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1. INTRODUCTION ~ , : S

]
i

. LN ‘ .
The term "failure" implies not only str&g;ura] collapse,
but d1so a wide rangé of non-conformity with design<expectations

or requirements, including undesired sth]ement§, deformations,

t

et e

cracks, bulges, and misalignments. - . o

@
PR

Most faj]urés of’structureé are‘probqpiy caused by the 4 , S
faiiure of their foundations. Although the cost of a foundation
seldom exceeds one-tentﬂ éfifhe total cost of a structure, the security
and performance of the structure depends a]most'entjrely on the
fbunﬁation. Moreﬁyer,’a disturbing feature of an unsatisfactory

foundation is that the;defects'and faults seldom appear immediately,

\
~ \

most of them are not obvious until the-building is in use. .
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.2. CAUSES OF FAILURES » . L
Generally, thqxfailure of a foundation is dhe fo: e
1. ', The absence of a proper investigation gf ihe site, or, a f
4 /j wrong interpretation of the results of ‘such an‘inVéséigation. - i
2. - Faulty design of the foundation. [ o ‘ '*
~ 3. " Bad workmanship 1in the constructien of a foundation. ‘ ' !
4, Insufficient provision in the design for exceptional natura{ g ,’ /)j’
phenomena such as thermal conditions, rainfa]ls,‘and floods o . ?
& gréater tﬁan‘tﬁosé expected to occur~Fuwing;the life of the
C structure. - f ’ ,
Today, it is the"exéeption rather tﬁan the rule to design a
foundation without an invest{gation o% the site. It is importént that « N
the engineer énd'the contraétor should be aQare of all the results of the ,- 2
soil tests, and particularly, that they‘shoh]d take into account the
,lyariations of the properties of any:different st}ata below the surface, )
It must be kept in mind tha§ all the iéportJ;t properties of
\ N

5/§9i1 cannot be’ curately judged fﬁom the results of pf;]iminaryﬂborings

and laboratory tefts. Unexpected changes may be detected only when the

7

A frequentsource of defective data[is the insufficient

investigation of the behagiour*of groundjwater af the site, pafficu]arly

I

changes  in the run-off and infiltration due to changes in the surface



vegatation. . .o -

<

1n the design ofxlarge hydraulic works, an unSat1sfactory
design may be the result of fa11ure to m;&e tests on models to
detenn1ne‘the effects of up11ft,.seepage, scour, ‘the flow, of the
water and s0 on. Another important cause of f;u]ty design is *
failure to cons{de;\%he ipteraction or reciprocity between the soil

and the foun cture (i.e. the deformation of the subso1l

when it is pubjected to 16ading, with the resulft that there may be

an uneven fsettlement on soils with nqg-un1form compressibility).
A 4

Anothier source of failure is the use of a type of foundation that is

4

unsuitable for the type of spructdﬁé it is to support. The lpads

may not have been correctly taken into accourit, or, proper consider-

ation may not have-been given to possible chanaes in the subsoil.
due to vibration, scour, changes in the levels of the ground water,
or the erection of other structures néarby. T

In the 'following, an attempt is made to explain the major

causes of each failure examined. ’ ok

2.1 SITE INVESTIGATION STAGE

2.1.1” Introduction

’
i

The exploration determines the nature and the dimengions of

the underlying materials. It teils whether the soil is gravel; sand,. .

silt, clay or a mixture of clay and sand or silt. The’@ateﬁ table

is always 1oéated if practicable. The depth-and thickness of all layers

K

are determined. If rock is encountered, the ektent of jts surface

4
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erosion, and whether the clay h#& been subjected to cycles o%

. and dhyingi

or fine gravel, sand or sth'and whether the.grains aré of uniform

size or graded from fine to coarse.

-
the so11 below the surque is by means of bore holes.

N S : [
{

is def1ned and its th1ckness¥and nature determ1ned
j If cohes1on1ess material .(gravel, ‘'sand, or silt) is found,
- . ¢
it shbuld be examined to determine if it is clean and qohesion]ess

-,

or it if contains a clay binder or &ther material. It should also

be determined whether the cohgsionless material is coarse, medium.

N e S I

The shape of the grains should ) }

a'lso be noted.

°

An attempt~should be made to determine whether the .» *
material is dense or loose and, as nearly as possible, to detenn1ne

the degree of density. ' ' ' , ’

— If the mater1a1 is c1dy, it shoulg be examined for plasti-
. . »

city. Texture as indicated by the approximate amount of gravel, sand

of silt, should be noted. The natural water content should be deter-

mined, especially for cohesive soils. Some attempt should be i@de

.to determine whether the clay is a recent deposit or an old one that o7

has been coﬁpressed by previous overburden which has been removed by

T o,

wetting
Consistency, odor, and color are indications of proper-
ties whicth are significantlin gyi@inq the/judgement in the choise of' . -
a foundatioﬁ, and these properties should be noted.

Usually the cheapest and most coﬁmon method of examining
: . Testvpits are
too expensive for general explofation, but they may be used for fut; L
ﬁhEF and more careful examin&fion if found_to be needed after a pre-
liminary ekamination.’ ‘

The method adopted or allowed for drilling

the holes should be one that will allow the takfnq.of samples in as

%
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nearly their natural state and poss1b1e and one that will fac11-

itate obtaining as much, data as possib]e Hodes above the water tab]e

- n

shou]d usua11y be dr111ed dry. Obv1ously, any method that uses

dr1]11ng water above the water table w1]l "not supp]y the greatést o
o

/."—“H

amount of~ 1nformat1on

o

The depth to which the exp]orat1on is carr1ed depends upon_ <

.the type of so0il encotintered and the loading conditions. If rock’ is,

_éngountered, drilling must stop and other methods must be used for

determining the quality and thicknesslof the rock tlayers.

2.1.2 Absence of“PreTiminary Investaqation pd
Absence of,prelimﬁnary site investigaoion freqoently be- -

comes one of the factors of foundation failures. Before any other

‘task is undertaken in the des1gn of foundat1on, tests have to be

LN
performed on the so11 under cons1derat1on, and its behaviour under-

s\

fstood ahd 1nterpreted correctly. : T

.

The examples in fig. 1 shows a cross-section of a larqge

hospital and its foundation where the strip fqotin§s were built at
. . . i . 4 )
ground water Tevél on a layer of sand, from 7 ft to 9 ft below the
. - ' ['S

surface, . oA

-

The building had been subjected(to diﬁferentia] settlement

. evgr since it was built, the rat® of settlement increased when the
- P \ ’ ) ' . 4 ’ - . ’
1eve1 of the ground water was raised, and serious cracks appearéd in,

the facades over doors, w1ndows and in the staircase.

in- fig. 1, where it can be sepn that the upper 1ayer of sand has a
. . .

thickness of 2.5 ft and7over1ies a layer of very compressible peat

A site 1nvest1gat1%; revea]ed that. the subso1ls.1nd1cated

[
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. ' ) & ‘
from 4 tor 5 ft thick, the water level rose and as a result’ the vater
cohtent in the peat layer was increase.

