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PREFACE

The Organising Committee appreciates the good response
received from the invitees who were requested to
present pépers at this Seminar and wish to thank them
for devoting their precious time to make the ;émlnar

successful.

A total of ten papers under three sessions have been '

received at the time of printing of this volume.

Papers received late will be included in a seperate
volume along with discussions at the seminar and

written discussions received till 20th January 1988.

The assistance giveh by Prof. A. \ihurairajah and
Dr. Jayantha Ameratunga, the members of the organising
Committee & Dr. T. Sivapatham; in organising the .
Seminar and by Mrs. Julianne Bowen, Mrs. Marina Hannon,
Miss. Deepani Senaratne and Mr. C.C. de Silva in
.preparihg'this volume is deeply appreciated.

Kirthi S. Senanayake

Secretary
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SITE INVESTIGATIONS FOR SHAL'LO‘:V FOUNDATIONS

D.P. MALLAWARATCHIE ~ ]

1. INTRODUCTION

Site investigations encompass all the techniques and
investigations that can be used to obtailn information
én a particular site by the study of maps, site recon-
naissance et¢c as well as by ground investigations,
borehole investigations and other means.

Site investigation is oftgn thought of in terms of bo-
reholes but it is often not appreciated how much usef-
ul information can be gained from a brief office study,
a trial pit or hand auger hole or an inspection of the
site. This does not mean that specialized techniques
do not provide useful information. They most certainly
do and, on some occesiocns,; it is essential to utilize
them. It is therefore important to know what speciali-
zed techniques are noxmally adopted and when and how
they can be gainfully emp;oyed Host engineers have to

 work within a small budget and it is making the most.

of the availsble funds that reveals true skill, exper-
jience and professionalism.

Poundations can be divided in%o two c¢lasses - shallow
and deep. A shallew fouandation is one which is constr-
ucted imrzediately beneath the lowest part of the supe-
rstructure which it supports and generally it is less
than 3 m below finished ground level. The choice.of
3 m is abitrary. The depth/breadth ratic of shallow

' foundations are uormelly low. A deep foundation is one

which is constructed considerably below the lowest

ation between the two classes and one merges into the
other.

Shallow foundations may be divided into the’ following
ZToups =

1., Pootings or spread footings.
2. Uats or rafts.

In the first type the base of .a column or wall is enl-

arged to provide individual supports for the lcad. In

the second type, a large number of lcads in a spread
out area are supported by a single slab. Types which
include combined footings, (where several footings are
jeined to form a small mat) strap or strip footings
{where footings are jeoined to form 2 long, narrow, co-
ntinuous slab) fall in belwsen.

N . .
The three baesic requirements of a satisfactory founda-
tion are zs follows ':=

1. It should be properiy located partlcularly the

depth, with respect to any future influence which -~

could adversely affect it.

2. It should be stable or safe from failure with res-

pect to the strength of the soil bensath it.

3. It should not deflect or settle sufficiently to

damage the structure or impair its usefulness.

There i1s no- clear demarce
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The above facts should be considered when carrying out
site investigation’s for shallow foundations. Shallow
foundations investigation for light structures would
involve anly simple techniques-of trial pitting or hand
augering. However, for shallow foundations of heavy st-
ructures there ere situations where techniques used in

deep foundation such as diamond core drilling may have

to be utilized even occassionally. Therefore techniques
used in deep foundations are also discussed in this pa-
per for completeness,

All site 1nvestigations should be systematically carri-
ed out and ‘should be comprehensive according to the ne-
eds of the Engineering conditions., The cost of adequate
exploration is usually cne or two percent of the total

cost of the work but varies with the .ype of structure

and the nature of the ground.

2. . GENERAL PROCEDURE FOR SITE INVESTIGATIONS OF -
FOUNDATION.

If e fairly detailed study is required, the following
general proceddre should be carried out during the cou~
rse of a site investigation :

(1) Suzvey the general topography and the aveilable
access for construction vehicles and machinery.

{2) Investigate the location of buried services such
as sewers, water mains, Blectric power, gas mains
and telephons cables. )

(3) 'Study the general geology of the area. —

(4) study the previous history and use of the site and
neighbouring sites including any problems and fai-
lures assocliated with foundation conditions.

(5) Obtain information on any special features eg. ¢l- -
imatic factors suck as flooding, seasonal swelling

_end .shrinkage or so6il erosion.

(6) Survey the availability of construction materials
such as aggregates, sand. and water etc.

(7) For maritime or river structures, obtain informat-
ion on high, low, tidal ranges, seasonal river le-
vels and discharges, sccour levels etc.

(8)  Carry ocut subsurfece exploration of the soil and

rock strata and ground water conditions within the
zones affected by foundation bearing pressures and
construction operations or.of any deeper strata
affecting the foundation conditions.

(9) Carry out insitu tests.

(10) Obtain suitable semples and carry out laboratory
tests on s0il and rock samples required for the
particular foundation design or constructional pr-
oblems,

{11) Carry out chemical analysis on soil or ground wat-

" .ex to investigate possible chemical effects on fo-
undation structures.

Items (1) to {7) above, can be obtained from a genersal

survey of the site and from a study of available



information including meps, records etc. Items (8) to
(11) are obtained from boreholes or other methods of

subsurface exploration together with field and laborat--

ory testing of scils, rocks and ground water.

.. After the completion of the site investigation a founda-
tion engineering report has to be prepsred. Most repor-
ts on foundation investigation follow nearly the same
pattern. {Thomlinson, 1969). ;

3. SUBSURFACE EXPLORATION
This section is further discussed under the following:-

3.1, Borehole layout and depth.

© 3.2 MHethods of subsurface exploratioa. .
3.3, Lescription and classlfzcation of soil and rock.
3.4 Borehole records. SN .

3.1 Borehole layout and depth.

Borehole layoui and frequency are partly controlled by
~the complexity of the subsurface conditions. Suitable
borehole layouts for various sites are given in Teng
1962, Thomlinson 1969. Borehole layout and frequency.
mzy need to be changed as more information is obtained.

The required number of boreholes which need to be sunk
on any particular location is related to the relative
costs of the investigation and the importance of the
project. An economic limit is reached when the cost
of borings out weigh any savings in foundation costs
and merely adds to the overall cost of the project.

For major building projecis when raft foundations are

designed and for bridges, it is a good practice to sink
2t least one deep borehole to establish the solid geol-
0gY. The depth to which boreholes should be sunk is go-
verned by the depth of soil affected by foundstion bea-~
ring pressures. The verticel stress on the soil at a

deptk of one and half ftimes the width of the loaded er-
ea 1s still one~-fifth of the dpplied stress at foundat-
ion level and the shear gtress et this depth is still .
appreciable. Thus, borings in-soil should be taken.to a
depth of et least one and half? {imes the width of the

leaded area. Deeper borings are required if soft compr-

essible solls such as soft clays, organic silts, peaty
solls and uncompacted fills are suspected to be preseat
below these depths. FPor example, it has been found out
that peaty soil strata are present even .zt depths of

12 to 15 m in some areas of Colombo. Therefore in these
areas 1f a raft is to be constructed, it is prudent to
investigate up to bedrock which is found generally bet-
ween 20 to 30 m. Where foundations are taken down to
rock, either in the form of strip or mat foundations,
it is necessary to prove that rock is in fact present
at the assumed depths. Where the rock is shallow this
can be done by direct examination of exposures in trial
pits or trenches, but when the borings have to be sunk
to locate and prove bedrock it is important to ensure
that' boulders or layers of cemented soils dre not mist-
aken for bedrock. This necessitates-percussion boring
or rotary diamond core drilling to a depth of at least
3 m in bedrock in areams where boulders are known to
occur. .

3.2 Methods of subsurface exploration.
Methods of determining the siratificetion and engineer-

‘ing chardcterities of subsurface soils are as tol{gys;-’

1. Trial pits and trenches.

2. Auger borings including hand auger borings (post-
hole auger).

3. Percussion borings.

-4, Wash borings. :

5. Rotary core drilling. -

6. Geophysical,

3,2.1 Trial pits and trenches. T

- Prial pits are the cheaﬁest method used for explorati-
" on to shallow depths. They are preferable to borahsles

in dry ground which require little support. Pits can
be excavated by hand using any local labour but small’
mechanical excavators when used “are rapid in operation.
If it is necessary for men to work at the bottom of
prits then support of the sides of pits deeper than :
1% m should be provided if there is the slightest risk
of failure. Altermatively, it may be possible to exca-
vate the sides to a safe profile by means of a serles
of benches. The maximwr depth of excavation is about

5 m. In sands, there is likelihood of difficulty in
excavating below the water table. Trial pits and tren-
ches permit the insitu conditions of the ground to be
examined in detail and provide access for taking samp-
les and for carrying out insitu tests. They are the
only reliable means of obtaining adequate information
on filled ground.

3.2.2 -Auger Borings.

Shallow borings are generally made by means of hand
augers of the Posthole or Iwan type. By this method
auger holes can be sunk upto about 6 mw 4n peaty soil;4m
soft ¢layey soil; and 5 m in sandy soil (above the wa-
ter table because the material will not adhere to the
suger). If the hole fails to stand open .because of ca-
ving or squeezing from the sides, a casing with an in-
side diameter slightly larger than the diameter of the
auger could be driven and the augering continued.

Power augering as a method of conducting preliminary
subsoil investigations can be considered quick and easy.
The advantages are low cost, speed and mobility.

With continuous flight augers, depths of.30 m or more
are possible depending on sub-soil coaditioans. The va-
riety of cutter heads and augers presently available
permit successful augering in most soils., Hollow stem
auger, a variation of the coantinuous £light auger, per-
mit sampling below the bottom of the auger without re-
moving the auger from the holes¢ Typically, augers with

"hollow stem of approximately 75 mm and 125 mm diameter

produce boreholes of about 150 mm and 250 mm reapecti-
vely to depths of 30 m to 50 m.

3.2.3 Percussion Borings.

Light cable percussion boring rig is commonly used for
vertical boring upto about 25 m in depth, This is an
adaptation of standard well boring methed. Light cable
percussion boring is sultable for soil and weak rock.
The sizes of boring casing and tools are generally

100 mm, 150 mm, 200 am and 300 mm, giving a maximum bo-
rehole depth of adbout 60 m in suitadle strata. The too-

. 1s consist of clay cutters for clays and shells or bal-

ers for sandy soils and chopping bits for amall boulde~
rs and thin strata of rock. When the boring is in soil-
s, SPT can be carried cut and cores can be obtained at

intervals.

3.2.4 Vash Borings.

Wash boring is best suited to sandy silts and’ clays and

is normally carried out using borehole tools and boreh-
ole casings. The drill rig consists of simple winch and
tripod. In this method, & tube is sunk by means of a
strong Jet of water issulng from a pipe lowered down
the hole. -The properties of soils are determined by ca-
rrying out standard penetration tests. Open tube sample
es or piston memples can be taken in cohesive soils.
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3.2.5 Eotnrx Core D¥illing,

Rotary open hole drilling and rotary coré drilling areé
the traditional metheds of drilling for rock ‘explorat-
i6n in which the drill bit cutse the rock by rctating
at the bottom 6F the borehole, The drilling water, and
21> or mud whiéh is pumped down to the bil% through ho-
llow drill rods lubricatées and keéps the bit cool and
flushes the debris up to thé ground level,

There ere two basi¢ types of rotary driliings : -~

1, Open hole drilling in whick the drill bit cuis all

 the material within the diameter of the hale.
2. Core drilling in which an annula® core bii cuts a
core using a double tube core barrel.

A Totary core drill working in conjunction with a pre-~
ssure pump and borehole casings, drill rods, éore bar-
rels and other drilling acééssories along with standas
rd penetration test epparatus and equipment to %ake

vuridisturbed! samples can be regarded as the most Sat-

- isfactory equipment for foundation investigation of
" ¢ivil engineering structures.

Rotary drill equipment i3 manufactured in a wide vazi-
ety of forms, which vary from light weight skid or trs
uck mourited to6 heavy stationery plants with drilling
cepacities to depths of hundreéds of metres.

Essential accessories for a drilling rig are & pump

_for circulating water to the corebits and for flushi-

ng the hole; a cathead winch ang derrick for driving
caging srd for hoisting and- lowering, and the necessa-
ry driving weighis, drill rods; corebits and core
barrels. ~

The sizes of casings, drill rqds and other drilling
sccessories used in soll and ¢oré borings have been
standardised. These sizeés are generally used through-
out the world, and they conform to the Diamond Core
Drill Manufactureis Association DCDMA standard &lzes,
The stardard #lzes used in soil ekxploration are desig-
neted EW, AW, BW, NW and HW casings, EW, aW; BW and NW
drill rods, EWG or EWM, AWG or AWM, BWG or EvM, NWC

or NWM core barrels and corebits. The core barrels of -

the single and doublé tube type are provided at the-
ir lovier ends with detachable shoés o¥ coré bits which
c¢aryy tungsten carbide inserts for drilling of ovedr
burder 86il or industrial diamond chips in a matrix of
metal for rock coring.

3.2.6 Geophysical methoéds. :
. This method is a specilized subject, “but given suitab=-

le ground conditions it cafi be made to producé & cheap
and rapid meens of détécting anomalies or variation in
strata in site or beétween boreholea. Thesve méthods dé~

pend on meéasuring variations in certain physical prop- -

erties of soils and roecks, such as resistivity, speeds
of shock waves (séignmic), gravitetional field (gravime
etric) and the magnetism. They work best when there is
a markKed differéenceé in these properties. Theré are nu-
mber of specilzst téchnigues for overwater investigat-
ions, Thesé aére described ix standard teést books M.D.

Joyce 1982 and C.K.I. clayson, N.E. Simons & M.C. Mat-
" hews 1982, '

3.3 Descrigtion.and clas=ification of soils and
Tocks.

It is important to. establish a universally unaerstood
method 6f sample description and classification ‘and
its relevaince to site investigation probléms, This

s

will enable the éngineers to draw conclusions from
available krnoviledge of the typé of materdial.

For (Givil Engineering purposes, engineérs divide geo-

logical deposits into two major groups soils arnd ro-
cks,

There. are many different systems of soil classificate -

ion, some of which are intended for a spe¢ific purpo-
se, One of the most up to date methode of sample des-

cription is described in the British Code of Practice

for Site Investigation (BS 5930).

3.4 EBorehole records.
During the sinking of boreholes at the site, logs are

.-prep ared, giving a record of the description of soil

or rock as deétermined by visual ezemibation. A1l oth-
ér data, such &85 c¢henges in strate, depth, ground we-
{er level, sampléu taken and record of insitu tesis
ere also given in this log. This gives preliminary
information to the designer and enables’ the laborato-
ry programne t6 beé drdwa up,

The final bBorehdle record is prepared from the field
loz with the description of soils and rocks amendeéd
where necessary in the light of information obtained
from laboratory examination and testing.

4. INSITU TESTS

As it 4s aifficult to obtaln relatively undisturbed
samples from some soil streta, the énglneering prope-
rties of such Hoils are best’ determined by measuring
the relative density or shear strength by a insitu
test. They ars parwicularly useful in-soft sensitive
¢lays and sil$s or loose sands. The following insitu
tests are briefly described in this section i=

4.1 Standard penetration tests.
4,2 Dynamic cone penetration tests,

- 4,3 . Vane shear tests.

4.4 Plate bearlng tests.
401 Standard Penetration Tests,

The standard penetratlon test is carried out -in bore-
holes by means of a standard 50 mi outside diameter
split spoon sampleds It 1§ an opén-ended steel cylin-
dér which splits lLongitudinally ifito two halves. The-
se -two halves are held together by a cutting shoe at
the Lower end and a coupling connects the sampler to
the drill rods. The sampler is drivea through to a
depth of 450 mm by repeated blows of a 63.5 kg. monk-
ey falling through 750 mm. The humber of hammer. blows
requireéd to drivé the second and third 150 mm of pen=-
etration 15 called the Standard penetration resistan-
ce N which represents the number of blows per 300 mae
After the blow colints are recorded; the spoon is wits
hdrawn frow the boreholé and the tube is taken apart
for- examination of the contents.

There arée many factors which can give rise to give
efionecus ¥ values when ca¥rying out standard penete
ration tests, (Joyese, 1982). Pretautions should be
taken to eliminate than whilat carrying’ out these
tosta,

The results of the standard penetration test cai usu=-
ally be correlated in & geéneral way with physical pr-
operties of the sollés (Terzaghi & Peck 1948 & 1967,
Pecks Henson and Thornburn, 1974. Gibds and Holtz
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bridges, building civil engineoring structures and
road and airport runway embankments whilst working in
the former Highways Department and the Road Developm=
ent Authority is discussed in this section. In this
paper it is proposed to discuss these investigations
under the following topics: :- -

6.1  Shallow Foundations for buildings and other
structures.

.1 Low lying areas in and around Colombo.

.2 Lateritic soil areas in and around Colombo.

3 Other soil areas., .

Shallow foundations for bridges. L

Shallow Foundations for buildings and other
structures. T

6.1.1 Low lyinz areas in and around Colombo.

‘Several deposits of peat are found in and around
Colombo, particularly in low lying areas liable to
flooding. Generally such areas are associated with hi-
zh water-table and a mat of grass, moss etc. would no-
mally be above the deposits of peat.

These deppsits; however, are of significance to the -
engineer only when the need to construct dbuildings, -
roads or other structures over such deposits becomes
unavoidable. In the City of Colombo and the suburbs
there are many areas of peat and peaty soil where ex-

amples of single to four storeyed low cost housing un- -

its, 3 to 4 storeyed office buildings and light to he-
avy industrial structures are belng constructed and
are planned to be constructed in the near future.
Under the major development scheme embarked in the
late 19708, these peaty soil areas were earmarked to
be developed by the year 2001. These include investi-

.gations for housing scheues, rvad embankments,bridges

and other.civil engineering structures in Peliyagoda,
Orugodawatta, Maligawatts, Raaagirlya, Baththaranulla,
Yzktedda, Nawala, Kolonnawa, Naraheapita, Wattala and
Jaela.

The boreholes were sunk by using a manually operated
percussion boring rig capable of drilling about 15 m.
Standard penetration tests were carried out within the
boreholes in order to determine the strength of the
soil strata. Several hand auger holes even to a depths
of 8 m were done to supplement the borings. Samples of
soils were taken by manual means within the hand auger
holes ‘and the boreholes of the percussion boring rig
by using shelby open tube samplers. 4 significant fea-
ture at some of these sites was the inaccessibility of

the borehole locations due to the inherent soft nature

of the peaty soil and the high water table. However
this problem was overcome by constructing a pathway
with timber planks for the workmen to carry the drill-
ing eguipment to the borehole locations.

At some of these sites for low cost housing it was
seen that they have been previously filled with later-

itic soils. 4t a site at Devi Balika Vidyalaya, Borel-

la, no indications of peaty soils was seen from the
surface of the zround other that the fact that there
were no tall bqlldlnbs in the area. Hand Auger holes
carried out in 1% m test pits revealed a 1% m thick
deposit of peaty soil overlain by a 1% m thick layer

of lateritic filled material.

¥ork done by X. Ray 1983, K.S. Senanayake 1986 and the
author and others indicate that layers of soil present
in these areas can be schematically represented as

given in Pigure 6.1,

Serdes 1 2 3 s 5

Peat stratum

Inorganic stratum

Hard stratum

)
Figure 6.1 Schematic Representation of Strata in
Low Lying areas in and around Colombo.

A180 the first two studies stated above give approxime
ate thicknesses of the several strata present in these
areas., These studies and the studies dons by the author
indicate that the properties of the peaty soil vary gre
eatly at different locations both with depth and locat-
ior within them. Consequently, the depth and frequency
of the investigation would have to be more extensive in

‘these areas than in the normal investigations. Generale

ly, bedrock is present within 10.to 20 m depth. In view
of the fact that the second peaty so0il layer could be
found even at depths of 20 m, it may be necessary to

- -investigate up to bedrock unless the building is a one

or two storeyed structure, as otherwise the influence
of the peaty layer in the computations of settlements
will not be taken into-accqunt.

At these low lying sites, 1t is important to determine
the highest flood level and to raise the ground floor
or the buildings and the garden level of the premises -
well above this flood level so that it would always be
above the flood level even after the completior of the
long term settlement of the peaty soils due to weight

" of the £i111 and the foundations. Otherwise flood waters

may enter the premises after several years.

6.1.2 Lateritic soil areas in and around Colombo.

Laterite cen be defined as a tropically weathered, cla-
yey, rock-material which has decomposed partislly oxr
totally with a concentretion of .iron or aluminimum ox-
ide but poor in silica; 1t is usually reddish, purpli-
sh, browrish or yellowish in colour. The laterite,
locally known as cabook, is found in the South Western
part of Sri Lanka within a belt extending six to seven
miles inland from the coast and ‘up to about 30 m above
mean sea level {Cooray, 1967).

Good examples can be seen at several locations within
this_area, where the laterite is exposed in quarry face
es and in road and railway cuttings. In nearly all the-
se localities the residual soils can be seen to have

'




developed ty the weathering of many types of crystall-
ine rocks such es charnockites, garnet-bictite gneiss-
es and emphibolites. (Cooray, 1967). A typical cross-
‘section of these laterities is given in Flgure 6.2
(D.B Pattiaratchi and J.¥. Hersth, 1963 quoted in
Cooray, 1967)

(1) Ironstone cap forming a hard crust which, when
i exposed, breaks down to laterite nodules.

{2) Laterite hard and cellular with clay filled cavi-

. tles. - .
(3) Soft to medium stiff yellowish brown silty’ clay

predominantly kaolin w;th low pladticity with 50~

me lateritic gravels.,
(4) vieathered rock. S
(5) " Parent rock : -

F1gure 6.2 Cross section of & typical leterite.

-

The author was involved in the site exploration of the
following projects in lateritie areas :-

(1) State Fertilizexr Yanufacting Corporation’ Site at
Sapugaskanda along with Geological Survey and
Irrigation Departments.

(2)  Barth Sattelite Station, Padukka.

(3) Proposed hydrocracker project a8t Sapugaskanda.

(4)  Nylon 6 project at Sapugaskanda.

(5) Oversees telecommunication tower, Colombo, - :

(6) Oruwela Steel Corporation - Extension to the rol-
ling mill., . .

(7) Housing Scheme Site at:-San - Sabestian utreet
Colombo.

In all these projects, a Acker Ter.odo skid mounted d-

iamond core drill driven bya petrol engine with rotary

wash and water fiush' techniques was used., At the first

site, this machine was considered to.be the best among

the Joy 12B drills.used by the .Geologicel: Survey and

the Acker skid mounted rig but of- non~rutaxy4percussion'A'

" .Phis hcker Terrodo rig used by the Highways Departmeat

“horizons 1,

e I NN

P

type used by the Irrigation Dépariment.

had certein mechanical features which mekes it more )
suitable for soils investigation work; in particular,
hydraulic retraction of the power head thus facilita- -
ting sampling operations, ‘Throtighout the work at this
site, this rig performed well., At this site, the shel-

by open tube samplers used by the Highways Department

proved a guick end reas sonably succesful sampling methe
od,. even in the more granular areas, The thin sharp
edge of the sampler sppeared to cut through the weaker
laterite gravels rather than: twist or push aside the.
particles and hence the raoulting semples were less
disturbed.

" The significant feature at'all these sites is that the ‘ J

stendard penetration- value reduced and the compressib-
1lity increased as the boreholes were sunk through

2 & 3 as given in Pigure 6,2, The standerd
penetratlon tests values are not very reliable in hore
izona 1 & 2 containing gravel particles. If the spoon
is obstructed by a large plece of gravel,; or when a
gravel particle is wedged inside the spoon, excessive=
ly large resistance may be expected. In coarse gravel
deposits the split tube sampler tends to slide into

. the large voids gilving low penetration resistance.

The significant feature at the site for the Earth Sat-
telite Station, Padukka was the drilling in rock of

"depths more than 6 m in order to prove bedrock for pad ‘ -
. foundations, At other sites, a'depth of 1 toc 2 m was

cut in rock to prove that there was bedrock.

6.1.3 Other soil areas. ‘
Projects in other soil areas inoiude : . P-4

{1) New Police Headquaters - Fort. v )
{2) Slave Island Housing Schemes. i
(3) Pisheries Research Institute - Crow Isiand,
(4) Agrarian Research & Training Institute, Wijerama
. Mawatha.,
(5) National Institute of Busxness Management,
ama Mawatha.
(6) Telecommunication Office & Stores Maradana.,
(7) Consolexpo site, Foxt.
(8) Several sites for low cost bou51n schemes aud
) buildings. R
(9) Proposed abattoir at Alawwa.

The first site was investigated using the Acker Torredo
diamond core drilling machine. The investigation reve-
aled mainly sands, with some gravels and clay layers

present with N values of 20 to 60 with bedrock at about

Wijer-

"15 to 18 m depth from surface. 4n interesting feature

of this investigation was the existence of 1% m thicke
ness of -peaty soil at depths of 14 m, at one of the

" boreholes, This made the designer to change the raft
- . foundation to that of piles in this srea. -

-Phe sites'(Z), (3), (4}, (5), (6) and (7) had very lo-

ose to medium sand close to the surface with rock leve
els at-15 to 30 m. In some places N values of less than
5 were obtained and therefore special precautions in

- design and construction were taken,at the Azrerian Traie -

ning and Research Institute gite, Deaty soil was found é

‘in one corner of the building resulting in the constr-
‘uetion of .a pile in that areés with considerable cost

to' the client 'and inconvenience to the construction .
starf. However this could have been avoided if the ,lay- ®
out of the building could have been slightly changed

by the architects. .

Some- of the investigations given in this .section. were -
carriﬂd out’ using a..skid mounted Ace model 'O diamond

=
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core drill with cathead hoist with a petrol driven en-
gine., This is a compact portable drill which could be
used, even in remote areas. - : -

When carrying out 8PPs. at the sites with loose sand
sbove water teble, sufficlient head of water in the
borehole was maintained to prevent piping. Otherwise
erroneous test results will be cbtained. o

" Seversl site investigations for low cost housing sche-

mes and buildings were donse manually in and around

Colombo by using the hand auger and sheldby open tube

samplers for clayey soils. Designs were given after -
testing-the soil for strength and compressibiity. At.
the proposed Ratmslana Railway Housing Scheme Site, a
dark brown sand stone layer at depths of 1% to 2 m was
found to_be suitable for the construction of foundati-
ons. : :

At the Pettah Central Bus station site it was seen th-
at this area had been previously filled with refuse
and coal etc without eny compaction. At these sites
where haphazard or uncontrolled filling has been done_
previously, -a detailed site investigation should be
carried out.

