LINT WERE TILTEIEOF MO, RN .
: BUILONIE 00T EICDME VIRNGLE
gEr .S
: o LI WHERE STRUCTURS, DAMOSE
a oF mmDSE @ T OR FLAMD .
%ok - TR
a
3
|
-'4" 0.5 = . w
Yy — ] 1 1 ;
a 3 10 19 20 -] ”n' 38 [T 48 S0
COLUMN SPAGING,L,FT. 736/8 ‘5.4_
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CLAY VEHYISOFT MEDIUM STIFF l VERY STIFF
SOFT STIFF
*0 T ' T
l 2 3
UNCONFINED COMPRESSIVE STRENGTH ay , TSF
300 /
- —
m
- 200
2 Kw- FOR COARSE-GRAINED SOILS /
2
z T .
_ Ky, FOR FINE~
v GRAINED SOILS
- -
RELATIVE DENSITY D,, PERCE b J
ol® 20 40 A 6 . W 100
| ;
sano lvervioose| Loose |  wmepim oense | DENSE | vERYDENSH
DEFINITIONS COAR SE-GRAINED SOILS
AH: MMEDIATE SETTLEMENT OF FOOTING (MODULUS OF ELASTICITY INCREASING

FOOTMNG UNIT LOAD IN tof

LINEARLY WITH DEPTH)

B = FOOTING WIOTH SHALLOW FOOTINGS D & 8
FOR B 5§ 20FT:
D = DEPTH OF FOOTING BELOW GROUND 4q0t
SURFACE OH; = BT
Ky, © MODULUS OF VERTICAL SUBGRADE FORB z 40FT:
REACTION 2q 8
b = KBTI
INTERPOLATE FOR NTERMEDIATE
VALUES OF B
DEEP FOUNDATION D & 5B
FOR B § 20FT:

2 q8°
LTI
NOTES: (. NONPLASTIC SILT IS ANALYZED AS COARSE-GRAINED SOIL WITH MOOULUS OF
ELASTICITY INCREASING LINEARLY WITH DEPTH,
2. VALUES OF K,, SHOWN FOR COARSE-GRAINED SOILS APPLY TO DRY OR MQIST MATERIAL

WITH THE GROUNDWATER LEVEL AT A DEPTH OF AT LEAST 1.5B BELOW BASE OF FOOTING,
IF GROUNDWATER IS AT BASE OF FOOTING, USE Ky,/2 IN COMPUTING SETTLEMENT

[T

3 FOR CONTINUOUS FOOTINGS MULTIPLY THE SETTLEMENT COMPUTED FOR WIDTH 8 BY 2.

Figure Z.8. Tvestantanecus settliement of i1soclatec TooTinmos ON

coarse—-grained soils.
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CHAPTER VI

FACTORS TO BE CONSIDERED IN FOUNDATION DESIGN

@&. Footing Depth and Spacing

There are three basic points to take intoc account to
establish the depth at which a building foundationm should be
placed. These are:

1. The foundation must be placed on, or in, a bearing
stratum of adequate capacity to support the expected loads
without causing failure of the soil mass and without causing
excessive settlement. That means, place the footings below
topsoil or organic material, peat, muck and urconsclidated
material such as garbape dumps, filled areas, etc.

2. The stratum underlying the bearing stratum alsoc must
be of adequate capacity to be able to resist the pressures
imposed by the bearing stratum.

3 The footiwmg should be placed in stable grourng below
the influences of erosion, frost heave, or volometric chanpes
due to moisture fluctuations.

In addition to the depth of the footing, it is alsao
impartant to establish the spacing of the proposed foofings
as well as the relative elevations and spacing between tne
proposed footings and any nearby existing footings.
Basically, when placing a new footing adjacent to an existing

one, three cases can be ocbhserved:
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a) The new footing is placed higher thanm the existing
footing (see Fig. 6.1).

b’ The nrew footing is placed lower than the existing
footing (see Fig. 6.1).

c) Both the rnew footing and the existing footing are

placed at the same level (see Fig. &.2).

In the first case, it is a commorn practice to aveoid
interference between rew and old footings, making the
distance "m" greater than the distance "zf" so that

conservative pressures can be transferred in the zone betweern
foot ings and problems as shown in Fig. .3 avaoided.
Normally, a rule of thumb is followed to fix the distarce m
equal to two times the depth zf. That is, m = 2z and the
influence of  adjacenmt footings neglected. The above
assumptions are conservative but rneglect the possibility of

settlement of a deeper compressible stratum as shown in Fig.

6. 4.

In the second case, the soil could flow laterally from
beneath the existinmg footing causiﬁg settlemernt to the old
structure. It is difficult to establish a safe depth =25,

Generally, the problem is sclved building a wall to  retain
the soil in rest conmditions (see Fig. 6.5).

Similarly, in the third case, the loss of ovarburden
pressure may cause settlements to the existing footing.

Finally, when the clear distance between acjacent
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footings 1is greater thawn the least footing dinemsion, zach
footing may be analyzed independently becéuse the pressurs
bulbs of adjacent footirngs will rnot overlap. S cl::aély

spaced footings, the pressure bulbs may overlap as shown in

Fig. 6.6.
Ground
i*—’" Line
‘ f}’“‘m‘"’"ﬁ?
New footing ‘ \ / ne
) TNJ Exishi
x:sz’-mg 1
2 %, footing A
! ZiN\ M _/ !
[ hY Exisfin wf, "
AN ngx;, ; Sou "bulges Vew
\\ foa:‘my
(a) (b)
Figure 6.1. Location considerations for spread  faotings.
(aj An approximation for spacing footings e avoid
interferernce between old and rnew footings. IFf "rew" Footing
is in relative position of "existing"” footing, irtercharnzs
words "exiting" and ‘“rew'. Make m } =2 . (7)) Possible

settlement of "existing"” footing because of loss of lateral
support of soil wedge berneath existing footing.

- - 0 losf7 e /_f,’;?g_”d
o / ’ .
— 4--_1.5 R New faa-émj

Existin
ponring fotental so bulge
From loss of overbvr=
den pressure.
Figure 6.2, Fotential settlement due to loss of  ocherburden

pressure.
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Bearing pressure i
( lowi?'oa&bj) E \
\ ~=./ :’l Bearing pressure

e g (upper footing)
T~
e\
F

2 essures on and under lower

potential til gyd;ﬁ [Looting dve +o inflvence of
PR, s
footing.

Figure £.3. Adjacent Footings

/_F}-o‘per‘él{ Line

Evistin
New ¢
building buiding [
.
Fressure distriBution it

; [
From new Fa 'f,l"{?.‘)'. f\::,//\.Sefﬂsmcnt af:

ex:s:'-mj buiidin
due toconstrys-
tion of new bw/dmj.

TRATUM ., r
’ 1/
! ; V4
ZE‘ ompression of
cfay Stratum.
Figure 6&.4. Influence of Construction of New Fourncaticn on

Performarnce of Existing Construction.
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Vertical

woocl

sheeti :
TN

Strut.
wale

/B/JCL’fhj

up fo 12’

Conid,
s

Figure 6.5, Common methods for bracing sides of shallicw
foundations. :

,'._a-__‘} | +L+ | a<s.

Figure &.6. Effect of overlapping pressure bulis.
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b. Steps on Choosing the Type of Foundation

Preliminary selection of founmdation type is made withoul
any formal design calculations based on three mair
considerations —-— the type of structure, the subsurface
conditions and the cost of the foundation as compared with
the cost of the superstructure.

Peck suggested fhe fallowing steps in order to detzrmine

the foundation type.

; o Obtain information about the nature of the
superstructure and the loads to be trarnsmitied to The
fourndation. For instarnce, for structures with a  low

tolerance to differential movement, rigid foundatioms shouic
offer the solution. On the other hand, for warehousss whose
superstructures are less rigid, more flexible fourdations
should be nged; Heavy loads usually suggest.maﬁ oy dees
fourndation.

2. GObtain information about the soil conditions. Here,
some simple ideas could be kept inm mind: If a thin laysr of
very saft clay is found over a firm laysr or rock, $he sofi
g35il could be removed ard a basement built or the soft scil
could be replaced by a better material. If a thick layer of

goft clay is found over firm clay, dense sand or rock, piles

could be a solution. If stiff clay is over ook, shallow
foundations could be good for light loads amd mat o oiles
for heavy loads. For stiff clay over soft clay over ook,
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shallow foundations resting on the stiff clay should be used
for light and flexible structures. Piles resting on the rock

should be used for heavy structures.

. Consider briefly each of the customary types of
foundations. Elimirnate unsuitable types either because they
carnmot be constructed or because they could suffer

intolerable settlements.

4, Mage more detailed analysis of the types chosen
above. Make more refirned analysis of load-carrying cagacity
and settlement.

D Egstimate the cost of each of the possible tyge of
foundation preselected and select the type which shows the

best balance between performarnce and cost.
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CHRPTER VII
SPREAD FOOTING DESIGN

a. Individual Columns and Wall Footing

A footing supporting a single calunn is called a "sﬁwead
footing. " A footinmg supporting a wall is called a
Ycontinuous footing" and serves a similar purpose as  the
spread footing, that is, transmitting the loads which coms
from the superstructure to the soil in a safe marmmer without
causing distress and excessive settlement to 1t.

Spread footings can be uniform in thickrness or variable
in thickrness as shown in Fig. 7.1, the variable thickrezs is
used to save material. A pedestal may be used between metal
columns and spread footings to'pweveﬂt corrasion of @ metal
when it is in contact with the soil.

The soil pressure distribution ié assumed usd Forom
benaath the footings if the load is cnncaﬂtric;. it has oeen
mentioned in Chapter V a more realistic distribution but the
assumption of uniform pressure distributionm is cornservative
arnd simplifies the analysis. Spread footing design is based
on  the work of Richart (12482 who located ©the coritical
sections for berding anmd the work of Moce (1961) wha located
the critical sections for shearing. That work has heen

summarized in the American Concrete Instituite Code AL wnicn
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has been pericdically revised, the recent major revisions

were made in 13963, 1971, 1377 anmd 1383.

. L
& i. Al&.ﬁl
Fboﬂhy‘fﬁﬁ
pedesial.
O O O _
ékﬁyszbwhhy .ﬁkyped:%a#ﬁy 5@f@d!§0ﬁﬁ?

wné;émﬁ@?

Figure 7.1

Procedures for the design of spfaad footings wers based
First on elastic behavior of the materials (workirng-stress
method or WSD) and later own plastic behavior (strerngth mebhod
oy USD).

The critical sections for bernding and shear are shown in
Fig., 7.&.

The steps to be following in order to desigrn & sporead
foocting concerntrically loaded are:

i. Obtain the allowable bearing capacity ggy =f the
soil from the soil data and structural loads by means of ths

equations given in Chapter IV. Obtain by trial and srror a
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tentative value of the footing planm dimensiovnsg B x L or H.

P ——

I
|
R
b d l L | . |
at
Critical Sections for
wide - beam Shear. Critical Sectwons for
puncbmy Shear.
Wa!{, cofumn w-"f :
Pedéstal excep l i
masonry wal|. ﬁ:ﬂf”ﬁ —

-f'?"“ base /o!aée

[ A 1 |

' A TN 1
et %J,L\_;r;ﬁ,,a/ . /2__1L\_ critical

Critical Sections for .5ena‘mj,

Figure 7.2. Critical section for bending and shearing.

=8 Check the settlement (elastic or consclicatiorn) of
the‘ footing and readjust the dimensions fto oroduce the
tolerable settlement.

Se If desired, refine by computing an effective
pressure ge.s to take into acecount the weight of the scili and

the corncrete and the soil removed when the footinmg is bDuilf.

Qeffective = Qa — a Df
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where

soil carncrete

D=_ — -

2

The footing dimensions are readjusted to

Ptotal
AreQuired = -
Qeffective

4, Convert the gg value or the ge value to am uitimate

value gy
Pu

Sy
where Fy = factored leoad = 1.4 Pp + 1.7 PL.

S. Obtain the thickrness of the footing by checking for
wide-beam shear and punching shear. Since it is reguired tc
solve a quadratic equation to obtain the thickress, the
curves shown in Fig. 7.3 should be used.

6. Obtain the steel required for bending, computing the
bending moments at the critical sections shown in Fig. 7.8.

7. Check column bearing and use dowels 1if wneeded.
Check the develocpment length (Lg) of the steel,

a. Detaii the design.

Table 7.1 shows a summary of the requirements of the ACI

code for foundation design.

