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"PREFACE

The OrgahisingiCdeittée appreeiétSS“the?good{respdﬁge

;recelved from the: invitees"” who were requeSted
'present papers ‘at this Seminar -and wish- to thank them

for devotlng their precious time tc make the Seminar

successful.

A total of. nine . papers liave been received - for

presentation at this Seminar.

Discussions at the Seminat afid the written discussions
received till” 20th June 1989 ‘will be -published in

a separate volume.

The ass1stance glven by Prof A. Thuralrajah and the
members of the Organlslng Commlttee‘”in organising
the. Seminar and the support given by the staff of
the National Building Research Organlsatlon in

preparing this volume is deep]y apprec1ated~

Kirthi S. Senanayake
Secretary

- Organising Commlttee
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-The statements and opinions expressed ‘in .the' papers

-presented in .this Volume .are ‘those of the _authors

.and not necessarily those of :the Drganising_Commit;ée.

Addltlonal coples can be ubtained from;
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PROVISIONAL STRUCTURES IN EXCAVATIONS

K.S. SENANAYAKE

1.0 INTRODUCTION

Construction activities: @B are often asmsociated
with earthworks that involve making of
embankments or = excavations and cuttings - in
natural ground. VYVertical faces or slopes thus
formed, depending on the height and inclination
‘and the soil conditions, may tend to collapse.
In order to prevent such failure or to control
excessive deformations in the ground it becomes
necessary to provide supporting structures
generally known as earth retaining structures.

Such earth ~retaining ' structures could be
permanent structures e.d. retaining walls,
bridge abutments, quay walls or diaphragm walls
which are ‘intended to be used on a long term
basis as part or whole of the main structure.
Or, they could be provisional structures erected
temporarily to support the excavation or to
provide dry work space during the execution of
main construction werk and therefore will remain
until the wmain construction is completed.

"Provisional earth retaining structures are

sometimes allowdd to remain even after the

completion of the main construction and, in this -

case,; the role of provisional structure in earth
retaining may be continuedly utilised or may be
ignored totally or partly in the design of wmain
structure. T

"In the planning of provisiocnal. earth retaining

structures, - approach can be made in two steps;

in - the first step a judgement is made on  the

suitability of the type of provisional structure
and the method of its erection or construction.
In the next step, several plans that are
considered suitable are studied in detail and

compared tc¢ arrive at the most practical and '

feasible type. Suitability of a provisional
structure will be governed by the  ground
conditions and +the environmental conditions
within the site and its surroundings. The type
of structure and the method of construction
should be compatible with the ground conditions
while the disturbances to the gnvironment during
and after the construction should be brought to
a minimum. Safe and most rational type of
provisional structure that satisfies the above
conditions is then selected ‘ after comparative
design. This design analysis should 'also deal
with the. apsects such as the procedure of
erection of various component.s of the
provisional. structure and the stability of the
excavated faces.

2.0 |, CLASSIFICATION - OF PROVISIONAL EARTH
RETAINING STRUCTURES
2.1 Major Types of Provisional Structures

Provisional s tures that are required during
execution of construction of a given wmaln
structure could be broadly classified inte thres
groups as follows;

. piles or . to massive

'GEOTECHNICAL ENGINEERING DIVISTON |
o NATTONAL BUILDING RESEARCH ORGANISATION

2.1.1 Provisional Structures . for - Earth

Retaining C .
The main role of these structures is to prevent
failure -of “the bottom of excavation and = the
surrounding ground. Mejor force the @ structure
has to withstand is the sarth pressure acting on
ite walls. These structures are sometimes
raefered to as timbering, although nowadays
specially in the case of large exncavation works,
materials used in them are ot - limited to
tiumber. E

2.1.2 Provisional Structures -for Waterfront
Works :

These = are provisional stractures erected in  or
adjacent Lo watsr bodies such as rivers, lakes
or the soa in order to provide dey working  area
for the exscution of main conshruction works.
Major fToroes imposed on these structures are the
hydrostabic pressures acting oo bthe walls while
wanve forcwee could also be significant  depending
on the environment. In addition, earth pressures
also need to be considered where excavation or
drodging 1s required. :

2.1.3 Provisional Structures for Earth-Water
Retaining
POSSESs the

These provisional structuras

functions of both earth retalning and providing-

dry working area. This type may bLe reguired for
axcavaticns below ground water table or adjacent
to water bodies. In provigsional structures
.&s.g.used for river works, major forces are  the
‘hydrostatic pressure acting on the wall on
waterfront and the sarth/ground wdter pressures
acting on the wall on land side.

2.2 - Main Aspects of Provisional Structures
2.2.1 Wall System
Tn all  the sbove thres Lyﬁus of provisional

structures, the wall can be congidered to be Lhe
most  important structural member because it is

the wall that plays the key role of withstanding .

earth - pressures, - hydrostatic presgures or a
combination of these two. The types of wall is
salected based on the strength required, water
tightness, conveniencs of handling “and
ingtallation, availeblility of - materials ete.
Wall materials that are wused in~ provisional
esrth/water retaining structures can vary JLrom
-pimple Gimber planks to steel or concrefe  sheet
reinforeed conoret.s

diaphragm walls.

2.2.2 Method oﬁ‘lnsta]]atiou

Another major aspect need to be looked inke. in
Lhe  oconstruchion of provisional  structures  is
she mathod of iostallation of tlie walls Whii e
manusl inotallation of sambeerivg posaille o




shallow excavations, ‘it may be necesary to use
OO machinery . such .as pile drivers or
specialised and sophis ticated equipment
depending on hpusm~1e of the construction.

Method of installation depends on the hardness
of ground, Vjpe of wall material and. specially
the environmental = conditions. Conventinnal
mwethods of using drop hammers, diesel hammers or
vibro hammers etc., for wall installations which
cause environmental problems of noise and
vibration are somewhat. restricted in the
populated areas and these are replaced by so
called silent methods such as pre- borxng or cast
ih situ wall technlques

2.2.3 Method of Supporting

earth-
method of
it is not
depending

The third major aspect in provisional
water retaining structures is  the
supporting the wall erected. Sometimes
possible to freely sBupport the walls
on  bthe wmagnitude of external ces of earth
pressure and/or water pregsure acting on  them.
in such instances, struts or anchors are used to
push or pull the walls. Opposite walls of the
structure or other suitable support within the
excavation can be used to receive the reaction
of the struts, while ground anchors or tie rods
can be used to keep the walls in position. To
should be embedded

Forr

support * freely, the walls
into the dround adequately unless made stable as

gravity structures as in the case of ‘earth bunds
or cellular cofferdams.

In a status-quo investigation of provisional
structures used for excavation at 3% different
construction sites within Tokys Metropolitan
area, ' Senanayake et s} {1874} suggested their
clasgification according to the combination of
three elements viz. a} type of wall, b) method
of installation and ¢) type of support (Fig. 1).
3.0 TYPES OF - PROVISIONAL EARTH RETAINING

STRUCTURES

3.1 Open Cut Excavations

Oper: ' cut excavations do nob reqiire ény, earth
retaining walls and the cutting oan bhe done
verticaliy -in stiff soils or By keeping a siope

1.0 suit the grdund conditions. Critical depth of
excavation is determined by the strength
characteristics of the ground. When the depth of
zxcavation exceeds_ 3m-4n, bherms may . bhecoms
necessary - to improve  the stability. Working
withiin open exonvated arem g aagy as there
are no obutreoutionn by sbivcta: an Comp ol [
vertical «<uts,  slopes with berms take larde
upaie,  Open euty cannol be exponed  Tor Yong

periods whers thece 1u
failure due to rains

a tendancy fOr eronion
or high ground water table.

[

Special care is needed in deep dewatering within
open excavations:

3.2 Timbering

Timber planks of suitable thickness (35min~50mm)
and - width = {180mm-~25Cmm} can be wused aither
vertically as runmers  and poling boards or
horizontalliy as laggings and sheeting for

supperting verticel cubts. They can be
to  make a continuous wall or can be

suitable spacings depending on the 1level of
support required. Timber can be sasily handled
and fabricated to any reguired size at the site

arranged
placed at

‘steel

excavationn

of

and morgover the initial cost procurenent iy
not high compared Lo steel or concrete. However,
due  to its low strengbh, uase of timber  wmay  bhe
sually limited to excavetlons less than 3w-4m
deep,  Morcover, as timber ig easily. subljected to
damages and  degradation, ils  reliabiliby  and
durability are low. 53elf gsupporting of the  wall
is not advisable and often is not poussible  due
to difficulties in driving timber boards ioto
hard ground. Timber struts placed at suitable
‘depth intervals are generally usei  with. or
withoul walings. ’
3.2.1 Timbering with Poling Boards
fixcavations in stiff clays, soft rock stratd and

lateritic ground can usually stand unsupported

for reasonable length of time thus simplifying
procedures  in  timbering. However, bo . snsure
safety of  workmen = against failures due to
unexpected  loads, vibration ete.,and o prevent
vielding or  settlement o adjacest #rovangd
surface, some suppoert would  eventually taig,
NECLSATY . This suppori can bue given by poling
boards placed at suitable intervals (e.g. at’ 2m
centres. ia open timbering for stiff  clays  and
weak rock, at Ilm centres in half timbering for
fissured clays and compact cohesive  sandy | or
gravelly soils  or at O.5m centres in  quarter
Limbering  for 1 ; stable materiala)  depending
on the ground conditions (Fig,?2 lg very loose
or  weak ground or in dry sandy and  pgravelly
csoils b is amivisable Lo provide a0 oonbinuous
wall with olose Limbering.

Polind =~ boards are usually 1.%m-1.5%wm 1o length
and therefore deeper excavations may reqguire
several settings of boards as ' in  middle  bosrd
system with waling at the middle of the board or
in tucking frame system with walings at bhe ends
af the board (Fig.3%. ’
3.2.2 Timbering with Runners

In timbering deeper excavations, timber runners,

usually available in cross  sechtions of
180mmx35mie - 250mix50mm and length upto B are
driven ahead of excavabtion and thess will be
supported by  a system of  waling and struts
(Fig. 4. For duaeper excavations a cond Tand |
third setrting  of Limbering . oon -be provided

depernding
the - width
narrower with

o0 reached .
gradual j»

seltings (g,

e depin be
o f

fihee

However,
biccune

H) .

Lo
exeavation
inereased

3.

2.0 Timber Sheet Piles
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Soldier Piles

3.2.4 with Horizontal Timbering

In thig type . of provisional Tsbruclures  bLhe
ground is’ mupported by placing horizontal
laggings or walings with vertical poling boards
behind .or between soldier piles driven in
sdvanue . of excavation (Fig.8). Timber oan  be
1sed for ‘the soldier piles in shallow
but gteel H-secblons  are commonly
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‘used in  deep excavations. Soldier piles are
gonerally spaced at 0.8m to 3m centres and will
be either self supported or otherwise supported
by bracings or anchors depending on the scale of
excavaticn and the arrangement of the work area.
‘In shallow excavations timber runners or poling
boards -can be used in combination with short
walings. ’ . ’

-Soldier pile timbering system has the advantages
such as - the ease of erection and rémoval,
ability +to reach greater depths of excavation,
adoptability where underground utilities etc.
-cross the excavation area. As the soldier piles
are spaced apart, their : driving cause less
nuisance of noise and vibration than e.g. in the
driving of steel sheet piles in continuous
walls.,  As it is necessary to expose the ground
at excavation level over a depth of two to three
laggings for the installation of these
horizontal boards, precausions are necessary
against seepade that could lead to erosion of
the soil. This system is not  suitable where
excavation bottom is liable to heaving or where
dround water table iz high in permeable soils.

3.3 Steel Sheet Piling

Steel sheet piling is a very common type of
- provisional structure because of following
advantages; ' Steel sheet piles can resist high
driving stresses developed in hard ground. Being
reliable and - durable they are economical and

reusable.. Pile length can be adjusted during -

installation by cutting or welding. As the piles
are supplied in a variety of sections (Fig.7)}
from . light weight to heavy duty, seleotion is
easy. With suitable interlocking joints bstween
ad jacent piles, they can provide almost water-
tight continuous walls. Steel sheet piles can be
used as part of the main structure after they
serve in - ‘the provisional structure. However, the
‘genrally high initial investment on steel sheet
riles is a disadvantage in addition to' the
construction difficulties and +the noise and
vibration nuisance caused in driving thorugh
hard ground. Continucus sheet pile walls also
pose a problem -where underground utilities
cross the work aree.

With sufficient embedment into the ground, sheet
pile walls can be self supported in excavations
of limited depth. As the depth of excavation
increases larger sections could be used for
cantilevered sheet piling, or the walls can bte
supported with bracings or anchors installed at
suitable depth intervals to  minimise wusually
high deflections experienced in sheet piling.

3.3.1 Trench Piles

"Light - weight, simple shallow webbed or

corrugated steel sheet piles (Fig72) can be used -

in shallow excavations in the same manner as
timber runners . installed in open or close
timbering. Shorter lengths can be easily handled
manually and has a greater reliability than
timber . planks. Driving through stiff +{o hard
ground ' is difficult and <c¢loser bracinds are

- required as deflections could be © high.
Watertightness is not generally good but depends
on the type of interlocking -joint.

-

3.3.2 Deep Web Shest Piles

Deep web sheet piles (Fig7b) are required when
it ig necessary to resist large lateral
presgurns of ~water and/or soil either as
cantilevered, braced or anchored vertical beams.
U~-shape or Z-shape sheet piles are the common
typen used in such situations. Two rows of sheet
piling anchored together are sometimes used with

the space in between filled with less pormsable.

so0il for improving the watertighitness and
stability.

3.3.3 Large-size Steel Sheet Piles

‘Where the work space is restricted and the wall

should be ' as narrow as possible, stronger H-
pilen ‘or tubular piles (Fig. 7¢) with
interlocking Jjoints can be used in place of deep
web type sheet piles. Cement mortar is sometines
injeotesd into the box or circular section to
increase the stiffness of the wall, Although
these piles can be reused, considering the very
high cost of withdrawal, this type of sheet
piles are more suited whers the provisional

structure can be effectively used in the main

structure.
3.3.4 Cellular Cofferdanms

When excavation has to be carried out in a large
area ovverlain by water, cellular coffeérdams are
used to provide a dry work area e.g. in the
congtruction of dams or waterfront structures.
Several circular or diaphragm type oells are
connwoted  togethiér along the perimeter of the
excavation area (Fig. B). Stability of these
cells and hence the stability of cellular
cofferdam is achieved by the gravity of soil
mase -filled in a cell enclosed by sheet piles,
whereas the ring or membrane- tensile stresses in
the sheet piling effect a s0il container. As the
cofferdam behaves as a gravity structure no
bracings or external  anchorage . would be
necegsary thus providing an obstruction. free
work area. Moreover, the cofferdam wall can also
serve as an access road or working space.
Geometry of circular cells has an advantage in
stability over the Jdiaphragm type where a
series of circular arcs are connected with cross
walls known as diaphragms made wup of shest
piling. '

3.4 Conorete Diaphragnm walls'

Environmental problems of noise and vibration
assoclated with the conventional types of
provigional structures in which driving of shest
riles or soldier piles are involved, specially
in populated and built up areas, have lead way
to +the development of diaphragm walls as =&
suitable alternative in deep aexcavations.
Diaphragm walls are cast in-situ continuous
walls constructed either as a row of touching
piles or as a series of abutting rectangular
wall neduents. A the thickness of finigshed wall
usually ' range. {rom 300mm to  about.. 630mm, o
relatively high stiffnéss csan be achisved from
these  reinforced conerete  walls: . . and are
thersfore sguited for deep wexcavations. Recent
developments in  oconstruction’ technigques have
made if. possibleo bo construct diaphragm walls of

L
r,.‘

4

,@d@“”wm&}'



oy

)

H-section pite soldiers

Timber polings

2 A% AN

s WA

NN

/// '
febsfolis

Runners

Hook rod ) /

' : N
L~ waling " Soldler Ly ‘
‘! ___z::l_,w..g St - ’ .

M.S tie rod

=
i
NANNN

Y
;\1
) 4 ¥ -
‘Puncheons -\: £ T L P
¢ 3 4 ANy L -
H R H PR e
: ,:\2 R e
H “ 4 . p )}{\ 1~ -
4 H A -
z 7 IL‘/LI/ -
‘ N AL SN
5 S Soldier driven g Yy
below excovotion e o
' : “level : : :
- (a) (b) (c)

Fig. 6 Soldier piles with cross tinbering H-sections with (a) polings, (b) runners, ‘(C) tinrber

soldiers with sheetings

. Diupb‘roqm

Fig. 8 Cellular cofferdams
{a) multiple circular cell type
' (b) diaphragm type (c) cloverleaf type

T

(o)

Fig. 7 Typical steel sheet piles
(a) lightweight/shallow webbed,

{b) deep webbed & (¢} H-box and

tabular steel piles =

{d) interlocking joints

A

e

“ '\-—\
Fig. 9 Touching pile type diaphragn walls

- Fig. 10 Diaphrvagm walls
{a)-(c) drilling primary holes and casting elemants
(d)-(e) drilling and casting of secondary elements

(f) primary element cast (g) secondary element cast

o~
o
LRI
b, e } S
.]1
T Aree perimaated by 4.
. 3
Ferntees ement
. AL 1+
Alluvia
matertal
T 4
3
] b\ PN
Imparvious e ;L
sratum I3 PO 2
Ll
(e)
(g}

1.5




high quality reliably and  rather casily.
However, 3 to 4 weeks required for achisving the
desired . design strength of corcrete, high cost
of construction, inability to remove and reuse
gtc. are some major disadvantages of this type.
Therefore, diaphragm walls are most suited © for
vhere they can be continuedly utilised as
of the main structure. Since seepage
Joints can be totally eleminated- by

-drouting, these walls can: be  .usel
watertight enclosures are. required. [lowever,
these continuous walls are not suited where
underground utilities  exist. - In deep
excavations, when diaphragm walls cannot be self

through
suitably
whiere

part =

supported, bracings or anchors can be used as in

the case of timbering or sheet Piling.

3.4.1 Touching-Piles type Diaphragm Walls
In this type of diaphragm walls cylindrical
piles, usually constructed in the same manner s
the cast-in-situ concrete piles, are installed
in a row so as tc overlap or touch each other
(Fig. '9). Different techniques using e.g.
Benoto, earth drill, earth auger, rotary boring
‘and percussion equipment are used in the casting
of piles. After excavation of the borehole,
reinforcement cages or steel sections are placed
within the borehole and concreted. Where the
strength of wall is not very important, piles,
can be cast without any reinforcement by jet
grouting or cement mixing in to the soil to form
» soil~cement wall. Toc make the touching pile
walls watertight, the joints or the gaps betwwen
ad jacent piles are sealed either by grouting or
by casting additional piles to overlap. Touching
piles have the advantage of casting several
Piles at the same time ac¢ the space required for
the installation equipment is not very large.

3.4.2 Wall Type Diaphragm Walls
In this

type, trenches are excavated to the
required  depth, using clam shell  or special
large size grabs, along the periphery of - the
eXcavation guided by pre-driven guide holes
(Fig. 10}, Collapse of trench walls during
excavation is prevented by circulation of

bentonite slurry. Rectangular wall elements

_are
then either cast-in-situy

or precast.elements arn

placed within the trench. Integrity of the witil
is avhieved by grouting the joints:@ of precast
elements or by casting alternate elements Lo
overlap. Unreinforced diaphragm walls are
constructed by in-situ ‘mixing " of soil  with
cement or other . grouting chemicals.