At the proposed Aluwwa abattoir slte investigations
were carried out by means of hand augering inside test
pits, for one and two storeyed buildings. In the £1ill-
ed areas, the degree of compaction(by carrying out fi-
eld density tests) and strength of the £111 matexrial;
and the strength and compressibdility properties of the

“insitu silty clay, were determined. The investigations

revealed - that the construction of the new fill had
been carried out {a) without the removal of the organ-
ic top soil of thickness 150 mm and {(t) without any
control of compaction. The recommendations gave the
following altermatives :-

1. Qonstruct the individual footings on.the insitu
801l below the organic layer.

2. Remove the new £ill and layer of organic top.soil
and refill to required height according to standa=-
rd specifications with proper quality control of

" construction. :

3. Shift the site to avoid the filled areas.

The lesson to be learnt from the above is that when
£311ings are done it is necessary to remove the top
soil and compact the £ill according to standard speci-
fications. : : o o

-6.2 shallow fougdations for bridges. and causéwags.

One of the typeé [+34 bridgé foundatibns adopted in Sri .

.Lanka is the shallow foundation. Spread foundations

are the simplest and the most economical type of foun-
dations, if rock or a very strong soil layer is prese-
nt close to.the bed level. If it is bedrock, the inve-
stigation must determine the profile of the scund bed-

- rock for purposes of dowelling during construction. If

it is a strong soil layer that is avallable; the scour
depth of the river after the construction of the brid-
ge should be assessed during the site investigat@ohs.

The Research & Development Division of the former Hig-
hways Department and presently Road Development Autho-
rity has carried out more than 100 foundation investi-

" gations of medium to large sized bridges in Sri- Lanka

in the recent past,

éome of these sites require investigations of foundat-

ions over water. The equipment and technigue for dril-

AL

ling boreholes for these investigations are essential-<

1y the same as for land borings. In the case of inves-
tigations close to land or existing structures such as

cylinders or in shallow.waleri$resiles with Bo.I. pipes

scaffolding to carry the rig were used. For boreholes
up to 15 to 30 m from land,the trestles were extended
from land $o take the drilling rig. For greater dista- -
nces 1t was economical“to‘erect a trestle at the bore-
hole position and -lower the drilling rig as z unit fr-
om a crane or to place it on a pontoon and tow it to -
the borehole position. One of the methods which could
ve sdopted for boring in water deeper than about 7.5 m
or at some distance away from the. seashore or banks °
or a river is to mount the drilling rig on:é& platform
cantilevered over the side of a barge. S ~

- Phe following four bridges have been conﬁtructed with

shallow foundations and would be .discussed ‘below i~

1. Bridge No. 44/1 Colombo - Kandy Road.

2. Bridge No..6/5, Ratnapura - Palawala - Karawita
"~ . Road. -

3. Bridge No. 18/2, Exala - Gampaha Road.

4.  Bridge No. 12/7, Malabe - Athurigiriya Road.

In these investigations a Yoshida skid mounted diamond

core drill driven by a diesel engine was used. The sig-
nificant diffevence in the operation of this drill when
compared with the petrol dxiven. Acker drills is the mo-
re difficult maneuverabiliiy of the machine due to the

bulkiness of the diesel engine. )

In the first investigation, several layers of boulders
were cut by the use of the following techniques. First-
ly the cobbles and emall boulders were demolished by. -

‘means of chopping bits aad remcved from the borehole.

Then the large boulders were drilled, casings of small-
er dismeter were inserted and the drilling was carried
out with a smaller diameter core barrel., Bedrock was

reached at varying depths of 1 to 6 m from the bedlevel

--0f the stream.

At the second site, stiff clay followed by dense sand
was found below a depth of 6 m with bedrock level at
30 to 40 m. The foundations were const:ucted on the st-

- 1ff ¢lay statum.

At the third site, strong lateritic gravel-sand-clay
soil at a depth of about 3.5 m followed by soft clay at
depths of 9 m with bedrock at 18 to 20 m was found. .
The shallow foundations were constructed on the strong
lateritic layer et depth of 3.5 m. )

At tho fourth site, a dense sand was found at depth of

5.5 m, where the shallow foundations were constructed,

.The proposed céuscway of length 120 m on the Nalnsmad-

ama - Thoduwawa Roed was investigated by carrylng out .
two boreholes using a manually operated percussion dri-
11ling machine supplemented with SPTs within the -boreho-
les and nine DCP tests. The tests revealed a sendstone

“layer at a depth of 1.3 to 5 m from the surface overlain

by loose sand. It wes proposed to construct the foundat-
ions on this sandstone layer.
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SOIL SAMPLING FOR SHALLOW F OUNDATIéNS v

N. W. HERATH

INTRODUCTION

Shallow foundations  for buildings

) can— be
classified into three basic types;

i) Isolated pad footings
ii) . Strip footings and
iii} Raft or mat foundations,

in designing foundations feor buildings at a
site, the peotechnical engineer needs to assess
subsoii conditions in the particular area.
Basically, he needs to deterwine stratigraphy
(layeringj, -identification and
oi .subscil, physical properties and engineering

properties such -as strength and compressibility

underlying soil. Obtaining
soil samples from the ground and
testing of them in the laboratory
are essential requirements in order to evaluate
these properties with great . accuracy. Thus,
soil specimens play a major role in decision

characteristics of

making process in foundati'on design.

Classification of Samples.& Samgling Techniques:

N .
Soil samples -can be broadly classified into

disturbed and undisturbed. . In disturbed samples"

the fabric -or structure is partially or
completely destroyed, thus density,-penmeability

strength and deformdtion ¢haracteristics cannot
be evaluated 'in cthe laboratory from such
samples. However, these samples can be wused
for identification, - classification, particle
"size analysis, natural moisture content,
specific gravity tests, etc. These disturbed
samples can generally be obtained by ' less

expensive sampling techniques.- The undisturbed
samples usually preserve the fabric or
thus suitable - for all “kinds
indicated -above, - However, 'samplers
g technique required to obtain
samples are sophisticated . and

of testing
and sampling
undisturbed
expensive.

The  soil specimens are expected: to be
representative of the soil deposits from . which

they are obtainmed. Hvorslev (1949) classified
s0il samples as either non-representative,
. representative, or undisturbed. - This

classification is made by comparing the state
of the samples .to. that as .exists in situ.
According toe- Hvorslev's classification, a ‘non-
fepresentative sample is one in which soils
from different strata have been mixed, .or some
of the soil constituénts of the sampled seoil
are missing. © A -representative soil sample
is one in which there is no change in

-“The variability
-and the need of

classification:

-the subsurface

s0il

-Geotechnical Engineering Division

National Building Research Organisation

constituents but whose structure, water content,
or void ratio have been altered. An undisturbed
sample, ideally is one that represents the
in situ conditions., .

of the .materials eéncountered
samples for various purposes
have resulted in the development of many differ-
ent techniques of sampling and type of samplers.

The choice of ' the ‘'sampler and ‘the sampling
technique has been based on the type of soil,
quality requirements . and economical “and
practical demands. -Sampling tools reflect
. the type of sample and " soil' to be obtained.
. Generally, samplers can be Categorized into

five basic types;

i) - Exploration samplers .

ii) Drive samplers or thick wall tubes

iii) Thin wall tubes g ' R

iv) Block samplers and
v} Core barrels,

EXPLORATION_ SAMPLERS

samplers are generally used when
conditions are unknown atr a
proposed site and when the information on ground
conditions, soil types etc. is required for
‘preliminary planning. It  gives relatively
simple, but. quick information of underground
conditions. The exploration samplers or augers

Exploration

can: be divided into two broad categories.
_depending upon whether they  are advanced
manually or by a power rig. : - o
Hand Auger Sampling

The most commonly used hand augers include
the Iwan, helical, ship, closed spiral . and

open . spiral. Generally the sample is obtained
by pressing ‘the rauger into the ground and
cturning it at the same time. When the blades
are’ loaded with all that can be held, the tool
is - withdrawn. As the hole progreéss downwards
extension rods can-be added. S .

N ~ .

The Iwan augers . (Fig.la) “are - available in
diameters ranging from 3 in. (76 mm) to 9 in,
(229 mm) and can be used to even a depth of
20 ft (6.1 m) to 25 ft: (7.6 m). 'In general,
they are useful for sampling all types of soils
except. .cohesionless material below the water-
table ‘and  hard or cemented soils. The helical
auggr..vhich consists of a helical flight on-
3 solid stem (Fig. 1b), is used in  either
iosfsxve or cohesionless soils above. the water
able. BRI . q

<
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(a) by O W (e)

’

' _ Fig. 1 Hand.Augers:

(a) Iwan auger; (b) Helieal. auger; (c): Ship
auger; (d) Close spiral auger; (e) Open spiral
auger. e ) .

The ship auger -shown in Fig. lc is best suited
to use in cohesive materials.
and ship auger are available in diameters from
approximately. 2 in. (51 mm) to 3.5 4dn. (89
mm) . Closed or . open . spiral augers vere
developed for use in those cases where helical
and-ship-augers provide poor recovery of sample.
The closed spiral auger (Fig. '1d) ‘is “used "in
dry clay and gravelly  soils while the open
spiral auger (Fig. le) is most useful in loosely
consolidated deposits. These
available in the same- size range -
preceding group. -

Hand -augers are used primarily in cases where-

“there 1is no need for -undisturbed samples and
where the drilling will be in -soils and . the
‘borehole will .stay open  without casing ‘or
drilling mud i.e., generally above ground water
table. They are used extensively in
to obtain representative samples of the various
materials present for -genéral ideatification
and classification purposes. Boreholes drilled

-with . augers have the disadvantage that the
samples are mixed and, in
difficult to locate the exact changes in the
soil strata. B o

Power Auger Sampling

Soil samples can also be obtained by advancing
' power augers into .the ground. Continuous flight
augers, single flight cutter and spindle with
auger samplers and hollow stem auger samplers
are widely used. The first two use primarily
“for general soil survey -purposes. and .the-hollow
stem auger: can even  be .used for undistarbed
sampling. The hole is advanced in the same
manner with  tle power auger as with ‘the hand
auger. : - .

Continuous Flight Auger

Continuous-flight augers can be used to depths
of 100 £t (30.5 m) or more depending on equip-
ment availablé '+ and condition encountered,’
They are available in sizes ranging from .2
in. (51 mm) to 48 in. (1219 mm). in diameter:

Both ‘the helical

augers are
as th_e A

-on the spindle -of an auger drill.

repeated passes in "and -

surveys .

general - it is'-

Cutting
carried to
,surface

Continuous flight
augers

_ Cutter head

- Fig. 2 Continuous Flight Auger

Fig, 2 shows a trailer mounted continuous flight
auger ‘in operation. Soil samples can’ be
recovered by two methods when using continuous
flights, Samples can be recovered from the
cutting deposited at the top of the hole. where
the sample is not only highly disturbed but

also from an unknown elevation. The second
"method is to pull the flight auger out of the

hole and takes .a sample from the material

adhering directly to the auger and cutter head.

Single Flight Cutter- & -gpindle - with Auper
. Samplers :

Fig 3 shows a single.flight cutter head mounted
The cutter
head is ' used to make
out of the hole limited .only by the travel of

the auger spindle. After the hole has been
bored - to- a given depth, a special auger type
sampler is attached to the spindle to obtain

a better sample. Fig. 4 shows three types of

- auger samplers that are commonly used in practice.

(Courtesy Acker Drill Co.)

Fig. 4 Auger Samplers’

. Fig., 3 Single Flight

:-Cutter head & Spindle

2

~ .

®
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Hollow Stem. Auger

The hollow stem auger (Fig.5) provides a faster
mean of advancing a- hole
of soilsby eliminating the use to remove auger
during = sampling. It provides the . facility
for readily obtaining undlsturbed or representa—
tive samples.. -

The disadvantage of hollow stem augers, besides
their cost is the size of the equipment required
to operate them. In general appearence, hollow
stem ‘augers are very similar to the continuous

flight auger except it has a large: hollow’ center -

to collect sample.
power

serves as a casing,

above "ground water
level unless -‘casing
" is used.

Cutter head

Centre plug

.5 Hollow Stem‘Aﬁger

DRIVE SAMPLERS OR THICK WALL TUBES

’

Basically drive sampler
steel ‘tube,. detachable hardened Ssteel " shoe
with a <cutting edge and an adapter head with
a ball ‘check valve.  The ball check valve in
the head section prevents. samples - from being
washed out of sampler upon withdrawal
the hole. When taking the samples,
assembly which is connected to the
is lowered into the bottom of the
where the sample is required. It

into the soil by dropping a drive
‘usually 140 .1bs (63.5 kg) or 300 1bs

consists of a thicker

drive rod
borehole
is-.driven

is rotated and retrleved from the borehole.

The area ratio is deflned ‘as the area ‘of soll
displaced by ‘the sampler divided by the cross-
sectional area of the sample (Hwvorslev, 1949),

Generally the thick wall drive sampler
an ‘area ratio of about. 25%. It produces a
representative but disturbed sample., The state
of the 'structure . of the sample

this technique .is quite. reasonably destroyed

and used mainly for identification, classificat~ .

ion, composition, - Atterberg limit tests,

through many types’

i Adaprer "The wuses of "
cap auger sampling
. methods are for .
B ‘Centre stem obtaining relatively
=% adapter . fast general sub-
l surface information
Latch and quick search
'0' Ring seal for bedrock. Power
augers other than
the  hollow stem-
type in which the
auger flight remains
in the hole -and

are generally restr-
icted to operations’

from
the entire

weight '
(136.4 -
" kg) and when the drive is completed the sampler

(M),

~and consistency and

has " pig. "6
"to as the Lynac sampler.

-obtained by’

content
tests . etc..

moisture
gravity

specific-

determination,
) sampler

The - thick wall

_is more durable and can be used in a variety’

of 30115. : N

Fig.6a illustrates a solid tube with the cutting
shoe - and - adapter head. assembled . together.

It has the advantage of simplicity and rugged--

ness. Its “only dlsadvan:age is that the sample
must be pushed out of the’ tube, thus resulting
in a broken-up specimen. :

/4//////,(// .

W
’J\\Q

e
$§$
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‘(Cohrtesy Acker Drill Co.)

(a). (b)

Fig. 6 Drive Samplers: :
(a) Solid tube:; {b) Split tube; (c) Lynac sampler

(c)

6b. shows a

have been developed between the number of blows
required  for penetration .of  this sampler
and ‘the relative density of cohesionless soil
‘the shear strength of
(Terzaghi et al, 1948),

wall sampler referred
‘It has heavier-walls
split barrel sampler and -is

cohesive soils
shows . a_. thick

than - the regular .

- better adapted to hard driving cond1t1ons due
to 1ts thlckened head section.

whicﬁ

Fig. split. barrel sampler
is used in the Standard Penetration test.
It is one of the most commonly used - soil
sampling: devices. Major .difference of this~
sampler from the solid tube is that it consists
of a thick wall steel tube . which is split
longitudinally. Thus,  when the adapter head
" and the cutting shoe are removed the barrel
' opens in two halves exposing the entire sample.
In general, the $plit -spoon samplers . are
available -with inside diameters ranging from
1.5 in. (38 mam) to-4.5 in. (114 mm). Barrels
. are-‘available in standard length of 18 in.
(457 mm) and 24 in. (610 mm) and have a wall
‘thickness of 0.25 in. (6.4 mm). The 1.5 in.
(38 - mm) sampler is -popular since correlation.



Three types 'of  sample retainers, which can

be very wuseful im non-cohesive materials are
shown .in Fig. 7, ‘The trap valve retainer

(Fig. 7a) 4is used for thin mud and other watery

substances. ' The -—spring sample " retainer
(Fig. 7b)- is used for coarse sand and small
gravel. Lad sample 'retainer (Fig. 7c¢) °is
ideally suited for free flowing sands, silts
“and other difficult materials. :

es)

(a S ()

Fig. 7 Sample Retainers

These sample retainers are inserted inside
of the sampler between the cutting . shoe and
the sample barrel. :

THIN WALL TUBE SAMPLER

Thin wall' ctube sampler ‘which is  commonly
referred to as shelby tube  is the simplest

and most widely used. of all  the available -

undisturbed samplers. It consists. of a "thin
wall tube screwed to an adapter head containing

a -ball check valve

(Fig., 8). The head

is threaded to receive
standard drill- rods. -
The ball check valve

in the head section

~vents the inside - of

tube to the outside,

permitting the rapid

escape of air and

fluid above the sample

when the tube is pushed

downwards. Undisturbed

samples are recovered

by pushing the tube-
into soils.

1Y (29

X0y from-tinyy

The bottom of the
~tube is rolled inwards
to provide an inside
clearence . of approx-
. imately 12 of the
- I B diameter, S0 that

a  sharp cutting edge
is . achieved. Since

most cohesive ° soils
have a ‘tendency to
swell during sampling,
this 12 restriction
. . assists in retaining
Flg. 8 Thin Wall. Tube the sémple_ as it is
Sampler withdrawn - from the
borehole. :

Hvorslev (1949) defined a -thin wall sampler
as a sampling tube with a wall thickness less
than ~2.5% - of the diameter, corresponding
approximately to an -area ratio .of- 102 when
the inside clearance of ‘the cutting edge is
not taken into consideration. ’

The most commonly used shelby tubes are 2 and
3 in. (76 mm) in diameter and 24 in (610 mm)
and. 30 ‘in. (762 ‘mm)_ in 1length. However,- the
use of tubes in the 4 in. (102 mm) to. 6 .in.
(152 "mm) diameter range has increased in
the past few years. ' ’

.The thin 'wall tube sampler is used mainly for
sampling soft to stiff cohesive soils. It
provides "a sample with minimum disturbance.
However, it 1is easily damaged by the dense
soil and hard objects in the soil such -as gravel
stumps etc., A major disadvantage of the use
of steel for the sampler is the danger of
corrosion. This can be avoided by treating

the tube with a rust ‘inhibitor prior to -use,

Sampling tubes of brass and stainless steel
also have been wused to minimise - or avoid
corrosion. ’ . ’

THIN WALL PISTON SAMPLER .

The thin wall 's;ationary yistoh sampler
(Fig. 9) 'is basically a thin wall tube sampler

“with a piston, piston rod and modified samplerA'
head. It has been .found useful in reducing .

the effects of some of the disturbing forces
during sampling. '

The piston sampler is placed on the bottom .

of the hole with the piston flush with ‘the
bottom end of the thin wall tube. The tube
is then advanced beyond the piston into. the
undisturbed soil. The piston assists the
sampling operation by preventing the entrance
of excess soil into -the tube and by helping
to hold the sample .in the tube during recovery.
Good contact between the pistonm and top of
the sample develops a greater vacuum and prevent
loss of sample when withdrawing. The piston
samplers " are further «classified into three
types according to .the operation of control

proceduré of the piston. ,
A stationary ‘piston

S sampler functions with

B " the piston . secured at

a fixed elevationm during

:§'§§ N 5 sampling. The retracted
E-\E =X g - piston  sampler has the
g' ’: piston withdrawn to’ the
- NA WA § top of the sampler
> B A & ~ 4

. Qe 72 immediately before taking
"% yﬂ, the sample. - The third
‘ﬂ? ﬁﬁ type of piston sampler
. " Zﬁ . has a free moving p1ston.‘
g_ E The stationary  piston
N 5 sampler is used for
3 2 sampling soft to stiff
p= 1 - .cohesive soils. The -
quality of samples

obtained is  Dbetter than
that of ‘thin wall (shelby)
tubes. It provides good

S )
AN

- -recovery and the head
? ﬂﬁ‘\ used  on this sampler

i %Q \g‘ also acts more positively
%N& to ' retain . the sample

AN NN B than the ball check valve

__— : . tube samplers. Undistu~-
Fig. 9 Stationary.. rbed samples taken 'with
" Piston Sampler . Piston samplers are usual-

R ‘ly . limited =~ to a few
meters.

e

.of ~ the thin wall



BLOCK SAMPLING

The - sample quality usually improves with
increasing sample diameter. Samplers for
undisturbed samples described in the preceding
section, however, . have practical dimensional
limitations. Therefore large samples are often
taken as block samples. Block samplers are
_also taken when no other samplers are available.

-In these cases the Gilboy Block sampling method
(Hvorslev 1949) is used (Fig.10).

Fig. 10 The Gilboy Block Sampiing Method

hand trimmed block samples
walls of excavated pit.
quality

Carefully prepared

are taken  from the
It produces very good
samples. Because of the depth limitation on
the normal «trial pit this method is
restricted to. about 5 m below ground level.
Sometimes, the "presence of high groundg water
table further limits this depth of sampling.
Cubes with 300 mm sides are most common and
they are usually waxed and boxed in situ before

removing. For wmany soils with sensitive fabric
or structure, this is the only satisfactory
method. :

For higher quality 'sampling, the box or cylinder
with special cutting edges is. pressed into
the -soil wunder controlled conditions as. in
ordinary push sampling. - '

Large samples, which are necessary for special

- laboratory tests, are taken as block samples.. .

.Large diameter cylindrical samples (914 mm

diameter, 517 mm height) and large box samples:

- (1250 mm.x 1250 mm X 750 mm) are used by the
. Norwegian Geotechnical TInstitute ¢(NGI). . Due
to the large dimensions, the cylindrical shape
is” preferred as it ensures a better rigidicy

of 'the casing. It is alsc easier to press
the bottom plate into position.. The square
box required 'added stiffness. by providing

outside buttresses and ribs.

CORE BARRELS

Core samplers are used when drilling in very

stiff -soil or rocks. Core drilling - differs

from drive sampling in .that, sampling and-advan=’

-cement of the borehole is done simultaneocusly.,

-

. deposits,

undisturbed

usually: -

- having nominal ‘diameters

""ing.the tube.

The cutting is wusually done by diamond bits
or tungsten carbide bits. . The sample is
contained in.a stationary piston. sampling tube
inside the rotating core. barrel.. The ground=~
up material is removed by -circular drilling -
fluid .or by air. .

Deaison Core Barrel

The Denison sampler is used to recover an undis-
turbed sample where the thin wall sampler or
the piston sampler cannot operate advantage-

ously. 'i.e. in hardpan, -hard clays, highly"
cemented soils - or. extremely difficult &Stiff
The sampler relies on a combination
of jacking and coring operations to obtain
& sample. The basic components of the sampler

(Fig.11) are ‘an outer rotating core barrel
Vent .
Water port Outer harfel head -
Inner barrel head
Disk type

check valve

Thihrwall liner

Inngr-barrel

i} Basket type retainer

Outer barrel bit

Fig. 11 Denison Double Tube Core Barrel

-with a cutting bit; aa iaser sampbe
barrel with 2 custimg bi%; an inner stationary
sample barrel with a cutting shoe; inner =red
and outer barrel heads; an inner barrel liner:
and an optional basket 'type core retainer.
The bit may be either a carbide bit or a steel
sawtooth bit,  depending on the material to
be sampled. ‘

The sampler is available in sizes which cores
ranging. from 2.4
‘in. (60 mm) to 6.3 in. (160 mm).Standard core
" lengths are 2 ft (0.6 m) and 5 ft (1.5 m).

“,tContinuous Undisturbed Sampling

Continuous undisturbed  samples -over 50 ft (15
m) long or more have been collected with the
Swedish foil sampler by pushing the samplet into
the ground in - a single sampling operation.
This. complex device uses: thin SLrips- Or petal
foil as a liner, preventing the soil from touch~ .
Generally, good quality undistur-
" bed samples can be obtained by this technique.

: It is primarily used for sampling soft cohesive

-soils and thinly stratified soils.




The LGMV‘béfft Aponiiﬁuoué sampler gives good
quality ‘samples at a -lower cost. It ‘is capable
of taking "29 mm -or 66 mm diameter. samples into

a nylon stockinette sleeve for a contiauous’

length of 20 to 25 m. For routine  investi-
gations for shallow foundations,6 to 8 m 1long
samples are geanerally taken. The samples are
usually split, described and are often photo-
graphed in a semi-dried state.

SAMPLE DISTURBANCE

fhe true meaning of "undisturbed" sample is
that its physical structure and: properties
should be unchanged from the in situ conditions.
The soil fabric or structure, water coatent
and configuration of the individial - strata
must be carefully preserved. There must be
no distortions or contamination of the sample.
The deviation from the  in situ conditions can
be described at least qualitatively by the
degree of disturbance. :

The areas of disturbance to. which a soil sample
may be subjected have been reviewed by Hvorslev
(1949) as: ‘

. Changes in stress conditions . )
ii. Changes .in water coatent and void

ratio
iii. Disturbance of soil structure
iv. Chemical changes ’
LV, Mixing and segregatlon of soil

constituents.

The extent of effect of the above on the sample
depends on soil properties and techniques used
for  sampling. The quality of the undisturbed
sample is measured by the above disturbance
factors which may alter “the engineering proper-
ties of the soil. The quality level required
will vary depending upon the type and 1mportance
of the structure.

Changes in stress conditions evolve .from . the.
drilling and sampling operations, and - the
changes. in stress state from~an anisotropic
to. 1isotropic - system.
from the ground to the surface  reduces the
total stresses on the boundaries to-. zero.
When the sample attempts to rebound or dilate,

less than atmospheric pore pressure develops

in sacurated soils.

Changing the void ratio of a saturated soil
involves a change in moisture content. Changes

in volume and moisture can occur prior to sampl-.

ing, during the sampling operation, and after
the sample has been removed.
room helps retard water loss.

Disturbance of . the soil .structure 'can_ take
place when = the sampler is driving/pushing
into the . ground, .retrieval from. the ground,
handling and transporting .to. the laboratory,
storing, extruding and -trimming .for testing.
Even temperature .changes could cause changes
in soil structure. ’ : ’
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is widely used.

Removal 'of the' samplé™

_rotary .

“'A. 1002 humidity

Chemically induced changes also take place 1n
soil samples. They may result from thé samples'
oxidation, contamination from the  drilling
fluid and reaction between the sampler and
the soil. The  problem of .chemical changes
may be intensified by the presence of acids
or alkaline in . the porewater and organic

. material. Testing samples soon after retrieval

minimises internal  migration of water and

structural or chemical changes within the sample

Mixing and segregat1on -of soil constituents
in .the top portion of -the sample caused by
improper cleaning of the borehole. B

Most of 'the above sampllng dlsturbances can
be reduced to a reasonable extent by careful
and appropriate sampling. ‘téchniques.  However,
the disturbance cannot be fully .avoided,.

Nelson et -al (1971) indicated that an undistur-
bed soil sample is virtually impossible to
obtain because some disturbance will, always
occur during sampling due to the change ‘in
the state of stress ‘in the so0il. ‘Therefore,
the term "undisturbed” 1is  contradictory and

“thus in actual pracclce no sample 1is completely

undisturbed,. "The "perfect sample' concept
has been wused  te describe by: Ladd et al
(1964) to describe a sample which has received
no disturbance by -virtue of the processes of
boring, sampling, ‘trimming etc., but which
has been subjected to relief of stress due
to its removal from the:ground.