Example 7.1

EE

Design a spread footing and pedestal for the folliocwing

conditions:
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ACI Code

Design factor article General requiremenis

Spacing of reinforcement 6 Mot less than D or | inor 1.33 x
|max. aggregate size): nol more
than 3 x depth of footing or 18 in

Lap sphees 12182 Not for bars > No. 11

In 1ension 1116 Ses secuion in Code
In compression 117 See section in Code

Temperature and shrinkage .12 p=0002 forf =217510 345 MPa
= (.0018t forj, = 415 MPa

welded-wire fabric

Mimmum reinforcement cover 17 3 in agains! earth

Design-methods flexuere 10.2 M, =04, fid-all
a=dA, [ (085 M

Maximum reinforcement 10.33 pa=0.75 x Eq. 18-3 (in textbook)

p=A,bd<p,

Minimum reinforcement 10.5.1 p 2 200, if footing of vaniable
thickness; for slabs of uniform
thickness use shrinkage and
lemperature percentage

B, factor 1027 8, =085 for f; < 28 MPa
= (.85 — 0.05 for each 7 MPa

over 28 MPA

Limuts of compression

reinforcement 109 001 < 4,°'4, 008
Modulus of elasticity 8.5 E=w'324 T MPa
141 < w<44kNm’
= 4730, f; MPa
22 <w<6kNm
= 57000,/ f, psi
Take n = E_E, 10 nearest integer > 6

Load faciars @ 932 Flexure = 0.90: shear = 0.85;
bearing = 0.70:
flexure plain concrete = (.65

Load 9.2 1.4 x dead load: 1.7 x live load

Bearing on concrete 10.16 U S¥083¢f, wx 3

Shear. wide-beam 1L11 v, =WVbd__

11311 v =20, [
Diagonal ipunch) tension 11.11.2 v,=V, bd
=2 +4 R, [ S0, [
col. length
col. width
Shear reinforcement in footings 11113
Develapment length 12126 See equations in text or Code
of reiniorcement o e
Grade beams 143 o
Fcrmhnp 15.2 General footing considerations
Lacation of hending moments 1542 See Fig. ‘“-5 )
Distribution of reinforcing Percent in zone of width
in rectanpular footings 1544 B=2[L8+1]
Shear location 155 See Fig. B-4
Trunsler of stress o 158 Al least 4 dowels with tolal
base of calumn A, 2 00054,
Unreinforced pedestals 15.11 f, = 085¢f, =070
and footings fi=5¢Jf =063

Round culumns 153 Equivalent square column side.
w s /A

Minimum edge thickness 15114 8 in for unrcinforced footing:

15.7 6 in above reinforcement;
12 in on piles
Maximum 1ensile stress in —
unreinforced footings iS50y . ¢=065
Minimum wall thickness 14.27 8in

Table 7.1
Code.

+ Author recommends using 0.002 lor all grades of stecl.

Summary of foundaticr—-member
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Scil data:

d

Wrat

¢=1@D

c

94 pPef

12%

= 4 psi cCp = B.232

Allowable settlement =

A. Physical properties of the soil

l,

02504 Va |
T ——
V. 0, 1808 Vi
r=4 —1 | 10528 Pof.
0.566%| Ve a4
- ws
We Vi (B2.4) ve  wgl
W = = ] e ———— Bg = == = ——e———
We Vo Bs (62. 4) w Ve w
1
Vin Wg
.12 = ——mm———— Vg = —————
8. 5684 (2.65) Gg w
Ws = vg GBg w
Vi 2. 18@8 34
S = = T —me——— X 100 Vg = ————————— = . 3684
Vv B 4316 2. 63 (62. &)
s = 41.32 Vy = 1 - vg = B, 4316
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That = 94 pef + @.18@8 (E2.4) = 105S.28 pcf.
Tsat = 94 + 0.4316 (62.4) = 120.93 pcf.
Tsub = feat - Tw = 1E88.93 - 62.4 = 58,53 pcf.
for
$= 109 Ng = 9.6 Ng =2.7 N = 1.2 (from Table
B. Bearing Capacity
B.l G, = cNn~ + TDf Ng + ©.5 BZT Ny
Qu = 4(144) 9.6 + 105.28 (3) 2.7 + 2.5 B(105.28)
Qy = 6382.37 + €3.17 B
Qy
Qa = -- 2187.45 + 21.06 B
3
RAssuming
a = 2302 psf, for P = L.L + DL = 192 K.
B W L e s
=18 2300
E = 9.09
Trying B = 9, &35!
Qa = 2127.45 + 21.@6 (9.25) : 2322.285 psf
Pg = 2322.25 (9.25)2 : 198694.52 ) 190022 ok
Irying B = 391
ga = 2316.99
Pa = 2316.99 (9 E = 187676.19 ¢ 1500212

} use 3.:25°

=

B to support R
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B. 2 heckin

Sallow = 1"

H Ce

------ log (1 +
1 + eq

g =

H = 24" Cg = B.032

€c = @.7593

N N
3! 3
F
7 L 1!
r ]
L R B i
—4———#-——9---—1
2! | & 5'
'_ o 1
2! | S —_— 7
| 4 i
—1'—[— ——————— |
2 1 & —L g
il A S A
I . VA S
2 | I
rf SRS |
| ]
— . ‘———1--&-——-—‘
2§ g
% O NP

the settlement

A _footing not smaller than 9.25°

b

Obtairned by:

fi = 2:1 metheod
a?:n:nd)’ = TH

81 = @.316"

Sz = 0.203"

Sz = ©.138"

S4 = @.299"

85 = @.271"

8¢ = @.052"

S7 = 2.@33"

Sg = @.1230"

Sg = @.223"
T

We dor't krnow the thick-—
ress of the clay stratum
but even if we checr set-
tlement up to the deoth

= 2B, assuming that we
have clays up to +this
depth, the settlement is

smaller tharn 1".

2. 25 should be usec.

And ga = 2.32 kst
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c. Design of the footing

L.L = 90K ga = 2.3&
DL = 12082 K
Yz + I
- © e = ¥o = 185 pef
7 =100 pcf- e
' deffective = Qa - JoDf
3 Y, = 150 pcf-
Y [ [ ! Jeffective =
%e 2.38 - (@.125)3
= 1.945 ksf = gg
=] 198 K
Apelyired + —— + —=—wacae—— : 97.6%9 sf , B = 9.88*
Qg  1.945 ksf
Use B = 13
c.l Design for Bending
Fu
Pu = 1.4010@) + 1.,7(32)
= =293 K
# 293 Kk
Qy =& ——=————— 2. 93 kst
- 12 x 1@
Gut.
1
! _ 2.93(12) (4. 25 E
Q' Ma—a_ B e ot e o e e e e et e s e
I z
: — critical
section. = 264.62 k-foot
_'_Ej (bending).
.5 B fy
q = ————- fy = 6@ ksi
fle
.
4.25' _
10’
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2.9 fFle 31 3 wsi

Ff=e.016

(accordiﬂg
to ACI code

8
i

——
Art 1@.3.3)
o 2. 016 (62)
q T e o o v e e e e
3
]
,l L | g = @.32
b |
: My = bdEf'c g(l ~ @.53q)
I

— Critical sectwon —_— % ' _
( stmple shear) W= @2.9(18 x 12 ir) 3 X

1.8 B32) (1 - @,59(Q.32))de

= 8.41 d&

G-
s

=
“
I

IL ! Mi_{ = My&

a-ly| #25-d|
1'_'4.55 L 8.41 d2 =

2E4. 68 K 128 k—ineh

d = 12.43" (value re-
gquired for
bending)

c.2 Design for simple shear

Qu = 2.93ksf
Vbbb = (4.25-d) 1@(2.93)
= 124,585 - 29.3 d

VE = ¥eg bd

ve = B.85(2) Aff'c

Art 11.3.1.1 ACI

Vo = 2.85(2) \[3zee
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c.3 Design for Diagonal Tension -

fS+d

iR

109

Ve = 93,11 psi = 13.4 ksf
Ve = 13.4(12)d = 134d

Vbb = Ve

124,325 - 29.32 d = 134d

d = @.768" = 3.13" (re—
Quired for
simple
shear)

ve = 4¢ JFTE

Art 11.11.1 ACI
Ve = 4;5JF§; A,
ve = 4(2.8%5) ( /300a )

= 186.28 psi = 26.8z ksf

i~
#

2E. 82 (4) (1.5 + d) (d}

= 160.923d + 107.28de

&~
|

Vi = 2.93 12 x 12

- (1.5 + d)E]

Vu = .93 [120 - (2.85
+ 3d + df3

Vy = 233 - €.598% - 8.73d

Vy = 286.4075 - 8.73d
- 2.93d2

Vu = Ve



16@.92d + 1@7.28d28 = 286.4075 - 8.73d - 233d=

11@.85d€ + 169.71id - 286.4875 = @

dé 4+ 1.53d - 2.58 = @

- 1.53¢% \/{1.53)5‘- - 4{1) (-2.58)

d = == -
2{1)

d = 1.214'

d = 12.17"

We should use

d = 19.43" (vale re?wmd for bendin g).
h = 19.43" + 3" = 22.43" , use h = 22.53"

As required

a AsfY
My =@As fyld — =) a = ——me————r
2 @.85f'c b
As (69)
My = 2.9 AS(E@) (19, 43 - - e e e )
@.85¢(3) (12 x 12)
My = 54 As{19.43 - Q. 196 As)
M, = 1@439.22 As ~ 10.59 AsZ = 264.62 x I&

10.59 Ast + 1849.22 As — 3175.44 = @

AsE - 99.08 As + 299.85 = @
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99. 28 *vgs.aae - 4(1) (299, 85)

As = ——— - -
2
As = 3.12 in2
As 3.12
f= = e = 0.2013

bd 18 x 12 x 19.43

00 202 2
)p.= —_—— ] ———— = Q.2033
T Py 60000
We have to use fmin = EI.IZNZISE; Aspin = lZi.lZilZlSE (12@ x 19.43)

7.77 in2,

If we use bars #8, A#8 = 2. 79 in?

# bars = ———= 3 9.83 = 10 bars #8

10#8 each 12.5"¢.C ,
both ways. i

Lo

»'iq- s ) ' . .'l:‘-g: v i

) 3 LT

L .|

22.57
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Checking Ld

2. 24 Apfy 2. 24{(0.79) &DRED
Ldl"‘Eq [ IR —— = — ——— — 2 34- GE"

o

Ldpeq = @.0004 dpfy = @.0004(1) (GQO@Q) = 24"

1a"
Ldavailable § &@" — —— = 3" = 48" > 34.62" ok
2

If the water table rises to the surface of the ground, the
bearing capacity equation will take the faorm

effective = Udf = (¥sat — Tw)DF
surcharie

And, the value of ¥ in the last term of the equatiorn has to
be replaced by ' = (Fsat — Yw’

The preceding maaificatinns are based on the assumption
that there is not seepage forces in the soil, then

Gy = CNe + (Jsat - Yw) DfNg + @.5B (Yaat - Fw)Ny
- We can rnotice that the bearing capacity is reduced by the
effect of the water table at the surface of the ground.
- Alsgo, we can notice that the water table above the base of

the footing causes construction problems.

Example 7.&

Spread Footing Design

Givern: Swmil infarmation: ¢= e, L 2 Df =23
Ymoist 122 pecf
water table & 52

it n
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Structural data: 12" % 128" coalumn with 4 # 8
D = 2k

L = 9aKk
O+L..

fle = 3002 psi

d=7 fg = 6@ grade -

Bearing Capacity
By = CNet + JDfNg + 2.5 BY N,

Bearing capacity factors (Terzaghi eguations)

— - — -

;{J den Ne Ng N

3@ 37.2 22.5 19.7
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By = 3(180) (22.5) + ©.5(B) (120) (19. 7)
@, = 81@0 + 11BZB

By
Qa = —— = 2790 + 394 B
3

Assuming g = 3022 psf

P (2@ + 2@)KiPs
. Apgg = == Apgd T e = 36.67 sf , B = &£.@6’
G9a 3 kst

Oa = 2700 + 394(6.06) = 5.P87.79 § 3002 assumed

Assuming S@9@ psf

112
Pral] = ————— = 21,61 square feet B = 4.635?
5. @29

Qa = 2700 + 394(4.65) = 4532.1 § 5090
Assuming dg = 4.9 ksf

110 -
Apgq = ——— = 24.44 , B = 4.94
4-5

Qa = 2780 + 394(4.94)

4646, 36 psf = 4.65 ksf = 4.5 assumeadl.
Assuming ds = 4.6 ksf

110
Areq = ——— = 23.91 B

4- Bg

a = 2708 + 394(4,89)

4626.7 = 4.63 kaT = 4.6
PFg = 4.62 % 4.89 = 113.47 > » 112 ok
We can use B = 4.9' or values bigger than that.

Using B = 5' ds = 4,67 kst

B Qa Pallowable

S 4.67 116.75 > 1@@ ok
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& =. 26 182. 16

7 S. 46  267.54
8 5.85  373.76
3 6.25  S06.23
12 6.64  E64.
3
8l
T 7t
M.
.
9 5l
% é
5
2]
44
2 —_— >
4 5 é 10 "

7 8 1
B, width of the fosting, feet.