4.0 ' METHODS OF 'INSTALLATION OF RETAINING WALLS

IN PROVISIONAL'STRUCTURES FOR EXCAVATION
4.1 Classification of Methods . -

In a broad classification, the

. common’
used the

methods

4.2 Manual Methods

T@e manual methods can be'e.g. construction of
simple earth bunds or berms, placing Lof  sand
bags. or gabions,  setting of timbering in shallow’
oxcavations or in installing timber - boards
between soldier piles even at deeper elevations.
Manual methods are favourable vhere .Space  is

driving of sheet piles and soldier piles. As

~transmitted by pile driving.

and.

drilling machines or grouting

Jlow wost of initial investment etc.

pnbroducing  moaehinesy - o whios
tabour  is  cheap. o mogt cirouans ALDE Lhe
effiviency  ic swall and gencrally not . suitabl.
for lovee worke. .

Fimitend for

A.BZInHLu]Jutjon with Rlant and “Equipment

Plant aned equipment | are gdenerally .requicved fou
large waorks and the type of machinery dwp?nds e}
this Lype of wall o be dostalled. Thase inelud
diesel drop hamwmers, vibro hamwmers or _augering
prossypush driving egquipment. fgr the
of sheet .piles ete., augering anc
and ravaling
for the - installation of diaphragne

ingtallation

eguipment
walls.

4A3 ] Simple Drop Hammer

Drop bhammers bpérated manually or mechanicall:

are used in driving timbier® runners  or sheei
piles in shalloy excavations.  Limited space
required, simplicity in operation and ‘movement,

are goines - ol

the advantages. B
4.3.2 Diesel Hammer

Diesel drop hammers are widely used for fgc
Lhe
fuel” 1s freely available and since driving car
be dJdoone even in relatively hard: ground. QLesei
hammers can be used in any area. Avai]nbil:ty_oi
equipment. in & . wide - range and the higt
efficlency are  added advantages ., - ﬁowﬂvgr;
nuisance dus  f£o noise and vibration is higl.
although thius  can be reduced Lo some uxtgny
using spizeial guards. Type of equipnent.  shoulu
be nelected after carefully considering the type
of pile o be driven and the ground condibion as
the nfficiency could deervave laryuly by WO
salootion, :

4.3.2 Vibro Hawmer

Compared  to  diesel  hawmers,  elvctricnlly o

comprensed  air operated vibro hama:rs ocan  not
only drive hut also can pull out . opilles
effidinntly through most soll typen b phooir
nard  ground. Though nedse and vibrat ion  level:
are . poeewhat  mmaller thon do drewed basmers
continved - operntions Tor long  darai.iong  coase
SEricis nuissance. Auxi Liary equipniont. such  as

Ziil‘ HIPBY RBLOCG, POWe T gencrators E\)‘(,"!_ RS Lsary .
4.3.3 Augering Equipment

Large diameter audering or ‘boring cauipment are
uged  for  pre-boring holes in  the ground oo
installing piles by less noisy methods ﬁuph. ac
press-driving | in an .attempt to wminimise noiss
and vibration problems. Piles installed in pre-
-boredl holes are anchored to the ground by gently
driving through some depth by drop ~ bamwer or
vibru - hammer and -Lhen grouting any  cavities.

Although  this method is gpplicable Lo most
ground conditions including. relatively: hgrd
strata, cost and Lime regiuired for conusleruction

become high due %o the extra step of .pre-boring

operation. With the environmental regulations
become . striet,  special equipment: have been
developed to "curtail noise. ‘and vibration.

In populdbed areas,

equipment which can press the riles7inte ground
while the ground ashead is loosened, by the same
equipment, by sugering ar water joettiug nre  alsc

usad, . '
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.setting  up of  plant. and

. construction conditions.

_should be

. members

4.3.4 Cast-in-~situ Installations

. Walls are cast-in-situ with .concrete or “hy

grouting as in touching pile type or. continuous -

type diaphragm walls. This method  is
where ground conditions are poor and the noise
and 'vibration should be controlled. Cost is very

nigh  and

large working space is required for
equipment.. . A large

suitable -

number. of methods and equipment are . available

for casting d%gphragm walls by either method,
5.0 SUPPORTING SYSTEM B

5.1 Methods of Supporting the Walls

The walls in provisional structures 6an.be

supported,
type of

self

structure, scale

5.2 Self Supported Walls

braced or anchored depending on  the: .
of excavation  and -

Cut slopes, earth bunds, sand bags -6r gabion -

walls, timbering, soldier piles, sheet piles or
diaphragm walls sufficiently embedded in tc the
ground and the gravity-type structures such as
cellular cofferdams represent walls of
provisional structures that:  could be self
supported. Advantages of self supporting the
walls. ‘are the availability of working space
within the excavation area: unobstructed by
bracinds etc., room for increased efficiency
when ‘using mwachinery and the time and cost
savings . in construction as the erection of the
provisional structure could be done speedily.
However, the cections and stiffness of the wall
larger when compared %o supported
walls. Depth of excavation will be limited and
moreover the wall need to be. embedded deeper
into the ground for anchoring than in the casa
of supported walls. - - :

5.3.Struts and Bracings

These are supports given from the inner side of .

the excavation to withstand earth and/or water
pressures acting on the walls. Type of support
can vary from earth counterberms, shorings and
struts to rater couplicated bracing systems. The
latter three types can be installed at one or
several elevations  depending on the scale of
excavation. Order in which excavation and
installation of supports is done and the

- position of support largely influence the design

and cost of a provisional structure.
time  and cost involved in
prefabricated bracing systems have been
developed which can be easily mounted  using
jacking arreangements (Fig.11). As the supports
in this type are erected within the excavation,
no additional space is required. Bracings - are
reliable when properly designed and constructed.
However, if 'the struts - and other supporting
are not spaced suitably, efficiency of
mechanised excavation and construction
will decrease.

To minimise
setting bracings,

5.4 Anchors and Tie Backs

Anchors or tie backs (Fig.12) can be used  in
excavation sites where space is limited for
supporting otherwise with bracings. These
supports ‘can be either earth anchors  or ties
anchored on te piles or other suitable
structures installed outside the work area.

works

“environmental restrictions, .noise,

Efficienéy of construction work, -as a . whole,

would  be high as.machine operabions within - the
work ares - are nol. . obstructed. In  installing
aarth anchors, <are is needed to  ensure  that
‘they donot  intrude  into . other -lands.  Earth
anchors may not suit where buried utilities, old .
walls or cavities exist. High level af . quality
control is necessary to ‘improve the reliability

of sarth anchors. Type of soil and specidlly the .
presence of ground water affscts the gquality . of
these anchors. -« .. ~u. oo o e

Hidﬁ streﬂéthwsteel rdasfare‘USed~as tie  rods

for anchoring the walls. These are more suitgblﬁ N
‘where the anchoring has to be done closer to ‘the:

ground surface.  In double walled sheet pile
cefferdame the walls are anchored to each other
to withstand pressures from the infilled  soil,

but this type remains a self supported
provigional structure: for ” the purpose  Sof
plassification. ) o )

6;0 SELECTION OF PROVISIOMAL STRUCTURES
8.1 General Concepts in Planning

I'rovisional structures sare intended to be
tamporarily used and are usually remeoved after
Lhe completion of - the ' main wvonstruction. .
Therefors, with comparison to  the permamnent
ubructures, some allowance  for larger allowable
stresses, deflections and deformabjons can bhe
vermitted ' in the structural members and also & -
high construction accuracy may not.be * required.
However, when the construction work is large . in’
#oals and become complicated, work load, - cost
and time requirements of the - provisional
atructure * will cover a significant portion of
the entire oconstruction work. Dispeniing on  the
oonstruction environment -e.g. when work has tn
by  done in poor ground or adjacent to existing
a#tructures, over-emphasis of economy may lead to
digasters which could be more embarraging sociad
and economical problems. Therefore, plannhing ana
design of provisional structures should be. done
with a very good understanding of tha conditions
of the work, site and its enviromment and giving
sufficient attention to the importance  of  thes
provicional structure. . ’

8.1.1 Basic Conditions for Consideraton

The basic conditions that néed to be - considered

lo the selection of a provisional structure can °

be classified into two groups, viz. cdnstruction: .
aconrditions at site and environmental eonditions.
These include; necésgity and importance .of .a
pravisional structure snd its ralationship: and -
compatibility with main construction, topography:

and ground. conditions at the site,” scale of-
work, depth and width of excavaticn, duration of -

ugs  of the provisional structure, work space,’
poesibilities of - mechanising eonstruction
operations and limitations to mite activities;

type of machines that could be used,
and . handling of materials, environment and
vibration and
distress to buildings and othep struoctires,
uvhatruction to traffic and communication, diying
wf wells etre., due to construction antivities:

1t appears possible to arrive at the best suited
provisional structure by combining the most
wulteble sysbams of wall structure,. installation
prooedure  and supporting method for the given
vonditions. However, each  uystem hag many

proourement




advantages and disadvantages and therefore
selection of a structure that satisfies most or
all. of these  conditions: is practically not
possible. In practice, it is seen that most
provisional structures are chosen giving

priority to safety, speed, economy and"-

environmental protection,
6.2-Praliﬁinar&‘Investigutions

In order to collect information required. in- the

planning, design and construction of provigional

structures, prior investigations should be
carried ~out. Failure to do so may  result in
unanticipated  problems of comstruction deleays,
damage to life and property etc. .

6.2.1 Topography
Topography of the site and surrounding area

~should: be studied to identify top soil type,
undulations eand slopes in land, unstable aress,

and in waterfront works, river bed slope . and .

obstacles, and to.assess the flow velocities,
.wave forces eto.

6.2.2 Subsoil Investigations .

Subscil investigations are generally done at the
design stage of the main structure, but usually
with the objective of determining the foundation

type and bearing capacity of the ground, As ‘a
result, the gdround above excavation level is
hardly . investigated in detail if not . neglected
totally. For satisfactory planning and design
of . provisional structures, especially of a large
scale, the physical, chemical and mecanical
properties of subsoil should be sxamined so that
these parameters will help in assessing the
following:~ . Earth pressures, ground  waterv
pressures, stability against heaving, boiling
and uplifting of excavation bottom, stability of

.side walls of excavation, method of excavation,.

seepage flow, dewatering requirements, extent of
lowering of ground water table . and ground
subsidence in the vicinity, bearing capacity for
intermediate {(King) piles in bracings,
construction of platforms and temporary roads
etc., and necessity of ground improvement.

6.2.3 Adjacent Structures

When existing structures are situated close to
the = excavation, it is necessary to study the
foundation type and the subsoil conditions below
such structures and the mutual relationship- or
influence = between existing and. provisional
structure, order of any settlements during

lowering of. water table. Where the existing -

structures are liable to distress, precautionary
measures shall be taken by under~pinning or by
other = methods of strengthening. Possibilities
of preventing damade during lowering of ground
water table for eg: by recharging the ground,
- should elso.be considered. . } :

6.2.4 Underground Utilities

Pipes for water supply, sewerage, gas etc.,  and

cables for power supply and telecommunication
are among underground utilities that may exist

at  the construction site. It is necesgary to
study. the exact Jocation, 'size, soil cover,

degres of  adeing etc., of such 'ubilities and:
other underground structures in order to take:

suitable  precautionary measures for = their
protection unless. relocation is’ possible and
necessary. When detailed and updated information
cannot be obtained from the relevant authorities

-or ~when records of any past  relocationing are -
not available, it would be necessary to probe or .

drive test pits for examination.

6.2.5 Land Use of the Environment

In °~ the ocourge of ~installing - provisjonal
structures and in executing . other . related.

construotion works, nuisance - to the

neighboiirhood, caused by noises; vibration; dust’
and  wud - & earth disposal ete., ocan be very”

significant. Therefore, sulitable measures for
environment protection should . be consldered,

. Where work cannot be carried out due to' strict

environmental regulations, it is necessary to

introduce non-offensive construction equipment,

and techniques,

6.2,6 Work Schedule

Provisional structures " are .erected generally
well -ahead of the .main  structures, However,

wvhen changes are made in. the work schedile it is
nscesnary . to ‘econfirm on regulations and

conditions pertaining to the use of premises
belonging to other suthorities eg: uss of river -

bed or roads sto., during to certain periocds of
time,

6.3 Denign of P{ovisional Structurses

Behaviour— of provisional K structures becomes

complex with the progress of excavation: A#s- the
defieotions and deformations in pravinional
struotures for shallow excavations in gdood
ground do not pose major problems Lo the nafety,
simple design methods would be adequate.
However, in the design of .deep #exciavations,
specially in poor ground, it is noceszary to
consider the displacement patterns of the wall

and -the changes in ground behaviocur from elastic:
to plastic. In other words, actual bshaviour of

the sgystem should be taken into "account it the
design  and the design conditions should not be
ignored ot the stage of construction.

Some important aspects that need ﬁo be gtudied
in tho designh are: . .o

1. Influence of execdvation on the surrounding

ground, . - o ‘
2.  External forces, e.g. distribution of earth
and - hydrostaticspressures atc,, : :

3. Stability of the bottom of - excavation . that
depenida. on ~ the depth..of excavation and depth

of emhedment of the wall eto.,

4. Stability against heaving and. uplifting - in

clayey ground or against boiling - in - sandy

dround. . :
5. Stresses end deformation of struotural

componente  such as wall.. struts, . walings,
anchors, tie-rods etc., .
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DESIGN OF FLEXIBLE WALLS

B.L. TENNEKOON

1.0. INTRODUCTION

Flexible retainlng walls are a very ancient
Porm of construction uced for foundation
construction in water. HUGL-MEYER (1937)
describes the Chinese bridge builders of the
Hen dynasty (206 BC - AD 221) constructing
the piers of masonry bridges in circular
cofferdams which consisted of double rows of
bamboo piles sheeted with bamboo matting and
with a clay infilling. :

Today, flexiblé retaining walls usually n
consist of a single row.of:sheet plles with
their lower ends embedded in soil. These:
sheet piles consist of special shapes-of

interlocking piles which are driven in close

contact with each other. to form a continuous
wall or sheet. They may be fabricated from.
timber, steel or reinforced concrete,
Additionel support .can be.provided, if
necessary, by anchor rods.in which case the
structure 'is called an anchored sheet pilse.
If anchor rods are not used, the structure

ig referred to. as a.cantilevered,sheet‘pile.‘

The main uses of sheet piling are to

(1) resist.lateral pressures caused by
combinations of earth, water, and
applied horizontal and vertical loads'

‘and/or . . : , - -

(i1) prevent or reduce. the 1eakage of water
into an excavatlon. ‘

2.0 DESIGN PHILOSOPHY

Unlike in the case of gravity walls,
flexible retaining walls carry load. by
bending. Therefore, -in the design of
anchored sheet pile walls, 1t is necessary
to determine

(1) the depth to which sheet piles should
be driven to ensure adequate lateral
support;

(ii) the magnitude of the force which acts
on the anchor; and

(1ii) the maximum bending moment acting on
the sheet pile.

DEPARTMENT QOF, CIVIL ENGINEERING
UNIVERSITY OF MORATUWA

3,0 - EARTH -PRESSURE DISTRIBUTION

As in-the design:.of any earth rstaining
atructure,.the first gtep in deaign is to
compute the earth pressure acting on the .
wall. The flexibilty of these structures
prevent their 'rational analyais by proc-
edures used for -rigid retaining walls. .-
Simplifications and assumptions concaerning
so0il behaviour and structure deformation
conditions have been made to allow
efficient analysis of these structures.

Three types of approaches have been used
for the study of lateral eavth pressure
‘distribution. Theae are’

(1) methods of limit analysisy -
(11) semi-empiricél methods of analysisjand
(111) methods of -elastic analysis.

3.1 Methods of 1imit analysis

These are:jhe most common nmethads of
analysis. The earth pressure distribution
is determined at limit state sssuming that
the soil is about to fail, In these methods
- of andlysis, ‘the wall-deformation is not
considered, The classical methods of
\COULOMB (1776) and RANKINE (1857); the
‘method of chafacteristics of SOKOLOVSKII
(1965); are all examples of this method
of analysis.

The Coulomb method -and the Rankine method
give hydrostatic typs pressure distributions
for both active and passive earth presgsure
for smooth’ vertical walls, - Therefore, in
nany design . offices, for sonvenience,
hydrostatic pressure distributions are
normdlly assumed for ‘the active pressure
"behind the sheet pile wall and for the
passive pressure below the dredme line. -

3.2 Semi-empirical methods 58’anélysiaf

In these methods, the stress dlstribusions
are first determined on the basls of limit
analysis, Subsequently empiriocal correction
factors are introduced to take:into acaount
observed- behaviour. ‘#or example, the active
pressure behind a retaining wall may be
much higher than the pressure determined




1

on the basis of ‘1imit analysis if the wall -
is prevented from yielding. Then an empir-

ical correction factor may-be introduced.’ -

However, these empirical corrections are
those developed by practicing engineers
oased on their experience and may not be

.generally applicable.

-

2.3 Methods of elastic analysis

Soil structure interaction is an inevitable
mechanism that occurs in flexible walls;
i.e. the distribution of earth pressure
acting on the wall depends on the geometry

‘and yield of support, and on the relative

stiffness of the pile and the soil. This
can be simply illustrated with reference to
anchor yield. Clonsider the example of a
sheet pille where the anchor yields suffic-
iently to allow active pressure to develop
in the backfill. Then the distribution .of
earth pressure may be as shown in. Fig.la.

Sltope = )%

‘¢£f: Slope = (Ky-Kg)

Pig. 1a - FEarth pressure distribution
with anchor yield '

On the other hand, if the anchor is

unyielding, then the distribution of earth
pressure may change to that shown in Fig.1b.

Methods of elastic analysis can be used to
study scil structure interaction. Two, main
categories exist : ) U

(i) the finite element methdd;’POTfS‘(1987)

(ii) the coefficient of subgrade reaction
method. Examples of -these are :

(a) Rowe's method where influence
factors have been introduced to -
take into account pile flexibility,
soil stiffness and anchor yileld
- ROWE (1352); and = . ... :

{b) the matrix method of analysis
where the elastic beam method . of
solution is used - BOWLES (1974).

\
Slope = (K - K}

P

" Fig. 1b - Barth pressure distribution
' "~ ‘without anchor yield '

.4.0 DEPTH OF PENETRATION & ..~

for deformation below .dredge line,. TERZAGHI
{1943) identified two. types of deformation
conditions based on the depth of penetrafion.
If the sheet plles are driven to shallow
depths, then they are said to have 'free -
earth support'!. On. the ‘other hand, 1if ihe
sheet piles are driven-to a considerable.
.depth, they are saild to have 'fixed earth -
gsupport'.as the lower end is more or less. -
fixed in poslition. - o .

4.1 Free earth support

Assuming adequate anchorage, sheet plles.with
'free earth support' can fail either by
bending of the piles or the sliding of the
soil near the base of “the pile. The deforma-
tions and stress distribution are as shown
in Pigs. 1a and 1b. As the depth of driving
is relatively small, too much rellance
cannot be placed on the development oF the:
full passive resistance, and a factor of
gafety must be use€d on the availabls passive
resistance. For example, when limit analysis
is used, it is preferable to work with a
reduced frictlon angle ¢, for: the passive
side only, where @, is é&ven by :

Ean ¢R = ——————4— ‘tofn -
. o CF o I
with F being a suitable factor of safety;
say_l,s. . . ’ . .

Ky
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4.2 leed earth support

In this case, as the depth of derlng is
relatlvely large, when adequate anchorage
is provided, the piles can fail only by

‘bending. Hence, full passive resistance

can be assumed for deSLgn. The usually
assumed stress distribution {(in limit
analysis) on the length of pile beneath the
dredge level ‘is given in Pig.2.

Referring to Pig.2, it should be noted that
the resultant force due to the two stress
distributions CEF and CDG are given by a
single resultant force R. at C.