. ®

‘I§~was decided to underpin the structure by cgqigruc;%ﬁg
shallow piérs eitending'from under the basemeﬁt’févfﬁgaa;éVel‘as
shown in fig. 1; and to support the main walls on reinforced concrete

'beams\car}ied‘on these piers. Howe;er, while the work was un@erway,
nnré mistakes‘were made. In prder to construct the pieré,.sha]]ow
wells were formed from which the water was pumped out. This proce-

@ure was taken with the idea of collecting the water from se%:ra1

wells into the central well ¢X order to reduce. the number of

x

umps -
required. This hgthod resulted in the upsurge'ofjthe sand layer in
. the-we]],gnd the subsideﬂce of tng\igggpent'area of the ground. ‘The,
q'ground water was finally allowed to find its former level and the
wells were sunk by the dredging and placing of c&ncretei ‘ \
Thgre were two mistakesETade in the design o% the féuﬁQation.: ‘) ‘
‘The first was that the hifferentia] settiement of tHé layer of péét
" was ignored, the second was that similar foundations were used forlthe’
outer walls and the main inferior walls in spite of the fact that
—~the interior walls carried heavier loads than‘the ouéer walls.. The
end resultvof thesg errors was that the interior of the building
©  settled considerably more than the extérior.
Another case. invoives the un&erpinning of a buildiné yﬁth a

slab. Fig. 2 shows a buf]ding which was built on similar qround‘

as the previous example. Strib folndations were used under the‘walls

B PR T
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This cross 'section of the hospital, built in:
,site that wis a marsh area in Budapest, during the begi
i " of this century, shows tHEfHayers of the<undergrqud whid

—_—

were investiqatgd after the‘bﬁi1ding vias subjected to differ- - =~

ential settlements. The concrete piers used to underpin the

A A

bu%]ding are also indicated on the left. . °
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., were layers of peat and sn]t.‘ Forty years after the bu11d1ng was .

pstraga was reduced by an amount that exceeded- the settlement due to

always pronnrtianal to the area of the pressure bulb, but in the case

4
“ . ‘2}’,!

. L
&
w1thou7 an 1nvest1gat1on of the;so11 below the sahd layer wh1ch

extended o a depth of only 5 ft from ground level and under which

built, differential eettlemenps of up to 1 ft occurred as well as

very large cracks in the structure. The settlement was greater every

spring. A result of the higher water level in a nearby creek‘geusing
an increase®™n the water content of the soft peak underlying.the sand.

To prevent further differential §ett1emgnt, a reinforced con-
crete raft was constructed at ground 1eve1’under the entire hui]dinq as
shown in fig. 2. The reinforcement was p]aced in the areas betngen
the strip foundat1ons first, and half the bars in the transverst direction
were passed through holes made at intervals in the footinas. The s1abs
were concreted and the holes filled with concrete. When the concrete _
had hardened the remainder of the‘footing was broken through.and the
bars left projecting from the s1ahs were passed through from both sides.
The bars were then wired together, and the holes f111ed°w1th concrete.
The result is a un1form pressure on the shole of the site covered by

n

the building and the pressure bu]b due to the load penetrates deeper

a

than the 19ad of -the original strip foundations. By this method, the i,
) : . .
settlements were .reduced because the compression of the soft upper

the extension of the Stresses to the deeper but less compressible strata.

r

Settlements due to Idading the homogeneous materials are
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This commercial building was built in 1904
{n Germady., Thé weak subsoil layers which were investi-
gated after seéious settlements occured are shown above.
ATso shown in the reinfarced coﬁcrete used to undenpjn

the building. \

—

. sl e M




e

-

(4
{
.

[,

“a Y7 A— B : .

—

it o R e
Bl e bh e e

Cross section ‘. :
Rel consitency: 6. ' . Ret consistency : G -
{2 04 06 08 1012 14 » ﬂ%o@ o ;Zé[ 7 s T
ot. wata izt ar pmsigercy linds . £ water content ang (wsideny . o
N LT p s by MaT ity ml_ | TG F L
’ A Y 174 Bromn ok ql Bromm o .. R
”'W'f S V""" fndslion Jevel B F"’f—_ - [‘y | r-aza% -
. H-20% . e ML J‘,:g* ¥ié ( o - 229%
P =14% { ) reon gLt N\ p .
a Pu { ) oty cby ;My 51 Ple251% -
L ] (A -z20% =}Llia'l S e adslont e &'\ Lssdsione 7 , .
A |- 0, "z""!,a””“ iy _ e {Yel%y L7 Pl-228% 2
7 L-0°C ) srey oy T - ' %;
. 7B Ty Jedsog - gt Y by / .
/// A-23% o) :5"%"1’# : , { } cby / A =222%
% ‘ _ —
— —— . e st =
' Fig. 3 ! '

This railway bridge pier was built in England

in 1950. Due to a cursory investigation of the soil before
_construction, the pier settled considerably and was eventu- - -

ally abandonned. The cross section shows the results of

jn%ensive investigation afterwards.
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.of a stratified soil, the ordinates on a sttess—penetration diagram
must be divided by the reépective moduli of compression” in accordance
b with the basic formula of settlement o
"> ' . - ' * ! i - \

si - (Pi)(Ahi) '
I AR .

Where: Pi - the intensity of the stress at mid-depth

j;;\ | . y ~ \ of the layer

4 ‘ ' B _ ’ Ahi - the thickness : -
b ‘ . Mi - the modules of compression of the layer
. ! ‘

(™

Ky . o

2.1.3 Unsatisfactory Preliminary Investigation

‘ ) / ‘ , ’/A'frequenfygéurce of defective data is the faculty investiga-
/ tion of behaviog of the ground water’at‘the site, particularly changes

in the run—offﬁgnd infiltration due to possible changes in the ;urface

vegetation. An exaqination of a site cannot be satis;actoﬁy unless it

takes into account possible changes of the run-off of surface water due

f ~
. to the removal of vegetation, the pé?m%ability of the surface of the

- ground adjacent-to the foundation, and the effect of the weight of the '

"

structure.~ A11 of -these factors may cause movement of siiding of the

surface. . S

Observations of settlement were made on a railway bridge which

was constructed on a weak soil foundation. fhe three bores indicated
that there was a layer of stiff brown clay which was fairly near the
surface and appeared to be uniform for a considerab]e‘depth. Based

on experience, a safe pressure on this material of 3.3 ton per squgki

\ _ ~ - L <

~

-




////“\\> . foot and a raft foundation was assumed to be Suitable without dewater1nq

-8

the subsoil. 7ks soon as the construction of the abutments were ‘com-
pleted, a settlement of 4 in. appeared and consequently the de51gn
‘ of “the Quperstructure was changed from concrete to a lighter steel -
"design structure. At the same time, the subsoil was proper]y examined..' ' ‘)
*/_ : ° Bores of pfiple depth wele made under the found;lipn:and samples taken ‘
4 in.an undisturbed state. Tests showed thalt phe water content aAa ¥
therefore the condition of the apparent]yauniform clay varied consider-
- ‘ ably with depth.
T At one bore hole, the relative cons1é/§ﬁcy was .75 at a deDth
of 3.5 ft, 0.60 at 5 ft, 0.40 at 10 ft, N.20 at 20 ft, and 0.50 at 21 ft.

The void-ratios were .83 at a depth of 5 ft, 0.94 at 10 ft, 0.80 at 13-

- . ¢
entire depth, and the liquid 1imit varied only from 0.30 to 0.44 as shown
in fig. 3. These varjations of the condi%jon of the clay were the

cause of the trouble andhshould have been known beféfe the foundations

]

were designed.