If we need to check settlement, the curve shown above could

give values of “"gg" for any "“B".
Design of the footing
q; = 4. 5?

i@ + 15@
Ff.'! B o o e o e = 135 pef
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=120 PC-F-

Yo = 150 pef,
I

L ?eﬁ-‘ec-& ve.

Desiogning for Bending

—T=-e

’f

505 2B

Qeffect

Use B =

116

= 1-

Qu

ive = q

o

292 + 282

4. 2635

Se 25"

4(2@) +

- 7.

oDF
4,67 -~ 3(.135)

4. 285

it

25.8

5. 287

]

1.7¢9@) is1

181
————— = 6.57 ksf

)

S. 25

6.57(5.25) (2. 185) &

Maa =

=7

7- a? k-

2

fomt

My = $bd2 frlo(l - 2.59 q)

@.3 fy = €8 ksi
FIL = 3 ksf
P =a.01¢

(Art 10.33
ACI Code)



B.B16(ED)

q L ]

3
g = @.32
My = @.9(5.285 x 18)d2 (3)(0.32) (1 - 2.59(2.32))
My = 44,16 dZ
My = My

44,16 d& = 77.89 x 12

dflevion = 4.6"

Desigrn for Diagonal Tension

Using Fig. 7.3 "Foundation Engineering” by FPFPecik, Han-—

son, Thornburn

a 1" {column width)
- B - — = @2.19
B S.23
- Using these values

G £570 Pof from Fig. 7.3 is
-_— = = 35.28 abtained !
v 186. 22 Psi

d

- = m- 15

.B

d = @16 x 5.237

d = 1@, 128"
Artpcr 11.11.2 Ve = 4(Q.85)yze@d = 18e.:22 psi

diaBornal

117



a.5

8
04 QJ/
% 5

\\
AN

)
g 93 —A A2 024
> 4 - g
3 g0k
s / /
.
5 /
€ 4, // / ///
o —
a S0 100 150 200
Ratio qp /v,
—| o |<—
FAR Ve = Shear stress for strength
I A — design {16/ sqin)
b X3
8 gn = facfored net soif pressure
H {16/ sq Ft)
X rd
|(/ i i Rectangular footings
! Before enfering curves,
L I find 8'= BVZZ] and
L Fe——= ‘et B'repiace 8in
\\ L=Sx8 a/8 aond d/8 ratios
Table 7.3. Curves for selecting depth of footinn as

determined by shear, provided by two-way behavior prevails.’
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We should assume d =

Design for beam shear

5.25'

267
7

Vu

]

11" t =

-
ijﬁ%g%;;;f_:ﬁziﬁédﬁﬂv:

11 + 3 = i4"

i o

= 5.39"

- 2 -2

£.357 Kaef x 1208/144 Psi) [S.285" x 1& - 23]

VU.

155. 29 psi

draduired = 11"
for diaBonal

tension

I

L 63" L
I B
1
]
|
[
|
|
I
|
|
|
|
|
I
!
adl | 14.5
Lzsst )

4(23)(11)

{ Vo = 1B6.22 psi ok
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Vu

Ve

93.

= 6.57 Ksf = 45.63 psi
= Q.85(2) flc
Art 11.3.1.1 ACI
= B,85(2) VB@B& = 33.11 psi
45.63 Pei (14.5" x &3")
63" (d)’
€El. 84
d
= Uu
6&51. 64
11 = e , d = 7.11"
d beam shear

s b i o ok o



Having calculated three values of the "d", we can rnotice that
the critical ore is: d = 11", therefore the footing should

have the fallowing dimensions:

qua
—wﬂ/
| ]

14"

5.25'= €3" [

Steel Area Required

My, = 77.89 K-foot = 934.68 K-in
a Rg fy
My = ¢Rs fy(d - =) where a = —————— e
2 2. 85 fcb
As {(6@)
My = 8.9 As(6@)L11 - -1
2{(D.85) (&3
M, = 594 Ag - 10.28 AgS

934.68 = 594 Ag ~ 10.08 As® or 10.28 AzZ - 594 Ag

+ 934,68 = @

- (~594) +r\/<—594>2 - 4(10.08) (934, €£8)

Ag = === - - _

2(12.28)

+ 534 T S61.4
Ag = -
2(12.28)

Ag = 1.&62 ing

120



Ag 1.62

= e = e @ Q. 2023 3 use fmin!

pd 63 x 11

200 200 -
min = = = 0.2033
fy 60020
Ay = 2.2033 (63x 11) = 2.31 ing

min

If we use #6

2. 31

# bars = ———-
3. 44

53"
Spacing = —=—-

Ag #6 = @. 44 inZ

= 5.25 = 6 bars #6

6#6 each 14" cto c.

both ways.

447 dowels.

14"
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Checking the Development

Lennth

(L)

2. a4 Ap fy

L

d =
reqg WETE"

Ld = @. 2024 dpfy

red

23. 9"

Ld =

W]

B. @4 (. 44) (E@ZDD@)

mmmmmm = 19.28"

available

Checking the bearin

strength

2. 004 (2. 73) (6@aaaAa) = ia"

The bearing strength should be at least @.85 ﬁ fle

Ql\/ﬁgfﬂl with a limit of ‘[/ng/ni -3

63 x &3

ig % 12

Afazrag =

fo = 2.835(2.7) (3) (2)

= J3.23

= 3.57

B

u

Actual contact fgq = ————— =
A ool

Kei

181

144

Transfer of Stress at Base of Column

use &

2

fle

1.26 Ksi (

At least four dowels with total RAg » 2.285 ApQ

Ag = Q.285(144)

reld

Diameter difference

Ld
comPression
bars refuired

——
=

1.2 -

#8

@.87

?. B2 (Fy) (dp)

16"

:@znaé‘

y o1

122

-

=

.72 in2 Use &4 # 7

B, 125 {

]

A. 22 (E2000)

'\/3_:2:@—5

(available)

3.57 {or

.25 o

(2. 875)

K



Ld = @.@23(fy) (dp) = 2.0003(EQRRA) (@. 875)
reld
= 13.1" ) 11"
We should reduce Lg to Lld
Lid = Lg —————————e = ———— x 16" = 4.8"
Afurnished £.4@

Then the dowels carn be bent and run them to the

steel layer.
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b. Footings Subjected to Moment

Im Chapter 4 is discussed the bearing capacity of
eccentrically loaded footings. HKnowing the load that actes on
the footing and assuming the "effective!" dimensions, a value
of allowable bearing capacity can be obtained by usimg the
Meyerhof expression given in Equation 4.1@.

It must be noticed that the scil pressure is no
uniformly distributed for these type of footings, therefore,
the allowable scil pressure cbtained has to be greater than
the maximum value given by the strength of materials formula:s

i~ Ge

Amax = — (1 + ——) (7.1}

BL L
that is,

Ga % Gmax

Where the terms have the same meaning as defined before,
it should be remembered that the case shown above is wvalid
when the value of the eccentricity "e" is one way and it is
located iﬁta the third middle of jgthe footing that is

=ty - te
gm $ 8 { - (see Fig. 7.4a and 7.4b)
&

If the resultanmt R is located out of the third middle,
the diagram of pressure distribution shows a zone iﬂ tension
berneath the footing. It is known that the soil doesn't
resist tensile forces, therefore, the portion of the footing

subjected to ternsile stress is assumed to be unable to carry
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P

/b“' /13\»42 /i\m

3
|
L Li | L L ) )
- o S —
: I |
1 ?max. ' ?”mx |
R=F Ry= f | %;%
—44 —,4 €
(@ e=g (b) & &L (c) erg-

F}y 7. 4 Pressure 0/!51.‘(‘/5&!1’.'.!0’7 under ,foaémgs
eccenfnc.,allr Joaded .

any load and the effective area of the footing is given oy
A = BL?
where L’ is derived using principles of strength of materials

and is equal to

LY = 3(- - e)
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letting "e" be greater tharn g. The resultant R can be ob-

taired as (see Figure 7.4c)

Substituting L? into the expression for R is obtained.

ZR
Omax = ——=—————— ¥ Oallowable (7.2
L
2B(- — &)

2

L

When the eccentricity is in both ways, the soil pressure
distribution can be obtained, if mno footing separation

ooours, as

B o Myx  Myy
QanY = -t — 3t ——
Point A Iy Iy

which is the eacuation (4.29) mentioned.

If ternsile stresses are obtained, it is very complicated

to obtain soil pressures distribution. Authors sugpest  to
avoid desigrning these type of footings. Thers are
approximate methods to calculate those pressures (see Cecwx

1973, pg. 331).-

Once that the pressure distributions have oeen ocbtairnec
and they are smaller than the allowable soil oDressure. tns
foot ing design 1is carried out as it was indicated,
recogrnizing that the soil pressure is mo longer  awiformiy
distributed and thervefore the comgutation of thne Dbernding

moments and shearing forces require more wori
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CHARPTER VIII
SPECIAL FOUNDATIONS

When two columns are spaced so closely that spread
footings are not practicable or when the property line is so
cloge to a column that it is rnot possible to center a sporead
footing, it is necessary to use combined footinps to transmit
the load to the soil. Alsa, when settlements are a problem
that carnnot be soclved using spread footings or heavy loads

come the superstructure, mat foundation can be uéed.

a. Combined Footings

Combined footings may have rectangular or trapezcidal
shape or may be linked by a strap beam as shown in Fig. 8. 1.
The dimension of these foﬁtings should be determined to
obtain a uniform soil pressure distribution that 1is, the
centroid of the scil reaction may coincide with the centroid
of the resultant of loads in order to avoid excessive
settlements or rotations in the footing.

Normally, the proportioning of the areas of the combirned
footing is solved by means of the laws of statics assuming
that the allowable soil pressure is Hnown. But, it can De
roticed that in all the egquations to determine the soil
bearing capacity are irncluded the footing dimensions and

therefore the computation of soil bearing capacity becomes a
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property line

Ya

| property line

] [ | '

., '

T, 1C
| I |
(a) 5]

fvaerfy line

|-

4 |
L 7L

111 TT T T T¢

(c)

Figure 8.1. Combined footings: {a) Rectarngular footimg: (D)
Trapezoidal footings; (o) Carntilever footing.

| I
, | il '
i ' ? lowable
" .
I O A A
L L Le =
T 1
—+
I:l _D 8 Figure 8.2, Rectarguia footivg
) : |
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matter of trial and error. The peint is, how can the
allowable soil pressures be obtairned independently from the
footing dimensions since those are going to be obtained using
an alliowable soil pressure obtained previcously. Ore possible
way to obtain that bearing capacity is neglecting the last
term of the equation 4.4 obtaining

CNe + ¥ Df Ng

- (8. 1)
F.B

Qallowable =

which is & conservative value. Bowles suggests that when the
width of the footing is smaller than 92? to 12 that term
cauld be neglected with little error,

With the bearing capacity of the soil known, the
dimensions for each of thé footings mentioned can be obtained
as follows:

i. Rectangular Combined Footing: (see Fig. B.:&)

a. 0Obtain the area A, as

A= ——————— : : {8.2)
b. Determine the centroaid of the coalumnm loads ()

WM i (8.3

c. Determine the lerngth of the foundatiorn (L)
L= 2Ly + %) (8. 4)
where Li is the distance to the property line or to the cuter

Face af the external columm. Then
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L3 = L= Al v L) (8.5}

d. Determime the width of the foundation (B).

i
L]
t D

(8.6)

[

Sirce the design of the reinforcement reguires the use of
ultimate loads some authors suggest using ultimate loads when
sntaining the centroid of the column loads.

The reinforced concrete design is carried out as  uswual

for a simple supported beam:

R f(u}
G T T
]

{
L, [ Le
|

(a) Simple supported beam.

2. Trapezoidal Combired Footivnns (see Fig. 8.3)

*
u
- ,__,L_ T

T 0| Ir i

— - S

Fall.

Figure &, 3. Trapercidal oot inmg.

I\

—

——
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a) Determine the area of the foundation as:

P11 + P2
A = —————— _ (8.7
9allow
and
B1 + B
A= —————— (from plane geometry) (1st equation) (8.8)
2

There are two unknowns, Bi and Bz then another eguation must
be based on the geometrical properties of the trapezoid.

b) From the property of the trapezoid:

X+ Lf = (mmwm—m———— ) — (2nd equatiom) : X =222 (a.12)
By + B2 3 / L+B
Notice that the values of L, A, and L1 can be krown and

solving the two equations shown above the values of By and Bz
are obtained.