It has been shown that the length CD (i.e.A)
can be determined from. the equation
A= o-45 Re

T

where GQ: CH = assumed equlvalent stress
~at C. :

4.3 Recbmmendatiohs of theACodesAof Practice

'The British Code CP 2 (1951) ‘on Earth

Retaining Structures recommends ‘that
whereever possible to design sheet pile
walls for the 'fixed earth support'
condition because if the 'free earth
suppo®t' condition is used it leads to
large bending moments .and -results in
uneconomic sections. Howevér, when it is
not.practicable to drive the piles to a
sufticient depth; then there is no alter-
native but to design for the 'free earth
support' condition. :

[T

Similarly, in many European oountries, the

'fixed earth support!’ condition is Trecomm-
ended., However, in USA the 'free earth
s&pport"condition is oreferred, -

).0 SIMPLE D::IGN VE?HOD Iuﬂﬂd 0G -

SOIL SPPU‘TU?E IHDE?A ION _

Eour cases have to be considnrod the

‘variables belng

(a) for the sheet pile wall -
cantlleverod or nn*q\red

{(b) for the depth of drivinsz -
’ Eree eartn support or
fixed earth support. =~ . =

5.1 Anchored sheet pile wall with:'
fres earth suoport . o

- The stress dlstribution aptinn on ‘the wall

is shown in. “ig S

Phe unknowns' are :the anchor force T and
the depth of driving D.

For the oassive pressure dlstribuzion only,
@ reduced value ‘of ¢, is used,

The analysis may - ‘be done eitherlanalytidally
or graphically. R




. . -
KD-UD Kq - ¥H ‘

E Stress‘distributibn for
Anchored sheet pile for

Free earth support condition :

In the analytical method, the steps are
(1) take moments abbut A and determine D;

(1i) take moments about the toe and
‘determine T §~ .

(iii) construct the BM diagram and deter-
mine the.maximum_bending’moment.

Because of.the possibility of loss of
passive support -if the dredge level is
lowered due to scouring or any other
process, it is conventional %o consider D
as the minimum depth of driving and in
practice, to -increase D by 20%. -

The construction of the BM diagram and the
determination of the maximum bending
moment analytically can be tedlous.:
Therefore, in many design offices &
graphical procedure is commonly used. This
orocedure is illustrated in Appendix I
with a worked example.

5.2 Cankileveressheet pile wdll with
free earth supoort -

The stress distribution acting on the wall
- is the same as that shown in Fig.3..

Again a reduced-.value of‘¢:is‘usedxto,:
determine the passive pressure distribution.

Phere L8 no anchor force, and hence the
only unknown is the depth of driving D.

The depth of driving can be computed by
equating the horizontal forces which gives
a quadratic equation in D. o

Now construct the BM dlagram as beforg
.and determine the maximum bending moment.

5.3 Cantilevered sheet pile wall with
fixed earth support

The stress distribution acting‘bn the wall
is shown in fig.4. i ‘

- - ) o o o o e

Re

Plg.4 - Stress distribution for

- Cantilevered sheet .pile fow -
} Eiked‘éarth:supqutjcqndthon*‘

’

The unknown ls the:dgpth of arLVinng.

In this case,

(i) the Pull passive pressure can be taken

into-account; -and
(11) there is the reactive forge R near
the toe. O '

The analysis may be carriled cut.attner
analytically or graphicailly. B

In the analytical method the gteps are 3

(1) take mbméntsaéBbﬁf:d:and determine to .

(Note that this gives a cublc squation
in te and the most efficient method of
solution 15‘}he‘iterative~methodfgdr the
solution of polynoriiaml equatigns.)

(11) determine the extended lenqth A" from

the equation.

o ot o048 Re

V(Vrilii) depyh of ,dfi\fing = 8D + éo *‘A

(iv) construct the bending moment diagram
and determlne the maximum bending . -
moment . )

1'91“
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The alternate graphical procedure commonly
. used in many design offices is shown in

Appendix II with'a worked example,

5.4 ‘Anchored sheet oile‘wall with
" fixed earth support ’

In this case as well, the anglysls can be

done either analytically or graphically. .
The presence of the anchor provides .an
addltlonal constraint wnich.makes the

_analysxs more complex than for the

cantilever wall

i . . .
Pig.5 =~ Typical BM diagram for
' Anchored sheet. pile for:
Pixed earth support condition

A typical bending moment diagram for this
case is shown in fig.5. It is seen that
there is a point of contraflexure at the
point O. The analjsls is gimplified if the
position of O .is known. BLUM (1331) has
oresented some results for determining the
aoproxmmate position of the point of
vontraflexure and these are given in

Table 1.
o (-2 [-]
¢ . 200 . 30 40
x/h ©0.25  0.08 -0.007

where x = distance below dredge lével;
and - h = heignt of backfill.

Table 1

:Then by considering the equilibrium of the

part AO, it is possible to determine the
anchor for»e as-well as the shear force

at 0. Next the equilibrium of part OB is
considered, and this gives the value for
distance OB. Thus the depth of driving can
ve computed.

The bending moment diagram can than be
_constructed as before.

6.0 ROWE'S DESIGN METHOD

Although it is clear that pile flexibility,
soll stiffness and anchor yield mist
influence the earth oressure diatributlon,
the simple design method discusand in
Sectlon 5 has not taken these lInbto account.
R0WE (1952) was oneg of the firmt to
songider the effeut of soil atrusture
Lnteractlon.

6.1 Parsmeters to take into acgount
pile flexibility ‘and 801l gtiffness
below dredge level.

The notations uged by Rowe nrm‘glveh'in A,

' H
JD

Pg.6 - Notations used in analysis -
of ROWE -(1952) ~ -~

The Plexure equation:below drodye level iu

[ 5 T A
ax? '

It is asgumed fhat ’

P ‘k m XYy ' = mXYy .
P = LU= H T

wheré m iara-measure dflsdli uti”fnéss
(It should be noted that m has units of
kN/m* per-mm. or kN/m® , and it ls
therefore related to the ooeffiolent of
subgrade reaction.)




The values of m estimated by Rowe for some
tysical cohesionless 50119 is given in
Table 2. S

) . - |
Seoil log. m - (kN/m )
Dense gsand 5.2
Loose sand o 3.9
- Loose silt - ; 3.2
Table 2

After some working, Rowe suows tnaﬁ the
deflection of the pile below dredge level
is a function of th )

where f = .__ﬂ:;_
Er
Thus (mf ) is a dimensionless number which

takes into account soil stiffness and pile
flexibility, and it is a parameter which

- influences pile deflectlons and bending
moments.

6.2 Determination of bending moments
without anchor yield

I Megpres is the maximum 'free earth
support' or 'fixed earth support' bending
moment as calculated earlier,

then the bending moment (M) taking into
account pile flexibility and soll stiffness
is given by

"\H - ' B
Boo= ry X L‘FES
where ry
function of o, m anuf

The variation of ry

with 1oqf for sand
is given in PFig.T7. o

£.3 Influence of anchor yield

Nhen there is anchor yield, there is in
%eneral an increase in the anchor load.

as a result of straining of tae tie bar),
and a reduction in the maximum bending
moment caused by the redxstribution of
stress. :

.

.- T

and - M

i

Ty X rg X Mg

The correction factors r, and ft are glven

1p‘Eig.8.

is a reduction factor which is a

Therefore, T vs. log P

" 4, Joastruct the structural

6.4 The*operational Vurvu uL 'C Ve, logf
' M TaxTex !ﬂjsi_
Define‘53 =

Since ry ‘i@ 8 function of £ .
the pile section has not becn 1

s bgnedy
F is unknown.»‘ : i

uEn ‘e uioLted
and this is referred tu‘au_kur naarat lona]

surve,

6.5 The structural curve of T va, logf

The structural curve is the relationship
between T and , (T and P  belng as

defined earlier), where M refers to the

resisting moment of the sectlon,

For wood piles of rectangular- ssction, the
working shown in Appendix-III «ives

0 Q4

VHP?

The structural curve for tuc
1e shown in Fig 9.

W

wood piles

Simi{larly, for steel- plles, the working
shown in Appendix v gives

- 03!
e

The structural cup?e Por the ntaul piles‘

T =

.ig also ghown in Piz.9.

§.6 Summary of Rowe's deulwy wmizthod

1. Calculate the depth of pun@bration,
maximum bending moment, nnd-force in
the anchor rod ignoring soll atrusture

. interaction. ‘Thiu =zives Tmu :nuihiFES

’2.:Apoly factor £ to anzhor 1ond for
~ normally yleldln~ anchors. 7

construct tha
log f o
surve of. .

Z vs. log f. oo T

S Suuerinaose the struz tural surve on the
'ooeratlonal curve ‘as . ‘spown in Mg, 10,
The point of intersectlon between the
two curves gives the maximum. hendlng
moment . which would act at yield on
the walla~ = .

3. Select nt , and
opeérational cuarve of T vuv

and initially

2
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6. Théfrequired section modulus is then
obtained from equation

[}
- M x ..—E—..
where fy = yield stress of material
and |’/ = Pactor of safety.

T-= %3 ®-  Operationat Curve
@-  Strudural Curve

o ©

-l p

Pig.10 - Deteramination of maximum

design Bil by Rowe analysis
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- Fig & - Voriation of r, , f with « ond B - Rowe analysis

7.0 THE MATRIX METHOD OF ANALYIIJ

Phe matrix method of analysis 18 based on

the approachh of 'Beams on elnctio FPoundation

whare the retaining wall below bha dredge
leével 1s assumed to be supportad on.a
series of springs.

Jonsider the examole shpwn in ?le.11a.

The sheet pile is first divided Into a

series of elements by means of sultably
placed nodes, In this example, Lhe soll
above the dredge level has besn divlided
into 5 elements, and the soll below the
~dradge level has also been dividad into

5 elements. .

The external Porceu acting on the wall are
transferred to the nodal »ointa and are

marked Ln fig.11b up .momente ), Py, -+, Py
and lateral forces EQ’P“""'JHx"

these furces (P). glve rise tc extarnal
nodal dlaplacements (XJ. : :

Use the coding X,,Xa, -+, X33 sorrespondins
to p,,p, 05, Paa - -

(Phe sign convention for P anmd Y are @
lil2lockwise positive §f) < nonltive),
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fg.11 - Finite element formulation

The external forces are resisted by the
internal résisting moments Fi,R, - .., e
of the elements, and

the spring forces Fgy ,Fazy:- -3 Fag .
These are shown in Mg.lic.

These internal forces (P) are get up as =
result of internal deformations (e),

Use the codingz 9.,65,»-—9 corresponding
80 FyyFay--e) Fac -

Wote that

(1) the forces Fi,Rs PR etc, as marked
in Pig.11¢ are the forces (moments) on the
beam element. Hence, the Pforces on the

‘nodes are ‘equal and opposite to the forces
. on the element;

(ii) the soll spring forces are applzed
at the: nodes.

The rorcea on the beam elements are as
marked in Flg.12a; and the forces on the
nodes are as-marked in ig.12b.

Jonsider the equilibrium of forces at tae
nodes. -

‘Por example, at Node 1. -

P, =F, )
: £ F.
and Pa = — + 2
a a

wheére a = length of element

2.10

~— P77 "T——‘-*"V\r:

41
. - F2.

F21 ~- F10

F11

“A
“AM—

m‘ F9
F26 ~ F20

1)

ll(

of ghest pile wnll nroblem

At Node 2 , .
Pyam Fat+ Fy
£ F-
ana Py = - - :
Then again at Node 6,
e w Fio+Fu

and Py = = = "=

—_ f*h

F . a
° F
2 F1+ FZ
a
Element 1
{a)

(ArF)
= (- P
- FT P

~ Node 1

4~ F9

R, F
+k.a..+—a‘t

K] ﬂ-o + %‘-'*EL’-‘ --:p:.u
a

S % *Fb
a
o
4 F3 + Fh
Element 2

(Fq*ﬁo) la
Fe— [+ .)‘“" P77
F1Q+ Fq P
11’r 12)’ a
Node 6

i nodes
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ond, Fy =

Therefore, by ¢onsidering the»equilibrium
of forces acting at a node, a set of
equations is obtained of the form

(] = [A]'[F] ’Cﬁj)

where [A] is given in Table 3.

By considering the relafionsnip between
external nodal displacements and internal
deformatlon,

[e] [8] [X]
(8] = [A]T

It has been shown that

CP:S

fel = (a1 [x]

so that

iy

|~

Fo -

Pg.12c - Hotations for Stiffness
formulatlon

The internal forces (moments) set up in a
member are related to the internal deform-
ations through the stiffness matrix

so that 7
Fl = [sJ fel (-3)

For example,. Por the topmost elemeht of
Pig.11 , the forces # ,PF, and the
deformations e, ,e,

Then it can be shown that

E. .
F = HET e, + 2EI'_<31
H a a
2T e + 4ET e

z==. € —— s S
=%

are as shown in Pig.12c.

where

fhen,,for.the saring at dredze level,
”Fh|= }< S
‘KV‘ = a B k
: knrr )
with Rr' being the averaged wodulus of
'wubgrade reactlion at the node at dredae

level.

Hence the stlffnesu matrix cAn be built 1o
ag snown in Table 4. ‘

JOmbining Equations (7 2) and (7.3);

(f1 = [s](aT" D‘T (7-4)
Jombining Fquationg (7,1? and (7.4),
Fl - AL G

Removing the brackets for cunvenience,

[ = [AsaT] LR

AS‘A ;_(

G-6)

A computer jrogram can now be written for
,mi"h the Plow onart le ag shown ln 3a,13.
Havinp inverted hue ASAT matelx,

-

CX] is computed'from Equation {(7.6) ", and
F] s computed’ from Zguation (7.5).

Such a program nnu-been duvulo)cd by
30WLES (1374). This has boun modified by
the Author to be run on tiae IBM 27, and
this is shown in Asocndx( V with some
typical rcaultav . -




(A=

11273 4i5i6:718 |9

10111213 {16 [15 [16 |1 fielw [20]21 [22 [23]2s [25 [26

1

z).

FE 2

P r i et

[S] =

Table 3 -

The

A~ mabyrix

=

19 20/21 22123 24 25 26

1191
20

1.2 !
J A B :
12 |BLA. _
3 AB
L BA T T : -

21
122
23
2
25

26

“fa.b!e

The

S - matvix

2.12

- element

{ Where

: K1 ="DBkS> ) ‘

2,

£
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Input Data

Porm  A-Matrix

v

Form S-Matrix

3
T L.
form SA watrix

Form ASAT “Matrix

|

Invert ASA

¢

form P-Matrix

1

T Matrix

Y

Compute X and F
iatrices

Phe input data conslste of
TIABOV = Mo. of nodes above dredge“line

Fo. ol podes bulod drsdge line

#

HBELO

IIWALL

helght of wall nbove dredoe 1line

HROD™ = depth from srousd 1ine to
: anzhor rod. o

SRN = moment o1 ineriia o ile
er metey lenzba L

ELAS = modulus wi elastislty of
i ' wall material.

"

initially ssyue~d Teoth of
embedmernt :

DELB

AYAT = denth of water
GSAT = gaturated unit weleht ol soil
GYET = wet unit -welght of s¢ll

PHT = angle of internal Zristion of

‘backfill
DELTA = angle 0f wall friction

SCHGE = surcharge nressure

ARODK

K of anchur rod =

KS = modulus of subprade r:astlon
of soll.
I = segment number

4(I) = segment length
JODWAT = node locating water

NODAR node locating - anchsr rod

"

Pig.13 Flow chart for idatrix method of annlyuin for sheet piles

8.0 REFERENIE

Blum,H. (1337) : "Einspannungsverhaltisse
bei Bohlwerken (Fixity ratlos in
timber sheeting)}". Ernst und Soan
(Berlin). :

Bowles,J.2Z. (1974) : "Analytical and
computer methods in foundation
engineering". kcGraw-Hill.

-CP 2 (1351) : Civil Znmineering Jode of

Practice on "Earth retaining struct-
ures®™. Publication of the Institutlion
of Jivil Engineers,London.

Soulomb, 3. A. {1776) & "Hsanl. nar ane
applicntion des reslas dun maxlmins
et mlnlmis a yuelquen scoblones de
statique ralatifa’a 1'avesitasture™,
Hom, . acad, roy. ores, dies savant: ,
Vol.7, Paris, -

: t
Mipl-idsyer, . (1237) 0 "Ihineen bridees",
Kelliy and Valon, Shanthal.

Potss, f.3, (1987) : "Shant
study asing Jinite ¢lomn
Unnahl L

deglon
it .

.

4 sity,yart
shaed rmeyarn,




'952) b "Anchored sheet pile
Proc.” Inst. o! uivil Englneera.
P 27-70 :

. V. (1965) "Statios 0’
granular media, Pevgamon Presi.

Terzaghi K. (1943) : "Thecretiosl soil
mechanics". Jonn*ﬂiley end Sone,Inc.,
. . Bew York. ’

’sarcharge carried by soll behlnd sheet
» pile wall = 20 - k?/m

Soil consists of a sandy soil with ¢= 30
and dgneicies_

{(L).above W.T. ¥

(L1) below W.1. ¥’

18 kﬂ/m
11 xN/m?

[

(Suppose it is stated that in tals case
the Pull passive pressure can be rellied
on, ‘Tnis 1ls: usually not tue cage for tue
free earthvsuggor* vOﬁiLh;Oﬂ.J

Pirst campute tie earth .ressurs Cux
waich - K a‘ham. C48= ¢ = o- 3

and K, % o (45+ F2) = 3.0
Referring to Pig.14 (1),
at A

q; - 20 kam

*.. v; = 20%0-3 m & kN/w‘

at E a ~ fv = 2o + 1813 =74 kN/rnl

o Ty w ThxO-3 w2 kN,A,"‘

2.14

. [ . ’
Similarly, nt B, = 454 fen

2

(84nce the water pressure is ldentical
on both oldes. of the nall the vq71
presaure is due to q} only )
Balow the drudre level),
G"H:: 4.94 <KP a‘)x"u#
where & o« deakn bHalos :I.':'..‘. v e,
, : LTl
(e Ty = #S'.{, —RY-T @
', Pomition of Downaps V; w0 Lnoaivan by
!g. -’ b . 4/31 T o " x5 ’\"Vl
Waapuee -t Prom D
In the grasulzal srcasdarc, e orunsure
diangram le Alv in LLL'“"
and tue Povens marged
of =wach slises afaw P
In #5.14 (1), & lenaba saale of
T mm = p mz2ires isu‘nucen. .
The line af Larces'ie naxt druwn in v Q@
Mg, 14 (ii1) b6 4 sc alq of 1 uim = g WH '
’b = 8.7, bo = 14. Sy sesesy luos 34,7 : R
“for active side; and , . >
MR = 3.7, caasesy tu = 55.7 for piasive
gide, )
Por the conutraction of the WMD S
P, 14 (iv), 1t ia necessary i dﬂlO“'
a onde Lo thie line ol force ara
Mo, 14 {1i1) distant o mn
line of forces ’ ’
UPo avold
aff Tmoece nav
nebive foecoeu 1nu
aandlve Dorsas,
polss Dy and Py
1h 14 (Lii) Ay
030 b arpinrisgta g
T 1 \u). R
It la now nesessarcy Lo boin
boee line Tor tho 330 Lt
The BLD should aave s Fna)L ay uhown Ln
M. 14 v, Tnernfore, the eloming
line A3l4 gshould satinfy 2 voniitions H
(4} the civeing ane sapuld’ intcr«eot
the taongent at the orinin of the line of
moments atthe level al the antaurdsed. *
Eefcrringnta‘?iq.'1¢ (ivy,” A ig the polnt N
of intergewctlion vetwgen the vangant at A, i3
and the livel of the mashar. . - 2
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(ii) the closing line AC, should be
tangential to the line of moments at the
{This 'is. because at the tos,
the shear force = O , hence oM [dx = 0. )

In Pig. 14(111), a line drawn from P,
parallel to ACg, gives Ra = 185 kN.
Also, from P, draw 1ine PoX parallel to AG,

The force due to active presaure = Qa

= am = 313.3 k

ue to passive preaaure =® Qp
= mx = 128,3 kN

the for

.I! the‘maximum bending moment read off the

funicular ' polygon = k mm ,

then maximum BM = k x (pxgqgxs ) kN.m
= 512 kN.m per m.

t,i, can be read off from Pig. 14(1) as
o = 2.94 m.
P i = 1.53 4+ 2.94 = 4.47Tm

min

oy Deaign depth of driving = 1.2 Dy,

= 5.36m

APPENDIX - I1I

Graphical procedure for analysing

_cantilever sheet pile wall with

£ixed earth support

Consider the example shown in Mg, 15
where a cancilever sheet pile wall
retains the bank of a canal. .