As shown in fig 4, the plan of the foundat10n is irregular

because the axis of the ridge is not at right argles to éﬂsara1lway

} ¢ ’ The curves in fAg. 5 show the settlement during a period of

years (the numbe#»f‘“t’?cles indicate the positians numbered on the g//

|
,J plan in fig." 4). It can be seen that the greatest settlement that

occured when the bridge was f1rst loaded, was at (2) where the subsoil

ﬁ\\\‘__\\ was saturated, and was much less at (3) and (4). The settlement at

(3) is greater than would be expected by comparing the pressures on-

ft, anq 0.74 at 18 .ft. The plastic limit was about 0.16 throughout the . ;
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the ground and taking into account the unsymmetrical shape in plan

T

ofsthe foundat1on and theﬁEccentr1c1ty of the Toad. It‘§§§ be that | (-

the lack of symmetry of the foundation and the non-homogeneity of the : ’ ‘

soi] caused the foundation 'to tend to rotate about an axis other than -

n

that indicated by theory.

‘ o
The subsoil under the other abutment (3') and (4') was drier,

and the settlement was consequently leéss. The settiement at these
places has since however, increased, probably as a result of.a transfer
' \

of load or of later increase of moisture content. At (2) thé settlement

has exceeded 2 ft by 1958, as shown in fig. 5, and was- increasing at

" a rate of 3/8 in a year. HowexgﬁL/z{/;he other places the magndtude

V4
of settlement was less than ] ft and was increasing at the rate of

1/4 in per year. The othér abutment had settledf twice as much as is
shown. .Due to the high settlements, the bridge was abandoned, and
obvi:is1y a comp]ét; 1oss.

'Figs. 6 and 7 illustrate works comprising of three main parts

v
each differing greatly in weight and purpose. Preliminary bores

| indicated sufficiently well the physical characteristics of the subsoil;

- /
but no examination was made of the ground water conditions;a When the
excavation reached a depth of 5 ft, gFBund water surged up around one
of the wooden piles and the inflow increased to such an extent that the

work was stopped and a different method of construction adopted;

\
{

2.1.4 Surface Water Effects on Soil

K Y , .
' The foundations for a crane in a stockyard at a steelworks

- i ) |
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is another example of failure which shows that the examination of the

-

Site is of no avail unless the results are used-carefully by the

designer. The soil report described the sojl properties'and also

advised- the designers on the pedt type of foundatj n'suitab1e in the &
1;,.?'?‘ ' ; ‘ )
area. fhe bearinq capacities Wgre accurately quZ:, together with

AN
4‘,« A4 ’*}

suitable depths and dimensio or the foundations ‘undet each

*masonry pier, see fig. 8. The need for makingvexact calculations

of the settlements i refation to, the sensitivity of the structure

/

were mentioned in the ort as Q 11 as the need to provide drainage to

J— N

divert the surface water, ¢ there was no mention of how to deal with
the probiem The foundations as shown in fig. 8 are in silty sand
wit@ an angle of internal friction of 22 degrees to 32 degrees, ang a
void ratio of 0.61 to 0.68 and the water content exceeds the p]asticd
limit. These properties are related to the surface wafer moving down
the slope, which would not only cause scour but would also vary the
bearing properties of the soil as the water content was reduced. The
re&émmendations to make exact calculations of settlements and to
provide drainage channels were ignogéd. ‘
Differential settlement occurred during the constructionyof
the superstructure was-suspended. The setf]ement record is given in
fig. 9, which continues after a year of cpmpietion of construction.
Under pier 1 and 2, the layer of silty sand is thinner:and the settle-
meﬁt was sudden .due to Fhe underlyihg cohesionless soil. As can
be seen from the record of the other piers, the greater the thigkﬁess

of the intermediate layer ot silty sand the lower the rate of settle-

" ment. Both the parties involved in this case are at fault, the soil
-8
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Cross section of crane/foundation in Germany where ~

incomplete co-operation between design and soil report resulted

in uneven settlements as shown-
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o investigators who did not stress the emphasis for drainage and. accurate
‘\

calculation g%j settle&int so as to draw(more attention from the =~ -
h * < - ' s > N
desidners< asfell as the designers who did not properly investigate v -

the soil report and pay more attention to its suggestions.
] 0 . ‘ .
X

e e s s At

~

°

2.1.5  Neglect oipossibﬂit'y of Soil Sliding .. =~

" The results of disregarding the possibility off the sliding of .

the soil as a reswlt of excavation is shown in fig. This is)a
‘coal store in soi] whith‘ﬁue to its geological formation, was

———

susceptible to sliding. The sides of the excavation remained stible ' °

durfng a dry summer, but the“auéumn rains caused them to slide hefore - )
;he staging for unloading the coal w uilt. The drawing shows the
ori§19a1 desigﬁfand‘the.resu1ts of/;::_ilidfng of th% saturated soil. "

~ ,\/ , ‘ & ‘3‘
2.2 DESIGN STAGE . , ‘%;;, S
- 2.2.1. Introduction . Y ‘ . o " ’

A foundation is wsually considered to be®that portion of a - ) ) f

. A . ) '
structure. that transmits the loads from the superstructure to the earth.

)But the foundation jsﬁpart of the structure, and should be designed

s -

as an integral f the structure. The purpose of the foundation is

-

- . °
to transmit/loads from the superstructure to earth in such a manner as

to 1imit deformation of the structure to values thdt the mateFials of " -

the structure can experience without~impairing”its function. .gy gen-
1 e o

eral, the foundation and the superstructure per?orm as a unit.

T a

" No one type'of foundation, regardless of cost, is Ehejggst . ‘

- -

> ' o y

©
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-_—/_—_,jhﬁﬁg;;ion of all conditions. In some cases, the cheapest founda-
) pAt

“tion may fulfill requirement$ better tham any other. Sometimes,

as-a simple matter of economy, it is necessary to.use a type of,

\ . ' , ~ foundation which Aimits deformation to what is permissible rather
5 A . “ -

than to what is desirable: For the éqme soil conditions, one might

. - ~ use a differén% type of foundation unFer a structure that can under-
: go a large defgrmatiog without damage to its materiads or impair-
- . ’ ‘méht of 1t§ufunction, than under a structure that can withstand
EE ‘,i R only a small deformation without dam&ge. In theedésign,Of a founda-

- tion, two factors must be considered: defogmation, and failure.
s .‘ \ Any load, howe&er small, placed on a beam, however strong, causes
some de%1ection. T4 fulfill its function, the beam musthéfdesigned
L . | sufficiently stiff to limit deflection to that which the materials
” supported,sy the beam can withstand wjthout~fai}ure, and at the
*“  same time strong enough é%at it can carry it; superimposed 1oad
. : without failure of the material of the beam and resultant collapse .
of the structure. Any load on a foundati®n causes settlement, even
aon . thdugh the soil supporting the foundation %s capable of supporting,
- ‘ .a.much heavier‘}bad withou% failure. Tﬁe function ofvthe'foundatign is
~; ' * _ Tot to prevent settlements but to 1imit and control them. The stresses:
oo in‘the soil producéd'by the foundatiog/lgggg must be low enough sgpthat ‘
| ’ . Ehey do ﬁot cause failure of ghe soil under the foundation. ' fi
l - Sometimes a foundation is seletted for its greater feasibiliw

r

‘ . L4 ,
v ty from the standpoint of economical and construction procedures,
v . . ,‘
even though, from a functional viewpoint, another type of foundation
- -

@ c woulq,be a better choice. Occasionally, a highly desirable type of

B
' B ’ .
ot
' *
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-foundation has to be e]iming}ed ?rgm consideration because it is

. impractical to construct. ‘ , ’ |
% ) e

¥ . . ) . ’
. - Usually the most common type of foundation is the con-

_ ;inuous foundation consisting of a continuous footing s]ab’on
which rests a foundatibn wall that extends io thekaesired height ‘ \__;///
above the surface and carries the building 1oads to the footing.
The load is transferred by the fbd%%ng to the earth as two -Canti-
“levers. If reinforcement-is needed in the footing, it should be
p]aced near the.bottom perpendicular to the wall. No reinforcgment
is needed lengthwise in the footing. The strenggh lengthwise is
provided by the fouﬁdation wa}l, whichhshould be reinforced top and
» Battom to transfer nonuniforﬁ loads to the footing and te .bridge

'

-over- soft spots in the soil.

