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_ UNDP & UNCHS ASSIST GOVERNMENT OF SRI LANKA
_TO REDUCE GOST OF CONSTRUCTION ON LOW-LYING MARSHY LANDS:

KaLvan Ray, UNCHS EncinEERInNG ADVISOR

Over the years the City of Colombo has grown in
the North-South direction along the costal belt
skirting the vast expanse of low-lying marshy
lands to the east. Till the mid-seventies, low-

lying marshy areas were generally regarded by

developers as unsuitable ‘and unworthy of
development due to the high cost of reclamation
and subseguent construction, often requiring
deep foundations.

The situation, however, drastically changed
£oilowing the 1liberalisation of Government
policies in 18%77. The accelerated pace of
development imposed severe strain on available
iands particularly in and around the City of
Colombe. - By 1978, when the Colombo Master Plan
was produced, the availability of buildable land
had dwindled to less than 10% of the total city
area and most of these lands were situated imn
low-lying marshy lands requiring reciamation.

By the early eighties, much haphazard
development was taking place in these low-lying
areas both by private as well as public sector
agencies. Largely due to lack of information, as
to the nature and engineering behaviour of the
sub-soil in marshy areas, most of these
constructions were +taking place using
conservative design practices, providing deep or
heavy foundations, adding substantially to the
cost of construction. This high cost of
construction made it almost impossible for the
low~income groups to build houses in these
ar2as. On *the other hend, many projects were
exescuted in these areas in a rather casual
manner without providing necessary foundation te
withstand large order of settlement that the
structures would undergo when built on these
iands. . F¥hus, many buildings developed
foundation ard siructural problems very soon
@fter construction, reguiring verycostly
treatment for their restoration.

~Im 1581, the soil testing laboratory, set up in
the ‘Urban Development Authority with UNDF/UNCHES

technical assistance, undertcok for the first

time, a systematic investigation of engineering
behaviour of sub-surfacs soils in the marshy
azreas. This study, whick was carried out by a
small team of engineers under the guidance of
the present Engineering BAdviser, particularly
examined the low-lying areas in Pelivagoda,
rttidiye, Orugodawatta and Bloemendhal. All
these areas were earmarked for early development
by UDA, and the types of structures iikely tc be
sonstructed were generally knowrn.

As a pait of this study, field investigation and
laboratory analysis of scil samples were carried
out to develop a set of characteristic soil

- profiles based on the number, segquence and

extent of varicus horizons and alsc the
variation of physical and engineering properties

of each horizon. These characteristic profiles

were then used to formulate a set of s0il series

having similar morphological and genetic

factors. The main scil series, identifiedin

this study was designated as Muthurajawela

series. The study alsc  evaluated the

engineering response of each soil series to

various c¢ivil engineering activities likely to

be undertaken in these areas. A preliminary

attempt was also made. in this study to identify

suitabie foundation types under different sub- -
surface conditions. Suitability of ground

treatment was zlso examined for each soil

series. .

The limited scope of this study, and
precccupation of the soil testing laboratory. at
this time with important Government projects,
did not permit a more elaborate andin-depth
exemination of foundation and superstructure
responsa to different ground coanditions, aand
particularly, soil-structure interactioxzn,
information on which was crucial for optimum
design cf both foundation and super-structure.
However, this study provided a2 sound basis for
future research on development of this area.

Following the establishment of the National
Buiiding Research Organisation {NBRO) in 1934,
the Government again reguested UNDP for
additional funds to strengthen the existing soil
testing laboratory and to organise a
comprehensive research project for development
of appropriate foundation technigues for Jow-
cost housing in marshy areas. The objective of
this research project was broad-based and
envisaged improving the current planning, design
and constroction technigues o achieve
sigrificant economy in construction on- marshy-
lands. . )

The research projeckt, wuwhich got off the ground
by- early 1886, - invcived detailed field
monitoring of 135 existirng and mew  buildings
spread over 35 locations in =nd aronnd the City
of Colombo, over a period of mnearly four years.
Continued close co-~operxation of a nnmbexr of
agencies both in public and private sectors were
necessary for successful conclusion of this
menitoring work. Despite security problems .




prevailing in the project area, the detailed
field work has now been completed in time,
largely due to the commitment and hard work of
the project staff. The final report of the
research project incorporates the research

findings most of which are given in the

following chapters of this publication. These
include:-

a) A vierendeel girder type of foundation
developed and used for the first time in Sri
Lanka. This new foundation type, due to its
high rigidity, has been proved in field trials

"to be ideally suited and most economical for

constructing low-rise buildings on marshy lands.
A number of buildings have already been
constructed both in public and in private
sectors using this type of foundation and its
performance has now been tested for nearly three
years.

b) Planning guidelines developed for
architects incorporating appropriate structural
considerations for low-rise buildings.
these guidelines will further reduce the cost of
construction through use of rigidity of the
superstructure, and thereby eliminate the need
for costly  foundations. These guidelines have
also been successfully used by NBRCO in
Government projects to substantially. reduce cost
of foundations.

c) Design guidelines developed for structural
engineers to promote rational design -of
foundations, taking into consideration soii,

foundation and superstructure interaction. The ’

guidelines include permissible limiting
deformation criteria which have been developed
through monitoring the performance of a large
number of new and old buildings built on marshy
lands. Codes of practice for design of
foundations are now being developed by the
national bureau of standards using these

guidelines.

d) Guidelines prepared for reclamation of
marshy lands using controlled compacted £ill.
These guidelines are already being used
extensively by developing agencies both in
private and public sectors engaged in
reclamation of low-lying areas, for instance, by

the Urban Development Authcrity and the National

Housing Development Authority.

Use of.

e) Standards  formulated £Qf evaluafion of

" engineering behaviour of organic soils found in

low-lying marshy areas. Typical values of
important strength and deformation parameters of
organic soils and their co-relation have also
been developed. These information will serve as
a ready reckoner for practicing engineers.

£) A computerised data base developed
exhibiting details of sub-soil profiles and
characteristic properties of different types of
soils encountered in the low-lying marshy areas
in and around the city of Colombo. This data
base provides the basis for detailed geo-
technical mapping of low-lying areas in future.
It ¢can also serve as an invaluable source of
information for developers, engineers and
consulting architects engaged in building on
marshy lands. .

The wide sweep and the comprehensive approach of
this research project, which has been possible
mainly due to keen interest and close support of
the Government ({several executing agencies of
the Government jointly sponsored the local cost
of the project), should be a trend setter in the
field of geotechnical research in the country.
A steering committing, made. up of
representatives of the leading executing
agencies in both private and public sectors, has
monitored the activities of the project over the
years. Their suggestions, made from time tc
time, have helped the execution of the project.

The active use of the research findings in the
construction industry will considerably reduce
the cost of construction, particularly that of
low-cost housing, built on marshy lands. It is,
therefore, important that all concernedwith
planning, design and construction of. buildings
in the low-lying areas are -made fully conversant
with these research findings. The seminar
organised by NBRO prowides__an excellent
opportunity for wider:disseniinsiiom of these
research. findings to the construction industry.
.Participants at this seminar sculd make full use
of this opportunity through active discussions
with the consultants and scientists associated
with this research project. . .

I wish the Seminar a grand success.
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PROBLEMS ASSOCIATED WITH DEVELOPMENT OF LOW LYINGlAREAS

K.S. SENANAYAKE

1.0 INTRODUCTION

1. Geographical, Physiolcgical and Geological
aspects of Colombc Region

Colombo region situated on the west coast of Sri
Lanka falls under the tropical belt with monsoon
rainfall conditicns experiencing average annual
precipitation in the order of 2400 mm. Annual
. drainage ‘pattern of the catchment is somewhat
complex, with main streams having a north-west
trend that broadly coincides with the general
strike of rocks and other minor streams having
near east-west directions. The main waterway
through the region is Kelani Ganga, which
together with natural streams and a network of
.canals running through marshy lands, effects
drainage of the catchment.

Three principal physiographical regions which
are not well defined but +that ‘grade
imperceptibly are observed as follows;

{a} A north-south oriented coastal belt
with minor highlands extending to
about 1lkm to 5 km inland.

Broad flood plains of Kelani Ganga and

its tributaries forming a major part of

the study area.

{c} Flat bottomed narrow winding valleys
surrounded by hills of low relief
generally less than 30 m with minor

~exceptions.. : .

(b}

The vraised-beach‘aléng the coast line about3,.s5m
to 5m above the present sea level, has provided

one of the highly built-up land space along -

Galle Road. Irregular bodies of water such as
Beira Lake, Rotte Lake, Weras . Ganga and
Bolgoda Lake, and the swamps such as in
Kimbulawala, Nawala-Heen Ela and Yakbedda, that
exist within a  few kilometers inland are
considered to be drowned -valleys formed due to
. minor oscillations of the sea level and
subsequent closure of their outlets.

" The.coastal belt consists  predominantly of
loose unconsolidated sands with bands or layers
of clayey and peaty soils. Deposition of the
alluvium ik the flocd plains of Kelani Ganga is
not uniform and sands, silts and clays are
observed in layers, lenses or interbanded. The
hills of low relief interrupted by narrow

‘geological history,

-winding valleys are gently rounded and

undulating and are covered with laterite which
forms extensive but discontinuous mantel that
effectively covers the underlying crystalline
rocks.

1.2 Historical Development of Marshes

The native vegetation that covered over the
water bodies and swamps have given rise to,on
decomposition and accumulation over the
centuries, organic deposits whose solid
constituents are observed in various stages of
decomposition or preservation. The process of
decomposition has been retarded as a result of
submergence in water and exclusion of air.
Pedologically, these cumulose soils are
intrazonal hydromorphous soils commonly referred
to as peat or muck. In muck, which has a longer
vegetable matter is
decomposed to a greater extent, and may be found
intermixed with mineral scil constituents as
organic clays or organic silts. Well preserved
and plainly visible fibres of undecomposed plant
remains are found in peat but plant remnants
are hardly visible in muck. Owing to its fibrous
nature, peat is a spongy light-weight material
which absorbs large quantities of water. The
type and properties of peats related to the
nature of vegetation from which peat is derived
and the conditions under which it  is

accumulated.

The présénce of belts of peats and cther organic
soils observed at considerable depth indicates

existence of swamps and marshes in the study

area in the. Pleistocene and geologically recent
times. The largest peat deposit close to the
city area is the Muthurajawela marsh extending
along the coastal belt northk of Colombo. The
peat found there has been classified by the
Geological. Survey Department of Sri Lanka into
three groups broadly according to the type of
organic matter contained, viz, Shrubd and Tree
group, Reed and Sedge group and Humus Peat
group. With the data available from extensive
subsoil investigations carried out, Naztional -
Building Research Organisation (NBRO} broadly -
classified peat found in the low lying areas in

‘and around Coleombo eity into three groups, viz.

Coarse Fiprous peat, Fine Fibrous peat and Fine

Amorphous peat. Their qualitative physical and -
-engineering characteristics are given in

Table.l. :
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2.0 LOW LYING AREAS IN AND ARCUND COLOMBO
2.1 Study 2rea

Study area discussed in this paper includes the
low lying areas located within the Colombo
Municipality and some parts of the Urban Council
areas of Kolonnawa, Kotte and Peliyagoda., Giving

emphasis to the areas which had been considered’

tc be of immediate importance to development
activities as identified by the Urban
Development Authority and the Sri Lanka Land
Reclamation and Development Corporation, a total
of about 400 ha.of low lying areas broadly
divided into 8 zones are included in the NBRO's
study. These are identified as Peliyagoda,
Orugodawatta, Bloemendahl, Yakbedda,
Maligawatte, Nawala, Battaramulla and Kotte
zones.

2.2 Drainage and Reclamation

Major part of low lying areas in Colombe region,

befeore reclamation has a ground elevation below
the 2 m contour above mean sea level (MSL), with
some areas perennially being submerged. The
marshy lands through which the poorly maintained
drainage canal network runs, offered natural
detention basins, giving a great relief at the
times of flood distress in the past. Therefore,
in the first instance, an important prerequisite
in identifying marshy lands for development is
to take into careful consideration of this role
of the low lying areas. After assessing the
probable storm conditions for the future, and
leaving approximately 560 ha for flood
detention, the planners have identified nearly
- 530 ha of low lying lands in the study area for
development.

3.0 DEVELOBMENT ACTIVITIRS
3.1 Present Lgnd Use

Early development of the mini-port city of
Colombo, the known history of which dates back

to the tenth century, had been limited to the'

highlands and hillocks in areas such as Fort,;
Pettah, Hultsdorf and around the Beira Lake.
Following the European domination,the importance

of this city became more and more significant

and its area gradually expanded. Towaxds. the
late 1970's commercial, business as well as the
administrative activities were more or 1less
limited to the central areas of the city which
extended from the sea upto Baseline Road on the
east and from Kelani Ganga upto Wellawatte Canal
on the south. Practically all the highlands in
" the vicinity of the city centre were already
built-up under lané uses such as wholesale and
retail trade, warehousing, etc. It is observed
that attempts had been taken from time to time
in the past to solve the problem of land
shortage by reclaiming low lying lands in the
prime locations. While certain areas within the
city had population densities as high as 900
persons/ ha, the immediate suburbs were found to
be only very lightly populated with less than 50
persons/ha in some areas.

TABLE 1. QUALITATIVE PRESENTATION OF PEATS

TYPE OF PEAT | CGARSE FINE AMORPHOUS
FIBROUS ({FIBNOUS | GRANULAR
-PROPERTY

MOISTURE CONTENT | Medium tofVery High| Medium
Very High
Very HighlMedium Low

PERMEABILITY

. SHEAR STRENGTH High ? Medium Low

VOID RATIO Medium tolHigh Medium
Very High )

COMPRESSIBILITY Medium tojHigh Medium
High

UNIT WEIGHT Medium Very Low { Relatively

High

Policy decision of the government in 1877 for
the liberlisation of trade, acceleration of
Mahaweli development programme and the lagnchlng
of several other development projects, triggered
off many economic and development activities in
the city. In catering to these sudden and
increased demands, adeguate space to accommo?ate
warehouses, 1light and heavy industries,
commercial and business activities, housing and
social welfare facilities etc. became an urgent
necessity. With only about 10% of the 3733 h?
city area were being available as undeveloped
land( Table 2 } which were mostly low lying, it
became inevitable to expand the city, with the
shifting of administrative activities to a New
Capital City at Sri Jayawardenapura, Kotte, §nd
relocating the congested warehousing facilities
etec.; +hat are scattered over the_busxngss
centres, in new areas to be developed outside
the city limits. :

TABLE 2. LAND USE BREAK UP - 1977

~Land Use Extent § % to | Extend to bef ¥ to
. (ha) [ total reclaimed | reclaimed
area | by 2001 area
Residential [1687 45.2 28 7.8
Commercial - | 201 5.4 11¢ 33.2
Industrial 151 § 4.0 34 "9.5
Public &

Semi-Public] 465 12.5 €5 18.1
Transport 610 16.3 : S0 25.1
Open space 142 . 3.8 23 ] 6.3
Developed 3256 87.2 359 100
Undeveloped 373 10.2 20
Watezs 98 2.6 -




3.2, Pi‘oposed Development Activities

The proposed development activities include the
shifting of major administrative activities to a
new centre in Kotte with a new parliamentary
complex and . other infrastructure,
urban development project at Peliyagoda over: a
predominantly marshy '
construction of a large number of low cost
houses, low rise and high rise office and
residential buildings, .warehouses and container
yards, and setting up of light and heavy
industries. - . ,

The major types of buildings or structures and
their functions and the estimated loads
transmitted to the ground are summarised in
Table 3. The break down of the extent of land

.earmarked for planned development by reclaiming

the low lying marshy areas is given in Table 4.

Of these, higher priority had been received in B

Maligawatte zone in Colombo central for housing,
Battaramulla zone for
facilities, Peliyagoda and Orugodawatte zones
for industries, and a large extent of marshy
lands in these areas are already developed.

4.0 PROBLEMS ASSOCIATED WITH RECLAMATION OF LOW -

LYING AREAS R

4.1 Subsoil Conditions in TLow Lying.Areas in and -

around Colpmbo

The extensive borehole investigations carried. .

out by the NBRO for the Geotechnical Mapping of
Low Lying Areas in ~and
(Senanayake, 1986) revealed that a significant
feature of these subsoils is the presence of

organic soils, predominantly peat, distributed
over large areas and extending to considerable
depths occasionally exceeding 15 m. These .

organic deposits, being formed by the natural
decomposition and accumulation of vegetable
matter over the years, possess very high
moisture content and high void. ratio, and
therefore high compressibility and extremely low
strength.  Some, fundamental
properties of organic soils encountered in
?g;om?o.region are discussed by Ameratunga et al
89) . S

TABLE 3. TYPES AND LOADS OF STRUCTURES

| Type of Structure Lay out Type of Column/wall
i . . : footing | loads
1 RESIDENTIAL
Single storeyed Strip 25 KN/M
o : footing | - .
2-storeyed Load bearing ~do~ 65 KN/M
3-storeyed wall spacing }.  -do— 115 KN/M
4-storeyed =3.0m -do- 165 KN/M
2-storeyed framed '} 3.5 x 3.5 pad 360 KN
i : footing
3-storeyed framed grid . =do- 580 KN
4-storeyed framed -do- 820 KN
OFFICE v . .
3-storeyed framed | 4.5 x 4.5 -do- 1380 KN
4-storeyed framed | grid -do- | 1900 KN
|3 LIGHT INDUSTRIAL |. - -do- KN
- HEAVY ‘INIY'STRIAL ) —-do-

integrated

area of - 105 ha,

administration .

around - Colombo

geotechnical

TABLE 4 EXTENT OF LOW LYING AREAS TO BE DEVELOPED

Zone : Extent Proposed Reclaimed
level (PUFL)
(ha) (m + MSL)
Peliyagoda ) 105 1.67
Nawala Heen-Ela 117 - 2.13
Colombo Central 19 | 2.44
Gothatuwa’ : 38 ) 2.44
Yakbedda 113 2.44
-Madinnagoda 23 2.44
Kolonnawa 19 . 2.44
Colombo North 89 2.13
Kotte 107 2.13
Attidiya : 50 2.13

4.2 Ground Settlement due to Development
activities ' .

By virtue of being low lying, these lands are
subjected to frequent submergence and, if ~ot
perennially submerged, the ground water table
eéxists close to the ground surface. Therefore
for any developmert activity to take place, it

it necessary to raise the ground well above the

anticipated highest flood level by £filling. With
the flood . levels -estimatéd at around
-1.5m. to 2.1 . m above  mean-sea “level (MSL), -
and the existing ground. in. -most areas lying at
around -.1.0 m to + 0.5 ‘m- MSL, earth filling
‘as high as 3 m to 4 m .woiild ~be necessary to

achieve the required elevation. The load imposed.

" by such £illing ‘and -other subsequent development’

activities introduce additional stresses in the

“" subsoils which are already undergoing settiement

.under their own weight. Due to the highly
compressible nature of organic soils,
particularly of peat, these settlements could be
of .a very high order and moreover could continue
over a prolonged period. Further, due to
variations in vertical profile and lateral
distribution of subsoils or due to variations
in the loads imposed by development activities,
ground behaviour becomes complex resulting in
differential settlement in structures supported
on reclaimed ground. A major problem encountered
‘in developing low lying areas is the excessive -
differential settlements that léad to- distress
"or even failure in structures supported on poor
soil conditions. N

Perhaps in cognition-of these problems and
construction .difficulties anticipated,
apparently, the building activities on marshy
lands had been .deliberately avoided to a great
extent. in the past. But simple ground
improvement methods or special, though costly.,
foundations for example, rafts or piles -had been
adopted where construction of structures was
unavoidable. However, with the current growing

" pressure for land, a -large /extent of low lying

. areas had been developed hurriedly and hapzardly
in the recent past, and many of these structures
constructed over the reclaimed land have
undergone mild to severe distress. This was
mainly due to the lack-of information and
knowledge ‘on the behaviour of complex organic
subsoils, particularly  the peaty ‘soils
prevalent in the marshy areas, in responding to
the development activities. -




Damages due to ignorance is costly and often
irreparable, Therefore, special attention is
directed in the present study undertaken by NBRO

-on attempts toc understand the short term and

long term- behaviour of the developed land and
the performance of structures built on it
through field and laboratory investigations and,
theoretical and empirical observations.,

4.3 Problems of yaphazard Development

Whereas large areas of state owned/state vested
iow lying lahds are being considered for planned
development, apparently there are no
legislations effectively implemented on proper
development of marshy lands owned by
individuals. Often due to inadequacy of guidance
by the state and other relevant bodies or due to
financial constraints, private house builders
and developers seldom seek professional advice
on land development or construction of buildings
in marshy areas. Attempts for saving by
avoiding expert advice or essential subsoil
investigations may usually end up in costly
repairs to the structures:.

One aspect the un-advised builder will be
ignorant of is the fact that reclaimed ground
can undergo prolonged settlements, which if
high not only cause distress in the buildings,
but also . could bring the developed ground
surface eventually to an ‘elevation much lower
than the recommended ultimate ground 1level
which is essentially dependent on the highest
flood level anticipated in the area concerned.
Another aspect is the necessity to provide
proper drainage from the developed land. Natural
drainage is sometimes blocked by fillings made
for temporary access roads etc., Negligence to
provide proper storm drainage, blocking or
narrowing down of natural drainage channels by
earth filling etc., combinedly can cause a
building to undergo submergence or the sewage
facilities to malfunction. Staggered development
in a particular area, may aggravate this
situation, specially when the late-comers to
build try to alleviate such problems by raising
the ground higher than in the adjoining lands.

The high cost of land delimits the extent of
building lots that
economic reach of most private builders. The
performance of structures built on small narrow
lots of land can be severely affected by the
loads imposed by subsequent development
activities taking place in adjacent lands.
Sometimes, the building walls constructed close
to or along the land boundary or the boundary
walls can be undermined by excavations in a
neighbouring lot. Again if filling is done at
two different levels, in adjacent lands, a wall
along the common boundary, which ' has not been
designed as a retaining wall will be subjected
te danger, One-  could imagine the plight of a
building constructed very close to the edge of
a high filling adjacent to a deep drain or canal
or an undeveloped marsh.

could be acquired within

" neighbouring

_scale of structures,

i.4

Distress of tilting, distortion and cracks etc.,

and even functional failures or threat to

structural safety in such bu:ildings due to

haphazard and staggered development can be

avoided to a great extent by proper guidance.

Collective simultaneous development in such .
small plots should be encouraged

and if this is possible, precious resources

could be effectively utilized. Therefore, time

has now come for the building and construction

industry to intervene and advice the builders so

thdt a colossal loss in national economy can be

avoided. In this respect, it would be necessary.
for the state authorities responsible for land

use planning and development to ensure that

reclamation and development of all marshy areas

is carried out scientifically and in a

controlled manner, for example by acguisition

and vesting of all marshy small holdings with .
the state wuntil they are released ' to

prospective builders or back .to -the original

owners as properly developed lands along with

information on subsoils etc., and guidelines on

their optimum use. Such guidelines could include

possible and most appropriate building types,

recommended foundation

types etc. : :

4.4 Problems 2ssociated with Plamned Develcpment

Large extents of low lying areas had been
earmarked for planned development , for example
in Peliyagoda and Orugodawatte in the northern
part of the Study Area. Mainly due to logistical
and economic reasons, development in such vast
areas has to take place in stages and over
several years, if not in a decade or so.

The planner, from his point of view, prefers to
provide. an ideal layout for the selected 1land
use. In this process, it is quite possible that
he may overlook or disregard the various
development thresholds associated with the
project. Importance of drainage and
geotechnical aspects may not be critical in
developing highlands with sound subsoil
conditions. However, in utilizing low lying
areas in Colombo region for economic activities .
one must seriously consider both drainage and
ground conditions giving highest importance. Of
course, the necessity for assessing the
environmental impact need to be highlighted. If.
the geotechnical and environmental problems are
not - sufficiently visualised, eventually the
project may not bring in the envisaged results.

As the first step of developing a low lying area
a suitable ground formation should be
established. 1In order to prevent the developed
land from inundation, its ultimate (long term)
formation level should be determined based on
the possible highest flood level derived from
hydrological analysis. However, if allowance is-
not made for the possible long term settlemant
of the underlying soil strata due to loads
imposed by development activities in the
determination of the thickness of fill reguired,
the developed land is likely to end up at an
elevation sometimes even below the actual £lood
level as settlement continues with. time. The



planned ultimate formation level (PUFL), which
is a long term requirement, is likely to be
easily mistaken for the final filled/reclamation
level, which is the ground level on completion
of filling, or reclaiming. This could lead to
extensive irreparable damages specially where
large scale development activities are
undertaken with colossal investment if ground
subsides below the ground water table or the
flood level severely effecting the functions of
the facilities.

Therefore it is important to accommodate the
geotechnical characteristics and natural
features of the area to be developed in land use
planning, for example, by identifying the least,
moderately and most problematic areas, so that
land use can be optimised with proper selection
of the facilities suitable for each area.
deepest parts of the marsh, i.e. where weak
soils extend the deepest, may be more suitable
for lakes or detention basins, unless, heavy
structures, that are anyway intended to be
supported on deep foundations, are to be
located. Similarly the peripheries of marshy
lands where strong ground is available at
shallow depths may be utilized suitably with
lesser foundation costs. To carry  out such
planning preliminary geotechnical investigations
are essential. Such geotechnical information
gathered would be also useful to the developers
at later stages. Much valuable supplementary
information could be gathered from old may of
the area and by inquiring the inhabitants of the
area. :

A reclaimed land could be effectively utilized
if.it is properly planned. Haste could be
waste particularly with respect to developing
low lying areas. A land after reclamation, if
could be patiently utilized for an interim
purpose, for example, as a storage yard,
container yard, or a park for heavy machinery
etc.,, until the ground stabilizes to a suitable
level, it would be possible to accommodate the

permanent development activities at lesser cost.

Roads through marshy lands constructed in a
hurry, can undergo significant settlement and
therefore would require repetitive repairs and
maintenance . It would therefore be preferable
to invest on costly pavements and finishing
works of roads only after the embankments are
stabilized.

In the research project undertaken by the NBRO
with the objective of "evolving appropriate
foundations for construction, particularly for
low cost housing in reclaimed marshy areas", it
was revealed that over a decade ago, the number
of permanent buildings that had been constructed
in the low lying marshy area was - small, and
these too were located in the peripheral lands.
However, a large number of buildings supported
on different types. of conventional and special

shallow and deep foundations, now exist on

reclaimed lands.

It is encouraging to know that many innovative
foundation designs had been tried by the
engineers in Sri Lanka in the recent past, to
overcome problems in the low lying areas. Some
of these foundations are observed to have so far
performed satisfactorily even though their
mechanism of functioning appears to be very much
complex.

The -

A major advancement in the appropriate
foundation techniques for reclaimed marshy lands
be hopefully anticipated through development of
innovative methods, adoption of techniques tried
and tested in other countries under similar
situations ({ e.g. Cakar Ayam foundation
developed in Indonesia) and by continued
monitoring of performance with a view to improve
the techniques,

A technique for installation of under-reamed
piles through organic soils is being developed
by the NBRO and the resiults so far observed
indicate that this foundation type will have a
great potential ip Sri L
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SUBSOIL CHARACTERISTICS IN LOW LYING AREAS

J. AMERATUNGA, K.T.R. LAKSHMAN, S. GANESAMOORTHI AND N. KUBANENTHIRA

' 1.0 INTRODUCTION

Distribution of low lying areas in. and around
Colombo are given in Fig. 1. The total area of
low lying lands in and around Colombo is more
than 1000 hectares. Under the accelerated
development work that were embarked in the late
seventies it was planned to develop all low
lying areas by the end of this century. Under
.. this programme, immediate attention was focused

on approximately 800 ha of low lying marshy

areas within Municipal Council limits of
Colombo,Kotte, Kolonnawa and Peliyagoda (Fig.1l).
For convenience they have been divided into 8
zones as proposed by Senanayake (1986). These
zones are as follows (see Fig. 2).
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1. Peliyagoda Zone
- 2. Orugodawatta Zone
3. Bloemendhal Zone
4. Yakbedda Zone
- 5. Battaramulla Zone
6. Nawala Heen Ela Zone
7. Maligawatta Zone
8. Kotte Zone

These low lying marshes .consist ‘predominantly
of organic subsoils. These soils have "been
formed due to decomposition and accumulation, -of
native vegetation that had covered water bodies,
over a period of time.

The ground surface in low lying areas is
generally below the contour of + 2m above mean
sea level. Ground water table in these areas
is either at or very near the ground surface
or in some areas above the ground surface.

2.0. INVESTIGATIONS CARRIED OUT

Investigations had been carried out in low lying
areas since early eighties by the Central Soils
Laboratory (CSL) of the Urban Development
Authority (UDA), which in 1984 became the
National Building Research Organisation (NBRO)
with the amalgamation of the Building Research
Establishment (BRE) of the State Engineering
While some of these
investigations have been carried out as routine
consultancy work, major part of the.
investigations used in this. study have been

carried out for specific projects viz.

a) Soil Investigations for the .
Integrated Urban Development-~
Peliyagoda (IUDP) Stage I

b) Soil Investigations for the Research
Project on "Geotechnical Mapping™

¢) Soil Investigations for the Research
Project on "Appropriate Foundation
types for Low Lying Areas®™ (LLA)

d) Soil Investigations for theé Research
Project on "Under Reamed Piles" (URP)

e) Soil Investigations carried out for
congultancy projects.

The total area covered in each zone is given in
Table 1. -



Zone Area  II.U.D.P.|GeStechnicaifL.L.A. | U.R.P. [Corsultancy

. °°Kg’éd stage I |Meppifg project project projects
Peliyagoda Zone, . ‘[:78.92] * * * * |, =
Orugodawatte Zome |- 43.43 * * *
Elomendhal Zone 42.0 * * *
Yakbedda Zore 7.8V * * *
Battaramulla Zome 25.9 * * *
Nawale Heen Ela Zomne 165.98 - * »*
Maligawatte Zone 81.0 . *
Kotte Zone 156.6 i * * *

TABLE 1

ZONEWISE DISTRIBUTION OF INVESTIGATED AREA UNDER EACH PROJECT
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2.1 Field Investigations

Field investigations carried out in these areas

include :

1) Advancing of Boreholes and Auger holes
2) Ssampling

3) Carrying out Standard Penetration Tests

(SPT)
4) Carrying out Vane Shear Tests (VST)

5) Carrying out Static Cone Penetration

Tests (SCPT)
6) Carrying out Field Density Tests

2.1.1. Advqncing.of boreholes and auger holes

Majority of the boreholes had been advanced
using wash boring technique. Bentonite slurry
had been used whenever necessary to keep the
borehole stable. In some cases casings have to
be used because bentonite proves ineffective
when very loose sandy soils are encountered.
Deep boreholes have generally been terminated at
a weathered rock stratum or a hard stratum.

Auger holes have been advanced using standard
3", 4" and 6" augers having different auger
heads, each for specific type of soil. Augers
are generally used to confirm the topmost strata
only. The maximum depth investigated using
augers had been 10m. ’

2;1.2 Sampling and storage

Undisturbed soil samples were obtained using
thin walled samplers of 38mm, 50mm ahd 70mm
diameter, while disturbed samples are collected
from the split spoon sampler of the Standard
Penetration Test (SPT) or while augering. It is
very important to ensure that the area ratio of
the sampler is very low. At shallow depths,
especially in peat, box sampling also had been
carried out.

It is important to maintain moisture equilibrium
of undisturbed samples. Samples should be
stored in humidity-controlled rooms. Block
samples should be periodically inverted and,
horizontally stacked tube samples should be
occasionally turned. Even during extrusion, it
is preferable .to hold the sample tube in the
horizontal plane. : i

Collection of ground water is carried out within
boreholes with the use of a bailer. - Water is
collected in a steralised bottle and immediately
sealed at the site.
2.1.3 Field tests

Over recent years, there have been considerable

development of in-situ testing because of

dissatisfaction with more traditional methods...
In-situ.tests become appealing especially due to
difficulties and disturbances in sampling.
Further, the performance of a structure is
governed by the whole mass characteristics of
the soil and therefore during. in-=situ testing,
a more representative sample will be tested.
However it must be stated that in most field

_tests boundary conditions cannot. be properly

controlled and there is no theoretical

rationale.

The field investigations carried out for this
study included. .

(1) Strength tésts :
:a) Standard Penetration Test

b) Static Cone Penetration Test
¢) Vane Shear Test

(2) Field Density Tests
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2.1.3.1 Standard Penetration Test {SPT)

Standard Penetration Tests were carried out
within boreholes at regular depth intervals
{generally 1 m) to obtain a continuous strength
profile.” SPT-N.value, the number of blows
necessary to push the SPT split spoon sampler
the last 30cm portion of a 45cm length advance,
is recorded during the test. Disturbed samples
collected within the SPT tube are used for
laboratory testing purposes. SPT is essentially
developed for cohesionless soils but it had been
extended for cohesive soils, although the
reliability is highly doubtful. - The
interpretation of SPT is purely empirical with
N-value related to friction angle, relative
density and Young's modulus.