- The depun of 1anetratiun of &

Ocher dJata are

heleht of soll bchind wall ahove dredes
level = 3,5 n

height of water in canal = 2.5 m

aurcharoe carried by soil behind shaet
pile-wall = 10 kN/m*

‘g0il consicte of a sandy 801l with ¢ 30°

and densities of
(1) above W,7. . ¥ = 18 \/m"
(i1) below W.T. ¥’ = 11 wi/m®

!
ReParring to ?iv. 15(1), She streases Tw
at A, E and B are computeﬂ as hafore. -

Below dredhe level.
o= 183~ 294 =

Zrom tue palnt D,
below Doars lvan by

Ty = T4k

80 that if t is wmeasured
than the stragses

e coustruntion of the oresusaus
and the BND is done aur bhefore
in #la, 15, It saculd be noted that in the
gonstruction of the TBMD, becausae ths shear
forze at the top of the wall le suro,

M4 = 0 at the top of tho wall, Ience : |
if the pole P, is taken vertleally O

Jiagewran
ant o dhown

-below the commancemenb of the active Porsc
,ggljpin as in Mg.15(i11), then the base
k ne in

lz.15(iv) is also vertical,”

anntlilever
ig then Zound as the LnCGrse tiJn ot -this
hase 1ina with>the BKD, and thly <lves

te = 3.75 m. )

Also, Q@ = 206.7 kN ; Qp = 46.5 kN
and nance Re = 160,2 kN

To = 234 x 3.75 = 110.2 Ki/m™
a0 that the extended lanath of tic

plle is 0-48 Re
T

apget

m OF &S

1

This polnt Ls now marked as P L Ao 1501
and tho 8WD lg adjasted g0 sual Lne 3
at & = D, . .

The maximuam banding moment is now read 02!

the funleular polymon = k x {p % q % £)

= 138,5 kil.m per n
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APPNDIY TII

The Structaral Jurve o2 € vs. P

cor wood oiles cof rectanmualar uass
widta b = 1 1./
= 3

a4 =(12.1)

i = 1’* -F. ("‘J/tz) (/L) » 'F"W | =
Lee ¥ = (z/,,_) a™ -Fm ‘(-’-/4;.) (xz.t) £ L

Lece M = 2 .g

61—2 F‘_‘jl‘ - Sim#”#[edt Section,
Introducing Haraseters : '”4;f steel file

: 4
W H M

e : —— ol T ———
P= EL )

By analewy w.th ix ITT ,
/ 3/
—U 2 ‘Cmax R J—
HP> !
Svaraaii CY dhe Lol
My et oo oAl

I N A SN >
#"‘T:B'/'g'{f"’-ﬁlz‘o"‘m a‘é‘K’)
Tayleu for s : g oand D
Prom wihich 1" L) Sar oany

sectlon,

: : e g 2 It is foand Lnab. for nostostesl BEablont
For wood, taking £ ='50,900 ki/mn® MRS wemhet o '
7 N K W O-
and £ = 107 xW/m? , ="

el

APRENDIX IV _ : v H i

The St ructura; Surve of T VS, P
for steel oileu

Coar

E‘,ouylder ‘g slmplifled westlon shown ia
m‘..n)_, 15 .
3

I peruni t le' st = e . KD

- wiere K'= dimensioaless shapes factor,




'COST COMPARISON OF RETAINING WALLS
~FOR DIFFERENT GROUND CONDITIONS

V.I.W. HEMACHANDRA

INTRODUCTION

Gravity walls, - Cantilever walls, Counterfort
walls and  Buttressed walls are four types of
commonly used rigid retaining walls. OF these,
the most . commonly used "are the first three
types, whereas the Buttressed wall is used
only ~occasionally under special conditions. In
Sri Lanka, it has been customary to build
Gravity walls, and occasionally when the
heights are large, Cantilever . or Counterfort
walls are constructed. :

Prior to 1973, there was ho published data as
to the economic evaluation of the different
types of walls. Tennekoon and Hemachandra
(1973) provided some of this information using
‘assumed soil and wall parameters along with
unit costs of labour and material applicable
at that time. The basis for the selection of
these parameters has been dealt with by
Hemachandra (1973).

This paper is an attempt to provide updated
information based on current costs of labour
and material and using the same soil and wall
parameters. Total costs of Gravity, Cantilever
and Counterfort walls are.  analysed for
Ultimate BPearing Capacities of B,6,4 and &
Tons/sq. ft,

EARTH PRESSURE CALCULATIONS

The earth pressure calculations which are

currently favoured are:-
(i) Coulomb’s wedge theory,

(i1) Rankine’s theory,
(iii)the method of slices, and
(iv) the analysis of Sokolovskii (1963).

The Coulomb and the Rankine theories  are - the
classical theories, while the others are maore
recent. The method of slices, which is useful
when the soil is stratified, is not used in
this paper where uniform soil conditions are
assumed. The Sokolovskii analysis is a very
refined method, and its use is Justified - only

when  the othenr parameters such ‘as the
distribution of wall friction over the . height
of the wall are. accurately known. . Such
distributions of wall friction have  been
measured in & few simple laboratory
experiments e.g. James and Bransby (197@), but
until accurate measurements under field
conditions are . made, the more sophisticated

Sokolovskii analysis will not necessarily
yield more accurate results than the  Classical
Theories.  The Author has therefore kept to the
conventional practice of determining the earth
Pressures using Coulomb and Rankine theories.

ENGINEERING CONSULTANT

GRAVITY RETAININGvNALLST

A typical section af & Gravity wall  with
broken '. backs is shown . {f Fig.1(a). For
analysis they are generally assumed to be
trapezbidal . in  shape, as shown in Fig, 1(b).
Because of their massive Proportions and the
resulting  low stresses;  the Gravity walle
could be built either of loy Huality concrete
(1:316)y or with rubble. )
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The earth pressure calculations are, done
according to Coulomb analysis which asstumes a
straight line failure  surface. Any trial
failure surface [e.g. " BC of Fig.z2(a)l |is
selected, and the forces acting on the wall
are computed by considering the equilibrium of
the soil block contained between the failure
surface and the wall. These forces are marked
in Fig.2(b), and the palygon of forces
constructed in 'Fig.Z2(c). The Coulomb analysis
consists of the determination of the maximum
earth pressure acting on the wall from several
trial failure surfaces selected.

AAsC =4.AC.BE

AC = Aaéﬁp

Be = hcosecu. singrg)

FIG, 2(a)

FiG. 2 (5)

(4-4)

(0otd)

(co-8) [

FiG. 202)

dig given in Appendix 1.

tensile

The forces acting on the wall &are. shoun in

Fig.3, and the wall is designed so. that

(i) there is no tension developsd at the
base, . .

(ii+ the wall is stable against overturning
about the toe,

(it the wall is stable against sliding on the
hase, and ’

(iv}) the bearing capacity of the =o0il is not
enceeded.

Fla_32

computer  pragram- for the
analysis of "any Gravity wall
Althougt the program
very generally to be
situations, specific

The-gteps in the
design and cost

has been written
applicable for most

parameters are .read iny in Steps 1 and 2y s0

that & comparison of  the costs of different
types of walls  of any given height could be
madea. : ST

Staeps 4 to b consist of obtaining trial values

for. the dimensions of the wallj . while - in Steps
7 ta % the forces on the block  of soil
consldered are  calculated. The check for the
"no tension® condition,  and the calculations

of the different Factors of Safety arg tarried”

out in Steps 18 to 14. If. it is found . that
stresses develop at the hasg, or that
the Factors of Safety agdinst. dverturning or
sliding are - less than 1.%, or the Factar of
Safety against bearing is less than - 2.04 then
the. hase width 18- increased and the
calculations  repeated” -untsl these design
criteria are satisfied. :
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Finallyy an estimate of the cost per foot
length - of the Gravity wall is made in Step 17.
[LThe unit prices used for this calculation are
given in Step 1. These may not be very
accurate because of the ' rapidly changing
prices today. Nevertheless, since the relative

costs could be considered as fairly constant,

it 1is possible to make a cost comparison among
the different types of retaining walls.

CANTILEVER RETAINING WALL

Tentative dimensions for -oa Cantilever
retaining wall are given in Fig.4
[Powles(1968)-Fig.7-3]., These are based on the
history of satisfactorily constructed walls.

This type of wall could be thought of as three
cantilever beams?: the vertical stem, the toe
projection,: and the heel projection. The top
of the stem is generally not made less than 9
s0 that proper placement of the concrete could
be effected. . : ’

‘The Rankine theory is commonly used to compute

the resultant force on a vertical plane
through the heel of the wall. The Rankine
formula can only be used in regions where both

"sets of Stress Characteristics are linear.

(The stress characteristics at a point in
equilibrium correspond to the directions of
the two failure planes through that point.) In
the earth pressure problem of Fig.5, both sets
of characteristics  are  linear in the region
marked AEBC. The inclination of these
characteristics to.: the: vertical can be shown
to be equal to

o, = 17207/2=$) - 1/Z(4-B) , and
0,= L/2(m/2-¢) + 1/2@a~f)
uhere sina= sinf /singd

Referring to Fig.é&, the earth pressure on the
vertical plane through the  heel 1s equal to

‘that given by the Rankine:formula only 1if the

line drawn from the heel at 6 to the vertical
does not intersect the stem of the wall.
However, it has been shown that the use of the
Rankine theory would not introduce any
appreciable errors provided that if this line
does intersect the wall, it does so at a point
higher than the point given by @.4 times the
height of the soil above the extreme of the
heel, measured from the top; i.e. in Fig.6,

Hy € 0.4 Hi.[Huhtingtoﬁ (1957) — Ch.2, Art.81.

The coefficient of earth pressure obtained
from the Rankine theory can be calculated from
a simple formula for a. cohesionless material.
Therefore, the soil which had strength
parameters of ¢=138  1bf/sqft.(7.18 kN/sam.).
and ¢ =28 deg. in the Gravity wall calculation,
has been’ considered equivalent to a
cohesionless material Df¢=35 deg.

—P- canisteristic

=~ chasnpberictic

FiG. 5 _—
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The steps in the computer Program for the
design and cost’ analysis of the Cantilever
wall are given in Appendix =. The parameters
used in the calculation are fed iny, in Steps 1
and Z. It should be noted that the wunit costs
selected for  concrete, labour and shuttering
are higher than the corresponding * values for
the Gravity wall.

Steps 4 and 5 consist of the computation of
earth pressure on a- vertical plane through the
heel. The overall dimensions of the Cantilever
wall" are then determined in Steps & to 8. In
step B8(b), the dimension "a" of the base slab
(see Fig.7) is calculated for a selected value
of "b" from the formula given by Powles (19468
- Fig. 7-6). This 1is an approximate formula
for the resultant ‘on the base slab to lie
within the:. middle third. . The “no tension’
condition is checked .in Steps 9 and 10.

=

—n

L/ "
3

Q= Hka +uo-2-7oriy

4(mio
") { Bovies ( 19e8)]

The calculation of the Factors of Safety
against overturning, sliding and bearing are
done in Steps 11 to 13. If the factors of
Safety against overturning and bearing are
found to be insufficient, the length  of the
toe is increased and the calculation repeated.
But in the case of sliding, no change in the
overall dimensions are made because the
resistance to sliding can be increased- by the
provision of a heel projection.

The necessary steel reinforcements are then
determined in Steps 14 +to 22, The stress
distributions.used in the. analysis are given

in . Figs. 8 and 9, uwhile details 'of the bending .

reinforcements are shown in
le(b).  In the last Step, fhe cost of steel,
concrete, labour and shuttering per foot
length - of the wall are determined separately,
and hence the total cost of the wall obtained.

Figs. 1@¢a) and

e AN

S IS

e

i
|
o
E
b | B
L—t‘:f“‘;“-“_ ‘
g i
// | i %

F

LT L] wé@

[ et T ] = o

r..;._m i) ! ) B ‘ !

sheel verforcaents

N Puwt half the bare
okt ‘U"“. whiy

Fi&: 10 (a)




1 B.M.p,

Fla. 10 ()

COUNTERFORT RETAINING WALLS

Tupical dimensions for a Counterfort wall are

shown in -Fig.11. The dimensions for the
section of the Counterfort wall are calculated
exactly as for a Cantilever wall. The

differences in design lie in the calculation
of the steel reinforcements in the stem wall
and in the heel slab, and - in " the design of
counterforts.. An exact analysis of the stem
wall would require the application of “plate
theory", where the stem wall will have to be
considered as a plate fixed at three edges and
free at the fourth edge. A simplified method
of design which has been used 1in this paper,
is to . consider the wall as a series of
z ft.(0.6096 m.) deep strips which are
continuous over the counterfort supports as
shown in Fig.11. Nominal vertical steel . is
slsc ‘provided. at ~ the front and back of the
stem. (This method generally results in  the
wall being overdesigned.)

Similarlyy the heel slab . is designed as &
series of 1 £t.(0.3048 m.) wide  strips
continuous over the counterfort supports. The
stress distributions used in the design of the
toe and heel slabs are shown in Fig.lZ.

The counterforts have been designed using a
simple, but conservative method. The
counterforts with the slab can be thought of
as a very deep "T-beam". The inclined bars in

Fig.13 are designed to carry the bending
moment, and the horizontal tie bars. are
designed to carry the horizontal thrust

against the wall.

The steps in the computer program are given in
Appendix 3. . The method of analysis 1% as
stated above, with he additional  criterion

that the spacing of the counterforts has been
varied until the mimimum cost was obtained.

3.5

P




£

¢OST COMPARISON. OF RETAINING WALLS

‘The costs per foot length of _the Gravity,

Cantilever and Counterfort retaining walls for

 different heights of wall  when ultimate
bearing capacities are 8,6,4 and 2 tonf/saft.
(857, 643, 429 and . 214 kN/sam.) respectively
are plotted in' Figs.14 to 17. These diagrams
show . the following results for the soil
parameters which have been assumedt-—

For aD = 8 tonf/sqft. (857 kN/sam.)

(i) the Gravity wall is about 58% more
economical than the other two tyres for. a
height of &6 ft.(1.829 m.)

(ii) as the height increases, this percentage
drops, and at a height .of about 14-15 ft.
(4.267 m.—- 4,572 m.) all three retaining
walls cost about the same.

(111)begond a height of 16 ft.(4.877 m.), the

i cost of the Gravity wall escalates much

higher than the other two walls, and at a

height of 30 ft.(9.144 m.) the Gravity

wall is about 75% costlier than. the other
two walls (which are of equal cost at

this height)y and:keeps on increasing

beyond this height.

Cantilever wall is slightly more

economical than the Counterfort wall

for a height range of 6 to 3@ ft.

¢ (1.829 m. to ' 9.144 m.)
(V) .beyond 3@ ft.(9.144 m.) height,

i

Conterfort wall becomes a little more
economical than the Cantilever wall, and
at 4@ ft.(12.192 m) height is about 6.5%
less costly than the Cantilever wall.

For aD = & tonf/saft. (443 kN/sam.)
H

(i) to (v) same as for aqD = 8 tonf/saft.
1 (837 kN/sam.)

(vi) cost escalation of Gravity wall

E accelerates further from a height of

] 32 ft.(9.754 m.) upwards as the width of
I base has to be increased to satisfy the
§ Factor of Safety against bearing.

For aD = 4 tonf/saft. (429 kN/sam.)

(i) to (iv) -same as for qD = .8 tonf/sqft.
(857 kN/sam.)

(v) beyond 38 ft.(9.144 m.) height,
Counterfort ‘wall becomes a little more
economical than the Cantilever wall, and

at 40 ft.(12.192 m.) height is about 6.0%Z

less than_ the Cantilever . wall.
(vi) cost escalation of Gravity wall
accelerates further from a height of
24 ft.(7.315 m.)y Cwhich is at a lower
‘ height :than for.qD = & tonf/saft.(&43
i kN/sam.) 1y, as the width of base has to be
i increased to satisfy the Factor of Safety
' . against bearing. )
(Vii)cost escalations of Cantilever and
Counterfort walls also accelerate from
a height of 30 ft.(9.144 m.) upwards as
the width of base has to be increased to
satisfy. the Factor of Safety against
bearing. )

Far aqb = 2 tonhf/saft. (214 kN/sqm.)

(1) and (ii) same. as for aD=8 tanf/gqft
(857 kN/sqm.)

(iii)beyond a height of 16 ft. (4. 877 m.) the
cost of the Gravity wall es scalates much
tigher than the other two wallsg.

(iv) cost escalation of gravity wall
accelerates from a height af 8 ft.

(2,438 m. ) vpwards. as the width of base
has toO be increased to satisfy the Factor
of Bafety against bearing, . :

(v) " cost escalation of Cantilever and

Counterfort walls also accelerate from a

height of 18 ft.(5.486 m) upuwards as the

width of base has to be increased to
satisfy the Factor of Safety against

bearinng. X .

(vi) begond a height of ft. (e, 7805 m.) the
Gravity wall requires very wide '
foundationg which are not practical.

(vii)Cantilever wall is slightly more
economical than the Counterfort wall
for a height range of & ta 30 ft.

(1.829 m. to 2.144 m.)

(viii)beyond a height of 34 ft. (1Q.363 m.)
both Cantilever and Counterfort walls
also require very wide foundations whxch
are not practical.

)

COST COMPARISON 1988 vs. 1973

Fig, 18 is a repfoduction of a diagraf  showing

total cost against height for 4D=B tonf/saft.
(097 kN/sam. ), presaented by Tennekcon ant
Hemachandra (1973) assuming  the gSame  soil

parameters which are considered by the Author,

The following observations could he made when
Fig 14 is compared with Fig.18:-

(i} the total costs of the three fyppq of .

walls have gone up by about 1@ *to 1
~ times during the period 1973 to 1988.

(ii) however, the relative cost structure of
the three walls have not changed
appreciably.

(iii)the "equal cost” factor 'is at'a uall
height of about 15 ft.(4.572 m.? in
Fig.14 (i.e. in 1988) and is at & wall
height of 16 ft.(4.877 m.) in Fig.18
(i.e. in 1973).



CONCLUSIONS
i) For the soil parameters which were K
selected, (these could be considered as
being typical of some of the soils in
this country), the Gravity wall is shown
to be the most economical upto a height
cf about 14 ft.(4.267 m.) .
For heights from 14 to 17 ft.(4.267m to
5.182 m.) there .is not much difference 'in
. cost among all three walls.
(iii)From & height of 17 ft.(5.18% m.) fto
about 3@ ft.(2.144 m.), both Cantilever
- and Counterfort walls are equally more
economical than the Gravity wall.
‘Beyond a height of 30 ft. (9,144 m.),
Counterfort walls have been shown to be
the most economical form of construction.
(v) When a soil having.a low Ultimate
Pearing Capacity is encountered as the
- foundation soil, there would be certain
physical limitations to constructing
retaining walls begond a certain height..
With a UBC of ¥ tonf/saqft. (214 kN/sam.),
‘this height is about 22 Tt. (6.706 m.) for
‘Gravity walls and about 34 ft. (10.363 T.)
for Cantilever and Counterfort walls.