Notice that for a trapezoid

{ (x + L1y A

Wil
wir

3. Cantilever Footing (see Fig. 8.4)
L

” |

& , I strap. T

]

L 5 LY no contact R.
..l.__ﬂz_.L BB |, O L 2
Figure 8.4. Cantilevel Footing.
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strap.

1 It ?a”- + f ¢ ?ﬂ”

Figure 8.4. b) Principle of cantilevel footing.

a) Fox the dimensicon Bl and abtain e and L1l Noetice
that the values of "a" and "s" are normally Hrncwr.
Bi
g = —— — & (8.1t}
2
Lt =L — e (8. 12)
=y L
b) Obtain Ry taking JM about Rz = @, Ry = ——=- (8.13)
L1
el = Fie
Obtain Rz taking ZM about Ry = @ R & ————m—— (8. 14)
L
check by Fy = @, Ry + Rg = F{ + Fp2
c})} Obtain Bz and B3z as
' R1 2
Be = ———————— (8.45) ; (B3) = __Re (8.16)

Gz1lcw. By ?QH.
d) Cornvert the gail to quit

Qult = dall. (UR)

where
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Pultimate total
UR = =
Pworking total

e) Design the two footings as explained for spread
footings and design the strap as a beam.

In order to avoid rotation of the exterior footing,
Bowles sugpests to design & rigid strap footing that is

Istrap/Ifooting ¥ 2
and check it to see if it is a deep beam.

Based on the assumption that the scil pressure is uni-
form, the following procedures should be used to obtain those

dimensions for a rectangular footing more effectively.

Rectangular Footings

CNe + JYDf Ng + 1/2 BY N,
Qallow = —— - -

F 8

where c, Ng, ¥ . Df, Na, er

Then, referring to Fig. 8.8,

and F § are given.

Py + P2 © No + ¥YDf Ng + 1/ BB’Nr
@all = —==m=m & mmmmee — - (8.17)
B x L F S

The length L is defined as before and H is Hnown, Herce,
solving the guadratic equation 8.2 the value of B is found.
’ b. Mat Fourndation
As indicated, a mat foundation may be used to support
heavy loads from columns, storage tanks or pieces of

industrial equipment and the scil has low bearing capacity

and therefore excessive settlements can be expected.
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Types of Mat Foundations

in Fig. 8.5 is ¢shown the different types of wmat

foundations.

Bearing Capacity of Mat Foundations

The Meyerhof’s bearing capacity egquatiorn can be used to
determine the ultimate bearing capacity.
gy, = © Ne Fes Fed Fei + §Df Ng Fas Fag Foi

+ 172 VBN Frs Fyd Fri (8. 187
The allowable bearivg capacity is given by

Qall & =—————— ———, F5 18 usually 3
{(net) FS

The term B im the preceding eguation is the smallest

dimension of the mat.

T T T
P g ;/ 7
% f

ez rrrteneiaotrrialeseress

£-F

o et
e T S A

teca bsd baed sl

]

]

]
s
s

&
0]
®
Ll

(a} L 1]

Figwre g, 3. Common types of mat fourngations. (&) Fiat
plates (b) plate thickened under columtsy (C) Deam—anc-—-$iad:
(d) plate with pedestals; () basement walls as gart of mat.

134



For mat foundatioms placed over sand, the searing
capacity may be obtained from the standard pernetration

resistance numbers.

S 288 + 1 =1 HA
Qali = 11.98 N? (e )} Fgl=——==) {(==) (8—19)
2. 28HB £3. 4 me
whers
N' = corrvected standard perngtration resistance
B = width (m)
Df
Fd = 1 + B.33 (=-=) { 1.33
B
S = gettlemernt in mm
N o= 15 4+ 1/8 (N-13) if N 15 (Terzagh arnd Feck}

Differential Settlement of Mats

The  differential settlement may be obtaineg
approaximately as 374 of the total expected settiement if this
is less than 2". Also, the American Concrete Institute
sugoested a method using the rigidity factor (Ky) mentioned

im Chapter V. That factor according to ACI can be obtairned

as
E Ip
Ky = e (8. &)
Eg B3
where
E = modulus of elasticity of the material used in tne

structure
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Eg = modulus of elasticity of the soil

B = width of foundation

I = moment of imertia of the superstructure per unit of
length at right amgles to B. |

The term E Ip can be campﬁtad as

ah3 .
E Ip = E(I¢ + IR + J ——=) (B.21)
12
where
Elpn = flexural rigidity of the superstructurse and
footing
Elf = flexural rigidity of the fourgation per unit of

length at right angles to B

il

Ez:lb‘

ah3
E ~—= = flexural rigidity of the shear walls
12

flexural rigidity of the frame members

perpendicular to B.

a shear wall thickrness
h = shear wall height
and according to the ACI (see +able below),
If calculations are made to obtain the settlement at tne
center and at the corrner of the mat using the consclidation
principles, the differential settlement of the mat may e

computed but in most of the cases the differenmtial settlement

computed in  that way will be higher tharn that obtained as
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indicated above because the RCI method takes into account the

stiffress of the superstructure.

Ky Differential settlement
@ P.35 x AH for long base,
B
- - B
L
.35 ¥ AH for sguare mats,
B
- = 1
L
2.5 2.1 x AH
Y B. 3 Rigid mat, ro differential

settlement

ey o — —— — —— — —— —— —— — -— it i e e i o ki it St S0t S e

Design of Mat Fqundatians

The structural design of mat foundatioms can oe done oy
several methods dEPEﬂding an if the mat behaves as a rigig
mat or a flexible mat. Thase methods are: the convenmtiornal
rigid method, the approximate flexible method, the fFinite
differences method (fFlexible) and the finite slement method
(flexible). In this report will bDe discussed the

conventiomal rigid method only.

Conventicnal Rigid Method
The reguirement to use the converntional rigid metnoo can

be listed as follows:
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1. Distance betweern adjacent columns o loads between
adgjacent columns do rot have to differ by about 2@ percent.
Z. The column spacing in a strip has to he less  than

1.?5/P and P is equal two

it
-
]
|
I
1
|
I
o
[t
T

where
B = strip width

K = modulus of subgrade reaction

im
]

Young’s modulus of the material of the mat
I = moment of inertia of the cross-sectionm of the strip
The structural design of a mat foundation can be carried
out using the rigid method as follows (see Fig. 8.73):

= Determine the total load on the mat, that is,

Gt = Z 0y (8. 24)
i=1
2. Determine the so0il pressures unrnder the point  of

interest by usivg the equation

@ My x Mx ¥
q=-* + (8. 24}
ﬁ—Iy —IK
where
A =B x L
BLS
Iy = === = moment of inertia about the X axis
1z
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LE3

Iy = wwe = moment of 1rnertia about the v axis
1z
Xy, ¥ = coordinates of the point where the soil oressure

is being found

My = moment of QT about the x axis = QBT ey

My = moment of (Qy about the y axis = Q1 ey

ey ey = load eccentricities that can be- found as

explained before

3 Compare the so2il pressure values with the ret
allowable scil pressure. Remember gany ‘ Gallowahle net.

_ Point

4. Divide the mat into several strips in 2 and vy
directions.

Sa Draw the shear arnd the moment diagram for each
individual strip. For simplicity, an average of soil
pressure can be usedlta do Sa. That is, obtain the soil

pressure under each corner of the strip and determirne the
average.

It is evident that the sum of the soil reaction givern by
gav (strip area) and the column loads on the strip 15‘ izt
aqual to zero because the shear between adjacent stris has
not been considered. Therefore, the soil reaction and the
coalumn loads need to be adjusted as follows:

soil reaction + cclumn loads on striD
average load = —— -

ol
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Figure 8.6.

Figure 8.7.

Edge of —»
mat

Edge
of mat

d/2

d/2

b,

L.!'
=U+r

{c)

LJ
d/2

d/2 d/2

d/2

b,=o(L' + L")

Critical sectionms for punchirng shear.

Yy y
BI Bl : Bl
W 7]
QB Qlﬂ Qll } le —’_
1 B,
| E
o I — ——
i 3:"‘ _':_
i @ lI
T s
R e i, .
Os H 0N (8% 1o
_l‘
3
B,
o}
F r

B\ - G imoited)
unit length

B
(b)

Cormventional rigic mat

faundatiorn aesicr.



averale load

dav = gav ¢ - —— ) (8.28&8)
{adJusted) s2il reaction

{(column load averale load

modification F = P S ——— (8.57)

factor) column loads on the striP

So, each road on the strip has to be multiplied by F

Cmodified = F Q4
1

&. Determine the effective depth of the mat according
to ACI shear reguirements (see Fig. 8.6).

T Determirne the areas of steel reguired by flexion
from the maximum positive and negative moments obtairned im

step 5 (see Fig. 8.8).
R f

L L 1 ¢ N N

’L!////]'//r — Shear diagram,

M
L A Moment diagram.

N Mgt

Figure 8.8, Typical shear and moment gliagrams for a st-io.
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CHAFPTER IX

LATERAL EARTH FPRESSURE

a. Introduction

There are several tvpes of civil engineering structures

subjecteg to pressures due to the soil mass, Some types ars
shown in Fig. 3.1. The differerce between these structures
is in the way and the amount that they move. For ingtance,

retaining walls rotate arocund their base, the braced walls of
a cut move horizontally, the éoil mass berneath a footing
first moves dowrnward and then is displaced laterally wnen the
lomad is increased,  basement walls are restraired at the Saop
by the floor, etc. Therefore, it is necessary to know now to
determine those earth pressures in order to design  such
structures safely and economically.

JTH [T

/] —Jhg
.
L

-
"

7\\

f' =! s -
\
\ N
R
(@) ) s
"*:J"—Z‘&w—
(€)
(d)
Figure 9.1. Civii Ewrngineering structures witn differernt
types of displacement caudsed by earth pressursc. fal

Retaiming waily (b)) bracing of cut; () footing: (d) pasement
wall.
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b. PActive, Passive, at Rest Lateral Earth FPressure

FBocording to the type of displacement petweern soill and
construction element, the problem of lateral earth pressure
may e divided into three types.

i, Wher the soil mass meither exparnds nor  contracits.
The pressure caused by soil is known as earth oressure at
rest. It is the case of heavy structures at rest, basement
walls whern the backfill is placed after the floor slab iz  i1n
place, bridge abutment fixed at the top of the bricge decw,
tie—back retaining walls, ete.

ca Whernn the so0il mass either expands o Contracts

necause of the displacement between socil aric comstruction

[X]
(=5
[

element. The pressure developed is "active" if tne
expands andr "passive" if the soil contracts. This type
includes retaining walls, sheetpiling arnd timbering of cuts
(see Fig. 9.:2).

S This +type i1is formed by those structures wners
vertical forces prevail. For example, fourndat ions, Duriec

structures and failure of soil beneath fourdation structures.

movement awa movement towa
from backfill. s backfr !l oward
Vit } ’! . p //
A I Y Oy
\ ’l ‘f f ___:.__,.
\{; !l ’l“"""ﬁl- f}’/; - //:>\_5fu'd!n§
.Sh'wﬂj_/ 7 bar wedje
wedge. fctve Fressure. Passive Bessure.

Figurea 39.&
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In this chapter atterntion will be pivern to the oifferent
theories available to determine active, passive and at rest
@arth gressures.

As a way af illustration, the Mohr's circle can 28 used
to understand the concepts mentioned above. Suppcse a  _soil

deposit with a horizontal surface and no shearing stvesses on

horizontal or vertical surface, as shown in Fig. 2.3, If an

element of soil which originally was subjected to a vertical
stress (A1) and to a horizorntal stress (B2) is stretched in
the horizontal direction, it will bpehave as a specimen in tne
triaxial machine where the confining stress is decreasec and
the axial stress is remained constant. The minimum stress
reached before the soil fails is (83) and iz the active
gressure  ment ioned. On the otner hand, if the soil 1s
compressed in the horizontal direction, it will behave as a
soil specimen in the triaxial machire where tne HRorizontal
stress is increased and the vertical stress is kept cormstant.
The éaximum value that the horizontal stress can reacn 1S
{i24) if the Mohr'’s fail theory is used. This value is the
passive garth pressure. These state of stresses are cali=d
the-Rankine Active and Passive States.

Note in Fig. 2.3 that the circle 1-3 ard i~4 are
Faillure cirecles which means that active and passive oressure
are developed during soil displacement but uwuntil the soil is

close to failure by shear. Both these vircles reoresent a
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T Shear rypture

4’ Surfaces.
=CT rto Tos lor To1
R ture .
Line @
——] [— — e —
— p— r s
T & = 0o
0 zZ M 4 - [— -~
\ g
I % T -
\ —_—
_ I)_\ 45°= 45/2
45+ 9/
N fsm’depas/é A
Figure 3. 3. Fassive, Active, at Rest Pressure.
state of plastic eguilibrium. The circle 1-8 represents a
state of elastic equilibrium and it is wnot a state of

failure. The inclination of the slip surface has beewn oroved
in the laboratory and it is similar to that shown in Fino,
3. 3. Froam mechanics of materials concepts can be sbtgainedg

the values of the horizontal stresses as:

Taz = Cpy tan® (45 - B) - 2c tanws - &) (3.5
2

tactive)

[ oY

e
= a1 Ka - 2c\[Ka

01 tanZ(45 + g> + 2o tanas + B (3.2)
Passive P &

0-;2;1 Kp + ZcAlKp

wnere Ky and Xp are the active cocefficiernt earth oressure and

&)
>
!
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passive coefficient earth pressure respectively.