, " ‘\ Although cofitinuous foundat1ons are commonly used for | ﬂ

o

R light buildings, they are one of the least suitab]e for genera1 use.
. ; .

Prébgbfy, more foundation trouble is caused by the uSe of continuous

“foundations in soil unsuited to their use than from any other course. ’ -

P U

P In dense sands and gravels, where the footing is placed deep enough
- . to prevent exposure by‘erosion 5hd to develop sufficient shear strength

-

to support the super1mposed loads, cont1nous fbundat1ons are suitable

1
and econom1ca1 for many bu1]d1nqs
Another type of foundat1on consists of,inéepeﬁdent footings . g :
) \\~f’"<(;;\¥he proper size to transmit the bu1ld1ng loads to ground with a ~ | ‘ .
constant contact pressure of to hold d1fferent1a1 sett]emé/%s w1th1n

certain limits. The load is transmitted to the footings by means

\ L G - o : }
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" of columns that carry the reactions from grade beams, which take

the p]ace'of the foundation wall 1n/the continuous type.

- An advantage“of the independent column foofing type of

‘ ~ ¢
foyndation is that the sizes of footings can be adjusted for the

same. or different contract pressures, and footings can be located so
rd

~,

~as to distribute the load advantageously over the site. For depths

/ c

v

greater than 4 or 5 ft, the independent column footing'foundatioh be-
comes more economical than the continuous type. A1l that is needed
to increase the d@p%h\éf this type of foundation is the deeper excava- \

-

tion of the-footing area-and the extension of the length of the small
i . q B . 'h
column, ] ‘
A disadvantage of the independent column footing type as

described above is the cost of the necessary haﬁj/gkcavation for footings.

“—”’// . %,2.2 Unsuitable foundations ‘
4
. ‘ The more frequent causes of failures are'unsuit§P1e designs and,

the S0i1 conditions at the site. The result is that fpundations{havé o

been designed which cannot be coﬁstructedAé%onomica]]j, safely or which

oy

‘are impracticable. When dealing with heavy structures, deep foundation

could provide acceptable solution. This is, however, not always true,

. s * . :
in sonfe conditions deep foundagtions may even cauge defects. —

2.2.3 Excessive Bearing Pres N ‘

. ‘ ! q
_ ’ Failures due to excessiv¢ pressure on.the ground are becoming

o
)

cons truction methods, which. are due mainly to insufficient knowledge of c

e

& P
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increasingly unusual, mainly because of the investigation of the ifi]
fat the site, and the testinguwof soil samples now undertaken in most -
ases of large ;tructures.
A well-known failure of a foundation 1; that of the g?ain
silo at Trahsconq, Canada. It Has been ascertained.récent1y that
failure occurred when khe pressure on the grouﬁd was about equal to
thé calculated ultimate bearing resistance of an uﬁder]jing layer of
plast%c clay, and was essentially a general shearing failure. The
silo is 7u ft by 195 ft in plan and has a capaciﬁy'of 1,000,000
bushels. It comprises 65 circular bins and 48 inter-bins. The founda-

tion was a reinforcéd concrete raft 2 ft thick, the underside being

12 ft bﬁhow the surface of the ground. The calculated Bearing pressure

{

of 3.27 tons per square foot was based on tests on the ground at the
bottom of the excavabion, and the fact that this pressure had been
used in the calculations for neighbourfng structures. No preliminary
investigation of the subsoil was made. The site is-in the basin of
a glacial Take and there are glacial déposits of clay about 40 ft
' thick‘under a 10 ft layer of deposits of more recent origin. Below
the clay thére is a well-consolidated layer of sub-glacial drift Jf
about 10 ft thick on which many of the heavier structures in the‘district
are supported. - K

Construction started in 1911 and was completed ‘in the autumn
of 1913. The first sign that trouble might occur was that in the
spring of 1913, afte} a thaw set ih éften heavy winter snow, the clay

\

under an adjacent railway embankment, 30 ft high ;nd composed of ballast,

—
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Photographs showing the si]és at Transcona,

N
.

after they have failed.
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it uniformly. In October, when the silo contained 875{Q99 bushels

_and the pressure on the ground was 94 per cent of the design pressure,

2

subsided several feet and forced waves of ground at the sides of the o /

embankment. The trouble was remedied by driving hundreds: of 60 ft

timber piles through the ballast to form a staging on wHicH the rail-
tracks were carried. . . 4

The weight of the silo was 20,000 tons, which comprised 42.5
per cent of the total weight when it wa% fu]]r Filling of the silo

with grain'started in September 1913, care béing taken to distribute

a vertical settlement of 1 ft occurred within an hour of movement

Ed

having been detected. The structure began to tilt to the west and

within twenty-four hours was at an angle of 26 degrees, 53 minutes. from

" the vertical, the west side being 24 ft below and the east side 5 ft

above the original level (fig. 12). The uﬁiform]y-distributed load
was 3.06 tons per square foot, but, allowing for a reduction of 0.72

ton per square foot because of the depth of the excavation, the net

“increasefof pressure was 2.34 tons per square foot. The structure

’ '

s,

‘tilted as a momolith and there were only a few superficial cracks.

Fig. 11 shows the. structure after it came to rest, which actually

/

'
I
!
¢
4
!
1
a,
i
?

héppened soon after its cupola had fallen off. The excellent quality

v

of the reinforced concrete structure is shown by the fact that later

it was underpinned and jacked up on new piers founded on rock, The ’ v

Tevel of the new foundation“¥% 34 ft below ground. The remedial o

s

works were executed in drifts below the basement of the tilted

strdbtufe: The,silo Has been in use since 1916.
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From examination of undigzurbed samples of the clay 60 ft

}J‘, . - .
away, it was determined that the average water content of successive ‘ {

layers of varved clay intreased with their depth %rom 40 per cent to

about 60 per cent énd the compressive strenqgth q, of unconfined specimens

decreased from 1.1 tons to 0.65 tons per square foot, the average being

0.93 ton per square foot. The averagé liquid Yimit w;s found to be 105

per cent, and the plastic limit 35 per cent, fherefore, the plasticity ;\
index ygs 70 per cenf, which indicates that the clay was highly collo-

idal and plastic (fig. 13). This condition is demonstrated by the fact

that the ratio of compressive strenqth in natural and in remoulded

states in two. The bear1ng capac1ty q, can be determ1ned from the '

D
formula, q = cN =1/2 g N_, in whlch N is 5(1+ 5L) (1*:58), in which
B and L are the breath and 1ength of the foundation and D is the depth.