(ii)

{iv)

(vi} Inflationary increase in cost of building
material and labour, even over a long
period, do not greatly affect the above
canclusions.
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APPENDIX 1 ST

1. Values of Parameters used?

(i) " density- of wall material
(ii) ult.bearing cap.of soil

(Yw)=150 1b/cuft
{(aD)=Bi b, 4,2
oot tonf/saft.,

(11id)cost of 1:3:6 concrete "~ iR1)=Rs.4DBE. 00

) per cube
(1v) cost of labour : TR =Re . ABQ. 20
o ‘ e per cube
(vi cost of shuttering TR =Rs, 759, 0@
: : Rer saugre

2. Further parameters reéad 1n:

[ hevght of wall

yBy o o4l £t
(11) angle of shearing reairat. i =

28 degrees

(iii)cobesion - 1bf/saft
(iv) adhesion: { 1bf/saft
(v} slope angle of backfill degrees
tvid angld of wall friction degress

(viiddensaty of backfi1ll soi]l (Yi=110 Ib/cuft

o) .
3. ¢,F,b are converted to radians.

4. Top width of-wall (D1} m'i/iﬁ #* helght of .
wall, and select to the nearest 3"y but
with a minimum of 9",

5. Initially, width of base (B) = 1/3 % height

of wall, and select to the nearest 3".
&. Referring to Fig.1(bj, calculation of wall

parameters D, « and u using geometry.

7. Caleulation of torces an-wsorl block in

Fig.Z(by. ) :
= horizontal distance from top of the
wall to the i1ntersection of assumed
failure surface with the rree surface.

Inclination of assumed failurs surface to
horizontal, : :
(@ = tan™ [ (xxtanp -+ my/ G =~ D)1

Cohesive force (C) = c(x-D)/cos &

Adhesive force (Cal= ca®*y

Weight of soil block (W) = Y*H*(h+D¥tanﬁ)/E

Force on wall, ) o
[Wxsin(@—g@)i-Cxcos@+Cakcos(8 ~B+ &) ]

(Pa)=
- sin(® +6-8 -~ P

The maximum valug of (Fa) 1% obtained by
varging "%" in steps.

8. Computation of the weighl of the wall (Wul,
and the position of its centra of gravity..
From Fig.3, (Ww)sY#h*(D1+B) /2

from

A

zonbal distance
Fras rontre of

SESRRTES BRI

X =

D1




t

9. Computation of horizontal force (Ph) and
vertical force (Pv) acting aon wall face.

Ph = Pa*sin(® —8) — Ca¥coso
Pv = Ww + Pa*cos(x =8 ) + Ca*sinee
18.Determination of the. eccentricity (e) on
‘base (see . Fig.3). .

For overturning about the toe,
.Stabilizing moment

v

(SM)=Wu*X + Pakcos(® -3 )x[D1+2D/31
+ y*Ca¥sink*[DI+D/2] + yxCarcose*xh/2

‘Overturning moment (OM)=Paxsin(® —8 )*h/3
Eccentricity (e) = (SM - OM)/Pv

11.If e < B/3, increase B by 3" and go back to
Step 6. ’ -

12 Factor of safety aga1nst overturning
(FS0) = SM/OH

TLE (FSO) < 1.5, increase B by 3" and go
‘;back to Step 6. .

alculatxon of‘factor of safetg agaxnst

(;5=§v*tan¢ for $ < 27 degrees
2.5 Pv . for # > 27 degrees

K(FSS) = F/Ph

If (FSS) < 1 5, increase B by,S"lanH [=1e]
-back to Step 6. o

i4,Calculation of factor of safety against
 bearing (FSB) )
‘From Fig.3, direct stress (fd) = Pv/B

- bending. stress (fb) BPV*(B—Ze)/B

(FSB) = gD/(fd+ftb)

If (FSB) < 2.8, increase B by 3% and go
‘back to Step 6. -

15.Volume of material per foot length of wall
(W) = (D1 + B)*h/Z2

16.Area of shutter1ng per foot length of wall
(A) = 2h

alculatxon of cast ‘of materxal. labour,
utterinq_and “total cost. .

(vi) Hensity of concrete

2. Purther parameters read int -

APPENDIX 2
Steps in the computer  program’ for  the cost
analuysis of Cantilever Retaining Walls.

. Values of Parameters used:

(i) all.comp.stress in cenc.(pcb)mlmmw

lhf/sqin.
(ii) all shear stress - conc. (pcs)' 128
1hfiAsqin,
Ciitlall. tenslle stresg-steel(pst)=20,000 e
- lbf/sqin,
(iv) thickness of cover - (te)=" 1.5 in.

(v) dia.of stpel reinforce. (Dia)= 0.5 in.
(Ye)=150 lb/cuft
(viidult.bearing cap.of soil (aDi=8y6,432%

. tonf/ssaft.
(viti)rost of steel reinforce. (R1)=Rz.100@.20
: . per cwt.
tinlecost of 1i2:4 concrete RZy=R&.5400. 020
: : per cube

() cost of labour . (R1)=Rs. &00.00
' N Cper cube
(R4)=Rs, 1258, 00

(xi1) ¢ost of shuttering
. per square

1) height of wall (hY=byBy. .. 40 ft

¢ii) angle of shearing resist. (@)= 35 degrees

(iii)mlope angle of backfill (B)= @ degrees

(iv) density of backfill soil (Y)=110 lb/cuft
rd

3. ¢"F' are convérted to radians.

4, Referring to Fig.S, inclination of
% —characteristic to vertical

(B = 1/2(W/2-$) - 1/2(a-8)
where sin A = sinB7/sing

5, Coefficient of active earth pressure,

[cospf ~ ]?cos’ﬁ - cusi¢ ) 3

(Ka) = cos 3 - "
Lecos B+ f(cos“ﬁl =1 95 y 1

6. Calculation of stem dimensionst—.

Force actxng on stem (Pa)= Y*hJ*N a’r
parellel to slopg.

Shear force on base af stem (Q)—Pa*cosp

Thickness of base of stem (ths)=Q/(12pCcs)

= The th;ckness af the top of the gtem is

galculated to have a value between 9 and
{2" using a minimum batter of 1/4 inches
‘per foot. If the thickness at the top. is

“less than 9",  .the thickness at the base

Bof the stem is increased so as taq have
Tthe minimim thickness of 9" ‘at. fhe top,

7. Initiallg; thickness of base slab
tthhy= 171 * height of wall. and
gmlected to the nearest 3" with a
mintmuam value af 129




8. Computation of. lengths - of . base, heel .and 14.Computafi0n of shear force and bgndlng

toe (By b and a of Fig.7). . moment at critical sections of base. -
Referring to Fig.9, the critical
(a) Initially taPe B = 0.4 % height of ‘locations for the toe and-fieel are at the
wall. Junctions ‘ta the stem.

(b) Take initial value of b = 8.6 * B
(c) Calculate *a" from the formula
15.(a) Check for bending and shear in ’tqé’

- S .
H % Ka b 3 p* portion of base slab. L
& F mmm—— - - = “(b) Check for bpndlng and sheat in " Heel’
N 4{m+b) 2 4 (m + b) ) portion of bhase slab.
(d) determine point of intersection of VF in either cage, b thickness (thb)
& - characteristic from heel with . 1w found to be insufficignt, -increase
stem of wall, i.e. Hy in Fig.6. ) CTtbb’ by 3" and ‘g bsdk fo Step 9.
If Hy > B@.4H, , increase b by 12" and 16.Calculate steel areasirmqui%‘d in toe and
guyback to Step 8(c). ] heel to carry bending sirmss : ’
:9..Referrin9 to Fig.8, 17.Calvulate total volume of steil In basés
) with the curtailment of bars carried out as
Force on vertical plane through heel - shown in Fig,18{(a).
o (Pa’) = Y % H?V* Ka/z . 18.For the 5tém, calculate the; bending | moment
Q e where H; = height of 'socil above  extrenme at intervals of every 2 ft. along the stem
. -..0of heel. [see Fig.1W®(b) 1. Determine the volume of
Pa’ has horizontal =~ and vertical . steel.
components o : . S
' : 19, Determine volume of tensile steel in stem
Py = Pa’ * cosg8 , and Py = Pa’ ¥ sing continued into the base.
For overturning of wall about toe, 20.Minimum longitudinal steel tor shrinkage

- ks . = @.30% of sectional area pf wall (CP 2).
Stabilizing moment (SM) = WxX + Fy*P :

Ei.Minimum vertical disfributidn steel in

where W = weight of wall ’ front.of ‘'stem = B.5" dia.  har per foot
and % = distance of centre of ° length of wall, :
grav1t5 of wall from toe. ) B . _
2%.Calculate total weight ot stee]l per foot
Overturning moment (OM) = Py * H, /3 length of wall. - v
Eccentricity (e) of resultant = ' Z3.Caleulate separately the cost of steels
(SM —~ OM) /(W + Py concrete, labour and shutteringi and

hence the total cost.

18.1f @ < B/3 , ‘increase b by 12* and go back
to Step 8(c) )

11.Factor of Safety against Uverturn1ng,
(FSO) = SM/0OM

I1f FSO0 < 1.5 , increase b by 12 and go R : . - . . ..
. back to Step 8(c). . . Lo

1Z2.Determination of Factor of Safety against
Sliding (FSS).
Frictional force on base,
(F)'= (Py + W)*tand for @< 27 deg.
B.5(Py + W) for.-¢ > 27 deg.

FSS = F/Py

- 13.Dbetermination of Factor of Safety against
f)« Bearing (FSR).
g : Referring to Fig.8,
Direct Stress (fd) = (Py+W) /P
Pending Stress (fh) = P+ *(R-Te)/P

CFSE o= aD/(fg v k)

iox

wnd a0

If FSE < 2.8, increase "a" by
“back to Step 9.- : :

o
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APPENDIX 3
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Steps in the computer programme faor the cost
analysis of Counterfort Retaining Walls.

Steps 1 to 17 are. the same as for the
Cantilever Wall. (see Appendix ). ®

18.Select initial spacing of counterforts,
(z).= 1/4 * height of wall.

19.Calculate longitudinal steel in héel slab,
assuming the slab to consist of 1 ft. wide
strips continuous over the counterfort o
supports. (see Fig.1l).

Toal Lot Tupuws (1000) Fee  Jact ‘oo

20.Calculate longitudinal steel in wall stem,
assuming that the wall stem consists of
T ft. deep strips continuous over the .
counterfort supports. (see Fig.11).

‘fél.Mihimum vertical steel in stem (front and
back) = 2 Nos. 0.5" diameter bars per foot
length of wall.

ZZ.Minimum longitudinal steel for shrinkage in
toe = @,30% of sectional area of toe (CPI).

1
!
; i
) [ : Fia 14 L fst -
23.Design of counterforts. (see Fig.13). 5 16 2w . %6 o
(a) Select thickness of counterforts TOTAL COST ASAINGT HEIGHT. 1988
= 1/25 * height of wall, with a :
minimum value of 9 inches. e
(b) Total force on wall per. counterfort, = q”éuwﬂg?ﬁ
(Qr) = Ka *Y % h*% cosp * 2/Z

acting at. a depth of Zh/3 from top of - ° ilix Wak
wall parallel to backfill. 9

(c) Inclined steel ‘in counterfort A caallertr way
designed to carry bending moment due 8 Comkerfort Wai
to "Qr". : w0l i

(d) Horizontal tie bars designed to

: resist horizontal component of "Qr*.

(e) Vertical tie bars = 2 Nos. 0.5" dia.
bars per foot.

24.Determine cost of steel, concrete, labour
and shuttering; and hence the total cost.

25. Increase spacing of counterforts by 1 foot

and repeat Steps 19 to 24 until minimum
cost is obtained.

T CosT RupEDs (x1000) por oot Lansth

4 26 S
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'DESIGN AND CONSTRUCTION OF ANCHORS AND TIE-BACKS

H.N. SENEVIRATNE ' DEPARTMENT OF CIVIL ENGINEERING
- | UNIVERSITY OF PERADENIYA

1. INTRODUGTION

Anchors and tie-backs are widely used nowadays
for providing both  temporary -  and permanent -
support to a wide- range of structures. An
anchor is Dbasically  a structural tension
member used ‘to resist  an applied load Dby
transmitting it to a -distant (generally
. deeper) soil or rock strata.. A tle-back. is
~a special form of anchor used to support
ground ‘retaining “structures such "as shest
piling, 'soldier piles and, insitu diaphragm
walls. - o : .
Anchorage systems are widely used for,
a) Holding down slabs subject to hydro-static
uplift forces. )
b? Support of. pylons and towers subjected to
overturning. :
c) Strengthening . of existing foundations.
d) Stabilization of slopes.
e) Support. of temporary and permanent walls
as tie-backs.
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- f) Support of wharf walls and other maritime (AS REQUIRED
structures. : )
This paper is confined ‘to the design and
construction of anchors used for earth retain-
ing structures. As an example Fig. 1 illus- o
trates the use of a mwmulti-anchorage system - Fig. 2 Details of a typiecal anchor
in support of a deep excavation in Belgium.

2. CCNSTRUCTION ASPECTS

2.1 installation

Fig. 2 illustrates .a4 typical side loaded-
ground anchor. .It is installed by drilling
a borehole of suitable -diameter, homing the
loading tendon into the borehovle and grouting
- the tendon in place. The borehole can be lin-
ed or unlined to suit the stability condi-
tion. : .
Tremie grouting is common in rock or very
stiff to hard cohesive sails. In some cases
the boreholes .is under-reamed at one or save-

‘ral places. “Under-reaming 1is - effective in
stiff to hard cochesive” poils. It -utilises
the end bearing capacity than sgide friction

to resist pull-out forces.
Low pressure grouting ‘via ‘a lined tube or
an insitu packer can be used to increase the
effective diameter of the -anchor above the
borehole ' diameter. Low -"pressure normally
implié¢s  injection pressures 'less. than the
total overburden stress at the -anchor. The
‘grout’ permeates through -the pores or:--natural
fractures causing minimum’ disturbance to - the
surroundings. Low pressuré grouting is popu-
“lary used ih soft fisured rocks and coarse
alluvium. It can also be used Iin. fine grained
. cohesionless soils where the borehole expands
under  pressure though the grout penetration
through pores is negligible.
High pressure  grouting is used to increase
the effective diameter of the anchor by
hydro-fracturing of the ground mass.to produ-
Fig. 1 A multi-anchorage systen ) . ce an artificial root or fissure system for
’ ' grout permeation. This mathod is primarily
employed in cohesionless soils; some success
is also reported in stiff cchusive soils.




2.2 grouting

Grouting is wusually -carried out in  stages

working backwards from the toe of the anchor..

Tube a manchette is a popularly used stage
grouting system. Where a- casing is wused it
is gradually withdrawn as grouting proceeds.
Care must be taken to ensure that high grout
pressure would not cause damage to adjacent
anchors and, other structures or services.

The -grouts used vary with .the technique and
the system. Usually they are cement-based
though in alluvial deposits more sophisticated
chemical grouts are employed. In large bore-
holes concrete can be used instead of grout.
The grout compressive strength
sufficiently high to carry the tendon load.
Sufficient time, varying from one
week,
properly.

2.3 tendon system

The tendon usuwally consists of
diameter high tensile -single, multistrand or
-bundled multistrand prestressing strands. A
factor of safety of 1.6 (temporary anchors)
~or 2.0 (permanent anchors) is normally used
in the design. ‘ .
Tendons are protected against corrosion. The

12 to 16 mm

day to -a
must be allowed for the grout to set

should Dbe

degree of protection varies according to the-

working life of the anchor , the environment
and  the possible damage to the protection
system during installation. Temporary anchors
are normally protected only over the free
length by grease covered with plastic tape.
Permanent anchors and temporary anchors in
corrosive environments are protected over the
whole length using grease and plastic mate-
rials.

Post-tensioning is carried out after curing
of the grout by applying a controlled tension
pull on the tendon using a hydraulic jack.
The techniques of loading
with respect to the rate of loading and
stressing beyond the working load (see
sections 3.3 and 3.5). The movenment of the
top of the anchor is recorded along with the
applied load. Post-tensioning stage is very
important as it provides a method of assessing
the workmanship and a means of confirming the
capacity of the individual anchor to perform
its function.

3. DESIGN OF SINGLE ANCHORS

3.1‘introduction

For the design purposes,
divided into -three groups
conditions namely,

a) cohesive soils

b) non-cohesive fine or.coarse grained soils
¢). soft or hard rocks.

The other factors affectlng the anchor design
are effectiveneéss of installation, dimensions
of the anchor system and mechanical properties
of the anchor components.

. The anchor dimensions are also influenced by
- ground conditions. The load carrying capacity

_anchors. may be
based on ground

vary particularly

of an anchor can be increased by increasing .

the - length or the teffective .diameter';
effective diameter is greater. than the bore-
hole diameter in'.cases in which the borehole

. equal to the borehole diameter.

A more accurate- determination of T.

expands or grout permeates into the surround—
ings during installation.
There are many. empirical or
methods available for the design of
anchors. However, they are mostly bassd on
a particular anchor system than on fundamen-
tal concepts. .

Also the carrying capacity of an anchor is
influenced substantially by the construction
techniques and the quality of workmanship.
Fortunately however, it is possible to test
load the anchors during post-tensioning stage
at -a low additional cost. This enables the
designer to rectify any shortcomings of the
design at the construction stage..

Design methods discussed here are. for tempo-
rary anchors. For permanent anchors a_ larger
factor of safety, at least 307 higher than
what is given here is required. .

semi-empirical

3.2 Allowable anchor loads in soils and/;ocks

From limit analysis it can be
pull-out capdeity (Tc) of an anchor
by, S
To = m-Deletygy

is given

where,

D is the effective diameter of the anchor,
L, fixed anchor length and,
bond or skin friction at the rocf&Soil
interface., Note the followings:

a) Trnsfer of load from the fixed length of
the anchor to the ground is -assumed to
produce a uniformly distributed stress over
the whole perimeter.

b) In sound' rock the effective diameter is
However, in
soft rocks or in soils when pressure grouting
is - carried out,  the effective -~ diameter
increases’ due to grout permeation into
surrounding” ground and/or due to borehole
expansion. The effective diameter in these
capes should be estimated from the .grout
intake during constructlon and the porosity
of the ground.

/grout

c¢) The end bearing resistance of the anchor

is ignored here. However, in designing under:
-reamed anchors and also in cases where the
effective . diameter is considerably larger

* than the borehole diameter, the end bearing

capacity should also: be considered. In fact
for under-reamed anchors 'end bearing resis-
tance is more dominant than the side frictioen
component. = - o
For cohesionless

{rom the equation,

soils T, can be catimated
A%

’TC = g'! 2 T D.L. Kf where,
ot is the uffectlve vertical strew: at the
mj&—point of the load carrying length and

an anchorage - cocefficient dspendent on
tﬁe soil type ‘and cendition as given below.

VARIATIONS IN K

by
: ' Condition

Soil Type | B _ ]

- _— .Loose Compact Dense
S11t - : e 410
Fine Sand e , 1.5 b 15,
Medium Sand - 5 12 0 20
Coarse Sand, Gravel =~ 10 20 30

should
involve the shear strength Darameters of the
soil.

single -

shown that the

ultimate -

8}




However, any form of analysis wmay be omnly
approximate due to disturbance to the ground
during installation and also due to the
difficulties in accurate determination of

D. It may be prudent to use a simple analysis

until gaining -experience with a particular
system of anchors. o

Anchors are not recommended in soft or firm
clays (undrained shear strength < ‘50 kPa.)
or in sensitive clays because of the large
deformation which can- occur, both at and sub-
sequent to loading. In stiff to very hard
cohesive soils the anchor load capacity can
be estimated from the equation,

Tc = 1D.L.c .o where, S

c. is the drained shear strength of the
s6il over the fixed length and, o , the coef-
ficient of adhesion. A design relationship
between o and ¢ is given in Fig. 3.
Allowable anchol loads in soils are determi-
ned by dividing the calculated anchor load
capacity, T , by a factor of safety. In cases
where no pull-out tests are carried out use
a minimum factor of safety of 3.