Also,

¢== angle of internal friction
C= cohesion
The coefficient for earth pressure at rest (Ke)  an  be

approximated by

Mo = 1 - sin,ﬁ {9.3)

for nmormally conolidated soils. For over—-conmsoligated soils
and compacted scils, Kg is rnormally larger than tnat given oy

equation (3. 3). That can be seen in Table 9.1 which are the

results of field observations.

Table 9.1 Coefficiernts of at-rest Earth Fressurs

Soil H
Compacted clay, hard tamped 1.8 to 2.2
Compacted clay, machire tamped 2.8 to .2

Clay, overconsolidated i.@ to 4.2

Sand, locosely damp ' . 2.5

Sand, compacted S 1.3 to 1.5
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Several theories have been developed to compute earth

pressures against walls.

c. Coulomb's Earth Pressure Theory

The Coulomb’s theory or the wedge theory take inta
accournt the following assumptions:

i. The soil is homogeneous and @ isotropic anmd has
cohesion and internal friction.

2 The sliding wedge has a plane rupture surface and
behaves a rigid body.

S There is friction between the wall and thé backfill

material.

The principle of the Coulomb's theory is illustrated in

Fig. 9.4
W=welght of the
sa:/gwwge.
fa = active pressure
R = soil reaction.
H

Figure 9.4

Solving the triangle of forces with "w" known, it may be
proved that the value of Py depends on the inclination of the

sliding wedge (f) then, applying the concept of the first
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derivative in function r:rff is equal to zero, that is

dPa

———— TR
of

thd active eartn pressure becomes

¥HE
Pa = ——-X
e
(9. 4)
sing (o<.+¢)
sint g+ Josin(@p-8)
sind o¢ sin( K- PrI1L + _._.....¢ ——— ‘8___3i:.'
sin( —dIsin( =<+ B8)
or
f HE
Fa = === K (9.5

Mote that the value of K depends on <, P s J and ? which are:
o = backwall imeclination
ﬁ-—' surface inclirnation
J= friction angle betweern soil and wali
}ﬁ = friction angle
Passive earth p!"ESEl;lI“E can be oabtairned solvirnmg tne

triangle of forces shown in Fig., 9.9

¥=ptg

Figure 9.5. Coulomb’s Fassive Pressure.
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sint °(—¢)
—— : ——— (9.6)

‘ sin(d +4 Isin(@ -5
sin « sin(=<+d) L1 —1/ pe ¢-p 12

sintel + §)sin( e+ p)

or.
yHE :
Po === Hp (9.7)
2
For a smooth vertical wall with horizontal backfill and
cighbeangle wall Hhat ism, Q= @ B =10, «= 309 the equation

9.4 and 9.6 become:

YHE

Pg = === tan2 (45 - ?-)
2 2
yHe

Pp = ——— tan2 (45 + &)
2 2

-

which coincide with the Rankine states shown in eguationms 9.1
and 9.2, if the cohesion of the material is zero. Values for
active and passive coefficients based on equations 12.4 and
18.6& are shown in Table 9. 1.

) The wall friction angle may vary for different
interface materials. In Table 9.2 are shown values that

should be used as guides when no more information is

available.

d. Rankine Earth Pressure Theory

Rankine made use of the state of plastic equilibrium
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BETA = Q.

=90,

ALPHA

BETA = 5.

=90.

ALPHA

BETA =10.

ALPHA =90.

=30

¥

Q2asaec

Active-earth—oressure coefficients Kz,

Table 9. 1.

Coulomb’s eguation.

BETA = 0.

ALPHA =90.

Neswsss
) NN

-

“©WOoDMOnN
-ty

BETA = 5.

=90.

ALPHA

BETA =10.

ALPHA =90.

=4 )

1,

Jas&Za

Mo,

Taple 39.:2.

Passive-earth-oressure coefficients

) '

wilamb eguati

the Ci
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Friction angle,
Interface materials d, degrees}

Mass concrete or masonry on the following:

Clean sound rock 35

Clean gravel, gravel-sand mixtures, coarse sand 29-31

Clean fine to medium sand, silty medium to coarse sand, 24-29
silty or clayey gravel

Clean fine sand, silty or clayey fine to medium sand 19-24

Fine sandy silt, nonplastic silt 17-19

Very stiff and hard residual or preconsolidated clay 22-26

Medium stilf and stiff clay and silty clay 17-19

Steel sheet piles against:

Clean gravel, gravel-sand mixture, well-graded rock fill 22
with spalls

Clean sand, silty sand-gravel mixture, single-size hard- 17
rock fill

Silty sand, gravel or sand mixed with silt or clay 14

Fine sandy silt, nonplastic silt 11

Formed concrete or concrete sheetpiling against:

Clean gravel, gravel-sand mixtures, well-graded rock 22-26
fill with spalls

Clean sand, silty sand-gravel mixture, single size hard AT-22
rock fill

Silty sand, gravel or sand mixed with silt or clay 17

Fine sandy silt, nonplastic silt 14

Various structural materials:
Masonry on masonry, igneous and metamorphic rocks:

Dressed soft rock on dressed soft rock 35

Dressed hard rock on dressed soft rock 33

Dressed hard rock on dressed hard rock 29
Masonry on wood (cross grain) 26
Steel on steel at sheet-pile interlocks 17
Wood on soil 14-16§

+ Based in part on NAFAC (1971).
1 Single values +2. Alternate for concrete on soil is § = ¢.
§ May be higher in dense sand or if sand penetrates wood.

Table 9.2, Fyrictionm argles —— between various Fouandatiow

materials and soil or rocK.

-
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mentioned above and neglected the wall friction. The

principle of the Rankine theory is illustrated in Fig. 2.86.

Figure 39.6. Ranmkirne's Principle for Active and Passive Earth
Pressures.

Again, the value of P or Pp is a function of the inclination

of the sliding wedge ff). Therefore setting

——— = @ and —-—--= = B, is obtained.

M - 2B - cost
oy = {__ cos l:a.s B = VEDS g cosE g (3. 8)
= cos ﬁ + vgmsa f— cosE?
or |
! Pa = ~== Kap (9.9)
2 .
HE + 203 - cose
" =_[-* cos? COSP____ VEOE-P osE ¢
= casP - 1/ccsEP - cosep
or
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Pp = —-—— Kpr
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e

Poain,

o=

VYalues Karp and Kpr are given in Table 9.
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Yh&a

—
2
Pa..—..,!é,ﬁ_KQ Pq=¢r&2/(a W
2

Fa= (;‘;.ﬁ_‘i+ 2 H ) Ka

Figure 3.7a. Pressure Diagrams for Active Rankine Earth Fressure

Figure 9.7b. Pressure Diagrams for Active Conlombls Zarth
Pressure.
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be added to the garth pressure. Also, the welght of the
submerpged soil is charnged by the effect of water.

Meither the Coulamb theory ror the Rarkind theory Saxe
into account the cohesion value (o) of the soil divectly.
The coefficients given include the friction angle 75 arnd the
weight of the backfill J as soil parameter. Rlthouogh most
of the backfill for retaining structures are Duilt using
grarnular materials, attention should be_ givern to  those
backfills which show cohesion. That carn be done using the
maguations 9.1 and 9.8 if the backfill slope is horizontal
arnd, either Coulomb or Rankine coefficiernt canm be used to

obtainm the earth pressure.

YHE
Pa = ——— HKa —- 2CH AfKa £8. 180
= ’\}
yHE
Fp = ——— HKp + 2CH A/ 4o (3.13)

=
Note in equation 9.12 that when H = @ the active oressure
becomes negative which means that the soil is subjscted to
temnsile stress provoking tensile cracks in the soil arnd
modifying the original lateral pressure distribution diagram
as éhawn in Fig. 929.8. Therefore, an analysis should be made
to find out what is the active force before and afiter the

tensile cracks occur.

Wherr the backfill is wmot horizontal ang shows cobhesion

some  authors suggest to use the method called “"the ©trial
wedoe"” method which is a graphical one {(ggg Bowles, Dage
41@)!
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Fﬁn:;/e crack. ~2cyka
A

K - Fa \ ~assumed acdye
i 2 \( pressvre diagram.
\
ks \
e \\
H i When \ actual actve
PHe ke = 26 = o PREELIS S i,
He = 2C
ke’ b
w ' He= depth of @ potensial . '
—_—— crack. :
YHKa - 20\Ka
Figure 37.8. Assumed and Actual Pressure Diagram for Scil

with Cohesiorn.

The theory of elasticity carn be used to determinge the
pressure caused by surcharges. Thase surcharges may be  a
point  load caused by a oolumn, a line load caused by a
corecrete-block wall or a pipeline and, strip load causec Dy
highway or railroad which is paralliel to tne retairning
structure. Im Figure 32.12 is shown the formulas used o
obtain earth pressures due to surcharges basea o elasticity
concepts. It can be noticed that the diagrams of oressure
distribution are not linear and therefore is not easy o
compute the resultant force of that diagram and its point of
application. Something that can be dore is to divide tre
total height H of the wall inta several segments ang obtain
the horizontal stress for each segment then assume lirnear
distribution between those points s that the arsea of the

pressure diagram can be obtained {(see Fig. J.11).
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Also, Newmark presented arn influence chart to obtain
lateral pressure due to surcharges that consider Poisson’s

ratio value aof &.5 too. The horizontal stress is given by

Ty = 1mMg (3. 14)
where

Jh = horizontal stress to the desired depth

M = rniumber of sgquares enclosed in ﬁhe load area

g = pressure intensity

I = influence coefficient pivern by the chart.

The Newmark chart is shown in Fig. 9.9.

2. Earth Pressure Theories in Retaining Walls

The Rarnkine and Coulomb theories can be used'tc evaluate
active or passive pressure against retaining walls. Ta use
these theories in design, several assumptions must be made.
For instance, the Rankine thenfy needé ta fulfill the
following reguirements:

1. The backfill must be a plarne surface.

2. The wall must not aobstruct the sliding wedne.

3. The anple J= B (no wall frictiorn).
To meet these requiraments,.the Rankine pressure rneeded to be
calculated as shown in Fig. 9. 12.

It can be said that the Rankine theory should be used to
determing earth pressures in cantilever walls as well as in

gravity walls. The Coulomb theory should be used for gravity
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e
—
o

—————"—_—-
—-—'—'—
] ] 4
z ]
\ g
I =0.001
A
\__ Scale
Figure 9.93. Influence chart for computing lateral IressLre

at point @ for any type of 1s:uac'.ir{g in the infiuernce fisia i AL
= @A.5). {Newark, 134&). ‘

158



walls arnga for cartilever walls whern the later are over 7
meters in height. Notice that whern the Rankinme theory is
usad, the welight of the soil above the heel (Wg) beside the
weight of the concrete (Wp) must be taken into acocount  for
stability analysis. Unlikely, if the Couliomb theory is usea,

the weight of the soil is not used.
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Figure 9.11. Assumed linear pressure distribution.
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plane ground surface
Svbjected to vniform
or no .farclmr_ye.

slidin wedge

uninterrupted
6 y backwall.

T3 :
o f ::.:_-'/{_‘ﬁ
.':‘:-:._: / H
:f’.' P
K o
LA
I /

Qrovnd Svrface

and Surcharge

M2y be trre’
Jular,

Fa H
e
() reglected .
Figure 3.1, Regquiremernts to use the Ramkinme Theory anc

Coulomb?s Theorys (a) Cantilever wall, Rankine aralysis; (2)
Gravity wall, Rarkine analysis; (c) Gravity wall, Coglomb
arialysis.
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CHAPTER X
RETAINING WALLS

a. Proportioning Retaining Walls

Tentative dimensions have to be selected as a
preliminary step when designing retaining walls. Im Fig.
i#d.1 is shown tentative values which are based on experience
ohtained from walls which have had good performarce 1n the

pDast.
0.3m 4o
/2

.

0.3m (min)
.