Substituting the data 1nﬂthe foregoing, | . .
p :

)(+_w;_):5.56

, e
:‘5(]+-——~—~————— 77

195

and, with the average value of s the theofetical ultimate éapacipy

sould be 1/2 (0.93 x 5.56) 2.57 tons per square foot, which is s1iahf1y

°

i

greater than the pressure-at which failure occurred.  If the Teast Qa}ue
of du, that %s 0.65 ton per gﬁFére foot for the lowest layer, is taken

into account, q, is 1.80 tons Ber square foot. It is not good practice .
to base a design of average values, f6$ a

o
trations of stress in a stronger layer above it. Recently, Dr. A. Hanna

weak layer will produce concen-

LG A mntin dahn o o edver R e
Y ‘ d

(1978) has developed a theery for footing on a strong layer overlying a
weak layer. This theory may be used for such soil conditions, it will nre;

dict less bearing capacity, and failure may be avoided. ' )

[ ] "
‘A cdlculation made indicates that the rate of loading the ground

i . - - - - O B R

) . L ' -
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Fig. 12
Schematic diagram showing the sﬂés before, o8

and after tilt occurred.
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Results from soil tests after the collapse bccurred. ;
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might hayve contributed’ to tﬁe failur&, since the ultimate bearing capacity -
of a soil is smaller when a 1oa‘fﬁ§‘suddenly applied than when the

loading and consolidation are gradu§]. This phenomenon app]jes more °
particularly in the case of cohesive soils, which require a very

long period béfore they are fully consPlidated. Based on collected

data, it has been computed that the consolidated shearing st}ength . \ ;
would deve]qp in about a year, wheras the load of grain was applied

- ‘ in 45 days, which is almost équivalent to a suédenly-applwed ‘ .

A
Toad. ) y ;

. ’ i According to the "crjtica] edge-stress” theory, the ultimate

Y
bearing pressure at the edge of the foundation is given byTTDXsiru¥i"

for a load applied suddenly, compared with DY for
C cotp (T _ $)
2

progressively consolidated loading in which & is the angle.of internal

friction and is the unit weight of the clay. The calculated 1imiting

pressure at the edge is 1.86 tons per sguare foot for sudden loading

compared with 2.25 tons per square foot for progressively consolidated -

\

loading, the difference being about 20 per cent.

2.2.4 Foundations of Different Types under the Same Building

<+

' Failure may occur because .foundations of different types are
provided for différent\parts of the same structure; and also because of . -
variations in the bearing capacity of the sqil under the same building.

A frequent cause of failure of this type may occur with piled foundations

f

if the 1en§th of the piles are properly specified.

@ st e g s - - \ Ao n—————a e
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The reinforced concrete frame of the building in the present
example was supportedon one side on an existing rdft carried on timber
pjles 100 ft long, bearing on a layer of compact gravel, whiere as the
other side of the frame was supported on a new piled foundation. The
new foundation comprised reinforcéd concrete piles 33 ft long in
groups of eight to thirteen, which were driven into a layer of sand
and gravel 8 ft thick overiying clay 60 ft thick (Fig. IR), beneath
which compact sandy gravel extends to a Qreat depth. The new pi]esl
settled only 1/4 inch to 1/2 inch under locads of 60 to 106G tons, from
thch it was concluded that the bearing capacity ot the upg;r layer

of sand gravel was sufficient to provide a satisfactory foundation,

_ and the cost of providing piles of the same length as the timber piles‘

{100 ft) was unnecessary. Piles 33 ft long and each designed to have
a working load of 42 tons were thﬁrfore provided. '

If was a map}er of surprise, therefore, when co;siderab1e
settlement @f the building ohccurred during construction, when the load
did not exceed 10 tons on eagh pile. Settlements occurred at the rate
of 1/4 in. to 5/8 in. per mo3§Q& and after two years the total settle-
ment of some of the piles was ab®ut 1 ft 2 in. under the centrq} part

of the building. The great differential settlement caused seridﬁ

-

cracks(ﬁnd other defects of'the building. Investigation showed that
the settlement was due to thewtompfession of the soft clay to which
the Toad was transmitted through the upper layer of sandy gravel.
This‘effect was untikely to result from the small bulbs of pressure

under single test piles, but the groups of piles applied a pressure

A

B o8, S AL
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e
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which was almost uniformly Qisfributed overya large area of the gravel

}

and thence to the clay. The dispersion of the pressure through the

;elativeiy thin layer of gravel was limited, and considerable presﬁurés
were transmitted to the compressible clay. £ombression tests on
undisturbed samples of the clay. demonstrated its great compressibilitv
as weli as its fairly high water content. -

The remedial ﬁzasures incorporated one of the first applications
of prestressing and cur1ng concrete. .,The co]umns 6f.the.original bu11d-
ing were supported on re1nforced concrete caps 15 ft by ]1 ft in p]arf
and 4 ft 8 in. thick on the groups of pile Piles 100 ft long were
inserted between the pile-caps and extended down to the compact grave]
below the clay. Because of the limited headroom, and to avoid vibration,
cast-in-place, piles of the pressure type were used. I;/Wa§~necessqyy
to provide a support sufficiept]y resistant to transﬁ?t the lodds;oh Tl
the columns to the longer piles, and also to provide a reaction to the
thrust necessary to press fghe piles into the grouhd. This problem was
solved by placing ]ight}y—reinforced concrete beams’between the pile-
caps (Fig. 14) before 1nserting the new piles. The beams were then
prestressed by steel bars anchored in the pile-caps, tHus producing
a highly-resistant horizontal beam without digturbinq the existing
structure. ‘The piles were insertéﬁ through holes formed in the beams, '

which provided a]éouthe resistance to the jacks by means of which the

1
piles were forced into the ground. The new cylindrical fFeinforced concrete’

piles are 2 ft external diameter and 15 in. internal diamdter. The
concrete was placed continuously in sliding shuttering. Each 20,ft'

seqtion was cured under moist copditions and allowed to harden befoq;

[~
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being forced into -the ground by a force of *320 tons.

LY
a

2.2.5- Gravel. Overlying Clay of Varying Thickness “ K

- *

© Another case occarred in connection yith fhé foundation of the -
"main building of a public bath. The building, the plan of which is a te?,
) 3s'f09nded on shallow strip footing extending to just be]gh the frost-
¥ liﬁe, Qhere the grqund is uniform sandy and silty gravel. The oriq%na}
design provided forn a.deeper fohndation extending iq ‘the underlying
) limeétoﬁe; But in order to avoid the need to de-water the deeper excé-
vat/gns, th1s design was not adopted but it was dec1ded that the founda-
~tion p]ane be abdve the Tevel of the ground water The good quality of
the upper 1ayer of sandy grave] was misleading, and the foot1ngs were
desﬁgned for a perm1ss1b]e pressure of 2.2 tons per'square foot at a
depth not exceed1ng 3 ft. After two to three years, serious cracks had
.*N occurred’ throughout the bu11d1ng, )
An 1nvest1gat1on showed .that the thickness of the layer of sandy

"y
{ §§grave1 did not exceed 4.ft to.6 ft and below it ‘there wag a layer of very

“x  compressible organic c]aybénd silt varying in*thickness from 4 in. to 3 ft.
]hé liméstone was at a depth of 5 ft at one side oF‘the building and 8 ft
"4 in. at the other (Fig. 15). It was evident that the cracks were caused °
by dif%erentia] settlement due to the compression of thgilayer of clay,

which had a water@contént and é ratio of voids exceediné unity. The :
plasticit} index of the clay ‘was not. great, being between 20 and 30 per’
cent, which is ekplained by the relatively low organic content; the loss