Anchorage design in sound rock is based on
an allowable grout to rock bond stress Sy,
acting over the fixed. . anchor 1length. s
should not exceed. either of the following;

a) 1/30 of unconfined compressive strength
of the surrounding rock,

b) 1/30 of unconfined compressive strength
of the grout,

¢) ~1300 kPa.

Using this criteria the allowable anchor load

T 1is given by the equation,

T> = wD.L.s,. In soft or weathered rocks,
s%andard Pe&%tration Test Value (N) may be
useful in the design. Based on data from
Japan on weathered granite an al}owable bond
stress s, = 0.0023N + 0.04 (N/mm®) is recom-

mended.
1.0 T T - T T
NOT
- 057'53—' vAPPLICABLE .
(% A
]
-
8.5 o -1
0.25 -
g 1 L L R
] 40 © 80 120 160 180

CU _ UNDRAINED SHEAR STRENGTH, kPa

Fig. 3 Relationship between a and ¢,

3.3 Anchor load capacity from pull-out tests

Where the load capacity of anchors 'are ‘to be
determined by pull-out tests, at least one
anchor in ten of those actually used ‘in the
project, with a minimum of three in each soil
or rock type encountered, be tested. The pull-
-out. capacity is defined as- the load "at which
withdrawal of the anchor begins. If this load

" 'is not clearly apparent from the test data,

the pull-out capacity i1s taken-as the maximum
load at which withdrawal is still tolerable
for the structure. If  an ultimate capacity
is not reached, or no withdrawal is observed
in the test loading, the grsatest applied test
load should be “assumed as the pull-out
capacity of the anchor.” : “
The allowable anchor load 'is determined by
dividing the. pull-out anchor load by a factor
of safety. Required mimimum values of factor
of safety vary between 1.5 -~ 2.0 depending
upon’ the ‘anchor inclination (see Fig. 4);
linearly interpolate from -the figure for in
between inclinations. ’ .

STRUCTURE TO

“USUAL .DEADMAN
AREA WITH

FS AED'Oe 1,50 « | -
\L\\
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&
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= e &
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l PILE AREA

. & /- WITH FS REQ'D
' : ¥ c .75

S WITH FS REQ'D= 2.0 L :

: NCLINATION 2:1

: -

L .

WITH FS REQ'D= 2.00

Fig..A Required factor of safety

3L4 dimensional reﬁuirémentsuand location

The minimum fixed anchor length used, 'L is
3 m: The generally ‘accepted fixed length to
diameter ratio is 5 4n cohesive.soils and 10
in cohesionless soils. In sound rocks or in
cohesive soils  under low pressure - or in
tremie grouting, the effective- diameter, D,
is essentially equal to the borehole diameter,
d. In other cases D depends on grout permea-
tion ,local compaction and borshole expansion.
Typically observed D/d. ratlos "are, 3-4 in
coarse sands and gravels with grout permea-
tion, 1.5-2 in medium dense sand and 1.2-1.5
in very dense sand with no permeation’ and
local ‘compaction only. D can be approximately
estimated by porosity -'measurements of the
surrounding soil and by grout intake.




The . depth ‘of -overburden above any- anchor
should not be less than 5 & in. seil.or in
weathered rock and 1.5 m in sound rock. When
multiple anchors are used the ninimum hori-
.zontal or vertical spacing between them.should
be 4D. In anchored walls all anchors should
be at least 0.15 times the wall height, dis-
tance away from the classical Coulomb failure
..plane for +the - wall without ‘anchors (see
Fig.5). : Co

3.5 stressing and proof loading

Each installed anchor should be stressed and
proof loaded &t least upto 1.33 +times the
allowable or .design working load  for: the
anchor. The following procedure can be- used
for proof loading. :

a) Test load the anchor to 80% of the ultimate
-tensile. strength of  the tendon, maintain the
load for five minutes and then unload comple-

tely. The working load should not exceed. 60% -

of this ultimate tensile strength. -

b) Réstress the anchor to 110% of the required
working load while recording the tendon move-
ment at the ram as the load is incrementally
applied. The load extension graph obtained
during this loading should compare closely
with that estimated for only the free length
of the tendon. Lock off the anchor at this
load. ol "

¢) Check the anchor after 15 winutes. If a
loss of pre-stress 4in excess of 5% is reco-
rded, restore to 110% working load by shimm-
ing. :

d) Repeat c) » ‘ L
e) If a further loss of pre-stress .is reco-
rded, reduce " the anchor load until creep
ceases. A safe working load for .the anchor
is' then equal to 60% of the load showing no
creep after 15 minutes.

4. DESIGN OF ANCHORED WALLS

‘4.1 introduction

Anchoring of retaining walls ‘or diaphragm
walls, either permanently or temporarily
during construction, is very frequent now-
adays. The design of .anchors in such cases
will depend on the :actual earth pressures
which act on the wall. These earth pressures
depend on many factors including wall stiff-
ness relative to the surrounding soil, anchor
spacing,. anchor yield -and - the pre-stress
locked into the anchors at installation.

The use of Rankine's and Coulomb's methods
of analysis 'is described here. However, if
the installation and deformation conditions
.of the wall approximate those for an 'strutted
excavation, - the anchors should - be designed
using-. pressure distribution diagrams _for
strutted excavations. The anchor groups should
also satisfy the dimensional . 'and space
-requirements given. in the last section. The
design capacity  of the. anchors should be
verified ‘either by test loading to .failure
or at least by proof leoading as described
before for the case of single anchors. .

4.2 Rankine analysis

Fig:: 6 illustrates the use of Rankine's method
in calculating the anchor forces. The pressure
diagrams zre assumed” to be triangular in form
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" the wall’

as in ‘the classical case. Active pressures

- actlng on- the wall are calculated using the
coefficient of active earth pressure K’ if
moderate. wall movements are permitted. is

also used when foundations of bulldlngs and
services exist at depths below the base of
the wall or at shallow depths but at distances
greater than the height of the wall. If! foun-
dations .of buildings. or services exist at
shallow depth at, a distance less than O0.5H
(H,  height of the -wall), active pressures
should be computed using the coefficient at
éarth pressure at rest K For in between
" cases use a coefficient of earth pressure e-
‘qual to 0.5(K, + K.)

‘Passive presgh ghould be computed using a
reduced soeff1c1ent of passive earth pressure
with g factor of 'safety not less than 1.5.
In cohesive soils total stress analysis using
~undrained shear strength with zero angle of
internal ¥friction may beée used. However, where-
ver possible it is better to use effective
stress analysis. In both cases the possiblity
of tension cracks being filled with water
“should bé, considered. The design method which
is illusttated in Fig. 6 is outilined in the
following steps.

a) Determine the earth pressure diagrams
allowing for the effect of surcharge and the
water table. £
b) Assume that the highest load on the n°"

anchor occurs just before the installment

of the (n+1) anchor and draw the excavatlon
cross-section for that condition.

¢) For all anchors other than the lpwest,
determine the ‘depth of penetration of the wall
required to establish a unit factor of safety
against rotation using the pressure diagrams
previously established . Use the anchor forces
of previously installed anchors for this cal-
culation. i th
d) Determine the required force in the n
anchor for stability of the wall based on
overall horizontal equilibrium.

e) For the next to lowest anchor check that
the required depth of peretration as indicated
by the analysis is in fact available.

f) For the 1lowest anchor teke the depth of
penetration. at the proposed design value. and
calculateé the anchor force from horizontal
~ force equilibrium.
g) Check the bending moments that will develop
in the wall at. each stage of construction.
Critical conditions will occur immediately
before each anchor is installed.
h) In general, where the lowest anchor is more
than & métre away from the bottom of the wall,
should penetrate below the base of
the cut at Yeast to the depth at which the
computed resultant earth pressure is zero.

'4.2 graphical analysis

Figs. 7 and 8 illustrate the graphlcal analy-
sis of an anchored retaining wall in a one
layer and two layer soil. The analysis follows
the general Coulomb type of analy51s used for
_the design of retaining walls. It is necessary
to. carry;-out this type of analysis for each
anchor level of the anchoring system starting
from the top anchor. At . each 1level the
required anchor force is the sum of all anchor
forces above the relevant lower failure plane.

(@3]

The location of failure planes for the three

normally -used anchorage systems are shown
in Fig. 9. The graphical analysis 1is an
Aalternative to Rankine's method and is
capable of handling —complex  ground and

loading condltlons
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'5. CONCLUDING REMARKS

The design methods outlined here are taken
from the references given at the end of this

paper. They are based on the design and cons-
truction eXxperience gained mainly in North
American and European countries. One should

be cautious in applying them to local condi-
tions. It is necessary to gather information
on locally constructed ground anchors so that
design ~ and construction techniques
suited to local conditions can be adopted.
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DESIGN AND CONSTRUCTION ASPECTS OF DIAPHRAGM WALLS

fw.A.Y;;WEERASINGHE

SURAJ DE SILVA

1. INTRODUCTION

The wuse. of diaphragm.  walls (also called
slurry walls) for civil engineering purposes
has increased tremendously during the recent
past. A 1977 assessment of the total area of
diaphragm walls built throughout the globe is
in excess of- 10 million square metres,
excluding cutoff walls, bored piles. and
similar installations. .

Although the supporting ‘action “and the
stabilizing effect of slurries must have been
known since 1800, the first publication on
the subject did not appear until 1913,

Hentonite was first  introduced in slurry -

systems in 1929, but sigunificant prodress in
preparation- and control of slurries probably
did not occur until after the second world
war. - However, this technique has not been in
wide use in Asia and Africa until recent
times. . Japan and South Africa are exceptions
to the above. The technique of diaphragm
wall construction remains basically the same
although  there exist many slight - variations
in - details of design, construction and
equipment because of,

(1) - different soil conditions

(2) dgeographicdlly constrained evolvement
© and ' )

(3) legal sdspects such as patent laws etc.

It is believed the predecessors to diaphragm

waalls are Drilled .Contrete Piers (bored
piles), contiguous Drilled - Pier (bored
pile) walls and Slurry - .Trench -~ Cutoff
walls. :

The main wuses of diaphragm walls are as
retaining structures and load-bearing

elements for deep buiiding basements, traffic

underpasses, underground mass  transit
stations, cut and cover tunnels, underground
parking garades, - underground | industrial
facilities, docks and waterfront
installations, waterworks and “miscellaneous
foundations.
contributed - to the expansion of application
of the diaphragm walling technique;

In general three factors have.

GEOTECHNICAL ENGINEERTNG CONSULTANT

CEOTECHNICAL ENGINEERING DIVISTON
 NATTONAL BUILDING RESEARCH ORGANISATION

(1) commercial availability of bentonite

(2) ability (of method) to accommodat.e
diffiecult conditions such as urban
construction and problematic soils.

(3) Improvements in excavating techniques
including new equipment.

continuous diaphragm wall formed and cast . in
a slurry trench, was first concsived by
Verder 1in 1938 and can be looked upon as a

combined development from Lwo relaterd
systems; the mud-filled Utorehole and the
contiguous boredpile wall. The construction

sequences  for a continuous diaphragm wall
using modern methods and equipment is- shown
in Figure 1. RN . i

Thisg paper also covers SOme of the
applications of diaphragm wall systems and
its desgign and construction aspécts. Thies

paper also summariges some of the' - advantages
and disadvantages of diaphragm walls.

2.  DESIGN ASPECTS OF DIAPHRAGM WALLS

The désign of a diaphragm wail muat_ includw
the following three important aspects;

(1) ksﬁahility and settiement, problemn:s
assuciated with deep trench excavation.

(2) .structural behaviour of a diaphragm wall
‘Lo be  subjected too.various . loading
patherns during the performance of the
desired underground structure and

(3) structural behaviour of a diaphragm wall
as » o doad bearing parts oof Lhe  inal
struchurs in servies, .

Prior to  the ‘above design  aspects . the
engineer must first snsure that the proposed
construction melhod is technically feasible




Concrated (3) If limitations must.be imposed on . tho

Srweltube - ‘ permissible or acceptable - movements
. _9“”““]\xq T ‘determine-  the.. copstraints on the
? f - ‘construction method and sequence of
— : construction and. therefores on - tha

L design.

(4) Estimate the magnitude and  distribution
of Lateral’ ‘stress’ as a fupotion of
displacement = and strain in ~ various
construction stages as well as after
construction -

{5) Analyse and design the structurs and its

parts including the bracing. " The
analysis may be baged on semi-empirical
{la}

methods, or it may be checked - by
rumerical techniques. SN

Reinforcement:  _ Steel . A ., . . '. s hl
coge . (8) Consider the merits and the feasibility

Tube
2ﬁr"‘ 5&2*" of -obsorving and monitoring  the  first
_’ section of the project to  eheck the
. B predict ions  and  the accuracy of  the
gﬁ ! analysis and if necessary to modify . the
82 initial design.
5
;f? 2.1 Btability of Trenches in Cohiesive Boils
S 4 2.1.1  ¥alidity of 9= 0 Conawnt_(total
. stress anslysis) )
,. The ¢ = 0. analysis is valid if the
N goil is saturated and is  wtreasserd
te) lay, - v under undrained conditions. - The above

conditions are satisfactorily met by
cohegive clayey  soils originally

) . ) o S saturated . . because . the .-  trench
FIGURE 1 : -Typiecal construction sequence of excavation . in . diaphragm. - wall
’ . . construction 'is Lemporary.: - However,

diaph 11
a diap rag@ wa the ¢ = 0 analysis does not astablish

the failure surface since ¢= O always
im;li&s a critical plane inclined  at,
45% © with the horizontal. This
discrepancy.. is rectified by - noting
that in a triaxial test it is »ot
necessary to know, the exact locations
of . the failure plane.  The ¢ = . 0
analysis  is valid as long as  failure
is  assumed to vccur when the maximum
shear stress reaches the maxiinum shear

(a) excavation, (b) insertion of steel tubing
(c) placement  of reinforcement cage,
(d}. placement of concrete. -~ :

and economically  acceptable. Then  the

‘probable effects on the surrounding should be . existing at failure in a corresponding
predicted. The snalysis and design steps may ' - triaxial test. Thus it is possible to
be  carried out thereafter according to  the . analyse the stability of a trench
following sequence . © . without  really knowing .the. exact
. o inclination of the failure plane. The
(1)  Analyse the stability of the . excavation choice of 'method for short - term
based on $o0il propertiés revealed by a ) problgms in saturated soils thérefore,
comprehensive field and laboratory sail B becomss a matter of convenibneme, and
investigation “program. . ‘This analysis the ¢= 0 concept is preferred for ite
shall ‘consider all possible stages of -7 simplieity, i SRR

excavation,incorporating the effeots of . .
bentonite ‘slurry, by known wmethod of R C T
analysis.- It is important +to choose 2.1.2 Invalidity of ' ¢= 0 analygis

propér U so0il parameters and correct : . .

concepts (total ‘stress’ or effective . For conditions other than undrained
stress) of analysis to obtain realistic " ‘whear the ¢ = 0 method can ' lesad - to
‘predictions.\ B ) unrealistic predictions. The -concept

similurly  Iomes “its meaning - whenever

(2} -Predict the pattern, distribution and field 5 of  pore T opressures
- Jmagnitude  of  ground movement. due Lo . e uged an g L0l R Thi:
excayatipn, and establish the ' S p O coneapt olearly does not P Ly Lo
corresponding probable settlemsnt of : partially  waturated soils.  -In o this

! roximate | ewprescion o or

ad jacent buildings and utilities. CASE AN - ap
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Trenching
‘easy.

" natural
" heavier slurry,
"consists

fand gravel,
adjacent zone by slurry will, undoubtﬁdly

parameferq .C_and 4. 'is- possible, but
. ;becausé . of . the many factors that
influence these parameters, results

‘vfrom such analysis must be 1nterpreted
‘with ﬂautlon . . .

Exéaéaﬁiqn oﬁ, trenches = in . stiff
fissured and weathered clays can give
rise to- special ©problems. .Stress
reductions due to unloading causes the

fissurps to open up-and provide. weak
zones ¥ for the . sliding - surface to
" follow. .This problem is more . serious
. when  the excavation is  done - without
slurry.. RN o o T
3 Choice of §oj1-E§:§§g§gxg
It is Qell knownrthat sbil_-parameters

obtained in.the laboratory by .various
standard test = procedures do not
nece rily = represent the :actual in-

,altu valugs. Soil sampling procedure,
sample disturbanceé, shearing ‘rate,
strength anisotropy are. . known . among
others * to influence the. strength of
soil. Present semi-empirical
procedures .of analysis which: have been
time tested and revised = -over a
considerable time span do apparently
account for cumulative effects of such
factors- - inherent in standard
procedures. Therefore, one shall not
deviate; from standard procedures of
testing even if the deviation makes
the 'test superior as the implicit
‘balance. of Pmplrlcal formulae may be
disturbed. :

Stability

in Cohesionless
solls ’

‘'of Trenches '

" in dry 'sand is ‘' relatively
Dpelgnlng as well as construction
i¢ also  more straight forward in dry
sand. Stability shall be
against simple wedge failure
depends on the soil propertle and the
wp1ght of rlurry
'wherp the free water levpl is
ground surface, "it is - quite
“to maintain trench stability.
require” one or " all of the
measures; (1) lower the
water table, (2) raise  the
level im the trench, (3) use a
and (4) resort to other
When the soil
coarse sand
of the

However,
near the "
difficult-
This may "
following

siurry

factors for stability.

predominantly of
.some penetratlon

occur, generally above the natural water

table, until the formation of the
impermeable barrier at the interface
restricts this flow.. Disregarding the
'a';ociatpd:effects,_one carries out the
stability analysis  assuming ‘drqined
condltlong} that - is con51der1ng the
.effective stresses in the soil and. the
static pore pressures prevalent in the
ground. .

; neﬂ strength in terms of. the Lwo'

checked
‘which

FIGURE 2 :

‘‘theoretical means is nrealistic as .
~principal’

rettlemerit)

 {1)

"In ~addition . to. the | above | mentioned
.cons 1d9rat10n° thp stabxlltj of a trench

is also- controlled by; (1)ngl strength
of slurry, (2) arching effect, (3)
horizontal . curvature of trench, and (4)

dynamic loading.

Ground Movement and Sattlnment due to

Excavation-

. For almost any type of-ground support,

- the movement and settlement due £

sexcavation - depend. . upon the 501
characteristics -and  the - groundwater
.conditions;-the size of the. excavation,
particularly . its. depth;: the rigidity of
the support systemn; the details,
installation sequence, rigidity " and
preloading or. prestressind o of . the
bracing; and the general workmanship of
the  construction. - As a result. - of the
variety, number and divergity of the
factors influencing movemenil - the best
practice. ‘has been to. observe, measure
and analyse —ground © movemsnt around
actual’ excavations and use this  record
to supplement theoretical predictions.

Typnﬁal " patterns of 'mQV§ment

presented in Figure 2.

are

Settiamaent.

Setttement
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Soft sail
Laterol
movement
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movement
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’ Loteral
[~ movement

Zum.uril
[ [. movement

Soft soil

* Soft soii

&qu‘_

“{e) gt

Settlement, Lateral mov#mpnt
‘and Heave, (a) and (b) Flexi-

ble wall () and (d) rlgld
wall

“and | ground
‘excavation by
thne
" movement

settlement
to

Prediction
movement

ot
prl or

cause of lateral
settlement) i hlghly dependent:
workmanshlp, which is beyond the
esigners imagination. ' Therefore, = it
is 1mportdnt to econtrol lateral movement
of “excmvation support system (hencr
by;

(hence .
on

Monitoring latéral movement during
sxcavation and constiuction of
permanent support system.