48 H
/s
/!ee/ fa] %bg— \ I to 0
}
Mo H
¢ — fszﬁf
'Z'D'foo _ ]
[ 0.5 to 0.7H _ B=05 1t 014
(@) (b)

Figure 1@.1. Approximate dimensions for {(a) Gravity wall (o)
Cantilever wall.
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b. Retaining Wall Design

The following steps are suggested to desigrn retsiviing

walls:
1. Opbtain scil properties ¢, c and J for both backfill
and base soil. Cohesionless hackfill are recommended in the

Rankine zone (see Fig. 1@.2).

5//F.- p/ane
cohenstonless backfill.

Figure 1@.2. Backfill Rankine Zone.

= Select tentative dimensiorns basec on Fig. 1@, 1.

3a Determine earth pressures by mearns of the Rarndine or
Coaulomb theory taking in account the reguirements mantioned
in Fig. 9.12.

4, Determine all the forces acting on the retaining
wall, as shown inm Fig. 1@.3.

o Check the stability of the retaining wall, trat 13,

S. 1. Check for overturning about ifs tog that  is

about point A in Fig. 18.3.
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&= angle of wall friction

£, =5, cos (90°-a + 3]
A =B, sin (90"~ +8)

£ =Fysin 8
= Beos 8

fa
7

(o) (5)

Figure 1@.23. Forces on gravity wall ()

Coulomb analysisg
(b)) Rankine aralysis.

ﬁ P
W
l 4
—
ol
3
"qheel
i .
- Sometimes omitted
V=Wi+ W+ 5 sin 8
{a) Included becouse
itisin g
% q;= laverage height of soi
{weight of concrete) . art o) xon® e oy
< T Sloct et
EEER: L ) W 3 Neglect vertical
A My Mau = Dy component of £,
™~ Qhgel
{e) (g}
Figure 182.3a. Forces on carntilever wall. {al Zrorire unitg

free bodies foryg (b)Y stemy (o) toey (d) heel.

MNoEE tTnaus My o+
Mz + M3z = 2.2

The safety factor against overturninz asout tha

is given as
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Mg
FS = —=—= standard practice reguires 1.5 (¢ F8 ¢ &2
= Svearturning

whers

Mz

sum of the moments of forces ternding to ocvertuern
about point A (Paderizontall.

ZMR = sum of the moments of forces tending to resist
averturning about point A (We, Ws, FPaverticall.

T. 2. Check for sliding failure along its base.

The safety factor against sliding is given as
FSgliding = =—-- standard practice reauires

F.Sgliding = 2.5

where
ZFﬁ’ = sum of the horizontal resisting forces
ZFE;= sum of the horizontal driving Torces
o
(Zv) tc—m;é + BC
FOMLTAGE M et e

Panhorizontal
where ;a{ ard c© are scil parameters in the base of Ine
retaining wall and B is the width of the base.
Te 3e Check for bearing capacity faiiure of the
base. Similarly, the principles that were explained 22fcrs
in footing subjected two ee¢entric load are used to check tne

hearing capacity in the base of the wall

Qhase = "5 F o Jallowable
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whnere dgllowable may be obtairned as indicated for conmtinuocus
footings. The safety factor against bearing capacity is

given as

Qu Qu
8 = —= Nsually —-—— 23
{bearimng Qa qa
caPacity)
B &, Check for settlement: if the wall rests omn a

granular soil, the concepts on elastic settlement indicateo
ivn Chapter ¥V can be used. If the wall rests orn a cochesive
soil, the comsolidation prirciples given in Chapter II may be
used to predict the settlement. - It is a good oractice to
keep the resultant force rear the middle of the base to
reduce differential settlements; Rs a continuous footing tne
hase of the wall may bave problems of giffererntial
settlemernts in the longitudinal direction if the soil 1= very
variable in its characteristics.

5.5 Check for overall stability. In adoiticn  to
the stability checks mernticoned above, the retaining wail
should be checked against two other types of failuwres snown
in Fig. 1@. 4, Some authors recommend to make tne arnalysis
for ' deep shear fallure whenm the weak stratum is within the
depth of 1.5 to 2H of the base of the wall. The stability
arnalysis carn be made by means of the Swedish circliz metnog
that carn be found in any Soils Mechanics book. Trne safety

factor obtaivned should pe at least 2.2 for this analysis.
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S. &, Reinforce Corncrete Design.

For cantilever walls, orice the steps givem above
nave beern carris=sd out, the stem, the heel and the toe may be
cesipned according to the ACI Code and usivng the free bodies

shown in Fig. 1@3.3.

Angle o with
horizontal

Figure 12.4. {a) Shallow shear failures {b} deep snear
Tallure.
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Cu Drainage, Wall Joints

It is a good practice to provide soil drairnage instead
of designing retaining walls against larger pressure caused
By raiwfall or other wet conditions. Adequate drainages

should be provided using weepholes and/or perforated pipes as

snown in Fig. 12.5.

In addition %o that, Joirts may be comstiructec in a
retainirg wall to: (see Fig. 12.3)

B, 1l Joint two successive pours of concrete vertically
or horizontally. They are called “"construction Jjoints. "
c. 2. Contral crack formation due to the shrinkage of
the concrete. {They are vertical jJoints and are callec
"contraction Joints”  and are spaced from 8 0 to 12
metersl.

Cu 3e Control expansion of concrete due to temoerature
changes. {They are built vertically arnd are callec

"expansion Joints” and are spaced from 18 to 3@ mt.)

Backfill with free draining soil
Weepholes should
be 100 mm or lorgerto [
avoid plugging. ot
Note that the
discharge is onfo
the toe where
the soil pressure
is largest.

Granular material of size to
avoid plugging weepholes

Drain pipe covered with
granular material. Cut hole
in counterfort if required

If weepholes are used with o counterfort wall ot least one
weephole should be located between counterforts

Figure 18.3. Drainage of retaining walis.
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Back of wall Back of wall

o

Contraction 1
joint Face of wall Expansion Face of
(b) joint wall

(e)
Figure 1@2.6.(d)Construction Jointsy (D) contraction joinmt: (@)
BRApansion.

Zxample 1@.1

Design a gravity reftaining wall for $he cornditions given

below. ]
F= 1500 psf.
uulf 1]

L Water tank, _,.__E..{-_
12! 7/ 1o

10’

| L~ Plan View.

£Elevation
' 169



Soil Data

Backfill Base soil Y= = 130 pof.
{ 1i@ per 190 pof
@ zoo 150
o= o = Sd psf

e e e . . i e o e ey S TR Y PR TR P RS R S T M ey e e T i o "

Tentative dimensions (use Fig. 190.1)

o +

@

|
1
|
I
}
T DNIG
|
|
|
|
|
|
|

- | 2640 Lbs,
4!‘
A ® P
5" 1/ 4!
a5’
Earth Fressure (use Rankine theory)

He 1i@a (1a & ;

Flg & =—— KA & ————me B. 3333 = ZEID.74 #s say DSdipdc,
= = '

Ka = @.3333  For $= 307 © B=w2 From Tacle 3.3

Fa = 2640 lbs/ft
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Forces in Retaiwing Wall

(see Fig.

Fart Weight (pounds)
2.5 ® 12.3)

A1y o — -

(=

() 13@(1 x 12.3)
(3) 1184 x 1@8.5)
(4) 13@¢1,5 = 7)
PR

Pa

ia., )

Pressure due to surcharge {(use Newmark Chart,

il

M+

(feet) (pounc—-Teet)
= 342 1.83 + 625.9
= 1365 2.5 + 3412.3
= 462@ 5 + 2302
= 1365 3.5 + 4777.5
= 7692 ZMR + 319i5.9
2642 4 - 1@3ed
= ZMI:‘,
%
Fige 9599
Relative dimensﬁans in terms of B ¥
12 15
Side B = — = 3.33RE, 28 = —— = ZAR &
3 3
B = i1.587 RE Zn = 2. S4B o8
B = 1.1 AB 268 = 1.&6748E A
B = 2.83RB a4 = ..EEAB I
B=10 i SUNE—7 LS—
0 J= 2(2.000)Mx
- 1500
£ =7/ lbs. Foalt
b (for rigid walls) A

7L



Assuming that the resultant forces except the 18#s force
act in the middle of each pressure diagram, the total
resultant is located at:

18¢1@) + 144(7.2) + 270(4.3) + 2793(1.5) 28935

Y TR i Taa v E7e +Es T T I
= 4,07
Payurcharbe 711 arm 4.27 Momert - 2833.8 = J Mgz
jfmgT = - 1QSED - 2B33.8 = 134535
ZMR 31915.9)1_

B e s e e o e e e

37 P 2 ox

G

FSaverturnind = o-~-—- -
| 2Ma 13453.8 7

4

JFR’ 76928 tan 152 + (7 x S@@) SEE1.27

FSglidind T —=== T me e e e e e e
2Fd 2E4@ + 711 235
= 1.6671.5 ok
garing Capacity Check
Y S=
Ot e i T A
“ B
7539= 41 10
OfFog = ==——= (]l + cwe—— 3
-—I 7 7
= 2134.92 psf
b Ga
3351 : Oheel = == (1 - -
A = B
/s
o~
o/ p |
¥/
/ _,}i,h__
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Qhegpl = —— X
E(il. 1@
62.8 PS#- {1 - —-—;—-—-——- 1
2134.92
= 2.8 psf
R = 33512 + 76922 = 839@
3351
& = tan~l ———s = 23,540
7692
31915.9 - 13453.8
e = 7/8 - —- = ———— = 1.1@" ¢ B/6& = 1.1i7 {only com-
7692 DRSS 1lon
wrder base)
MR = ) Mg
g = RBR/2 —2-- ————————
PR,

gy = cNp Fog Fpd Foi + Ng ¥YDf Fas Fad Fai

+ 1/2 BLYN, Fyps Fyd Fri

¢= 139 Nep = 11
Ng = 3.9 (from Table 4.2)
Ny = 2.2
Feg = Fagg = F g = (for continucus footings)
B* =B -8 =7 - 2{i.1) = 4.8 (eccentrically locaded
! footings)
Df
Foed = 1 + 8.4 (==) for DF/B ¢ 1
B
Df
RAssuming DfF = 37 -— = E/T7 = .43 (1
B —

Fed = 1 + @.4(3/7) = 1.17
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Dfe D¥f
Fag = 1 + & tan @ {1 ~ sin@I& ——, - ¢ 1
; B =] -

Fag = 1 + & tan 159 (I - sin 1S0}2 3/7 = 1,259

Fag=1

B
Fei = Fgi = (1 - ———}E

O

23. 040
Fogi = Fgi = (2 & = Ve = B, 98

@<
B 2. 542

152

gy = S@@1D){1.17)(@.35) + 182(3)(1.289) @.55 (3.9
+ 1/2 (4.8 182 (1.1) (2.3}

ay = 4453.85 psf

Qg = ——————- = 1484.6 ( 2134.582

Being Oz11 ¢ dtoe & new sectiorn must be tried!
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CHARFTER XI
a. Irntroduction

Piles are structural members made cut of steel, t imoer,
and/or steel, used to transfer loads to lower stratums in the
s0il, for the following purposes, among others:

1. To  transfer loads through water or soft soil to a
suitable bearing stratum.

2. To transfer loads to a depth of relatively weak soil
by means of Yskin friction".

3 To control éettlamewts whern spread footinmgs are on
highly compressible stratum.

4. T suppert large horizontal or inclined forces.

Fa To compact granular soils. .

&. Ta carry the foundation through the deptn of soour
to avoid the loss of bDeariwmg capacity that a shaliow
foundation may suffer due tﬁ the erosion of the soil.

7. To stiffen the soil beneath machine foundations.

a. To anchor down  structures subjgected to wolift

forces.

b. Types of Piles
Files may be classified according to their composition
or furnckian.
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Aocording to their composition:

- Timber: plain or treated with preservative.

- Corcrete:? precast or cast in place.

- Composite: concrete with steel or wood.

According to their function, they can be classified as:
paimt—-bearing capacity piles, friction piles and, compaction

oiles.

c. Determirnation of Type and Length of Piles

Petermining the type and length of piles to be used in a
oroject is difficult and good judgement is  recuirec. Tre
following 1l1deas should be kept in mind as a guide. Faint-
hearing piles may be used if bedrock is within a reasornanlie
depth thern from borings records the length of the piles can
be fairly established. On the otner hand, friction oiles may
ae used if bedrock is rnot witnin a reascrable depth and  the
use of point-bearing piles are not economically feasible.
The length of friction piles is difficult to predict anmd it
deperds on the characteristics of the soil, the apoplied loao,
ard the pile size. Finally, the compaction piles are usad o
increase the density of grarmular soils close to the groundg
surface. Their length depernds onm the stage of cemsity of Tn=
s3il before and after compaction and the reguired depth  of
compaction, test driving is necessary to  figure out  Ihe

agegdate lerncth. in general, they are gceneralily snors.
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d. Pile Capacity

Wnen a pile fourmdation is designed, it is necessary to
abtain its length and its oross section, the pile seliectad
must e abie to suoport the loads from the supersiructurs
without causing excessive settlements. The bearing capsacity
of a single pile is controlled by the structural strength of
the pile based on allowable stress {(code vaiue) and  the

supporting stress aof the s0il based on the inm situ  soil

properties (bearing capacity eguations). ne smalier of the

—p———

twa values is used for the design. In addition, pile driving
formulas, pile-locad test, or a combinmation are usec on the
field to comoute the pile capacity and check if the pile nas
been correctly designed and placed, in other words, cneck f
the pile has reached the designed capacity at the cegsth

oredeternined.