2.1.3.2 Static Cone Penetration Test {SCPT)

In this test, a cone with a 60° apex angle and a
cross section of 10 cm” is pushed into the
ground mechanically and measurements of end
resistance (qc)~and_the side friction (qs) are
obtained. Correlations have been made with qg
and, bearing capacity, settlement, N-value,
undrained shear strength and deformation
modulus. However, these correlations appear to
be much dependent on soil type. For Sri Lankan
soils such correlations had not been established
in the past, possibly because of lack of
information gathered from this method of
testing.

2.1.3.3 Vane Shear Test (VST)

Vane Shear Test is preferred over other in-situ
tests to measure. the undrained shear strength of
soft clays. It has been used in fibrous peat
too in other countries, although the success is
doubtful.

In the VST, the vane is driven to the desired
depth and rotated at a constant rate and the
torque is measured. Unlike the SPT, VST has a
theoretical rationale, and therefore, the
undrained shear strength can be interpreted from
the measured torque.

2.1.3.4 Field Density Test

Field density test is important, especially in
reclaimed lands, to obtain the density of the
fill and the percentage compaction achieved.
Field density tests are generally carried out by
NBRO using two methods viz.

1) Sand Cone Method
2) Core Cutter Method

In the sand cone method,approximately i2 c¢m
diameter hole is made’ in the fill to a ‘depth 20
cm, and the soil excavated is weighed and the
moisture content determined. By obtaining the
weight of 'Standard' sand of known density
necessary to fill the hole in the ground, the
volume of the hole and therefore density, of the
soil can be calculated. :

In the core cutter method a
({diameter = 10cm) is driven to a depth of around
l4cm. The sample collected is weighed and the
volume and moisture content determined.
useful when testing soil at deeper depths.

cylinder

This is.

2.2 Laboratory Investigations,

Laboratory investigations are carried out on

_ disturbed and undisturbed samples collected in

the field. Although there are disadvantages
associated with laboratory testing, as mentioned
in Section 2.1, one advantage is the possibility
of controlling the boundary conditions with a
high degree of precision. Farther, laboratory
approach permits an examination of variety of
other conditions which may be relevant to future
changes under .structural loads. Anyway as far
as economy is concerned, laboratory tests may be
comparatively cheaper. .

Laboratory investigations that had been carried
out for this study include : . :

1) Natural Moisture Content Tests
2) Atterberg Limit Tests

3) Grain Size Distribution Tests
4) Consolidation Tests

5) Strength Tests

6) Compaction Tests )

7) Organic Content Tests

2.2.1 Natural Moisture Content (w)

To determine the moisture content in organic
soils, standard method is to oven dry the sample
around 110° C for 24 hours. The loss of weight
during drying, as a percentage of the remaining
weight, .is defined as +t+he moisture content.
However, in organic soils, it is feared that
some amount of organic matter may undergo loss
of weight due to oxidisation at 110° ¢. There
are various suggestions and recommendations on
the appropriate temperature for oven drying of
organic soils. However, - only little research
had been carried out in Sri Lanka. '

At NBRO, the effect of oven temperature and
period of drying for organic soils was studied.
Samples were tested at three drying -temperatures
of 110° ¢, 80°C and 65°C (see Fig.3).In Fig.3(a),
temperature is maintained at 65° C for three
days and raised to 110° c. 1In Fig.3({b),
temperature is maintained at 80° ¢ for 5 days
and raised to 110° C. In Fig.3(c), temperature
was maintained at 110° cC.
every 24 hours. to determine the moisture
content. It is evident from the figures, that
only at 65° C, the weight remains constant with
time. Therefore, 65° C .appears to be most
appropriate for organic soils.

2.2.2 Atterberg Limits

‘Atterberg limits, siﬁple indices for fine

grained soils are considered very important in
the classification of soils and during
preliminary designs. These limits are
correlated with important parameters such as
shear strength, compressibility etc. and proves
very useful for the designer. These limits
cannot be performed on fibrous peat samples.

The liquid limit test is usually carried out by

Casagrande's percussion cup method or Swedish
fall cone smethod. Their relative merits/demerits
are given by Karlsson (1981), and Sherwood and
Ryley (1970). Instead of carrying out several
tests to determine the liquid limit, Waterways

Readings were taken.



Experiment Station (1949) suggested the one
point liquid limit test which requires only a
single determination of the moisture content to
obtain the liguid limit. The liquid limit (wyg)
is found by expressions relating wy; to moisture
content and the number of blows N). Many of
these relations are of the following forms.

w (N/25)0

YL
w [1/(a-b log M}

v,

where a,b and h are constants for the soil.

From 42 samples collected by NBRO from
Battaramulla, Nawala, Orugodawatte, Peliyagoda
and Bloemendhal zones ' a study was conducted to
obtain empirical relationships for organic
soils in Colombo and suburbs for the one point
‘method@ (Lakshman & Sivakugan, 1987) . The
following correlations were then derived with
excellent agreement.

w, = w (n/25) 0-14

wy, = w/[1/(1.43 -0.31 log N)]‘

2.2.3 Grain Size Distribution

In granular soils, the grain size distribution
has significant influence on the engineering
properties. In cohesive soils too, the
percentage of clay/silt/sand particies couid
drastically change the properties exhibited by
the sample. Considering the nature of peaty
soils, the Authors consider it most appropriate
to 1limit the grain size analysis for inorganic
particles. -
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2.2.4 Consolidation Test

Consolidation tests: are.exclusively performed on
cohesive soils to determine the compressibility
characteristics of cohesive soils. The results
of this test are essential to carry out
settlement analyses in cochesive soils. The
important parameters derived from this test and
their use are listed below.

(i) Prediction of Primary Consolidation
' Settlement .
-~ Compression Index, C.
- Recompression iIndex, C
- Preconsolidation Pressure .
- Coefficient of Volume Compressibility

(m}
{ii) Prediction of Rate of Sgttlement
- coefficien: of Consolidation {cy)
(iii) Prediction of Secondary Compression

- Coefficient of Seccndary Compression
{cx)




Standard Consolidation test is generally carried
out on 5cm-7cm diameter cyllndrlcal undisturbed
samples of about 2cm high, in an oedometer. The
effect of friction of the sides of the specimen
can be minimised by -applying a lubricant or by
using a sample of larger D/H (Diameter/Height)
ratio. The latter is most desirable when
testing peaty soils.

The interpretatlon of the test 1is based on
Terzagh1 s 1-D consolidation theory. It has
been found that.1-D consolidation curve could be
deeply affected by disturbances (Shown in
Fig.4), Further, in very soft soils, the Load
Increment Ratio (LIR) plays and important role
on the shape of the consolidation curve (see
Slvakugan 1986(LIR is defined as the ratio of
increment of load to current load). For
consolidation tests on organic soils, at NBRO
LIR of 1 is used. Also, the %Fallest load
applied is kept around 0.05 kg/cm® to obtain a
more accurate prediction.
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2.2.5 Strength Tests

. Triaxial test is generally regarded as the most
appropriate laboratory test to determine
strength parameters. As the complete stress
strain curve can be obtained in this test, in
addition to strength parameters,
parameters can also be obtained. Triaxial tests
are carried out on both undisturbed and

remoulded samples. For cohesive soils, the
following tests can be carried out:
Unconsolidated Undrained '(UU) Test

(i)

" or Quick Test

(ii) Consolidated Undrained (CU) Test
(iii)'Consolidated‘Drained (CD) Test

Although both ‘stress controlled and strain
controlled type tests are possible, for strain
softening soils, peak behaviour can be studied
only in strain controlled tests. For testing of
organic clays and peatss described in this paper
only strain controlled tests were used.

Unconfined compression test can be considered as
a special case of the triaxial test with no
lateral confinement (i.e. lateral pressure is
zero). As the test is very simple and quick,
and also because the complete stress strain
. curve can be obtained, it is widely used instead
of the triaxial test. However, due to
disturbance effects, the same reliability as
from triaxial tests cannot be expected. . From a
limited number of tests carried out at NBRO it
is seen that the modulus obtained from UU test

.deformation

could be more than three times than that
obtained from a UC Test (Sritharan et al, 1989).
This confirms the work of Crawford & Burn in
1962 as reported by Bowles (1982).

Laboratory vane shear test is another method of
obtaining the shear strength of cohesive soils.

" This becomes useful when extrusion is difficult
.and other types of laboratory shear strength

tests cannot be carried out. Table 2 shows a
comparison of shear strength using different
laboratory tests carrled out at NBRO.

Cohesion - S, (Kg/cmz)
Soil | Moisture Lab Vane Field Vane Unconfined
| tvpe jContent ' | Shear Test | Shear Test (Campression Test|
693 0.117 0.110 . 0.024
486 0.110 0.170 0.015
449 0.128 0.110 0.009
bt 201 0.291 0.460 0.030
220 0.297 0.260 0.070
197 '0.134 0.290 0.085
Table 2

S_HE;AR_\_ STRENGTH VALUES OBTAINED FROM DIFFERENT TESTS

2.2.6 Compaction test

The compaction test is performed to assess the
adequacy of compaction of a fill. It is checked
by obtaining the field dry density (by Field
Density Test) and comparing with the maximum
density (Standard Proctor den51ty) that can be
achieved by compacting it in the. laboratory
using a standard procedure. The standard
procedure involves the compactlon of soil, layer
by layer (in 5 layers), in a standard mould, by
giving 27 blows per layer with a 2.5kg hammer
drop of 30cm.

2.2.7 2ash Content/Organic Content

Although peat consists predominantly of
vegetable matter, it does contain various
inorganic materials, sometimes referred to as
"ash” on ignition. Ash content is defined as
the inorganic residue which remains after the

ignition of the combustible material within a

- sample by prescribed quantitative methods.

weight of ash/residue x100

Ash Content (%)= B .
. X dry weight of original samp

Organic Content (%) = 100 - Ash Cos
In the flrlng process, matter oth
organic carbon may be burned, and thus the above
approximation can be in error by 5% to 158%.

It is well known that the organic content
‘greatly influences the engineering behaviour of
subsoils.
obtain the correct organic content for a soil.

than the

Therefore it becomes important to-



although there are-several methods, the most
widely used method, and adopted at NBRO, to
determine the ash/organic contain is te fire an
over dried sample in a muffle furnace until the
soil has been reduced to an ash. ~The
temperature and the length of firing vary.
Although Muskeg Engineering Handbook recommends
a temperature of 800°C to 900°C, according to
Tandva et al (1983), Arman has recommended low
temperatures claiming loss of mineral matter.
However according to Landva et al, Silfverberg
who had carried out a comprehensive

.investigation on the ‘influence of organic matter
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in Differential Thermal Analysis (DTA) of clays,
and of the chemical determination of soil
organic matter, had concluded that a temperature
of at least 850YC is required for removal of the
less oxidisable parts of the peat, such as
cellulose, proteins, fats etc. Silfverberg also
recognised that the high temperatures can,
besides oxidising the organics, also cause
mineral decomposition.

A study was carried out at NBRO to determine the
correct temperature and duration for the
ignition test (Sritharan et al 1989). Samples of
coarse . fibrous peat, .fine fibrous peat,
amorphous peat and organic clay were fired at
two different temperatures i.e. 800°C and 450°C.
Results are shown in Fig.5. Minimum time
required to attain a constant weight for
different temperatures are shown in Table 3.

RESULTS OF IGNITION TESTS IN ORGANIC SOILS

AT DIFFERENT TEMPERATURES

FIG 5

3.0 FORMULATION OF SOIL SERIES

In'1984, 'NBRO launched a research programme to
carry out Geotechnical Mapping of low lying
areas in Colombo and suburbs. The area
considered . for this study included Colombo City
and some: -ts. of the Urban Councils of
Peliyagoda;-iK@lonnawa and Kotte. From results

Minimm duration for
Soil type camplete oxidization (Hrs)
Temparature
800° ¢ 450%° ¢
Organic Clay 1.0 1.0
Amorphous Peat 1.0 1.0
Fibrous Peat - 2.5 4.0
Table 3

mﬂmummmmcmmmmzmm"

obtained from a total of 228 boreholes and auger
holes, Senanayake (1986} proposed a goil series
called M-Series, named after Muthurajawela marsh
(an area situated on the north of Colombo and
has the largest peat deposit in the region).
This series superseded the earlier one proposed

» by Ray and others (1982) in a project report on

"Geotechnical Enginsering Problems Associated
with Development of Low-Lying Areas”, prepared
by the Central Soils Testing Laboratory of the
Urban Development Authority.  The M-Series
having five subseries has been formulated
according to the existence or non - existence of
peat horizons (For the purpose of identifying
the soil series organic soils i.e. organic clay,
organic silt and peat, are all included under
peat) and the number and order of sequence of
the peat horizons.

The subseries M-I to M-V identified is shown in
mable 4. As indicated in the table, M-V - series
consists of a single-inorgaiic horizon up to the
hard stratum. This profile is located close to
the periphery of a marsh or when
hillocks/highlands protrude into the low-lying
lands. M-I series is formed when a single peat
horizon overlies an inorganic horizon extending

to the hard stratum. M-II and M-IV Series have
two peat horizons that are considered to be the
result of sea oscillations. A single peat
horizon is sandwiched between two inorganic
horizons in the MIII series. Range of depth and,
thickness of each horizon in MI-MV series is
given in Table 5. )

4.0 CLASSIFICATION OF PEAT AND OTHER ORGANIC

SOILS

There are many classification systems used by
engineers  to describe peat. However, on
reviewing the literature, it becomes: evident
that most of the existing classification systems
are based on the use of peats and organic soils
as a growing medium in horticulture, agriculture
and forestry, or as a fuel. ‘'Hence some
botanical knowledge is involved. ' The Geological
Survey Department of Sri Lanka has . attempted a
similar classification with greater emphasis on

‘parent vegetation as reported by Ray et al,

1986. This classification is as follows.

1. Shrubs and tree groups
2. Reed and sedge group
3. Humus peat - :



McFarlane (1969) had described three different
types of peat based on their predominant
structural characteristics.

1. Coarse fibrous peat. This consists of a
woody coarse fibrous open structure
containing woody and non woody particles.

2. Fine fibrous peat. This is an intermediate
type where the mass is predominantly fine
fibrous . containing woody and non wocody
particles.

3. Amorphous granular peat. The state of
decomposition is very advanced and the soil
particles are mainly colloidal with traces
of fine fibres.

Subseries

Mutber of horizons

Nunber of peat layers

Schemetic representation

NN Peat Horizon

Inorganic Horizon .

“ Hard Stratum
8 Zone Total
9 | Peliyagoda 70 7 3 | 46 10 4
é Orugodawatta 40 1 0 19 20 0’
8 | Bloemendral | 4 2 0! 0 0
w H
o Yakbedda 17 2 [+ I S 1 9
51 ravols b 2 118 6 | 15
2 | sattaramilla | 9 7 0ol 2 0 0
= : . !
8 | otte* I22 - -0 - - -
2]
A | Maligawatta | 27 2 0 | 23 0 2

*+ Shallow boreholes. (Augerholes) are not classified.

TABLE 4 )
MUTHURAJAWELA SOIL SuUB SERIES

There are several classification methods for
peat and other organic soils basgd on the
organic content and ash content. Fig.6 shows
divergent opinions on the definition of peat
using ash/organic content. qushmap }198&
proposed that soil should be identified as

organic if the organic contain is more than 20%.

The reason for this suggestion is because void
ratio Vs 1log (pressure) curve +dn the
consolidation test ‘becomes nonlinear in samples
containing more than 20% of organic content.

The classification of organic soil on the basis
of the organic content alone. would no: be
sufficient for the geotechnical engineer, pa:rtly
because of the doubts associated with the
"standard test.procedures” and partly because it
would not include any information on the nature
of the inorganic materials contained in the
soil. : .

Subseries | Horizon | Soil Depth of Thickness of
: Type Horizon(m; Horizon (m)
- [M-X 1 Peat 0-10.5 1.0-10.6
] 2 Inorganic| 2.0-21.C 2.5-17.5
1 Peat - 0-6.0 2.7-6,0
M-I 2 Inorganic| 2.2-9.4 1}.7—3.4
3 Peat 4.5-11.9 1.3-6.8
4 Inorganic, 11.0 and not fully
below penetrated
1. Inorganici 0.5-12.2 0.5-12.2
M-III 2 Peat 0.5-20.0 0.5-16.0
3 Inorganic| 3.5-26.0 5.0-22.5
1 Inorganic 0-6.5 1.0-6.5
2 Peat - 0.7-14.0 | 0.7-13.0
M-IV -3 Inorganici 1.7-18.0 1.0-15.2
) 4 Peat 4.0-20.0 0.5-7.0
5 Inorganic| 5.0-22.5 1.0-9.0
M-V N Inorganic| 0-14.5 0-14.5
TABLE 5
RANGE OF DEPTH AND THICKNESS OF EACH HORIZON
IN MI_ MV SUB SERIES
ASH CONTENT, % OF ORY WEIGHT
o " 20 40 60 80 100
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FIG 6 - DEFINITION OF PEAT USING ASH CONTENT after LANDVA

‘and ROCHELLE (1983)

According to the Unified Soil Classification
(USC) system, all soils are grouped into coarse-—
grained, fine-~grained, and highly organic
(peaty) soils. Fine-grained .group is further
sub-divided to inorganic clays, inorganic silts
and, organic silts and clays. . These sub groups
are identified on the basis of index tests and
Atterberg Limits. It is significant to note



that all organic clays and silts are located
below the A-line on the plasticity chart. In
fact, according to the guidelines given by
Terzaghi & Peck (1967) to identify organic
soils, it is suggested that, if the liquid limit
decreases by 30% or more due to oven drying from
that of a fresh air dried sample, to classify
" the soil as organic. However, in marginal
cases this may prove to be difficult. In such
instances the crganic content would be more
useful. -~

Another instance where organic content is useful
is when the sample is amorphous granular. In
many instances it is difficult to differentiate
. between .amorphous granular peat and organic

clays/silts by visual classification. In such
instances, the organic c¢ontent/ash content
proves to be useful. Fig. 7 shows the.

relationship between ash content and water
content as reported in the Muskeg Engineering
Handbook (1969).

5.0 ENGINEERING BEHAVIOUR OF ORGANIC/PEATY SOILS
AND USEFUL ENGINEERING DATA

A typical area consisting of peaty/organic sub-
soils could have different properties both. in
the vertical and in the horizontal direction.
Variations could be due to the type of
peat/organic soil and its formation, to degree
of decomposition of vegetation, and to moisture
content. Large variations could be found even
within very small areas. Results obtained from
tests conducted at a certain location therefore,
may not likely to be representative of other
locations and depth. For example at a site at

Peliyagoda, a warehouse of 140m 1length
constructed over.an area, assuming a generally
homogeneous soil profile;, ‘was later found to
have undergone severe distress because an
underlain peat layer varied from 3m to 10m in
thickness along the length of the warehouse.
In such a case, frequent and inexpensive
sampling -and classification would have yielded
the range of variations within the area under
investigation.

Despite the non-homogeneous nature of peat
deposits, it is still useful to have a
theoretical concept of the behaviour of peat,
just as it is for inorganic soils. ' For example
in peaty soils, unlike in inorganic soils,

change in permeability during the consolidation'

process and the high order of rate of creep are
significant. Although several theories have
been-developed on different assumptions to
explain the behaviour of peat, unfortunately
they are not strictly valid for all peats. For
example considering the complexity of
consolidation: of peat, the disturbances and
inaccuracies resulting during sampling and
testing, non-hgomoggneous nature of peaty
terrain, it may not be appropriate to apply
rigorous analytical theories to obtain
settlements for routine calculations. The "old"
theory of Terzaghi, which is very much simpler,
could be equally valid in such situations.

ASH. CONTENT, % of DRY WEIGHT
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FIG 7 - RELATIONSHIP OF ASH CONTENT Vs MOISTURE CONTE&T

In fact, in most instances, appropriate va.u:s
and simple theories or simple tests are more
than adequate for obtaining necessary parameters
especially in preliminary desigr stages. In the
following sections typical wvalues and -
correlations for peats and organic- soils will be
discussed. Further, TPable 6 sumarises : typical
ranges for important parameters.

Natural moisture content (w) is one of the most
useful characteristic of organic soils which
could be easily determined. High w values are
generally associated with peaty soils. The
variation of w in peaty soils could range from
as low as 50 to as high as 550%. .

Atterberg limits are also important indices for
organic soils. As seen from Table 6, the
plastic limit could vary from 30 to 70 while the
liquid limit ranges from 60 to 200.

PARAMETER VALUE
Moisture Gontent (W) % 50. - 550
Liquid Limit (w;) % 60 -~ 200
Plastic Limit (p1) % 30 - 70
Specific Gravity (GS) 1.7 - 2.3
Insitu Void Ratio (eg) 1.0 - 4.0
Insitu Dry Density (1&) g/cm? 0.2 - 1.0
Compression Index (C¢) 0.2 - 4.0
Coefficient of Comsolidation (C,) 1073~ 1074

. cm?/sec

r)
Coefficient of Volume . ) :
Compressibility (my) cm?/ wq 0.05 - 0.7
Coefficient of Secdndary ’
Compression Ce 0.002 - 0.05
(Eu/Cu5 Unconfined Compression
Test 25 - 80

Table 6

TY%ICAL VALUES FOR GEOTECHNICAL CHARACTERISTICS
’ OF ORGANIC SOILS. INLON LOW LYINS AREAS




?he bulk density of peat and other organic soils
is generally lower than that of inorganic soils.
It depends on the modsture content of the
sample., Fig, 8 shows the relationship between
dry density (¥d4) and moisture content for .
organic soils. As seen from the Figure,although
T4 can be as low as 0.2 g/cm?® in-peaty soils, it
is slightly . higher . and -ranges - between
J.7 £6 1.0 g9/cm3 in other organic soils.

1.5
&
5 ® Peat
~
a @ Organic Clay
z e
R 1.0
E (B
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Y
E e % ®
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FIG 8 - RELATIONSHIP OF DRY DEN§ITY§ E3Vs MOISTURE CONTENT

Importance of strength parameters and their
determination using the triaxial test were
highlighted earlier.Ray et al (1986) described
CU tests with pore pressure measurements on
amorphous-granular peat.,of Sri ILanka having a
natural moisture content of more than 300%.
Figs. 9(a) and 9%(c) shows the variation of
normalised deviator .stress and pore pressure
with arial strain. Fig. 9(b) shows the.
relationship between 'deviator stress and mean
effective stress. These results indicate that
the behaviour resembles that of soft sensitive
clays. Mampitiya (1987). carried out a series of
triaxial tests on Colombo pezats with the
assistance from NBRO and the University of
Moratuwa. They consisted of strain controlled,
isotropically consolidated and anisotropically
consolidated, drained and undrained compression

. tests with pore pressure measurements. Pore
pressure development was found to be high
compared to normally consoliddted (NC) clays
-with the pore pressure coefficient at failure
{A¢) ranging from 0.4 to 1.0. These values are
slightly below the results obtained by Ray et al
(1986) . Pore pressure coefficient A was. found
to be increasing with shear strain, a clear
indication of its resemblance to NC clays.
Further, Mampitiya's work showed that Ag
increases with consolidation pressure.

‘5.1 Correlatiqgn between UndrainéﬂIYoung's

Modulus{E;) and Undrained Shear Strengthl(c,) -

The accurate determination of E_. remains a
difficult task for soft soils, especially
organic soils. This is because of the
disturbance during sampling and extrusion. has a
very great influence on the parameter E,. As
the disturbance does not have much effect on Cyr
E; is often related to Sy .

Normalize Deviator Strésa(Kg/cm 2)

Change in Normalized Pore Pressure(a u)_!(g/t;m2

-
s

c’a:o.vsxg/cn:d,H
//‘/DA & 3=1.25Kg/am 2 ™
] i

]  3

I
=)

2
o
{

NN

-3
o

0.2

0 2 4 6 8 i8

Axial Strain §

10 12 g4, 16

FIG 9 () - NORMALIZED DEVIATOR STRESS Vs AXIAL STRAIN

0.

63:1%’\\
2

&3=1.25Kg/cm \

Xﬂ).75!(g/cm } }

1.0 1.5

.
S

b
3

‘\

=3
Ly

Deviator Stress(l{g/cm2 )

o
N

[ 9.5 .
- Mean Effective Stress (Kg/cmz) o
" FIG 9 (6) - DEVIATOR STRESS Vs (p*)

1.2

3= 0.75 Kg/cff

0 . @ 63= 1.50 xg/c_rf'_
0.8 // 7)/
0.6 -~ / // .

. //’. )

0.4

0 2 T 6 8 10 12 14 16 18

" Axial Straing

FIG 9 (c) - NORMALIZED PURE PRESSURE Vs AXIAL STRAIN

From unconfined compression tests carried out on
organic soils in low lying areas, Eu/cu ratio
was found tc be between 25 and 80. However, as
E, has been obtained from unconfined compression
tests, this may be on the conservative side. -



Ce

5.2 Correlation between Compression Index (C_}
and,Insitu Void Ratio (ey)and Ligiud Limit

(WL)

To obtain C,-a consolidation test needs to be
carried out. In the absence of consolidation
results one has to rely on. typical values,
trends or correlations. Fig. 10 shows the
variation, of C, and compressiocn ratioc (Cc/1+e°)
for organic soils in Sri Lanka.

Correlaticns between C/J.and é,, ‘and C, and wy
had been established by many researchers in the
past. Data coliected from a numberx. of sites in
low lying areas in and around Colombo has made
possible the  following correlations (Lakshman
and Sivakugan, 1987) assuming C, is a constant
during a test. )

C, = 0.44 e, - 0.16
Co = 0.41 wp + 0.005

5.3 Correlation between Compression Index (Cg)
and Recompression Index (C.)

Recompression index is required in -the
settlement analysis of over consolidated clays
and to predict heave in all clays. Unlike the
compression index, the recompression index can
be rarely correlated with e,, wp or Plasticity

Index. From the consolidation tests carried out .

at NBRO on organic soils, it is found that C./Cc
lies around 1/? to 1/15.. %

- dBase III,

Por simplicity, C, is assumed to be constant
for organic soils, However, observation of
results of consolidation tests indicate that C
does not remain constant for organic soils.
Using results published in reputed Journals,
Lakshman {(1988) proposed a method of calculation
of settlements of organic. subsoils, not taking
C. inte account, but using the organic content
o% the soils. He fuxther suggested that, soils
having organic contents of 20% or more (because
the e V, log p curve is nonlinear), shounld be
considered as organic soils.

6.0 SETTING UP OF DATA BASE

Considering the importance of readily available

. information on subsoils in the low lying areas,

NBRO has taken steps to set up a data base uging
personnel computer facilities available at.
NBRO. The following parameters have been
cbtained and used for the present data base.

Soil classification

Depth and thickness of each soil layer.
Soil series :
Settlement parameters

SPT N~-values

Undrained shear strength
Density and specific gravity
Natural moisture content
Atterberg limits -

10.Particle size distribution
11.0rganic content

The data base has been developed using
Basic programming language and the
Disk Operating System (DOS}. For Word
Processing purposes, Word Star release 4 is
currently used but ‘data importing . (extracting)
from other Software Packages is difficult except
for Lotus 1-2-3 print files. Fig.ll gives the
summary of the data base. '
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~eThere are many advantages of a -data base and

should be highlighted.

1. Information on' subsoil conditions of low
lying areas -are desperately needed by the
planners’ and developers. When made
available in a geotechnical data base,
these would prove to be of immense help in
preliminary and feasibility studies and
decision making on optimum land use.

2. Geotechnical maps that could be prepared
using this  information with the aid of
Autocad and Lotus computer software
facilities will help the engineers in
rational planning of sité 1nvest1gatlon,
preliminary evaluation of p0551ble
superstructure/foundation +types and in
envisaging construction problems.

3. Using the data base, the engineer can
decide on appropriate foundation types for
a particular structure in a particular area.
Such a decision-at- an early stage could
prove to be economical in the long run.

"4. A data base is useful in the storage of
important data because they are easily.
retrievable. Very good quality presentation
.can be made of the data, according to
requirement, by changing the template files
of the Autocad data base or other files
{i.e. dBase III +, Lotus 1-2-3 and BASIC
Files) without much inconvenience.

5. A computer data base is flexible i.e.
existing data can be modified or deleted or
new data added any time. Further,
parameters which are affected by changes in
data can be recalculated with little time
spent (eilg. when a new entry is made to
Autocad file, it can be translated to
dBase III + or Lotus 11-2-3 files and any
recalculations may be carried outy.

6. It is important to study the correlations
between different parameters since they
furnish valuable and important (but simple)
relationships to the practicing engineer.
This becomes doubly important to subsbils
encountered "in low lying areas. (i.e.
organic soils including beat) because no
in-depth or basic research has-: been carried
out on them in Sri Lanka.
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. MONITORING OF BUILDINGS IN LOW LYING AREAS

P. SAMARANAYAKE, B. VIGNESWARAN AND S. SHANMUGANATHAN

1.0 INTRODUCTION

This paper describes the programme of monitoring
of buildings which was carried out with a view
to obtain factual data on the performance of
buildings constructed within the low lying
areas. The information gathered through this
programme is considered essential in realising
the objectives of the research project, viz.

1) to economise and optimise foundations
of structures,

2} to develop suitable foundation types
and,

3) to evolve guidelines for economical
design of foundations,
with emphasis on low cost hou51ng in
low lying marshy areas.

The scope of this monitoring prog;émme on
buildings include the following activities;

1} measurement of settlements of bulld*ngs
with time.

2) study of settlement pattern along the
periphery of bull@lngs. .

3) obeervationiand study of occurrence of
distress in buildings associated with
settlement and their progress.

4) study of the change of rate of
settlement of buildings due to various
factors and reasons, such as the rate
of construction, rate of loading,
environmental conditions etc.

2.0 BASIS OF SELECTION OF BUILDINGS

In order to study the performance of buildings
with a view to evolve appropriate foundation
types and to prepare guidelines suitable for
many different conditions, it is obviousl
necessary to invéstigate a large number ©

ibuildings under numerous combinations of the
following different criteria;

) subsoil profile

) type of foundation

) type of superstructure

) scale and number of storeys of the
building

5} function of the building
6) ex1st1ng and new buildings

W0 N

2.1 Subsoil Profile

Subsoil profile plays a very important role on
the performance of the buildings. For . example,
in certain areas, hlghly compressible peat will
be predominant while in certain other areas less
compressible organic silt -or clay may be
predominant. The lateral distribution, the order
of existence and, the depth and thickness of the
subsoil layers etc., have an important
contrplling effect on the response of ground to
the development activities. Five different soil
subseries have been identified by the National
Building Research Organisation (Senanajake—1986)
in the 1low lying areas in and. around
Colombo. These soil series are briefly discussed
by Ameratunga et al (1989) along with the
subsoil characteristics of the low . lylng areas
that were cons1dered in the study. :

2.2 Type of Foundation

The main. and the ultimate objective Gf
current study being the evolving of appropriate
foundations, particularly for low cost housing; -
the study was restricted to shallow foundations:
because deep foundations cannot be considered
economically acceptable for low cost housing
under the present circumstances. There are
several types of shallow foundations used in the

study .area which include pad, strip { both

reinforced concrete and masonry), stiffened and
raft foundations. ’ -

2,3 Type of Superstructure

" The type of superstructure can be btoadly

categorised in to two, viz. structures with load
bearing walls and the framed structures.



2.4 Scale and Number of Storeys of the Building

- The scale of building, hence the ground areaz
" loaded and the depth of ground influenced, and

the number of storeys, hence the intensity of
loading, affect the ground response and-
therefore the performance of the building. In
general, the buildings constructed in the low
ying areas discussed here are mostly single or
two storeyed buildings.

2.5 Function of the Building .
According to the function of the building, the
loads effective on the subsoils could vary
largely. For instance, in a residential
building, the dead load of the structure is more
critical than the live load. In contrast, in a
warehouse, the live load acting over a ver

large area could be more critical than the loa

. of the structure.

2.6 Existing and New Buildings

For the purpcse of this study, a major
distinction was made between existing and new
buildings. Existing buildings as the name
suggests are buildings that had already béen

-completed before any observations were made,

whereas, new buildings refer to those fall in
the contrary. Such a distinction was considered
essential as the former type indicates the
overall performance of a building several years
after its construction, while in the latter
type, the performance of a building can be
monitored more systematically from the initial
stages of development activities.