\SAMPLING PRACTICES IN SRI LANKA

In Sri Lanka, a wide variety‘of'practices is

used for routine 'soil < sampling operations.
Boreholes from 2 imn. (51 mm) tc 6 im. (152
mm) in diameter are generally drilled with
assorted boring equipment. -Various -types of
augers are used to obtain disturbed soil
samples. Thin wall tubes of 1.5, 2 and 3 in.
in diameter (38, 51 and 76 mm) used in these
boreholes for taking undisturbed samples.
Of these samplers, 3 in. (76 mm) shelby tube
However, use. of these shelby
tubes  is 1limited to soft  to- medium stiff
cohesive soil deposits. . In very stiff clays
and residual soil deposits somewhat disturbed
samples are obtained from thick wall tube sampl-
érs such as split spoon barrel.

3 in, (76 mm) diameter and 4 in, (102 mm) diame-
ter Denison samplers are also used with the
wash _ boring technique. Samples
obtained by this method are found to be good

‘for hard clays, shale and sandstone.

With the precussion boring technique, cthick
wall - open drive samplers are used to obtain
4 in. (102 mm) diameter and 18 in. (457_ nm)
long samples in gravelly soils. These sampler s
lower end is armed -with a hard steel cutt1ng
shoe.

Practice of obtaining undisturbed samples in
sand ‘is rare. Disturbed samples in sand are
usually -obtained by thick wall drive samplers
with - or - without sample retainers. Bailers,

.with a flap valve at the bottom, are also used
- to obtain disturbed sand samples below ground
. water table. - -



.jlongiCUdinal slot

In trial 'ﬁits, 300 mm cube block samples are

usually taken. by carefully trimming the walls
and placing it in a . wooden box. - This method
is ‘usually carried out in clays and gravelly
soils when large undisturbed samples are requir-
ed. Sometimes open drive samplers are hammered
or jacked - into the ground in trial pits to
obtain undisturbed samples. .

Hiller's sampler, which is perhéps best known

as the peat sampler: is occasionally used in
the island " to obtain reasonably: disturbed
‘samples in peat. - This sampler, which has a
‘ is " filled with soil . when
rotated. It is easy to operate because of
its” low weight. The samples obtained can be

used for visual inspection,. peat quality and
the depth of peat layer. : C . :

Undisturbed samples . in peaty soil is usually
‘collected by pressing a 300 mm wooden block
or cylindrical mould (such as CBR mould) with
cutting edges. The depth of sampling by this
method, however, is limited to top -few meters.
A special type of ‘piston sampler’ is also
seldom used to obtain good quality undisturbed

peat samples at moderate depths.

In routine boring operations the usual practice
of various organisations in the country, is
to carry . out Standard Penetration tests at
selected intervalscontinuously, thus
reasonably disturbed but representative soil
samples at these depths. Whenever a soft cohe-
sive ' deposit is encountered an undisturbed
sample is taken. However, occasionally conti-
nuous sampling is practised. )

 CONCLUDING REMARKS

Large deposits of residual soils
various  parts of Sri Lanka. Inhomogeneity
and’ anisotrophy are common features of these
depnsits, which cause problems in sampling.
Some’ of the difficulties ~ associated with
sampling in these deposits are: small samples
can be unrepresentative and misleading; influ-
ence of relict joints, boulders, variability
of so0il wmatrix may not be reflected by
laboratory strength tests; presence of gravel,
cobbles and boulders in-the soil matrix, could
cause damages to cutting edges of shelby tubes

and cutting shoes; borehole results are often-

not  representative (Thurairajah et al 1985),
In the view of Lee et al (1985}, much higher
frequency of sampling is generally required
in the residual deposits than that areAnecéssary
for other soils.
that this process of sampling is somewhat costly

for shallow foundations and . should be carried:

out onrly for special and important structures.
For other structures, in situ tests may be
preferred to obtain design parameters.

Undisturbed sampling in compacted fill (very
often the fill may be laterites) is difficult.
The bearing capacity for shallow foundations
on such soils can be evaluated with reasonable
accuracy by carrying out
However, this is seldom practised in Sri Lanka,

" and settlement

providing

occur in

drilling a

-and high natural

However, the author feels:

"~ Senaratne, who

plate 1load _tests. '

probably -due to high cost of testing, tediois
and cumbersome ' test procedures and lack of
equipment and accessories., Nevertheless, the
-plate load  test is carried. out by. some
specialist organisations for large scale housing
development schemes and for important structures
on compacted fill. Checking the state of compa-

ction of a particular fill can  help the
- geotechnical ‘engineer to assess the ground
conditions in' relation to bearing capacity

aspects, though it does not
provide direct. values. :
Undisturbed samples in ‘sand .can be obtained
by Rishop's compressed air sampler. The avail-~
ability of such sophisticated .sample in the
island is not known.

Reasonably disturbed sand‘éamples can be obtained
by -split. spoon barrel or any other thick wall

"tube samplers. Recovery of sand in these thick

wall samplers below ground water table is genera=-
11y low and this can be improved by using appro-
priate sample retainers.,

The Standard Penetration test results (SPT 'N'
values) in sand, are useful in evaluating bearing
capacity for shallow foundations { Terzaghi et
al 1948). The ‘N values can also be used to
predict settlement due to foundations loads
(Schmertmann, 1970). Static- cone penetration
test {(Dutch cone) produces data for" bearing
capacity and settlement for shallow foundations

.in cohesionless deposits. . No sample is collected

by this method as it measures just resistance
to penetration of soil.

In soft to medium stiff cohesive soil deposits,
both shelby tubes and piston samplers are used
to obtain undisturbed samples. The .stationary
piston sampler procuces better quality sample
than shelby tube, One advantage - of the
stationary piston sampler is that in soft soils,
sample can be collected by pushing even without
borehole. -In very soft sensitive.
clays, undisturbed sampling is found to be diffi-

.cult, thus, prediction of settlement by carrying

out laboratory

consolidatiop test is not
possible. -

In"situ vane shear test is usually

- carried -out to obtain ‘undrained shear. strength

values which may be required to estimate bearing
capacity.

Undisturbed sampling in peaty soils is difficule
mainly due to presence of undecomposed vegetation
such as roots, stumps, .etc. Lack of cohesion
moisture  content also cause
sampling problems particularly in fiberous peat.
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" INTRODUCTION

One of the key factors governing the successful
per formance of a building is the proper
foundation. "The success  of ‘the
in turn depends on the selection of appropriate
design " parameters, design and
techniques. The quality of
the - end ‘product, i.e., the foundation, can
only be as good as the poorest of all. . these
Components involved., In other words, the efforts
involved in a sophisticated design and analysis
are not justified if the design parameters
are in error. . For buildings on difficult or
unknown subsoil, or for . multi-storeyed buil-
dings, tmorough site invéstigation» and. testing

-programs are prerequisites.

Soil testing can be categorized into two ma jor
divisions; in situ or field testing, and labora-
tory testing. The advantages of in situ testing
are: : o -
(8} Ability totest 'the soil in its in~
Situ state. - v

(b) A lagger volume of soil being repres- .

ented.

(¢) Abiliey Lo test soil deposits where
‘'good quality sam ling is difficult.
€.8., off shore deposits, sands.

~{d) Abilitg to test the soil with minimal
disturbance or stress relief. .
limitation of in -situ testing is
boundary conditions and the state
around the in situ device are not
Thus the interpretation is often purely

The major
that the
of stress
known.

‘empirical. "On the other hand, laboratory tests
usually have well .defined boundary conditions
and enable a rational interpretation of the
test results with sound theoretical basis.

. The pros and cons of in situ testing and labora-

tory testing have - been reviewed
al. (1977), Jamiolkowski, et al,
Robertson(l986).

by Ladd, et

‘Between 'in situ asnd ‘laboratory testing, it
is often wrongly argued that one is advantageous
cver the other. Such argument is "merely based
on . individual .. prejudices and preferences.
These are two differeat aspects of testing
and,they_only 'supplement each other. . Depending

on. the subsoil conditions and nature of the

" super Structure, there has to be .an adequate
balance between the insitu - and laboratory~
testing.

One should never be blindly favoured
over the other. - T

DESIGN PARAMETERS

A good foundation design .requires g
knowledge of the sub surface soil profile and
precise determination . of the relevant “soil
properties. - - BT

foundation -

analysis, and-

(1985), ' and:

thorough -

_ Geotechn_igal E'ngineerjing Division
National Building Research Organisation

- ditto -

It is important to assess the problem before-
hand, based on- -field reconnaissance and trial
borings. “This is- followed . by appropriate labor-
atory and 'iﬁ situ " testing, depending- on the
parameter required for the analysis and design;‘

(a) Sands
- In sands, drainage 1is alvays immediate
and the analysis is carried out in terms

of effective stresses. The shear .strength
characteristics are - represented by the

-angle of internal friction @', which’ in
. turn is governed by the relative density
D., Grain size, and grain shape. Modulus

and Poissons ratio are also generally requi-
red in settlement computations.

(b) Clays
(v) In cTays, |

when - the long term sﬁabilityA
is critical, the analysis is performed
in - terms of effecrive stresses., Here,

the failure envelope for normally consolida-
ted clays pases through the origin., (i.e.,c'
= 0). Shear strength and deformation chara-
cteristics are représented by the effective
N angle of internal friction @', and the
drained modules By . When short’ ternm stabil-
ity is critical, - ¢he analysis is carried out
in terms of total ‘Stresses. The failure
envelope becomes horizontal ( 2 = 0),
The shear strength and deformatién charact-~
eristics are represented by the undrained
shear strength ¢y, @and undrained modulus
E, respectively, : ’

Time dependent deformation such as consolidation
and creep contribute significantly to the-total
settlements in clays. The -s0il ‘properties
required to compute  these settlements. are :
compression index. (C,. ), ‘recompression index
(Cr, preconsolidation pressure (cQ'), coeffi-
cient of consolidation (cy ) and coefficient
of»secondary'compression (Cﬁ)' When it involves
building on compacted fields, compaction charac-
teristics such as maximunm dry density and
optimum moisture content -are also required.
- For - foundation below water table, when dewateri-
ng is necessary, -some knowledge about the perme~
‘ability of the soil would be very helpful.

IN SITU TESTING .

The major in situ tests, their ferceived. applic-
ability.;o different soil conditions, and their
use in obtaining various geotechnical informati-
on are listed in Table 1 (Robertson, 1986).,
-Only a few of these, which are commonly used

in this country will be discussed below in-
detail. A few lines are also added about some
in situ tests- which  have great potential but

rather new to Sri Lankan soils..
meter), / S

-

(eg. pressure



TABLE 1. IN>SITU TESTS AND THEIR‘APPLICABILITIES
’ ( After Robertson 1986)
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. _STANDARD PENETRATION TEST (SPT)

The Standard Penetration test (SPT)
most popular of 'all in situ tests. The test,
developed in 1900's is essentially for cohesion-
less soils: - Later, it has .been extended for

“clays also with 1limited reliabilicty. It was
estimated that 80-90% of the routine foundation
designs in the U.S.A. are accomplished wusing
the SPT N-value (Robertson, 1986). The interpr-
etation is purely empirical based on correlat~
ions. Resonably good estimates of 'y Dr.Eq-
can be obtained for sands., Terzaghi®and Peek
(1967) suggested some approximate correlations
between N-values and undrained shear strengths
of clays. :

"The desirable features of- SPT which make it
so attractive in the field are: R

- relatively simple and rugged eguipment.
- simple procedure 'with frequent measure-
ments.
- gives
~ tubes.
- - can be carried out in most soil types.

samples within the split spoon

- availability of well established correla-

tions. :

VANE SHEAR TEST

"Vane Shear Test is ideally suited to measure
the - undrained shear strength of soft clays.
It has moderate applicability in. fabrous peat
‘too. Usually the vane is drivem to the desired
depth is .rotated at a rate of 0.1 degrees
per second and the required torque is measured.
As a result of this rotation a cylindrical
failure surface is .created, _over -which the
shear strength 'is assumed to be uniform. Negle-
cting the drainage during the test, the strength
mobilized is assumed to -be ‘the undrained shear
strength. The undrained strength anisotropy
is also wusually neglected in the analysis.

"

The interpretation of vane shear test has better
rationaje than SPT., For a vane of diameter

P and ‘height H, the torque required is giveg‘

'by:r
D/2 . - o - -
T =2 (2Kt drdr ¢y 4 (RDH)_D_ ¢y
. 2

= ['K“gl +R D"zu] cy

PRPWEI> P> GDANDIWITIOEED> P> v M—cg-h

is the’

. obtained. I1f economically

" be quadrupled to ‘achieve  the same
the largest practicable size should
“ be used.

In reality, the stress. distribution along - the
failure  surface, especially over the top and
bottom, is not uniform, Typical stress distribu-

.tion suggested by Donald, et al, (1977) is shown

in Fig. 1. Fortunately, the top and bottomsurfaces
contribute very Jlittle (less than’ 10%2) to the

"total torque vhen H/D is greater than 2,

Therefere, for practical purposes, it . is
reasonable- to. assume uniform shear stress along
the entire failure surface.

P

7 S

‘Shear Stress Distribution for - Vane Shear Test
from Elastic' Analysis { after Donald,et al, 1977)

‘ FIG.1
PLATE LOADING TEST

The idea of a plate loading test is to model
the performance of the prototype foundation.
Here, instead of measuring specific soil proper-
ties, - the average deformation response of the
subsoil is obrained. This test is very . valuable
in fills where the engineering characteristics
are random and sampling is difficult. ILn developed
countries, plate loading test is quite expensive
due to_ the heavy loading arrangements required.
In Sri Lanka, when labour is. cheap, this still
can be a viable alternative to the other in situ
or laboratory tests. .

Usually, 1.5 to 3.0 times the maximum anticipated
contact .pressure of the “prototype foundation
is applied om to the -test plate in increments
‘and the joad-deformation ~characteristics ~are
practicable, it is
preferable to locad up to failure. The test
results are their extrapolated to the prototype
foundation.. - : :

The extent of subsdil over which the load-deforma-
tion characteristics are averaged increases with
the increasing size of the plate. On the other
‘hand, increasing the plate size means an increase
in the required loads. For example, when the
size of  the plate is doubled, the load has to
pressure.
Therefore,
¢ It is” also a good practice to use two
or . three different sizes and extrapolate to the

. prototype. ) - 5

*
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DYNAMIC. CONE PENETRATIONvTEST (DCPT)

Dynamic Cone Penetration test (DCPT) .is .very
similar to. . SPT. A rod equipped with a conical
tip of 10 sg. cm cross sectional area is driven
into the soil by an arrangement similar to
that in . SPT.- Number of blows per 300 mm is
considered as a measure o6f resistance. SPT
N-values and the number of blows from DCPT
are expected to be sanme (Rodin 1961).

.Unllke SPT,  DCPT is not
example, while going for the. number of blows
per 3q0 mm in North America, 200 mm of penetrat-

ion is recommended in Europe. Due to the
variability in the test procedure, equipment
characteristics etc. there aren 't sufficient

well established correlations™ for DCPT. ~Melzer
and Smoltczyk (1982) suggested some correlation
for shear strength, compressibility A4nd bearing
capacity of shallow . and deep foundations.
in spiteof it's crudeness, DCPT is quite popular
for compaction control and in assessing the
stratification, where sample are not reguired.
Here, it may be -possible to develop regional
correlations between the blow counts and the
relative compaction.

STATIC CONE PENETRATION‘TEST {SCPT)
Static Cone Penetration Test (SCPT), orginally

developed in Europe, is now gaining wide accept-
ance in North America and other parts of the

world. A cone with 60° apex angel and 10 sq.cm
.cross sectional area is pushed into the ground
m;uhanlcull) and measurements of end resistance
q‘) and the side friction are -made. The inter-
tation methods had been reviewed by Robertson
and Campanella. (1983 a,b), Worth  (1984), and
Jamiolkowski, et al, (1985). The test works
well in assessing the stratification - of sub
soil, compaction control and in studying the
lequefaction potential.

The equipment . is quite rugged and the testing
procedure. is simple., Provided verticality is
maintained, depths greater than 100 m can be
explored in soft soils. A major obstruction
to the penetration is the presence of gravel
layers, boulders and heavily cemented =zones,
which may damage the cone. Under such circumst-
ances DCPT may be better choice. Other advantages

~of SCPT .are the availability of continuous

record, reproducibility of the test results
-and the more .rational +interpretationm than SPT
or DEPT. The cone resitance” q. (usually in
Kg/cm® ) has been correlated with bearing capac-

ity, settlements, SPT N-Values, undrained shear

strength and deforamtion modulys.

PRESSUREMETER TEST

Pressuremeter test 1is the only in situ - test
which is performed under ‘well defined boundary
condition -and thus allows a rational interpret-

. _ation with strong theoretical basis. The device,”

invented "by Menard in 1950s has undergone
numerous modifications and backed up with sound
interpretation techniques is emerging as the

in situ device for any soil condition. Review ~
of pressuremeter testing and its limitations

were given by Battagiio et ‘al. (1981),

"Jamiolkowski, - et al. 385) and Sivakugan,

et al (1986)

standarlzed. For

‘and the stress strain curve. can be

~

Two of the commonly iused types are the conven-
‘tional Menard type pressuremeter and the. self
boring pressuremeter (SPBM). Menard pressure-

meter is quick in operation, inexpensive, and

the 1interpretation is semi-empirical. SPBM
is more complex, expensive and the interpreta-
tion 1is very sound., Pressuremeter test .can
provide measurements. of wmodules (E or G),

horizontal <coefficient of ' consolidation (¢} )

and undrained shear stremgth (¢, ) in clays,
angle of internal friction (/) and angle of
delation ( 2 ) in sands; in addition, in all.
soils, the in situ horizontal stress (&.7)
obtained.

LABORATORY TESTING

Most of the commonly adopted labora:ory tests
are reviewed -below, E mphasis is given to tests
wvhich have direct relavance to design  of
shallovw foundations. The experimental proce-
dures vhich may be obtained from the laboratory
manuals .and other literature are not repea:ed
here.

~

GRAIN SIZE DISTRIBUTION

" In granular soils, the grain size- distribution

has significant influence on the engineering
behaviour. This is not the case with cohesive
soils. Grain size distribution is determined
by sieve analysis for particles greater than
0.074 mm (¥ 200 sieve size), and by hydrometer

analysis - for particles less than 0.074 nm.
All the materials less than 0,002 mm are class1-

fied as clsys. -

ATTERBERG LIMITS ' o
Solid | Semi Solid  Plastic Liquid
N i {Water Content
. Shrinkage Plastic -Liquid.
Limic ™ -, Limit Limit’
 FIG.2,

The  concept "of Accerherg limits,. originally
proposed by a Swedish Scientist A .Atterberg
for fine grained soils, were later wmodified
and quantified by A. Casagrande (1932) who also
suggested the  test procedures- to determire

these limits. Depending on the mineral type
and the water content, the fine grained soil
can exist in four distinct states (Fig. . 2),

The boundaries between the adjoininy = states in
terms of water content are called shrinkage
limit, plastic. limit .and .. liquid 1limit. of
these, 'plastic limit and liquid limit &dre the
most relavent to geotechn1cal engineering -appli- -
cations.

Liquid 1im1t may be determined by Casagrande s
percussion cup -~ or Swedish fall cone method,
The pros and cons of these. two different methods
have been discussed by several researchers.
For all 'soils, it has been observed that the
shiear strength at the 1liquid limit is about
10-25 g/sq. cm. . ’ :




Based ‘on some observations by Skempton and
Northey (1953), it is assumed in critical state
theories that the shear strength at .the plastic
11m1t is 100 times that at the 11qu1d limitc.

Liquid limit -and plastlc limit are very useful
indices in the classification of fine grained
soils and in identifying the type of clay
mineral. These simple tests also provide addit-
ional information on shear strength and compre-
ssibility characteristics of the soils. These
would be very. helpful.  in. the preliminary
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studies, and would supplement the other laborat-
ory test results. on shear streangth and compresi-~

bility. The shear strength and compressibility

charaqteristics may be estimated from empirical

correlations.
are :

Co = 0. 009 (LL - 10%Z) for undlsturbed soxl.
‘(Terzagh1 & Peck, 1948).

Some widely accepted correlations

¢y = 0.11 + 0,0037 PI. for normally consol1dated

clays (Skempton, 1957)

£}

CONSOLIDATION TESTING

“Consolidation tests are generally performed
to determine the compressibility. and consolida-

tion characteristics of cohesive soils. It
is the most relevant test "in determining the
right parameters for settlement aralysis in
cohesive soils., These parameters and their
uses in fouondation‘ engineering are - listed
below:
(i) Predlcclon of total ~consolidation settl-

ements

~ Compressive Index (€. )

~ Recompression index (Cp)

- Preconsolidation pressure (CZ )

- Variation of coefficient of volume

compressibility (m,.) with stress level.

"(ii) - Prediction of the rate of consolldatlon

- Coeff1c1ent of consolidation (cy)

(iii) Ana1y31s of the effect1veness of the Pre-
loading’ technique

- CoefflClenc of consolxdat1on (cv)

(iv) Prediction of. the secondary compression
- Coeff1c1ent of- secondary compre531on
(Cy)
Consolidation test 'is wusually carried out on
circular specimens of 2 - 3 cm in -height and

6 - 10 cm in diameter, held in.a circular ring
called Oedometer. Friction along the walls
can 'be minimized by the application of a thin
‘coat of silicome o0il or similar lubricanat.
Larger the diameter to height ratio lesser
is .the effect of friction. On the other hand,
larger diameter would  require higher loads.
For organic soils, especially in peats, it
is desirable to test specimens of larger diame-
ter to helght ratio.

In the conventional incremental type of loading
test,. the loads are _applied in increments,
. each one lasting a specific duration (typically
a day). For each increment the deflection
- time variation is obtained and, Cy y m, and
- Cx, are computed. At the end of the consolidation
‘test, the void ratio is plotted against the
logarithm of effective stress and- G C
S. are computed. :

‘is often
- theless, the in situ state of stress is anisotr=-

Oedometer test results are generally 1nterpreted,

using Terzoghis one dimensional consolidation
theory, assuming that the soil is saturated.
To ensure saturation throughout the test it

is' preferable “to apply a back pressure of 50

~300 kPa- using a special” arrangement. In

~organic soils the ‘primary consolidation occurs
very fast, and the validity of Terzaghi's theory.

Nevertheless, in the absence
of amy other sound and better theories and
due to its simplicity, Terzaghi's theory is
still being used by many.

is questionable.

TRIAXIAL TEST

Triaxial test is the -most popular . of all

laboratory tests to determine the ‘'shear strength”
characteristics- of all soils. In ,add1tlon,

complete  stress- -strain curve, and the modulus

of deformation can be obtained. In spite of

its usefulness, the test requires considerable

skill "and a thorough knowledge of the apparatus

detalls. control panels etc.

Triaxial tests are usually carried out on a
undisturbed samples of cohesive soils or recons-
tituted samples of  cohesionless soils. _ For
cohesive soils, the test can be any of the
following three types:

(i) 'Unconsolldated Undrained (UU) test

also called Q-test (Q for quick)

(ii) Consolldated Undrained (CU) test
- also called R-test
(iii) Consolidated Draineda(CD) test
also called S-test (S for slow)

test can be either 'strain
controlled type, For
peak behaviour can

In addition, the
controlled or stress
strain ' softening soils,
be studied only in strain controlled tests.
This is important in problems involving large
strains such as landslides .or earth quakes.

The sampling in the field involves stress relief
and mechanical disturbance. To obscure these
effects, it 'is a practice to reconsolidate
the sample to its estimated, in situ effective
vertical overburden  -stress (6;) before shearing.
Due to simplicity of operation, consolidation
carried out isotropically. Never-

opic and thus the tendency is to consolidate

"the -sample anisotropically for a better simula-

tion of - in situ conditions. To achieve this
Ko - Triaxial cells can be used (Campanella
‘and_ Vaid, 1972). The undrained shear strength

(cy ) is governed primarily by <&, and not
influenced significantly by the mode of consoli-
dation. For isotropic and anisotropic consoli-
dation, the difference in shear sgrength is

. generally less than 20% for the same ¢ Sivakugan,

et al, (1987) proposed a simple method to
‘predict CKguc shear strength from CIUC test.
Therefore, -the <conventional triaxial cells

are sufficient for practical purposes.

Irrespective of the mode of consolidation,
it is possible to have different modes of shear-
ing. Upon consolidation the specimen may be
Juaded under axial compression, lateral compres~
sion, lateral ' compression, axial -—extension
or lateral extension. :

i



" -the
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field

Depenu.ug .o Che loading conditions,
the JPHIOPrldLE triaxial test may be adopted.
For example, to study the excavation problem,

an  1sotropically consolidated ‘'undrained exten-
s1on° (CIUE) test may be recommended.

UNCONFINED COMPRESSION TEST )

Uncunfined compression test is a special _case
of the triaxial test. Since there is no lateral
cunfinement it is performed oaly on cohesive’
suils. The test is very simple and quick.
It yives the undrained shear strength moduluJ
and the stress-strain curve.- Due to pronounce
-disturbance, the test results are not as reliab-
le as the triaxial tests.

COMPACTION TEST - , ,

influence

lu. shallow . foundationms, the zone-

- 1s usually confined to shallow depths and compa~- "

ctiop is the best means of improving the ground
conditions. Generally, the compaction is carri-
ed out by hand held rammers or mechanical rolle-
"rs on existing loose ‘ground, and in placement
of fills. As- far as the shallow foundatioas
are concerned, compaction achieves .two ma jor
objlectives: .

Reducrion -in the compresslblllty, ‘thus
minimizing settlements.

.. - lncrease in shear strength.
soth these factors lead to an increase in the
bearing capacity. N
of compaction is checked by obtai~

The-adequucy
content and dry density of the

ning the water

1n situ soil and comparing them with those
of the 'laboratory . compacted . specimens. .In
"the field, the density is obtained by sand
cone .method or balloon density method. In

- laboratory, Standard Proctor Compaction
test is carried ocut to determine the . optimum

water content and the maxinum dry density.

fhree ot the commonly used specifications for

ompaction -Lests are
L1 Stundard Proctor Test with 12400 ft-1b/cu.
it of compactive energy.

“13; Modified Proctor Test with 56300 ft-1b/cu.
of compactive energy. '

(iii)'LowAEnergy Proctor Test with 7500 ft-1b/cus -

of compactive energy.