1a File capacity - structural strengti

Being the piles structural members embedded 1in so0il
which give lateral support, the slenderrness effect rcan e
neglected to obtain the structural capacity of a piie
subqacted to axial load. Therefore, the structural strergtn
is piven in the general form

Pall = Rfall €L le L)
where

Fal11 = allowable design load

[a = cross—-sectional area of pile at cap
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fall = allowable stress of the material being used (code
value)
Below are presented formulas to obtain the allowable design

load based on the structural strength.

Pile Type =~ Pai1

Timber piles _ Pa11 = Ap fa Ap: pile cross—-sectional
area
fa: allowable stress for
type of timber used

Precase concrete Pa11 = Ag (B.33F'ec - Q. 27Fa)
: Ag: gross concrete area
f'c: concrete compres-
sive strength {(35-55 mPa)
fe: effective pretress
after laosses (5 mPal

Cast in placec Fa1l1 = Aec fc + Asfs

piles Ac,Ac = area of, respec-
tively, concrete and
steel
fe, fo = allowable mater-—
ial stresses

Steel piles Pall = Ap fs Ap = cross~sectional area
aof pile at cap
fs: allowable steel
stress

7able 1.} o

2. Pile Capacity -~ Bearing Capacity Eguations

P

The ultimafe bearing capacity of pile sub;ected to
axial-compression force can be obtained as a contribution of
the pile point-capacity plus the skin resistance from the
atratums penetrated by the pile, that is,

Q, = Qp + Og (11.2)
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where
Eu
Gp

Bg

wltimate bearing capacity of the pile

point-~capacity contribution

skin resistarnce contribution

The allowable bearing capacity is given by:

where

point

nile is treated as a friction

Figure 11.1.

piles.

The

expression

(a)

it et b e e S

-

bearing pile and if Og

IlQu

Y

pile

arnd ;

(=P

Foind

bearim

cohesionless, cohesive and fﬁ—c soils.
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Gg is smalil compared with Gp the pile is

(see Fig.

is large compared with

(1%.3)

treated as

11.1%.
lQb
,'i‘...: o < ‘Wk'
oy -
14
b e 8041
by . L
29|l
.;-. : .,o L..
2
Qu::&k,
o piiesy (c!

to obtain Qg and G2 are presamnted
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a
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Zoint Bearing Capacitwy

The ultimate point bearing capacity can be given as

gp = Ap ap (11l.4)

where
* *

ap = chNe + g?Ng (11.5)
and

Ap = area of pile at the pile tip

L = cohesion of the supporting material

gq! = effective vertical stress at the level of pile tino

Noc¥*, Ng¥* = bearing capaﬁity factors
gp = unit point capacity
The factors Ne*, Ng* can be cbtaired by several methods. The
Meyerhof’s method and Vesic's method are commonly used.
The Meyerhof?’s method is used as follows:
b

al Givaruﬂ, determine (——)papig from Fig., 11.3.
D

b L Lb
b) Determing -—, if —-— ) @, 3(--) and { Z@° mbtain
D D D

Ne®, No¥* from Fig., 11.2 taking the waximum values (N'c, NG*J.

Lh kb
If = { 8.5 (==)gopits then
D D

Ne®* = Ng + (N'e = Ng) [=—————————— J (1l.22
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L
s

D
Na* = Ng + (Ngl - NglLl — -1 (11.7)
b
@-E(——)cpit
D

c) 567399 take maximum values (MN'c, Ng?
For sand, c = @ equation (11.5) becomes

Gp = Ap g’ Ng* ¢ Ap qL (11.8)

K (1imiting Point resistance)
gL = 5@ rg¥* tan {-=) —- o s s o s {(11.9
me

For saturated clays, urdrained conditions (¢= 23.

Gp = 9 Cy Ap (11, :1d@n
where

g = Ng* from Fig. 11.2

cy = cohesion from urconfined compression test
The Vesic's method is used as follows:

Op = AplcNe* + 3 Nr*) (41,11
wherse

1 + & Hg
m:'" w  Poamessamms ) q?
3
Ky o= 1 - sinfﬁ
Mo¥, N _* = pearing capacity factors given in Table [i.:1

T
In Table 11.1,
I

Ipp = —=mm—ee

1+ In4
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Egp

wherea

Gg is the shear mocdulus of the soil
and

A is the average of volumatic strain in the plastic
Zone below the pile paoint.
Where there is not volume change (dense sand or saturated
clay)

A =2 and the equatior 11.12 becomes Inp = In.

Recommenrded values of Iy are shown below.

Saoil I\n

Sand (+» = 2.5 - @.8) 75-15@
Silt and clay SO~1a3

{drairned conditions)

Clays 1ga-zaa
(Urndrained condition)

It can be noticed that the Vesic’'s method reguires many work
in the laboratory to obtain g, c, Eg, A and ¥.
Another method to obtain point bearing capacity is oy

means of the standard penetration test. Meyerhaf (1376)

sugpests to obtain the value of Op as:
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Lb

Gp = AP(38N) —— ¢ 382 N(Ap) KN (111
D

where

N = statistical average of the SPT mumbers in a
about 8D above to 3D below the pile point.

Lb

Ap, -- as defirned before (see Fig. 11.1)
D
1
2]
' -
80
WARED
Figure 11.2
T cbtain the point  bearing capacity, it

recommerndable to use the three methods presented above

compare results to see which one gives critical values,

@. 'Frictiornal Resistance

The skin resistance can be expressed as:

Gs = [ p OLF (11.

where

p = perimeter of pile section

183"
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A qure /|. 3 Critical embedment ratio and bearing capacity factors for
vanous soil friction angles (after Meyerhof, 1976)
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¢ 10 ) 0 60 %0 100 200 300 400 500
0 & 1.90 882 0.38 975 1004 1097 1151 1L89 1219
100 1.00 1.00 Loo 1.00 1.00 1.00 L.oo L00 Loo
1 M 437 842 1004 1040 1083 1192 1257 13.03 [3.3¢
LI13 L18 L16 118 118 L8 121 L22 1Lx L3
2 ™2 887 1006 10.77 1128 1168 1296 1373 .28 471
Ler 131 138 1.38 139 L4l L45 1.48 L50 Ly
3 812 940 1074 1155 1214 1261 1400 1500 1566 16.18
143 L48 1.56 1.61 L64 1.88 L.74 L9 1.85
1 854 986 1147 1240 1307 1361 1534 1640 1718 1780
L60 L7 180 187 L8l 195 207 15 220 o4
5 899 056 1225
178 182 207 .18 223 2.28 2.46 2.57 2.65 2.7
4 845 118 13.08 1426 1514 1585 1817 1942 2070 213
1.69 218 237 2.50 2.59 267 26l 3.06 3.18 3.27
T 854 1185 139 I530 1630 (710 1977 1246 2271 2M
222 246 71 2.88 3.00 10 34 3.6 3.7 .41
8 1045 1255 1490 1641 1754 I845 2151 2346 2483 2811
.47 2.78 3.09 3.31 3.46 358 402 4.30 4.50 457
4 10069 1328 1591 17.59 1887 1880 2339 2564 27.35 T3
74 a1l a8 3.70 300 415 4.70 5.06 5.33 5.55
10 L33 1408 1597 18856 2029 2146 2543 28502 20.99 3158
3.4 3.48 3.99 432 4.55 4.78 5.48 5.94 8.29 8.57
i1 1214 B0 1520 2020 20L8) 2513 2764 3061 28T 4T3
.36 3.90 452 483 5.24 5.50 6.37 695 7.39 .75
12 17 1877 1930 2164 2344 2482 3003 3341 3602 38.18
.71 4.35 510  5.60 5.98 8.30 7.38 810 B.66 8.41
13 1341 1668 2057 2317 2518 2684 3260 3648 3944 4188
4.09 4.85 573 635 6.31 7.20 8.5 942 10.10 10.67
I4 1408 1765 2192 2480 27.04 2880 3538 2075 4315 45.08
45 540 6.47 7.18 194 8.20 982 1091 ILT6 1246
15 1470 1868 2335 92853 2902 JLO0A 3837 4332 4718 5039
4.96 6.00 7.26 8.11 8.78 833 1L28 1261 1364 1450
18 1853 1973 2488 2837 3L13 N4 458 4717 5155 5520
5.48 6.66 8.13 9.14 993 1088 1392 1453 578 168
17 1630 2085 2646 3033 3337 0592 4504 5132 56.27 . 60.42
5.58 .37 908 1027 1L30 1198 1477 1663 1820 1947
18 1Tl 2203 2815 3240 3576 3859 4874 5580 6LIS  68.07
656 816 1015 ILS3 126 1354 1684 1913 2084 2247
19 1755 23.268 2993 3459 3830 4l42 571 6061 6689 718
7. 8.01 1131 1291 1419 1526 1915 2187 2403 2585
20 1883 24.56 3181 3692 4099 M43 5697 6579 T2B2 TATB
7. 994 I238 444 1682 1717 2173 4.4 27.51  D9.6T
21 1875 2582 3380 3938 4385 4784 6L5I  TL34  TB.22 8500
8.58 1085 1367 1612 1783 18.29 2461 2839 Jld41 3387
2071 2735 1389 4198 4688 5104 6637 7730 9609 9357

B woe
8 FRst
a
-

6§ 68 98 8 BR 2B BEAE
4
]
8

&
&
5
N
S

g 5 &8 % 8% & £ & &
=
g
2
3

5420 6205 6862 9548 13224 14687
BG.B0  99.82 1L22 15551 1SSl 217.01 24L84
5854 02 10580 198.55 147.81 16412

o
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L = pile length

f

unit friction resistance at any depth
For sand "f" is expressed as
¥ om i T cand SEM L]

where

X
i

garth pressure coefficient
7

K varies with depth, the following values are recommenced.

effective vertical stress at dept urnder study

soil-pile friction argile

K File installation
iv. 1 - sin ¢ = Ka bored piles
2 Hea — lower limit Low—-displacement drivven pilies

1.4 Hg — upper limit

3 Ko — lower limit High displacement driven piles
1.8 Ko upper limit

——— ———— ———— - — o . . i - — . — by —, —— B it R i bt e i i et i . M P

Taken "KY as a constant and "J" as & constant which ranmces of

.5 ¢ te @.8;6, the only term in eguation 11.15 that varies

il

i1
i

with depth is g*y. In sand, that variation iz from 15 o
times the pile diameteé, therefore, Hknowirng that f 1= a
fungtion af ', the variation of f with depth may pe as
shown in Fig. 11.4.

Theny, the g value may be ocbtairned approximately and
conservatively as,

Qg = p L? fav + p (. — L) 'Fav (Lil.16&:
Sh 15D to o
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r

JI ;5; ﬂmﬂ_//////
ac " Y assumed
I L d:.s”-t::&utwn L=I5t0200 distribytion
of % mth £ = k(sL)tand of "Fhwith
e epth. . ‘) depth,
10 D
1 . Sond ‘i
i 2 -

Figure il1.4. Variation of "f" with depth for piles or sarnd.

There are three methods currently used to compute skin
resistance in cohesive soils, the /lmeth-:ud, the P method awnd,
the o method. In general, in the three methnogs the skim
resistance is given by equation 11.4.

Qg = ZpAI. (flor Gg = p L fav
The difference among them is how they abtaih tne value of Tne

uriit skin resistarnce, "fFU.

Al’*’lethc«d'.- Proposed by Vijayvergiya arnd Focht (1272} cotains
the value of F as:

fs = A(Fv + 2 oyl {

[
ey
&

s
\J
~r

where

A= value obtained from Fig. 11.5

v = average effective vertical stress for the ertire
embedment length

oy = average undrained shear strength (ﬁ= i)
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v and cy can be obtairned as shown in Fig. 11.6 for layered

soils.
of Method: Proposed by Tomlinsan (1971) suggests to compute
the unit skin resistance as:

f = ey : (11,18}

where is an empirical factor that canm be obtairned from Fig.