3.1

. excavation.

‘of - lateral
ground surface passagde, :while under ' the -

(2) Improvéd .- workmanship ~to
’ ‘delayed " “.placement - of lateral
.”support‘Cbracgngs, anchors ete. )

(3) By maintaining ground water “-table

outsidé  the excavation®' at normal
levels»
There - are - several techniques - of
construction of permanent lateral

temporary braecing,

a diaphragm wall
These technlques have their
own merits such as vertual elimination
movement: to. unlnterrupted

support systemsaor
tie backs. ete.  in

roof excavatién is in progress. : The

following technxques are practiced in

general

(1) ‘walls bracéd before'excavation is
~begun

(2) - walls braced with struts,

(3) - walls braced with permanent floorq
in a downward process, .

(4) Walls braced with tlebackpr and
"&round anchors,

(5) free cantilevers, and

(6) walls supported by a combination of

" bracings, such as txebacks, struts,

rakers and berms. i

CONSTRUCTION ASPECTS OF DIAPHRAGM WALLS
Sitevlhspection and Preparation
before

A complete site " inspection

construction starts °is necessary to
avoid serious problems. Diaphragm wall
construction ' sites are usually located

in urban areas, and it is not unusual .to
have the site bounded by other
facilities such as buildings, roads,
subways etc. It is also quite common to
encounter underground utilities (water,
electricity, telecommunication mains
etc.) and sewerage facilities, abandoned
tunnels and basements within a site. An
accurate prior knowledge on underground
obstructions to | diaphragm wall
construction makes realistic scheduling
possible. Else loss of time and money
is most often unavoidable.

It is also important to gather other
relevant information such as; (1)
environmental  regulations,  .(2) - any
restriction to install underground
anchors or tiebacks across adjoining
properties, (3) local traffic densities

in relation to days of the week and
hours of a day, also possibility of
detouring traffic on boundary. roads, and
(4) overhead facilities which may hinder
operation of conetructlon equipment.

Site must be rid of all kinds of debris

on thevsurface which may hinder smooth
operations .of diaphragm wall
construction equlpment sites. .

Sloping

avoid

3.2

3.3

5.4

afnd - preparation

anticipated -panel length.
- the above, the

" Average

may need a lot of preparatory -work prior
to-“‘construction work, Once the layout
of the d1aphragm wall to be gonstructed
is decided, 'layout ‘of ‘mud- 01rou1at10n
plant which ‘includes
slurry mixes storage * tanks, mud
separation .unltﬂ and tempor&rj

of refuse 1s planned

Gulde Walls

As - part of
guide "walls are constructed © along the
proposed’ diephragm wall layout. The
guide walls may be avoided in sites w1th
very stable ground conditions - and low
groundwater table. Design of guide
walls depends‘on (1) ground conditions,
(2) the groundwater table, and (3}
Because of
: guide walls may be
limited to simple seotions with
nominal ' reinforcement ‘or “heavily
reinforced composite concrete sections.
The ‘walls may have " to be erected above

~the ground surface to sufficient - height

to 1mpound benton1te slurry.

Tbe gulde waLls. serve - the  following

purposes; e R s

(1) as thé hame implies, it provide a

oL guide to . trenching equipment
(tools) . ensure .. correct

hence
‘,allgnment :

(2). 1mproves ':stabiiity” -of . ground,
- specially against failure ..due to
rough insertion and.withdrawal of
excavating tools, and ‘
slurry

(3) provids a means to impound

above the ground.surface to enhance .

the trench stability.

The . guide  walls are temporary
structures, which wmust be demolished
after completlon of the dxaphragm ‘wall,

Y
Panel Dimensions

The panel dimensions and related detallg
are mainly governed by site . conditions.

Thus a specified panel length often can-
not be prov1ded in the field because of
restrictions '~ on avallabllity ~of

.oonstructlon space and tlme

panel length '1s about " 4m.
Shorter panels are gasier for conoreting
and better with respect to the Btability

“of the trench. Loriger panels causg  les

seepage and fewer alignmenp problems;
also ‘saves | time and ‘cost ,of Joints.
Reinforcement . cages are best assembled

~ “in the'shop and tranrportpd o the 91te
.. However, if this is not possible it can
. be assembled at _site.
‘tiebacks, .anchors or bracings is. another

Location  of

_controlllhg factor = of pansl Tangth,
 Finally - dimenélona of exoavatlng
" equipment available- ahould also be 'a

factor to be consldered iry dac1d1nz tha
panel length

storade .

site -preparatory works




e

Panel ' depth is generally decided by

proaeht requ;rementf. Excavating - tools
are genefally capable of digging upto
depths regquired in most Jjobs, hence: it
is not a controlling factor A wall may’
be founded on. rock or  other firm
material to transfer vertical loads; it
may be extended into an impervious layer
to protect the excavation from
groundwater; or it may simply be
embedded below excavation level for
lateral  stability and resistance to
movement.’

Panel width cannot be 1less than the

range of the available excavating tools;-

also sufficient space for tremie pipes
within the reinforcement cage shall be
provided. Usual range of the' panel

width is 45cm to 1.5m. A frequent width
is  60cm. . It shall be noted that the

minimum width of panel is not the most
economical design as construction
difficulties and slow speed of
construction ..is associated with thin
panels.

Slurry Quality

Quality of the slurry must be maintained
50 that it ensures maximum
since this 1is the most important
material in the  construction of
diaphragm - walls. On the construction
site the slurry must be inspected
periodically and the following measures
taken to maintain its effectiveness;

(1) 'determlnatlon of the dry bentonite
/ water ratio and durstion and
intensity of. the mixing process

(2) Determination of = the swelling
~period, that is the time between
completion of the mixing process

and the use of the suspension for

the trench excavation.

(3). The uéed slurry must be replaced by

fresh "  material as - soon as
excavation progress slows down
noticeably. Table 1 indicates the -
control limits for the properties
of slurries.

Excavating Equipment

Excavation ﬁéthod and type of equipment

for a given site shall not be restricted
at design stage for the following
reasons; - - .. N ’ =

(1) number .of bidders will be - less . due
to lack of specified equipment as
well as  lack of
specified  method.

site conditions are
and the specified

(2) If unforeseen
encountered

method and equipment are unsuitable

for such conditions, large sums of
additional cost will have to be

efficiency,

experience - in -

© 3.

Ln

6

“-Conversion of

:Ppeﬁlal trennhlng grab
Percussion’

- Average panels

borne by the Engineer. This also
o will  cause ronsldprub]w delays in
uompletlnp the prn1ﬂut

exlstlng. eguipment for
trench excavation-shall not bes ‘allowed
as (1) conversion of equipment ig
seldom,. if  ever, successful, and (2)
converted ‘equipment most oftéh is ‘&
cause for slow -excavation - which is

uneconomical and may become a threat to
the stability of the:excavated trench.

excavating systems av&llable at
can be classified as follows

Trench
present

(1) conventional trench excavators, (2)
machines -of the bucket and gdrab- type,
(3) percussion tools, . (4) rotary
drilling equipment, and  (5) reverse
cireulation machines, Backhoes and drag
line buckets can be ‘élassified as
conventional excavators. Bucket and
Zrab type has - a-high weight - to -
volume . ratio to overcoms drag and
floatation effects  on the slurry gel
during excavation. Mechanical diggers,
either back or forward acting; bucket
excavators of special  design:  shovely
and auxiliary tools such as augers; and
and olamshells.
s tools are heavy and  -rigid,
often of special design; they are used
to break rock or loosen hard ground and
in gsituations where other types of.
equipment are not effective. Ixcavations

with percussion tools is glow and
therefore expensive. Fotary drilling
squipment are alsc referred to as hollew
- stem large diameter bit drilling rigs
and  “machines. Theses saquipment ~ can
perform. = either slot or .circular
excavations. - Almost all rotary drilling
tools and wmost percussion  tools  are
aquipped with reverse circulation.. This

process consists of using the drill stem

and hydraulic pipeline for the direct
excavation. Some widely used typss of
sqQuipment are shown in Figure 3.

Excavation = with. clamshells .- - and

pPercussion ﬁbbls,

-Single ﬂtage panel excavation ig carrlcd

out ‘in a series of passes (seec Figure 4)
and requires clamshells only. It ig
feasible in so0ils which are soft to
“medium hard, either dranular or
cohesive, but without boulders or other
obstructions. The minimum linear
element that can be excavated is the
minimum grab bite (usually 2m ) and the

maximumn panel that. can- be excavated in
one pass is thP maxlmum grab blte (about
Bm ). . .

are usually excavated in
. The middle
legs  than
bucket to
generally

three passes as shown below.

tongue  is made 0.3m to 0. 8m
the grab opening to allow the
embrace 1it. The first  pass

begins away from the last cencreted
panel. to allow the concrete to  harden.
Round-end clamshells are uged in,




TABLE I

Control Limits for prdpertieq of slurries

PROPERTY
Average Density “Specific Plastic Marsh . 10 min gel ~ - Sand
F . bentonite- . gravity viscosity .Cone ~ .stréngth PH Content
unction . ; . . . .
' concentration . viscosity » .
' - 1b/fe? cr - K 157100£t2 %
Face support .. >3 - 4 . >64.3 . >1.03 - T - - wl
Sealing process >3 -4 - ' - - ) - - A
Displacement by <15 <78 <1.25 <2n - <12 C k2§ ¢
concrete ’
Separation of - ) - - . - o o - - <30
noncolloids
Physical cleaning <15 l <78 <1.25 o= S ) L. - <Z5
pPumping of slurry - o .- - variable - -
Limits >3 -4 >64.3 >1.03 <20 >12 -15 <1z -  >1'
<15 - <8 ©<1.25 - - - <25

f Average bentonité qoncentraiion should be expected to va}y widely because of d;fférent bentdnéte brandé.

| A A
(a) - (b) S (c)

| ey T g ed

(e)

FIGURE 3 :. Equipment for Slurry-trench excavation

(a) clamshéll bucket aFtached_to a kelly = (b) vertical percussioﬁ.bit with reverse circplétion

(c) percussion benching bit (d) rotary benching bit .

-{e) rotary bit with.verticai cdttér
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~used for

site
Tsite.

cohjunction with round-end tubes

_ at” the
constru@d@tion joints. ‘

" ‘bentonite slurry

A

AAS

concreted panel

I— soft to medium hard

cohesive organular. soil

FIGURE 4. Single-stage panel

" " excavation with clamshell

"Panel excavation can be performed using

either - "3, 5 or more passes. The
alternate panels are first completed
followed by the intermediate panels.
Other excavation systems can
trench excavations based on
501l conditions, - applicability and
availability of such systems.

Reinforcement Cages_

The reinforcement cages are assembled on
or in the shop and transported o

The cages can Treach formidable
dimensions,“based on panel dimensions.

‘Lifting “up & reinforcement cage is not
‘an  easy task due “to their bulky
‘dimensions; weight and flexible nature.

Careless handling can distort a cage in
a matter of seconds which can complicate
the whole operation of concreting a
panel. Nevertheless, a distorted cage
should never be inserted in a panel. A
special lifting sling and 2 crane 1ines
are’'used to prevent distortion of ¢éage.
In very deep panels two or more - cage
lengths may be used. When splices: are
necessary,
projecting ‘above - the trench ‘and the
second cage length, is welded or
otherwise attached to it before

cage is lowered “into  position.
minimum . bar spacing should not be
than 150mm  and preferably 225mm. .
horizontal bars should never be closer
than 300mm unless they constitute the
main reinforcement. A denerous concrete

The
less

The

also be

the first length is left Jjust '

entire

3.9

-There
Howeveaer,

.more

. provide

position.

cover should be provided, ecspecially for

the warth side of .the exposed wall,. and
ithe minimum clear cover should not - be
lass than 75%mn Roller =spacers. are

used to ensure correct -alignment of the
cade and minimum cover. Riaphragm walls
usually need bracings, anchors,
tiebacks, . .or floor slabs to be connected
for lateral support.. The reinforcement

cages must be fitted with wooden boxes
(or styrofoam flanks) to-prevent fresh
concrete from . entering such areas.
Within the boxed-out. areas of the . cages

are -bent dowels and other reinforcement
which shall be structurally connectéd to
the floor slabs, bracings ete.

Panel Joints .

are many systems of construction
Joints used in diaphragm wall technique.
Most -common is the round +tube joint.
depending on - particular
requirements it may be nscdusary to use
sophisticated joint systems which-
may allow - better water tightness,
transfer of. shear forces, and continuity
of horizontal reinforcement for bending
resistance. The round tube joint cannot
. for.. continuous horizontal
reinforcement,  hence this joint cannot
resist bending stresses. However, water
tightness and shear resistance -can be
achieved sufficiently. by -good
workmanship. . . . : :

The round-tube. joint is practicable- for
sxcavations - carried out . with rotary
drilling .equipment andfor  round end
clamshells. If cavitation or overwidth
excavation occurs at the end, the -fresh
concrete may flow around the stop-end
tube. Such over width concrete must be
broken with chisels when sxoavating the
adjacent section. e

Wher conerete, pbun of e panel Y
completed  and  Lhe concrete  begins  to
ret, the round-tube is cleowly estracted.
Initinl  extraction is accomplished by

Lwo  hydroaulic jacks: Once the
of  round-tube has begun, a heavy crane
18 used  to remove the tube. from - its
Removal of the tube leaves a
half-round. concrete key at the. .end .of
the unformed panel. . -

- movemnent

Concrete Placement.

In general, it is‘advantaéeous,to . carry
out the concrete placement operations
soon ~ after the reinforcing cage iy
inserted into .the panel.  The . pour
should ‘be completed in  the . shortest
‘possible time ‘and without
discontinuities or interruptions in
order to avoid embedment , of stop-end

tubes, blockages in tremie  pipes  and
cage flotation caused by the upward drag
of rising stiff concrete, The . most
common  method of concrete placement s
by wmeang @ of tremie pipes, ‘which.. are
withdrawn 1in stages as  the  concreto




- lifted,

level rises. Tremie pipes shall have a
minimum  innér-diameter of 8 times +the
maXximum agg@regate size.-

When concréte is tremied in,a plug - must
be used in the pipe to revent freefall
~of concrete and mixing of concrete  with
‘water  or ‘slurry, a common source of
dilution. ‘or’sedregation is due to. the
:presence of water or slurry in the pipe
before . starting the pour. To ensure

error free  concreting the following
sequence. of measures is commonly ‘used;
(1) the pipe iz lowered "through the

slurry until its tip rests firmly on the
base of the +trench, (2) "the funnel
hopper at the upper end is assembled,
(3) a plug which floats in the slurry is
prlaced inside the pipe. As concrete
enters the tremie, the plug:travels down
under the weight of the mass of  fresh
concrete, ‘and reaches the  bottom. At
this stage  the tremie prire is slowly
allowing the concrete to push

the plug out. Once this occurs concretes
- begins to discharge and fill the panel

while the pipe is kept submerged and

completely filled. : :

Once the placement begins, the process
requires - routine checking of the
concrete: level around the pipe and - at
the ends of the panel: Despite the
practical advantages associated with the
use of a single tremie pipe, as” orposed
to two or more, it generally is
essential to specify the maximum tremie
.pPlpe spacing and. therefore the maximurm
panel length that can be poured with one
tremie  pipe: Pipe spacing - should " net
‘exceed 5m as a - rule of thumb. :

APPLICATIONS OF THE DIAPHRAGM
TECHNIQUE

WALL

Comparison with other systems

Technical feasibility of a construction
technique . does not conclude that, its
the.  most suitable technique unless &
comparison is made with the other
techniques available for the same
purpose. - Therefore, it is necessary to
compare other ground suppéort systems

such as; (1) soldier piles with timber

lagging, (2} sheet
continuous bored-pile
ground treatment
freezing etc.

~piling, (33
“walls, and (4)
such asg grouting,

i

The direct. cost of ground support varies
according to the method. used. - For an
average situation, soldier Piles with
lagging wusually provide - the | least
expensive system,  followed by sheet
riling, diaphragm walls, contiguous
bored-pile “walls and ground treatment.
‘However, thig comparison man be
misleading unlegs it - takes into
consideration the many factors
deternine the overall cost. CFor example
& system that alleviates the  need” for
underpinning ‘and ground water control
can result in an overall SCONOMmY

that -

4.2.

.2,

.2.

although = the
itself is not
eponomical . In this light
wall technique can  be singled out
bercause it is not merely a ground
support system but it can also be a part

ground support systam
necessarily the most
diaphragn

of the permanent structure carrying
vertical as well as bending loads. In

addition it can achieve near perfect
water tightness. S IR

With the evolvement of new excavation
tonls
and ‘other processes it has been noted in
many parts of Europe that  the @ overall
ront, of diaphragm wall construction has
gone down by as much as  50%. despite
inflationary pressures sinee ‘the 1050s.

Applications .

Diasphragm wall technique can be used in

6 range of applications namely: (1)
cutoff walls = (2) ‘ground  support
systems (3) part of a prrnanent.
structurs
1 Cutoff wall
In this application perimeter trench
excavat ion arcund & site o be

igolate Tfrom high ground water or
along a core-line of an earth dam 1is
carried out as described in section 3.

Thereafter the trench is filled with
ventonite - cement wixture which
solidifies to attain a low strendth

(ctuparable to so0il strength) plastic
backfill, :

Another  special  application is 15
isclate cities which have subsided due
to excessive ground water pumping-eut
before recharging (tc raise ground
water  level by pumping in water) to
raise the ground surface.

8 Ground support system’

Perimeter walls of basement
excavation, cut and cover tunnel . side
walls, soil retaining walls - of wide

rande, slope stabilization system, and
access shaft wall are some of the many

“application . of diaphiragm walls as
earth " support systems, such
applications can either be permanent
or  temporary depending on  individual
project requirements.

3. load beariog elements of structure

deep
which are

and cross walls of
- basements of . buildings
designed to carry foundation  loads.
Underpinning of existing ‘structures
which are threaterd by instability dus
Lo natural or mennads rensens, Theoe
diaphragm walls may or may not- be
extended upto beatring strata It the
Chearingg o stréatum in e 1L g
seonomical Lo install piles Lo Support
the wall through special ACCRSS
casings cast in to the wall.

‘Side" walls

and refinement in slurry - support




ADVANTAGES AND DISADVANTAGES

Disandvontages .