3.0 COLLECTION OF INFORMATICON FOR THE SELECTION
OF BUILDINGS

Several approaches were made in order to select
a large number of buildings as possible using
different 'avenues. Initially, design and
construction agencies such as the Buildings
Department, State &Engineering Corporation,
National Housing Development Authority, Urban
Development Authority of the Ministry of Local
Government, Housing and Construction were
contacted to obtain information on completed,
ongoing and proposed building projects. As the
number of buildings found through the above

-avenue were limited, it was considered necessary

to reach the agencies outside_the Ministry and
other relevant organizations in the private
Sector and individuals to gain access to many
buildings  for monitoring. in addition, most o

the low lying areas where development has taken
place or is in progress, were reconnoitered with
a8 view to locate buildings that were suitable
for monitoring. With the cooperation received
f:om many agencies and individuals who gave
consent and continued assistance to monitoring
of their buildings, it was possible to select a
total of 135 buildings which are classified
according to zoneés in Table 1 and according to

“type of structure, no. of storeys, function and
iT¥ype of foundation in Tables 2,3, 4 & 5

respectively.

4.0 METHODOLOGY OF MONITORING

Any méasurement should be sufficiently accurate

to realise the objectives of the monitoring
programme. According to Cheney J.E. (1980), for

meaningful monitoring it is reasonable to record’

to an accuracy as good as, or better than, a
tenth of the "Movement of Interest". Accuracy is
defined as the closeness of approath of a
measurement to the true value of the gquantity
measured. Accuracy is synonymous with degree of
correction. On the other hand, precision means,
the closeness of approach of each of a number of
similar measurements to the arithmetic mean.
Precision associates with reproducibility/
repeatability. Therefore _although accuracy
requires precision, precision does not require
accuracy.

iTABLE 1. CLASSIFICATION OF BUILDINGS ACCORDING TO ZONES

Z20NE . NUMBER OF
BUILDINGS
1. Orugodawatta . 35 \
2.-P311yagoda ) 9 l
3.- Bloemendhat 38 !
4. Nawala 31
5. Battaramulla 22

TABLE 2. 'CLASSIFICATION OF BUILdINGS ACCORDING T0
TYPE OF STRUCTURES "

TYPE OF STRUCTURE- NUMBER OF
] ' BUILDINGS
1. Framed Structures 91
2. Structures with | t
Load Bearing Wa' 44

-

TJABLE 3. "CLASSIFICATION OF BUILDINGS ACCORDINGJTO:
NUMBER OF STOREYS

NUMBER OF STOREYS NUMBER OF

- BUILDINGS
1. Sinq]e Storey 54
2. Two Storey ) 72
3. Three Storey - » ~9
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possible.




- 2) Manometric Water Level

For less precise work, even-a water level could.
be used. This is sufficiently accurate and onl¥
one operator is needed. The suggestion o
Building Research Establishment (BRE) is shown
in Fig. 1. The water reservoir is a 2 litre
capacity plastic bottle which rflear its bottom is
connected to a flexible tube about 10m long. The
other end of the tube which is used for
observation purposes, runs through a light
weight aluminium section, and therefore can be
held vertical without difficulty.
scale on the aluminium section acts as the
levelling staff for observations. When the staff
base is held at the chosen datum and after the
dyed water in the tube has come to rest and
found its own level ( ie. the water level in the
reservoir), the mid-point zero of the sliding
.scale on the staff is locked against the water
meniscus. Without disturbing the bottle or the
scale, the staff is then read again against the
water meniscus at successive positions to be
monitored along the course.

If the flexible tube is not long enough, the

bottle must -be re-positioned, while the

staff is kept stationary. Immediately after
repositioning, the scale should be re-set. Just

as in levelling, the course should be completed

and closed at the original datum. A closing

error of +5 mm is considered satisfactory in

general. However, this could increase up to

* 10mm when several change points are used.

Aluminium . T
channal :

Water Reservoir

L& |

Sliding
le

Differential
Settleme.nt (d)°

T

iR B R il

ing Scale (h)

Fixed Height to tha 5lig-

DATUM Position 1 . Position 2

A sliding

(a)

MANOMETRIC WATER LEVEL
FIG - 1
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" 3) Bench Marks

A pile orany structure, directly or through
piles, vfirmly supported on bed rock is
conside;ed:as a desirable bench mark for
monitoring .'settlements in buildings in the .low
lying areas (see Fig. 2 for typical bench mark).
However, in most instances, 1t is not possible
to locate a suitable firmly supported structure
or to install a costly permanent bench mark, eg.
a pile, in the vicinity, exclusively for this
purpose.- In such cases, old structures existing
in the neighbourhood, which can be considered as
stable or undergoing only very. negligible
settlement over the period of monitoring, were
used as temporary bench marks. To check
reliability, a few additional points are
established. The stability- of such ‘bench marks
were checked occasionally in relation to the
nearest permanent bench mark to ensure better .
accuracy.

4) Settlement Plugs

To monitor settlements using a level, number of

measurement points have to.be installed on the
periphery of the buildings. Levelling station
should be built. into the building and designed
to enable accurate levelling. They should not be
liable to accidental damage or damage by
vandals. But most importantly, it should be
acceptable to the architect.
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BRS 6m datum (a) before driving, (b) installed position,
() component detail, (d) site protection for datum
(CHENEY, 1974) i

Fig.2.Typical Bench Mark



BRS levelling station as described by Cheney
(1973) (see Fig. 3 ) consists of a stainless
steel socket, 65 mm long and 22 mm diameter,
which is set in a hole in the building, and a
reasonable levelling plug of about the same
dimensions on which the base of a staff is held
when levels are taken. When not in use, the
socket is sealed from dust by a protective
Persfex bung. The face of the bung is flush with
the structural finish and the Persfex takes on
the colour of the finish, making it barely
visible. This is designed to ensure that the

plug will position with repeatable accuracy. The

thread is a loose fit and is used only to pull
the plug into the socket. .The socket needs only
to be set approximately horizontal, since the
ball-shaped end of ‘the plug on which the staff
rests, will accommodates considerable off-level
installation of the socket. )

Another simple hinge device is used, where the
arm can be rotated to horizontal pqsit@on for
taking readings and closed in flush with the
wall once the readings are taken.
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BRS LEVELLING STATION
FIG - 3

At NBRO, considering the high cost of such plugs
and their greater susceptibility to vandalism,
two simple types of plugs were used. Either
durable ceramic tiles of about 25mm x 50mm. or
steel hooks with a rounded edge were installed
on the periphery of the building (Fig. 4).
Ceramic tiles were placed on flat surfaces such

as plinth:beams etc. and steel hooks were
installed in walls and columns.

5) Frequency of Readings

The frequency of readings should be related to
the rate of construction .and to the rate at
which the readings are changing. While too many
readings will unnheéCessarily prolong processing,
too few may cause important events to be missed.

Several initial readings are generally required
to establish a reliable base. During
construction time, readings are taken once a

- week or at least once in two weeks. Additional

readings are taken when it is considered
-lmportant and necessary, for example after a
heavy rain or when a sudden load is added.

4.2 Méasurement of Tilt

The tilt of a building occurs due to
differential settlements. In most buildings,
tilting is hardly noticeable, especially when
the construction errors are prominent.

(a)Hook made sf "Reinforcement Bar Hook Bmbeded into a' Column

(bT Ceramic Plate

| SN

Ceramic Plate Bedded in
Cement Mortar

SETTLEMENT MONITORING STATIONS

FIG - 4,
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Re: Hra Howeversy -in structural members. Although, cracks - could
the most €Cofiomical method would e to use a appear in buildings due to various reasons, the
plumb bob and a ruler for-ﬂ Lcw-_r:l. e .buildings: . interest here is directed to cracks due to
Plumbline is held againdt near “the top of the settlements only.

wall and when

the. bob. -
&,

In monitoring cracks, it is ver—y——«;,mp xrtant to - -
record tHe.~ ~datewcefsrtheirinitial obse atlbn of
the crack. Moreover, it is des:.rable ofe] monltor
the progress of the crack, ie. ‘increase in
length and w:.dth,._Generally, the—»«pes.ttlon and
sizes of cracks-—need--to be-r corded cin, & ay
sufficienitionly_to- deteFiii themetate
extent of Ehe damage. Y :
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In monitoring the: perfottdnce F- bul,ldq.ngsy the
accuracy required for crack measuremenctﬂ,,ls»notv
more than Ilmm. For smaller cracks, either 1/2mm:.
or "hairline™ - deslgnatlons may be used. Accuracy.’.
beyond the above is hardly necessary. On the
other hand, due to the nature of cracks and the
condition of wall surface etc.,. it ,may -not be
possible to achleve a very v_h:Lgh
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] =——— Settlement Mmitoring P-oints

RECORDING OF OBSERVED CRACKS
FlG. 7

The most common method that had been adopted in
Sri Lanka to monitor cracks is the use of glass
tell-tales stuck across the crack. 2n
improvement of this method is the use of two
glags plates, one on each side of the crack. By
aving the cursors on the overlapping plates
(Fig. 8) initially aligned, these tell~-tales can
be used to monitor changes in crack width. While
these are very simple methods, even any owner or
occupant of a building could use, for more
accurate measurements, screws and calipers could
be used. Two holes are drilled a few centimetres
apart across the crack, and two small screws are
firmly set in the wall. Using a caliper gauge,
the distance between the screws and therefore
any changes 'in the width of ¢racks could be
monitored ( Fig. 9). Photographs of the crack
taken from time to time with a micro-scale
placed by the side for calibration are useful in
more accurate measurements though very expensive
and not required in the present work. Fig. '10
shows further methods of crack measurements
which are adopted in other countries.
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5.0 DOCUMENTATION AND PRESENTATION. OF RESULTS

OF MONITORING

Readings are recorded on specially prepared
field data sheets.  The latest readings are
compared immediately with previpus readings for
verification and for detecting "unusual
performance. - These readlngs are later stored in
the computer along with the respective dates of
-observation so that the information could be
retrleved later in thé analysed form represented
‘in tables, graphs, etc. with the aid of
‘available software facilities. Total and
- differential settlements, angular distortion,
‘etc. which - are the most important in
understanding the performance of buildings are
calculated. Typical graphs and tables obtalned
for a building is given in Annexure 1.
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ANALYSIS OF BEHAVIOUR OF BUILDINGS

N. SIVAKUGAN., T. SRITHARAN AND J.J.P. AMERATUNGA

1.0 SETTLEMENT

Settlement of a structure consists generally of
three components namely:

1. Immediate settlement
2. Consolidation settlement
3. Seccndary settlement.

Any one of the above components could be
predominant depending on the soil type.

The immediate settlement, as the name implies,
is the component of settlement which occurs
immediately upon loading. This is an elastic
distortion at undrained state in cohesive soils
and occurs at constant volume. Immediate
settlement is significant in cohesionless soils
where it occurs due to .instantaneous dissipation
of pore pressure.

Consolidation settlement is a time dependent
deformation where the excess pore pressure
dissipate with time, and the effective stress
increases. The applied load, immediately
carried fully by the pore waser, is gradually
transferred .to the soil skeleton. Expulsion of
water from the soil during consolidation,
results in settlement, which gradually increases
with time. It occurs in all soils and nmost
significant in saturated fine grained soils. 1In
coarse-grained soils it occurs almost
instantaneously with load application ‘and is
treated as immediate settlement.

Secondary settlement is due to creep or viscous
flow which would not affect the pore pressure or
effective stress. It is also a time dependent
deformation which is assumed to take place at
constant effective stress. Unless a soil
exhibits substantial creep behaviour (e.g. peat}
secondary settlement is often ignored.

2.0 RELATIONSHIP BETWEEN DISTRESS AND
SETTLEMENT

A properly designed foundation should not settle
excessively under the working load. The
settlement is not only aesthetically undesirable,
is Xknown to initiate distress of the
superstructure. The total settlement implies
" the downward displacement of. a point in the
building. If the movement is upwards, it is
termed heave. However, the stability of a

‘structure is generally not governed by the total

settlement but differential settlement between
two parts of a structure. Therefore, it is
important to know various movements a structure
can undergo {see Tennekoon,l1989).

The settlement, as it was defined, is a
continuous process, producing settlements of
different magnitudes throughout the building
over a very long period. Nevertheless, after
some time, generally the rate of settlement
decreases to insignificant levels.

It was mentioned that at a given time,
settlement can be quantified in terms of total
and differential settlements, and distortion.
Excessive total settlement does not usually
cause any structural distress. They affect the
grading of the floor and thus the drainage,
service lines such as water, sewer or
electricity lines, and the aesthetics of the
building. It is the differential settlement
that causes structural damage and this needs to
be controllied. The reasons for differential
settlement can be numerous;

a) Presence of pockets or lenses cf soils
with different compressibilities,

b) HNon-horizontal interfaces beétween
layers, i.e, varying thickness of soil
layers in the lateral extent,

c) Non-uniform loading over the building
area. e.g. presence of 1ift welis,
storage rooms etc., :

d) Time lags in the construction of
adjacent parts of a structure,

e) Large loaded areas on flexible
foundations,
The other causes of settlement in general are:

a) Ground water lowering. e.g. dewatering,
seasonal lowering of water takble,

b) Vibration or shock due to pile driving,
: blasting etc.,

c) Seasonal shrinkage of expansive clays,
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.settlement is difficult and time consuming,

dj Adjacent-excavation/ underground

'erosions etc.,

“e)  Collapse of underground cavities such
as 51nk holes,

f) Chemical action including decay,
decomposition of organic materlal,

g) Lack of lateral support in adjacent
excavation.

2.1 De51gn Crlterla

The de51gn of foundatlons lS generally based on
the follow1ng crlterla.

1) the actual'bearing stress should not be
greater than the mobilised resistance
of the soil, i.e.»the bearing capacity

2)‘est1mated settlement under the bearlng

capacity should not exceed a tolerable
value.

The. flrst crlterlon lS generally satlsfled for

‘buildings constructed over reclaimed land in.low

lying areas. . As: the dlfferentlal settlement is -
related to distress and not total settlement,
the second criterion requires a limit on
differential'settlement that can .be allowed.
However, because -the: estlmatlon of dlfferenttﬁl
e -
general. practice  is to- limit the total

-settlement thereby automatically . limiting the

differential settlement. Terzaghi 'and Peck
(1967) - recommended anh allowable -settlement ‘of
one inch for shallow foundations  on sand’
assuming  that the differential | settlement will

not -be more -than. 75% -of- the total ’ settlement. .

Table: 1 gives :Limits: proposed by several .other
authors. L -

‘Table l: .o ol

Maximum Permissible Total Settlement for Buildirigs

Maximum Permissible
Total Settlement (mm}
Sand: - 7 7 Clay,

75-100s
- 25-50%

Type of Foundation . Source -

USER Bldg Corr. 1757
‘;nwﬂr‘s/Sthl 5 ‘|'7bl
.50 Ma S

1.Footings of masonry
walled structres

" 2.1sclated Foundations -

100 US%R Hl:lg Cav_w'-l"“'l
0T framed structures . i . 65 18 1904 . ~1761
- - SO~100% Savers/Sowers —19&)
: vo &S iNayak -197%
75 Grant et al  -1974. "
30 Matsuura ~157&
- ‘63 Skempton et al-19%s
3.Raft-Foundations [ 65100715 1904 1%
. . - 100-200 ;- Nayak

100 ‘Grant et al
40 Matsuura

(%) recommenced value 1r\deandEnt of so)l type.

2. 2 Appearance and Cla551f1cat10n of Cracks

Damage -in bulldlngs ‘usually starts by cracklng
of partitions, panels, floor, plaster etc.,
which is called architectural damage. The
cracking of structural elements such as beams,
columns, or foundations is referred to as
“ structural damage.

Polshin. and Tokar (1957)
become v151ble only when the critical tensile
strain, e .+ is exceeded. FOr brickwork,
hollow-tile erloc and ciinker block in-fills,

is about. 0. 01 to:0.05% (Polshin and Tokar,
185%; For. concrete, e.rit is -about 0.02 to
0.05% (Burland and Worth, 1974). Damage
cla551f1cat10n accordlng to: BRE with ‘the use of
-the width of crack is given .in ‘Table 2.

Table 2'
CLASSIFICATION OF VISIBLE DAMAGE '1‘0 WALLS WITH PARTICULAR REFERENCE, TO
EASE OF REPAIR 017 PLASTER AND BRICKWORK OR MASONRY

Catego_ry Degree " Description of typi.c;al dama.ge Apntoximate
of o . : . . crack width
damage - - damage | Co sy DS X o .
0 7% Negligi~ “HairFine‘Ztracks of less than - - Up to 0,142
o ble . 0.1 mm width are classed as Lol R
. negligible .
1 _ Very slight Pine cracks which can be- | v Jup ;0_1(2)1
.. treated dutins normal, decozation R . 5
. Péerhaps isolated slight “fract N o . -
—uring in building..Cracks
.. rarely visible in external B K
- brickvork. i o
2 - Slight - Sracks easily filled Re~deco 2

rat:.on probably required. ) .
Recurrent'cracks can be masked . T TR
o TERPEEE ‘by.suitable linings. Cracks. . SN LT
g L nat necessatily visible : - - B -
| ‘ekternally:'some external repoint- ) v
* < 'ing ‘may’ be Tequired-to ensure- . ULl
weathertightness, Doors and LT
windows may stick slightly.

5°to 1 :
for 'a’number -5f° ' .
gcracks up 3_;0-*_3

‘The cracks require somé opening
“‘up.andrcan’ be: patched by a masons: : -
. Repointing .of external brickwork
‘and possibly a small.amount of A
brickwork to beé replaced. Doors . : . °
and v.d.ndovs sticking. Service

Moderate

o

xtensive repair work 1nvolving .
bzeaking—out and replacing =~
7.sections of walls, especially.
- . over. doors and windows. Window
* " and ‘door frames ‘distorted, flo
- slopting gguceably walls - T
% leaning or. bulging noticeably, S,
somie’ 16ss 0f bearing in be T
Service ‘pipes distrupted

5 ‘A 'Veryr severe This Tequires a major repair job
b C - * involving partial or ~complete te- -

- usually eacer o
K than 25(55 but™
--building. 'Beams lose hearing. ‘wall ' depends on number

-lean badly. and require shoring.
Windows broken with' distortion.”
Da_nser. of imstability. N “ B

. of .cracks. .

Notes : 1, It must be emphasised that in assessing the degree of damage
account must be taken of the locucion in the buildins or:
structure:where it occurs and also of the £unction of l:he
building or structure.

2. Crack width 1s one factor in assessing category of damage and

B -shold not be used on its own as direct measure of it. 3

3. Local deviation of slope, from the horizontal or vertical, of
" more than 17100 will’ normally be c¢learly visible. Overall
dev!.a:ions in excess of 1/150 are undesitable.

said that the  cracks

5,(2)1, R




3.0 ELASTIC STRESS DISTRIBUTION

For accurate settlement prediction, knowledge of :

the initial and subseqguent stresses due to
loading, is essential. Infthe ¢onventional
practice, the load distribution within a
building is'calculated assuming the base of the.
building to be fixed. ; -

To donsidef‘the vertical -stress’ distribution
_with depth beneath--the: loaded area, the contact .-

pressure -has to be found. The. contact pressure
is calculated assuming the base to be rigid.
This ensures a linear distribution of pressure
beneath the.footing and for a symmetrical
. footing this yields a uniform stress
distribution. ' : : : ’

In a homogeneous subsoil profile, assuming
linear elastic soil behaviour, the’ increased
stress on an element of soil, at a depth in the
strata below the foundation can be . ‘calculated

using either Boussinesq or Westergaard théories.

A simple approximation tO»obtgin_ S

%ﬁgrinnﬁétﬁgg?léﬁi?ﬂﬂ?ga7g§Zd aé;¥g§f¥2€?onié%
fhe ‘averadge stress benedath a foundation as
‘computed - by the Boussinesqg method. It assumes
the ‘load Q .at. the foundation. to be supported-on
a. truncated pyramid of soil having outward side
slopés. of 1:2 as shown in Fig.l-. Therefore,. the
stress increment (ac) at .a depth % is given by,

ATy = Q/ (L+2) /(B+2')

where B and L are dimerisions of the footing. For
a_strip footing, ' the above: equation reduces to,

AG = gB/ (B+2)

Where'q is the load intensity:

In multi—layef suhsoil-profiles,~the above
methods are useful in . determining the stresses
acting on the particular layer. . -

G S

stress

4.0 PREDICTION OF SETTLEMENT

-Idéaliy;:if the loadings,” stratifications of the
soil profile, “and the soil charqcteristics‘are

”known_precisely the settlement analysis is(’

rather straight forward.VA'realistic'settlement

prediction requires the following three:v

i) “Soil model and méthodology for settlement
: analysis. ‘The soil model should be simple,
pragtical,.and‘model the soil behaviour
Eatisfactorily at all stages of loading and

" at -all times, . )

Good knowledge of. the loading conditions

ii)
"~and an accurate representation of this. in
the soil model,
iii) Good estimates of required soil parameters.

Very often the economic considerations do

not permit a thorough geotechnical
investigation.

In inorganic clays, consolidation _settlements
constitute major fraction of the settlement with
very small contributions from immediate and
secondary settlement. This is not the case with
organic clays and peats, -where all three
components, immediate, consolidation,. and
secondary settlements contribute significantly.

4.1 Calculatioh»of Immediate Settlemént

The immediate settlement is caused by the change
in shape of the soil due to increase in stress.
With the assumption of elastic behaviour of
soil, the immediate settlement can be computed.
The Boussinesqg analysis for  ‘deflection
integrated for a loaded area within 'a uniform
pressure of 'gp.y results in the expression.

,/’,;= Ca 9net B\» (1 ’/tz)/E

immediate - settlement

where, - JQ =
s qnég = net stress at foundation
level : .
B = width of footing
A& = Poisson's. ratio
E . = Young's modulus
Cg = influence factor

Cgq depends on the following;

1) foundation dimensions,

2) where the settlementfis required (e.g.
centre, ‘corner or averade),

3) ‘stratification.

When the subsoil is uniform to infinite depth,
the influence:  factors can be found from
tables provided 'in -standard handbooks ' on
Foundation Engineering. However, when a rigid

stratum " is at a limited depth different
influence factors have to be used (see
Bowles, 1982).




Since immediate settlement occurs -under
undrained conditions in saturated clays and
similar soils, Poisson's ratio = 0.5 is
generally used. However for sandy soils, the
-value of Poisson's ratio is low. The Poisson's
ratio is not very sensitive to values of E. Even
when it is zero, the settlement will be only 25%
more. Table 3 gives +typical -values for the
Poisson's ratio.

The Young's modulus also depends on density,
stress history and stratification of 'the soil
mass, In cohesive soils, an undrained modulus,
E, should ke used while in free draining soils,
a drained modulus E' should be used.
modulus can be determined either from laboratory
tests or field tests (Ameratunga et al, 1989).

Table 3 : Typical values for Poisson's Ratic

8ofl Type Potason’s Ratio
Clay, saturated Q.50

Clay with sand and &ile 0.20~~0.42
Clay, unsaturated 0.35—0.40
Loesz 0.44

Sile 0.30—0.35
Sandy soil 0.15—0.25
Sand 0.30—-0.35
Rock 0.10—0.40

In a layered medium, it is necessary to find.an
appropriate E value for calculation. purposes.
The most convenient method is to average the
value of E of each layer to the depth of
influence c©f the foundation { The depth of
influence of the foundation for settlement
purposes is generally taken around twice the
width of the foundationj. This could be better
estimated by averaging E within the depth of
influence, with the layer "thickness taken into
account. Fraser and Wardle - {1976) suggest an
approximate graphical method using weighted
modulus of each laver which is described by
Tennekoon ({1989) also giving typical E values
for soils. : .

4.1.1 Depth Corrxection Factor

Footings are generally placed below the ground
surface (say at a depth, D} and at least 30cm in
the case of housing. Fox (1948} proposed a
correction to be applied to the surface
deflection which is a function of Poisson's
ratio and the depth of embedment. Bowles (1982)

programmed the eguations of Fox and obtained a -

simple presentatiorn of depth factor against D/B
{where B is the breadth of foundation) for
different footing lengths and Poisson's ratios
and is shown in Fig.2. Although this correction
was irnitially propcsed to correct the predicted
immediate settlements only, it is now being used
to correct consolidation settlements (Tomlinson,
1875 ).

Young's
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Fig.2. Depth Correction Factor

4.2 Estimation of Consolidation Settlement

Consolidation settlement refers to settlement
due to primdry consolidation. The rate of
settlement is controlled by the rate of water
being expelled from the voids in the soil mass.

In coarse grained soils, it occurs
instantanecusly and is treated as immediate
settlement.

Consolidation settlement is considered as one

dimensional for settlement calculaticns. This is
because the use ¢f Terzaghi's equation is valid
for 1-D situation only. Such an assumption. is
reasonable only when the dimensions of the

loaded area are large compared to the thickness.

of the compressible stratum e.g. under a f£ill,
For other conditions, such as under a building
load, a correction factor has to be applied
which will be described later.

The consolidation settlement is estimated using
the results of 1-D consolidation tests carried
out in the laboratory on representative
undisturbed samples. - A field curve is
established using Schmertmann's correction
{see Bowles, 1982). From this curve, the
ultimate consclidation settlement can be
calculated by the following equation.

Tl " e 20+ % 1}

T tive ) v
o

(P e)ttnar =

all layers

where C, = compression index
e, = initial void ratio
Gya = initial effective stress
40y ‘='increase in effective strass
H =:thickness of the cohesive layers.



The consolidation settlement at time t is given
by

(Dc )ﬁnal

where U is the degree of consolidation in
percentage. For a given time t, if H is the
length of the drainage path, the time factor T
may be computed from

T = C, t/H?

and the corresponding value of U can be obtained
from tables provided in any standard text book
on Soil Mechanics and Foundation Engineering.

4.2.1 Constant Rate of Loading

The procedure explained earlier refers to the
case of a loading situation which is
instantaneous. However in practice it is far
from instantaneous, Florin (See Leonards,1%62)
and ‘Schiffman (1958) solved the time dependent
loading problem analytically. However, Terzaghi
suggested a simple procedureé which is
applicable toc a constant rate of loading case
(see Leonards,1962). As most loading sequences
can be approximated to a constant rate,
Terzaghi’s solution is sufficient for any
analysis in general. :

4.3 Estimation of Secondary Compression
Secondary compression is generally considered to
occur once the primary consolidation is over.
In sands and low plasticity clays, the secondary
compression is negligibie. However, in highiy
plastic clays, organic clays and in peats, the
secondary compression can be significant and
therefore cannot be neglected in analysis.

The secondary settlement can be estimated from;

P -t
secondary = C f

e, 2}
100° tield

whe . : .
re C« is the coefficient of secondary compression given by:

Co = &A 4}

Hiab A (log t)}gob

5.0 SETTLEMENT BEHAVIOUR OF BUILDINGS IN Low
LYING AREAS .

How estimation could be made of settlements,
immediate, preliminary consolidation and
secondary consolidation, was discussed in the
earlier sections of this paper. For these
estimates to be realistic, conditions assumed in
the model of soil behaviour and boundary
conditions of the problem has to be appropriate.
Since the actual behaviour in the field will
depend on the corditions found at the site, a
monitoring programme was carried out
{Samaranayake et al, 1983) to observe the actual
behaviour of buildings. '

5.1 Monitoring of buildings

In the building monitoring programme under the
research project a total of 135 buildings
constructed at 34 different sites were
monitored. However, monitoring had %o be
abandoned in 43 of these buildings at different
stages due tc practical difficulties. The
buildings monitored were broadly categorised
into lcad bearing walled and framed structures
and. further classified accerding to the
foundation type as shown in Table 4. Typical
cross sections of the foundation types used are
shown in Fig. 3.

Table 4 : Classification according

to Foundation Type

! ]
FOUNDATION TYPE NUMBER;
Masonry Strip 28 }
RC Strip with
rubble foundation ° 8
Inverted - T ? 35
Vierendeel 5 12
Raft ; 1
Pad footing ! ‘51
| ;'

L

5.2 Performance of Buildings in Low Lying Areaé

Performance of the buildings monitored by NBRO

. are summarised in Table 5.

5.2.1 RC Framed Buildings
5.2.1.1 RC Strip Footings

Of the RC framed buildings monitored, only three
were supported on RC strip footings. Two of the

were two storeyed houses with floor zrea 54 n

and a L/B ratio of 1.2 which did not show any
distress. The other was a warehouse with floor
area 141 m x 35 m which showed severe distress
including cracks,tilt and subsidence of the
floor. The case history of serformance of this
building is discussed in 5.3.:




APeliyagoda; Battaramulla_aﬁd Bloemehdhal‘éones
were monitored. . - .

'Of thirteen two storeyed buildings constructed
_in a single site on a 2-m thick fill over a peat
layer of . thickness more  than 5 .m, -5 buildings
showed only minor. cracks during or after

construction indicating that the foundation "has
so far performed fairly satisfactorily.” In

T ) SNPGRS which are presently constructed up to upper
7 M : :
'Mas°pr¥ strip ) wiignéﬁiiﬁﬁlp . . . floor level showed no distress except for a few
: ’ 'Beaﬁ . L R minor cracks in-only one of them. )

" One : building was a warehouse of- double height;

. sindgle storeyed structure, in which cracking was

- observed even before live load was - imposed.

Although the total length 6f -the warehouse is
135 m, structural separations’ had been provided

" making it into three separate units. Maximum .

settlement of this structure exceeds 450 mm.

: . Considerable distress noticed in the form of

= punta cracks on all wall ‘panels ‘indicate that .the
‘ ' | stiffened foundation used had not been- very

o . effective..'. .

$trip with Masonry © . gtrip with Masonry . . ' i s
Foundation -~ Foundation and : Table 5. Performance of Buildings
: R ~Plinth Beam : e R S -

5(a) R/C Frame Strudtures R

) Type of ‘Total Na. of | No.of storeyes Bu;Llc'lii'lg;‘sI Buildings with
. . four@a_t:mn buildings Single Double| without | cracks )
. : . - © - - | cracks vhim»r Yoderate] severe]
- . R/C strip 3 o1, L2 2 s
Inverted'T: 17 - |5 120 F 10 6 | 1§ -
.Vierendeel i .9 © |- 6 . 3 L4 13 2 -
pad. . 22 ¢ 15 7 5. R0 - A
Inverted 'T' Beam ... ' - Raft Foundation - iy SR W o o | e ?

BB

B 5(b) Load '-Bearing Wall Stﬁctuxs .
7 1 . . :

1 ] /_/f :/ pimi % . Type of . | Total No, of | No.of storeyes |Buildingy  Buildings with

i g " =1 > foundation buildings single double | |without . cracks

C v //— 7 e ) ) . ) : cracks | minor|moderate | severe
. + g N . B Masorxy strig 26 26 - - 18 6 2 -
R/C. strip 3 . 3 - - 2 1, -
v Inverted T - 10 10 - 8 2 - -
oo . - . P A T T Vierendeel 3 3 - 2 -

Vierendeel Girder .. " .- Pad. Footing- S Raft L L ! b
T e I 290 |u |3 -

: Fi§2f3f Type§~df‘EOUﬁdafiohs

: 5,2;1,é'Invertedl— T. Type Foundations

A total ofA14 puildings with invexted T type -
foundations, most of which are located in

EES
.
PR

another four of the. two storeyed buildings;'”



5.2.1?3 Vierendeel Girder Type Fonndatdons

A total of .nine buildings
v1erendeel foundatlons, were monltored "~ Six of
them-are 51ng1e storeyed and ‘the " remalnlng are
two storeyed. . Of the six single. storeyed

residential- and office. bu11d1ngs ‘three units

showed minor cracks, and another was moderately
cracked, ‘while. the . remalnlng two did not
1nd1cate any - dlstress..r, The. moderately
distressed:building. is. dlscussedfln sectlon 5. 3.

Of the two storeyed residential’ bulldings, only
- one had shown any distress, in the form of minor
cracks.

5.2.1.4 Pad Foundations

Of @ total of 22 bulldlngs, supported on’ pad

footlngs 15 were 51ng1e storeyed and seven were

two storeyed

Fourtéen - of the 51ngle storeyed bulldlngs arei
structures where the walls {which

double height .

are distressed with moderate cracks) are
supported on RC strlp footlngs,' whereas the
columns ‘are, built. on pad footings.  Therefore,.

in. .assessing. performance of these .structures,

the effect of this pad. and strlp arrangement
should also be: considered.: : . .

The remalnlng 51ngle storeyed structure whlch is
now.-at roof 1evel has so. far not- shown any

dlstress.'

Of the seven two storeyed bulldlngs only an
office "and: laboratory bulldlng have shown .minor

cracks, while‘one residential building:has: shown
moderate “cracks.

floor slab level have not shown any distress so
far.

5i2t2"Loadaéearing Wall ' Type Structures

5. 2 2._ Masonry Strlp Footlngs -

Twenty ‘six sxng’e storeyed bulldlngs mostly

residential; except “EWO off_ce bulldlngsr
suppo*ted on masonry strip “foundations were

monitored, Of these 17 units showed no distress;:
6 showed minor dlstress and the- others ‘were-
these'
‘the’
smaltl.-
Although there has béen tilting- in' scome ‘of “the-

Klthough some’'-of -

moderately dlstressed
“than~ 200° ‘mm,,

buildings had settled more
differential® settlemeént  had ‘been’

buildings (rigid body rotation), this has been
possible without other distress to the structure
because most of these units are of small
" dimensions thereby increasing the stiffness of
‘the structure.