Of all these, the Standard Proctor
the most common. In all Proctor Compaction
rests, .the soil is thoroughly mixed with water
and compacted into. a standard mold to given
"specifications. The test is repeated at differ-
ent water contents and the dry density is plott-
ed against the. water content. The maximum
ury demsity and--the optimum water content are
vbtained from the plot.

COMPUTER APPLICATIONS

The advent ~of -microcomputers .” has had =~ a
tremendous impact on . laboratory testing of
soils. Using mlcrocomputers - and other
electronic components, it is relatively easy
to develop specialized:. interactive .data
acquistion. and control systems for automation
of laboratory tests. Slvakugan, et_al. (1987)

developed a cuboidal shear(true triaxlal) device
.control system.

ulth automatlc dara acquistion and

test is

gratefully appreciated.

Similar systems could be déveloped “for triaxial
testing, oedometer testing  etc. In developed
countries, the rising costs of wages and the

.declining cost of microcomputers and the other

resulted in rapid
In Sri Lanka, where

electronic components have
advances in such systems.

time factor is not given due consideration
and labour <costs -are low, we are far behind
in exploiting the full potential of
microcomputer applications  in laboratory
testing. N .

Data Acquisition;

For an automatic data acquisition system
operated by a microcomputer, the pressures

and displacements can be measuréd by electric

transducers and Linear Variable Differential
Transformers (LVDT) respectively..  The LVDTs
and pressure . transducers- continuously . ‘emit

voltage signals’ propertional to the deformation
or pressure. In order to be handled by the
microcomputer, these voltage signals must be
converted into digital signals. This task
is performed by a wunit known as analog-~
to-digital (A/D) convertor. To enable a single
A/D convertor to handle several channels of
measurements, multiplexers are used. Depending
on- the nature of measurement, some form of
signal conditioning (e.g.,  amplification,
filtering) also may be required. Finally the
data is stored in magnetic disks. .

Control:

In controlling, the criterion is to perform
the test while satisfying certain pre-defined
conditions. Data received from the A/D
converter are processed by the microprocessor
where the decision .are made regarding the
control. Other electtonic devices which help
to accomplish the control are solenoid values.
stepper motors, and - digital-to-analog (D/A)
convertors. ’ ’ ’

To simplify the operation Ffurther, the A/D
and D/A  converters with built-in signal
conditioners are available on- printed circuit
boards (PCB) which ‘can be ‘readily  installed

into one of the

expansions
microcomputer. '

slots of the

SUMMARY

The role of soil testing in shallow foundation
design, various soil parameters involved, and
Qbe appropriate method of determining ‘them
were. examined’: Emphasis was given to im situ
and laboratory tests which have direct relevance
to shallow - foundation .designs. Finally, . a
bried mention was made of microcomputer
applications in laboratory testing.
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DESIGN OF SHALLOW FOUNDATIONS - THEORETICAL APPROACH

N. SENEVIRATNA

1. INTRODUCTION

The function of a foundation whether deep
or shallow, is to transmit the loads and
moments from the super-structure safely into
the ground. Deep foundations are normally
used in cases of weak shallow soil layers
and/or - heavy loads. A properly designed
foundation should  be able to withstand
extreme loads without duress and should not
excessively settle under the working 1load.
A ‘bearing capacity calculation and a settle-
ment analysis should be carried out to check
the above requirements. This paper is
confined to the design of isolated shallow
foundations.

2. BEARING CAPACITY

2.1 Simple Cases

A "bearing capacity formula for a vertically
loaded strip footzng on a horizontal ground

was first proposed by Terzaghl(l) A
modified form of this formula is;
Q/B = % 'Y'B NY + q (N -1) + ¢ N

where Q 1is the net bearing capacity, B,
foundation width, Y , unit weight of- the
soil, ¢, cohesion and g,

pressure -at the foundation 1level. This

seperation of contributions from cohesion,

surcharge "and, self weight, though not
is used: in
almost. all bearing capacity. formulas. In
sands and silts effective stress parameters
are used; in clays under undrained condi-
tions total stress parameters - for strength
and unit weight are used.

Prandtl1(2) using the theory. of plastltlty
derived the exact solution " for Nq .and NC

as; - .
Nq = e tan¢' tan2(45° +¢¥2)
= (N =1) cot ¢'
for effectzve stress analysis and,

Nc = T+ 2, Nq =1

for undrained clay. ¢'is the. effectlve angle

of internal friction of the soil. N_is zero
for undrained clay but depends 'on the
friction at the foundation base in the other
cases. A value of N, = 1.8 (N —1) tan ¢' is
recommended by Hansen (3)- (4)

effective soil

- aspects from. the
above. The 1load may be eccentric.
~inclined. . The

-eccentricity
~using an effective area for the foundation.

foundation by .a

~ modified as;

Department of Civil Engmeermg
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2.2 Generel Cases

An actual foundatlon may deviace in several
simple cases considered
and/or
foundation "is -placed at a
depth D below the ground surface and has a’
finite leagth L; its shape may not be even
rectangular. Also the foundation base and
the ground surface may be inclined.

There ‘are several methods available for
analysing these cases but easily computable
Hansen's method (Hansen (3) and (4)) is
discussed here. In Hansen's wmethod -the
of loading is eliminated by

This . is obtained by replacing the ~actual
rectangle  so that its
geometric centre. coincides with the 1load
centre and it follows the nearest contour
of the actual foundation as close as possi-
ble. The  dimensions of the effecive area
(new B and L) are used for the rest of the
analysis.

The effect of shape (s), depth (d), 1load
inclination (i), base inclination (b), and
ground  inclination (g), are incorporated
into the calculations by modifying the.
or1g1na1 bearing capacity factors N_, N and

using 's,d,i,b and, g factors. Hdnsen
p¥oposed‘ that N' and N in .the ‘original
Terzaghi formulal for eV, ¢' soils to be

N ' =N .s ,d .i.b. d,
. q.sqd q"7q q8q 27

v T NySycdy ety ebyegy

New N or Leew Nc'. is taken-as (N '-1) -cot
°l.

In the case of cohesive soils only N  needs
to be modified. This is -done using a set of
additive factors'

v | . v t '
gc,.- Nc‘(l + s; + dc i, ,_bc gc ).
These factors are expressed in terns - of
empirical formulas which are comsistent with

existing theoretical solutions and experi-
.mental. observations. For e.g.

inclination -
factors for undrained clay are derived from
the theory of plasticity; shape factors for
vertical loading in clay agree with those

" proposed by Skempton(5) using loading tests.

Hansen has_ published several papers which
give- different sets. of these formulas. One
such set of these fac;ots is given belcow.




Refer the Fig.1 given below for the configur-
ation and forces acting om the foundation.

-8 Ground Surface

P . ) .
Fig.l Configuration of General Case

Shape Factors
[ - it

s. 0.2(1 - 1_') B/L
sq =1 + sin¢'Biq/L ;
s, = 1 - 0.4 i B/L or 0.6 whichever is
hzgher. Y

Depth Factors

d.' = 0.4 tan"tD/B

d =1 .

Y o . 'y 2 -1

dq =1 + 2 tan ¢ (1-sin ¢')° tan” "D/B
Ianclination Factors

iCY's 0.5 - 0.5/(1-H/40 ,

iq = (1 - 0.5H/(V + Ac cot'¢'))5 i
iy= (1 - (0.7 = v°/450°)H/(V+ Ac cot ¢'))
Base Slope Factors: - .

bc' = v°/147°
-2v tan ¢'

5

. . A ]
e ; by = e"2-7 v tan ¢

Ground Slope Factors
gcl = 80/1479

; 5
8q gY (1-0.5 tan g)
width of the effective foundation area respe-
ctively. H is the horizontal force parallel
to B direction. When load inclination in L
direction is significant, a check should be
made for failure along L direction. This can
be dome by interchanging L and B in the above
expressions and wusing H as the shear force
paralell to L direction. H should be less than
Vtand' + cA; to prevent sliding at the base.
Also i and i_ should be greater 'than zero
and, 8% vshoulll be less than 90°. :

2.3 Effect _of Water Table

The position, of the water table does not

affect the total stress analysis of undrained
clay. Anyway the water table is likely to be

" “high in this case. However, in the effective

stress analysis the bearing capacity can
.reduce even by .50% depeading upon the posi-
tion of the water table. In calculation of
bearing capacity in such cases it is easier
to coasider three simple cases at first. In
‘case A, the water table lies at a depth more
than B below the foundation level.
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where A L\End, B are the area, length and, -

N

The bearing capacity in this case is not’
influenced by the water table, In the case
B, .the water table is at the foundation
level. In this case use the submerged ‘unit
weight in calculating the Hyterm and satu-
rated or dry unit weight in calculating the
N term. In case C the water table is at the
ground surface, hence the submerged unit
weight is used in all calculations. In cases
in between A and B and, B and C, use linear
.interpolatior to determine the bearing
capacity. The possibility of the water table
rising during of after construction. should
be considered in the analysis:

2.4 Soil Testing and Factor of Safety

Soil ﬁarametera required for the design are

the - undrained shear strength " for total "

stress analysies of undrained clay or the
strength parameters ¢ and ¢' for the effec-
tive stress analysis. The undrained shear
strength can be determined by field vane
shear test or laboratory unconfined compres-
sion test or by unconsolidated undrained
triaxial . test, For the effective stress
analysis unconsolidated undrained or conso-
lidated undrained triaxial test is the most

suitable, However, direct shear test can be

used for non-cohesive soils.

A sample prior to testing should represent.
the worst condition in the field during and
immediatly  after  constructon as close as
possible, It is not necessary to consider
long term effects unless the foundation is
going to be heavily loaded only after a long
time. It may be necessary to soak the

- samples to obtain  the - correct moisture
‘content. The all round pressures used in

triaxial tests should be similar to those
in' the field at.the time of construction.
In a special case it is better to follow the
stress path of the field sample as close as
possible in the laboratory -test. :

A factor of safety (rather a load factor)
of 2-3 'is usually applied on the bearing
capacity to ‘obtain the safe .bearing pres-
sure.. Higher factor of safety should be used
on sites with unreliable and -varying soil
formations and soil conditions. Hansen's
factors ‘given here are derived for plane
strain problems. As the angle of internal
friction is slightly higher (by about 10%)
in plane strain than in triaxial case
increase the triaxial values by 10% for use
-in the effective stress analysis,

-9
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2.5 Layered Soils. _
Foundations 1in layered soils can fail in
bearing at any layer. A simple way of design
in such cases is the use of a load dispersion
"(see Fig.2). Instead .of the surface
pressure fully acting on .a deeper layer it is
assumed that the foundation load is distri-
““buted over a larger area than the foundation
area, Then the pressure on each layer can be
calculated and checked against the
capacity of that layer. When a soft material
underlies a stiff soil Tomlinson(6) gives the
inclination of the dispersion line to vertical
as 30° (Fig.2). Alternatively, the 1linear
elastic stress distribution for the particular
case can be used to find the value of the
dispersion coefficient.

3. ANALYSIS OF SETTLEMENTS

3.1 Introduction

A properly  designed - foundation should .not
settle excessively under the working 1load,
The differential setttlement between one part
of -a structure and another is of greater

significance to the stability of the super-

-structure than the total settlemeant. Diffe-
rential settlements are caused by variatioas
in soil strata or 'soil conditions (like
stress history or position of the water
table). It can also be due to difference in
time of construction of adjacent parts of a
structure. They should be minimised wherever
possible. This can be done by carefully
choosing a construction  sequence, and/or by
redistributing the loads sometimes increasing
the loads in 1lightly loaded areas. In some
cases foundations are taken to deeper layers
and basements introduced to reduce differen-
tial settlement. Jacking pockets can be
provided under beams to reduce the effect of
differential settlements on the super-struc-—
ture. In some cases Plinth beams are used to
tie the columns together to reduce differen-
tial settlements; ,alternatively a raft foun-
dation can be used if it is more economical.

3.2 Settlements in clay

3.2.1 Introduction : -

. The settlement of a foundation in a cohesive

.soil consists of three components, namely
immediate, consolidation and, secondary or
creep settlements. Immediate settlement -is

due to distortion of the so0il at undrained
state and occurs at comstant volume in incom-
pressible soils. Consolidation settlement is
associated with the dissipation of excess
pore water pressure within the soil. Secon-
dary settlement is due to . creep or viscous
flow which would not affect the pore pressure
or effective stress. Unless a soil exhibits
substantial creep  behaviour (e.g. peat)
secondary settlement is not separately calcu-
lated but implicitly incorporated into the
consolidation settlement.-

3.2.2 Immediate Settlement

Inmediate settlement which occur at undrain-
ed state. is normally estimated using the
theory of elasticity.

bearing .

Menzies (11)

‘total

The possibility of local yielding. leading
to underestimation by elastic method was
investigated by Davis & Poulos (7), They

- showed for a strip footimg that, unless the

soil is  heavily . overconsolidated 1local
yielding is likely to be insignificant under
normal working load. The immediate settle-
ment depends upon the undrained Young's
modulus and Poisson's ratio, width and shape
of the foundation, foundation depth,
rigidity of the fourdation and, . on the
extent of the compressible soil layer.
Poisson's ratio is assumed to be 0.5 for an
incompressible soil. For a homogeneous clay
deposit with a finite thickness, it is
convenient -to use the charts given by Janbu
et al (8) and later improved by Christian
& Carrier (9). The average immediate settle-
ment of the foundation (pi)'is given by;

by = upup 4,B/E,

where q is the ©bearing pressure, E ,
undrained Young's modulus and + g factols
taken from the charts (see Fig.35. .
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These charts take into account the effect
of shape (circular or rectangular), depth, -
rigidity of the foundation and, the thick-
ness of the compressible layer. In cases of
Young's modulus increasing with depth it is
convenient to use the charts given by Butler
(10) for a modulus increasing linearly with

.depth (see Fig.4).

For a soil with a number of compressible
layers, the method given by Simons &.
is particularly useful. This
technique is illustrated in Fig.5. Consider
a rigid base on top of the nth layer and

"calculate the settlement using a constant

E , (Eu)n equal to that of nth layer. Do
the salte again but assuming a rigid base
at the bottom of the nth layer. Subtract
the second result from the first ‘to get the
contribution from the nth ‘layer for the

immediate settlement (p,) . Follow
the same procedure for the othe} fhyers and
add up to get the total settlement.
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3.2.3 Consolidation Settlement

Consolidation settlement is usually calculated
using Terzaghi's one dimensional theory of
consolidation. The procedure is as follows;
Determine the vertical stress distribution
beneath the centre of the foundation using a
linear elastic solution. . There are many

‘.methods available forxthis; for e.g, Newmark
€12) ‘tabluted the vertical stresses beneath

. the corner of a rectangular area(these are
reproduced . in Tomlinson(6)). It is usually
sufficient to calculate the vertical stress
diét{ibution down to a depth of '1.5B. However
if @ very weak soil layer exists at a depth
then it has to be more. One or several comso-
lidation tests should be carried out to deter-~
mine the effective pressure - voids ratio

relationship and the preconsolidation . pres=-
sure of the soil, By knowing the increase in
vertical stress and its insitu value it is
possible to calculate initial and final voids
ratios (e, and e). Then the settlement is

found by the integral of (e, -e)/(1 + _eo)

down. the depth. This can be done in a numé-
rical wmanner 'by dividing the soil into a:
number of layers.

There is also a popular but 1less accurate
meéthod of using the coefficient of compres-

o sibility m_. However,.when using this method

care should be taken in 1lightly overconsoli-
dated clays as m,  can suddenly increase if
the. soil get normally consclidated due to
foundation loading. The change of -lateral
stress ‘during consolidation is different in
a consolidometer from a field situation. To
overcome this, Skempton & Bjerrum (13) has
suggested a correction factor u, by which the
estimated settlements should be multiplied.
The value for y 'is recommended to be, =
1-1.2 for very 8ensitive clays,

0.7-1.0 for normally consoildated clays,
0.5-0.7 for over-consolidated clays and;
0.2-0.5 for heavily-overconsolidated clays.
If the foundation is located at a depth the
calculated settlement should be corrected for
depth, Even though derived for elastic analy-
sis- only, Fox's curves ( Fox(l4), see also
Fig.6) are used te apply this correction
conveniently.
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Fig.6 Fox's Depth correction curves



3. 2.4 Secondarz Settlement

Secondary settlements had been observed both

in the field and in laboratory in many scils
though it. is ‘more pronounced in

soils. The rate -of secondary settlement can
be expressed as a straight line in a e -
<;10g10 t plot. The rate of secondary compres-
sion given by ¢ is equal to C_ /(1 + eo)
"where C_ is the adient of the straight line
mentioned above. The amount of secondary

compression in a foundation can be estimated
if the variation of ¢  with €9
from a consolidation test.

The' value of ¢ for normally consolidated
compressible soils is krnown to increase in
general with natural moisture content.

Mesri(15) had proposed & linear relatioaship

in a log - log plot in this regard  (see
"Fig.7). Even though the range of values is

large, the relationship gives an idea of the
upper limit of secondary settlement. If the
soil is overconsolidated, secondary settle-
ment is known to be low unless it- becomes
normally consolidated due to the foundation
loading. Mesri had also classified the soil
according to the value of ¢ ; a value below
0.004 is low while a value above 0.008 is
high.
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Fig. 7 Secondary consolidation of clays

3.2.5 S écial Techniques

Shallow foundatlons are not important enough
in most of the cases to apply sophisticated
analy51s like finite elements. However,
Lambe's stress path method (Lambe (16)) can
be. used to calculate the settlements in a
wore realistic manner. In this. method the
soil is divided into a number of layers and
a sample taken from each layer. The insitu
“vertical and lateral stresses on each sample
are restored in a triaxial apparatus.

organic.

is determined -
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-theory of consolidation.

ko]

-Concrete is

.ries in many cases.

Then the vertical and 1atera1 stress changes
dde to foundation loading, estimated from
the theory .of elasticity, are applied to
each specimen and immediate and consolida-
tion veértical strain determined. The imme-
diate and, consolidation settlements of the
foundaion are now calculated by integrating
the measured strains over ‘the 'soil depth

This method has the advantage that it fol=-

" lows the stress path of the field situation

closely. However, a <correction should be
applied for the .depth effect of the founda-
tion, ~

3.2.6 Rate of Settlement

The rate of . consolidation settlement is
calculated using Terzaghi's one dimensional
The settlement. at
time t, 1s expressed as; :
¥ where U is the degree of.

Eonsolldatlon. he relatwmshlp between U and

time factor (T_) given by C t/H where €
is the coefficient of yORSOlid&ClOD, t tim
and H length of the drainage path, is shown

in Fig.8 for various cases of initial excess

pore wvater pressure distributions.
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normally. much more permeable
than most of the clays hence condrete foun-
dations are considered as permeable bounda-
It had been found that
the field settlements occur at a much faster
rate than laboratory based predictions. .This
has led to speculation that changes in the
macro -fabric Whlch is not represented in
small samples is’ the .cause for this. Once

the consolidation settlement is known, the
- settlement of each foundation with time,
hence 'the differential settlements can be

calculated by considering the construction
schedule. It is also possible to alter the-
construction . schedule at . this stage to-

- minimise the differential settlements.

s U (1—n)/(1+n)(UL-U ) vhere.



3.2.7 Soil testing

The soil parameters required for settlement
analysis are wundrained Young's 'modulus and
coefficients of compressibility and consolida-
tion of the soil. The wundrained Young's
Modulus is normally determined by an unconso-
lidated undrained triaxial test. When testing
it is advisable to apply a cell pressure equi-
valent to the mean normal total stress in the
field. Sample dlsturbance is known to consi~
derably affect ti:e
modulus. If the field conditions are known it
may be better to reconsolidate the
_samples to the insitu values prior to testing.
In any case the stress range of testing should
be- kept as close - as possible to that in the
field to avoid large errors.

When immediate settlements are separately
calculated, immediate settlements observed
during a laboratory coansolidation test should
not be added when determining the coefficient
of compressibility: or wvoids ratio-pressure
relationship. ‘Otherwise the calculation will
unnecessarily duplicate the immediate setlle-
ments. This also applies to secondary settle-
ments if they are separately calculated.. In
the cases where secondary settlements are not
separately calculated, taking 24 hours settle-
ment in determining the coefficient of comp-
ressibility will account for some creep
effects. When calculating the coefficient of
compressibility and voids ratio changes, the
-pressure-voids ratio relationship for the
. field situation reconstructed from the beha-
viour of laboratory sample should be used (for

e.g. laboratary sample may be overconsolidated
but the field sample is normally consoli-
dated). o .

3.3 Settlements in Sand

3.3.1 Introduction

. With granular 'soils laboratory based methods

of evaluation are remote ‘due to the basic
difficulty of obtaining representative and
undisturbed samples from the ground, espe-

cially below the water table. The most popu-
larly used mathods of calculation are based
on insitu penetration tests, namely Standard
Penetration Test (SPT) and Static Cone Penet-
ration Test (SCPT). Though expensive, Plate
Bearing Test is also used in some cases,
particularly in gravelly and boulderly soils
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value of undrained Young's.

“field

where any other method of sampling is extre---

mely difficult. Self boring pressuremeter is
also becoming increasingly popular in obtain-
ing compressibility and strength parameters
for the analysis of foundations. .

3.3.2 Standard Penetration Test

The standard penetration test is. conducted by
driving .a 50 mm diameter split spoon sampler
using a 63.5 kg. weight falling freely through
760 .am. The SPT value N is taken as the number
of blows required to drive the sampler through
the last 300 mm of a 450 mm total penetration.
In -saturated,” fine or silty, dense or  very
dense sands, § values measured can be abnorm-
ally high due to dilatancy of the soil under
undrained conditioas.

N_ =15+ 0. S(N
c

-(18).

_surface,

Tefiaghi & Peck (17) recommended
modifying the measured N values by,
- 15) for N >15, -

where, N_ is the measured and N_,
corrected  value,
better not to useé isolated footings. As N
values depends on the stress level and rela-
tive density of soil some correlation between
stiffness of the 'soil and N values can be
expected.

The most popular method of design using SPT
is the method proposed by Terzaghi & Peck
(17) which was later modified by Peck et al
The method is based on 'a correlation
between plate bearing test results and SPT
values. An allowable diiferential settlement
of 25 mm is assumed for isolated footings.
The following  design procedure -had been
suggested by Peck et al.

a) Depending on. the subsoil condition apply
‘the dilatency correction.

b) Correct N values for the overburden pres-
sure. The given design charts were prepargd
for an overburden pressure of 1 tonf/ft,
hence, measured N values should be corrected
as shown in Fig.9.

value

CN = Npéllufield
0:4 .8 1.2 1.6 2 -
P
1
Rffective 1/
Overburden
Pressure 2 /
(tonf./£t")

Fig. 9 Overburden correctionp for N

-d) Compute the average N value for each bore-

hole; use “the smallest average N for the
design.’
e) Ultimate, not loangterm, average loads

should be used for the eanalysis.

f) First select an allowabhle bearing pressure
for the largest  footing using. the chart
given in Fig.10. The chart accounts for both
bearing capacity and settlement. Use the sanme
allowable bearing pressure for smaller foot-
ings to select their dimensions and check
with the chart.

In presence of a water table the allowablev
bearing pressure should be multiplied by a
correction factor C C " is equal to unity
(i.e. no 1nf1uence) when D >D + B, but is
equal to .
Cw = 0.5 + 0.5D /(D + B) in other cases; D
is the depth o water table from groun
This correction is controversial.
Some argue ‘that unless the water table at the
time of construction is different from that
at sampling no correction should be applied
as the water table had already influenced the
measured SPT values.

If N is less than 5 it §s .



29

: l“‘u‘o"' —
%0 40
8000 Va—
= /7=
4000 ;/ 20 A A/ 28

0 $

B{ft.)

Vertical axis ; aliovghle bearing
pressure. in 1bf/ft° -~

= [
!
&

X
&

+

.D/B = 0.25__ .
5O
ya
4| —
8000
/’ //r 30
/ 20
4000 e
/’/ 110
. ” S
0 1
0 2
. B (ft.)

' Fig.10 Peck et al design chart using N

3.3.3 Static Cone Penmetration Test

In the SCPT first widely used in Holland and
Belgium, 60° apex angle cone with. an end
area 10 cm”, is :driven into the ground hydrau-
lically. The cone is attached to rods protect-
ed by a sleeve. Readingé for the thrust on
sleeves and cone are taken separately at every
200 mm penetration up to a maximum thrust of
10 tonf. . . .
Meyerhoff (19} suggested the following empi-
rical formulas for allowable bearing pressure
to ensure that the-maximum settlement is less
than 25 mm. His formulas were based on
Terzaghi & Peck (17) design curves using SPT
values. He proposed the empirical relation N
= 1/4 C ., (N <50).where, de_ is the cone
resistance ‘in kg/cm”. For square or strip
foundations with B <4 ftr, allowable Learing
pressure q_ is taken as de/30 tonf/ft°, When
B >4 fr., ’ )

N 2 2
a, = de (1 + }/B) /50 tonf./ft”.

q. should be halved if the water table is at
the ground surface. Tomlinson (6) recommends
the use of théese formulas to find approximate
sizes of the foundations and then use either

~de Beer & Martens (20) or Schmertmann (21)

method to determine the actual foundation
settlement. .

In de Beer and Martens method the constant of
compressibility in the classical Terzaghi
formula is takem as C = 1.5 . C,_./p, where Po
is the effective overburden pressutre at theé

“point of measurement. Then the settlement of

a layer of given thickness H is .equal to H/C-
loge((p0+Aoz)/po)whereAc__is the vertical stress
increase die to founda ion.ptessureq,The to;gl

‘is shown in Fig.12 below.
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Fig. 11 Vertical Strain Influence Factor

settlement is calculated by dividing the
soil into a number of layers and using the
average de per :each layer in the calcula-
tions. ) .
Schmertmann (21) proposed ' a simplified
strain distribution curve (see Fig.ll) for
the strain influence factor I_- at the
centre line of a shallow footing.” Then the
settlement of the foundation is expressed
as :
C_l.czqn z{Iz/E . A2} where,
Cl' corrrection for foundation depth given
|
by 1 -0.5 py/q,,

CZ' the correction factor for creep given
by 1 +0-2 log (t/0.1) ; (t - time in
years), 10

q_ net foundation pressure. .