A

on ignition‘was up to 10 per cent. The high water content was accounted
N B | N
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_ Cross section of public baths building in

Budapest Rumania. - Vs ’ .
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for by the high level ©f the ground water. The high bearing capacity of

good upper layer was useless since it was of insufficient thicknessélwhich

-/

was further reduced by the excavafion to the level of the foundations,
thereby restricting the’dispersion of pressufe onto the underlying soft
layer. ,
The existence .of the limestone was also a disadvantag%cé it
was too rigid to spread the concentration of p%essure in the soft layer
above. Calculations showed that:a pressure éf about 1.65 toﬁs per
square foot was transmitted to the gurface of the soft organif clay,
which was far in excess of its Qea;iﬁg capacity and resulted in lateral
eXpansion which was not resisted by the grouna at the sides because of
its high void ratio and consequent high degree of compressibility. The ‘\

contours of equal settlements computed from the actial measurements of .

the séttiement (Fig. 16) indicate that differential settlement was

. caused by the varying thickness of the compressible organic clay on, the
n f:h

sloping surface of the hard limestone. If the foundation had beeﬁ

supported directly on the rock, as was originally intended, no trouble

-would have been experienced. The consolidation diégrams (Fig. 16)

show the difference of the settlement at points a, b, and ¢, and jndi-

cate that thé rate of consolidation does decrease but is continuing

Iy

uniformly and is likely to do so for severaf years.’ The compression
modulus of the clay was about 16.5 tons per square foot and the estimated

total compression may be
[Y
. 3 5/8 in.
.65 tons per sq. ft. T
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Considering that the yearly rate is not more than 3/8 in., and

that up to the end of the period of observation the settlement was
4 6n1y 50 per cent of the total settlement expected, the fyrther -
duration of the period of consolidation of this thin layer is esti;

mated to be /2 x 3 5/8 or about five years.
3/8 ..

'2.2.6 Fa11ure of Piles Unequa]]y Loaded

——

A factory beside a river in Holland was erected in the year
1916 .between the river bank and a dyke. The site had been reclaimed by
sand filling deposited hydraulically to a depth of 15 ft. The building,
which was a steel-frame structure with brick walls, was for the production

of margarine, and comprised an oil mill, -a refinery, and heavy machinery and

3

tanks, and was about 60 ft high (Fig. 17). The building was erected
during the war when there was a need to construct it quick]y’and cheaply.
As a consequence, it-was decided, contrary to the usual practice on such
1 ' ground, not to excavate the sand filling but to drive piles through it.
The pile-driving frame available could deal with piles up to 66 ft 13pg

only. Test piles showed that'ﬁabthe‘1ast thirty blows the penetration

! , 'was 1 ft, and on this basis it was calculated that they would carry 50
tons each. The average load proposed ‘'wvas only 5 dgns per pile, providing
a factor of safety of ten, which was considered to be ample. Pi]es 66
ft long were driven into a layer of fine sand about 51 ft below ground ‘
Tevel, and it was considered unnecessary to drive them farther ‘into a
layer of coarse sand and gravel which was about 17- ft deeper. On the

other hand, it was impossible to drive them deeper because tne resistance

was so great that the tops of the piles were crushed. The factory

TN , . i K.
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was completed within one year, but four years later the part of the

" building containiné the heavy plant had settled seriously.

Subsequent borings showed that there was a top layer 15 ft thick
of sand filling, below which was a layer about 43.ft thick of peat mixed
with some clay overlying a layer of fine sand/ﬁ//ft th1ck and below
th1s was compact sand and grave] The res1stance of the piles was consi-
dered to be due to the fr1ct10na] res1stances of the sand f1111nd, the
peaty clay, and the lower fine sand. This, however, was incorrect, as

_the great compressibility of the peat material offered 1ittle resistance
to the settlement of the pile and énnu11ed entirely the resistance of
the overlying sand filling. The only soil that offered resistance was
therefore éhe underlying fine sand, whfch had not only to providé the
resistances assumed to be offered by the overlying compressible layers,

but also to resist the pressures due to the consolidation of the upper

layers, which resulted, through negativg friction, ip an additional 1dad -

on the piles. In fact, the upper layers tended to sink even when they weﬁé

not subjected to load. This was actually observed in the case of some

/
/

groups of piles whicq were intended to support an extension of the buiid-

ing and for the time being had to carry only fhe concrete floor shown

by the broken lines on the left-hand side of Fig. 1%b, these lightly-

loaded piles sand by the same amount as those under the main building.
THe records of the settlements (Fig. 179) indicate that thereé

was tonsideraple differential settlement hetween the long longitudinal

sides of the building. The largest settlements, up to 2 ft 2 in. occurred

under the tower in which there was a water tank, and where the load was up to

]

18 tans on each pile, whereas at most otggr parts of the building the load did
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" Fig. 17

©oa) Factbry in Holland supported on piles

40

b) Layout of foundation and extent{on of the main

~ building

c) Records of differential settlementg which occurred

between the two longitudina! sides of the building.
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‘means gf'hydraulic jacks: Underpinning was carried out by fixing short

2.2.7 Effects of Vibrqtion

141 :
not exceed 3 tons per pile. This failure to use the same foundation v
Toading for parts of a building which are loaded differently caused con- i ,/’/J

siderable,tilt, which resulted in a horizontal displacement of about 4 ft

at the top of the 82 ft tower. The diagrams also show that under the

\

middle bﬁ\;:: building the settlement Tine (the fu11-11ne;in Fig. 17) does
not correspend td the loading line (the broken 1ine) but indicates consi-
derable settlement where the Toad was moderate. This may be-an indication

of the redistribution of pressure which is experienced under wide or long

and relatively f]exibxe buildings.

The settlement resutted in no-sfructural defects because of

the high .quality and relative flexibil#fy of the steel frame, but since

it prevented the operation of the plant, the building was levelled by

% c
> L]
B L saodad LA . ki ki
e s £ bt A R NS
- .

steel channels to the steel columns and supporting the channels on steel

means under which the jacks were placed. The operation commenced at the

-

tower and was successfully executed in stages throughout the entire

building. '

e

s

>

In order to éxemplify the effects of vibration on foundations, ;

RN g )

we will examine a case in which a diesel engine wa$ placed on a block of

e et me ¥ g

refhforced concrete in the basement of an existing building (Fig. 18).

»

The reinforced concrete mounting block was kept entirely separate froﬁ the

foundations of the walls and columns of the structure to minimize vibration

J
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damage. Jﬁst below the floor of the basement wés'%‘*ayer of peaty sand

.10 ft thick, and under this a layer of gravel and sand of sufficient

thickness to carry_the load of the engine and its foundation. Bored piles
of‘l ft 1 in. diameter were used under the foundation block, and the con-lJ
crete in the peaty soillwas proteéted againstdg?emica1 attack by a coat-
ing. of bituminous material. At the level of Ehe tops of the piles, a Jayér
of lean concrete 2 in. thick was placed, followed by a slab of reinforced
eoﬁgrete 1 ft 4 in. thick and a layer of coke 2 1/4 %n. thick surrounded
by a frame of steel. '

After a time, cracks appeared in a co]ump of the building and
increased to such an extent that a timber scaffold was built .to relieve
it of 1oéd. It was found that before the cracks appeared, the frequency
of viBration of the engine was different from that of the foundation,
but the progressive horizontal displacement of the piles (which had
1ittle horizontal rigidityj resulted in the gradual compaction of the -
subsoil until the frequencies of the foundation and the soil concided
and compaction resulted. The remedy adopted was to underpin the column

with bored piles, and the soil in the area affected was consolidated

so that its freguency would be(gifferent from that of the machine.