5. 2 2, 2 RC Strip Footings -

Of the three bulldlngs on-_RC strlp footlngs two

had mnminor. cracks’  and .one was::moderately.
‘Two: buildings: havimng cracks were
office buildings still to be occupied, while the

distressed.

third building ( having moderate distress) is. a

factory. building,

supported on’

The remaining five residential :
buildings which have reached above the first:

Although - the settlement' of-
the factory building.was: in the order of .150

mm, vibration caused by heavy
also. have; contrlbuted to the’ progress of cracks.
No ° conclus1ons can’ be made because monitoring
commenced after the factory started functlonlng.

5.2.2.3;'Inverted -T Type Foundatlons"

At a site in Bloemendhal ten bulldlngs supported
on inverted ~ T type foundations were monitored.
All the buildings were found to have performed
‘satisfactorily, with- only two bulldlngs which
showed dlstress of mlnor nature.

f5}2.2.4V'Vierendeel Girder1Type Foundations'

At the same .site 1n Bloemendhal, discussed
‘above,. v1erendee1 glrder type foundations had
been prov1ded in three residential units.
had been located where the subsoils were’ found
to be much weaker. The buildings had performed
satlsfactorlly with only one unit "’ showing
distress of a very minor nature. o

5.2.2.5 Raft Foundations

A rigid raft foundation Hadzbeen*prOVided for a

single storeyed building.in the Battaramulla

zone,: apparently. because a . portlon of the land
had been filled with waste material. As expected
the rate of -settlements of the buil dlng was hlgh
durlng the first. flve months of monltorlng. B

A max1mum settlement of 200 ‘mm - was notlced when
the monitoring had to be abandoned as desired by
the client. However,,no .apparent distress was
observed although negllglble tilt had occurred.

5 3 CASE STUDIES o

A ‘few case studles that are cons*dered _mportant
are dlscussed in this" section. ° The: 1nformatlon
relevant to building layout structural and
loading details, subsocil proflles observed
settlement and distress, predicted settlement,
analysed data including relationships between
average settlement with angular distortion and
the L,M and N factors etc., are summarised in
the annexures. . - : L B oo
5'3 . Offlce/Stores Bulldlngs at Orugodawatta
Three bulldlngs w1th1n ‘a’ site’ at Orugodawatta
were monitored - commenc1ng when the construction
was at ‘the roof *level. Details “of -the -site;

subsoil condltlons -&nd 1nf0rmatlon relevant ¢o .

constructien and ‘settlement of. & “typical
building 'are given in Annexure ‘A, ‘These s1ngre
storeyed buildings’ vary -from 51ngle height ' to
double’:height and - are ‘supported: on visrendeel
foundations. ~ All buildings have undergone
dlstress of moderate nature as ‘shown in: Flg 6
of Annexure A. The predlcted ‘settlements using
the methodology explalned in this paper were
conservative as ‘seen from typical results in
Fig.2 of Annexure A. .

-machinery . would‘

These




Although structural
provided, the observations indicated that their
performance had not been as anticipated.

Further, because the L/B ratio and the overall

dimensions had been high, stiffened foundation
had not been fully effective. .

5.3.2 Warehouse at Peliyagoda

Severe damages were observed in this warehouse
and the rate of settlement had been very high.
Distress was found as major cracks in the walls,
tilts and settlement of the floor. The
observations and information gathered indicatg
that the live load of 0.3 kg /cm® to 0.6 kg/cm
'( which was cyclic) over the entire building
area had contributed to the distress. This is
because the subsoil profile varies considerably
over the length of the building, with the
thickness of underlying peat layer varying from
3 m to 10 m. This is shown in Annexure B.

5.3.3 Go-downs at Orugcdawatta

At Orugodawatta two structures supported on pad
and RC strip footings intended to be used as go-
downs were monitored commencing when the
structures were at roof level. The buildings
"have shown a few cracks as shown in Annexure C.
The predicted settlements, taking into
consideration the loading history and other
available information, were higher  than the
observed especially in the initial stages.

5.3.4. Office Building at Peliyagocda

This is a two storeyed RC framed structure on
pad footings and monitoring commenced from DPC
level (see Annexure D). Predicted settlements
were slightly higher than the observed values.
The building was moderately distressed, and the
maximum angular distortion has increased with
average settlement. ’

5.3.5. Transit Accommodation at Hultsdorf
-Phe scheme for the Transit Accommodation
consisted of many single storeyed buildings with
each building consisting of four units. The
foundations were conventional rubble masonry
type supported on top of a loose fill of 1.6 m
to 2.0 m ' in thickness over a 1.5 m ~ 2.0 m
thick organic clay/peat layer. Although 1loads
were not high, considering the weak subsoils,
and the very 1limited time available for
construction, the structures were designed with
provision for structural joints so that each
unit would behave as an independent unit when
settlements take place. The buildings had
behaved satisfactorily with slight openings
appearing along the structural joints as
anticipated. .

separations had been.

5.3.6 Residential Building at Rajagiriya

Two structurally separated adjcining buildings

have beei. constructed as four housing units with

two single storeyed and two double storeyed.

The foundations are of vierendeel type used for

the RC framed superstructure. Below a. fill of
2 m, a soft organic clay layer of 1 m is found.

Up to about 6§ m depth the subsoils are of weak

nature. Although high settlements had occurred

the structure has performed satisfactorily, with

only a minor crack.

5.3.7 Housing Scheme at Mattakkuliya

In this scheme consisting of 110 double storeyea
housing units, 7 blocks had 8 units each and 1
block had 6 units. The buildings were load
bearing masonry walled and resting on'RC strip
footings. Subsoils consisted of a lateritic
£ill (0.75 tc 1.9 m) followed by a silty sand
deposit mixed with organic matter. The very
weak layers extended up to 5 m. '

Severe cracks were found in some units while in
some others low to moderate distress were
observed. In some blocks, the rate of settlement
was significant even after few years. The cause
of distress. was traced to high differential
settlement due to weak, erratic nature of
subsoils., It was also observed that the degree
of rigidity in the buildings vary considerably
between the longitudinal and the transverse
directions. By dismantling several units at the
middle of each block to -increase the
longitudinal rigidity of the remaining units, it
was. possible to arrest further distress in the
buildings. :

:5.3.8 ‘Single Storeyed Building at Kotte -

Vierendeel girder system of foundation was
adopted for this building on a 1 - 1.5 m
lateritic fill on. soft organic clay (Naganather,
1987) . As the expected settlements were high,
the buildings were designed as five structure
units. Each unit behaved separately, and
although the settlements were very high, cracks
appeared co¢nly at separations provided as
intended. The satisfac ‘"ly performance of
this building which is o. of the structures
where vierendeel girder = foundations were used
in Sri LanKa has encouraged the use of stiffened
foundations under similar situations.

5.4 Concluding Comments

One of the objectives of this research is to
attempt developing c¢f methods to predict the
performance of buildings constructed in the
reclaimed marshy axeas. This was carried out
by _comparison of predicted settlement based on
theoretical soil models, where available
loading .details and soil profile with
assumptions used to simplify rigorous analysis,
and with the field observations of settlements.




" analysis of
~ investigations.

It was observed that predictions were not always
in agreement with the observations. This may
be due to one or many of the reasons given
below: )

1) Soil model used for analysis may not be
appropriate especially for organic soils,
“their intrfcate behaviour and their high
order of immediate, primary and secondary
consolidation.

2) It is extremely difficult to obtain good

.estimates of required soil parameters Que to
many reasons including limitations of
geotechnical investigations, non-homogeneous
nature of soil profiles with pockets, seams,
and lenses, difficulties and disturbances. in
sampling and testing which affect the
results. i

3) It is difficult to represent history and

condigions of loading accurately in the field -

due to many reasons;

- history of £ill cannot be easily traced.

- height of £ill is variable due to
intrusions into soft ground.

- histpry of building.cohstruction of
existlng buildings is difficult to obtain.

4) In the analysis described in this paper
the soil-structure interaction was not .taken
%nto account.  Due to the soil-structure
interaction which inevitably occurs :when a -
building 'is constructed over a yielding
stratum, the exact pressure distribution

under the foundations 1s far from uniform or

linear. Although this phenomenon may not be
significant for small settlements, its effect °
:ould be very high when settlements are
arge. R
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SOME RESULTS OF SOIL STRUCTURE INTERACTION STUDIES

B.L. TennEkOON

In the routine method of structural design, the
stresses and moments set up in ‘a structure due
to structural loading are calculated assuming
unyielding foundations. However, most
foundations (other than those founded on rock)
de settle, and these settlemernts will cause a
re-distribution of the stresses and moments
w1th1n the structure. This is referred to as
"soil structure -interaction". The designer may
choose to. ignore this and Jdesign the structure
on the assumption of unyielding supports, but
the interaction will nevertheless take place.
While this may be of no consequence for small
settlements, 1ts effect may. be more than
envisaged when the settlements are large.

A study of the literature shows that there are
two broad objectives in carrying out soil
structure interactign studies., They are

(i) the need to estimate the form and
magnitude of the differential settlement

which information is then used to assess '

the likelihood of damage and;

(ii) the calculation of the didtribution of

forces and stresses within the structure
This paper covers both aspects of these studies.
PART I

ESTIMATION OF FORM AND' MAGNITUDE OF DIFFERENTIAL

SETTLEMENTS AND ASSESSMENT OF LIKELIHOOD OF

DAMAGE
1.0 INTRODUCTION
At present, structural engineers design

foundations on the basis of an allowable bearing
capacity which depends on

(i) adeguate safety agalnst shear failure of
the soil, and

‘(ii) limiting the total settlement of a

building.

Although total settlements do affect the service
lines and the aesthetics of a building, it is
the differential settlements which cause
distress to a building. However, bécause cf
difficulties encountered in the estimation of
differential settlements and the incorporation
of these into design, these differential
settlements are generally not used in design.
It is simply assumed that the differential
settlements that a structure can tolerate can be
kept to acceptable values by limiting the total
settlement. . For example, -LEONARDS {1987)
recommends limiting the total settlement to 50mm
in sands and 75mm in clays. However, when
designing and constructing buildings in
compressible ground, total settlements in excess
of these limiting total settlements may be
obtained. In such cases, the buildings may
still be - constructed safely provided that the
differential settlements are kept within

‘allowable limits by prov1dlng adequate stiffness

to the structure.

2.0 LIMITING DEFORMATION CRITERIA

Two types of limiting deformation criteria are
generally used: .

.

(i) limiting deformation criteria to prevent
'architectural damage'; i.e. for the
onset of visible cracking in plaster.

(ii) limiting deformation criteria to prevent
'structural damage'; i.e. for the
stability of the structure .

In this paper, the study is restricted to the
determination of limiting deformation criteria
for the onset of visible .cracking.

Studies by MEYERHOF (1956) show that load
bearing wall structures have a different mode of
deformation from framed 'rstructures, and
consequently. different deformation criteria are
recommended for the two types of structures. In
the case of load bearing. wall structures,- the
limiting deformation criterion. is determined in
terms of the deflection ratio
in Fig. la; and in framed structures the
limiting deformation criterion is obtained in
terms of the angular distortion (g} as shown in
Fig.1b.

{a /L) as shown .




. figure.

DerLecTIon RaTiO ={L
L) - L o
F1e 1a - DeriniTion oF DerLecTIOn RaTio For Loap
BearING WALL STRUCTURES
H : : 1
! E i
1
.A'T P ANGULAR DISTORTION =B= Li

Fic b - DEFINITION OF ANGULAR DISTORTION FOR FRAMED STRUCTURES

2.1 Limiting Deformation Critterion for Load
Bearing Wall Structures

BURLAND AND WROTH (1975) have from theoretical
considerations shown that the limiting
deflection ratio for load bearing wall
structures will vary depending on the
brittleness of the building material, the
length to height ratio, the relative
stiffness in shear and bending, and the mode
of deformation (sagging or*hogging). However,
in this study, as a first approximation, all
load bearing wall structures are taken
together in one category for the determination
of the limiting deflection ratio.

The limiting deflection criterion has been

studied by making use of the settlement
measurements that have been made on the
buildings that are being monitored, together
with an assessment of whether .the. building is
free of cracks or not. . The buildings that
have been analysed are given in Appendix I.

Taking a  typical example, the plan view of
Block D of the Nawagampura Housing Scheme is
shown in Fig 2a. Settlement markers have been
placed at the points numbered 1 to 10 in the
The settlement markers consist of
durable ceramic tiles {(50mm x 50mm) which are

fixed on flat horizontal surfaces such as the

DPC. Settlement measurements were taken using
a precision leveling instrument with reference
to ‘a carefully established benchmark.

Benchmarks were installed in structures which

are considered to be stable or undergoing
negligible settlements over the period of
monitoring. Several benchmarks were installed
within a particular area and these were tied
to each. other to confirm their stability. It
has been assessed that the settlement

NawasaPura Brook D

2.2¥M

10 3
YANN .

2.6M

Fie 2'a - PLAN VIEW OF BuiLping

SETTLEMENT AS AT 88 - 03 - 04

Pawrdo. | 1 | 2°}3 |4 | 5167 |8 j9 |0
() 0 |27 [0 - {199 182] 169 | 183 | 181 |
atwd)l 0 p25[1 |- | 5]o|ws| 0j2r]| 4
FAVERAGE = 9w
Ao §-9-10-1 a = 4m L=69u
A= 1
L 1S

Fi6 2"b- Coputation oF DeFLECTION RATIO

measurements could be obtained to an accuracy
of l1mm. Typical values of total settlement
and differential settlement (after correcting
“for rigid body displacements) are shown in
Fig.2b. :

Considering the wall along 8-9-10-1, the
deflection ratio is computed as (1/1725).

For each building that is being monitored, the
deflection ratio is determined on each date
that the settlements have been measured. The
relationships between deflection ratio and
average settlement for the different buildings
are shown in Figs. 3a and 3b. . From these’
results, it is estimated that cracking in load
bearing wall structures commence at a
deflection ratio of. (1/2750). ’ :
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For purposes of comparison, the limiting
values given by MEYERHOF (1956) and POLSHIN
AND TOKAR (1957) are:

(i) Meyerhof gives a value of (1/2500).
{(ii) Polshin and Tokar give values of

(a) (1/3500) < {A/1L) < (1/2500) for (L/H)< 3.
{b) (1/2000) < (A/1) < (1/1500) for (L/H)> 5

2.2 1L;i.miting Deformation Criterion for Framed
Structures '

The framed structures were studied similérly,
and the buildings that have been analysed are
given in Appendix. I, .

Taking a typical example, the plan of the IDB
Building at Peliyagoda is shown in Fig. 4a.
Settlement markers have been placed at the
points numbered 1 to- 12 in the figure. The
settlement markers consist ‘of steel hooks with
a rounded edge installed in.the columns. The
settlement measurements were made as described
earlier. Typical values of total settlement’
and differential settlement are shown in
Fig.4b.
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Considering the columns along 1-2-3-4-5, the
maximur angular distort¥on is computed as
(1/258} . For each building that is being
monitored, the maximum angular distortion is
determined on each date that the settlements
have been measured. The relationship between
" maximum angular distortion and average
settiement for the different buildings are
shown in Fig. 5. From these results, it is
estimated that wvisible cracking in framed
structures commence at an angular ratio of
{1/300) .

SKEMPTON. AND MACDONALD . {1956) , GRANT ET AL.
(1974}, BURLAND AND WROTH (1975) all report a
limiting angular distortion of 1/300 for
framed structures.

Thesé results also show that the framed
structures can withstand larger differential
‘settlements than load bearing wall structures.
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3.0 STIFFNESS OF THE STRUCTURE

It is well known that differential settlements
can be controlled by providing adeguate
stiffness to a structure. The stiffness of the
structure refers not only to the stiffness of
the foundation but also to the stiffness of the
superstructure. But as stated in ANON (1977),
the overall stiffness of a structure is
difficult to assess with any accuracy because in
practice the degree of fixity at joints is
uncertain; cladding and in-fill panels have
varying degrees of fit; the geometry of the
structure at any time during construction has a
significant influence on stiffness and the
distribution of forces:; etc. Nevertheless,
rational design of structures where settlements
are high can be done only when it is possible to
quantify the stiffness.

In the case of framed structures, MEYERHOF
(1253} proposed that the stiffness of the
structure can be approximated to the sum of two
components:



(1) the stiffness due to the infilling =

E, x

2
I,xDb

202

where E_, I,
.moment of 1nert1a respectively of the
-wall;

b is the length of the building in the
direction along which bending is
considered; and

H is the total height of infiiling.

(ii) The stiffness due to ﬁhe frame
= 33 . : 2
-ZEb I, |1+ (Kl + X, >
‘ \ Kp+Ky+K, / 12

where Ep, I, are the Young's Modulus and
moment of inertia respectively of the

beam (or beam and slab);

are the average stiffnesses
o% the lower column, upper column, and
beam respectlvely,

1 is the’ length of a bay in the framed'

structure in the direction along whlch
bending is considered;

and the summation is to be carried out
for each floor.

This method was endorsed by the American
Concrete Institute, DE SIMONE (1966); and it has
also been ‘adopted by the Indian Standards
Institution, ANON (1972).

are the Young' s Modulus and

~ determined are shown in Tables la and ib.

Thus, -

In the case of load bearing wall structures;,
there is no recommendation as .to .the method of
computing the stiffness of the structure.
Therefore, as a first approx1mat10n,,the
stiffness of the structure is computed ir the
same manner that the stiffness of the infilling
is determined for framed structures. The
stifinesses of the structures as thecretically
It is
seen from Table la that the contribution of the
infill or cladding to the structure stiffness is
very large in comparison to the contribution
from the frame. It 1is.reported in ANON (1977}
that, '

{i) the contribution that the infill panels
in framed structures make towards the
overall stiffness of the structure is

' dependerit on the tightness of f1t in the

frame,

whén there are openings in the infill
panels, stiffnesses will be reduced. e.g.
-it is recommended that when the size of
openings exceed 1/6 of the frame opening,
the stiffness from the 1nf111 panels
should be igrorxed. .

(ii)

in many domestic buildings of framed
structures with a large amount of openings for
deoors and windows,  the contribution from. the
‘'walls is negligible. However, considerable
stiffening ¢an be provided beneath the ground by
providing ‘a vierendeel type foundation system.
As an example of this, of the structures
analysed, in the case of the house at Rajagiriya
almost all the stiffness of the structure has
been contributed by the vierendeel foundation.

In the case of load bearing wall structures,
design from strength criteria regquire that there
be a greater provision of walls than in a framed
structure. Thus, often load bearing wall
structures tend to be stiffer than framed
structures, - and consequently the differential
settlements associated with the load bearing
~wall. structures are smaller, although they may
still lead to cracking because the limiting

Table la

deformation criterion allows a smaller
differential settlement, o )
' Project Stiffness of Structure Stiffress of Soil |Relative
R (EI) (EI) (E1) B, | a . o [E1)  |oriffness |
T walls frame "total - : o Soil |Factoar (K)
(kN.m2) | (kN.m2) (N.m2y Oy (m) | m) foaNam2) ]
1. IDB, Peliyagoda - | 7.7x10° | 0.1x10° 7.8x10° 1700 | 7.36 | 13.41 20x10° | 0.269
2. UDA Go-downs 265.4x10% | 0.1x106 " 265.5x10% 5130 19.8| 30.44 2876x10%] 0.092
3. Private House, 8.7x10° 0.1:10°% 8.6x106 10000 | 7.54| 9.98]75x10% | 0.118
| Fedeginiva 1L ' 20000 150x10° | 0.059
4. East-West 7.’8x106 C0.1x108% T 1 7.9x10° 2000 | 35 ! 45 | e6380xi0® 0.0012
Peliyagoda : . o o R .
5. Open University, | 1l3. 9x10° 0.1x0% | 114xa0® so00 | 12 | 45 | s5467x10% o0.021
'.Nawala Block 1. o '
f,Stiffneés determinétioﬁfor Framed Structures

5.5




~ Project Stiffness of Structure Stiffness of Soil
(ET) E, a ® (ET) Relative
Structure 2 ; Soil Stiffness
(KN.m2) NSy | (m) (m) (kN.m?) Factor (K)
1. Newaganpura 8.258x10° 2000 2.6 7.6 2.283x10° 3.62
2. Crow Island, 91.77x10° 5000 3.81 | 21.3¢ | 185.1x10% 0.495
‘.__(__r@el) 5 . . , . .
. Crow Island, 60.76x10 5000 3.81 | 21.34 | 185.1x10 0.328
{Inverted T) N I o —
4. Deveo Showa 16.9x10° 5000 9.0 27.0 | 885.7:10° 0.019
5. Transit 10.8x10° 2000 6.0 |- 9.0 8.748x106 1.23
Acconmodation
6. Kelanitissa, 36.57x10° 2000 9.9 25 309.4x10° 0.118
Block A

Table 1b

4.0 RELATIVE STIFFNESS OF STRUCTURE

Just as much . as very rigid structures undergo
little differential settlements, structures on
very weak soils cculd ‘sink' as a rigid body.
Therefore, MEYEREOF (19253) defined a term called
the iRelative Stiffness Factor (K} as

Stiffness of structure

K.
Stiffhess of soil

It is this parameter K which can be used as a
measure to evaluate differential settlements.

MEYERHOF (1953) has derived theoretlcally a

relationship between(£§¥5) and K for a uniformly
loaded rectangular foundation of width B and

length L. This relationship is shown in Fig. 6,

and it shows that if K can be made to be greater

than about 0.5, the foundation tends- to be

extremely rigid with (Av'f“;")’-‘- 0.08. (A max is the

maximum differential settlement, and P
average settlement).

For the stiffness of the soil,

MEYER%PF (1953)
has obtained stlffness of -soil =

Egx
Where Eg is the modulus of elasticity of the

'soil; b is the length of the building in the
direction of bending; and a is the length
perpendlcular to the . section under
investigation. This method has also being
adopted by Indian Standards Institution (ANON,
1972).

This method of determining the stiffness of the
soil now. gete modified to the determination of
the modulus of elasticity of the soil, and. the
method of determination of the latter. would
depend on the type of soil.

"the computation of E_.

is the

-used.

5.6

- Stiffness determination forIigal Bearing Wall Structures

The types of compressible
encountered are:

soils wusually
(i) loose deposits of sand;

{ii} soft clays - this would include inorganic
clays, organic clays, and peaty soils;

(iii) lateritic £ill overlying a weak soil
layer, the latter being ccmpressible.

Loose deposits of sand

The SPT value is often too small to be used for
A more suitable test is

Static Cone Test in which MEYERHOF (1965) has
recommended +the wuse of the empirical
relationship :

Eg = 1.99,

where g, is the Static Cone resistance.

In the absence of Static Cone resistance
results, the recommendations of the Indian’
Standard Imstitution - ANON (1972) have been
According to this recommendation, for
loose sand;

200 to 500 kg/cm?

]

20,000 to 50,000 kN/m2

Soft clays

On the basis of the analysis of observations of
shallow foundations on clay, MEYERHOF {1953)
recommends that for soft cohesive soils

Eg = (25 to 80) x cohesion, when consolidation
settlements are also considered.
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Soft clays, especially the peaty soils, are very
difficult to sample without causing disturbance
to the soil structure. However, a limited
number of tests have been carried out in the
peaty soil at the UDA Go-downs, Orugodawatta.
These tests gave :

c,=20.35 kgf'/cm2

Taking By = 50 x cohesion

" Eg for the peaty soil works out as 1700 kN/m?.

Lateritic f£ill overlying a weak soil layer

FRASER AND - WARDLE (1976) have proposed an
approximate graphical method for, determining the
equivalent E; for a multi-layered soil system.
According to this method, the elastic parameters
of each layer is weighted according to -its
influence on settlements. A worked example of
this method is given in Appendix II .for the UDA
Go—-downs, Orugodawatta.

In using this method it is necessary to
determine the E_ values for the different
individual soil types. For lateritic soils one
of the following methods may be used.

{i)} the recommendation o¢f the Indian
Standards Institution - ANON (1972). -
that Eg be taken as the secant modulus of
the load settlement cuxrve £from an
unconfined compression test corresponding
to 50% of the unconfined strength.

{(ii) the recommendation of DOWRICRK (1977)
given in Table 2, For this analysis, Eg
for compactfd laterite has been taken as
50,000 kN/m*“,

E (kmf)

upto 15,000
10,000 to 50,000
25,000 to 200,000
7,000 to 70,000
15;000 to 50,000
50,000, to 120,000

So1L TYPE

‘Soft clay

Firm, stiff clay
Very stiff, haxd clay-
Silty sand

Loosa =sand

-bense. sand

. Table 2 - Typical E-values for soils o
~. (Reference .- DOWRICK (1977), p.139)

vf

" The stiffnesses of the soil for the ceses

analysed are given in Tables la and 1b.

The relative stiffness factors for the cases
analysed can now be computed, and these are alsc
given in Tables la amd 1b.

" |Relative Stiffness Factor

.of .the

As.mentioned earlier, the assessment of the
I is based on' certain
idealisations which may be in error. A better
indication of the relative stiffnesses of
‘structures ‘can be obtained by analysing the
results of the graphs of, : :

(i) angular distortion versus settlement, for
: framed structures; .
(ii) deflection ratio versus settlement, for
load bearing wall structures. :

The larger the relative. stiffness of the
structure, the smaller would be the differential.

- settlement for any given total settlement.

The relationship betwesen angular distortion and
settlement for framed structures is shown in
Fig. 5. It is observed that the building with

. the highest relative stiffness factor is the IDB

Building at Peliyagcda.  This is mainly because
.the foundations have bheen placed just above the
peat layer and hence the stiffnéss of the ground
is low. However, it should be noted that
although buildings constructed just above weak
soils tend to be stiffer than if the same
building was placed after placing a compacted
£il11, the former also tends to settle
considerably. more than the latter. An example
latter is the UDA Go-downs at
Orugodawatta where the foundations are placed on
the. compacted £ill at an elevation much higher
than the peat layer. By this process the
stiffness of the ground has increased. and
‘consequently there is a reduction in the
Relative Stiffness Factor . But the lateritic
£fill has been very effective in reducing the
pressure coming on’ the weak layer and thus
reducing the “total settlement.

For comparison,the IDB Building at Peliyagoda
had Eeen designed for a béaring pressure of 40
kN/m“ and had undergone a settlement of (125 -
152:mm) whereas the UDA Go-downs. had been
designed for a bearing pressure of 160 kN/m® and
had undergone a settlement of (60 ~87mm).

This is despite the fact that the thickness of
the two peat layers are 1.98m for the IDB-
Building site, and 5.90m for the UDA Go~downs
site. . ' -

Again from Fig.5 it is observed that the East-
West Building at Peliyagoda has a very small
Relative Stiffness Factor, and it has also
undergone very large settlements. In this case, .
although the stiffness of the soil is relatively
small (because the foundations are placed near
the peat layer), the relative stiffness factor
is extremely small because -

{i} the builiding has large dimensions in
plan; and o : .

{ii) the structure stiffness is small because
‘the building is a framed structure in
which any contribution to stiffness of
structure from the walls has been
neglected because of the large amount of
openings.



Another observation from Fig. 5 is that although
Blocks A and B of the UDA Go~downs, Orugodawatta
are structurally similar, they show different
settlement-behaviour - Block B has a higher
‘relative stiffness than Block A. It is
concluded that this difference is most probably
due to the variations in the ground conditions
at the site.

" The relationship between deflection ratio -and

settlement for load bearing wall structures is
shown in Fig. 3c. (This is a combination of
‘Figs. 3a and 3bl, but using the average curve of
.several blocks in the projects where a large
‘number of similar buildings have been
monitored.). . .

A comparison of ‘the two curves of fhe Crow
Island Housing Scheme - one curve for the houses
with viérendeel foundations and the other curve

for houses with the inverted T-foundations shows -

that the use of the vierendeel foundation system
has increased the stiffness of the structure.

The Transit Accommodation at Hultsdorf have a

theoretically determined Stiffness Factor of

1.23. This high Stiffness Factor together with

the relatively small total settlements (P =
25mm) - has "resulted -in eéxtremely small
differential settlements (A= 2mm), and

consequently these structures show no distress.

In the case of the Nawagampura Housing Scheme,
the .theoretically determined Stiffness Factor is
the highest. of all the buildings analysed; yet
in its. performance. (as observed from Fig. 3c),
it is similar to the Crow Island Housing Scheme
with the vierendeel foundations, which has a
much. lower Stiffness Factor. Two possible
reasons are,

(i) the Nawagampura houses were found to L
poor in their workmanship, and hence the
actual stiffness of the structures would
have been reduced; and/or

{ii) the increase in Reiative Stiffness Factor
beyond 0.5 has only a marginal effect in
reducing the differential. settlements of
a structure. {This would be similar to
the results of MEYERHOF (1953) shown in
Fig.6) . C ' B

5.0 CONCLUSIONS

' It has been established that the limiting

deformation criteria for the onset of cracking
are, : R

(i) ahgular distortion of 17300 for framed
structures; and )

(ii)deflection ratio of 1/2750 for load
bearing wall structures. ;

It has also beén established that although the
overall stiffness of a structure is difficult to
assess accurately, reasonably approximate
estimates- can be made. Reasonably good
correlation has been obtained between the actual
stiffness as determined by the settlement
pattern of the building, and the theoretical
stiffness based on definitions for the stiffness
of the structure and the stiffness of the soil.
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From these it has been established that

(i} - for framed structures, the contribution
to structure stiffness  from the
infilling is much larger than the
contribution from the frame.

(ii) - the presence 6f.openings for doors - and
‘windows in the walls reduce considerably
the stiffness of the structure.

(iii) lcad bearing wail‘structures tend to be
stiffer than framed structures.

(iv) the use of the wvierendeel girder

' foundation system increases
stiffness of the structure.

the

(v} variations of relative stiffness for
similar buildings can be obtained
because of variations in the ground
conditions. '

buildings with smaller plan dimensions
are stiffer than buildings with larger
dimensions.

(vi)

{(vii) buildings constructed on weak soils tend
‘to be stiffer than those constructed at
the samé site after filling with a hard
fill, However, in the former case, they
. also show considerably more settlement.

{(viii)the increase of the relative stiffness
‘factor beyond a value of about 0.5 has
little effect on . the differential
settlements. ) -
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APPENDIX 1

List of structures which have been studied.

Framed Structures

« I.D.B., Peliyagoda
2. U.D.A. Go-downs, Orugodawatta - Block A
3. U.D.A. Go-downs, Orugodawatta - Block B

4. Private house, Rajagiriya

5. Open University, Nawala - Block 1
6. Open University, Nawala ~ Block 15
7. East-West, Peliyagoda.

Structures with Load Bearing Walls

1. Nawagampura Housing Scheme -.Block C
2. -do- ~ Block D
3. -do- -'Block A
4. -3do=- - Block N
5. -do- - Block P
6. Crow Island Housing Scheme - Block P
7. -do- - Block L
8. -do- - Block N
9. ' -do- -~ - Block K
io0. ~-do~ - Block Q
11. -do-~ . - Block R

12, Devco Showa, Pellyagoda

13. Transit Accommodation, Hultsdorf - Block A

L. ~-do—- - Block B

15. XKelanitissa Power Station Premises,
Wellampitiya - Block A

* - Settlement monitoring of this structure
commenced three years after the completion
cf this building. Most of the primary
consolidation was over, and hence the total
settlements cannot be determined.

APPENDIX IT

Determination of the equivalent E. for a multi-
lavered soll using the method uf FRASER AND
WARDLE (1976}

Consider the example of the site at the UDA Go-
downs, Orugodawatta.

Footings of dimensions 1.219 m x 1.219 m have
been placed at a depth of 0.%0 m as shown in
Fig. 7a; (i.e. b = 1.219}).

The compressible peat layer is 5.%0 m thick, and
a compacted lateritic fill of thickness 2. 90 ' m
has been placed above it.

The E values for the lateritic £ill aau the peat

have been estimated as 50,000 kN/m® and 1700
kN/m“ respectively.
Therefore, in the range 0< % <2.0
i.e. 0 <{z/b)<1.64, 1= 1 =0,3x106™4
g 58,000
Similarly in the range 2.0< 2 € 7.90
i.e. 1.64< {z/b)< 6.48, 2 __1 -5 pax10-¢

g 1700



From Fig. 17 of Fraser and Wardle (1976), the
following influence coefficients were obtained:

(i) (z/b) =0, I, =1.12
(ii) (z/b) = 1.64, ‘I, = 0.4
{iii) (z/b) = 6.48, I_ =

z = 0.08

Us'ing_v these values, ‘Fig. 7b has been
constru’cged.