ET the Young's modulus of soil for the layer
of thickness Az , is taken to be equal to
Zde. :

3.3.4 Plate Bearing Test

Plate bearing test was very widely used in
early days to determine the bearing capa-
city of foundations. However, due to the
high cost and availability of other tech-
niques it has fallen into disfavour. Still
in gravelly or boulderly soils_ where any
other type of testing is extremely difficult
it is still the. best method. The test is
conducted by jacking a plate, normally
circular with a diameter of about 0.8 m,
into the ground. A -typical test arrangement

- - Kentledge
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Fig; 12 Plate bearing est




The settlement of the plate is measured with
reference to points far away from the plate.
The reaction system for the load also should

be sufficiently far away from the plate not’

to influence the measurements. The 1load 1is
applied in steéps allowing settlements to come
to a constant in between increments. Refer CP
2001 (22) for full test procedure.

The main problem associated with the plate
bearing test is that the area of influence
of the locading plate is much less. than that
of foundation area. Hence, in a layered soils
or when water table is present at a moderate
depth the test results may be misleading., In
a soil ~with constant Young's modulus E_ the
settlement at centre of the plate is given by,

2
q, D(l1- v )/4E° where,

Poisson's -ratio and D, diameter of
the ‘plate. This gives a linear variation of
settlement with D. However, in most of the
soils E_ increases with depth hence the sett-
lement to diameter ratio reduces with depth.
Terzaghi & Peck (17) suggested the relation

OB/DI = (2B/(B + 1))2 where,

pl is the settlement of a2 plate of dimensioms
1°ft. x 1 ft.; B is also measured in ft. .
The results of a plate bearing test can be
significantly affected by minor variations in
soil compressibility near the base of the
plate. Hence, a test should .always be carried
out at the foundation level.
the effect of deeper layers which may influ-
ence the actual foundation is not tested. A
recent versiom of the plate load test using
a screw plate (Janbu & Seneset (23)) which can
be rotated to and tested at several depths in
the same locatiom can overcome this problem.

3.4 Allowable Settlement

Settelments can affect the appearence or
utility of a structure or may cause damage
to. it. The extent of allowable settlement
depends -on the type, importance and function
of the structure, Types of settlement which
is of interest are uniform settlement, -tilt
and, differential settlement. The differen-
tial settlement is the most important of
these three compohants as ‘it causes distor-
tion of a structure. The maximum permissible
angular distortion for. steel framed or rein-
forced concrete buildings is 1/500 as sugges-
ted by Skempton and Macdonald '(24). They also
suggested a wmaximum allowable differential
settlemnet of 25 mm.. for sand and 40 mm. for

vis the

clay. The total allowable settlement is 40
‘mm. for sand and 65 mw. for clay. If this
criteria cannot be satisfied by a normal

design them it . is necessary ~to reduce the
settlements using the methods given in the
introduction. )

3.5 Other Methods

The settlement of a foundation can bé calcu-
lated by elastic methods if the variation of
Young's modulus and ‘Poissoa's ratioc with
depth is known., Similarly the bearing capa-
city can be -determined if the variation of
strength with depth is available. These para-
meters can be deteriined by laboratory
testing of field samples. However, as sampl-
ing is difficult in sand and in seasitive
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However still,.

- great

clay insitu testing is more " suitable,
Pressuremeter test in which a cylinderical
rubber meambrane is-inflated in a borehole
is-gaining increasing popularity in this
regard. -In this test the relationship
between lateral displacement and pressure
in the wmembrane is ]
possible to evaluate insitu horizontal
effective stress, Poisson's ratio, Young's
modulus, and also strength parameters
using this wmethod. More 'sophisticated
versions of ‘pressuremeter have pore pres-
sure probes which can be used to determine
consolidation ' parameters as well. There

are two popular versions one by Menard and

the other. called Camkometer pioneered by
Soil Mechanics Group of Cambridge Univer-
sity, U.K. Refer Baguelin et al (25) and,
Hughes et al (26) for more details. Pres-
suremeter 1is normally used with a self
boring device and can‘'be used in both sand
and clay. . ’

4. CONCLUDING REMARKS .

‘The design methods outlined in this papef

are mainly based on research in sand or
in sedimentary type clays. However, in
this count:y the majority of soils is of
residual nature ; also some organic soils
are found - in°' coastal areas., Little
research had been carried out on the
behaviour of residual soils, Fortunately,

settlements are normally not a problem
in residual soils; a bearing capacity
check using Brinch Hansen method is

usually adequate for the design., In peaty

~soils settlements (especially creep) and,

bearing capacity should both be comnsi-
dered in the design. In most of the cases
in peat preloading or placing the foun-
dations ‘on’" a -compacted fill above the
peat layer may be necessary. There is a
need for better understanding of
the behaviour of both residual and
organic soils found locally. :
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SOIL - ST RKU(;ZTURE’ INTERACTION

M. AMARATUNGA

INTRODUCTICN

- when attempting to predict anaiytically the behaviour

of a structure or a part of a structure in contact

with the earth .it :1s necessary to make an assessment .

of the loads acting on the surface of contact., These
depend. on the nature of the interaction of the soil
and the structure and generally drastic
simplifiZations become necessary.

Soll -~ structure interaction for various types of

structures have been investigated for about a hundred .
“years. The work of Hertz on the behaviour of

“"floating™ plates in 1884 and that of Zimmermann on
the analysis of railway tracks, published in 1888, are
perhaps the earliest in  ‘this field. Recernt
publications, e.g. on the behaviour of retaining walls
{Potts aand Fourie, 1985}, negative skin friction on

piies i(Alonso, Josa and Ledesmai, 1984) and the non-

linear benavicur of circular rafts on clay (Hooper,

1983} aindicate that there is continuing interest in

interaction problems.

An- 1dee of the significance cf the study of interaction
problems can be obtained by considering the behaviour
of the skeietal frame shown in  Fig, 1, The
conventional analysis considering frame action and
flexural effects would give a deflected shape as
indicated in Fig, 1(b), The foundaticns of the columns
may thus be considered to be subjected to concentrated
axial loads and bending moments., Standard design
assuming iinear pressure distributions
with or without the use of reduction factors, have
been found to give satisfactory results.
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Fig, 1. An example of interactive behaviour
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If the frame is infilled by even a thin membrane e.g.
a partition, the behaviour is altered considerably,
frame action being replaced by cantilever action.’
This effect can be demonstrated convincingly by using
a. thin wire frame and a tissue paper infilling.
Although mnot sclely a soii-structure nteraction
problem, this example helps to  illustrate that
commonly used assumrptions may not be guite
representative of actual intgractive behaviour,

This paper presents some of the assumptions and
technigues used in the sclution of soil-structure
interaction, Early classical approaches. and more
recent ones are discussed.

The Winkler assumption

Soil-beam interaction

Winkler introduced in 1867 the assumpticn that the
reactive force - exerted an a foundation medium was
proportional at every point to the deflection of the
beam at that point, Zinmermann's work mentioned
earlier .was based on this assumptiocn. '
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Fig, .2. Beam on Winkler foundation

Consider a beam, initially straight, supported along
its entire length .and "loaded as shown' .in Fig, 2.
The beam will deflect under these loads and give rise
to contact pressure of intensity

P=ky IS 9!

according to Winkler's assumption. This implies that
the supporting medium is elastic and that it can offer
compressive pressures when the beam deflects downwards
and tensile stresses when the beam tends to lift off
the medium, Other implications are explained in the
section continuity effects! k is termed the modulus
of subgrade reaction or foundation modulus.

The differential equation governing the ' behaviour
of a beam such as that shown in. Fig, 2 can be written
in the general form
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In the portion where there is no loading, ¢ = 0 and
the equation betomes

= -ky creseeeeal(3)
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For' constant EI, the general solution to (3) can be
expressed in the form . -

3
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y = e (c,coshx + e sinix) + e (ejcosix + cqsln/\x)..(d)

where A, which is termed the characteristic of the
system which inciudes the properties of the beam
~as well as the foundation medium, is 'given by.
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In order to obtairn scluticns to specific cases of
loading ‘implied in (2}, a particular integral
corresponding to g has to be added -tc the general
scluticen given by (4),

For an infinite beam subjected to simple cases of
loading such as a concentratad lcad or bending mément,
concise sclutions can  be readily obtained and wera
published by Zimmermann (1888). In a general case
of a beam of finite length, the process of obtaining
the constants of integraticn ¢, to ¢, can be tedious.
When a beam is subjecred to & serie: of loads, such
as the one shown in Fig. 2, it will be necessary to
consider the wvarious portions' between loads and to
use conditions ‘of continuity of  _these portions.
Hetenyi (1946) describes two -simplified procedures.
in the method of -initial conditions developed “hy
Russian investigators.in the early. 1930's, the general
solution (4) is expressed ' in a form in which  the
constants. of integration are replaced by the simple
physical quantities deflection, rotation, - bending
moment and shear force at the end x = C of the beam.
In the method of superposition developed by He.teny.1
in 1936, the .constants of integration are obtained
for infinitely long beams, Some of the solutions for
deflections are well known standard cases and can be

expressed in simpleé concise forms and have a periodical

character. By superposing these solutions, it is
possible to obtain solutions for beams of finite
length, This procedure is perhaps the simplest  to
apply to particular problems.

. Strain energy methods too can be applied toc problems
~of this nature and are discussed under plate pzoblems.

Scili-plate ‘nteractzon

Based on the same assumption made "earlier, that the
intensity of the soil reaction at any point of . the
bottom of the plate is proportional- to the deflection
at that point, the dszexentlal equation governing
tne behaviour of the plate can be written as

3w 3w 3 _ g kw .
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where w is the deflection and D is the plate stiffness,
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Classical solutions to plate problems such as those
given by Timoshenko & Woinowsky-Krieger (195%) can
be adapted to obtain sclutions to (6) in some specific
cases., Congider - for instance the -case of the
rectangular plate, a x b, resting on a medium having
a foundation modulus k and sun]ected to a concentrated
load P at a general point {x! . ¥ ') as shown in Fig,
3, . . ) B
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Flg. 3. Rectangular plave under point ioad

Dowble trigonometric series of the type first used
by Navier in 1820 for the solution of rectangular
plates van be used to represent deflecticns:
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The soil reaction kw too. can thus be derived from
(7). The applied load function q can be expressed

as- —
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For simply supported bo\mdury conditions at the edges,
thé expression for w takes the form
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The magnitude of w and consequently - the bending.
-effects will depend on k and .D and it will be seen

from (10} that these will decrease with increasg  of
the magnitude of k as well as D, Computations . for
practical cages will however be tedious,

Use of strain energy methods

" Strain ' energy methods too can be used in the

approximate analysis . of seoil~plate. interaction
problems. The total- energy of the plate-foundation
system can be expressed as

3w, 2 ' 92w 3%w L 3%w. .,
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“The term fJf ]&dxdy represents the energy stored in

the foundation while -~ ffwgdxdy represents the loss
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in potentiel energy due to the movement. of the applied

load. For stable equilibrium, the total energy must
be a minimum, The problem is thus reduced to a
mathematical  one of finding a function wi(x,y) which

satisfies the boundary conditions and makes V a minimum.

The deflécted shape can be assumed to be represented
by ‘

=
w 1fi

(X, ¥y) + & (Xey) * oeon®, f (x,y)

2 2
functions £ (x,y) are chosen to satisfy
conditions and at the same time represent
the shape of the deflected surface. By physical
consideration, the probable shape of the deflected
plate can be assessed and this could be used as a guide

where the
the boundary

in determining the  functions fn(x,y). The double
trigonometric series = (7) -'may be used, For minimum
V,

3 v v

== 0 = =0..35;=0 csesesf13)

A ’ 9%2 9=

n .

These give a set of simultaneous linear equations in

<, ﬂz,..fxr‘ which will enable them to be evaluated,

One advantage of this technique is that by choosing
one or two terms of (12) some idea of the trend of
behaviour can be obtained, As n increases, a more
accurate solution can be obtained, but the computation
will become more tedious. . .

Continuity effects in soil

The basic procedure used in the solution of soil-
structure interaction problems is to treat the -soil
semi-infinite half space on which the structure

Under the action of applied loads, which can

within the limits of commonly used
.and the unknown contact pressure on the
soil~structure interface, the strucrure will undergo
deflection, The soil too will in . turn undergo
deflection under the reactive pressure which. will be
equal and opposite to the contact pressure on the beam.
The deflected ' shape of the  structure must coincide
with that of the soil if no portion of the structure
lifts off the soil, This general condition can be
used to estimate the unknown  contact  pressure
distribution,

as a
rests,
be assessed
assumptions,

The assumption that the contact pressure at any point
is proportional to the deflection of the beam or plate
at that point implies that this pressure is independent
of the pressure or deflection at other parts. As such
it represents. the case of a floating beam or plate.

Such an assumption implies a complete lack of
continuity in the soil (see Fig. 4a).. This will not
generally represent the correct " behaviour. at the

cther extreme, soil. may be assumed to have complete
continuity and to display the properties of a semi-
infinite  elastic . body (Fig. 4 c). The work of
Boussinesq in 1885 is perhaps the earliest classical
elasticity solution. The analysis of particular cases

cedeea(12)

presents complex mathematical problems. Actual.
behaviour will not be represented by this assumption
either, Some experimental investigations have . shown

that in_ certain soils deformation is localised mainly
in the loaded region. For such cases, theoretical
calculations based on the Winkler assumption could
give good agreement with practical results.

Fer the solution of problems where the deformation
is partly localised and partly continuous (see Fig,
4 b.), a number of simplified soil response models
have been proposed,
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a) Completely discontinucus defiection line
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c).Completely continucus deflection line

Fig. 4. Deflection under unit load

Cases where partial continuity is assumed are sometimes
termed two-parameter systems and -may represent actual
cases better than the extreme cases.

In the Filonenko-Borodich model, developed in the early
1940s, continuity is realised by incorporating a
stretched elastic membrane over the Winkler model (see
Fig., 5) which is without continuity.
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Fig, 5. The Fllonenko-tsorodzch Model
Hetenyi (1946) presented a model for oartlal com;muzty

by assuming a continuous member imbedded in the soil

which ditself displays mno continuity (see Fig. 6}.

“Fig. 6. The’l-letényi Model




- By proper selection of the moduli k,, k. and the

flexural rigidity of the beam in Fig. 6, any ratio
of ‘the continuous and discontinuods components of
the deflection (i.e. vy,/y, in Fig. 4b) can be
attained. Various other models e.g. the Pasternak
model presented in 1954 -and the Reissmer model
presented in 1958 are described by Selvadurai {1979),

Classification based on relative flexibility of soil and
structure

In’ the section on soil-beam in'teraction, the term
Asthe characteristic of the system was introduced.
The non-dimensional qhan‘tit-y; Al, where I is the
length of the beam “is a measure of the relative
flexibility . of the soil-beam system, This
incorporates the material and geometrical properties
of the beam and tae deformational characteristics
of the soil, The magnitude of this parameter may
be used tc obtain approximations to the general
‘analysis by neglecting certain -quantities which
will result -in simpler solutions.

Based on the Winkler assumption, afwrdatimbeammaybe
classified as indicated by Hetenyi (1945) as

Group I: Short beams ...... Al < /4
Group II:Medium length beams ./, w/4 < AL < Tm
Group ITI: Long beams .... Al > T

in Group I, flexural deformations can be neglected.
The conventional rigid footing analysis with linear
contact pressure distributions obtained by direct
application of <the equations of equilibrium (see
Fig. 7) are appropriate.

1
Flg. 7. Linear contact pressure distributions

Group II and III require more accurate analysis,

In Group III, however, the analysis is made simpler

because solutions for infinite beams can be used.

Similar classifications have been introduced even
when partial continuity or complete continuity of
the scoil  is assumed (see for instance, Selvadurai,
-1979). - ’ ’

 Horizontal contact pressures

Contact pressure consists not only of vertical
.effects but "also horizontal effécts, Horizontal
displacements are produced even when only vertical
applied loads are present and these are resisted
by friction and shearing effects, _ Thus horizontal
contact pressures. too are developed.  Although these
are considered to be of secondary importance and
are usually neglected, they could affect the
behaviour - of foundations. The presence of ground
water and time-dependent effects can alter frictional
forces at the interface and any assumption. will
- therefore have its limitations. Cheung and - Nag
(1968) ~ describe. the use - of ‘the finite element
technique to take into..account horizontal effects
too, ’

Non-linear behaviour-

For flexible beams and plates, linear elastic
analysis can give compression as well as tensile
contact pressures, The contact surface along\ the
soil-structure interface cannot usually © transmit
tensile forces and there will be a tendency to

‘at  a discrete ‘number of nodal
‘boundaries,
treated as the basic unknowns, Cheung and Nag {1968)

separate. - The actual behaviour will thus be non-linear,
Cheung and Nag (1968} discuss an it,e;ati.ve procedure

using finite element techniques 'to deal with such
cases.

Even if the contact pressure is- entirely compressive
some of the high values obtained by elastic analysis
cannot be sustained in practice. - Appreciable local
yvielding will take lace resulting in  non-linear
behaviour, The technique of dealing with such a
situation is to obtain a solution by elastic
analysis and to refine this by an iterative procedure
in which the high contact Pressures are reduced to
a specified limiting value, Excess reaction  forces
are distributed to' other areas of the foundation,
Hooper - (1983) discusses .this procedure in relation

to the behaviour of circular rafts.

Numerical techniques of analysis

The classical solutions outlined in  the earliér
sections are not always suitable for the investigation
of practical problems. Various aspects such as
foundations . of variable thickness, géometriCdlly
irregular shapes, variation of soil properties, loss
of s0il support, time dependent phenomena and the
influence of neighbouring structures cannot be easily
incll_xded in such solutions ’

The finite difference technique

The differential equations governing the soil-
structure interaction and the boundary conditions
for a particuiar problem .can be replaced by their
corresponding  finite difference equations using
forward, central or backward difference formulations,
A set of simultaneous equations are thus obtained
which can be easily solved. Allen and Severn (1960,
1961, 1963) discuss several examples of applications
to soil . plate interaction problems wusing Winkler
assumptions. Bowles (1977) too discusses finite
difference applications to such problems.

The finite element technigue

The soil-structure continuum can be replaced by a
discrete system consisting of ‘@ number of finite
elements, which ‘may be triangular, rectangular etc.
These elements are assumed to be connected together
points at ~their
The displacements of these points are

explain -the application of this technique which is
quite versatile,

An_influence coefficient technique

A solution proposed by Barden (1962) appears to be
capable of providing practical solutions to a wide
variety of soil-structure 'interaction problems., This

can deal with homogeneous isotropy and anisotropy, |

compressibility decreasing with depth as well as cases
of stratifications, The vertical contact pressure
distribution is assumed ' to be made up of a number
of steps af uniform values P ¢ Poy veee P as shown:
in Fig, 8, Estimates of deflections based on an
assumption such as this are known to be reasonably
accurate, ) ’

The .general procedure is to eqguate
structure and . soil deflections.
For this purpose, a common datum is
required. and in the case of



Concluding remarks )
Generally, the Winkler model seems to give acceptable
results in the case of cohesionless soils while two-
parameter models seem to provide better representations
of cohesive soils, Classical solutions as well as
approximate numerical solutions give similar results.,
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DESIGN OF MACHINE FOUNDATIONS

D.K. MAMPITTYARACHCHI

N

ABSTRACT

In addition to static loads,the machine foundati-

-ons are subjected to dynamic forces caused by the

working of machine. These dynamic forcesare then
transmitted to foundations supporting machines.
Therefore a satisfactory design can be made only
if the designer is well conversant with the meth-
od of load transmission from the machine as well
as with the problems concerning the dynamic beha-
viour of the foundation and the soil underneath
it. This paper outlines the analysis of a block
foundation using linear spring theory.

INTRODUCTION

Foundation supporting machines- are subjected to
two types of loading i.e static loads and dynamic
loads. The characteristic feature,in the case of
static loads,is that for a given structure the
load carried by the foundation at any given time
is constant in magnitude and direction. The dyna-
mic forces are interfia forces produced by the
motion of various moving parts in a machine in
accordance with Newton's law. In general these
forces are periodic and give rise to vibrations.
When there are several moving parts,. these forces
set up a corresponding number of separate vibrat-

‘ions in machine/foundation system. Thaerefore the

design of a machine foundation is more complex

"than that of a foundation whlch supports only
,statlc loads.

- There are'three.different methods of approach in

the design of machine foundations. They are as
follows:
(a) Consxderlng soil as an elastlc spring
(i) without weight, and
(ii) with weight

(b) Considering soil as continuous elastic
medium

(c) Empirical or semi-empirical methods.

The method suggested by Barkan which is
based on linear spring theory and which neglects
the effects of damping and participating soil

mass is the most popular among the methods menti-

oned above. The basis for the analysis of a
block foundation using Barkan's method is presen-
ted in this paper. Further details of this techn-
ique and applications are available in Barkan
{1962 ), Sirinivasulu-& Vaidyanathan (1976) and
Prakash et.al (1979).

. Department of Civil Engineering

University of Moratuwa
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TYPES OF MACHINES AND FOUNDATIONS

Broadly,the machineg may. be devided into three

catagories based on their operating speeds and’
the nature of unbalanced forces prpduced during
operation.

(a) Those producing periodical forces e.g. com-
pressors and reciprocating engines,The spe-
ed of operation of such machines is usually
smaller than 600 -rpm. The unbalanced force
varies sinusoidally.

" {(b) Those producing impact forces e.g forge

hammers, presses. Their speed of operation
is usually 60 to 150 blows per minute. The
dynamic load attains a peak in a very short
interval and then dies out completely.

{(¢) High speed machinery such as turbines and
rotary compressors. These machines may have
speeds ‘more than . 3000 rpm upto 10,000 rpm.

Considering their structural form, machine foun-
dations are generally classified as follows:

(a) Block-type foundations (Fig.lia) éonsisting
of a pedestal of concrete on which the
machine rests.

{b) Box or Caisson-type foundations (Fig.b)
consisting of a hollow.concrete block supp=
orting the machinery on their top.

(c) Wall type foundationsg (Fig.lc) consisting

: .of a system of wall-columns and beam slabs.
Each element of such a foundation is relat-
ively flexible as opposed to rigid mass of
a block and a box type foundation.

GENERAL THEORY

Vibration problems are encountered in most mach-
ines due to unbalanced forces of rotating parts,
There are occasions when these vibrations are
excessive and hence objectionable for the machine

‘as well -as the supporting system. In order to

analyse any vibration problem one should try to
understand and study the mechanicsm of vibration.
The ideal model to understand this mechanism is
a single-degree freedom system.

Theroy of a Single -~ Degree Freedom System -
Consider a single-degree freedom system (Fig 2)

formed by a rigid mass m resting on a linewrly
elastic spring of stiffness K and viscous damper
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Fig.l Type of Machine Foundations
{a) Block. Type (b) Box Type (¢} Wall Type

having damping coefficient .C. This system is sa-
id to be of a single - degree freedom as it moves
only in one direction freely or with some exter-
nal force. :

" m %Jl

2

¥ig.2 Single Degree Freedom System

i

Let the system be set in motion by giving an

initial-velocity V to the mass. The equation of

motion for the free vibration of the system is

mz + G+ K =0 {1.1)
incrtial damping spring
force force - force .

In Eq. 1.1, Z denotes the displacement, z the ve-
locity and Zthe acceleration of the mass. The
right hand side is zero since. there is no ‘exter-
nal force on the system during vibration.

The solution of Eq 1.1 can be written as
~Ct/2m s

Z = ag ¢ sin é —_— _9. t

m  4m?

where a, is a constant which represent , the
maximum-displacement and known as ‘free amplitu-
de' of the damped system. The frequency of Osci-
llation { wyq ) is given by

(1I.2)

s = ([ E_C
=N T

(1.3)

To obtain the free amplitude .4¢, the initial co~
aditions at the time when the motion was set in,
should be considered, i.e. when ¢ =0, 2=0, 2=V

) K C2 .
o= V/\/;“'m .

Substituting Te = 2v/km, where C. is called the _
‘eritical dampIng' and C/C.={ ., where ! is cale
led the 'damping ratio' Eqgs. 1.3 and 1.4 can
be rewritten as

=/ NS

Egs. . 1.5 and 1.6 give the 'damped natural fregw-
uency' and the ‘damped free amplitude' of a . :
single degree freedom system. If damping is
neglected, C=10, or { =0.

abstituting

(1.4)

(1.5)

(1.5)

1.5 and 1.6 reduce to
K-’ —_——
Wy == , [~ 1.7 = m
VUL

Therelations given above are used in analysis of
foundations for impact type machines. Let the

Egs.
(1.8)

‘system shown in Fig 2, be subjected to a harmo-

nic exciting force P, sin wy!. Depending on the
type of excitation,. two. cases can be—considered;
One case in which amplitude of excitation .is
constant and the other in which the amplitude is
proportional to the square of the circular oper-
ating frequency wm. The latter case which occurs
in reciprocating or unbalanced rotating mechani-
sms is of main interest in machine foundations.

The equation of motion of a damped s.d.f system
subjected to constant force excitation can be
written as ‘

my + Ciz 4+ Kz = P, sin oy
inertial damping spring exciting {i. ?‘)
force force force - force ’

where P, is the amplitude. of ‘exciting force.

The solution of Eq 1.9 under steady - state
conditions may, therefore, be expressed as

2 = agsin (p! + ) (1.10)

where 44 is amplitude ahd. @ is the phase differ-
ence between the exciting force and displacement.

<3
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Eg 1.9 can now be solved to obtain following
expressions for a4, and . & .

P

Qg = ~yoiromsal

B Ptra= '-o:’—.__‘ SmToomm e
R VK el ¥ o

. tana = _,-.Cwm (1.11b)
A-fmmg

(lilia)

Substituting
WL = KJm, L= C/ (2 VEm) and 1 = wgje,

Egs. l.lla .and 1:11b can be reduced to:
i ._____}10.'..__. e v

T AV (= (200

277 ' (1.12b)
1=y .

(1.12a)

tan @ =

Substituting /K = 24. , the static displacement
Eg. 1.12a can Be written as « (1.13a)
) ' == Zgt fielea

® ,\X(l__,la)x + (27K)3 (1.l3b)
Here ¢ is called the ‘dynamic magnification

factor' Fig. 3
1 -for various values of {,

2

In the case of reciprocating or unbalanced rota-
ting mass type-excitation the exciting force P
- is.of the form ’

- = (meews?) sin @t N (1.14)
where Me is the reciprocating or unbalanced rot-
ating mdss e denotes the displacement in the
case of reciprocating type and eccentricity of
unbalanced mass in the case of rotating type
mechanisms, and wp is frequency of motion.