2.2.8 Overlapping Zones of Stress

Differe?tia1 settlement also frequently occurs when an internal 4
bearipg wall transmits to 1£s foundation a much greater load t@gﬁ do
the outer walls (Fig. 19). In such cases, it is usual to provide a
larger footing under the internal wall, with the resu]t‘that the zones

of stress in the soil overlap; such an arrangement makes certain that -
- - . , 4
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the interior wall will settle more than the exterior walls. On the
other hand, if the footings of the exterior and interior walls are \

“of the same width, there'wiWI still be a greater settlement of the

interior wall. The overlapping of stresses in the soil due to the
c1osenéss of footingé is a common cause of differential settlement of
interior and exterior wglls.

The building described as follows provide an exaﬁple of this
‘type of differential settlement. Shortly after a group of identical d
buildings were cohstructed, cracks such as ,that in Fig. 19, appearéd in
all the structureg and were found'to be due to the greater settlement

of the more heavily-loaded central wall. The soil under.the foundations

is stiff p]astiq/]imit of 18 to 22 per cent, a moisture~content of 20

to 25 per cené, and a relative consistency of 0.7 to 1.0. There is .
a reinforced concrete ground-slab which transmits all the weight of the
fstructure to the footings under the outer walls and the central wall.

The footings under the outer walls settled by amounts up to 3/4 in.,

Sy

whereas the:'settlement of the central footing was between 14 in., as *

.

was measured from the deflection of the eaves.

—_—
-

[P

2.2.9 Excessive Load§ Due to Filling ‘ :
: / - et 1
.The overlappiﬁg of stresses in the soil may also be resporisible

for 'the tilting of the abutments of bridges, although this may hot be

"the sole cQusé because the effect may also be due to the unavoidab?%h\\~>_’~:
consolidation of the filling in an approach ramp and the compaction of |

the soil caused by traffic. ‘Horizontal displacements of tailfabutments

in the direction of a bridge may also depend on the depth of the o

foundation and the nature of the ¢bil. ) h

.
x

1
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Zone of stress syperposition :

ek

J\’

§| Fig. 19

In this cross section the overlapping zongs
of stress are demonstrated graohically. 0bvious1y'

; b the middle column transmits more load and therefore
| that area is more susceptible-to failure. The cracks
. = that appeared on the building as shown are due to the

overlapping stress.
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An example of the tit;%pg of an abutment of a bridge is
shown in Fig. 20. THe abutments are supported on reinforced concrete

bored piles extending 27 ft below the foundation. The fill for the ap-

proaches, which are about 35 ft high, was placed after the abutments wer
built, and caused a settlement of the ground below of 10 in, to 12 in. »
The load from a filling was about 2 tons per square foot, and this com-
pressed the layers of softer soil which extended to a depth of 20 ft

to 23 ft below gri;pd)ﬁeyel. The filling also seﬁt]ed a further 10 in..

due to its own wefight and to consolidation caused by traffic. The total

settlement was therefore from 1 ft 8 in. to 2 ft. The stresses in the

ground due to the weight of the filling extended in the direction of

;
TS e o el Bttt

the abutment, and increased both the lateral and vertical forces acting

.on the back of the abutment and on its foundation. If there were no

piles, it is seen in Fig. 20 that the additional load due to the filling
is so much greater under the back of the abutment than under the front
that the abutmént would tilt in the direction of the filling instead of
in a forward direction. The drawing shows the plane of stress-distritu-
ation due to the filling, the stress-distribution diagram dqg to the
oﬁiginal pressﬁresaﬁ and 055 and the stess-distribution diagram when
to the original pressures are added the Py and P} due to the filling.

f The foregoing is generally the case when an abutment is built
on a shallow foundation, but in{the éase of deeb'foundation the trape-
zoidal stress-distribution will be transm%éted\to the points of the
pile%. Here, however, the additional stresses due to the filling (Pé

and P;) were spread uniformly over the ground beiowAthe piles and

did not change the shape of the stress-distribution diagram. In the
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: Bridge abutment supoorted'a reinforced concrete
_bored piles approximately 27 ft belowﬁgﬁ?‘fcundation is
- &
‘ shown above. ATs0 shown are stress dkftribution diagram due
to the original pfessures and the stresS=distribution” diagram
! whenV{he original pressures are added due to the fi1ling,_a§1
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Danube River. -
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wél1l as settlement and tilt. This abutment was built at Medue,

1

e o e § 2

N
el ORI
B e = el i

st s st

H

T S - S L Sy S S R s




1+

‘ haveﬁbeen avoided.

: sistante of earth will a]wizs serve to reduce j;g;nmgnitude of forward

A ]

E 3

“ of an aceess ramp about 40 ft high.
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and this 15 the genera] case when an abutment is built on a deep founda-

case of th1s bridge the result was that the abutment tilted fonward

tion. The forward tilt was about 1 in. at the egge of the foundaﬁxon

block corresponding to a'differential settlement of ¥ in. to 5/8 in.

If the spacing of the p11es had not been uniform, but arranged to conform

: ]
to the trapezo1da1 stress-distribution diagram, the d1fferent1al settle-
mentfof forward and rear edges and %he tilting -of the abutmeﬁz could

It shou]d also be kept in mind that the passive re-

»

t11t1ng in such cases.

~ Another abutment (F1g 21), is an examp1e of the}mckward tilt-
[

ing of a tall reinforced concrete abutment on a shallow foundat10n}f5

k)

This abutment was built in two parts, one on the river face whicH supports

_the bridge and transmits the vertical forces directly to piles-driven .

down to a stiff marl,

v

the second, a wall to resist the horizontal force

i ]

The foundation raft-of this ial]

,_and‘s]ender wall is on siit at about the level of the peQetration of f?ost,

'~and theﬂﬁa1l is .connected toéthe abutment by two resfiforced concrete .Jabs

_designed as strutting beams and another slab at ground level.

" means the risk of differential settlement was anticipated.

.

v - torsional forces.

By these

%
Because the
¢ %

.pagt of the abutment supporting the bridge was practicalay secure aqainst
d1splacement, the wall aga1nst the earth filling was flexibly sugported

and could follow hor1zonta1 and: vertmcal movements, the slabs connecting

"the two parts $cted as freely-sqpﬁprted beams and could resist any
Also the wall against the fillina was very rigid and
' s , .
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vas not susceptible to movement.

.The curves A in Fig. 22 show the rate the settlement from the
year 1949, when the p1acing’of theymaterial for the embankment began,ﬁ
to the year 1956, when settlement ceased. The horizontal displacement
towards the ramp was 2 3/§ in., which corresponds.to a differentiai
settlement of 4 in. between the edées of the foundation of the wall/s
This tilting was made‘harmless by the jéint, an& the flexible nature

of the abutment prevented the occurance of cracks.