The equivalent Eg of the multi-layered soil (E)
is determined

~ (A I,) = 1 (a1,
.%. ot Aztot;l Z—é-i- zi

This gives E & 5130 kN/m2.

,=“:, 0.90 ™ LaTerITIC Fiie

20m  E - 50,000 iWif
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PART II

CALCULATION OF THE DISTRIBUTION OF fORCES AND'

STRESSES WITHIN THE STRUCTURE

1.0 INTRODUCTION

‘Mathematical modelling is an essential part of

‘the development of analytical methods for

structural analysis and design. This part - of
the paper deals with a critical study of the
computer methods which have been developed
-(based on these models) for the calculation of
- the forces and stresses within the structure.

2.0 - IDEALIZATION AND REALITY

With the advent of high speed, large storage
computers the stage has now been reached when it
would soon be possible to provide theoretical
solutions to. most problems in Structural
Mechanics when given the geometry, the material
properties,” and the loading. ' However, it must
be kept in mind that in arriving at these
'solutions ‘idealizations have been made with
respect to both the soil and the structure.
- There are idealizations concerning soil
geometry, soil properties, resultant foundation
- loads, structural geometry, structural loading,
structural properties etc, The fact remains that

the uncertainties in both the so0il and the

structure (vis a vis these idealizations} are so
great, that even with the possession of
unlimited computer power it is unlikely that: the
precision in the prediction of behaviour will
improve significantly. Therefore, for the
purpose of this study, the methods of analysis
have been divided into two categories -~
'Detailed Analysis' and 'Simple Analysis'.
'Detailed Analysis'® consists of the use of
methods which involves the use of complex
mathematical models; while the 'Simple Analysis®
involves less sophisticated modelling but it is
supplemented by the results of observed
behaviour of structures.

3.0 DETAILED ANAL?SIS

The detailed analysis involves the mathematical
modelling of the three basic components which
are the structure, the foundation, and the soil.

They. have to be separate but interdependent
models.

3.1 The Structure Model

Por soil structure interaction studies, it is

necessary to evaluate the overall stiffness of
the structure as a whole rather than the
stiffness of individual elements as is usually
done. The typical structure is an .extremely
complex assembly of elements whose stiffness
varies with time especially during the
construction process. Therefore, approximations
have to be used when modelling the scructure.
For example, it is necessary to know what
allowance should be made for the walls,
partitions and floors in framed structures.

An approximate method for modelling the
stiffness of framed structures was given by

the American Concrete Institute, DE SIMONE
(1966), and it has also been adopted by the
Indian Standards Institution, ANON (1972). In a
study of the settlements of buildings in the low
lying areas of Colombo, TENNEKOON, SIVAKUGAN AND
LAKSHMAN (1988) found that the theoretical
stiffnesses as determined using the .method of

~ Meyerhof corresponded reasonably well® with the

actual stiffnesses of the buildings as observed
from the settlement patterns.

3.2 The Foundation Model

In most analyseé, the foundation is considered
as a plate or beam in contact with the ground

‘and its stiffness is computed accordingly.

However, it is clear that this is erroneous
because the bending of the foundation plate or
beam will also be governed by the contribution
to stiffness provided by the superstructure. The
State of the Art Report on Structure-Soil
Interaction, ANON (1977), gives the example of
an analysis carried out on a 22-storey
residential block of load bearing wall

. construction founded on a 0.76 m thick raft.
‘Even after using very sophisticated detailed

analysis, satisfactory agreement between

measured and computed differential settlements.

was possible only after the structure was
converted +to an equivalent raft of thickness
4.6 m.

3.3 The Soil Model

In the usual method of foundation design, the
stresses in the foundation are computed assuming
a linear distribution of contact pressure. But
it is well known that the contact pressure
distribution is a complicated function of the
interaction between the foundation (inclusive of
structure) and the soil.

A study of the literature shows that there are

three principal ways of modelling the soil. They
are as .

(1) a set of linear unconnected springs;
(ii) a half space continuum; and
(iii) a layered continuum.

A1l these models make use of soil properties
which are averaged over the site, and these
variations could make the modelling meaningless
unless used with proper engineering judgement.
Several computer programmes are available for
analysing the stresses in the foundation using
the different assumptions.

4,0 COMPUTER PROGRAMMES FOR .. _USE IN
STRUCTURE INTERACTION STUDIES

- SOIL

4,1 Soil Model as
Springs

In soil structure interaction studies, the
simplest method of solution is to model the soil
as a set of linear unconnected springs. This is
commonly referred to as the Winkler method, and
the contact pressure at any point in ‘the
foundation is assumed to be proportional to the
settlement at that point.

a Set of Linear Unconnected

5.11

- MEYERHOF (1953); and this method was endorsed by




..rather than by shear failure of the soil

Computer programmes. have been developed by
BOWLES (1974 for

(i) «combined footings using finite difference
formulation;

combined footings using finite element
formulation; ) :
raft foundations using finite difference
formulation; )

raft foundations using finite element
formulation.

(ii)
(iii)

(iv)

All these programmes have been compiled by the
Author on an IBM PC. In the programme for the
raft foundation using finite element
formulation, the method of matrix inversion for
the solution of the equation

{(x1={x71t {23

was modified. The use of the Choleski method of

Equation (1)

matrix inversion resulted in considerable saving

of computer time (In the above equation, [X] is
the displacement matrix, [K] is the stiffness
matrix, and [P] is the load matrix.).

When the Winkler method of solution is used, the
deflected form of the foundation is first
determined by the solution of Equation (1). The
bending moments and shear forces in the
foundation beam or plate ‘are then computed from

e 30T
M=5rr &Y land s.= k1 £X

a3

In the formulation given by Bowles, the
stiffness of the super-structure has not been
considered for the determination of the
deflected form; i.e. the stiffness matrix [KJ in
Equation (1) has been formed by considering only
the stiffness of the foundation. The Author has

"dealt with this problem by evaluating an

equivalent thickness of foundation after taking
into consideration the stiffness of the
structure and the foundation. This has been done
by using a .suitable approximation for the
structure stiffness; = e.g. using the
approximation of MEYERHOF (1953).

Ancther drawback of this method (which also
applies to other elastic methods of analysis) is
that in the soil model no ‘account is taken of
'failure' of the soil. At regions in the soil
which are highly stressed and which have reached
the failure criterion there will be a re-
distribution of stresses with the shedding of
load from the highly stressed regions to the
less stressed regions. Therefore, the Winkler
method is best suited for the situation when the
foundation pressures are much less than the
ultimate bearing capacity of the soil. TENNEKOON
(1989) has shown that this is usually the case
of buildings in marshy areas where foundations
are more likely to fail by excessive settlement

esingie o,

4.2 Soil Model as a Half Space Continuum

When modelling the soil as a half space
continuum, usually elastic theory is used, and
mathematical models are formulated to relate the
forces and moments acting at the common
interface between the foundation and soil to the
corresponding displacements and rotations. 2s
the computer programmes based on this model are
not available with the Author, these will be
referred to only briefly for completeness sake.

When considering the many methods that have been
used to solve the eguations governing the
behaviour at the interface, two basic techniques
can be identified. These are called@ the

'Iterative methods' and . the 'Non-iterative
methods!
4,2.1 Iterative methods

In these metheds, the common interface between
the soil and the structure is broken up into a
series of elements using carefully selected
nodes. Then using standard methods of analysis
in Structural Mechanics a relationship is
obtained between the net applied force and the
displacements at the interface nodes. Similarly,,
using well known Soil Mechanics procedures a
relationship is obtained for the surface
settlements at these nodes in terms of the yet
unkrown ground reactions. These two sets of
relations are compared and iterative methods are
used..ta..establish common displacement profiles
and ground reactions at the interface; e.g.
ZBIROHOWSKI-KOSCIA AND GUNASERARA (1970).

4,2.2 Non-iterative methods

With the development in recent years of
structural analysis techniques using finite
elements and the availability of powerful
computers more direct methods of solution have
been developed in which the common displacement
profile and ground reaction are determined in a
single discrete step. In general, both the
structure and the ground must be considered
three-dimensionally; for example, KING AND
CHANDRASEKARAN (1975); MAJID AND CUNNELL (1976).
However, such an analysis requires considerable .
computer power, and often a simplification is

‘made for the structure where it is considered as

a series of independent plane frames.

An alternative method of analysis developed by
FRASER AND WARDLE (1976), where the structure is
modelled using finite elements but the soil is
modelled as a continuum will be discussed in
Section 4.3, : :



4.3 Soil Model as a Layered Continuum

FRASER AND WARDLE (1976)developed an integral
transform method to evaluate the stresses and
displacements of a loaded area in an elastic
medium. In this very powerful method, double
- Fourier transforms are used to reduce the
partial differential equations of equilibrium to
a set of ordinary differential eguations which
are, therefore, easy to solve. Advantages of
this method are that it allows

(i) the analysis of a multi-layered soil system
with different elastic properties in each
layer. The  layers can be of variable
thlckness.

{ii) different elastic systems to be considered;
e.g. the soil may be. considered as
isotropic (as is usually done), or it may
be cross-anisotropic where the elastic
properties in the vertical direction are
different from those in the horizontal
direction (a common featureé in many
sedimentary deposits).

However, the soil layers have to be. horizontal,
and each layer has to be of uniform thickness
and of infinite lateral extent. The program
FCCALS (Foundatlon On Cross Anisotropic Layered
System) which is commercially available is based
" on this method. (The source code and the
executable programme are available with the
Author.}.

In the analysis, a set of eqdations of the form
fx] tx1=1(021
are set up for the different elements in the

structure and the soil . (The notations are the
same as that given earlier in Eguation (1}.).

The\stiffness of the structural elements (whieh N

cculd consist of one or more of -the following)
are evaluated using the well known: SAP
programmes developed at the University of

California, Berkley ( WILSON (1971), BATHE,.’

WILSON AND PETERSON {1873) ) :

(i) three dimensional truss;-

{(ii) three dimensional beam;

(iii} plane stress and plane strain;

{(iv) two dimensional ax1—symmetr1c solid;
{(v) three dimensional solid;.

{vi) plate and shell; -

{vii) Dboundary (ie. spring elements),
{viii) thick shell elements.

In the case of the so0il, the entire soil mass is
considered as a SLngle element for which the

stiffness matrix is evaluated u51ng the 1ntegral

transform method.

5.0 SIMPLE-ANALYSIS

Detailed ' anazlyses .whilst
sophisticated and alsp expensive may not always
give the corréct answers to .an engineering
.. problem, It is worth- duoting. from a paper by
" PECK. {1972} on 'Field Instrumentatlon and
,Measurements in Applled Scil Mechanlc .

15,12

being very"

"Instrumentation. has become a -catchword; field
observations are recommended profusely by
professionals in applied Soil Mechanics, and are
even looked on with favour by many clients who
ultimately pay the bllls. But do the sponsor’'s
get - theirx money ' worth? Sometimes,
unmistakably yes. All too often no. = .. ¢

«...The measurements may . be reliable, . the
devices mav function perfectly, and - an ample
number of observations may be -carried out. The
information may even be exquisitely presented,
but all to no useful purpose because the data
lack some vital quantity needed to understand

the significant happenings on the job.

....The foregoing remarks suggest that
measurements, even if dignified by calling them
the results of instrumentatioh, do not in
themselves make for improved understandlng .or
better practice”. .

Unless judgement  is carefully used, what field
instrumentation and measurements are to.applied
Soil Mechanlcs, computer methods of analy31s may
become to structural design.

5.1 Some Simple  Analytical.  Methods of
Foundation Design Based on the Results of
Observed Behaviour of Structures

At. present, the design of foundations is based
on -limiting thée total settlement (P}, although
it is the differential settlement (A} which
causes distress to a building. The differential
settlements can be controlled by providing
adequate stiffness to a structure. The non-
dimensional parameter called the Relative
Stiffness Factor (X), which is .the ratio of the
stiffness of the structure to the stiffness of
the soil, is well suited for soil structure
1nteractlon studies.

Theoretlcal relatlonshlps have been established
between the differential settlement and the

:Relatlve Stiffness Factor; e.g. MEYERHOF {1953);
BROWN (1969),'FRASER AND WARDLE (1976)- ALAM

SINGH {1986). However, in all these sclutions,
the contribution of the superstructure  to.
overall structure s*-:.ffnese has not beén- taken
into account. S )

TENNEXOON SIVAKUGAN AND LAKSHMAN (1988) report
on a study carried out at ihe National Building
Research Organisation where the. settlement
patterns of a large number cf buildings in and
around Colombo have been studied. They conclude

'that the limiting deformation criteria for the

et of cracklng in plaster are :

(i) angular disto tion of 1/300 for framed
structures; and ‘

‘iii)‘deflect on ratio of 1/"750 for lead

bearlng wall stfuctures.

From these;results; and the structure stiffness

‘computed according to the niethod of MEYERHOF

{1953), they obtained the relationship between X
and ' at failure. TENNEXOON, SENANAYAKE 2AND
AMERATUNGZ (1989} have shown that these results
can- be made use of to evolve a. design method

which can assess the likelihood of damage.




TENNEKOON' AND RAVISKANTHAN (1988) have proposed.
an alternative method for computing the bending
moments and stresses in the foundation. Rather
than design the foundation for carrying the net

loads, it is proposed that they be designed- for

the limiting state when cracking will occur;
i.e. the foundation design is based on a
limiting deformation criterion. Using this
method, the foundations of load bearing walls
can be designed using simple hand calculations,
while 'in the case of framed structures the
computer programme MICROFEAP may be used with
the 1limiting. foundation settlements introduced
as part of the input data.

6.0 CONCLUSIONS

Mathematical modelling is an essential part in
the development of analytical methods for
structural analysis and design. It is khown that
with the rapid development of powerful
computers, it is now possible to find
theoretical solutions to virtually all problems
in Structural Mechanics. However, because of the
idealizations (and approximations) made in the
mathematical model, the precision in -the
prediction of behaviour will not necessarily
improve significantly. Detailed analysis based
on modelling the structure and the soil in a
variety of ways is discussed. Reference is made
to some of the computer programmes which are
-available.and . these are analysed.—In- view of the
complexity of the problem of s6il structure
- ~interaction, it is shown that simple methods of
analysis also have an important part to play ‘in
foundation design. Finally reference is made to
some of the Author's work where simple methods
of analysis have been used to assess the
likelihood of damage, and to determine the
foundation stresses as a result of settlements.
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SUGGESTED PRACTICE FOR THE CONSTRUCTION ACTIVITIES IN LOW LYING AREAS

A. THURAIRAJAH

INTRODUCTION

A-large .extent of land and floor space have

become necessary in Colombo city and its
vicinity as a result of the increase in
population and the rapid development programmes
that were launched specially during thé past
decade. But, with practically all the buildable
highlands being already developed, the planners®
attention has been focussed on the development
of low lying marshy areas, and accordingly
approximately 1600 ha of low lying lands in
Colombo region had been earmarked to be
developed in order to cater for the land demand.

As it had been already iterated in this seminar,

a significant feature of these marshy areas is

the presence c¢f organic subsoils, predominately

peat, distributed over considerable depth and

breadth. & significant fraction being vegetable

matter in various stages of decomposition, these

soils are not regarded as suitable foundation

material. Technological and economical

conditions in countries 1like Sri Lanka would not

permit utilization of these lands, for example,

by complete replacement of the weak subsoils

with quality materials or by improving the

subsoils by solidification etc.,, as many an
engineer in a developed country would be willing

to 3%, Therefore, avoidance of these lands for

buiiding purposes by the engineers in the past,
appears to be reasonable -and gqguite

understandable when one reconnoitres the low

lying areas.

It is not surprising to locate many a building
built on low lying areas with some form of
distress, and at least a few showing major
distress that may even endanger the safety. On
the other hand one may surprisingly find well-
standing buildings among such distressed
buildings. Reasons for such performance need to
be explored. Though, minor distress may be
attended with simple repairs at low cost, often
redemption or renovation of a severely
distressed structure could be even more costly
than reconstruction, specially when underpinning
and other complicated fr:rndation techniques are
involved. S -

Situations could be encountered where lands with
sound- subsoil conditions are under~utilized for
low rise, low cost buildings, while on the
.centrary, large superstructures which transmit
heavy loads to the ground are constructed on
lands with extremely poor subsoils after making
encrmous expenditure on substructure which may
involve deep foundations and ground improvement.

Therefore the Geotechnical Engineer has a great
responsibility in guiding the City Planners and
Developers on optimum land use by imparting the
knowledge on the suitability of 1lands,
especially the reclaimed low lying marshy areas,
for development. To meet this challenge,
comprehensive information with regards to the
nature, distribution and engineering properties
of -the subsoils is required by the engineer to
assess the engineering response of such ground
to the development activities envisaged.
However, such comprehensive information was not
readily available. in the past although records
of a limited number of isolated investigations
carried out on ad-hoc basis were available at a
few agencies. a pioneering effort has been made
by the Central Soils Testing Laboratory of the
Urban Development Authority in 1982 to document
subsoil information on low lying areas (Ray and
others, 1982), However, the real fruits of this
‘attempt became evident only after 1984, when

. Several research projects were embarked upon by

the Naticnal Building Research Organisation
(NBRO) with the assistance of the United Nations
Development Programme (UNLP) . These - research
projects are;

1) Geotechnical Mapping of Low Lying Areas
in and around Colombo. .

2) Evolving of Appropriate Foundation
Types for Construction, particularly for
Low-cost Housing in Reclaimed Low"
Lying Marshy areas.,

3) Development of Under-reamed Piling
Technique for Sri Lankan Conditions.

4} Engineering Behaviour of Organic ang -
Residual Soils.,

In the first project mentioned above, aimed at
the geotechnical mapping of low lying areas in
and arcund Colombo, the following objectives
were achieved (Senanayake 1986} based on the
information gathered from a total of 228
borehocles and .augerholes:

i} Identification of low lying areas in.
and arcund the city of Colombo which
are proposed to be developed in the
near future. o



-.sometimes apparent.

ii) Engineering evaluation of the
subsurface soil conditions in the
study area and identification of

characteristic soil profiles.

Formulation of a set of soil series
having similar morphology and genetic
history to cover the entire project
area. '

iii)

Evaluation of engineering response of
each of the so0il series to various
engineering activities.

iv)

In the meantime, a large amount of valuable data
has been collected through soil investigations
carried .out during the past three years.
Considering the numerous advantages of a
database which can be made available to the
planners -and developers, NBRO has now
undertaken to set up a database using the

available -personal computer facilities
{(Ameratunga et al 1989). This database once
completed, with further necessary improvements

incorporated in, together with the geotechnical
maps would be of immense help not .only to the
planner in his decision making on optimum land
use, but also to the developer in preliminary
and feasibility studies. :

Two important aspects that should be looked into
in developing the 1low lying areas are the
drainage conditions and the subsoil conditions.
Therefore irrespective of the extent of land,
several important steps need to be followed
before final decision is made on the type of
development. From the geotechnical point of
view whatever information that could be obtained

- on subsoil conditions, nature of any development

activities that have already taken place in the
vicinity, performance of structures in adjoining
areas etc., would prove to be of immense help at
the initial stages. Even in an instance when no

information is available for a particular site.

itself, subsoil characteristics in the vicinity
could be effectively used in preliminary

studies, if such information is available in the

database or elsewhere. This information would be
oftéen sufficient to decide whether the proposed
development is appropriate for the purpose, and
if appropriate, to decide on the best layout of
the facilities. Also the engineer would be in a
position to advise the developer on the

_appropriate type of foundation for a particular
‘structure or even on how the construction

programme could be phased out to accommodate
ground improvement where necessary. Such
decision making at early stages giving due
consideration to the response of the ground
would be economical on the long run not only to
the developer but to the nation as a whole in
keeping with optimum land use. '

" Once the greenlight is given to the deveiopment
project; geotechnical maps and' database become

very -useful again in planning detailed

investigations. It should be borne in mind that .
the database .could in no way substitute detailed

investigations as the latter is considered
éssential in dealing

need to be planned to include &ll: field and

laboratory tests in order to .obtain.all

geotechnical information required to design the

with "low lying ‘areas,
“where local variations in ground conditions are :
Detailed investigations

" stratum.- T

superstructures,. ~their foundations -and’ any’ -

ground improvement methods that are considered .

necessary. .

FIELD INVESTIGATIONS

Field investigations could be of a preliminary
nature for decision making on basic planning
when no information whatsoever is available from
earlier investigations, or could be of detailed
nature for the design stage. The extent of
detailed investigations required could be
determined based on general practice, but in
actual execution this would vary with the degree
of non-homogeneity of the ground. Often, while
in progress, the investigation programme would
require changes when new information reveals
such necessity. ‘ :

;n'Sri Lanka,'fieldﬂﬁorings for subsoil
investigations are ‘generally carried out by

manual wash boring using bentonite as the

flushing medium, mechanised rotary drilling or

hand augering. In the marshy areas, considering
the accessibility,  use of manual methods with
light equipment appears. to be more appropriate.
Colléction of continuous samples, disturbed or
undisturbed, is very important in uninterrupted
classification of subsoil strata and in the
determination of ‘engineering properties. Hand
augering which caters to both, above appear to
be the most suitable exploration method although
the depth explorable is limited to about 10 m
and difficulties "are -encountered in advancing
through collapsible’ strata where casings are
required. Trial pits and soundings used for
general soil investigations are always not
applicable to low lying areas. Standard
Penetration Testing which provides useful
information in sandy soils cannot be used in
weak organic soils. Yet, Static Cone
Penetration test. (also known as Dutch Cone Test)
is a very useful and appropriate sounding method
in obtaining a continuous strength profile of
the usually weak subsoils ‘in marshy areas. By
this method of sounding, ground. can be
investigated efficiently to a  reasonable depth
of 15 m to 20 m unless encountered by a hard
layer which cannot be penetrated. However,
soundings should be supplemented with boreholes
or augerholes to identify the different strata.
The locations for exploration should- be
identified to cover the whole area to be
developed, but at closer intervals especially
where high/variable load intensities are
anticipated. As- a general thumb rule, the
spacing between investigation locations may be

" taken as 10 m to 30 m in the case of subsoil

explorations for construction of buildings. In
low lying- areas where heterogeneity in
formations -is anticipated, closer spacing are
recommended. At least one borehole' should be

~advanced deeper, preferably to the rock or at

least to any other suitable hard stratum. This
is considered essential' because the load from

-the f£ill which is usually spread over a large

area

‘can influence the. subsoils at deeper
levels.

As a general. practice, shallow

_boreholes should never be terminated in weak

layers,. but should be advanced through the
underlying hard stratum at-least through a depth
of 3'm. ‘Where .preliminary explorations indicate
that pile foundation is the Hobson's choice, it
is preférable to advance many -of ‘the boreholes
to confirm the depth to rock or other bearing



A common” application in Sri Lanka as a field
test carried out within boreholes or augerholes

is the Standard Penetration Test (SPT) for which

there are empirical relationships retating its
results established with the engineering
properties of sandy soils. Its application to

cohesive soils is somewhat doubtful at’ this

stage, and in this country, empirical
correlations are yet to be made with respect to
lateritic soils. However, in the low lying
areas, usefulness of SPTs would be limited to
grasping strength properties of the fill. and
other silty or sandy soils found between or
underlying the organic soils. Even in the
application to gravelly fill, one should be
careful of possible erroneous results due to
presence of gravel particles.

Vane Shear Test (VST) is probably the most
appropriate field test to be used to determine
strength characteristics of organic or peaty
subsoils with little disturbance to the soil.
Even the vane shear strength generally deviates
from field strengths with increasing plasticity
of the soil (see Bjerrum 1973). Presence of

rootlets in organic soils and coarser particles -

will lead to erroneous results.
SAMPLING AND LABORATORY .TESTS

In addition to boring and field tests, it is
very important to obtain undisturbed samples
.{UDS) to determine strength and settlement
characteristics of subsoils. UDS should be
taken in all soft soils especially within the
sphere of influence of loading and in deeper
layers where skin friction is involved in pile
foundations. In addition, disturbed soil
samples should also be collected from respective
soil strata, for soil classification purposes.

However, the basic parameters such as natural
moisture content and Atterberg limits should be
obtained for all organic/peaty soils because
they may be useful in many ways during analysis
and classification.

“Consolidation tests must be carried out on
organic/peaty cohesive samples, especially on

ones close to.the ground surface and within the

zone of influence of imposed 1loads. While
consolidated wundrained {cu) tests are
recommended: for organic soils, even

unconsolidated undrained (UU) tests may be
suitable depending on the circumstances,

Unconfined Compression (UC) test cannot be
recommended for very soft soils, however
convenient, simple or economical it is.

' SOIL PARAMETERS TO BE USED IN FOUNDATION DESIGN

Foundations. on low-lying marshy areas are
generally placed on a fill which is essentially
required not only to keep the ground above flood
level, but also to offer a bearing layer with
adequate strength above the weak organic strata
to support the structures. Therefore to ensure
the stiffness of the fill, the adequacy of
compaction should be checked with field dry
density tests and Proctor Compaction Tests.

As the allowable bearing pressure will in
general be determined by the settlement
criterion, consolidation parameters become most
important. Parameters, such as compression

_index (C.) and coefficient of volume change (m,)

will help to calculate the order of settlement
expected under the £ill Jload and the building
load. Using the coefficient of secondary
consolidation (ck), the creep expected can be
obtained. Another important parameter is the
coefficient of consolidation Cy, which is used
to calculate the rate of " settlement.
Settlements in the subsoil under the fill load
is generally, observed to be at least one order
higher than that due to .loads imposed by the
building. The rate of settlement determined
using.c,, will indicate the time for completion
of primary consolidation, based on which the
builder can decide on the earliest time for
commencement of the building.

SELECTION OF APPROPRIATE FOUNDATIONS

After completing the analyses of results of
‘field and laboratory investigations, the
engineer is in a position to determine the most
suitable and -economical foundation for the
proposed structure. Whether it would be a
simple - shallow foundation, a stiffened
foundation or a deep foundation, will be
determined not only on the consideration of the
safety but economy as well. In some cases, with
the use of ground improvement techniques, and
the use of appropriate structural changes to the
superstructure, a shallow foundation can be

adopted where a pile foundation appears to be .

the only solution. Stiffened foundations, such
as vierendeel girder type of foundations have '
proved to be suitable where high differential

settlements have Been‘expected.

In fact in most low-lying  areas, a moderately
hard sufficiently thick stratum is found within
6-7 m from the ground surface. For medium to
heavily loaded structures, where shallow
foundations are found to be inadequate and piles
are found to be uneconomical, this stratum can
be used for bearing, with the use of under-~
reamed piles. Under~reamed piles have been used
extensively in other countries and in the near
future, after the completion of studies done at
NBRO, they will be available as an economical
alternative foundation type in Sri Lanka too.

SOIL STRUCTURE INTERACTION

One important fact that has emerged from these
research is the importance of soil structure
interaction in the -design of foundations. It is
an inevitable mechanism in structures on
yielding foundations, such as those supported on
compressible ground, which is generally, ignored .
by most design engineers. The stiffness of the
building in relation to the earthfill and .the
marshy ground has influence on the behaviour of
the building and should be taken into account
when evolving a criteria for design of
foundations. ° . .




‘these.

FOUNDATION DESIGN GUIDELINES AND CODES OF
PRACTICE . .

The findings of the research carried out at NBRO
will be made useful to the construction industry
by preparation of Design Guidelines and Codes of
Practice. The experience gained by engineers in
reclaiming the marshy lands and constructing.
buildings successfully will be included in

additional knowledge obtained from the study of
the behaviour of foundations in these soils.

The Design Guidelines and Codes of Practice will
help to design and construction personnel to
select suitable economic foundations ‘in these
low lying areas.

The Sri Lanka Standards Institution is setting
up Committees at the reguest of the NBRO to
prepare the following: .

(i) Code of Practice for site
investigation for foundations.

(ii) Standard for classification and

identification of soils
engineering purposes.

for general

(iii)Code of Practice for determination of
‘allowable bearing pressure on shallow
foundations. .

(iv) Code of Practice for structural safety

‘of building foundations.

(v) Code of Practice for design and
construction of the under-reamed piles.

FUTURE RESEARCH

Preloading is one of the most successful ground
improvement techniques that can be adopted to
improve the foundation conditions of the low
lying marshy  lands., Earth can be used as the
preloading material. Once equilibrium is
reached in the marshy soil under the preload,
the preload is removed and construction of the
building commenced. The time-settlement
behaviour of the marshy soils in the field is
different from the behaviour of small samples of
‘the soil taken from boreholes and tested in
laboratory consolidometers. Hence, field
studies should be carried by building trial
embankments as preloads. The behaviour of the
ground will be studied by instrumenting the
ground with inclinometers, piezometers,
tiltmeters and settlement. gauges. This study
will help in planning out the development of low
lying marshy areas long before construction is
to be commenced, thus leading to use of economic
foundations in this area.

The understanding of the stress-strain and
consolidation characteristics of the peaty soils
found in the low lying areas is limited. Hence
past experience in construction activities in
this area plays an important role in deciding on
the type of foundation and the allowable bearing
pressures. To produce a more rational method of
analysis, further research should be carried ocut
to study the engineering behaviour of these
peaty soils in the laboratory.

These will be updated often with .

Dynamic consolidation is "another ground
improvement technique that should be
investigated to see how successfully it can be
applied to these low lying areas. In many other
countries this method has been used to stabilise
marshy ground.

Use of short timber piles to support buildings
in low lying areas has found favour with some of
the Consultants. This short piles called "root
piles” have been used in Scouth East Asian
countries to support buildings in marshy lands.
Research into the behaviour of timber piles in
the peaty soils found in the low lying areas
should be undertaken. '

Study of the behaviour of the marshy ground
under the imposed £ill, which is generally
lateritic soils or sands, should be continued.
Wherever possible, instrumentation such as
settlement gauges, piezometers etc. should be
used to monitor the behaviour. Settlement
studies and distress on buildings founded on the
£ill should be continued and the results
obtained can be used to upgrade the design
guidelines and the Codes of Practice.

The use of geotextiles and geogrids, in
increasing the load carrying capacity of the
earth fill on marshy lands and ‘in increasing the
rate of settlement of the f£fill so that
construction can be commenced early, is another.
field that needs study. Use of local materials
like coconut fiber as geotextile should be
looked into.
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IMPORTANCE OF FILL IN LOW LYING AREAS

"N.w. HERATH

1.0 INTRODUCTION

As a result of rapid increase in population and
recent development activities taken place in.the
city- of Colombo and suburbs during the last
decade, it has been found that almost all the
good building sites have been utilized for
development work. The lands required for
industrial, commercial and residential purposes
are presently found mainly in low lying areas
where the construction activities are now
concentrated. It has been revealed by the
geotechnical investigations carried out by
various institutions in the past that these
areas are marshes which comprise of highly
compressible weak peaty soils of varying
thickness (from about 0.5 m tc 15 m in the upper
layers) (Ray and others 1982, Senanayake 1986} .

These soils generally possess very high natural

moisture content, very low shear strength, high

organic content, low specific gravity, high
void ratio and high compressibility
index. The main constituents of these soils are
.amorphous peat and fibrous peat in varying
stages of decomposition, organic silts and
organic clays and/or combination of above with
or without intrusions of inorganic soils. The
ground water table in these areas is-almost at

the existing ground level or slightly .

above/below the ground level..

When such low lying areas are selected for
development work, it is essential to raise the

ground in order to keep the area above the.

ground water table or flood level. It is the
general practice to raise such ground by
controlled or uncontrolled filli, 1In Sri Lanka,
the £illing work is usually carried out with
lateritic soils, sand, quarry dust or hydraulic
fill. oOf these, lateritic soils are widely used
by the developers as it is found in abundance
and. due to .its comparatively low cost. -This
paper discusses on the importance of fill
material in low lying areas in and around
Colombo, associated problems in reclamation
particularly with laterites and outlines the
procedures for effective filling. = °

2.0 TYPES OF FILL

All man made deposits of natural soils and
waste materials are designated as fill. Of
these, rubbish £ill which composes' of every
conceivable type of waste material and rip rap
£ill which composes of boulders &dre unsuitable
to support permanent structures. Generally the
soil used for fill material is known as borrow

. material as it has to be transported from

elsewhere. Sarnd,gravelly sand, quarry dust are
suitable as good guality £ill material. In
hydraulic filling, where large sites are
selected for construction purposes, the soil is
usually obtained by dredging it from the bottom
of the adjacent river, lake, or ocean and
placing it at the desired location. .

"~ 2.1 Settlement due to Filling

When a fill is placed over a marshy area which
usually comprises of peat, immediate
compression/settlement of the weak subsoils can
be noticed probably due to rearranging of. weak
solid matrix. High excess pore water pressure
also builds up instantly in the subsoils and
dissipates with time,resulting significant
settlement (primary consolidation) of the
ground. In addition, these peaty soils exhibit
secondary consolidation causing prolonged
settlement with constant effective stress.
Hence, high order of settlement can be observed
even after a long period 6f placing the fill
over a marshy area.