The equation of motion for a s.d.f. system subj-
ected to this type of forced excitation is
. Written as
mz + CZ + Kz = (meewl) sin 0t (1.15)
r Substituting Po £ = mecw) in 1.11a, the solution
becomes ’
meew?, (1.16)

V(E-mal) 4 CTal

aq =

' . . ¢ :
Subst ltutlng 0): = K/m; t e W and = mm/mn .
- m

Eq 1.16 gives

, . 1 '

o B meem ) R V-t 4+ (290 4.27).

or k=l (1.18)
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N

where ¥ is the 'magnification factor' defined by
the left-hand side of Eq. 1.17; i is the magnifi-
cation factor for the corresponding case of con-
stant force excitation (Eqg 1.13b). Fig 4 shows
the variation of u’ with % (Eq 1.18) for various
values of {. The expression for .4 is the same
as that given in Eq 1.12b. .

When damping in the system is neglected, i.e,
C=0 or{="0, then

p= "I—L’F for constant force excitation it.158)
- TR
@ = 7 k 5 for rotating-mass type excitation (1, 190}
-7

Further whenv = 1, both' p and.p‘beéome infinity.
This marks the stage of ‘resonance’, -

In practice,the amplitude at resonance will be
finite because of damping which is inherently
‘present in any physical system. It is,however,
desirable to ensure in the design of any dynam-
ically loaded structure that the value of freg-

- -uency ratio y , is far from unity. According to

Is: 2974 (Pt.1})}, the working range for the
frequency ratio v, is given by the inequality

14 <n< 05 (1.20).

Fig. 4 shows the amplitude - frequency relations
for damped-forced vibration of a mass-spring
system under the action of constant force type
and rotating mass type excitatios.

The expressions for resonant frequency and amp-
litudes for a viscously damped single - degree
freedom system for the two cases are given

in Table 1 (See Appendix)

The theory of a single mass spring system under
forced vibrations is used in the analysis of
block foundations for reciprocating or rotating
type of machinery.

UNBALANCED FORCES IN MACHINES N

The machine manufacturers generallv provide "data
concerning unbalanced forces in them. However
for certain basic types of equipment the unbalan-
ced forces can be computed. C

Internal combustion engines, piston-type compre-
$S50rs,pumps,steam engines, etc., produce recipro-
cating forces. Fig. 5 illustrates the main feat--.
ures of a reciprocating mechanism in which a
crank mechanism converts the reciprocating moti-
on to a rotary motion, and vice versa.

The piston A and the piston rod B execute
an alternating motion, the connection rod C
executes a complicated periodic motion and all
points on crank D execute a rotational motion
" around the main axis O. ’

Designating the total reciprocating mass which
moves with the piston as m and the rotating
mass moving with with the Grdnk as mpot the
unbalanced inertial forces P, (along the direction
of piston) and P, (along the perpendicular dire-
ction) can be written as — o

. . S22
Poz= (meie + mipr) 1 m;‘“ CO5 Wyl -k Mree -r_:')’—“ cos 2 wpyt (‘2- l)

and
(22

where wais the angular speed
of rotation and r is the .
radius of crank. -

g .
Py=mpyy 1], sin opyd

The reciproceting and P
rotating masses are
given by

. 7 [ M
Sree =g T M3 ( ‘[‘l ) (2 '3)

[ |
me= "7 (1= ) o ),

Fig.5 Simple Crank
Mechanicsm

Turbines,centrifugal pumps and turbogenerators

. are examples of rotating machine.The main moving.

units in these machines are rotors which execute
simple rotating movements. Although rotating -
machinery is balanced before erection, in actual
operation some imbalance always exists. This is .
due to the reason that the centre of gravity of
the rotating parts does not exactly coincide with
the axis of rotation. Even a minor eccentricity
can produce large unbalanced forces in high speed
machines -with heavy rotors. Consequently their
influence should be taken into account in the
design of foundations.

thalanced vertical force for a rotating mass
type .oscillator in which a single mass wmyis
placed on a rotating shaft at an eccenentricity ,

e from the axis of rotation is given by P:n?e-Q;&“‘%ﬁ-'

DYNAMIC PROPERTIES OF SOIL . -

The evaluation of certain soil parameters, is
reguired in the ‘analysis and design of machine
foundations using the theory based on the undam-
ped linear spring analogy as proposed by Barkan
{ 1962 ). -

(1) Coefficient of elastic uniform compressi‘on,ci
(ii)Coefficient of elastic uniform shear,(,

{(iii)Coefficient of elastic non-uniform compression,ca

(iv) Coefficient of elastic non-uniform shear, C+

The coefficient of elastic uniform compression

{ C;) is defined as the ratio of compressive )
stress applied to a rigid foundation block to

the 'elastic' part of the settlement induced
consequently. The coefficient of elastic uniform
shear ( ¢, ) may likewisé be defined as the-
ratio of gverage shear, stress at the foundation
contact area to the ‘'elastic' part of the sliding
movement of the foundation.

These coefficients are functions of soil type and
size and shape of the foundation. The various )
methods to obtain these parameters i.e, empirical’,
laboratory and in-situ and the factors affecting
them are described in detail in Barkan (1962}
Srinivasulu & Vaidyanathan*{1976) and in Indian
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Using the soil patémeters‘mentxoned»aboye the
spring coefficients [K} of soil for various
modes of vibrations are c¢omputed using followxng

express:.ons .

\

(i) For vertical motion K = C2 A

(11) For horizontal (or Slldlng) Kz 2 C., A
motion L §

(lll)FOr rocking motion K.= C3 I (sv )

(iv) For torsional motion K+ = ¢ I?

(rotation about vertical
axis) : )

where A is area of horzzantal contact surface
betwsen® foundation and soil. I is the -second
moment of cohtact area about the horizontal
axis {- % or y)passing through the centroid of
the base and normal to the plane of rocking, and
I, is second moment of contact area about the
vertical axis passing through the centroid of the
base.

GENERAL REQUIREMENTS OF MACHINE FOUNDATIOES

A macine foundation should satisfy the following
reguirements for satisfactory action.

{i)It should be able to carry the superimposed
loads withouit causing shear or crushiag,
failure

{ii)It should not settle sxcessively.

{iii)The combined centre of gravity of machine
and foundation should as far as posszible
be ih the same vertical line as the centre
of gravity of the base plane.

{iv)No resochance should occur,hence the natural

fraquency of foundation soil system should

2
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Fig.7 Modes of Vlbratlon of a Blocx
Foundation

be either too large or too small compared to the

operating frequency of the machine. )

{v) The amplitudes under service conditions sho-
tld be within permissible limits.

{vi)The vibrations must not be harmful to worke-
rs or other machines, The nature of vibrati-
ons,whether perceptible,annoying or harmful
depends upon the freguency of vibration and
amplitude of motion. The variation of fregqg-

uvency and amplitude for vertical vibrations
for different conditions is shown in Fig.6
(Richardt,lQGO).

-From & practxcal point of view,the following
requirements must be fulfxlled-

{i) The.ground-water table should be as low
as possible

{ii) Machine foundations should be separated.
from adjacent building components by
means of expansion joints.

(iii)Machine foundations should be taken to a
level lower than the foundations of
ad;olnlng buildings.

'ANALYSIS OF A BLOCK FOUNDATION

Under the action’ of unbalanced forces a rigid -
block may undergo dLSplacement and osclllatlons
as shown in Fig. 7.

(i) Tramslation along 2 - axis
{ii) Translation along X - axis
{(iii)Translation along Y - axis
{iv) Rotation about Z - axis
{v) Rotation about X =~ axis
{iv) Rotation about Y - axis




Any rigid displacement of the block can be reso-
lved into these six independent displacements.
Hence the-rigiid block has six degrees of freed-
om and six natural frequencies (onecorresponding
to each mode of vibration).The vibratory modes

~may be 'coupled' or decoupled depending on the

.

centre of gravity of the machine foundation and
the centroid of its base area.The natural frequ-
ency is determined in a particular mode (coupled
or decoupled) and compared with the operating
frequency. ) -

The follwong assumptions make it possible to
consider the foundation soil system as a mass-
spring system—-in the analysis of block foundati-

. ons using Barkan's method..

o

i

e

(i)} There is a linear relation between the soil

reacting on vibrating foundation and displa-
cement of this foundation and it is determi~
ned by elastic coefficients czand Cq

(i1) The scil underneath the foundation does
not have inertial properties but only elas-
tic properties as described by these
" coefficiepnts.

The natural frequencies and the amplitudes for
various mode of vibrations are given below,

a. Vertical Translation

i. The circular natural frequency {w:) for unco-
upled vertical translation along the z axis is
given by S
Wy = v/lf;,"m 2 .1e)
For foundations resting directly on soils
3 . l Ce Ay o~ , N
o Wy == .10
N . V wo .
ii. The vertical amplitude (a. } under the action
of "an exciting force P, sin wy!, wp being
the circular.operating frequency is given by

P,

—
m (@, —w),}

3.2)

Plane -

b. Sliding and Rocking Motion in xz

I. Natural frequencies: The two natural frequen-
cies wpy, wn,: . Wwhich represent the coupled

motion (sliding along x axis and rocking about

Y axislin the xz plane given by the roots of the foll-

owing quadratic equation in 0

s
(e, b el o whel
N Dt e KT 4]
. &y 2y

5.3

where @, is the ratio of the mass moment of iner-
tia (p,) about the y axis passing through centre
of gravity tc the mass moment of inertia (g,

about a parallel axis through the centre or ela-
sticity of the base support.

ay = Pu/Sa 6.4
wé] = (Kyy— WS)/o0 C .5aj
w} = Kzjm G .50}

For foundations resting on soils

g2 = Gl WS C B
and i Pox
o = S (3.60)

m

The terms % and “gyare called the 'limiting
frequencieg' of the cowpled motion; ‘v: represeats
the natural circular freguency for ‘pure slid -
ing' along the x axis when the foundation ig
assumed to possess infinite resjistasce to rock-
ing (about the y axis) and Wey.  denotes the natu-
ral circular frequency for 'pure rocking' ({(abou-
t the y axis) when the foundation is. assumed to
possess infinite resistance to sliding {along

the x axis).

The twa roots wp and ¢y of Eq.3.3 are given by

|t e VT | G
[ .

2c,

7 =
L R

‘ -

- S ) — g e ey, T

Wiy = oy L wfy + of = o (Wit el =1, o, “’x_! SR
- Yy N

u?

The. foundation vibrates with circular natural
frequencies wy and w,, (where wn> ) about
two centres of rotation - O, and 02.(Fig.8) -
which are situated at distafices

(a) (b)

-

Fig.8 Centres of Rotation for Coupled Siiding and
Rocking Motion im x-z Plane
{a) First Mode (b) Second Mode



* u,andqzrespectively from the common centre of
) grayity where = . :
' a=-245 © (3.58)
& - : o Wy ) : : .
S .
%= g (3.5%)
W, — Wy, R
&) %5 = @yfm -~ (3.50)
ii.Amplitudes:The horizontal -amplitude {azg)) and
rotational amplitude (agy) ) of the foundation
subjected to the simultaneous action of an exci-
ting force P, sin wm! . and an exciting momept
M, sin wp! are given by
= — [N 4. K N 4 o y -' l
de [(Kov vy -r- K, St—¢, o)"T) P4 (K, 8) A!,Jm
and ) (3.68)
- . : 1
ayy, = [(A:S) P, + (llz—"i(t)fn) A’Iy]ff—m;{j (3.60)
where S(wld) = me, (0}, o)) (0]~ (3.2)

) The net horizontal displacement {along the x ax-
is) of the upper edge of the foundation is equal
€e 6s+ (H=S) agy t3.8)
where H is height of foundation.

c. Sliding and Rocking Motion in yz Plane

. The natural frequencies of the coupled sliding
- (along the y axis) and rocking(about the x axis)
' motion of the foundation are given by an equati-
on similar to Eg. 3.3 obtained with the suffuxes
x -and y interchanged in it.

The amplitudes a, and gp; may likewise be obtained
from Eqs. 3.%2 and 3.9b with the suffixes x and
y interchanged. The net horizontal amplitude
{along the y axis) of the upper edge of founda--
', tion is then )

ay + (H—S) gz (3.9)

d. Yawing or Twisting Motion about z axis

As mentioned. earlier,the yawing motion is uncou-
pled and the natural frequency (w,} ) for twist-
ing mode and the amplitude under the action of

a twisting moment T sin ®m! are given by

the following expressions

w, = ,‘/K';Q/qh (3.10a)
lc.,x; T. (3.10b)
Wy, = -
. A4 l\ [N . N
1 vy
ay = — -y X J 0L T 3.13)
. (mé—mlzn) { P: } ’ '
= 1f the combined centre of gravity of the machine

-~ and foundation and the centroid of the foundati-
- on base do not lie in the same vertical line,the
: . vertical vibration i8 not independent of horizon-
) “tal vibration and rocking. In this case,vertical,
- horizontal and rocking vibrations in xz (or yz)
planes are intercoupled and the three coupled

natural frequencies “ﬁ:wzaﬂd‘éa {three 'in_each
plane xz and yz) are 3ivén by’the roots of the.
following expression: : ’

: 2 ‘2 2 24 . . .

wled= & (mz—mu_)_(&)gl_-wn) (C“f«Z—(“’ﬁ) (3 12)‘
afx I S T i -

. W (Qr—wu) .

where ®;, ®Wm, @Wnz. are given by Egs. 3.l1la and 3.7,
e is tHe e&cen¥ricity of the centroid of base
aPea of foundaticn measured along the x axis
from the centre of gravity of machine foundation-

and ® = Py m (3413)
TOUNDATIONS FOR RECIPROCATING MACHINES '

Foundations for reciprocating machinery are
generally of block type with openings provided
where necessary for functional reasons. The out-
line dimensions of the foundation are generally
specified by the machine manufacturer. Otherwise
the following guidelines may be used to choose -

the size of foundation block.

(a)The size of foundation block (in plan) should
be 150mm larger (all round) than the machine
base..

{b)The depth is fixed to ensure stability again-
st rocking vibrations. )

{c)The combined centre of gravity of machine and

" foundation must be well below the top of
foundation.
(d)The eccentricity shall not exceed 5 per cent
of the least dimension in plan. . :

The data to be supplied by the machine manufact-

ures include the following: .

(a)Normal speed & power of engine

(b) Magnitude and position of static loads of
the machine and foundations.. _—

(c)Magnitude and position of dynamic loads which
occur during the operation of machine.Altern-
atively,the manufacturer should supply all:
necessary data for the computation of exciti+
ng forces. . . .

In addition to the above machine data,the neces-

‘sary so0il characteristics must be made available

to the designer.

The principal design. criteria for foundations
subjacted to periodical forces are as follows:
{a) The natural fregquency should be at least
30 per cent away from the operating frequ--
ency of the machine.
(b}The amplitude of foundation sho
0.2 mm. .
(c)The stress on soil (or other elastic layers)
under the combined influence of static and
dynamjc loads should be within the respective
values ' '

uld not exceed

The minimum possible dimensions of the foundation
should be selected satisfying the above criteria.

FOUNDATIONS FOR IMPACT-TYPE MACHINES

. In Machines such as hammers (see Fig 9)a tup

strikes repeatedly on an anvil to forge materia-
1s into desired shapes. The impact force is so
large that there will be soil failure unless an
elastic pad isinterspaced between the anvil and
foundation block.This elastic pad absorbs the



energy -produced during impact of tup on the anv-
il. - - )

The anvil,pad, foundation and soil constitute a
two degree freedom system which vibrates freely.
So the design criteria is reduced to two
conditions shown below.

(a) Maximum amplitudes of vibration of foundati-

on & anvil should be within permissible

- limits. ’ i

(b) Stresses in elastic pad and soil.should
be less than the permissible limits for the
respective materials. .

Trial dimensions for the foundation block are
assumed and the check for the design criteria.
Therefore the design is a trial and error
process.

)} Frame

Fig.9 Typical Hammer Foundation
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Table l:Relations for a Single-Degree of Freedom Systém

Constant force

Rotating mass type

excitation excitation
{P,=constant) (Py=mecrl )}

Resonan fVITTE f = |

esonant lrequency 1-27% —

A ) " Vi

. » ) Po B | 1 mee ’ 1 1
Amplitude at frequency — ——+——]Y Rinalive § SURE— | ]
\ _f K L(1=nP+2n L) m (1-wRH(2 90

Maximum amplitude of Py 1 mee 1

vibration £ X a<gy m 2 \/1-C

" where

k Undamped naturai frequency (fn) = 2;. - £
i r N/ m

" - Damping ratio o (%) =ciC

Critical damping {C) =2 /Km
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pefinition of Foundation

It is the part of the structure in direct contact
with the ground and which transmits the load of the
structure to the ground. : o

Criteria for Design of Foundations

2.1 Poundations have to be in equilibrium
- petween the loads. and bending moments from the
structure and the soil contact pressures
developed. Aalso the deformations of )
foundations have to be within the tolerable
limits. :

2.2 Soil supporting foundations should have

adequate factor of safety against soil shear

- failure.

2.3 Acceptance level of excessive total and
differential settlements as well as tilt and
distresses have to be established.  These’
depend on the structural behaviour as well as
the functiopal and architectural requirements.

pata needed for design of foundations \

3.1 Loads and bending moments and their locations
ar foundation level due to dead loads,
imposed loads, wind loads etc. have to -be
estimated.

3.2 Soil conditions and ground water conditions
and soil profiles.and parameters up to a
depth of soil affected due to foundations
have to be obtained by carruying out field
and laboratory soil investiqgations,

3.3 Limitations in adopting any specific methods
of constructions and possible major cons-
ttruction problems encountered in excavation,
shoring, dewatering etc. have to be establish-
ed.

Importance of Soil Investigations

4.1 Soil condition and properties and the ground
water conditions under and around the
foundation are essential to design safe, most
suitable type and economical foundations.

4.2 Informations such as -

(a) general topography

(b} previous history. and use

(c). general geology

(d) locations of.buried services

(e) climatic factors (flooding, swelling and
' strinkage or soil erosion).

(£) Records of soil strata and ground water

conditions within the zones affected by the
foundations. .

47

DESIGN OF SHALLOW FOUNDATIONS AND CASE STUDIES

4.3

Department of Buildings

(g) Results of field and laboratory tests on soil
appropriate to design and construction of
foundations are generally required.

The soil investigations may range in scope from the
simple examination of the surface soil (with trial
its] to the detailed study of soil and ground water
condition up to the required depths by means of
boreholes as well as in situ and laboratory tests.

The extent of soil investigation work depends on
the following aspects, -

(a) magnitude and importance of the structure

(b) complexibility of the soil

(c) type and arrangement of foundation to be
selected )

(d) availability of knowledge on behaviour of
structures on similar soils,

5. Types-of shallow Foundations

5,14 foundation is.usually called shallow if the depth

of embedement is less or equal to twice -~ the
width of the foundation. : ’

5,2 Shallow foundations may be classified into the

following types.

(a) Pad or Individual Poundations

(b) Strip Foundations

(c) Raft Foundations

(d) Special Foundations such as yeirendeel Girder
system Foundatjon, Floating Poundation etc,

5,3 Pad Foundations ~

[t
.
o

5.5

This is the simplest type of foundations provided
that soil bearing pressures are safe and the settle-
ments are within the tolerable limits. These may
consist of circular, square or rectangulét slab of
uniform thickness or may be stepped or haunched to
distribute the loads from heavy columns,

Strip Foundations .

This is normally provided for walls and for rows
of columns which are spaced so closely and pad
foundations nearly overlap.

Raft Foundation

These are required on soils of low bearing capacity
and/or where structural columns are so close in
both directions that individual pad foundation
nearly overlap. Raft foundations are useful in
reducing differential settlements,
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5.6 Veirendeel! Girder System Foundati ons

This foundation system consists of reinforced
concrete strip footing and plinth bgam connected
by verticael reinforced concrete ties at suitable
intervals with pannels filled with rubble wall
or block/brick wall. The considerable rigidity’
of the deep beam helps-to bridge over anu weak
pockets of soft soils and also to widthstand
large orders of differential settlement without
causing serious distresses to the structure,

5.7 Floating Foundation (Buoyancy Foundations)

This is a raft foundation and the.buoyancy action
is achieved by providing a hollow sub structure,
such as basement, to a depth so that the weight
of soil removed is_either nearly equal or

little less than the combined weight of the
super and sub- structures. Adequate-care

should be taken to prevent heaving of soil and © 8.
uplift of foundation during construction by
considering in design of foundations as well as
planning out constructure prdceedures and
seguences. : '

6. Mode of Pailure of soil due to foundations

6.1 Modes of failures of-soil under and around
foundations could be classified into three
catergories.,

(a) General shear Failure
(b) Local shear Failure
(c) Punching shear Failure

6.2 General shear Failure .
Large heaving of surface soil around the founda-
tion occurs and the failure of soil is governed
by the ultimate bearing capacity of the soil.
In dense and stiff soil general shear failure
take place.

6.3 Local shear. Failure

Small heaving of surface soil around the
foundation occurs and the failure of soil is
governed by the ultimate bearing capacity
and/or settlement.

6.4 Punching Shear Failure
No heaving of surface soil around the foundatlons
occurs and. the failure of soil is governed by
excessive settlement. In loose and soft soil
punching shear failures take place,

7. Settlements of Foundations

7.1 Soil supporting are subjected to-settlements due
to the loads transmitted from the structures.
7.2 Settlements of Soils supporting foundation
may be classified into following.

ta) Immediate or Elastic settlement

- {b) Consolidation settlement (i) primary

(ii) secondary

7.3 The total settlements, differential settlements,
and the rate of settlement as well as the tiit
of the structures are more important in clavey -
soils. -

N 7.4 Differential settlements are .mfluenced by the
following factors,
(a) Variation in soil strata.
(b) Variation in foundation loads
.(c) Sequence of Construction of different
: (adjacent) parts .of the structure,
(d) Variation in ground water condition and
surcharge conditicn.

75 The following methods may be adopted either
to avoid or to accommodate excessive dirferen=
tial settlements.

(a) Provision of rigid raft with large thickness
or with beams in two right angled -
directions. i

.{b) Provision of deep basements

(c) Transfer loads to less compressibie soil

: below by deep Ffoundations.

(d) Foundations may be designed for equal
settlements.

(e) Provision of simply supported connections

- (facility to jack up the upper floor beams
relative to columns subsequently if
necessary) .

(f) Adjust the locations the lcads of structure

(modifying architectural detailing).

Soil Contact Pressure

8.1 The soil contact pressures due to loads on
foundations are usually highly complex. These
depend on -

(a) Nature of Foundation (Flexible or rigid)

(b} Type and Properties of soll {(cohessive or _
noncohessive) .

(c) Depth of embedment of Foundation into the
ground.

8.2 In designing rigid foundations, the soil contact
pressure is assumed to be uniform if the load
is concretric -and to be uniformly vary.mg
if the load is eccentric.

8.3 In designing flexible foundations, the soil
contact pressure at any loecation is assumed to
be propertional to the settlement  at that
location,

Soil contact pressure = (soil sub grade Reaction)
(Ks)x (settlement) (&)
© where soil sub grade reaction is constant for a’
particular soil condition.

8.4 In practice, large variation between theory
and practice may be allowed due to the follow.mg
reasons.

(a) Foundations are neither absolutely rigid nor
flexible. ’

(b) More embedment of foundation into the ground
makes sSoil contact pressure more uniform.

(c) Settlements and bearing capacity for
foundations are more governed by stress
distribution in soil zone below the base.

Design Procedures

9.1 The loads and bending moments on foundations from
the structure are estimated. Preliminary design
of suitable types of foundations (if applicable)
are to be tried and cost comparision is to be
done,

9.2 Properties of soil of different strata, ground
‘water conditions and the recommendations given
By the soil investigation have to be studied
and clarified if necessary.

9,3 Depths of foundations are to be decided in
addition tp be bearing capacitu reguirements
depending on the actual depth of sub structure
such as basement and also to avoid the effects
due tb the seasonal moisture and temperature
variations and erosion of soil.



9.4 The types. and dimensions of suitable foundation

s are to be worked out. If the soil at
deeper layer provides greater bearing
capacity the feasibility of design foundation
at this depth are to be studied considering
the practical construction difficulties

and the additional cost and time involved in
shoring and dewatering of foundation
excavations.

9.5 The structural adequacy of foundation
structures are to be established at the
ultimate limir state and also at the
serviceability limit state.

9.6 The total and differential settlements as
well as the tilt of the structure are to be
estimated and verified that they are within
the acceptable limits to suit the structural,
functional and architectural requirements.

10. Poundation on difficult soil condition.

Design of shallow foundation on filled up low
lying land, expansive soiluad steep slope hill
- are considered.

10.1 Foundation of Fill up Low lying land.

(a) The important factors involved in design
of foundation are the properties of the
fill material and of the orlglnal sub
soil as well as thé degree of Zontrol of
filling procedures.

(b) When the fill is controlled, it may be

: possible to place the foundations of
light or low rise structures within the
£ill provided that the soil pressure
developed in the fill-and in the original
sub soil as well as the total and
differential settlements are within the
allowable limits. Also structural
joints may be provided in order to
accommodate settlements without causing
distress to the structures within each
unit. .

(c) If the fill is uncontrolled, the founda-
tions may be placed either on the well
compacted hard soil rlll replacing the
uncontrolled fill and orlglnal sub soil,
Depth and width of compacted fill are to
be decided depending on the properties
and compaction stdte of the 'soil below
and around the fill.

10.2 Poundation on Expansive soil.

(a) Strink-swell characteristics in the
expansive soil, due to variation in
moisture content, develope swell pressure
to the foundations and distresses to the
structures.

(b) One of the following methods is generally
adopted to avoid distress in the
structure.

(i) Extending foundations into the level
where no moisture variation exists.

(ii) Replace expansive soil of satisfactory
depth with non expansive well compact
hard sozl to support the foundations.

/111) Raft or strip foundations are adopted
to resist the swell ptessures,
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10.3 Foundation on steep slaned hills

(a) Stability of slopes are to be ensured agaznst
the distuzbance caused to the equilidrium by
excavatlons, additions loads provided by new
structures and the excess pore water
pressure caused by reducing or preventing
natural drainage system,

(b) Depth of adjacent foundation are to be
decided so that overstressing could be
avoided due to the loads from the adjacent
foundations.

(c). The surface water and rain water drainage
systems are to be satisfactorily designed,
constructed and maintained permanently
around and under the foundations in order to
avoid any earth slip due to inadequate
drainage facilities.

Design of Foundations - Case studies.

11.1 Locations, soil profile classifications, and
basic strength parameters, recommended. types
of foundations, adopted type of foundation,
reasons for variation in foundation and the
practical difficulties encountered are
included, the case studies, = = . . .

11.2 The following foundations structures are
considered for case studies.

(a) Four storeyed building with Floating
Foundation at Colombo 7. .

(b) Three storeyed building with raft
foundations on well compacted fill soil
at Ratmalana.

(c) Two storeyed buildings with pad

' foundations with continuous plinth beams
at Galle.