2.3 CONSTRUCTION STAGE

2.3 Unsuitable Methods of Dewatering

One of the most common failures in dewatering thg soil occurs
when water is pqued di}ect1y from sumps formed in saturat:; fine sand
and,'as a resuft the ground water is subjected to considerab1e.pressure,
The engine house of Fig: 23 had a concrete’raft foundation. Because
the bottom of the sump was on a fairly impervious layer, no dewatering -
was necessary ét the time of construction, and the site was not enclosed
with sheet piles. The first noticeable defects resulted from the ’
incorrect arrangement of the open outlet channel, which produced a con-
stant head of ?.ft 8 in. of water against the end wall of the engine

/

* house, and through which the water seeped. To prevent this seepage,

short timber sheet piles were driven alona™the end wall.

" 2.3.2 lIneffective Bracing of Lining of Excavation

The case which followé is an example of the collapse of the lining

of an excavation due to the ineffective bracing. The tunnels in Fig. 24

i
{
3
-
i
}
i

Sy

—hren o m———

o s et g aerecR S A St



RN EINE RN i

S A g e
i

" 2.4 AFTER CONSTRUCTION STAGE
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were constructed by a cut-and-cover method which had been standardized
after man&;yeérs of experience. As the enclosure was not watertight.‘énd .
the excavation Was to extend well below the level of the ground water,

the soil was dewatered by the well pgint method. At one part of the

work, some changes were made, which céu;ed the absence af both three- ..
dimensional braciﬁg between the vertical struts and the absence of

-

any connection between the upper structs and bracing with the bottom

- of the excavation. The joists in the inner wall of the eadstern part

tilted some 20 ft at the top along a lengtk of 200 ft and the wall
collapsed, This accident emphasises the need for horizontal stiff-

N

ening of bracings and structs across Yarge distances.

7

2.3.3 Faulty Waterproofing

Waterproofing membranes of clay, although not strictly part
of & foundation, are particularly. Tiable to suffer from the results of

poor workmanship if the supervision is not very close. This is impor-

tént, for in some cases the entire safety or the undisturbed usé qf the

) foundation may depend on the quality of the insulation. Also, defective

insulation may lead to the complete failure of a foundation, as when
faulty insulation permits Portland cement concrete to be attacked by
"

su]phapes or other chemicals im the adjacent soil.
’ 2

v k *
Failures also are due, either directly or indirectly, to natural
! : -

causes, such as changes in the resistance of soil, changes in water pres-

. sure, scouring, thetsliding of soils, changes of temperature; and organic

.effects.
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Fig. 23
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Shown above are the plan and cross section of

I3
s

’

the pump hodse; protected with -sheet ailing from seepage.

This pumping station is located at Karapanesa, Rumania.
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Cross seckion of the excaveljon

Fig. 24

Bracing for the'support of the side of an

~
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~ excavation for part of the underground railway inBerlin,
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2.4.1 Defects Due to Ground Water - .

Water, as a constituent of the s6il1, has an important influ-
. _ .
ence on soil strength and structure. The level of ground water, the

amount of water contained in the soil, and the velocity of its flow are

- all liable to change during construction as well as after the foundation

is built, and such changes may seriously influence the method of construc-

tion and .also affect the safety of the structure. .

2.4.2 Scouring Due to Seepage of Ground Water

* Fig. 25 illustrates an example of damage occurrina in the

foundation due to seepage. It was found that scouring of the soil

_ due to the ground water resulted in the formation of voids under the

raft, and that these were the cause of its differential settlement and
consequent cracking. The seepage was due to the natural changes‘in. the
level of ground water near the water course, and which followed the
changes in the level of the river. The soil u.nder the foundation is
shown in Fig. 25. Ai'thougﬁﬁthe velocity of the qround water could have
been great enough to wash away thews/ﬂty sand and loose sand, the
differences in the flow of the ground water with cfluanges of the level

of the river were the cause of the differential settlement.
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2.4.3 <1 tuation of Ground Water

Not only gross movements, but even minor oscillation of ground
water levels may cause considerable compression of a cohesionless soil

supporting a load. The magnitude ofi the compressidn s0il supporting a
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Customs House at Budapest
- cracks and settlements increased so
could not be used. Scouring of the

.. ground-water was the cause.
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© 2.4.4 Damage Due to Floods

. in ground water level and the resulting seepage which occurs.

load. The magnifudg of the compression so produced depends upon the
magnitude of the app]iedn1oad, the compressioq increasing to a maximum
witH a certain increase of load but then decreasing as the load is
further increased. When the level of the water rises at(a constant
rate, the amount of’sett1emen£ resu]tfng will be related to twé‘amount

gf consolidation.

Sudden floods can be very destructive due to the great and

uncontrollable pressure of large volumes of water moving at considerable

speeds. Not‘bnly are floods a source of danger to completed foundations,

but they are also liable to inundate foundation works in progress. \
/o . .

2.4.5 Scouring Due to Floods -

Scouring depends on the effect of flow of large volumes of -

water and the erosion thus induced.
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2.4.6 Combined Flood and Seepage

Combfhéd flood and seepage damage is caused by a drastic change

2.4.7 Changes'of Water Content of Soil ‘ -

An increase of the water content of a soil will reduce the angle
of internal friction, and hence reduce the shearing strength and the

cohesion of the soil. Increasing water content results in a reduction

of frictional resisthnée and lead to §1idjng failure of the.soil.
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+2.4.8 Frost Action
It is generally the case that soils of more or less uniform
grain size and containing more than 3% of particles smaller than 0.02

mm, and soils of mixed grain sizes containing more than 10% of particles

smaller than O.ﬁ?\mm, are particularly liable to be affected by freezing,
" because in such soils the ground water may rise by capillarity into the

upper layer of soil subjected to freezing. For this reason, it is always

advisable to place a layer of granularrmaterial under the floors of
buildings used for refridgeration fr otherwise exposed to the'effects

of freezing.
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2.4.9 Effect of Roots of Trees

It is well known that the roots of trees absorb moisture from
the soil and can consequently cause damage to adjacent foundation, par-

ticularly when the soil is shrinkable clay. The reduction of water con-
/

~ tent can resh]t in a reduction of the void content of the clay and

cause settlement. This movement is reversible, and may be seasonable,
because in perio&s when the .rainfall is more than sufficienf for the *
needs of the trees, both through the roots and by absorption through

the foliage, Tess water will be taken from i%e soil. If trees are to
be planted near a building, their aistance from the walls should be at

least equal to their height, as the lateral extension of the roots is

about the same as the height of the tree.
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cessive settlement and after causes collapse of the.structure. Fai-

3. CONCLUSION . o T

The ability of the foundation to support its superihposed
load without causing failure or rupture of the supporting soil is the
carrying capacity. Failure of the soil is always accompanied by ex-
lures of soils under foundations have been classified as local wshear
failures and general shear failures.”

Although foundations are ofter désigned on the basis of
carrying capacity, probably, in most cases, the cr%teri"on for design
should be settlement. Often excess settlements, ésbecia]]y differential
settlements, occur under conditions providirfg a fairly high facto’r of -
safety against failure just as in the case of deflection offb’eams and
other members of a structure. Failures may be produced fairly rapidly
by overcoming the u]tim?&heér strength of the soil along a surface of
failtln'e, or very slowly "y creep of very soft clays from under a loaded
area without a defined failure surfaée.

Consideri'r;g' all the possible factors which can result inl
foundation failures, and consequ‘entli‘ structural failures, every attempt
should be made to avoid or mim‘mizé any unsatisfactory consequences.

During excavation and construction, the Engineer should be
at hand .to check and confirm the assumptions and. information on which

he based his design. If unexpected subgrade conditions are found, he

should be feady to modify the desigjn, to ensure the expected performance

of the foﬁndafg’on.
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