On the other hand, when a fill is placed without -
proper compaction procedures or in other words;
when the material is loosely dumped, a loose
state of compaction prevails within the f£ill.
Buildings constructed over such fills produce
settlement within the fill itself. Consequently,
large differential settlement, which may develog
due to heterogeneity of the £ill an
compressibility of underlying weak subsoils,
cause distress to the structures.




-If filling and compaction are properly
controlled with good guality borrow material,
the fill is likely to be stronger and less
compressible than most natural consolidated
deposits. Such fill can be used as a good base
for foundation of light and moderate buildings.
However, compression of the underlying weak
subsoils due to fill which behaves more or less
like a rigid mat cannot be eliminated. If the
extent of the fill area is considerably  large
compared to the thickness @ of the. weak
subsoil 1layers, compression will be one
d%mensicnal and vertical. ‘When deciding the
final formation level of the fill against
floods, due consideration should be given to the
ultimate ssettlement of the ground due to imposed
loads from the fill and the- structure.

Fill can also be used as an effective tool to
lmprove poor ground by preloading technique. In
this process, a surcharge load of fill is placed
for a sufficient time above the normal
required level of fill. The time required for
improvement of the ground can either be
predicted using laboratory consolidation curve
or be monitored by placing surface/subsurface
settlement gauges in the weak ldyers. Generally
the surcharge load should be selected in such a
way that it exceeds by far ‘the total
load/pressure exerted by the building. Fill is
generally placed over a blanket of coarse sand
or quarry dust which not only enables faster
dissipation of pore pressures, but make filling
operations easy. The surcharge fill could be
used to improve adjacent areas subsequently.

3.0 COMPACTION OF FILL

Compaction reduces voids within a f£fill which
helps to control subsequent moisture changes,
achieve a state of increased unit weight,
increase shear strength of the soil, reduce the
permeability and makes the compacted soil less
‘susceptible to settlement upon loadihg. Hence,
compaction is one of the most important basic
methods of improving loose soils in a fill.

3.1 Selection of Borrow Material

When a borrow material is identifie& for the
purpose of filling its suitability needs to be
evaluated. The following tests are recommended
to assess the quality of £ill ; i ) :

i) Particle size distribution
ii) Standard Proctor Compaction

Compaction test or Standard Proctor Compaction
Test (BS1377:1948, Test No.9) is a widely used
laboratory test to determine the suitability of

- a soil as a fill material in reclamation and as
a road base construction material.

Generally well graded soils with fines (silt
and clay size particles) content not exceeding
30% and maximum Standa§d Proctor density value
not less than 1.8 gm/cm® can be taken as a good
quality fill material. It should also be free
.from roots, vegetation and other extraneocus
matters. :

"300 mm thickness in locose condition.

3.2 Field Compaction

When a low-lying area is, earmarked for filling
it is advisable to strip weak and compressible
top surface material. However, this can be

overlooked if the root system .is considerably -

thick and the water table is at the ground
level. Generally filling of the. first layer is
somewhat @ifficult as the borrow material tends
to sink into the weak pockets found in the upper

layers of marsh. Well woven root system. often -
serves as a geotextile preventing intrusién of

£ill material into the weak subsocils. However,

- ¢continuous filling should be kept on until a

base is formed just above the ground water
table.
not be more| than 6GOmm’ loose  state. . As
it is @ifficult to deploy a mechanical roller at
this stage,. hand ramming is permitted to achieve
at least 85% of the Standard Proctor density.
If the soils in the upper layers are soft cla s,
it is advisable to provide. a sand blanget
{approx. 0.5 m thick) for efficient lateral
drainage of pore water from the consolidating
layers. Subsequent 1layers, however, should be
compacted by mechanical means to the specified
density (varying from 90% to 95% of the Standard
Proctor density) as required which usually

- depends on the end use of the particular site.

3.3 Field Density Control

It is generally advisable to establish Standard
Proctor curves of the particular f£ill material
prior to rolling. This enables monitoring of
moisture content requirement for efficient
compaction except for  the first layer found in
boggy areas.. Generally, moisture c¢ontent of the
fill material at the site should be within the
range of + 2% to 3% of the optimum moisture
content of the same material. Filling should be
carried out in layers of not more than 250 mm to
- Field
density [ sand-Replacement Method (BS
1377:1949,Test No.l10A),Core-Cutter Method (BS
1377:1948,Test No.10C) or Rubber Balloon Method]
tests should be carried out for every 300 m? to
500 m? of a £ill layer. The degree of
compaction achieved should .be examined. before
the next layer is laid. -'If loose state of
compaction is indicated, recompaction needs to
be carried out in such areas. - o

‘To establish appropriate compaction -techniques

and to expedite quality control and. uality
assurance procedures nuclear metho (non
destructive testing method) c¢an also be used.
They are used to determine wet density, moisture
content, dry density and degree of compaction
at the site it self within a few minutes.
However, in order.to prevent possible radiation
hazards by improper handling of such equipment,
training of personnel .and adequate safety
procedures are essentially required.

The thickness of the first layer shall -



~graded sands.

- 3.4 >Compactometer

Devices for instantly measuring the effect of
compaction eguipment on soils have been
introduced in the. past decade and widely
accepted. These are known as 'Roller Integrated
Compaction Meters'or'Compactometers L &
mainly used in §ites, where large gquantities
{(around 30000 . m
placed and compacted daily, in the developed
countries. The principle of the.system is based
on the interaction between acceleration of the
vibratory drum and the stiffness of the soil as
the roller travels over the ground. The denser
or stiffer the soil, the more rebound is
generated on impact.

a

The compactometer gives a dimensionless reading
representing relative value of the stiffness,
density or bearing capacity of the soil. This
dimensionless value of dynamic measurement can
be- correlated with the results of conventional
methods including density tests, plate bearing
tests, nuclear methods or dynamic sounding
methods. -

The biggest édvantage of the compactometer is

the '6btaining of immediate and continuous

-information on compaction. This results in a

minimum number of passes. to reach the specified
compaction and better guarantee for homogeneocus
compaction.

3.5. Type of Compaction Plant

The choice of the field compaction plant is
based on a comparison of field and 1laboratory
trial compaction of the same soil. Generally
for cohesionless soils vibrators are used. For
cohesive soils sheepsfoot rollers are considered
as ‘the most appropriate. Pneumatic-tyred rollers
are.suitable for fine grained soils and closely

and 'hardcore, smooth-wheel rollers are
preferred. Number of passes of a particular
roller required for specified compaction has to

be established by trial and error procedure’ in

the field.

In developing very large extents of low-lying

areas, it is preferable to fill one layer at a
time over the entire area to avoid failures due
to lateral movement etc. of the weak subsoils.
Compactometer described above which provides
rapid information on the quality of compaction
may prove to be useful in efficient handling or
such filling work.

3.6 Key Factors in Compaction’

It can be stated thét in order to achieve better
compaction at the site the following factors are
of paramount importance.

.
a) Good quality fill material

b) Correct moisture range - o

¢) Optimum lift thickness of fill layer
d) Appropriate compaction plant .

'which are-

) of fill is required to be

For gravel, sands, crushed rock-

4.0 LATERITE AS A FILL MATERIAL

Laterite soils which are found in abundance in
most ‘parts of Sri Lanka are widely used as a
£ill material in land reclamation in addition to
their use as a sub-base and base course material
in road construction. The well compacted
laterites often provide stable ground to support
structures. .

4.1 Characteristics of Laterites

Lateritic soils are essentially the product of
tropical or subtropical weathering of rocks.
The constitutents of laterites will generall¥
form array of minerals. However, chie

constituents of lateritic soils are oxides . of
iron (Fe) and aluminum (Al). Minerals found in
laterites include both primary and secondary
minerals. The primary minerals are those that
remained unaltered from the parent rock and

- secondary minerals are the hydrated Fe and Al

oxides and hydrated aluminium silicates formed
in the weatherirg process., Soil layers
generally undergo ' zontinuous weathering which
does not take place in a uniform or orderly
manner. For instance, leaching of lateritic
soil profiles depends on the subsoil drainage
paths, cracks on the ground and such other
arbitrary factors. Consequently, a weathered
lateritic soil profile is hetrogeneous and its
engineering properties are erratic. In a
vertical profile although the entire soil mass .
is identified as lateritic soils from.a civil
engineering point of view, ‘it is important to
recognise the fact that the profile consists of
different types of soils classified as clayey
sand {SCj, silty sand (SM), clayey silt (ML},
silty gravel (GM} and high plasticity clay (CH)
and weathered rock. All these soil types
exhibit vastly varying geotechnical
characteristics. When a quarry or borrow pit is
selected as source for £ill it may consists of
soil types which are even undesirable for
compaction,

4.2 Compaction of Laterites

Some of the prominent properties of compacted
lateritic soils are the high strength,
hardnening on exposure to air and susceptibility
to change in properties due to wetting and
drying. However, compaction characteristics of
lateritic soils are open to many questions.
Reuse of specimens of soils instead of fresh

' specimens to obtain the Proctor curve appears to

give a different maximum dry density and an
optimum moisture content for some lateritic
soils obtained from quarries in Colombo region
‘(Samarasinghe & Herath 1986). This may be caused
due to the progressive breaking down of soil -
particles under the impact of rammer. Very
often these laterites get crushed or pulverized
in the field too due to rolling or traffic.




Breakdown of coarse particles which improves the
grading characteristics may.give rise to a

higher maximum dry density and lower optimum -

molsture content. On the o6ther hand, a soil
which becomes poorer in grading due to
recompaction may give rise to lower maximum dry
density values and a higher optimum moisture
content. As the grading characterisgtics and
quality of fines in a particular. lateritic soil
determine the compaction-characteris%ics, the
influence of fresh and reused samples on the
compaction characteristics of. the 80il is
therefore mainly governed by the strength of
coarse aggregates and their subsequent break
down. Gidigasu (1970) states that the
degradation of coarse particles on compaction
of some laterites is influenced by many factors
such as parent rock type, genetic origin,
position of scils in the vertical profile,
maturity and degree of weathering.

However, by carefully selecting, laterites can
be used as a £fill material effectively. The
following specifications can be used as a
typical guide:

a) Well graded gravelly sand soil mixture
with Gravel and Sand (particle size
greater than 75 ) = 70% to 85%

Silt and Clay ({(particle size smaller
than 75 )= 15% to 30%

k} Maximum dry density at optimum moisture
content (Standard Proctor gensity) shall
not be less than 1.8 gm/cm”.

c} The borrow material shall be free of

: vegetation, roots and such other

deleterious material and aggregates

should not be fragile upon rolliing or
ramming.

a) Maximum size of particle shall not
exceed 120 mm.
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DESIGN METHODS INCORPORATING SOIL STRUCTURE
INTERACTION AND STRUCTURAL CONSIDERATIONS

B.L. TENNEKOON AND A. RAVISKANTHAN

The soil structure interaction studies have
resulted in

(i} the formulation of a new design method for

foundations based on limiting deformation

criteria; and

(ii) the evolutidn of guidelines for the
planning and design of structures in
compressikble ground.

Both these aspects are covered in this paper.

PART 1

DESIGN: OF FOUNDATIONS BASED ON LIMITING
DEFORMATION CRITERIA

1.0 INTRODUCTION

In the conventional method of design, structures
are designed based on the loads that they have
to carry but ignoring the settlements of the
foundations. Since most structures do settle,
they affect the bending moments and shear forces
set up in the structure, and this is usually

- referred to as soil structure interaction.
Sophisticated methods’ of analysis using large
storage, high speed computers have been
developed to analyse such structures. Examples
of these are the 3-D finite element analysis of
KING AND CHANDRASERARAN (19735), MAJID AND
CUNNELL (1976); the use of elastic half space
theory of FRASER AND WARDLE (1976}; etc.
However, the subject of so0il structure
interaction is very complex involving the
idealization of both the structure and the soil.
The uncertainties involvirng the overall
stiffness of a structrure, the variations in
structural lcads, the variations in soil
gecmetry and soil property etc. indicate that
however accurate the method cf analysis may ke,
it still requires judgement .on the part of the
designer to obtain realistic solutions. 1In
this context, simple methods of analysis also
have their place in foundation design.

This paper presents simple design methods for
the design of foundations considering limiting
deformation criteria.. Several structures have
been taken as case studies from the low lying
areas of Colombo, as they have undergone
relatively large settlements.

2.0 LIMITING DEFORMATION CRITERIA

It is well known that cracking in buildings can
be controlled by limiting the differential
settlements in the structure. But in- actual
design, the current practice is to limit the
total settlement assuming that, by this means
the differential settlements can be kept to
acceptabile values. For example,LEONARDS {1987)
recommends limiting the total settiement to S0mm
in sands and 75 mm in clays. However, there are
many buildings in very compressible ground where
the total settlements are in excess of these
limiting total settlements and still show no
signs of distress. In such cases it would be
advantagecus to develop design methods which are -
based on 1limiting differential settlements
rather than the total settlements. : .

Studies by MEYERHOF {1956) showed that ioad- "
bearing wall structures have a different mode of -
deformation from framed structures, and’
consequently different limiting deformation
criteria were recommended. In the case of load
bearing wall structures, the limiting
deformation criterion is defined in terms of Fhe
deflection ratio {A/L) as shown in Fig.la; and
in framed. structures the limiting deformation
criterion is defined in terms of the angular
distortion p as shown in Fig. 1b.
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F16 1b - DEFINITION OF ANGULAR DISTORTION FOR FRAMED STRUGTURES

TENNEKOON ET AL. (1988) have reported on a study
of settlements carried out on several structures
in the low lying areas of.Colombo, and they find
that the limiting deformation criterion to
prevent architectural damage; i.e. for the anset
of visible cracking in plaster, are:

(i) angular distortion of 1/300 for framed

structures; and .
(ii) deflection ratio of 1/2750 for load bearing
.wall structures. :

3.0

"DESIGN METHOD FOR FOUNDATIONS OF LOAD
BEARING WALL STRUCTURES .

In the currently used design method for the
foundations of lcad bearing wall structures,

(i) the width of the foundation is determined
from consideration of allowable bearing
capacity; : )
the transverse reinforcement (for RC
foundations) is determined based on the
transverse bending moment; and .
(iii)the thickness. of the foundation is

determined by considerations of shear.

(ii)

" However, there is no theoretical method for

determining the 1longitudinal  bending moments.
In this section, a method is proposed for
determining the bending characteristics in the
longitudinal direction. g

A typical loading system for the foundation of a
load bearing wall and  the corresponding
deformation pattern is shown in Fig. 2a.

Loading system
Deformation
S vEY {x) pattern
M
i J l\ I a
\& =, x) y
Fig.2a - - Loading system and Deformation puﬁérn

for lood bearing wall

wq =W (x) is the load due to the
siiperstructure; and .
Wy =W, (x) is the load due to the ground
reaction.

If wy= w,, then there is no net 1load on the.
foundation at any point; there is no
longitudinal deformation of the foundation; and
hence there will be no longitudinal bending

moments set up.

But the experimental observations show that tl:xe
deformation of the foundation is as shown in
Fig.la, i.e. in general, w;+# wy. It is proppsed
that an alternate loading System be first
obtained which will,

give a similar deformation pattern as that
of the foundation of the load bearing wall;
and

(i)

be simple to analyée for bending moment and
.shear forces.

(ii)

Such a system is shown in Fig.2b where a §imply
supported beam carries a uniformly distributed
load w.

Beformation
) pattern
udl=w X

| l

Loading sysfem

Fig.2b - Loading system and Deformation pattern
for simply supported beam with

uniformly distributed lood

The first step is to determine the magnitude of
w.

It is well known that the maximum deflection
for the system shown in Fig. 2b is

5wL? Eq (1)

A = 5wL~
-384EI
The limiting deformation criterion for load
bearing wall structures is

A = 1 Eq (2)
L 2750 .

Combining Equations (1) and (2) gives

0.0279 EI
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This equivalent load w is used to compute

(i) the maximum bending moment = wL2/8 and

(ii) the maximum shear force - wL/2.




. reinforced. concrete beams for shear.

It -is proposed that the foundation be designed
to carry this bending moment and shear force
along the longitudinal direction.

3.1 Application to the Design of Inverted -T

Foundations

The cross section of the inverted -T foundation
used for a housing scheme in Mattakkuliya is

shown in Fig. 3a. The application of the

proposed design method is shown in Appendix Ia.

2R10

.
Te
5 30" :

Fig. 3a - Cross section of Tnverted T- ~founduﬁop used for

Houysifig scheme et Mattokkuliya

The results show that the empirically designed
beam has "a moment of resistance of 7.97 kNmW
whereas the bending moment which may be expected
at the onset of cracking is 9.69 kN m
Therefore, according to the proposed method, the
section 'is slightly under-reinforced for
carrying bending moment. In the case of shear,
it is found that the concrete alone is able to
carry the shear force and hence only nominal
stirrups need to be provided.

3.2 application to the Design of Vierendeel
Foundation Systéms -

During the turn of the century[ a rectangular

frame without diagonals was developed by a
Belgian engineer for use in bridge structures,
and it was named the ‘vierendeel bridge girder'

after its inventor. 1In this paper, foundations-

which consist of rectangular frames infilled
with brickwork, blockwork or masonry rubble,
are referred to as vierendeel foundations.

Several authors, SMITH AND CARTER {1969);
MAINSTONE (1974); have suggested that. when
analysing framed strictures with infill panels,
the structures can be analysed as a frame with
the infill being considered an equivalent
diagonal compressive strut.

A similar concept is used when designing
In this
‘paper it is proposed that the vierendeel
foundations system be analysed for longitudinal
bending using the method developed in this
section, with the infill being designed to carry
the shear. Thestub columns can then be placed
at nominal: spacings similar to the shear
reinforcements  of RC beams. '

oo
.
i W

The cross section of the vierendeel foundation
system using 6 inch blockwork for a housing
scheme in Mattakkuliya is shown in Fig. 3b. The
application of the proposed design method is
shown in Appendix Ib. The stiffness, (EI) of the

vierendeel foundation is difficult to estimate, .

but it must Iie between the limits when .full
‘composite action is assumed, .and ‘'when the
stiffening effect due-to concrete is neglected.
It was found that the use of the higher value of
(E1) results in very high bending moments' and
consequently the design -sections would have
‘become much larger than those being currently
used. Therefore, im this computation the
equivalent load w has been determined using the
lower limit for (EI).

The results  show that the empirically designed

beam has a moment of resistance of 36.4 kN m

whereas -the bending moment which may be expected

at the .onset of cracking is 13.13 kN m.
Therefore, according to the proposed method,
this section is-greatly over-reinforced to carry
the bending moment. It is also found that the
blockwork alone can take the shear, and .hence
the stub columns can be placed at spacings
approximately equal to the lever arm of the
vierendeel girder.

A second application of the method has been
carried out for a private house in Rajagiriya
where the vierendeel foundation system shown in
Fig. 3c has been used. :

. The application of the design method is shown in
Appendix Ic., The results show that the beam has
a moment of resistance of 120.9 kN m whereas the
bending. moment which may be expected at the
onset of cracking is 133.59 kN m, Therefore,
the section is’ohly,slightly under-reinforced to

- carry. the bending moment. It is also found that
the rubble masonry alone can take the shear, and
hence the stub columns need to be placed at
‘spacings’ of approximately lever arm length of
the vierendeel beam. .

Ie
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4.0 DESIGN HETHOD FOR FRAMED STRUCTURES
INCORPORATING SETTLEMENTS

Most methods of frame analysis are carried out
ignoring the settlement of the foundaticns. One
method of analysis which can be easily adapted
to incorporate settlements is the matr1x method
of analysis. The computer programme '~ MICROFEAP
enables such an analysis to be ¢arried ocut.

The limiting deformation criterion for framed
‘structures was established as an angular
distorticr of 1/300. The effect of this
limiting angular distortion on the bending
moments developed in the frame was studied by
analys1ng one of the s:mele structural forms
used in the study. This is shown in Fig. 4 and
the rame was  analysed by- introducing the
theoretical settlements shown in the - figure,
but without consideration of the loads acting on
. the structure. Two cases were considered. In
the  first case the angular distortions were in
the 'same sense', and in thé second case the
angular dlstortlons were in ‘opposite senses'.
It is found that although the same angular
distortion has been 1ntroduced, the bending
moments developed in the frame are very
different.

; 3-66m ‘ - &19m "

-+
2-Tubm
4-32m.

- -
L4 % . e
1 2 3
Coseli)
cotumn Nede | 1 2 3
settlement - Y .
. { mm) . 90 7 2
Case {ii)
tcoomaode | 1 | 2
ttlement | .
i 0o | n
Fig & _Imposed settlements for struciure of private

- house gt Rajodiriya to study_effects

cf.settlements

For case (i) ,maximum bending moment = 2.235 kN m
For case(ii),maximum bending moment =73.367 kN m
i.e. when the angular distortions are in the
'same sense', the bending moments developed are
very small compared to when the angular
distortions are in 'opposite senses'. Stated
differently, it .appears that the deformation
introduced in case (i) is similar to rigid body
type rotation for the structure. Therefore, the
angular distortion is not a very suitable.

. parameter for use in design, and an alternative

limiting deformation criterion would be required
for selecting the settlements to be imposed for
the analysis of framed structures.

4.1. An Alternative Limit Deformation Parameter:
for Framed Structures

Settlement measurements for a number of
structures have been carried out by the NBRO as
described by TENNEKOON ET AL. (1988). The
settlements measured at the column points along
the long axis of a building at Peliyagoda are
shown in Fig. 5a. The differential settlement
pattern after correcting for ‘rigid body
rotation' is shown in the same figure.. A
similar analysis carried out for Go-downs at
Orugodawatta, and the Open University- Block 1

at Nawala are shown in Figs. 5b and 5c
respectively. !
It is observed that the differential

settlements after correcting for 'rigid body
rotation' is similar to the bowl shaped
deformation pattern of the foundations of load
bearing walls. However, this pattern of
differential settlement is not symmetrical
about the centre line of the foundation. This
may be partly due to the errors in the

- measurement of these differential settlements

which are found to be very small.

It is proposed that the differential settlements
of framed structures after correcting for ‘'rigid

- body rotation' be assumed to be. symmetrical

about the centre line and defined by the ratio-

{a/L), where
A& = maximum differential settlement .after
correcting for 'rigid body rotation', and
"L = length of the building in the direction in

which bending is considered

The ratio of (& /L) for the buildings analysed
are given- - in Table 1. Although the data
available is limited, it is proposed that an
alternative limit deformation. parameter for the
onset of cracking be defined as

(A /L) = 1/2750

4.2 Effect of Settlement on the Bending Moment
Dlagram

The effect of settlement on the bending moment
diagram for framed structures has been studied
using the computer programme MICROFEAP. The
building at Peliyagoda has been taken as a
typical example, and six different cases of
imposed settlement have been considered.




Build’ing ‘ @/n) B State of building

1. Building at
Peliyagoda

2. Go-downs at
Orugodawatta

1/2063 1/258 | Showing distress

1/13854. 1/762 | No distress

3; Open 1/3214 ©1/818 [No distress
University
Block 1 et

Nawala

Subsequent measurements at the Open Uni\{ersity
Block 1 showed that the amgular distortion g

reached a value of 1/309, ard cracks had appeared'.

Note :

Table 1 Computation of deformation parametors (A/L) amd
B for framed structures.

o 4 ©3353:13-412m

2-T4hm
' | b-419m
4 - 21L Co34 L »Sv
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Node 1 2 -3 [ 5
p (mm) 152 149 145 132 125
afmm) | 0 [ 38 [ 65 | 02 0

152 125

az 65 mm v '

.
2063

A
L

Building is showing distress

Fig..Su - Measured settlement of Building at

Peliyagoda

In the first case, the structure was analysed
assuming that the foundations do not settle.
The bending moment diagram for this case is
shown as the full line in Fig. 6. ’

In the second case, the structure was analysed
for the loads and imposed foundation settlements
c¢orresponding to the. 'rigid _body type
displacement' shown in Fig. 6. The bending
moment diagram for this case also is shown in
Fig. 6. It is seen that the maximum  hogging
bending moment has increzsed from 12.756 kN m to
14.539 kN m; i.e. an increase of 14.0%. :
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®

e
(=
0
o
"
=
-3
3

6-096m

g

“column Node| 4 2 3 4 5 6
p {mm) 60 | 65 LE] 77 83 | 87
a (mm) 0 j0&] 222 08] 14 0

4 =22’ mm ; L=30-48m
-3 .
T =1 g P
L 13,854 p= 762

Building is not showing distress

Fig. 5b- Méasured settlement at

Go-downs in Orugodawotte

In the third case, the structure was analysed
for the loads and imposed foundation settlements
corresponding to the actually measured
settlements of the foundations. It was found
that the maximum hogging bending moment
increased from 12.756 kN m to 26.613 kN m; i.e.
an increase of 108.6%. However, as discussed
previously, the differential settlements after
allowing for 'rigid -body rotation' are non-
symmetrical. It was also mentioned that these
differential settlements being small, the errors
in settlement measurement may partly account for
the non-symmetry which in turn could cause a
very large increase in the bending moment.

When this maximum differential settlement of
6.5 mm (after correction) was measured, the
building showed distress. It had undergone an
angular distortion of 1/258 and the (A/L) ratio
was 1/2063. As mentioned previously, if it is
assumed that the limiting deformation criteria
for framed structures is a (A/L) ratio of
1/2759, then the maximum differential settlement
A (after correction) becomes 4.88 mm. . Hence, in
the fifth case,the structure was analysed for

the loads and imposed foundation settlements .

corresponding to a (s/L) ratio of 1/2750. For
this case it was found that the maximum bending
moment increased from 12.756 kN m to 16.184 kN
m; i.e. an increase of 26.9%.
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Therefore, in the- fourth case, the structure was
analysed for the loads and imposed -foundation
settlements corresponding to a symmetrical
distribution. of the differential settlement
after allowing for 'rigid body rotation', with
the maximum differential settlement A (after
correction) being 6.5 mm as before. It was then
found that the maximum hogging bending moment
increased from 12.756 kN mto 17.603 kN m ; i.e.
an increase of only 38.0%. .

In the sixth case analysed, the structure was
analysed for the loads and- imposed foundation
settlements correspondiny to the sum of the
'rigid body type of rotation' as in the second
case and the differential- settlements as in the
fifth case. It was found that the maximum
bending moment increased from 12.756 kN m to
17.529 kN m; i.e. an increase of 37.4%.

The magnitude of the rigid body type of rotation
of the second case is difficult to estimate
because some structures do not show any such
rotation; e.g. the Open University - Block 1,
shown in Fig. 5¢c. It is believed that this type
of rotation takes place when there ‘are
variations in the ground in the direction of

bending. Therefore, it is proposed that in the
first instance, framed structures be analysed
“only for the differential settlements

corresponding to a (A /L) ratio of 1/2750.
This would slightly underestimate the maximum
bending moment if rotation does take place. In
the case of the building at Peliyagoda which has
been analysed, the neglection of this rotation
gave a maximum bending moment of 16.184 kN m,
whilst the inclusion of the rotation gave a
bending moment of 17.529 kN m; i.e. in this case
the error is 8.3%.
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"rigid body displocement

Bending moment diagram for loads only
vithout displocements

. o : Position along
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‘Fig 6* Bending -moment diagram for Building at Peliyagoda for cases of (i} no settlement (i) settlement - corresponding

to_rigid body rotation
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5.0 CONCLUSIONS

A new design method, based on limiting
deformation criteria, has been proposed for the
foundations of load bearing walls. This method
enables the determination of the longitudinal
bending moments and shear forces in strip
foundations. The method is first applied to an
inverted-T foundation. A case study is taken
and it is shown that the theoretically designed
foundation compares well with the empirically
designed foundation which . is behaving
satisfactorily. This method also provides a
rational basis for the design of the vierendeel
foundation which is presently done empirically.
Two case studies of structures with vierendeel
foundations are taken. On the basis of this
method it is found that in one case the
foundation has been greatly over reinforced,
while in the other case the foundation has been
very slightly under-reinforced.

In the case of framed structures, the limiting
deformation criterion is given in terms of the
angular distortion. However, it is shown that
this parameter is not suitable for computing
foundation settlements for use in design. It
is shown that framed structures show ‘'rigid
body type rotation', and the differential
settlements A should first be determined .after
correcting for the 'rigid body rotation'. It is
shown that these differential settlements are
small, and any errors in their measurement can
significantly affect the bending moments
developed in the structure. It is therefore
proposed that a symmetrical distribution cf 4 be
used in the frame analysis with a limiting
deformation criterion being established in terms
of (4/L). From the limited data available, this
value of (A/L) may be taken as 1/2750.

This method of ;analysis neglects the rigid body

. type rotation which is found in some structures
and not in others. It is believed that this
type of rotation takes place as a result of
variations in the ground conditions in the
direction of bending, and it is, - therefore,
difficult to estimate. However, in the building
at Peliyagoda in which the maximum measured
total settlement was 152 mm, and the difference

between the total settlements (in the direction

of bending) was 27 mm, the error in the maximum
bending moment by neglecting tilting was only
8.3%. o
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Appendix Ia

Design of inverted-T foundation for housing
scheme at Mattakkuliya

Equivalent load w is given by
EI

w = 0.0279 —_
. L 3

For the blocks of houses analysed,

L = .20.879m

B = 25 kN/mm2
I = 2320 x 10%. mm?
EI = 0.058 x 105 xy m?

This gives w = 0.1778 kN/m
Maximum bending moment = 9.69 kN m
Maximuom shear force = 1.86 kN

For the section shown in Fig. 3a,
Moment of resistance = 7.97 kN m
Shear resistance of concrete only = 36.8 kN




Appendix Ib.

Design of vierendeel foundationbsystem for
housing scheme at Mattakkuliya :

Equivalent load w is given by
w = 0.0279 EL
L3
For the blocks of houses analysed;
L =20.879 m

For computation of EI

(a) If full composite action is assumed,

E for blockwork = 7 kN/mm

E for concrete = 23 kN /mm?

EI = 0.4067 x kN m

AN
(b) If stiffening effect due to concrete is
neglected,
EI = 0.07868 x 105 kN m?

It is proposed that the lower limit of (EI) be’
used for computing the equivalent load w.

This gives w = 0.241 kN/m .
Maximum bending moment = 13.13 kXN m
Maximum shear force = 2.52 kN

For the section shown in Fig. 3b,
Moment of resistance = 36.4 kN m .
Shear resistance of blockwork only = 19.8 kN

Appendix Ic

Design of vierendeel foundation system for a
"private house at Rajagiriva

Equivalent load w is given by w = 0.0279 E%

’ L

For the private house studiéd, L = 9.98m .

'For computation of ET

Neglecting stiffening effect due to concrete (as
in Appendix Ik)

E for rubble masgnry =_5 kN/mm2
EI = 0.3823 x 10° kN m?

This gives w = 10.73 kN/m
Maximum bending moment = 133.59 kKN m
Maximum shear force = 53.5 kN

For the section shown in Fig. 3c,
Moment of resistance = 120.9 kN m .
Shear resistance of rubble masonry only = 63 kN




PART II

- GUIDELINES POR THE PLANNING AND DESIGﬁ OF
STRUCTURES IN COMPRESSIBLE GRCUND
1.0 INTRODUCTION

The usual method of designing buildings consists
of the following steps: .

(i) the architect plans the building in.

accordance with the requirements of the

: client; :

(ii) the architectural plans are handed to the
structural engineer who designs the
superstructure using the most suitable
structural form; .

(iii) the structural engineer designs the
foundation taking into account the loads
that have to be transferred to the ground,
and the site invéstigation report which
provides information on the sub-surface
conditions.

Whilst this approach may be considered as

reasonable for the design of buildings on 'good
" ground' where the settlements are small, it is
shown in this paper that this method of design
is inadequate for designing buildings in highly
compressible ground. The objective of design
from structural considerations should be to
limit the deformations of the structure to a
magnitude that can be safely tolerated by the
structure.

2.0 LIMITING DEFORMATIONS

Studies of limiting deformations in buildings
have been carried out in U.K. " by SKEMPTON AND
MACDCNALD (1956), MEYERHOF (1956), BURLAND AND
WROTH (1975); in Poland by POLSHIN AND TOKAR

(1957) ;" and in Norwary by BJERRUM (1963). Their

studies showed that load bearing walls have a
different mode of deformation from framed
structures. Consequently, limiting deformation
for load bearing wall structures were defined in
terms of the deflection ratio (A / L)® as shown
in Fig.la, and for framed structures in terms of
the angular distortion (p) as shown in
Fig.lb. e.g. SKEMPTON AND MACDONALD (1956}
.found that the limiting angular distortion for
the .onset of cracking in plaster of framed
buildings was 1/300; and MEYERHOF (1956) found
that the limiting deflection ratio for load
bearing walls was 1/2500.