« (d) Two storeyed buildings with strip and
pad foundations with ground continuous
beams at Kalmunai. '

(e) Single storeyed building with veirendeel
girder system foundations on well compacted
gravel fill at Kotte. .

(f) Single storeyed building with veirendeel
girder system foundations on well
compacted river sand at Piliyendala.

(9) Five storeyed building with pad foundations
and plinth beams on improved soil at
Colombo 7.

(h} Two storeyed building with pad foundations
and ground tie beams on steep sloped
hill at Kandy.

(i) Single and two storeyed buildings with

' veirendeel girder system of foundation
(on well compacted river sand for
single storeyed building onlylat
Minuwangoda.
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DESICN OF -SHALLOW FOUNDATIONS - CASE STUDY (1)
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LAYOUT - , SOIL PROFILE
—— _ens__-. e ——
8.H.1

St rysAane N=o
LocSE SIATE
- T ‘zw»ﬂ,_,ﬁn” 3318

) EYy THINL TN -8
yl...)asc :m‘rs

8 n.i

-
&8u3 “EThy T
el sensticiTy Nhb
oL e O i CER Y
<Ln

TSIy INND by noE STmsE
N =55

.
a2

B4 .
2Um
. '
B.H. 2 . BA.3
Sl / au.?‘y.s&ub G":é. STy SAND Nz 37
X ¥ SRy A.DAJ:E smrz = ¥ LOcaE STRIE
Y “ .
< SILTy < s~z> NZZT SETVSand ATE S
¥ <Ry :.‘ﬁ J) e S »’:’ffcl:mg"" NeZ2ow 5
N=3 EHWII‘ ceny 55, ;fg’f,,,%’z S?é“ﬂ!'__ .’ POy
FELT wilTH_oncnrdc Ceny
<IRY
CLRY - G 1 PLASTICITY.
10m HGCH PLEZICITY fe» N z283-»s
Nz 3 e 2¢ Ay £33 & ‘g’
. 5 { < CiE STAT
R :,cry qu:g R
N L TDENSE STRTE
SiT Yy SErD - N = Sz>80
LENSE THBIE
N &2 — 132
2em I 2om

SitTy SAND
MEDIUM S7TATE
=1 — 45
skcy:sﬁ cLry
H1GH PIRSTIC ITyN 36

SiTr s ZHEND W=

'70”, MEDU L Clry

N—‘r—vS‘ 2

= % Tserysons - S .
N ety :A:a‘ws‘ ST _SVLTY SAND 'D£~.s= STATE
N =50 - Dumi:raﬂ. T N2

5"-77:»»/; N 5o SieTy SAND
T “venge NG VERY DENSE _STRTE
4 N =G
] “""7 SAND(epivin) v 100

VERY DENSE IATE

o '~

by ’RLWSI.T,:an€2< n...g?r
N3 TCRYDENSE

RECOMMENDED K OUNDATI ONS

id)  Raft :oundatwn
Sotl Bearing capacity =
Depth = 2.5m
(b) Pile Foundation
in Dense sand

ADOPTED FOUNDATION

Raft Foundation as basement
"Floating Foundation” at 3.0m depth.

DEPARTMENT .OF BUILDINGS
DESIGN OF SHALLOW FOUNDATIONS ~ CASE STUD.Y ( 2)
THREE STOREYED BUILDING AT RATMALANA -~
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RECOMMENDED FOUNDATION

(a} Pile or eylinder at 3.0m depth
(b) Raft on well compacted fill at 1.75m above
ground level

FOUNDATION ADOPTED

Raft Foundation at ground floor level at 1.75m above
ground level with nine structural joints

(Ten different structural units).

1.2m deep R.C.C. vertical protective walls at end of
Raft monolithic with raft provided along all peripheries
ineluding structural joints for each unit. .
Also 3.0m wide well compacted fill maintained around
the building with Toe Wall.
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DE’PARTME’NT OF BUILDINGS :
DESIGN OF SHALLOW FOUNDATIONS - CASE STUDY (3)

SINGLE STOREYED BUILDING AT KOTTE
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"RECOMMENDED FOUNDATION

Veirendeel Girder System Foundation

ADOPIED FOUNDATION

Reinforced concrete and Rubble work

veirendeel Girder System Foundations
(Overall depth = 750mm )} with five structural urnts

constructed on well compacted gravel fill.

DEPARTMENT _OF BUILDINGS b
DESIGN OF SHALLOW FOUNDATION - CASE’ STUDY- (4) -

SINGLE STOREYED BUILDING AT PILIYARDALE
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RECOMMEN DE‘D FOUNDATION

(a) Strip Foundation on well compacted fill

(b) Veirendeel Girder System Foundation
{Reinforced concrete and Rubble work)}
¥ith one structural joint.

ADOPTED FOUNDATION

Reinforced concrete and Rubble work
Veirendeel Girder System Foundation

" (Two struetural units) on well compacted
replaced fill. Querall depth of Foundation = 75Umm.
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"DEPARTMENT OF BUILDINGS

DESIGN OF SHALLOW FOUNDATIONS - CASE STUDY (5)
FIVE STORE‘!ED BUILDING AT COLOMBO 7

LAYQUT

APRUMMATE LOCATIONS OF .

Bors HOLES)

SOSL PROFILE

BHL, Bhz.
= - "'<u. Py
511.;;5”@ é STy .
| Sepupmer _Fitl 7 Comphner £tk
£

2 TLAYEY SieT.
Hicuyy
COMPRESSIELE

(o CLRYEYy siLr
HICHLY COnipacSsigee

FC sonoy ocposir

WTH  SieT

HICH PENETRATION
RESISTENCE

< ANDy DEFDSIT
W/Tr ST

FGH FeneTmnrion | L o
RESISTENCE
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Pad Foundation

(Width not exceeding 3.5m)
Soil bearing capacity = JSkN/rn-’
Depth of foundation = - 1.

ADOPTED FOUNDATION

Pad and connected foundations

(Width = 3.5 m, rectangular shape). .
Founded on 150 mm —» 225 mm thick well
Compacted river sand fill at 1.5m depth..
Plinth level beams provided.

DEPARTMENT OF BUILDINGS
DESIGN OF SHALLOW ROUNDATIONS - CASE STUDY { 6)
TWO STOREYED BUILDING AT GALLE
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RECOMENDED FOUNDATIONS

(a) Pile foundation
8§ =» 10 m depth

(b) Strip footing
Soil bearing capacity =
at 1.5m depth

(e} Veirendeel Girder iSystem Foundation

Sok.‘l/m"'

ADOPTED FQUNDATION -

Pad and connected foundations with plinth level
beams, with improved soil condition.

-
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- DEPARTMENT OF . BUILDINGS
DESIGN OF SHALLOW FOUNDATIONS - CASE STUD.Y (7)

TWO_STOKEYED BUILDINGS AT KALMUNAL
LAYOUT
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Depth =

200kN/m?

ADOPTED FOUNDATIONS

(a) Inverted Tee Beam Strip Foundation
(At two right angles)

(b) Pad Foatmgs
Also beams constructed at original ground
lével and at plinth level.

DEPARTMENT OF BUILDINGS-
DESICN OF SHALLOW FOUNDATIONS - CASE STUDY (&8)°
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. Pad foundations

- S0il bearing capacity =
Depth = 1.0m'-
Proper surface water and rain water
drainage system to be provided.

200 kN/m"

ADOPTED FOUNDATION

Pad foundations

At depth 1.0m —~» 1.5m

Ground level beams provided.

Proper surface and rdain water drainage system
provtded.
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DEPARTMENT OF BU1LLINGS

HALLOW- FOUNDATIONS
T OREYED BUILDINGS AT -

- CASE STUDY (9}
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RECOMMENDED FOUNDATIONS

(a) SINGLE STOREYED BUILDING

(b) TWO STOREYED BUILDI ch

-

{a) SINGLE STOREYED BUiLDING

{ (b)

:Reinfoz-ced concrete strip foumiations

Soil bearing capacity = 30kN/m?

Depth = 1.5m

Reinforced concrete strip foundation
Soil bearing capacity = 60kN/m?

Depth = 1.5m
ADOPTED FOUNDATIONS

Remforced conerete/Rubble wall Veirendeel Girder
System Foundation on ome meter well compacted river
sand fill (Soil between 1.35m depth to 2.5m depth
replaced) at 1.5m depth.

TWO STOREYED BUILDING

.Reinforced concrete/Rubble wall Verendeel Girder
System.Foundation with two structural joints

(Three structural units) at three different levels.
Due to actual variation in depths of soft and
organic soil near surface.

UNIT 1 i

zoundatwn at 1.5m belaw ground level (-" 1.8m below
P.C.) .

UNIT 2

Foundation at 1.5m below ground. level
(= 2.75m below D.P.C.)

UNIT 3

Foundation at 2.5m below ground level
(=3.6m below D.P.C.}
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. bver strong latericxc strata

the  foundation engineer .may not always be
successful in his pioneering efforts in finding

solutions under such unpredictable ground
conditions. While such knowledge has to be
acquired through research and experience,

successful attempts have been made in Sri Lanka

by ° adopting _ special foundation types such
as stiffened RC strip foundations, Vierendeel
girder type foundations or raft -foundationms

in situations where the conventional shallow

foundations were found not satisfactory.

Where pile foundations are prohibitively costly,
but where again direct foundations has to be

supported in "too deep" layers, underreamed
piles have enormous potential as a more
appropriate choice of foundations, specially

in the case of small to medium scale buildings.

2.0 FOUNDATIONS ON LATERITE FORMATLONS

Laterite soils are .widely distributed over
the wet zone and most of the early built-up
urban lands around the capital are constructed

over hxllocks composed of the so -called
"lateritic" residual soils locally known as
kabook. A significant feature of the laterite
profile is the presence of a vesicular hard
crust of ferricrete often seen as outcrops,
fullowed by - a2 hard .céllular skeleton -of .iroa
oxidé with clay filled cavities. This is

followed by highly weathered material generally

fall wunder <classifications MH & ML but CH,
Cland - SM materials are' not uncommon. The
boundaries of distribution of these different
materials: - in both vertical . and lateral
directions are not clear and the properties,

both physical and mechanical,
thus presenting .a variable:
It is not unusual to

often vary widely,
ground condition.
encounter large and
isolated pockets of highly 'kaolinized" soft
clays among the silty material -or even to
encounter highly porous, ironstone cells devoid
of clays. Hence the interpretation of Standard
Penetration Tests (8PT) results too need careful
attention, The SPT N-values observed in
laterite clays generally vary from about. 5
to 10 while in somewhat harder materials average

values around 15-20- could be observed. Owing
to the peculiar and heterogeneous ’structure
of this soil formation, the strength and
deformation characteristics and _the behaviour
of lateritic soils are - ! well understood
and may not be . easily mined by the

conventional testing procedures:

‘;hree storeyed
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ng conventional
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ring walls and

Light foundations for single :&
buildings have been

strip £
load

foundations such as’
or brick masonry for

pad footings for colunmns. owever, heavier
buildings are generally supported on wide based
strip  footings,  -stiffened footlngs, raft or
pile foundations, when weak. or variable soil
conditions are encountered Where severe
variations in soil - type are. observed or
anticipated, attention may* be necessary to
investigate. for isolated soft. or compressible .
clay pockets which should either be by-passed
with dée ‘oundations or be bridged over using

rigid -

-Expansive

.of the

“development projects in these areas.

.precautions™> are,

3,0 FOUNDATIONS ON EXPANSIVE SOILS

soils occur in many parts of the
world and according to their parent materials, .
they fall into two groups.: In the first group, .

the feldspar and pyroxene minerals in the $asic‘~;

igneous rock have decomposed to form montmor;ll-;
onite and other secondary minerals., 'In the’
second group montmorillonite contained in

_certain sedementary rocks breaks down physically :

to form expansive soils.

0f the three most dimportant clay minerals;:-

montmorillonite, illite and kaolinite, montmori-
llonite is the clay mineral that presents most:
expansive soil  problems, These clay

minerals are formed by a complicated alteration
process that include disintegration, oxidation,

hydration and leaching. Formation of montmori=-
llonite ..minerals is aided in an environment

of extreme disintegration, strong hydration
and restricted leaching where magneseum,calcium,

sodium and iron cations may accumulate in the
system, Such. conditions are favourable in

semi~arid zones having low or seasonal moderate

rainfall, with evaporation exceeding precipa~’
tion, where enough water is available for the

alteration process but without sufficient flush

rain to remove the accumulated cations.

Expansive soils do exist in Sri Lanka and these
have been identified in various parts of the
dry zone; in (Murunkan) Mannar, Anuradhapura, _
Puttalam, Dambulla, and Kataragama, when subsoil
investigations were carried out -for specific
However,
the parent rocks and thé process of alteration
etc. are yet to be understood and research

need to be initiated in this direction.

Buildings, _especially those
loadings, founded on expansive soils could
undergo severe distress due to uplift forces
caused by the swelling of soils unless special
taken in the design,
construction and also in maintenance. Cracks
on floor slabs due to heaving, diagonal cracks,
that develop below “windows and above doors:
are a strong indication of swelling movement.®
However, "~ such distress should not be wunduly
blamed on -expansive soils as similar symptoms
could be ‘observed under . other circumstances
too. :

with lighter

For the
soils,

recognition of potentially expansive’
The first, mineralogical identi-:
can be done wusing techniques such!
as X-ray Defractionr, Differential Thermal.
Analysis, Dye Absorptlon, Chemical  Analysis
or Electron Microscope . Resolution. These methods

would be useful in the eévaluation of the materi-

fication -

al and are import in exploring basic
properties of clays However, this is not
sufficient im dealing “with natural soils and
moreover, is impractical and uneconomical.
In the second, or 1nfthe indirect method, Index
Properties, Potentidl™: Volume Change (PVC), .
Activity, Soil Suction are. valuable tools in -
evaluating swelling .properties (Chen,~ 1973). .
However, none of . these should be used:
,lndependently without® direct tests in

order’
to-@avoid errorneous conclusions. L

three different methods of classification, :-
are available.
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The third wmethod or the. direct measurements
of Swelling Pressure offer most useful: dats
for a practising engineer and these tests can
be easily performed  -in the laboratory using
8 ‘conventional one-dimensional- consolidometer.

In the field it may not be an easy task to
identify expansive soils. However, soils
containing a high content of high plastic clays

and in a very dry state with a moisture coantent’

below 157, possessing high dry strength and
high dry densities in excess of 1.75 gm/cm’®
are suspected . to have expansive ~properties

" and therefore should be subjected to confirma-
tive tests. Field penetration resistance
exceeding SPT N-value of 15 is often associated
with expansive soils. '

One practical method- of identifying expansive
soils in a suspected area is to examime the
actual behaviour of
‘which had experienced a few dry and wet cycles.
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Laboistory and field dura
Standard Probable A
Petcentage Liquid N - P Swelling Degres
pasung No. o dumst, sesistance, percent 104 pressure, of
200 usve pescent L blows/ft volume change ksl expansion
>95 >80 >30 >10 >20 Very high
60-95 : 40-60 20-30 310 ©. 520 High
30-60 3040 10-20 1-5 35 Medium
<30 <30 <30 - <1 i low

existing light structures.

Swelling Pressure kg/cm?
> )
W

cracks in

N
Observation of walls, sidewalks,
floors, etc., shrinkage cracks appearing in
the soil during the dry season, high dry
strength of soil . lumps and high stickiness .

of soil when wet etc. would 'be helpful to.
jdentify expansive soils. T
In the laboratory, testing for Free Swell Index
(i.e. the difference between final and initial
volume, expressed as a percentage of initial
volume, when a known volume of dry soil is
alloved. to swell in water imnside a graduated
cylinder for 24 hours without a surcharge)
is a very crude yet an wuseful guide before
proceeding with. 'classification based on
parameters such as Colloid Content, _(.< 0.001

mm.), Clay Content ~(< 0.002 mm.), Plasticity
‘Index which are considered to-- offer more
reliable data. Results of laboratory tests .

conducted for swelling properties of some soils
in the dry zane of Sri Lanka are shown .in Fig.],
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FIG 1. SOME PROPERTIES OF EXPANSIVE SOILS IN SRI LANKA
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Slight .changes of moisture contéent in expansive
soils " "are sufficient to cause detrimental
swelling  and therefore stable, uniform " soil
moisture "conditions -should be ensured beneath
and around the foundatida:. To achieve this,
it would be necessary +to prevent ingress -of
water, by proper guidance of surface drainage
away.- from the structure  with. the provision
of moisture barriers with cut off walls around
theé -building, by ~exclusiom of deep roots
intruding ‘into " buildimg area, and by taking
adequate precautions to protect against
undetected leakage from underground piping
or backup through poorly backfilled trenches,
etc. Where practical, the foundations may
be taken to "a depth sufficiently below the
perenial ground water table so that moisture
variation does' not cause any further ‘swelling
of the soil that supports the structure.
However, maiantaining constant. soil moisture
conditions seems toc be Cvery difficult in
practice, 'at least in the case of dwellings
ian this .country. In such cases, replacement
of expansive soil with granular material works
as a satisfactory solution .in cushioning out
or nullifying the swelling effects. :

"Expansive -soils being stiff, offers high ground
bearing ~capacity adequate for = most -lightly

to moderately- loaded structures, However,
swelling pressures may - often exceed -the
bearing - pressures, résulting in Tan upward
movement of the structure. In such

¢ ircumstances, shallow foundations may be
designed to exert high bearing pressures which
“could withstand the swelling pressures, but
at the same time ensuring -rigidity ' of - the
foundation. : . ’

;

Special waffle or raft foundations (Fig 2) which
can act as a unit to minimize differential
‘"action due to swelling may be considered where
shallow spread footings- or slab-on-grade

construction are required. -Shallow foundations
may also -be adopted after-stabilizing the soil
with cement/lime or chemicals.

Sond .‘_] 12° Diomater
A $plit Sonotude

. Ruintorcing
-Rods

- SECTION A-A

FIG 2. SLAB FOUNDATION WITH HONEYCOMB STRUCTURE

If the expansive soil layer is not very thick,
the foundations may be supported on a deeper,
non-expansive soil layer. with adequate care
taken against the swelling forces .acting on
floor slabs, for example, by designing -them
as suspended floors, Where the expansive soils
extend-. to greater depths, underreamed-piles
(Fig. 3 ) which can resist upward swelling forces
can be adopted (CBRI, 1978) .. The underrean
should be .anchored in a non-expansive 1layer
or below the perenial ground water table in
a zone of no-moisture change. L s
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4.0 FOUNDATIONS ON FILLS.

A fill may be either a controlled fill or an
uncontrolled fill and may consist of “norganic
or organic materials “or of a mixture of the
two. Compaction Controlled filling = may be

- used beneath structures for one or more of

the foliowing purposes;

i) to raise ‘the general grade of the
‘ structure - )
ii)” to replace  unsuitable foundatio
soil that must be removed - :

iii) to provide a relatively stiff. mat -
over soft. subsoils to spread bearing
pressure from foundation loads and to

~'decrease differential ‘settlement .

.iv) to bridge .over subsoil with hard
and  soft: spots. or -small cavities
in'erratic profiles :

v) as preloading to accelerate subsoil
consolidation and eliminate all or
part of settlement of the completed.
structure. . . : ‘

: ’Q \'“
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Rigidity, strength and homogeneity of a fill
largely increased by controlled
compaction with appropriate equipment and
properly selected material. Foundationrs resting
on controlled fills can bé designed in a similar
manner as in the case of foundations supported
on natural soils. Foundations supported on

"filled ground may undergo settlements due to;

i) . Consolidation of compressible fiil
under foundation loads transmitted

ii)  Consolidation of the fill under its

) own weight and )

iii) Consolidation of natural ground
beneath the fill under the combined
loads from the £ill and the -structure
and also under the 'weight of soil
in the natural ground.

1f the fill had been recently placed, compressi-
ble subsoils may still be in a sub-consolidated
condition and may wundergo settlement under
the fill load with time and this fact should be
considered in the design.

For lightly loaded structures, settlement caused
by the foundation load and the own weight of
£fill in a properly compacted fill 'would
generally be -insignificant and may not pose
problems to the engineer. Settlement due to
consolidation of the fill under its own weight
depends . on- the depth and the degree of
compaction of the fill layer and the conditions
under which it had been placed (Table 1).

Unfortunately in. most of 'the filled 1lands in
and around Colombo, except where  special
attention had been given under the guidance
of an engineer, filling had not been done with
any -.compaction control whatsoever. Often, things
are made -more difficult to the engineer where
soils, construction debris and refuse, etc.
had been  dumped and dressed with a thin layer
of "acceptable" earth material which is either
deposited or compacted before the
"developed" land is disposed to a client.

[Z- 150x225mm reinforced concrete beam

//f) 77 ?// ////]125// |
7 Z //////// 7/

L | -
150x225mm Reinforced coloumas at 2.0 to 3.0m
- , A C /ELEVATION
© 225mm ‘
T Brickwork infill to
i X

stitfen the girder

SECTICH A.A )
FIG 4. VIERENDEEL GIRDER SYSTEM OF FOUNDATION
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Téble i. Total settlement of differentb.fill

‘materials under their own weight.

Total Settlement under its
own weight expressed as 2
of the fill thickness.

Type of fill

Well compacted inorganic £i11 0.5 2%
Poorly compacted imorganic fill up to 12
‘Well compacted clay fills . 0.57%
Highly compacted clay fills I_Z -27

placed in deep layers-

Domestic refuse fill (with about 10 7
controlled topping layer)

Uncontrolled fills may offer irregular profiles
and may not be suitable for foundation support.
Especially those containing compressible and
decomposable organic matter, hard objects like
construction debris, etc. with large cavities
and loose pockets "will exhibit complicated
and erratic soil profile and offer misleading
information even when subsoil investigations
are carried out. In such cases, special
foundation treatment would be required and
it is -advisable to support the foundation on
a natural hard stratum using deep foundations.
A raft foundation with stiffened slabs or a
Vierendel girder system of foundation (Fig 4 ),
which can take care of large order o1
differential settlement, may be an alternative
solution to deep foundationm. Footings may
also be adopted over a well compacted granular
fill which replaces the underlying weak soils
to a depth equivalent to more than the width
of the footing. '

-Gré;&lar Fill.

IR .
LR Y Y 4

\

FIG 5. FOUNDATION ON COMPACTED GRANULAR FILL
. OVER UNCONTROLLED FILL - y




60

5.0 FOUNDATIONS ON IRREGULAR SOIL DEPOSITS

Irregular soil deposits are generally associated
with -lacustrine and deltaic and also sometimes
with 'shore deposits. The continually shifting
shore currents, seasonal “floods, oscillation
of the sea 1in geological times, etc. cause
a wide variation in .the soil properties within
a short expanse..

Subsoil in the estuary and delta deposits is
mostly composed of compressible fine grained
sediments with mixed or sandwiched organic
matter. In' composite shore deposits, sand
may alternate in erratic manner with organic
silts and peats. Such deposits.can therefore
have a widely varying -compressibility. In
such situations sub-surface soundings supplemen-
ted by a few exploratory drill holes would
be more appropriate and practical  than to
proceed with a thorough investigation iavolving
undisturbed = samples which could lead to
contradictory . and confusing information.
Foundations may - be designed to withstand the
maximum differential settlement between the
hardest and softest ground conditions met at
the site that 1is roughly estimated based on
empirical relationships. 7

6.0 -FOUNDATIONS ON HIGHLY COMPRESSIBLE SOILS

conditions are faced with
where the ground has inherent = weakness due
to high compresibility, high void ratio and
occurrence of . deep. extents of compressible
layers. High- compressibility may be attributed
to the presence of peat, .organic clay. or 'soft
inorganic - clay im -the subsoil. Very 1loose
silts and sandy deposits may also ~lead to high
compressibility in the ground.

Difficult ground

In the vast expanse of low lying areas in "and
around Colombo City that  has been earmarked
for development, a significant feature is the
predominant presence of highly compressible
organic deposits mainly <consisting of. peat,
organic clay and organic silec.

Peat is generally formed by the death and parti-
al decay of plants -in -~the swampy areas and
with ‘the accumulation of. such deposits over
the Yyears. Texturely, peats in Colombo . area
vary from highly . permeable fibrous material
with high to very high order of compressibility
to a fine amorphous ‘material which resembles
a soft organic ¢lay. . Combined thickness of
peat and organic «clay deposits is found' to
vary from a few meters to nearly 15 meters
{(Senanayake, 1986). @ As such, in the process
-of development of low lying areas, the 1loads
due to earth.filling and structures supported
on the fill can cause significant -settlement

in the wunderlying compressible 1layers, often
excessive and -intolerable "in terms of both
ultimate and differential settlements.
Mechanism . of settlement and engineering
behaviour of peats in Sri Lanka need research.
Settlement occurs in peat deposits - due to

immediate compression of peat mass with . the
expulsion of air and gases, gradual expulsion

‘large.

of water from the macro voids in the peat mass.
and from .micro. pores in fibrous peat, lateral
spreading towards adjacent unloaded peat which
has low lateral  support, creep and of “peaty
soils or in an extreme case by r.otational slip
and upheaval of the ground. :

"If cthe peat deposit is within réplaceablé reach,

it is always perferable to coastruct the
foundations over a well <compacted quality
material which replaces the peat deposit.-

Very 1light structures may be supported on
suitably stiffened reinforced strip foundations
over adequately thick layer of compacted -fill
when the thickness of peat layer -is not very
Vierendeel girder system. of foundation
may be wused as an ‘alternative. To avoid
cracking due to ground settlement, the floors
may be suspended. Rafts with stiffened beams
may be used for 1light structure with up -to
about two storeys. —

A sufficiently thick well compacted £fill serves -
as a mat in distributing the foundation loads.
However, it should also be noted that often,
-the settlement due to fill  load is signi-
ficantly larger than the settlement due only

“to the load of structure that is to .be supported

over the fill. For medium to heavy structures
and when the peat deposits are thick, pile
foundations supported on a suitable bearing
stratum need to be provided. - On the other
hand, when a suitable bearing stratum underlying
the peat. is available within easy reach, say
up to about:7 m, under-reamed piles may prove
to be economical. . -

Foundations on soft clays and peat deposits
largely depend upon = the = order of compress-
ibility, and the thickness of the deposits.
When the deposit is not very thick; say up
to about 5 m to 7 m, it is worthy to explore
possibility of ground improvement by preloading -
as the first step. Preloading technique
involves 1loading of the ground to pre-induce
before- laying of the foundation, .a grater part

~or. whole of thé ultimate settlement that is

anticipated to take place under the foundation
load.  This-method is most suitable where borrow
material for surcharge is economically available
and if the -area 1is large so that surcharge
material  can be progressively provided in
bulk and moved across using earth machinery.
Duration . of preloading 1is crucial since on
the one Hhand - it should be sufficient to
pre-induce. the desired settlement and on  the
other hand it should not be too long to delay
construction - activities unduly. Sand  drains’
or other type of vertical drains may be used
to- accelerate the prelocading process. ~Weak
ground conditions due to loose sandy soils can be
remedied . by ground improvement techniques
such- as vibroflotation, <dynamic consolidation
(heavy tamping) etc.
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7.0 FOUNDATIONS ON HILL SLOPES

- "Central and south west regions of the -island

comprise of -mountaneous terrain with hill peaks
_rising up in a wide range up to about 2500m
above mean sea level. The hill slopes are
mostly utilized for the major plantations of
tea and rubber, and for the cultivation of
sugar cane, tobacce and vegetables while the
upper .areas had -once been reserved forests
which have now begun to degrade. - As a result
of growth of habitartion on the hill slopes,

development activities have gradually increased.

to pxovide‘ the necessary infra structural
facilities. Provision of dwellings for the

increased population and for the families
dislocated each year by landslide disasters
has become an urgent need.