0.1 0.2 0.3 04 0.5

10 pd

Pile embedment length, L (m)

0

Y}
*
1N}
ol
a

Figure 11.5. Variation of -).with pile embsdment .=
(redrawn after MclClelland, 1974).
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IR ek et

f:': d ‘Cum

:.: ) area 4 = AI
b ‘ L  Culd)

£ 1 area 2= 43

L Cuen,

# aréa 3= Aa
— —l 1

O T g {r

epth
Depth
d";___. Ai+Azp A3 4.....+ AR
L

Cis (Cat) L4 Culat ceretCun) bn
L
F}gure /. & 4ppf;ca+.-on a/ A Method n iayerea’ e

11.7 and cy as defined before. The skin resistance is given
by

Q.5 = Zoccu AL (p) : (11.19)
?Meth-:u:!: This method expresses the value of it

frictional skin as

s
&

=60y (11, &
where '
Pr

M

K tan ﬁR

drained frictiormn angle of remodeled clay

garth pressure coefficient

vertical effective stress

v

The value of K can be taken as Ko or
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K =1 - sin @R (rormally consclidated clay) (11.21)

[

(1 - sin ¢R) BcR  (overconsolidated clay) (1l1.22)

pluggivng the values of K into equation (11.2@0), is obtained

F= (1 - sin Pr) tan Fr (?y (rormally con- (11.24)
saolidated clays)
Ff o=

(1 - sin Pr) tan PrARCR ¢ (over- (11.25)
_ corsalidated clays)
Again, Qg is given by
Bg = JFPOL
Goodman (198@) proposed the following eguation for piles
resting on rncks;
ap = 4y (N¢ + 13} (11.267

where

1.00

0.75

0.25

50 100 150 200 250 300
Undrained cohesion, ¢, (kN/m?)

Figure 11.7. Variation of o with G,
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N = tan2(45 + Q)
2

qyu = unconfined compression strength of rock
ﬂ = drained angle of friction
then, the allowable point capacity is expressed as:

Equ(N?-l- 1)1Ap
s FS8 ¥ 3 (11.27)

AP a u.-mZ. FS
2, Efficiency of Pile Groups

Single piles are scarcely used, on the contrary, piles
are used in groups. Typical pile-group patterns are shown in
Fig. 11.8. It can be noted that the bearing capacity
equations were presented for single piles. This equation is
going to be used to obtain the bearing capacity of a group of
piles. That group bearing capacity may decrease because of
the overlapping of the stresses transmitted by the piles if
they are spaced closely or that group capacity may remain as
the total contribution of the piles if they are spaced
adequately. The minimum allowable spacing of piles is
normally given by codes, a common practice is to keep the
minimum distance between centers of piles equal to 25.8 for
round piles or two times the diagonal dimension for
rectangular piles if those piles are drivem to sgoil. For
piles driven to rock, the minimum spacing should not be less

than D + 328 mm for vound piles or the diagomal plus 3@@ mm

g 4 § I



for rectangular piles. The stress overlapping is shown  in
Figure 11.9.

From the comnments made above, it is important to
determine how efficient a group of pile is in order to find
out if the piles work at full capacity or this capacity is
decreased. Hence, the efficiency of a group can be defined
as the ratio of the actual group capacity to the sum of the

individual pile capacities, that is,

N = ————— (11.28)

4] = pile group efficiency
Gg(y) = actual group capacity

‘Zau = gum of the individual capacities

Piles in_sand
To obtain the group efficiercy for piles on sang, the

following expresscan be used {(see Fig. 1i.1i@):

S2lm + n - 2)s + 4D
= — - where (11.89)
B om /

riumber of piles = mxn

perimeter of cross
sectiorn of each pile

]

B

D = pile diameter

s = pile spacinrg

192



11
— i ,.E___ 4 it
-I-re‘ ol t =R e'-l—f
2l i ! 3 _1ﬁ) ] R
i 1 w | I I ] ]
1 I i s [ I A
=t Ly | o B
¥ 3 I E
1 piles 4 piles lo___o! & piles
S piles
"o o o [0~ 0 ety

gf\) | A
: B ==

I

------ lo oot
- 7 piles 3 -_‘ 8 piles E:i:J
S 9 piles

T

b
.
Ve § 5

Q

N o i i

b !I\L{

¢
s | o
s

s oo ol
10 piles (o] 11 ﬂ"l, ;'
. 3=~ it |
® o o o]l o o & |A\I 00| 0|8
- -T 1
SR TP T | ¢ o ﬁ) é :'?\é l k? l
Single row for o wail [T % ® 6 o _i

Double row tar o wall

tal

b e g $

Triple row for @ wall

IIIB-
()

Figure
footings:

Typical pile group patterns;
for foundation walls.
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A

] ]

Apiles contribute to the stress in this zone

3 piles contribute to the stress in this zane

2 piles contribute to the stress in these zones
Note rhc':?crdequute spacing of the piles

duces the averlap zones and the number
of piles contributing to any zone.

Figure 11l.9. Stresses surrcounding a

summing effects.
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Figure 11.18. File group.

—f K=

——

Then, from eguation 11,28 the proup capacity is givern by
Ggou) =n Z@u

where ), is obtained as explairned before, that is
Gy = p L fav

If "mn" is bigger than one, use one.

Piles in clavy

The following steps can be followed to obtain the group
capacity of piles in clay.

1. Datermine pile bearing capacity as if the piles
behave irndividually and sum each capacity, that is,

Ja, = mnt@p + Og)
Equatiaon {(11.18&)

Gp = Cu Ap , Cy : cohesion at pile tio
(P (P

Equation (11.13)
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Qg = Zka cy AL
then

Gy = mn(9 oy Ap + fZa(p ey ALI) (i1.3@)
(P)

2. Determine pile bearing as if the piles behave as a
group, that is,

Gp = Ly Bg Cy Nc*
(P)

where the value Ng¥ can be obtained from Fig. 11.11

and
Lg = (m — 1) + D
Bg = (n - 1)s + D
and
Dg = Zpg cy L = Zau_g + Bgloy AL
then
Gg¢u) = Lg Bg Cu{ } Na® + ZE‘(LQ + Bgloy AL Cids 349
u
e Compare the two values Og(y) and Z@u and use the

lower one for design.

Piles in rock

For piles on rock, the group bearing capacity carn 2De
takeén as the sum of the individual capacities, &g(u}==éiﬂu

if the spacing for piles on rock given above are respected.

f. Pile Settlements
The consclidation settlement for a group of piles can oe

mbtained using the 2:1 method to calculate the 1ncucec
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Lys,

Figuwre 11.11. Variation of N, with L/B and H/B-based on
Bjerrum and Eide’s equation.

stresses and using the eguation (2.18@). The following

considerations have to be takenm into  account (see Fiog.
11.12).

1. The load on the group is

QT if the pile cap is above the original ground surface

@t = 0T - ¥ scil above Pile By P
remave bY excavation

’

where

@1 is the total load from the superstructure.

f=4 The induced stresses begin to act at a depth o

[ =)

F 2/3

L. from the top of the pile.
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(Lg+2)(Bg+2)
A o §tefic C.:HC [03 ('+ AP )

Figure 11.1i2. Induced—-stresses File Group.

The elastic settlement for a pile group may be ocotained

by the eqguation proposed by Vesic (1369).

Sa = (11.33)
(e)
whera
59 = glastic settlement of a group of piles
{a)
Bo = width of pile group section
D = width or diameter of each pile in the group
Se = glastic settlement of each pile given by
equation 11,32
(Qwp + ;-QWE}L thyp D .
Sa = == ot + — {1 = M=) Iwp +
gp Ep ﬁp EE s
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(1i.

WO 1 ng

load

skim

Fig.

Gws D
{(——=) —— (1 ‘*ME} Iwg
P L EE s
where
Qup = load carried at pile point under
conditions
Qus = load carried by skin resistarnce under working load
conditions
Ap = area of pile cross—-section
L = length of pile
Ep = Young's modulus of the pile material
Eg = Yourg’s modulus of the soil
D = pile diameter
Mg = Poissorn’s ratic of soil
p = pile perimeter
; = factor which depends on the nature of tnhne
resistance along the shaft pile
F Lf
.§-05 §=a5 ;=a‘7
© Iwp = influence factor that can be obtained from
11.13 using + values
L
lwg = factor given by I[wg = & + 8. 35 _—
D

g. Pile Driving Formulas and Pile Load Tests

As

already indicated,
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dyrnamic formulas or pile
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tests are used on site to determirne if the piles develco the

capacity at which they were designed. There iz a variety of

formulae available to obtain bearing capacity when a pile

peing driven. Here will be presented
Engineering News Record formula (ENR)  only.

expresses the ultimate load capacity G, as

EWRN WR + nS Wp
By & =ies s s
5+ C WR + Np
where
E = hammer efficiercy (given below)
Hammer type E
Sirgle—-double acting hammers . 7-8. 83
Diesel hammers o.8~-3.9
Drop hammers B, 7-0. 9

Wr = weight of the ram (specified value)
h = height of fall of the ram

=) = penetration of pile per hammer

the

This

Delow

based on the average obtained from the

driving blows).

c = @.254 cm or @.1 in dependent on units of
i = gpgoefficient of restitution betweern ram
cap
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o

\\\?
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For circular foundation

a=1
Lo p a, =085
a, = 0.88
0.5
1 2 3 5 6 7 8 9 10
L/B
Figure 11.13. Values of a, aay, and ar.
File material i
Cast iron hammer Q. 4-0.5
and concrete pile
(without cap}
Wood cushion on A, 3. &
steel piles
Wooden piles Q. 25-3. 3

Wp =

R factor of safety of 4-& may be used in egquation

File load

data which permit to plot a curve load versus net

as shown in Fig.

tests are conducted in the field

i1.4.

weight of the pile

1i. 34.
TS obtalrn
sett lement

From that curve a value of &, is

200



obtained. Pile load tests should be conducted after several
days the pile has been driven in grarnular scils but in
cohesive scils that test should be carried out after a
certain pericd of time (30-9@ days) to permit the soil gain

its thixotropic strength that is part of its original shear

strength.
Ldad, Q a”z
: 1
| 5¢ l
: | QU;: well dzfmed.
I 2
i ug: arbitranly de-
| /oadmg I fined (where
S ————— < | Steep linear
5 P § I Portion Starts)
g 3
;S W%mdqy b !
% : |
W Snet= S¢- Se ;ﬂ
]P

Figure 11.14. Pile—-load Test Curve.

Example 11.1

Find the allowable bearing capacity of the pile group

shown in Fig. below) if they are embedded in a saturated

homogereous clay.

D = 426 mm

| *~%>—r s

S L = 18.5m

‘¢——q"- Cu = 95.8 Kp/mE
m = 3 n=3

85@ mm

**?

+ 4+
*f’"*%
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Gg ()

Gg(-.u

1. Piles working individually

ZQu=mm (9 oy Ap + J & p Cy ALY (11.32)
F
o= @2.53 from Fig. 11.7 for cp = 9.58 ——
me
(8. 406) 2
Ap = ————————— = Q. 12895 mZ
4
o = T(D.486) = 1.2755 m
AL = 18.5 m {(the stratum is homoperneous)
.ZQu = 3 x 3L(3 »x 95.8 x B.1295)+(D. 53 x 1.2733 » 295.8 «
18.531
LG, = 11787.81 KN
2. PFiles working as a group
@gquy = Lg Bg Cy Ne* + J 2(Lpg + Bp) oy L (11.31)
Lg = m — 1)s + D = (3-130.83538 + @.4806 = 2,106 m
Bg = (n—1i)s + D = (3-1)0.858 + @.4386 = 2. 106 m
Lo ks 18.5 m
— = 1 —— e = 8.78 Ng* = 9
Bg Bg £.106 m
= (2.106 x 2. 100 % 95.8 x 9 + 2(E2. 106 + 2, 198) 25.8 «
18.5 .
= 18733.92 KN
3. Gg(y) > J2Qy use JQy = 11787.81
11787. 81 _
Qg = ———————— = 3929,27 KN
3
the group of piles is embedded in sand, what 1s tne

efficiency of the ogroup?
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Z2lm + n - 2)s + 4D
Pmmn

2(3 + 3 — 2)0.852 + 4(Q, 42€)
N = ————————— - — = A, T4
1.2735(3) (3}

thern the efficiency is 74%.
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ABSTRACT
Scils have beer a civil enmpgireering material wicely usec
since arncient times. Mar has used the soil for different
purposes: to build & read, to build an earth dam, o suszort
structures and so own. In gpite of being the scil, a common
engingering material, its behavior under lcad as well as iss
oraperties were rot well understood until Terzaghi’s wors in

i9gsE, Sirnce that time, analytical methods nave seen

inmtroduced to explain the soil behavior under gdifferent imag

conditions and laboratory tests have beern  lnoroved o
determine soil properties reguired in thoss anaivitical
methods. Today, it is possible fo predict, with an

acceptable degree of accuracy, the soil bearing capscity arcd
the settlement which soil could suffer when 1% is  2ming

submitted to load.
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