A similar study was undertaken at the NBRO where
the settlement of a large number of buildings in
the low lying areas of Colombo were monitored.
. TENNEKOON, SIVAKUGAN AND LAKSHMAN (1988) have
reported these results which show that the
limiting deformation criteria for the onset of
cracking are,

{i) angular distortion of 1/300 for framed
structures; and

(ii) deflection ratio of 1/2750 for load bearing
wall structures.

~_F

DeFLECTION RATIO

H
e

Fig 1 - DEmeon of DeFLEcTION RATIO FOR LOAD
BearIng WALL STRUCTURES
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ANGULAR DISTORTION =8= E;

Fie 1n - DEFINITION OF ANGULAR DISTORTION FOR FRAMED STRUCTURES

3.0 RELATIVE STIFFNESS FACTOR

The avoidance of differential movement in the
structure involves a consideration of
stiffnesses both of the structure and of the
soil. MEYERHOF {1953) defined the parameter,
Relative Stiffness Factor (K) as '

Stiffness of the structure

XK =
Stiffness of the soil

It is this parameter K which will control the
amount of differential settlement for any given
total settlement of the structure.

TENNEKOON, SIVAKUGAN AND LAKSHMAN (1988) report
on a study made on the overall stiffness of
structures in the low 1lying areas of Colombo.
Using the recommendations of MEYERHOF (1953},
they found that the theoretically determined
stiffnesses corresponded reasonably well with
the actual stiffnesses of the structures as
determined by their settlement behaviour.

4.0 FOUNDATION DESIGN USING SOIL STRUCTURE
INTERACTION

80il structure interaction is an inevitable
mechanism that occurs with structures. on
yielding foundations. One of the objectives  of
80il structure interaction analyses is to
estimate the form and magnitude of the relative
deflections, which information is then used to
assess the likelihood of damage.




Theoretical relationships, some analytical and
" others using numerical methods of solution, have
been established between the differential
settlement expressed as a ratio of the total
settlement and the Relative Stiffness Factor;

e.g. MEYERHOF (1953);. BROWN (1369); FRASER AND’

WARDLE (1976); ALAM SINGH (1986). However, in
all these solutions, the contribution of the
superstructure. to the overall stiffness has not
been taken into account. . The State. of the Art
Report on "Structure-Soil Interaction"™, ANON
(1877) , gives the example of an analysis carried
out on a 22-storey residential block of flats
founded on a 0.76 m thick raft. Satisfactory
"agreement between the measured and computed
differential settlements was possible only after
~the overall stiffness of the structure was
converted to an. equivalent raft of thickness
4.6m. This example illustrates that detailed
analyses whilst being very sophisticated and
also expensive may not always give reliable
answers to engineering problems.

Analytical methods of solution require
mathematical modelling for the ''structure, the
foundation and the soil. - The accuracy of the
results depend on how good the models are. In
such a situation, experimentally obtained
results sometimes give better answers.

Using the results of the settlements measured in
the buildings of the low lying areas of Colombo,
TENNERKOON, SENANAYAKE AND AMERATUNGA (1988) have
developed charts relating the differential
settlement .(for the onset of cracking) expressed
as a ratio of the total settlement to the
Relative Stiffness Factor. These relationships

for (i) framed structures and (ii) ‘load bearing
wall structures are given in Figs. 2a and 2b

respectively.
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4.1 A -Methodology for Design

The results of Figs. 2a and 2b may now be used
to provide guidelines for the design of
buildings in compressible ground. 1In such a
design the following steps should be carried out

(1) Determine the Relative Stiffness Factor for
a structure, and then from Fig. 2a or Fig.
2b, obtain the ratio (A /AP ) for the onset
of cracking.

(2) Determine the expected total settlement of
the structure using classical theories of
Soil Mechanics.

L]

(3) From steps {1) and (2) ,  determine A for the
onset of cracking. Then check whether the
limiting deformation criteria have been

"exceeded or not; i.e. for framed structures
the angular distortion should be less than
1/300, and for load bearing wall structures
the deflection ratio should be less than
1/2750.

(4) If from step (3) it is found that cracking
. would occur, then increase the stiffness of
the structure. - This can best be done by
‘suitably re-adjusting the plan dimensions
of the structure; e.g. by breaking up a
long building into several smaller ones. It
is seen from Fig. 2a that for. framed
structures A /o = 0.1 for K = 0.3; and the
increase of K beyond this value reduces the
differential settlement only by a small
amount. Similarly, for load bearing wall
structures, A /P2 0.035 for X = 1.0; and the
increase of X beyond this value has little
effect in reducing the differential
settlement.



Therefore, using the value of Alp = 0.1 for
framed structures and A/ = 0,35 for load

bearing wall Structures, if it is found.

thet the limiting deformation criteria are
still éxceeded, then the following
alternatives are recommended for
-consideration:

(i) 'Reduce the expected settlement of the
structure either by reducing the stresses
coming on the compressible layer by using
a fill material; or by improving the ground
by pPre-consolidation . or any other
economical soil improvement technique.

(ii) Provide deep foundations.,

In this method of design, it is the differential

settlements rather than the total settlements

wh§ch.serve_as the limiting deformation
criterion. This is as it should be because it

5.0 RECOMMENDATIONS FOR THE PLANNING OF
BUILDINGS FROM STIFFNESS CONSIDERATIONS

The preceding sections show that in computing

the Relative Stiffness Factor, it is necessary

to determine the stiffness of a structure as a
whole rather than the stiffness of the
foundation only. Although the stiffness of
structural elements are often used in structural
design calculations, it is seldom that the
stiffness of the structure as a whole is
considered in design. An exception is the
design of earthquake resistant structures, and a
study of the design of these structures showed
that many concepts used in their design can be
usefully carried over to the design of buildings
in highly compressible ground. .

It has been shown by DOWRICK (1977} that in
earthquake resistant design of buildings, some
guiding principles should be followed. These
are : "be simple; be symmetrical; not be too
elongated in plan or elevation; and have uniform
and continuous distribution of strength". It

was shown tHhat symmetry is important in both

directions in plan, because the lack of it
produces torsional effects which are very
destructive and difficult to estimate. Again it
was recommended that if a squarish plan for a
- building is not satisfactory, then two or more
buildings with movement gaps between them should
be used. Openings in brick walls should be kept
to a minimum, and they should be distributed to
be as uniform as possible.

It is found that the State of the Art Report on
"Structure-Soil Interaction", ANON (1977),
provides similar recommendations for buildings
where large settlements are’ expected. These
recommendations are:

(i} considering the plan shape of the
structure, a simple compact structural uni¢
is better able to withstand differential
settlements than an elongated shape; ’

(ii) the sizes and plaéings of doors and windows
are important; : :

(iii)re-entrant corners should be avoided.
Therefore, it is suggested, that the Stiffnees
of buildings in marshy areas will be improved if-

the recommendations of DOWRICK (1977) and ANON
(1977) are followed as far as possible.

6.0 DESIGN CONSIDERATIONS FOR THE FOUNDATIONS

6.1 Foundations for Load Bearing Wall
Structures

In the structures that have been studied, three
Rypes -of foundations have been.used; viz.
masonry strip foundations, reinforced woncrete
inverted-T. foundations,  and vierendeel
foundations. Presently, there is no objective

" criterion for the selection of the type of

foundation. It is usually assumed that masonry
foundations are suitable .for lightly 1loaded
structures in good ground conditions when the
expected settlements are small. When the total
settlements are high, the differential
settlements would also increasé; and it is
assumed that masonry foundations are weak in
bending and therefore, reinforced concrete
foundations should be used. However, the
experimental results of the structures studied
show that masonry foundations can undergo total
settlements as much as reinforced concrete
foundations. For example, the settlements
recorded in the different blocks of the
Nawagampura Housing Scheme are shown in Table 1.

Block | Range of Sett?emeng Avé:age A

No. (mm ) (mm) {(mm)

B 44 - 86 82 | 1.5

N R e 15 |3

D 153 - 230 191 | a

N 70-107 92 | 2.5
Table 1 °

Settlement recorded in the Nawagampura Housing
Scheme where Masonry Foundations have been used.




" The average curve showing the variation of the
deflection ratio with the average settlement of
these blocks. is shown in Fig.3. It was also
found that distress occurred when the deflection
ratio was 1/2750. It should be noted that this
limiting deflection ratio is the same for both
masonry foundations and reinforced concrete
foundations. Therefore, the premise that
masonry foundations are less suitable than

reinforced concrete foundations when large

settlements occur is not correct.

| AB/) = Deflection ratio
réh)
10,000;
9000
6000
4000
2000 \
0
0 20 L0 60 80 100 120 140

average settlement {mm)—-

Fig.3- Relationship between deflection ratio & average
settlement for blocks in Nawagampurg Housing Scheme

A possible explanation for this is that masonry
foundations carry load not by bending but by
arch action. Hence, it is incorrect to compare
the bending strengths of masonry foundations and
R.C. foundations. The limit deformation
criterion for both types of foundations being
the same, the method of analysis given in the
previous section is applicable to both.
Therefore, taking an example of two structures
having the identical Relative Stiffness Factor
but one having masonry foundations and the other
R.C. foundations, it is postulated that both
structures are egqually likely to fail or not
fail depending on. the magnitude -of the
deflection ratio. In other words, rubble
foundations (which are much cheaper than R.C.
foundations) would work equally well as R.C.
foundations, and hence they are recommended for
-_usedin-housing when strip foundations can be
used.- .

The R.C. inverted-T foundation and  the
vierendeel foundation are generally stiffer than
the masonry foundation. But since in the case
of load bearing wall .structures most of the
structure stiffness is provided by -the
superstructure, the net - increase in stiffness
due to the foundation is not very significant.

In the structurés that have been studied,

The design of the R.C. inverted-T foundation and
the vierendeel foundation has’ so far been done
empirically. TENNEKOON AND RAVISKANTHAN (1988)
have shown that these foundations can be
designed rationally based on limiting
deformation criteria. It was shown that the
longitudinal bending of these foundations can be
studied on the basis of an equivalent loading
system of a simply supported beam carrying a
uniformly distributed load which at failure is
given by . :

0.0279 EL
L3

w =

where (EI) is the stiffness of the foundation;
and L is the length of the foundation in the
direction of bending.

6.2 Foundations for Framed Structures

the
foundations used have been :

(1) individual pad footings for the columns;

(ii) individual pad footings with the columns
connected by plinth beams;

(iii) R.C. strip footings;

(iv) vierendeel foundations.

1t was found that framed structures tend to. be
Tess stiff than load bearing wall structures
because of the large openings that were provided
in the walls for doors and windows. The
contribution of the frame only to the overall
stiffness is small compared to the contribution
of the infilling. Hence, the vierendeel
foundation was found to be a good method of
providing stiffness to framed'structures.

Again, from considerations of stiffness and the
ability to resist differential settlements,
individual pad footings with the columns
connected by plinth beams are preferred to
individual pad footings.

In structures which undergo large foundation
settlements, it is very necessary to incorporate
these settlements for the determination of the
bending moments and shear forces in the
structure. The matrix method of analysis is well
suited for such an analysis, but the foundation
settlements have to be provided as an input
data. TENNEKOON AND RAVISKANTHAN (1988) have.
proposed a method  for determining these
settlements based on limiting deformation
criteria.

7.0 THE INFLUENCE OF A LATERITIC FILL OVER
.COMPRESSIBLE LAYER ’

The commonly used method of construction of
buildings in marshy lands is to place a
lateritic fill at the surface prior %o building.
The main advantages of such a fill are :



: inth: - - leve
bulldlng is free from flooding during
perlods of heavy raln,

Studies based on- elastlc theory showed that a
£ill is very, effective in reduc1ng the stresses

thickness of peat layer”
thickness of lateritic fill
] depth of fOOtlng

the surface of the* peat‘layer because of the
presence of the f£ill.

’ .2 Settlement due to Flll

usually extend con51derably ‘in“the lateral
directions, their zone of influence is quite
deep. If sufficient time is not given for the
compression due to the fill to be complete prior
to the commencement of building operatlons, than
cracking may occur.

At. one of the sites which was studied, 1.5 m of
fill was placed over an existing fill of 3 m
depth and building operations commenced
immediately. Further, the construction was
completed in a short time of 3 months.
Computations showed that whereas the - settlement
due to the structural load was negligible, the
structure would settle by as much as 225 mm due
to the newly placed fill. As predicted, large
settlements did take place and the structure
soon showed signs of distress.

Therefore, it is concluded that the use of a
£ill in marshy areas -can be very beneficial for
housing with shallow foundations provided that
construction commences only after most of the
consolidation settlements due to the £fill are
complete,

8.0 " CONCLUSIONS

arthquake ‘resis
con51deratlonsr

and the plannlng of size andgdxstrlbutlon iof:
openings in brickwalls.

Using the measured settlements ' umber:
buildings in the low lying areas in and around
Cokombo; ‘relationships were: obtained .betweer the 7’
ratio (A/P) at failure- andriithe’ Relative:
Stiffness Factor (K) for (i) framed structures,
and " ¢ii): load-bearing ‘wallistructures =29 A7 isgu
the *différentials settlement and: <R:

settlement)’ ;

(a) for framed structuresr—&o.

and the increazse of K. -his o
value has 1little effect in reduc1ng
in-differential _ettlement T .

5'a 70,035
K beyond"-*

(bf'jfor load bearlng wall

for X' = 1.0, and the * edse of.

this value has little effect in reducing
differential settlement.

A new. methodology for the des;gn of bulldlngs 1n’
compre551b1e ground has been formulated based on’
the Relative Stiffness Factor, the expéected
total settlement, and the limit defo;matlon
criterion. In this method of design the
differential settlements are computed and used
directly to check whether the structure would
show distress or not. This enables-a designer to
either increase the stiffness of thHe™ structure,
or to select alternate methods such as provision’
of .a.surface:.fill,.or ground 1mprovement, orx. ..
prov1slon of deep foundatlons. “ e _
Experlmental ev1dence is prov1ded to show.that
masonry foundations undergo total settlements as,
much as. R.C.. foundations. It -is.postulated that ..
whereas the-R.C: - foundations carry- load by
bendlng, masonry- foundatlons carry -load: by arch
action, and hence any comparison’ between the two
types of foundations on the basis of bendlng
would-be: fallacious.. :-Thus masonry foundations :
are shown ‘to:be-suitable for houses built in
compressible ground when. strip. foundations-are
found to be fea51ble.

The v1erendee1 foundatlon is ‘a: good method of
adding stiffness to a structure, and . its
contribution is 51gn1f1cant mainly in framed
structures. Again,. in ‘the. case . of framed-
structures, _from ., con51deratlons ~both of
stiffness-and. the: ;ability & resist: dlfferentlal
settlements; - individual- :pad. footings .with’: the
columns: connected by -plinth beam$ are preferred
to 1nd1v1dual pad footlngs



Lateritic fills lying above compressible layers
at the surface are shown to be very effective in
reducing the foundation stresses coming on the
compressible layer. The fill load also produces
settlements in the compressible layer, and these
must be allowed for before the commencement of
construction. A case study is taken to show that
although the settlements due to the structural
loads may be small, nevertheless distress can
occur in the building because of excessive
settlements due to the fill load.
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ST R AT T A T T

APPROPRiATE_FOUNDATION TECHNIQUES FOR LOW LYING AREAS

J.J P. AmeraTtuncA AND K.S. SENANAYAKE

1.0 INTRODUCTION

The rapid development that have taken place
during the past decade or two necessitated the
development of low lying marshy areas in and
around Colombo, which were hitherto considered
not suitable for building purposes. This was
because most of the highlands in. the region had
already been built-up in the past. Development
of marshy areas pose many problems to the
planners, developers and the engineers. Majority
of these are geotechnical problems owing to the
extremely poor subsoil conditions prevailing in
the low lying areas. One such problem is
associated with the foundations for buildings
constructed on. reclaimed .land.

For a particular building project to be
economical, the overall cost of not only the
superstructure, but also the foundations and any
ground improvement work involved should be
minimised., But on the other hand, an economical
foundation should also be stable and safe enough

to meet the functional requirements of the

building. Therefore, optimising between economy
and safety of a structure depends upon the
optimisation of foundation, and this is a big
challenge to the geotechnical engineer as well
as the structural engineer. . .

In this paper, an attempt is made to evaluate
foundation types and techniques available to the
engineer and their appropriateness for the
conditions in reclaimed low lying marshy areas.

2.0 A CONCEPT OF APPROPRIATENESS OF.FOUNDATIONS

Appropriateness of anything or any action can
vary depending on the circumstances and
conditions under which the appropriateness is
being considered. As far as foundations are
concerned, there are two important aspects
~ surrounding appropriateness. They are the safety
and economy.

safety of a structure is of paramount importance

and it depends on the ability of its foundations -

to withstand;

1) shear failure of the ground, and
2) excessive deformations due to
ground settlement.

It is seen that the type of structures proposed

in the reclaimed marshy areas, which are anyway
to be supported over a fill of a reasonable
strength, are generally safe against shear
failure of the ground. Therefore the major
criterion for appropriateness -centers on
excessive deformation.

It is a generally known fact that it is the

differential settlement and not the total
settlement that influences distress in a

"building. Concept of rigidity in a structure

becomes important here, since rigidity helps to
minimise such differential settlement by
converting it to more or less evenly distributed
settlement. However, introducing high rigidity
in to a structure or a foundation would involve
higher expenditure on additional material and
construction requirements. Here it should not be
forgotten that understanding of the interaction
among the superstructure, foundation and the
ground, and proper utilisation of the
characteristics of their individual and combined
behavior will help in arriving at appropriate
solutions.

It is also important to necte that a certain
amount of differential settlement could be

tolerated by the structure before yielding any

distress. Tennekoon (1989) suggested limiting
deformation criteria for load bearing walled
structures and framed structures constructed on
reclaimed marshy lands. To make the foundations
more economical, they could be designed allowing
this differential settlement, the 1limit
criterion set above for the onset of cracking in
buildings.

In the case of low cost houses it would be very
much economical to use simpler low-cost
foundations allowing harmless cracks to an
acceptable level, instead of adopting costly
foundation techniques with a view to achieve a
structure absolutely free from distress.
Understanding of the building performance would
be useful again in appropriate locating of
expansion joints, structural joints and in
guiding the anticipated minor cracks along pre-
designed grooves, so that cracks instead of
becoming an obwious eye-sore,

.aesthetically hidden.

— e e

could be




Therefore, although the current topic of-
discussion is appropriate foundations, it could
be seen that the appropriateness of a foundation
depends on the proper planning and careful
design of other members of the structure, and
also on the overall cost of the total structure.

When considering the economical aspects of a
foundation or the structure as a whole, the
importance of "time"™ factor is often ignored.
Specially in the low lying areas, where
buildings are generally subjected to distress
due to excessive and prolonged settlements, time
factor becomes very important., With appropriate
planning, the time available" for ' cohnstrictiohn
should be made effective to economise on a
project. For example, preloading as a grouhd
improvement technigque decided at the early
stages of planning may turn to be an_appropriatex
solution, which otherwise woilld only be
considered as an additional burden that causes
delays in the project. This may also mean that
time should be assessed in terms of money and
that appropriate decisions should be taken at
appropriate time. ’

3.0 APPROPRIATE FOUNDATION TECHNIQUES

3.1 significant Features in the Low Lying Areas

.the low lying area

sider -

The most significant féatgges one could think of

{7 T) Low lying ‘nature-associatéd -with

.* [ ’high-ground water“table .7 .

.2)-‘Weak “and highly-'‘comp
‘" subsoil -conditions.”

Low-1ying “atreas “in” an
getterally 'exist below 2
as submerged or “water logged ‘lands. Even :
other” parts the ground water table is” generally’
high, -  che o toeoloatoter SAONE LS GENEras Y.

30152 “Subsoil conditions

Another prominent’featire of the low lying areas
is the. presence” 'of ‘subsocils’ which: - are
predominantly ‘organic gﬁd‘ppisg552_gﬁguq
physical “and. engingering properties,” ?éﬁf ‘rom
those of inorganic soils “(Ameratunga, . al
1989).. : The significant features of - nfe;e 2
associated with theseé soils, “especiall
peaty soils are;

fﬁii:the.ﬁig ‘ompréSSip;,i;j'?aﬁd
:2) the high permeability. " "

The very high values of natural moisture content
(varying from 50% to 550%) and coefficient of
volume compressibility exhibited by these
subsoils clearly indicate their susceptibility
to undergo very high settlements even under a
small load imposed. On the other hand, because
of the high  coefficients  of primary
consolidation owing to high permeability, the
rate of settlement in the primary stages will be
very high. However, the coefficient of secondary
consolidation is low, and therefore secondary
settlement can take place over prolonged
periods.

ecessity of a Fill

If any development activity is to take place in
the low lying areas, the land should be
xreckaimed f£o:raise the ground well above the
water table and flood levels on account of the
low lying nature. On the other hand, because the
weak and highly compressible nature of the
subsoils, it is necessary to provide a safe and
stable ground surface for executing the
construction activities. This can be achieved by
controlled earth filling to a suitable level.
However, increased loads due to the f£ill will
cause significant settlement in the underlying
subsoils which are already undergoing
consolidation under their own weight. On the
other hand the f£ill itself may--. become- a -major
problem if the filling is not prépérly done.

‘Groundwsettlement :due:to ‘deévelopment
activities =ii~ulro 0 s ln - L

The main objective ‘of ground’ improvemerit “in the
case iof low~-‘lying~areas i§7to -increase the
strength:~and ‘to reéduce - compressibility=of- the
ground -supporting ‘the 'structirés andthereby ‘to
minimise ‘the cost of” foundatidns” and hence the
project cost. Before ‘desling 'with'this -éssential
and inevitable earth-fil¥ing “as a'“ground
improvement technique sample in execution, it
would- be usefal to’ Took™ at “the’ -compofients  of
§éttleniént “rec 3 1€ 0

v-Settlement: in-the*tnderlyihg sabsoils: -
due to load imposed by the structure
T Settlément’ inthel fill *due-to own
weight ) . . .
Settlenient:in “thé f£il¥ “Jue’ to - Loai
- imposed by the’'structure

p=reqlaimed~mé£shY'l nd “tor -
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. It could be seen that, if the flllkls extremely
well compacted, the components Sy and S5 _become
-negligible (see Table 1) ...Agaip, "if the..

Foundation is

_bulb'of ‘the fo 3
within the flll,“componen
negligible. Now, S :
‘consolidation.of the su s011
- a slow geological: process, SQ'b
'_and 1mportant~component of&

‘Table 1. Total .s ettlement oy dlfferent Cfille

naterla.sunder thelr own welght

. Type of HIL

-Total- Settlement uder its-
qﬂlwelght expressed as %.:
of the flll thlckness.

. Well coﬁﬁected inorganic fill

0.5 %
Poorly compac*ed 1norgan1c flll “up o7 51 Z i
Well compacted clay Fills 0.5 % L :
nghly compacted clay fills: . 1Z2-27
placed in deep layers . : L : T
Domestic refuse £i11 (w1th : “about 10»%1‘

ccntrolled topping layer)

The stress imposed in ground due to loads from a
foundation of limited width gradually decreases
with depth. On the contrary, fill 1load

. . distributed over: a -wide -extent iof - ground 'surface
will be effective to the full depth of the
anderlying sub501ls, whlch is about :20 .m at the
most.:;,,,_ : : = E o =

T e settlement 1n underlylng sub501ls due to
flll load ‘can therefore be expressed by, D
L mv Uf'Hf’ ....-.(2) T N "’."
W ere, e
_mv; Coeff1c1ent “of. volume compre551b111ty
t o iwew .1 <~ of the compressible:. subsoil- :

. Bg-3Unit weight (or submerged unlt welgh+)

oo cr-0f £111 0 o PRSI -

- Hgo: Beight:of £ill~

B

§~ Thlckness of: compre551ble sub501l

U51ng typlcal values -for and ﬁf, the
relationship; between . settlément -and the
thickness- of weak,compresslble subsoxl can- be
shown in Flg. 1. E

ngh costs 1nvolved 1n large flll volumes and
the excessive settlements: anticipated :in
underlylng spil. layers due-.to high - -£111 Toads
would: ‘not -always permit .filling- to-a: :suitable’
height. so .that foundation loads could be
contalned w1th1n the flll layer. FIDRS.

.1s generally high.

limits. In

ensure;

fiy
0 1 2
Fill Helght(Hf) m
oo ; UFlg.l. Settlement due tog i1

Looking -at’ - "“the effect of"flll'agaln it
is clearly seen in Table 2, reproduced after
Senanayake (19886), that;the,settlement ‘expected. -
in.underlying soil due. to.the £ill is. in-fact-at :
least one order high in most cases than that.due
to building 1load. This shows that the
contribution due to fill load on the overall
settleément of a structure supported on the fill
Therefore in  order to
minimise adverse effects on. the structure due: to
high settlements, it would be necessary to delay
the commencement of building construction until .

.major part of the settlement is over so that the

residual settlement is brought within tolerable
most peaty  soils, pri@ary
consolidation takes place fast, but since

secondary consolidation cannot be ignored it is
:necessary to ‘closély monltor th :progress of
‘settlement in deciding the:p oper trme to
-commence bulldlng act1v1t1es. P L

Therefore, the primary approprlate foundatlon
technique in developing low 1lying areas
particularly for ‘low=cost ~“buildings is’ to

A“ﬁellucohpacted fillo
2) Adequate thickness of f£fill to overcome
B problem3~du fto ground water and floods

3) Adequate depth of well compacted £ill
- ‘below:. foundation ‘level “so~that the
underlying layers are Teast affected by
foundation:loadsi™ =

4) ~“Adeguate’ tlme for" »iajor part of
= gettlement to: take place: ‘tnder the fill

Toad  -leaving "tolerable -residual
settlement before commencing: building
construction

5) By monitoring to confirm the rate of
‘settlement: has. reduced to ‘amw acceptable
level “that building.’ constru tion'“could
be commenced.

e



"TABLE: 2- RESULTS OF SETTLEMENT ANALYSIS FOR M-I SUBSERIES AS MODEL

Conditions of Analysis . Type of Width & Depth of Maximum | Settlement of | Settlement of Average %
1. Beight of £i11-2.0~3.0 m Foundation |Length of | Footing | Contact | foundation foundation | settlement |
2. Thickness of peat— . . { Founda- Below Fill| Pressure under Load of | under Load of| contributed
2.0—-3.0m |-tion Level assumed | Fill & Structure by
T ] at Foun- | ‘Structure struct
dation. (mm) (mm) ure
Base Range Range
Type of Structure {m) (m) KV | oy High | Lo High
1.single Storeyed Residential Strip 0.5 0.5 50 260-303 05-14 3
Structure Footing 0.75 0.5 33 260-301 05-12 3
0.90 0.5 28 259-301 04-12 3
1.0 6.5 25 259-300 04-11 3
2. | Two Storeyed Residential Strip 1.5 0.5 43 267-320 12-31 7
Structure Footing )
3. Three Storeyed Residential -do- 1.5 0.75 77 279-346 24-57 13
Structire : 2.0 0.75 58 277-340 22-51 12
4.] Four Storeyed Residential ~do- 2.0 0.75 83 287-362 32-73
Structure . 16-
5.} Light Industrial Structure with Pad 3.0x3.0 . 0.75 33 331-425 76-136 28
25 KN/ml imposed load on grcund Footing 3.5x3.5 0.75 31 328-430 73-141 28
floor -
6.| Heavy Industrial Structure with -do- 3.0:3:0 0.75 119 344-453 89-164 32
100 KN/mf imposed load on ground 3.5x4.0 0.75 113 343-435 88-146 30
floor .
7-|Three Storeyed Office Structure’ -do- 2.5x2.5 0.75 221 308-413 53-124 25
3.0x3.0 0.75 153 303-400 48-111 23
8.| Four Storeyed Office Structure ~do- 2.5x2.5 0.75 304 322-440 67-151 28
: 3.0x3.0 0.75 211 317-427 62-138 27

. However,

the above ideal conditions cannot be
always achieved in practice. 1If the project is
properly planned and carefully managed, perhaps
1t may be possible to meet at least some of
these requlrements.

3.3.2 Importance of a well compacted £i11

The importance of a well compacted fill needs to
be emphasised here in appreciating its role in;

1)y providing a hard bearing stratum to
support the foundatioms, :

2y providing a bearing stratum which would
undergo only negligible settlements
under foundation load,

3) providing a stiff mat below the

foundation which helps to distribute
the load from foundation more or less
evenly.

How to construct a well compacted f£ill is
discussed by Herath (1989).

3.3.3 Determination of the thickness of f£ill

The minimum thickness of the fill should be
decided considering two aspects as already
discussed, viz. clearance above ground water
level or flood level, minimum depth of compacted
£ill required below foundation level, and the
settlement in the ground due to £fill load.
Generally, -it is not a good practice to keep the
finished ground surface in different lots within
the same area of development, at different
levels. Therefore, priority may be given to the
clearance above flood level estimated from
hydrological studies. In the case of low lying
areas in and around Colombo, the final formation
level has been decided approximately 30 cm above
the 200 year probable flood level
(CDLLAD&DB,1980). It has been noticed that this
final formation level is mistakenly interpreted
as the level at which filling should be
terminated. As a result, where allowance had not
been made for the prolonged settlement of the
ground under fill load, structures already

‘constructed on the fill would -be prone to

submergence during floods or perennially by
ground water. To differentiate. between the
reclaimed/filled level and the intended level
above which the ground surfuce should be
maintained on the long term, Senanayake {(1988)
has suggested to refer the latter as the Planned
Ultimate Formation Level (PUFL).

ST



Now if the difference between PUFIL and the
existing ground level (before filling) is given
by H,, the thickness (E.) of f£ill actually
required could be approximately obtained .from H

Hy = Hy/(1-m, B£.Hy) .....(3)

?he gbove relationship is graphically presented
in Fig.2. However, this relationship cannot be

used for estimating the fill height when the
surface soils are very weak and the £fill
ground.

material intrude into the

Hy=Diff. Between PUFL
and. the Existing
Ground Level -

Hr=Thickness of Fill
Required

—

0 4
Thickness of Compressible Subsoils(Hs)'""

Fig.2. Height of Fill Required

3.3.4 Adeguacy of the depth of fill below
foundation level

If the depth (D;) of compacted £ill available
below the foundation level is large enough to
contain the stress bulb of foundation within the
well cdompacted filled layer without shear
failure, special technigues may not be
necessary. In this case, D; should be equal to
at least 2.0 to 2.5 times the width (B) of
foundation. When the stress bulb protroduces
into the underlying soil layer, settlement will
take place in the underlying subsoils due to the
foundation stresses distributed. This
settlement can be estimated based on stress
.influence factors suggested by Boussinesqg
or by approximating the stresses to spréad
uniformly at an angle- of 602 with the
horizontal. Extreme care would be nhecessary
when the depth of fill below the foundation
level is small as shear failure could occur. In
this case, an appropriate solution would be to
- replace the weak underlying soils below the
foundations with well compacted fill.
Considering presence of ground water, a
compacted granular f£ill would be preferable and
the depth of replacement should be equivalent to
more than the width of foundation { Fig. 3 ).

N}

Loose/ L e . ﬁeiL
Well Compad - * .| Compacte
-cted Fill Fill
_ E ey _JT_
IR 13-
Weak Subsoi e J;:A

or Loose Fill Woak Subsoil

Fig._3. Foundation on Compacted Granular Fill

3.3.5 Uncontrolled fills

Achieving highest standards in compacted filling
is not always possible, as this involves high
costs of construction, time and resources for
management, even though maintaining high
standards will help cut down overall costs on
the long term. On the other hand there are

' situations where construction specifications are

relaxed or overlooked by the engineer judging
from the importance of a project.

Specially in areas where planned development is
not implemented, small plots of marshy lands are
observed to have reclaimed without any control
whatsoever, using any material, thickness
bargaining with domestic waste to industrial
refuse.