Ceotechnical ~conditions of the hill terrain

are somewhat complicated and may not be possible
‘to gemeralise over large areas.. Geomorpholggy,
geotechnical structure, degree of weathering,
topography, type of ~formation and strength
scils combined with many other factors affect
the stability of hill slopes. By nature, some

of the hilly areas are vulnerable to landslides
and ground creep and this situation is
aggravated by human interference through’
development and by negligence. Hence, the

foundation -engineer who deals with hilly areas,
has to firstly <consider the stability of
terrain before he thinks of the stability of
the structures that are to be constructed on
the hill slopes. The fact'that human habitation

had been there for. centuries suggests that
ample experience is available in building
technology, to be used and improved by the

engineers of today.

Soil-structure (ie. foundation) interaction
and structure-foundation interaction become
very important in the case of buildings constru-
cted on ground where vertical "and lateral -.
mevements are anticipated. Flexible . steel
framed structures supported over independant
footings can withstand large differential

movements, while structures with 1load bearing
stone masonary walls would show signs of warning
with ‘progressive development of cracks and
distress” when appreciable movements have taken
place. On slopes which are creeping at a very
slow rate, .small units of 'rigid structures
may be considered.
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JFIG 6. ADJACENT FOUNDATION ON SLOPES

"tered at shallow depths.

For buildings on -slopes it 'becomes often

necessary to place adjacent footings at

different bearing. levels. In such cases, the

elivations of footings shall be subjected to
following limitations;

i) The sloping ground surface shall

not encroach upon a frustum of bearing

material below the footing (Fig. 6:

ii) In the case of -footings on granular
.0 clayey soil, a line drawn between
the lower adjacent edges of adjacent
footings shall not be steeper than
two horizontal to one vertical.’

These shall not apply when adequate provision
is made for the lateral support of the material
supporting higher footing or when the factor
of safety of the foundation soil against shearing
is not less than four, ( NAYFAC DM-7, 1971). :

On hill slopes, rock or boulders may be encoun-—
Though, rocks offer

relatively higher bearing capacities than soils,
attention should be paid where;

i) Sound rock overlying unsound, weak
or compressible materials.

ii) Planes of " weakness, such as bedding
planes, dikes, faults and Jjointing

jii) Deep pits or crevices in the surface,

cavities and caverns . etc., are
observed.
Foundations supported . over sloping rock may

need to be anchored with steel dowels etc.
to prevent sliding when the bond between the
foundation and the rock is not sufficient.

Foundation of the same structure, unless struc-
turally seperated by expansion joints, should
not be supported partly on rock and partly
on soil. In such satuations it is regommended
to provide a cushion .of yielding material
for example a 50 cm thick layer of uncompacted‘
sand beneath the footing on the rock.
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'CONSTRUCTION OF SHALLOW FOUNDATIONS WITH
'SPECIAL REFERENCE TO POOR SOIL CONDITIONS .
A CASE STUDY

JAYASINGHE

'

.S0ils susceptible to expansion and shrinkage with
changes of moisture content are a constaat source
of trouble in the design and comstruction of
foundations. Such soils, popularly known as peats
and black cotton soils, occur extensively in many
parts of the world, especially the Asian region
including Sri Lanka. Several deposits of peat and
peaty soils are found in and around Colombo
particularly in low lying areas liable to flooding.
They are generally found in .poorly-drained
topography and are usually associated with a high
water table.

Buildings constructed on such soils, adopting the
types of foundations commonly employed for other types
of soil strata, are observed to crack extensively
within a short period of their construction in spite
of every reasonable precaution.

This is mainly because of differential movements
caused by alternate swelling and shrinkage of soil
with seasonal variation of moisture content. The
construction of small buildings such as houses on such
soils is often impossible because the cost’ of normal
piled foundations would be uneconomic, and other
methods may be ineffective. The design -and
construction of inexpensive and safe foundations in
such soils poses a challenge to the Engineers. Often
the Engineer finds himself between two opposing
factors, the principles of soil mechanics to contend
with and ecomomic considerations limiting him, so
that very often the solution is a compromise formula
"based on sound and intelligent engineering judgement
and. perhaps a little imagination!

Listed below are several examples of the use of
different types of shallow and other Lypes of
foundations in poor soil conditions and each case
is discussed in terms of its suitability,

_effectiveness, ease of construction and ecomnomy.

The case studies include in particular:-

(1)  Shallow foundatiom types for the low-cost
Housing Schemes in Colombo constructed generally
in peat and peaty soil deposits.

(i1) Houses constructed on inverted T-beam and slab

and beam raft Eoundations.

(11i) Municipal-Housing Scheme constructed using 1=
2" diameter steel piles in Nigeria.
(iv) Foundations using under-reamed piles.

Built- Envirocnment Consultants

Strip footings on fill for low-cost honsigg.

The low—-cost housing schemes constructed in the
Maligawatte, Dematagoda and Wanathamulla areas
are examples of building constructions adopting
shallow type foundations on peat and peaty soils.
‘Refer figure 1.

These are basically single storey dwelling type
structures with brick or block walls founded on
shallow strip footings. These foundations are
constructed on a fill, gravel-sand-clay soil has
been found to be suitable. The depth of fiil
generally is about 3 to 3% ft., so that with the
foundations constructed 1 to 14 ft. below the
£111 level, there will be about 2 ft. thickness
of £fill below the foundation. This effectively
reduces the stresses at the peat layers to about
0.1 Tons/Sq. ft. which has been found to be an
acceptable value as suggested by values for
unconsolidated undrained strength determined from
laboratory tests for unconfined compression

© gtrength of peaty soils in and around Colombo.

The fill,vhich is an inevitable necessity to make
the marshy land habictable in the first place,
also has other beneficial effects in addition to.
reducing the stresses caused on the peaty scil
layers and allowing the designer to use the
higher strength of the f£1ll material.

In general it is found that peaty soils in and
around Colombo normally consolidate when loaded.
In this process, the moisture content is reduced
with a consequent increase in the strength of

the peat. The weight of the fill material super-
imposed on the peaty soil helps to conmsolidate
the compressible peaty soil. This effect is
sometimes used to advantage by the use of
surcharging to accelerate consolidation and .
minimise settlements.

Further a gravel-sand-clay fill placed over a
weak deposit like a peaty soll tends to act as
a natural raft due to its stiffness. This raft
action helps the loads from the strip footing
super~-imposed on the fill to distribute evenly
causing lesser shear stresses on the peat, and
to minimise -the adverse effects of differential
settlements.
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(+) Raft Foundation.

Raft foundations are generally used on soils
of low bearing capacity where the foundation
pressures have to be distributed over as

wide an area as possible, in order to work
within the allowable bearing capacities.

in soils of varying compressibility, such

‘as scft peaty clays or loose recently
deposited fill material, the partial rigidicy
given by the stiff slab' and beam construction
helps to bridge over areas of more
compressible soil and thus reduce
differential settlements.

The slab and beam raft (refer fig. 2 (1)

is ‘2 shallow foundation generally adopted

for buildings where stiffness is the
principal requirement to avoid excessive
distortion of the super-siructure as a result
of variations in the load distribution over
the raft or in the compressibility of the
supporting soil,

These stiff rafts are generally designed as

“downstand beam” tLype which provides a level

surface slab which can foram the ground floor of

the structure.

(11) Inverted T-beam foundations - Refer Pig.
2 (i1).

This type of foundation has been used with
much success for storeyed - housing, of load
bearing wall construction, built on soils

of low bearing capacity. While the flange
slab of the T-beam helps to distribute the
load on the soil and to reduce the bearing
pressures to acceptable values, the beam

" portiom, because of its stiffress, gives
rigidity to the foundation and helps to spar
over any/localised pockets of bad soil areas
in the site and alsc helps to minimise
differential settlements. - This type of
foundation has proved to be much more ;
economical and amenable to comstruction than
the alternative of a conventional raft
foundation.

Use of Small-diameter piies in expansive soil,

The Construction. of small buildings such as houses
on expansive soils is often impossible because
the cost of normal piled foundations could be
unecenomic, and other methods such as the use of

. strip footings on fill may be Lineffective in that

the useful life span of the structures may be .
greatly reduced due to the ill effects of
settlements. The use of small-diameter piles in
such circumstances has been considered and.
practical applications have been reported.

Small-diameter piles are subject to smaller
resulting uplift forces, and these could be
overcome by the application of a suitably large
load to each pile, if the bearing capacity is
sufficient, Such a system of small-diameter piles
would be especially suitable on a site when the
expansive soil overlies a hard stratum of high
bearing capacity. If this hard layer 1s at a
shallow depth, it will be possible to use small~
diameter plles effectively and economically. -

{
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In one practical application, in a municipal
heusing complex in Nigeria, small-diameter piles
had been used at the site where the soil profile
was found to be a very soft clay 7 to 8 ft. deep
overlying a hard stratum. There were 23.or 24
plles per house, mainly 2" and 1}" in diameter,
with a few 1" diameter piles. The 2" piles were
scaffold tubes, the 1}" piles were black pipiag
and the 1" piles were solid mild steel rods. 'The
piles were driven with a drop weight to a
required set. All the piles were coated with
epoxy-tar before driving to protect against
corrosion. A later improvement had been to
provide cathodic protection. - Load carryling

‘capacities of the piles had been confirmed by load"

tests. -Level observations had been commenced
immediately after completion of construction and
continued through two seasomnal cycles of wetting

_ and drying. The settlements observed had been
"of very small magnitude and the buildings had not

suffered any damage due to differential
settlements.

Foundations using under-reamed piles.

In cases where there is not an adequate bearing
stratum at a reasonable depth for the piles,
there is a possibility of ensuring adequate
bearing capacity by under-reaming. The

principle of this type of foundatiom is to anchor

_the structure at a depth where ground movement
. due to changes of moisture conteat is negligible.

Depending on the loads to be carried, either

a single under-reamed bulb or double/multiple
bulbs may be provided. ~Refer fig. 4. - The use
of under-reamed piles has proved to give a cost-

~saving compared with gradicional foundations
‘in poor solls, particularly in expansive clays

and the Indian Standards Institutien has
included the method in their Code of Practice
for Design and Construction of Pile Foundations.
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"CONSTRUCTION MANAGEMENT WITH EMPHASIS ON SHALLOU FOUNDATIONS"

C H DE TISSERA

1.0 - INTRODUCTION

Any exercise in Construction Managément: will have as its pri- .
mary objective the achievement of the following:-.

*  the cost target;
* the quality target and
b tne time target.

Construction Management procedure to achieve the above objec-
jve will consist of an integrated management planning " and
ontrol systems package.

(%] l"" 3

Unoer management,  issues relating to the organisation required
t5 undertake the construction, the structure of the organisa-
tion, the specialisations necessary for the staff and the
key tasks to be performed by the staff have to be determined.

S iIn . addition such - aspects as site’ layout, stores management

4nd  materials procurement procedures, Manpgower recruitment
and personnel management systems, etc. have to be formulated.
ine Planning 3ub System will have planning of construction

operations, planning for the matenals requirement and their

procurement, planning of manpowe. requirement, planning for
the plant and equipment requirements and their procurement,
planning for the financial requirements. Under Control Systems,
procedures for Arogress control, cost control and q.:al:.ty

‘centrol nave to be established.

Now a foundation, in. its complete sense, includes both the
structural member conmsisting of either the footing or raft
etc. that transmit the superstructure loads to the ground
and the. interacting scil ar rock below. It is therefore seen
tnat foundations defer from other parts of the structure.
Its pehaviour is more dependent on the soil -and rock belouw,

uhich are materials of uncertain and non-uniform engineering

properties. The most disturbing feature of an unsatisfactory
foundation is that the difficulties and faults seldom appeer
immediately, anc most of them are not obvious until the build-
ing is ir use, when it is very expensive to remedy- them.

"It is._therefore very important that foundation design and

construction should be cone with special care and attention.
1t is necessary to have comprehensive site investigation infor-
mation, adequate design theories, and properly managed cons-
tructicn programme to ensure safeguards against above.

1t is common in foundation construction to encounter variations
due to:

(a) setting out errors;
(b} inadequate site investigations
{c}) artificial obstructions. .

Tne construction management procedure should have provision to
take cdue note of variations arising from above and to have
necessary documentation for establishing the variation claims.
The construction manager, generally has to work within “the
relevant provision in the .conditions of contract .for this
purpose.

2.0 MANAGEMENT ASPECTS OF A SITE INVESTIGATIONS PROGRAE

An adequate site investigation programme is a pre-requisite
to a safe and economic design and a successful foundation
construction. The management aspects of site investigation
has to take into account the following:

A 'nanage. who requires the relevant J.nformatmn from site
investigations, should first of all specify clearly the
particular objects of the site investigation programme.
They may be to:- ’

(a) ‘assess the general suitability of the site for
the proposed works.

{o) enable an adequate and economlc design to be
‘prepared.

l(c} foresee and provide against difficulties that
e may arise during construction, due to ground
and other local conditions.

As the site investigation is done well anhead of the design
and construction stages, it is very important that the
mvestxgatwns should be properly documented. The manager
should specify in broad ‘terms what should be included in
the report. This report may among other things include
essentially the following :

. (a)‘ _ An estimate of the competence of the underlying
soil to support the proposed structure, stability
of the site against slips, availability of servi-
ces, building materials, manpower skills in'the
locality, information on access to site, factors
such as incidence of flooding, ground water condi-
tion and some general aspects as ownership of
land, limitation of use, leases, ete.

(b) Characteristics of the sub-soil and recommenda-
tions on probable behaviour under stress and in-
terpretation of the data and soil parameters for
design.

{c) Recomendauons on appropriate construction tech-
niques in relation to the locality, need for site
protection, drainage, dxsposal of "debris, refuse
and surplus excavation materials, de-watering sys-
tems wherever applicable.

(¢) Guidelines for preparation of cost estimates in
relation to the prices prevailing in-the locality
including information on materials that are avail-
able at :site_. which can be recovered and usec for
both temporary and permanent works. '

Rs tne techniques available for site investigations today
are very extensive, the Manager has to choose the particu-
. lar technique in relation to the size of the job in hand
to have ‘the most cost effective site investigations pro—'
gramme.
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In the planning of z site investigations programme, the Manager ' © planking and strutting, materials to be encountered

has to at least ensure that 3 basic steps are gone through, during excavation and such other aspects as site
viz: . o . . office overheads, head office overheads and the mark

. : {a) A desk study s - S up necessary for risk factors, profits, et.c‘:v.

(b) A reconnaissance survey or walkover survey
(c)  Detailed investigation. _ 4.0  PATTERS RELATING T0 THE CONSTRUCTION STAGE .
In setting up a management structure for detailed site investi- i During the construction stage, it is necessary. to revieuw among
gation programme, it is necessary to firstly examine the key : others, the following in the construction management exercise:
tasks - that have to be performed. . Initially a plan must be N : N ’
_prepared for the field work and the laboratory work including (a) pteli.l!u.nanes and sett‘:mg out stage
” the analysis of data, based on the scope of the job in hand, (o) Plam%ng of construct:.cgn processes
and the information available from the desk study and the recon- . (e) Plaming for resource inputs

{d) . Quality Control

- raissance survey. . - - 4
' ) (e) Progress Control

After the analysis of initial field and lab work, plans for (f) Cost Control.
the detailed field and lab work are prepared and ammended as .

_ and uwhen necessary. A, report is thereafter prepared on the During the preliminaries and setting out stage, a proper layout
basis of all the information and the results of the :.nvesuga- plan has to be prepared. It is often noted that setting out
tion. This report may consist of two parts viz: variations between working drawings and the actuals arise

(a) Data and Information due to ex::rqrs of th? consultants or due to change orders. This’

(6) Analysis and recommendations. results in changes in scope of work as well as cost. _In_ cons-

truction menagement, consideration should 'be given for proper

The first part may be available as general information, uhile documentation of such variations for subsequent variation
the second part would be classified information for limited claims. '

use as determined by the manager. R L.
Many variations to the original scope of work arise due to

- A bar cnart showing the key tasks and the sequence in a site inadequate site investigation and encountering artificial
- investigation programme is annexed. ) abstructions. The conditions of contract ‘applicable to the
particular situation will determine the liability and responsi-

In terms of personnel, the three main responsibilities 'are: .
P ! s bility in respect of these variations between the client and

[ . (é) Ceotechnical Engineer - responsible for plamning . the contractor. - . s ¢
and directing lab and:field work and prepare a . Lo - . e .
report ’ Construction management procedure should have provision to l
. R document the circumstances requiring the particular variations, 7
(v) Field Technicians - to carry out field investiga- the remedial action undertaken and the consequential changes -
tions in accordance ‘with specifications and ins- in use of men, materials, machinery and money to establish "
tructions of the geotechnical engineer. variation claims. . \
{c) Laboratory Technicians - 'to carry out lab testing The structure of the construction organisation and the staff.
in accordance with specifications and instruc- to be deployed should be able to provide the follewing. spec:.al- -
- . tions of the geotechnical engineer. ) ised knowledge input:
Ouring the Designs Stage, the necessary management considera- (a) Geotechnical
tions include decisions regarding:- ) - (b) Contract administration
oy . : : . N s {c)  Construction planning and progress control’
te d n criteria, design theories A .
(a) appropriate design criteria, desig ' (d) Construction materials and technology
{b) interpretation of site investigation data, and : * (e} Surveying and levelling :
_ - site conditions. ) - (f) Quality control ’
R . , N . 3 - - N t l
: - He) Provisions for obstructions and other utilities . (g)  Financial planning and cost contro
X . . (h) . Job eo-ordination and documentation.
that might be encountered during excavations,
’ : Lo X - £f
{d). - - Providing guidelines for excavation, shaoring, These- expertxse m,' be prov:.ded either through in-house sta
i} . .or from visiting staff.
Qe—uaterlng,etc. .
(e) -+ -Preparation of a set of comprehensive working ;:e st}-uct:rzo of thet_.organzsatmnl asr;duf;\e k:y, f ur;:msr;sa :0
© ' drawings to facilitate estimation and construc- assigne respective personne o Specily pe,
tion responsibility and accountabzhty in respect of each of the
above areas.
3.0 CONSIDERATIONS DURING TENDER STAGE . . S,
In laying out the site, provision should be made for the usual
R . ~ - ~ . . - . N 1 -
Emphasis has to be given during the tender stage for the -follow- s?cunty fencing, site offices and stores; workmeh S act 2
. ing: tion, outdoor storage depots.-for bulk materials, internal
,‘ roads and material movement paths, crane tracks, carpentry
(a) Stugy of plans, bills of gquantitites and spaci- and barbending sheds, concrete mixing etc. In addition, tempo-
fications to determine the appropriate conditions . _rary bench marks and grid ‘co-ordination, references should :
i of tender, form of tender, pre-qualification for be indicated in the layout plan. Special -attention at this - i
- contractors and preparation of budget estimates. stage should be paid to the movement of excavation and earth-. 3
Y . . : ) moving machinery, allowarice for barricades around trenches, s
] -t hod t t. N R : N :
:u:.) » The preparation of a3 pre-tender method statemen allowance for de-watering system and leadaway drains, allowance ~
<ode) Preparation of a macro 1evel_ pre-tender construc- for spoil ‘néaps for back filling, disposal and dump si.te_s
i tion progranme, : ’ for debris and surplus excavation materials. -Depending on
. : - . i he sit the rumb f sub-st 34 it
{d) Identification of relevant factors influencing — the extent of the site and the er_ oF sub-strue gres,. -
N s . : c: would be advantageous to layout a grid pattern on the site
pricing givii, due consideration to construction b ] . A ; 3 C
’ technigus, t of plant and equipment to be , plan and establish the grid co-ordinates and temporary berch 4
< ) ques, type pan Pre marks at suitable locations by an. accurate land survey. . There-

used, norms for labour, de-watering systems,
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caiter, aii setting out and levellmg shou.:.d be done in .relation

‘.c' them to minimise errors. N R

Suring the faundation constru:tmn as in the rest of the work,
stores - management and material pracurement procedures. should
ve sound, This is important to have an un-interrupted supply
of materials. to maintain the construction programme. - Founda-
tion construction often is done under difficult conditions
oy coping with ground uatgt and weather changes. - A proper
requisitioning system based on a material requirement schedule,

purcnase procedure, is mecessary to minimise delays’ and over-

expercitures in materials. ' A satisfactory stock comtrol ang:
an issue procecure will minimise wastage and pilferage.

Personnel management should ensure timely recruitment. of neces-
sary skilled staff, delegation of tasks, responsibility and
autnority, procedures for communication and’ decision” making,
sotivation and weifare of workers, and provision of on-the-.
job training. o '

plannmg of foungation construction would also fall intc the °
usual - pattern of, plannmg of the construction operations,
plann:.ng of manpower re-
quirement, plaming for plant -and equipment and planm.ng for -
tne fimancial requirement. : -

Initially, = qroca:-s analysis" will identify the  different
-activities that have to be performed, their logical sequence.
anc the allowable time ourations. Based on this information,
the construction operations are scheduled either in the form
of z dar chart or @ similar method., uhen the foundation cons-
truction is 2 non-repetitive type, extensive in nature and-
swolving -a large number of activities to be carried out,.
anT alse ‘vhen the circumstances require the completion on-
= critical target, a planning technique such as the (PM is
:,J.Jrupnate. If ;ne foundation construction has 3 repetitive
content such as in the case of a construction of a large mumber
5f similar’ pad foundations, a technique like the line of ba-
iance or serial procuction method would pay handscme dividends.
Tre concept of economy of scale m mass proguction in relation
W Wit ;Jr:.'e js bneing applied m this case., The repetitive

‘activities performed on many foundation activities by specific

groups of - -workers can increase productivity, reduce wastage
and acnjeve efficiency, thereby reducing wnit .cost. DOnce
the apuropriate plamning for the construction cperations has
oesr "gone, it would be possible to determine the schadules
of material reguirement, manpower ‘and plant requirement to
wndertaxe the construction, It is advisable to prepare histo-
;rams.'for ‘the resources, which are considered to be critical
for tne construction. -

under the controi systems, the progress control activity shall
ensure that the time targets in  the .construction management )
wjective will be achieved. It is reconmended that a periodi-
sal progress review to determine tne actual performarice against’
e Jiven targets in terms .of activities and the deployment
of resources are monitored and remedial measures ‘taken ‘on
any snort falls.

The quality control procedure involves procedures to  ensure
conformity with specifications, conformity with design criteris
ang conformity with working drawings. With regard to specifi-
cations, oue care in‘ relation to excavetion, de-watering,
instrumentation and monitoring of neighbouring structures
as necessary, inspection of cuts, fills and foundation lavels,
comgaction, gquality  of materials used ang the workmenship
are weing ensurec. Tre conformity with design criteria will
recessitate the supervision staff using their geotechnical
mculeoge tc take apprupriate. decisions as construction pro-
ceeds. It will .De sppreciatec that in foundation construction,
the oes:.gn guidalires "and tha working drawings wouid rdt be
able to- specify all the site conditions that may be encoun-
sered, and innovative  decision making of the site engineer
in conformity with design theories will be essential,” The
Juality control procedure should also ensure that the construc-—
zign wsll conform where possible to the dimensions, depths

.construction is presented to stimulate a discussion.

~and sizes -specified in the working orawings. and the B.0.0Q.

Proper record keeping in this respect is essential to document
any veriations as well as extra work orders, uwhere information
on man hours, de-watering. nature of the excavated soils, use
of any shoring and equipment, etc. are provided, to establish
variation claims. It is alsc very essential that records are
maintained to compile a set of "as-built” drawings, so that
once the structures are burisd under ground, informetion will
be available for future use. Under gaulity control procedure,
inspection and testing for finished works including load testing

. as necessary have to be carried out.

In cost control, it is necessary to have a costing system anc

a review procedure. The costing system may incluge data on
rescurce consumption, the determinmation of unit costs of such
resources consumed, and actual costs incurred in completing
the different construction activities. These actual costs

" are compared with the estimated costs,- and a ;variance aanalysis ’ }
Independently reconciliating.

is carried out on the changes.
reporting system, will ensure that the data being reviewed
in cost control are reliable and accurate. The review procedure
will facilitate the comparing of actual : costs, against
estimated ~costs, and determine what follow up action is
necessery. -

This overview of construction management issues in foundation

Detail
procedure in respect of most of the metheds  suggested has to

-~ be lookec up in relevant Construction Menagement text.




23

o Fa! , )

*o7qeIISIp UOT3BITISRAUT 2318 Y3 JO 1sow jnoydnoayj Asojesoquy pur 33Is pue

IoUTHUs [€0TUI930RY U-am3ay UOTIdexajzur LTe9pI

m:oﬂwoswuwchw

p

v

“gaaoday saedeag

\

o oy o 4 w8

, - {277 7

giyne sy

xuo:“ahOu«uonmq

SR

$UO 1) INTISU]

70

LT/ / /43aN1oNs TYOINHOALOGY /A4
c ,

.

~ jxow Kxojeroqe]
pue MdIoN PIOTd

JOJ SuOY§3DIITP pue

1

/

g3 (ns oy 9 L g3 [ne ey g3Insoy jo syskyeuy
7 . t i N -
-, -
L LN qans /2T #op PTOTI
. SUOTIoNIISUY ’

i

TN

-8o0uag Suyjeal v:uvmcﬁamswm ‘ga1op euao0f jo yideg ‘sdty Jo pury

@RTOE 2.00¢ j

0 Isquny

Y7777 777 77—

ueid
H1op TETITUL

- . . —

o1 3834139 9AU

031S

ouwwe 18053 suoryeFrisasu] 2315 7 UL gYSe] AdY Sutmoys ja1ey) aeg