The artificial ground thus formed is often
complex and heterogeneous in its structure,
strength and other engineering properties.
Loosely dumped wastes or uncontrolled earthfill.
can pose more geotechnical problems to the
engineer than the weak underlying subsoils. :

Such sitvations may call for total replacement

or partial replacement of the fill with a
controlled f£ill,
place the foundations on a granular fill as
discussed under 3.3.4. As alternatives, placing
of a sufficiently thick well compacted layer
over the existing fill, with or without partial
replacement, or improvement of the ground by
pressure loading could be considered. -

One appropriate solution ‘is. to -




4.0 GROUND IMPROVEMENT TECHNIQUES

4.1 Preloading'as a ground improvement
* . - Technique : . )

Preloading technique
ground to.:pre-induce before laying of the
foundation,. . a”greaterlpart.or whole.-of the
ultimate settlement that the ground 'is expected
_to experience. under -the. loads 1mposed bythe
development . act1v1ty. It isian. approprlate
technlque for.-ground’ improvement, especially ~
the  low Yying®areas where peaty” “soils which are
highly compre551ble>and hlghlywpermeable and
therefore ‘do~not require much -time to achieve
the ant1c1pated results., =

Thls-method ls_most appropriate in- developing
long exten€s “"of 1low=lying “dreas:®where
economically .available borrow material- could: be
used as the surcharge material progressively in
bulk and moved across using machinery. If the
work ~involved from preloading to the
construction of structures is glanned carefully
this technique -appears tobe “#deéal’ for -improving
ground with peaty subsoils which are generally
highly compressible -and highly permeable, and
hence responding fast. By increasing the
surcharge load within permissible 1limits, the
. consolidation process can be accelerated to.
achieve the results fasterﬁ However,vwhen
preloading peaty soils it is ‘important to note
that swelllng .or. the.rebouncing. of the, peat

A{Thls may be due to thevlack of. 1
studies . or due to the feat, that. the project

would be unnecessarily delay d. But on' thé other_

hand, it had also been noticed that in some
cases the planners. have-spent. several: months or
years . dec1d1ng on - the approprlate foundatlons,
while. -costs were soa land awaltlng
1dle. < R

To minimise cbst;ofjﬁreloadinggand"conetruction
time_the following methods_can,be,suggested.,,,

'In large areas, reclamatlon and prelo
“can be done” progre551vely.
areas * of’- construction “shoul
: first” and‘preloaded ‘Once
'“1completed “in -one area, the' surcharge load
‘‘could be used for‘reclalmlng and pre oadlng
B 2at=x succe551ve area.

.Dse of the reclalned land for stock plllng
of heavy 1temsf .

Instead of reclaiming the entire area of
the land, to concentrate reclamation to the
building area and to surcharge this area
with fill material that is intended to be
used for the balance area.

_After reclaiming the building area to
“ surcharge with construction materials. i

involves loading of the

‘apart,.

- formed- by--the” 1mpact ar
quality “soils and- compaction. process “is repeated”

4.2 Use of Sand Dralns

When 1t is- necessary to further zmweleratelthe

consolldatlon”process, vertical: drain
used. " Vertical: drains,: purposeJoflwhlch isivte
provide shorter drainage paths in the lateral
direction when .thickness. of: consolldatlng ‘layer
is high, may be economlcal only 1n large
projects:. However~ et 3
drains:placed at «c] e
efficient than- large diameter ;

! dnstallation of small dlameter sand
drains packed in.:fibre:c¢olumns :using :a-‘simple
hand auger may be worth attempting at least on
an experimental basis.

Where ground improvement is expected by
preloading with or without -sand drains, it
should be emphasised that a coarse permeable
layer (sand or- gravel or .quarry dust) mast be
placed in between the existing ground and the
filled layer to improve dralnage,of pore .water
from the consolidating- soil. —~Gr ar“materials
are also suitable-—in achlev1ng regulred
compactlon below water table. -

4.3  Other Ground;lmbrovement Methods . ' -

4.3.1 Stone/Gravel~tdlumns‘

Stone or gravel - columns 1nstaIled;1 ‘poor ground
can transmit foundation loads to.stronger strata
at deepervlevels. Further, when combined: with
preloading, these columns will serve not only as
vertical drains but also in formlng a composite
ground.

4,3.2 Surface Solidification

Ground can be 1mproved by surface solldlflcatlon
with cement, 1lime "or: other chemlcals, “depending
on the soil type: However, thesé methods would

be . very costly when considering the
effectivenegs . in applylng to organ' oils .as.
found “in" marshy areas “and’ the spec1 _1pment

that would be requlred

effectlvely
ground  and ’
are ‘useful
durlng £i11
heélp  in “minim
to fill load.

Lardge settlements in the underlylng compress1b~e¢
strata “car be! curtailed By ‘the* dens1flcatlon—of
these ™~ strata.~The dynamlc > ]

which ‘was’ origihally: ‘used
loose ‘sandy ‘strata-has beern ‘'successfully~ used on’
organic soils. In this: technlque, ‘a’ heavy ‘weight”
is* dropped on the ground from:a congiderab:
height, systematlcally over - the area-to be
improved; -e.qg:" on’ a- grld patter

until the ground attains required level of
improvement. This method is recommended for
development of large areas and. the equipment
required are rather simple.
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5.0 APPROPRIATE FOUNDATION TYPES

5.1 Foundation. Types Used in the Low-Lylng
Areas

In the research’project undertaken by NBRO,. it’

was. planned to monitor a large number of

existing (o0ld) and newly constructed buildings -

and to analyse their performance with a view to
identify the foundation types appropriate under
different conditions. However, the number of
existing buildings that were constructed several
years ago was limited and it was observed that

most of them were apparently constructed close’

to the peripheries.of marshy lands where ground
conditions are not so bad. Such buildings

supported on conventional shallow foundations

were observed to have performed satisfactorily,
-whereas a few buildings located in areas with

much poor ground conditions have shown minor -

distress.

On the other hand, a large number of new
buildings have been constructed in the reclaimed
marshy areas using different types of
foundations including conventional and specially
innovated types. These foundation types and
their performance had been discussed (Sivakugan
et al 1989, Tennekoon, 1989, Tennekoon and
Raviskanthan,v1989). -

The findings of the research project with
respect’ to'appropriateness of these foundation
types are summarised in the following section.

5.2 Approprlateness of Foundatlons

Foundations types considered in the NBRO'study

includes the following:
i) Conventional Strip Footings

a) Rubble/Brick Masonry
b) Rubble/Brick Masonry with RC Strips

jii) Stiffened Strip Foundations o=

a) RC Inverted T' Type
b) Vierendeel Girder Type

iii) Raft Foun&ations
a) Rigid Raft
b) Flexible Raft

iv) Pad Foundations'

a) Isolated Pad Footings
b) Pad Footings with connected Plinth
Beams

5.2.1  sStrip Foundations

Strip foundations are generally used for load
bearing' walled structures or framed structures
where it is necessary to increase stiffness of
the structure as a whole. Rubble or brick
masonry foundations are used for load bearing
structures where settlements expected during the

life time -0of the structure is considerably.. -

‘empirically

-

small. It is generally believed that stiip
footings consisting rubble/brick- masonry with
RC strip at the bottom help ‘to tolerate the

differential settlements more than rubble

masonry footings without .RC "~ strips. Tennekoon
and Raviskanthan (1989): have shown from
observations of settlements of buildings in
low lying areas, that this notion has nc sound

_rationale. In fact, as the deflection ratic for

onset of cracking is the same for both the”avae
types, it is concluded that masonry foundations
with or without RC strlp perform similarly.

Since no spec1a1 technology is required in their

_construction which could be done at a relatively

low cost, rubble/brick masonry foundations have
been conventicnally used in single storeyed-
construction. Considering the advantages and
performance, rubble/brick masonry footings,
without the RC strip.can be taken as more
appropriate where strip footings could be: used,
specially for light loaded buildings.

5.2.2 Stifﬁened Foundations

Reinforced concrete inverted- T foundation and
the vierendeel foundation ‘are stiffened
foundations which are often uséd in weak soils
with low bearing capacity. The reinforced base

"'slab provides increased: bearing  area required.
. Although the transverse reinforcements are

de51gned for cantilever action, there is no
sound theoretical method to design the
longitudinal Treinforcement. Tennekoon &
Raviskanthan (1989) have shown a theoretical
approach to the design of a vierendeel girder.
Stiffness of these .- foundations which' can be
effectively enhanced by increasing the height of
the web, is generally much greater. than that of
masonry foundations with ox w1thout the RC
strip.

However, Tennekoon (1989) has pointed out that'
it is the stiffness of the total structure that
matters and not the stiffness of the foundation
alone. In the case of load bearing structures
as the contribution from the foundation to the
total stiffness is small and hence the net
effect of providing a stiffened foundation"is
not very significant. However, in structures
with load bearing walls where many openings are

included,. the contributicn from a stlffened“

foundatlons is desirable.

In framed structures, vierendeel foundation is a

. good method of providing stiffness to the

structure, considering that .the superstructure
tend to be less stiff because of large openings.

Tennekoon and Raviskanthan {(1989) has also
compared the  stiffness provided by two
~designed  fcoundations, id.e.
vierendeel and invexted -T', for construction of
houses within the same site. It was -shown that
the vierendeel foundation provides a higher
relative stiffness factor than an inverted =T
foundation.



’ 5. 2 3. ‘Pad Footings

Bulldlng in low lying areas are. usually
constructed on a 1. m - 2 m thick fill over the
poor ground. If the fill is generally compacted
to the. specifications and thus offers adequate

_strength to support the foundation,’ pad footings

could be designed such that the influence zone
does not extend deep into the underlying. poor

ground. . For square or circular pad footings,
the stress increase at ‘a depth of 2B, where B is
the width of footing, would be about 10% of the

stress applied at the foundation level whereas
in a strip footing the influence zone is
narrowed very much deeper.

By placing pad footings at small spacings,
stress distribution could be spread horizontally
rather than vertically and therefore the
strength of the fill is utilized to the maximum.
However, from congideration of stiffness
necessary to absorb differential settlements; it
is desirable to join all columns by a grid of
beams at plinth level. Pad footings. are

sometimes prov1ded even when the walls "are of :

load bearing type, by providing short columns
below the grid of beams.

5. 2 4 Raft Foundations

Raft Foundations are used when the bearlng

-pressures should be drastically reduced owing to

low bearlng strength of the supporting soil or
when it is necessary to reduce differential
settlements by bridging over variations in
subsoils. -

Although it is generally p0551b1e to increase
the bearing capac1ty ‘of -the ground by using a
raft, this is counter effective in low lying
areas as the weak soils below the fill layer of
limited thickness is affected by the foundation
load to a greater depth. Therefore, in adopting

_ raft foundations on. fills over weak subsoils, it

is. important to rely mainly on the strength and
stiffness of the fill which jointly functlon as

’ _.a raft.

Some innovative modifications of raft
foundations used in the low lying areas include
very thin reinforced floor slabs used alone or
jointly with pad footings to support single to
two storeyed structures. -

5,2;5 Deep Foundations

HéavyAstructures which are likely to undergo

large settlements if supported on shallow
foundations, should be supported on' suitable
bearing strata available at deeper levels.
Piles, cylinders etc., can .be used for

transmitting the foundation 1loads.- Nature of

subsoil conditionds iep the low lying areas in
and around Colombo generally do not permit use

of friction piles. Hence end-bearing piles -

supported on bed rock (generally observed at

depths ranglng from 15 m - 25 m) appeaf to be
the Hobson's choice of foundatlon for heavy
structures.

In contrast to the deep piles required for heavy
structures, under-reamed piles (Thayalan et al,
1989) can be used. for supporting moderately
loaded structures on.shallow, moderately strong
inorganic soil strata encountered in certain
parts of the low lying areas.

When selecting piles as the appropriate
foundation for supporting structures it is

important in the design to carefully consider

the effect of negative - 'skin friction
{Senanayake, 1988) - developed on the pile as a
result of subsequent settlement of . surroundlng
soil.
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ADAPTABILITY OF UNDER-REAMED PILES FOR LOW LYING AREAS

N. THAYALAN., N.W. HERATH aND K.S. SENANAYAKE

1.0 INTRODUCTION

A major problem encountered in developing low
lying .areas is the presence of highly
compressible, predominantly organic subsoils
existing closer to the ground surface. These
weak soil strata exist as a single layer or as
two layers sandwiched between inorganic soils
and occur in thicknesses from about 0.5 m to as
high as 12 m. As a result, high order of
settlement, which could be detrimental, can be
anticipated in structures supported on
conventional shallow foundations constructed
over reclaimed marshy lands. A common practice
to overcome this problem is to support the
structures on costly special foundations which
could accommodate differential settlements to a
greater degree or to support them on pile
foundations. However, conventional pile
foundations need to be supported on a firm
stratum and often as end-bearing piles in the
case of low lying areas where the overburden
does not offer adequate resistance for friction
piles. When suitable bearing stratum, usually
rock, is found only at large depths varying
between 15 m to 25 m, foundation cost becomes
prohibitively high and not commensurable with
the cost of superstructure specially in the case
cof small scale and low- rise buildings with low
to moderate loads.

Detailed analyses of the subsoil profiles have
shown that in certain parts of the low lying
areas, moderately hard and sufficiently ‘thick
layers of stiff inorganic clay or medium dense
sand are available within a reasonable depth
range of 3 m to 7'm which can be considered as a
suitable bearing stratum for lightly loaded
foundations. Small diameter bored and cast-in-
situ piles with under-reamed bulbs formed in
such moderately hard layers can be used
effeptively and economically to support lightly
to moderately loaded structures.

Therefore, . National Building Research
Organisation (NBRO), who was already engaged in
active research on the development of low lying
areas, especially with a view to evolve
appropriate foundations for construction in the
reclaimed marshy areas, identified the
development of under-reamed piles applicable to
local conditions as an important research area.
This paper discusses the findings of an ongoing
research project undertaken by NBRO with thé
main objective of developing the technique for
installation of under-reamed piles through weak
soils particularly in marshy areas.

2.0 DEVELOPMENT OF UNDER-REAMED PILES

Piles with enlarged bases have been widely used
in some of the developed countries for more than
half a century, specially during the early
stages of their industrial development. These
were adopted in situations iwwhere a suitable

bearing layer could not be found closer to the -

ground surface for shallow foundations and when
it was necessary to transmit a considerable
foundation load to a bearing stratum. located at
a moderate depth.

Pedestal piles, Frankie piles, Compressol piles,
and Simplex piles etc., are some piling
techniques that were used to construct a
concrete bulb at the lower end of a reinforced
or unreinforced shaft of short piles (Fig.1). A
common feature in some of the technigues was
that the bulb is formed by compressing the
concrete laterally into the ground using a heavy
drop hammer to compact the concrete directly or

. by transmitting the impact energy through a

timber or metal shaft. There are also records of
a technique where the cavity for the concréte
bulb is formed by blasting of an explosive.

The usage of small short piles with enlarged
‘bases gradually reduced when the demand for
large scale buildings and structures became
greater in the developed countries with economic
growth. In fact, the use of large diameter deep
piles with under-reamed wide bases for heavily
loaded foundations appear to be the current
trend in some of the developed countries.

In contrast to the compressed bulb type piles
that were used widely in the West and Japan, an
under-reamed piling technigque that could be
manually operated was developed at the Central
Building Research Institute in India (CBRI,
1965) as an effective foundation type suitable
for ground movement problems in Black Cotton and
other . expansive soils., Under-reamed piles are
now being used widely, and sometimes even
indiscriminately, in the developing countries
for load bearing in other types of soils too.

The under-reamed pilés which are essentially
bored cast-in-situ piles, are quite simple to
construct using a specially designed under-
reaming topl.

by bailing the soil out. The hole in the ground
soil is supported using bentonite slurry during
excavation operation and thereafter until under-
reaming and casting of the pile is completed.

) A hole to the required diameter .
of the pile shaft, is excavated by augering or
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These piles can be designed as single under-
reamed or as. multi under-reamed having two or
more bulbs to achieve increased bearing or
pulling resistance. Detailed information on the
state of the art of design and installation of
under-reamed piles under different soil
conditions are dealt in the CBRI publications
(CBRI, 1965). :

3.0 ADVANTAGES OF UNDER-REAMED PILES

Under-reamed bulbs, which can be provided at
desired depths, where substantial bearing or
anchorage is available, are useful in two ways.
The bulb provides large bearing area at the
required depth, and also serves as an anchor and
keeps the foundation stable even in the event of
any upward drag on the pile. The choice of
under-reamed piles over uniform diameter piles
have the following added advantages. The under-
reamed- bulbs are generally designed to have a
diameter of about 2.5 times the diameter of the
pile stem, thereby increasing the end bearing
area by more than 6 times. .Therefore material
required could be saved by about 500%.
Moreover, downward drag developed -on the pile
due to negative skin friction will be. much less
on the smaller surface area of the pile stem.

4.0 OUTLINE OF THE RESEARCH PROJECT ON
DEVELOPMENT OF UNDER-REAMED PILES

4.1 Objectives and Activities

With the objective of developing under-reamed
piling technigues suitabie for installation
through weak superficial organic subsoils for
supporting foundations of low-rise houses or
structures, particularly in marshy areas, NBRO
launched 'a research project in 1987. The major

s activities undertaken to achieve this. objective

are; : .

a) Review of the subsoil profiles of low.lying
marshy areas, the sequence and extent of
horizons, and the range of engineering
properties.

b} Review of the development activities
proposed to be undertaken in low lying
marshy .areas, structural details, load
intensities etc. ’

c) Rgview of various under-reamed pile.types
- with regard to size, range, installation
details, performance under different

conditions ete.’ .
d) Development of special features of
" installation eguipment, as necessary, to

suit specific ground conditions and loading
details. :

e) Installation c¢f prototype piles in
- different sizes in  different soil
conditions and assessment of pile behaviour
under load. : : : ) '

For this project sponsored by the United Nations
Development Programme, NBRC obtained technical
services from the Asian Institute of Technology
in Bangkok, Thailand. .
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{a) Abbot Type Pedestal Pile
(early stages)

§ it

-
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{£) Multi-Pedastal File

e} Shiraishi Type Pile
(explostos azpishi Trpe Fle rming)

FIG. 1 CONSTRUCTION STAéES IN SOME TECHNZOUES;’EOR‘

CAST-IN-SITU PILES WITH ENLARGED BASE

4.2 Review of Subsoil Profiles in Low Lying
Areas ’ : ’

Information available from.a large number of -
boreholes and auger. hoies advanced in the low
lying areas were .carefully studied with a view
to identify locations where under-reamed piles
coulid be adopted as an effective: foundation
type. Data used for this purpose include over
200 boreholes studied in the Geotechnical
Mapping of Low Lying Areas in and around Colombo
City (Senanayake, 1986}, and those dccumented
thereafter under specific consultancy projects
and research projects undertaken by NBRO. It was
found that -about 25% of the boreholes studied
exhibit soil profiles where a suitable bearin

stratum for the under-~reamed bulb could be foung
within a. depth of 3m to 7m. from the ground
surface. In identifying a suitable bearing
stratum for under-reamed piles, the strength of
the ground for severazl meters below the
Potential bearing level should be duly
ccensidered, in. order to keep the stress
influence within the hard stratum without
affecting any underlying weak layers. Piles with
bulb diameters in the range of about 600 mm *o
1000 mm are considered appropriate for the order
of "loads transmitted from low-rise buildings.

Therefore, scil layers where. moderately hard or
hard@ ground {SPT N-values prefe.abiv over 10)

continues for at least 3 m below. pile hottom may
be considered as a suitable bearing stratum. .



4.3 Review of Devélopment Activities Proposed in
the Low Lying Areas . . L

The development activities proposed in the low
lying areas in and around Colombo City include,
light industries, ‘warehousing, commercial and
office buildings with main thrust of development
concentrated on the housing sector. The types
of structures that are to be constructed, -and
the estimated ioads that will be transmitted to
the ground are given in Table 1. )

TABLE: 1 - TYPE AND LOADS OF STRUCTURES

ﬁj@e of Structure Lay out Type of | Colum/wall
o footing | loads
1 RESIDENTIAL "
- single storeyed Strip 25 KN/M
: . footing | .
2-storeyed Ioad bearing ~do~ -~ 65 KN/M.
3-storeyed wall spacing ~do— 115 KNM
4~storeyed =3.0m -do~ 165 KN/M
2-storeyed framed | 3.5 x 3.5 ‘pad -360 KN
- footing

3-storeyed framed | grid -do~ 580 KN
4-storeyed framed ~do- 820 KN

2 OFFICE = c A _
3-storeyed framed }4.5 x 4.5 ~do- 1380 KN
4-storeyed framed grid -do- 1900 KN

3 LIGHT INDUSTRIAL ~do- 65 KN

4 HEAVY INDUSTRIAL ~do-~ 175 KN

4.4. Fabrication of Under-reaming Equipment

The applicability, economy and performance of

under-reamed- piles installed in subsoil -

conditions prevailing in the low lying areas,
largely depend on’ the configuration of under-
reamed bulb, and the method of installation.
Therefore, prior to -installation of any
prototype piles in the field, model tests were

carried out to study. the performance of "

‘installation  equipment and technigue. Based on
the results. of model tests conducted at AIT, the
following equipment were fabricated by NBRO to
enable installation of piles with nominal
shaft diameter of 250 mm and under-reamed bulb
of 625 mm diameter.- . S A

1) A Spiral Earth Auger' (250 mm $) to excavate
the hole for pile shaft, = 3

- 2) A Sand Bailer (125 mm ‘§) with  two flap

’ valves at the bottom, : .

"3) A bucket type Slime. Remover (200 mm ¢) with-

. flap valve for cleaning the bbrehole{
4) A Guide Casing (300 nm ¢) to align the
initial verticality of the borehole

5)° An Under-reaming Tool capable of making a .

cavity for 625 mm ¢) .bulb, ]
6) A Conical Hopper and a set of Tremie
Pipes (125 mm ¢) for pouring concrete.
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4.5 Installation of Trial Piles

As the first step, it was considered necessary .

to_install several prototype piles in different
seil conditions to examine cohstruction problems
in excavation, under-reaming and casting . of

concrete. and to study variations of-

installation techniquies with a view to improve
the tools and techniques for ‘increased
efficiency.

Twelve sites in the different zones of low lying-

areas were selected for this purpose with due
consideration given to; . .

1) Subsoil conditions,

2) Accessibility ' for installation equipment,
material and crew,

3) Adequacy of space. for construction

activities, )
4) | Availability of the site free from
" interruptions for the duration of entire
field operations.

A number of auger holes were advanced initially
to obtain subsoil information speedily and
economically within the selected sites, and
Standard Penetration Tests were conducted to
determine the strength profiles at locations
identified for casting the piles. A total of 18
trial piles were installed in different subsoil
conditions, and these were exhumed to examine
the. performance of the equipment and technique

and to make necessary modifications and
improvements. .. . )

4.6 Load Testing of Piles

Aftér being satisfied with the performance of

the trial piles several test piles " were
installed for load testing to determine ultimate
capacity of the pile in (i) axial compression

(ii) axial tension and (iii) lateral thrust. .
-Load testing of piles with a bulb ‘diameter of

625 mm supported on a loose to medium dense

silty sand layer (SPT N-Value 7 - - 11) indicated

that an ultimate axial load of about 20 ‘ton

could be easily achieved. However, due to the
weak nature of the soil surrounding the pile

shaft, appreciable pulling resistance or lateral

resistance could not be achieved.

Plaéing the bulb near the. surface of a hard
stratum may be reasonable when upward dragging

- forces or lateral fcrces are not likely to act-

on the pile and when the thickness of the
bearing stratum is not very large. Although it
may appear economical to cast the under-reamed
bulb at an elevation as high as possible within

the hard stratum, a major problem experienced is

the collapsing or falling of the overlying weak
soils into the bulb cavity. Therefore to ensure
stability of the bulb cavity, adequate- thickness
of hard stratum should be allowed above it to

“effect arch-action. 1In the second series of

testing, the bulbs were installed within the
hard stratum leaving a minimum of 1 m depth
below its interface with the weak layer. These
piles are now being load tested.




5.0 DESIGN ASPECTS. OF UNDER~REAMED PILES
5.1 Stability Criteria

Under-reaméd pile ‘foundations, Llike any -othér
foundation, must fulfill two crlterla for
satisfactory performance., t .should be
structurally safe and it should not fail either
in shear or by showing excessive settlement.

5.2 'Safety'of Pile as-a Struotural Member

The compressive load transmitted to the pile
from the superstructure is . first taken by the
pile top and is distributed through skin
friction and bearing before finally reaching the
toe. Therefore, the pile should satisfy the
design criterion as a short .column in sustaining
the design loads considering both concrete and
steel in pile section. By ultimate load theory,
the ultimate capacity of pile in -compression is
glven by:

"Pu = 0.4 Ocu (Ac -,As) + Osy As - (1)

Where, Pu = ultimate capacity of pile in
compression }

. Ocu = ultimate cube strength in the
" ‘compression

) Osy = -yield strength of steel
relnforcement
- Ac = cross-sectional area of pile stem
As = cross sect;onal area of
1ong1tud1nal steel. S )

] The under—reamed bulb portion is not prov1ded
with any extra reinforcement. The shape and size-

of bulbs and transference of loads are such that

',the concrete sectlon alone is sufficient.’

5.3 Bearlng Capac1ty from Soil PropertleS'

' The ultlmate capacity: of plles can be estlmated

based on- 5011 parameters determined from field
and laboratory tests.  The ultimate bearing
capacity Qu of ‘a multi under-reamed ‘pile can be
obtalned from the_expre551ons in Annex 1.

A»These formulae suggested by CBRI (1978) need

modlflcatlons in."applying to under~reamed piles
installed - through weak organic .soils in marshy

- areas. The skin- friction component cannct be
. considered as a ‘positive contribution to pile

capacity 'since the surrounding weak soils

- .settling under 1mposed loads” w1ll 'develop
) negatlve skin frlctlon 1nstead S e Tk

5. 4 Safe Load from Plle Load Tests

A dlrect method for determlnlng ‘the . safe load of

‘a.‘pile is to carry out a pile load test’ ‘which

may be ‘used for design when done .in advance, or

" as.'a check .for piles already cast. However, pile.

load tests are costly and. time' consuming and may
be permltted where . a- large number- of -piles are

- involved in a project. CBRI recommends a mlnlmumi
- of two pile 1load tests for a.sizable work: ( more
_than’ 200 ‘piles) where detalled 1nformat10n about

the [ soil strata and past’experience. is not
available. Therefore -in order to adopt under-
reamed plles as an effectlve low cost foundation

type in Sri Lanka, it would be necessary to

B o

establish sound empirical formulae proven with
load testing so that pile capacity could be
easily estimated using soil parameters obtained
through less costly field and laboratorg
investigations. Preliminary load tests carrie

out on prototype piles have indicated general
agreement  of the CBRI formule to local lateritic
soils. However, this needs confirmation through
further tests.

6.0 INSTALLATION OF UNDER-REAMED PILES THROUGH
WEAK SUBSOILS .

6.1 Installation Prooedure

The procedure adopted by NBRO for the
installation of prototype under-reamed piles for
the research project is as follows.

The location suitable for installing the- pile
and the elevation of the under-reamed bulb are.
determined after borehole investigations. After
setting the tripod in position, a hole/is
excavated at the intended pile location to
install the. guide casing for initial alignment
of the hole. A boring guide is then set in
position to ensure verticality of the hole at
later stages of excavation. The hole for the
pile stem is advanced using a splral auger while

"maintaining the hole full with bentonite slurry

to prevent collapsing of surrounding soil. -Once’
the required depth is reached the bottom of the
hole is cleaned using the slime remover. Cavity
for the bulb is then under~reamed using the
reaming tool. Soil deposited in the bucket
attached to the reaming tool is removed from

- time to time as required. After ensuring under-~

reaming is carried out to the required size, the
bottom of hole is cleaned once again-'and the
boring ‘guide is removed. Steel reinforcement

. cagejis then placed in position =~ and the tremie

pipe is inserted to reach the-bottom of hole.
The lower end ‘of the pipe is fitted with a
mortar plug ‘which prevents entry of bentonite in

- to the pipe, but can be easily pushed out' under

the pressure of concrete filled in the pipe (&
modification to this is a valve provided -at the
neck of the hopper receiving concrete.).
Concrete is then poured in with gradual lifting
of the pipe while ensuring that its lower end is
always kept within the concrete poured, so that -
mud does not intrude into the concrete. :

6.2 Problems Assoc1ated with- Installatlon

through Weak ‘Subsoils

‘Considering the weak nature ‘of ‘the superf1c1al

soil strata, piles are likely to be constructed
only after the marshy land is reclaimed to offer

'gSultable working space. -Excavation of a large

diameter borehole thrcough a clayey filled layer
or through lateritic ground at-deeper elevation
could be done without much difficulty. However,

.advanclng a borehole through peat, soft clay or

loose sandy or silty deposits below ground water

- table is extremely difficult without using

bentonite slurry or casings  for preventing  the

.walls from collap51ng. In a background of

suggestlng under-reamed plles as .a low cost
technique, use of casings is not practical since
driving and. withdrawal of casings become more
difficult. Therefore, bentonite slurry of an
optimum concentration should be used 'also
con51der1ng the efflClency of ‘tremie concreting.




.Durlng or after the under—reamlng process, the
column 'of weak subsoil above the bulb tends to

cave-in if a sufficiently thick layer of hard
material, which can effect arch-action,

3 'is;not‘
available immediately above the bulb cavity.

.7.2 Cost Aspects

~Therefore no time should be lost between under-

" reaming and concretlng operations.

Another problem encountered is the bulging of
the pile stem due to ‘inadequate lateral support
from the surrounding weak soils.. Bulged sections
with diameters as -large as 350 mm were observed
in some piles whlch were 1ntended to be 250 mm -
stem. . E

The reaming tool used. in the early test piles
were. found to be rather heavy and not efficient
in manual operations. A new lighter tool was
" therefore designed and this is now being tested.

7,0 .IMPACT ON. THE INDUSTRY

7.1 Applicable Areas

The under-reamed biling technique is a simple
low cost and manually operable piling methbd

which does not require sophisticated tools and
equipment. The technique when developed to suit

the local subsoil conditions is expected to have

a great potential in Sri Lanka, as an economical
foundation types applicable to structures with
moderately loaded foundations. Applicability of
the under-reamed plles will not be limited  to
the construction in reclaimed marshy lands but
also to highlands.

In the Colombo region,
demand for low-rise buildings will exist in e
near future, it is observed that even in most
highlands the uppermost layers of the ground are
generally weak and the foundations are- required
to be placed at deeper  elevations by—pae51ng
the weak layers. Deep excavations.sometimes
become very difficult due to high ground .water
table and other environmental conditions,
as, presence of adjacent buildings etc., which
_could be -affected. In such situations,

reamed piles appear to be a suitable solutlon.

Under-reamed piles will have potential use in
some. areas of the .the dry zone where expansive
soils exist, in controlling distress to lightly
. loaded structures (aused by foundation movements
due to swelling and shrinking assoc1ated with
m01sture variations.

The under-reamed piles would be also effective
in resisting uplift forces in tall structures
-affected by wind, cable tension etc., as in
towers and pylons, and alsoc in retaining walls
and bridge abutments, where -lateral and uplift
forces are significant.

specially where a high

such

under-.

During. the research and development stdges of
the under-reamed piling technigques suitable to
low-1lying - areas,- the average <cost .of.
1nsta11at10n of a 5 m long pile with 250 mm -
stem and 600 mm. - bulb was found to be in. the-
order of Rs.2000 at 1988 prices). Costs have’
been worked out for the items excluding
mobilisation and demobilisation, costs of whic
should be distributed over a large number of
iles for a particular site. With further
improvements to the techniques, operation . and

management the cost  could be reduced

substantially on commercial basis. :
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Annex. .

1

BEARING CAPACITY FORMULAE FOR UNDER-REAMED PILES

For sandy soils the following ex-

pression may be used:

Qu=A,.(}. D.y.Ny+4v.d, N+
As [3.Dy.n.y.Ny

. re=n .
=+ v.Ne. Ed{]-*—i.n.D.-y.K tan3
== .
’ X(d12+d12—da2)

For clayey soils the ultimate load

carrying capacity of an underreamed pile

may be worked out from the following
expression— :

QueApNoCyt AuN..Co'+Ca’A,’
+¢.C¢.A. . B

where

Q. (kg) = ultimate bearing capacity
of pile

A, (cm?®)= x/4.D?* where D (cm) is
stem diameter ’

As (cm¥)= n/4(D,*~D?) where D.

(cm) is the underreamed
bulb diameter

- A, (cm®)= surface area of the stem

A’s= surface area of the cylinder

circumscribing the underreamed -

bulbs

n = number of underreamed
bulbs

v (kg/cm?®)= average unit weight of soil
(submerged unit weight in
strata below. water table)

Ny and N, = bearing- capacity factors
depending upon the angle
of internal friction ¢, given
in Table A,

N. = bearing capacity factor,.

usually taken as 9

P

- K = earth pressure - coefficient
(usually taken 1.75 for sandy
soils)

3 = angle of wall friction (may
be taken equal to the angle
of internal friction ¢)

d, (cm)= depth of the centre of first
- underreamed bulb

d. (cm)= depth of the centre of the
last underreamed bulb

d. (cm)= depth of the centre of dif-
ferent underreamed bulbs -
below ground level

d; (cm)= total depth of pile below
‘ ground level
C, (kg/em?)= cohesion of the soil around
toe

C'a (kg/cm?)= average cohesion of soil -
around the underreamed
bulbs

o = reduction factor (hsually
taken 0.5 for clays)

Co (kgjem?)e= average cohesion of the
soil along the pile stem

Table A
Bearing Capacity Factors

? Ny ‘ Nq*

20 3 10
22 5 12
24 -7 15
26 9 18
28 13 22
30 18 © 29
32 25 37
34 34 50
36 T 47 65
38 65 90

40 85 128

' . *To be reduced to half for bored pilés including

underreamed piles.
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