»

Diaphragm: wall construction in general 1. Site congevtion seriodgly  inpedes
provides: maximum economy where it can Lraffie, access to < adjoining
transplant the temporary sheeting and property,,and other activities. In
the perménent ground support or whers order . to lessen this drawback, it
the excavation involves underpinning or may be necessary to (1) operate on
groundwater- control, the diaphragm wall one side only, (2) restrict panel
can‘reméaj this problem. Regarding the size, mud plant, and reinforcement;
direct go st of its installation,  the and  (3) .operate’ during certain
ability to produce a low cost structure hours only.: : ‘ ‘
will anPrally depend on many facitors. S . : .
Thus befides the physical dimensions and. 2. The finished produc* 10 influenced
the configuration of the wall, its cost - by . the . type of’ sull and the
may” ‘be anfluenhed by, surface finish may be’ roggh . and
thus require further - treatment.
(1) thP" required  embedment below .. Obstructions may cause = concrete
" excavation level for stability or : “blisterg and protrusions that wust
seepage control, .77 be broken out, and when working on
co : : slopes of hard formations there is
(2) the * nature of  ground +o be S a - danger - of deflections dn  the
excavated and the presence of PR excavation - with a  “'eorresponding
boulders or other hard Co loss of verticalily.
obgtrur?;onf ) i . . o
: . .37 The  overall -quality "assurance--
(3)  the associated stability ] . depends on processes, méthods, and
requirements, and ' operations carried nut.ap the site;
¥ . . . hence it need special field
8 4 ’ (4) site factors such as mud disposal, . ing Ppp*lon ~and :UP“er Aon.: |
o availability of wutilities, time o ’ -
restrictions and availability of 4. The accuracy nf the thﬂvatlon to a
- working space. certain - extent. depends: . on the
Cx . ' . “skill and . experience  of  the
5.1 Advantages . - - operator. o
1. It  is possible to produce time © 5. Digposal of used slurries'and spoil
savings that satisfy the . goal of o C-material “oin urban areas. may poge
rapid completion. This is true for ' U special problems. ;.
examples with the under-the -~roof
‘method or by the downward o
construction process, whereby the 5.3 Conclusions
excavation of the basewment and  the . ) - L . :
erection  of superstructure  can Diaphragm’ - walling is  how & & fully
proceed simultaneously. accepted construction technique in civil
: engineering specially in the developed
2. The method can be adopted undetr world., In recent +times diaphragm wall
unfavorable soil and hydrological “eonstruction | method has o0 been
- coriditions and where other successfully appllpd in many’ developing
techniques many have limitations. countries in Asia and other regions of
The walls can be constructed to ' ¢ - the world. Lo ST ‘
considerable depths ahead of the L : S : S
main excavation and act as " Economic applicability of ° diaphragm
structural underpinning to adjacent walling in  Sri  Lanka need = further
structures. - " research - and analydis, - espacially
) , ) T T because 1ntrodurt10n of ~ Lhe :‘technique
3. The © installation is completed essentially means import of equipment
essentially free from noise and < rand  know how. 'Furthpr developient in
vibrations and can accommodate the urban areas (such ds baseuwent. car parks
requirements of dry excavation. ~multi-level basements i of < high- rlsP
Maximum usage of +the =site is “buildings - and perhaps a subway system)
ossible by building walls along in Sri Lanka could be the right time to
o the site boundary and panel can introduce dlaphrugm walllng 19phn1gup Lo
- actually be constructed against Sri Lanka.
existing buildings under minimumn S o RS A
. clesarance. The technique is not } K T -
(:;f . sensitive to irregular wall layout.
4. Ground movement and settlement can
be eliminated or sufficiently

controlled with Dbracing such as
. cross walls and  permanent floors.

The cross walls can be  constructed

by the diaphragm wall ‘technique
prior to the main excavation.
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WATERFRONT EARTH

D. GODAGE SRI LANKA PORTS

WATERFRONT EARTH RETA

D. GODAGE

1. INTRODUCTION

An earth retaining structure as the term
means is a structure to hold in place an
earthfill or a vertical embankment of earth.
1t is & common civil englimeering. structure.
N quay wall for berthing of wvessels, lake
or river. embankment wall, drydock wall are
among waterfront earth retaining structures.
A waterfront !earth retalnlng structure differs
from. an ordinary land-based.: earth _retanlng
structure prlncipally in the 1loads imposed
on. it and in its intended use. It has a head
of water against the face. of. structure oppo-
site to that retaining the backfill which
means -that the structure is submerged.

2. TYPE OF STRUCTURES

2.1 Classification by usage

By usage the uaterfront earth retaining struc-
tures . may " be -classified as permanent. and
temporary and some examples are given belouw:

a) Permanent Structures
Quay walls
"Revetments
Seawalls
alls for reclamatiun
Drydock walls
Lock walls

b) Tempofary Structures :
) ) temporary retaining walls
Cofferdams

2.2 Classification by Structural type

By structural type, the earth retaining struc-
tures may be classified as:

a) Gravity type'; princ1pal examples being:
Caissan oo : .
. L-shaped block
., Rectang ular mass~-concrete
cellular concrete block
Cast-in-place concrete or masnnry

block

- be listed as fullous

RETAINING .STRUCTURES

AUTHORITY

NG STRUCTURES

- SRI LANKAJPORTS AUTHORITY

b) ShEEt pile type

~Cantilever
' - .Yertical
pile anchor
coupled
riile anchor
feadman
anchor

- Tiernd

<Anchored. ) »

k —.Batter—pilelanchor
- Relieving platform

-Cellular. . B R

-0ther  * |- double sheet-pile"
R o uall'
- multi strut type.'

3. EXTERNAL FURCES AND LOADS ON STRUCTURES

forces and loads
garth retaining

The external
waterfront

acting on a
structure could

a.isurcharge .

b. Dead weight of structure .

ca:Earthpressure and residual watar pre—
ssure - - : :

d. Buoyancy

"e. Tractive force/lmpact force of vessels

Depending on the type of structure selected
for design, some of the above listed forces
and loads may ‘be ignored or could be reduced.
For instance, the dead weight is not consi-

dered in design of sheet~pile structure.

The surcharge in ordinary condition shall be
determined with due consideration of the cargs
handling practices  in-a quay- apron or other
load as the cese may be. Benerally & surcharge
of 2t/m? is used- in harbour facilities. If
there are onther live loads such as crane wheel
load, they shall be considered in addition.

The weight of & gravity type quay wall will be
that of the portion inm frfont of the vertical
plane passing. through the: rear toe of the

wall as shown in Fig. 1.
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Fig. 1.
The backfill behind the wall exerts lateral In ‘case of steel sheet pile wall é/} af tge

pressure on the wall which tends te push it tidal range is used

away and the  backfill is in active state of T

deformation. For an wunyielding rigid’ wall, When ~a“mooring post or & bollard is provided

no scil deformation is possible and the back- on the wall, the pull’ or tractive force of

fill is said toc be in a neutral or at-rest the vessel acting on . the bollard-is 1ranmit-

Condition to which as earth pressure coeffi- ted to the 'structure.’ In the case of an an-.

cent value wvarying from 0.4 to 0.5 corres- chored  sheet-pile” wall ‘the tractive force C}
ponds. In general, granular fills are used is transmitted to the tie-rods. - ¢ #

in waterfront retaining structures of harbour
facilities and- clay  backfills are  avolded.

Earth ' pressure coefficients are available 4. CHARACTERISTICS OF EACH STRUCTURE TYPE : o
in tabular form in reference . to soil charac- PO :
teristics shape and condition of structure, 4.1 Gravity Type
. shape of backfill etc. ) < : H

In the design of waterfront structures, resi- Gravity walls dre massive and they are satis-

dual water pressure should be added: to the factory . if the ‘sgil ‘layers -beneath hase’ are

lateral earth pressure. The difference in firm. Frequently part. .of "the soft /natural
waterlevel  in the backfill and. waterlevel bottom ‘is dredged: away and-:rTeplaced - with

in front of the wall is the reason for residual sand ‘or granular fill .forming  a mattress

water pressure and it is determined considering to distribute the load of strugture on the

the permeability of the wall and.-tidal range. underlying soil. The use of a granular magtress

Usually 1/3~2/3 of the tidal. range.is recom- is advisable as it prov1des an even surface

mended in design and the pressure distribution for seating of heavy structure above it and

as shown in Fig. 2. a higher resistance to sliding of the wall.

Gravity type walls are very frequently cons-
tructed using precast concrete wunits such
as caissons, L-shaped blocks., Tectangular
mass-concrete blocks, cellular concrete .blocks.
Sometimes cast-in-situ concrete and masonry

r——-77§z§%7————*‘ o are also used 1n construction
R . 2 Ryl w0 o : The design of. grav1ty type wall wuuld folluw
Ll i” ‘ P . ‘ the sequence given below,;:J' )
il e : a. determine design conditions
: ' S b. assume wall dimensions . ..
c. determine exterpal forces 'acting on
the wall. . . .
d. examine the st;ucture for stability,
Tvel. ok ‘ in general for e
iﬁhjﬁe””" : . . sliding of. wall
o v . bearing capacity of foundation
. : ) . overturning of wall
Swnnk W . . "
rﬁl % of Aﬁiﬁ,_ . circular slip and settlement. £
In cese of concrete block walls it is nece~-
o oy 4 ' ) ssary to examine the stability of the wall
/272.£%suﬂlalﬂ.kVafer. FVESSUKG . for different horizontal planes thet cansti-




e —

tute the joints. The presence of interlocking
keys between blocks are neglected and the
forces acting on the portion of wall above

any horizontal sectlon are -used
nation.

The factor of safety against sliding
be mare .than 1.2 for satisfactory performance.
very frequently, improved coefficant of fric-
tion between. the bottom of the wall and foun-
dation is ‘achieved by using & sand, crushed
stone or graded rock mattress. Case-in-place
concrete foundation is also used.

in this exami-

. The Ffactor of safety against overturning shall

be 1.2 or mare. In case of bottom opened cel-
lular-block type 'wall the “cellular conctrete
block and the infill shall be considered sepa-

rately. The resisting moment .due to vertical
force of concrete block and wall friction
forces due to filling 'shall be greater than

the aoverturning moment due to external forces.

If factor of safety is less than 1, then the
cellular  block will overturn leaving behind
the filling.

In the examination for bearing capacity, the

vertical loads and lateral 1loads acting an
the wall- shall be considered. Generally, the
foundation of a gravity wall is of a two-layer
with granular mattress on the subsoil. This
characteristic of the foundation should be
noted in the analysis. :

If the foundation ground of a gravity type
wall 1is soft clay, then it 1is necessary to
examine the stability against slip failure
and settlement.

when reinforced concrete pre~cast caissons
are used 'in ‘wall structure, they must be de-
signed to be safe during launching, floating,

towing and at different stages of construction.
Once the caission is in place it is filled with
sand and/or cancrete, then it acts as a massive
gravity retaining wall.

Examples of gravity type structures are shown
in Fig. 3 - @& mass concrete wall 3.6m (12
feet) high from Beira Lake, Fig. 4 - a con-
crete-block wall 14.3m (47 feet) high at Queen
Elizabeth Quay, Fig. 5 - a reinforced concrete
caisson wall 15 m high at Jaye Container Ter-
minal.

-

+9%0

+6-0" waler Lavel -

20lo” cha‘/qccfle.ye[. ,‘
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b=

‘H ‘u “€>;2A” Timber Plles

F@S}—BE/RA LAKE QUAYWALL

"of the
.shall

‘and it is easy to build.

L.,2 Sheet pile type

The sheet pile type structure. is designed
to resist external farces by flexural rigidity
sheet piling, soil reaction -of the
embedded portien of  the -shegt piling and
‘Tesisting force due to anchor oT upper support
if available. The deslgn cansiderations of
a sheet pile type wall . include:

a) Calculation of external fU]CES and late-
ral pressures acting on ‘the wall

b) determination of reguired pile penetra-
tion depth -

c) Computation of bending moment in the wall

d) Selection of appropriate shept pile and

) computation of maximum stress

e) design of anchor system.

4.2.1 Cantilever type

Cantilever type of sheet pila mall is designed
to resist lLateral forces by flexural rigidity

of sheet piling and. the soil. reaction of
the.  embedded portion of ~pile. This type is
suitable for small-scale retaining structure

Cofferdams are easily
constructed using single line of steel sheet
piling. Steel and reinforced concrete sheet
piles are wused "in permanent constructions.
While the steel sheet .piles have interlocking
arrangements, tongue and grpove arrangement
is used in reinforced concrete piles . though
it is less effective in sealing the backfill.
In case af fictitious

5éndy» sail, a

seabed
ig used instead of the actual sea bed., The
fictitious sea bed is located @ point where
active pressure and residual waler pressure
equal passive earth pressure.
Two examples of cantilever wall’, o0& with
reinforced concrete sheet pile (Fig. 6) and-
other with concrete -cylinder (Fig. 7) are
shoun. B N
+8-0° .'41~
R T { X v/\vwa/
r6-0. Woter: leve!l v
"'———-«:.E—wv- —
———— - \-GfCVe[ﬂ" r———r

. o 12%20" Reinforced. . cores
-4'0" Predged level i sheel . piles
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4.2.2 Anchored Type

Anchaored type structure has an upper support in
addition to the so0il reaction of. the embedded
portion of sheet pile ‘wall. Mainly, there
are three types classified under anchored

- type of wall, viz. tie-rod type

bapter-pile’type: i
.relieving platform type.

4.2.2.1 fie-rud Type

The tle rod anchor type \is Qery common . This
type of structure is supported by the passive

earth pressure in front of embedded portion
of piles and anchor tie-rods near the top
of plles. The design theories developed for

the analysis of tie-rod anchor type structure
may be as follous .

(@D Based ‘on
theory

classical  earth pressure
- Free Earth Support method
~ Fixed Earth Support method

(11) - Equivalent Beam Method (after Blum)
~ Simplified . Equivalent Beam Method
(after Tschebotarioff)

(ii1)Empirical rules
. (Danish rules)

based on experience

In most design'-pragtices. the penetration
depth of pile is calculated based on”the equi-
tibrium of moment at’ the tie-rod ‘level due
to passive pressure and active pressure, using

a factor of safety of 1.5 or more in sandy
soll and 1.2 -or more in cohesive soil. The
bending moment in pile 1is determined

by assuming a wvirtual. simplified

<3




- Surcharge

beam supported at tie-rod level and at dredge W
3 . r
5 line. : v ' LWL 4r , 2 R.W.L.

p>

Fig. 8 shows pressure distribution in sandy = ) Residual water
soil on a sheet pile wall. Fig. 9 -shows Ima- ™  pressure
ginary Beam method” for bending moment calcu- U | sem— == Puw
latian. : 1F = ,!,

- - S b -
The tie-rod can 'be a high tensile steel rod, o D.L. 1 (=

a wire rope of high' tensile steel or a pre-
stressed - concrete -"heam having high tensile
wire. It shall be designed to take the reac-
tion at tie-rod setting level. The force. on

Ry || Active earth pressure

Pig. 9 Imaginary Beam Method

L

mooring bollard of guay will be transmitted- _

to the tie-rod. : o

The anchorage for tie-rod is generally provided < LWL v e o Anchoring wall

by ] } ; \0(*" : :;‘_’-}‘s/r;\
AnchoT wall » ’ ) Sheet piling — &‘cﬂ Dhag, Np’”re
Anchor pile or pile wall D.L. e Lo .
Coupled batter piles , SZ 7 A

The recommended location of anchorage works

in each case are given in Fig. 10, 11 and ] )

12. The external forces acting in the case e .

of an anchorage wall are shown in Fig. 10A. v Fig. 1O .- Location of Anchoring Wall

Two examples of tie-beam anchor quay walls
are given from Galle Harbour and Colombo Har-
bour in Figs. 14 and 15.

I
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)-7;9‘8, Earth and Water Pressures Actihg on Sheet Pile Wall

) Fig. 12.. Location‘ of Anclioring Batter Piles
4.2.2.2 Batter~pile Anchor Type ) This type af structure is suitable for off-:
e '

shore reclamation projects as 1t has rela-.
.The batter~pile anchor type structure

has tively high self-standing stabllity. It
very * high resistance against. wave pressure is also suitable at sites where tie-rod insta-
” among . those constructed wusing sheet piles. llation 1w impossible due to bulldings or
Cy The. heads of batter-piles and sheet pile wall

pther. obstructiéens. . Long batter
‘raguired as they are suhbjected
futce., Application of tnis type
is not available locally.

plles are
tuy pull-out
af "structure

are tightly connected to ensure stability,
as. shown in Fig. 16, :




Structure and
External Forces

Fig-10A
External Forces Acting on Anchoring Wall

4.2.2.3 Relieving Platform Type

The 'structure with a heavy platform which-
carry surcharge loads and most of the fill
water level relieves earth pressure

above
" sn the sheet pile wall. The load -.on the plat-
form is. transmitted to ground by piles thereby
decreasing the lateral. pressure’ of the fill
on the sheet plle wall. Fig. 17 shows the
pressure distribution an ‘this type of struc-
ture. . The horizontal force transmitted from sheet piles
te the platform is the tie-rod reaction similar to that
from tie-rod type structure.

—
= 1
;
H +M
i
=
T A
1 -M

Fig. I7. Relieving Platform Type Structure

‘Relieving platform type structure is an expensive cons-
truction and it 1is generally suitable for deeper water
depths than the ordinary sheet pile wall can serve.

Application of type of. structure is not found here.

4.2.3 Cellular Type

The -cellular type sheet pile structure is constructed
by driving interlocking straight-web sheet piles to
form & circular cell "and in-filling it with granular
material such as sand or gravel. This structure .behaves
as a gravity wall having good stability. The individual

Bending Moment
Diagram

Fig. .
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16 , Batter-Pile Anchor Structure -

cells are

by connected by connection arcs and the spaces -
are filled with sand.
lular type wall.

B B=5!L

) B Equivalent Width (m)

. L; Effective Length of Oue et of Cell (m)
S; Area ‘of one Set of Cell (m?)

Inside {ill

Flat:Type Sheet Pile
Cellular Structure

Fig. §8 . Cellular Structures

Celiular type structure.is used as permanent

waterfront structure or as temporary cofferdam.

This structure 1is appliceble. when subsocil
is .unstable at great depths or in‘deep water.

independently
filled ‘as soogn-as the
hecgause the

Individual cells are
and. each cell must be 2 d
driving. aperation is completed

structure is not stable upless it is in-filled.

The deformation or overturning moment due
to lateral earth pressure 1s resisted by
the resisting moment due to filling and due to

Fig. 18 1llustrates Cel-

stable.
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friction between interlocking joints of sheet
piles. During - deformation cell, the sheet
piles 1in: the Tear is rTesisted from pullout
by the friction forces of the backfill on
the pipes to the full height. For this reason

frorit sheet piles are embedded to a deeper’

depth than the rear piles. In case of soft
gqround, same -depth 1is used -for .all piles.

In design <calculations, an equivalent width

of wall is adopted. The cell wall is designed
for hoop- tension. Example of application of
this type of structure is not available
locally. .

L.2.4 Double sheet-pile Wall Type

With the double wall type, two parallel Tows
of sheet..piles are driven, they are tled toge-
ther - and the space between them is filled
with sand or gravel. This type of structure
is widely used for cofferdams, also appplicable

for dock walls. See Fig. 19 for this type

of structure.

An application of double sheet-pile wall for
a cofferdam 4in the Port of Colombo is shouwn
in Fig. 20. In this case, the two rows of
piles were driven to bed rock for water sealing
rather than for stability pUTpPOSESs.

~—

\

D

Structure and
External Forces

C Bending Moment

Fig. 19. Double Sheet Pile Wall Structure

5. CONSTRUCTION MATERIALS

Concrete and steel are the main construction materials
used in the construction of - waterfront structures. The
use of steel in the marine environment is limited in
this country in permanent structures in view of corrosion
problems. One important design factor to teke into consi-
deration in use of steel piling in agusous enviromment
. is ‘the :effect of corrosion.There are marine steels having
high resistance to corrssion that may be used. In view
of extensive studies ‘carried out and more information
aveilable, . the effects of corrosion can be betier assess-
ed for their influence on structure service life.
The. cancrete is a material that has withstood
the marine environment for long years and is
extensively used in such structures. Reinforced
concrete, however, will have corrosion problems
of steel reinforcement if proper design and
quality control is not ensured. .

6. CONCLUDING REMARKS

The paper describes the different. typas of

Waterfront earth retaining structures-with

less design details. More emphasis. is glven
to types of structures which has been aspplied
in this country. While there are other exam-
ples available in the particular type only
a few have been presented. There are no rlgld
rules to specify one type for & particuler
site but often more than one structure will
satisfactorily meet ‘the soil Clonditlons. at
the same site from a soil-engineering point
of view. It 1is 'necessary also to combine

environmentatl conditions &8s well a&nd work

out the more enconomical. solution.
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- utilities

‘The ' trench box is then lowered

LansTUBINAL SECTION OF PRorsep T - -
| TRENCH QOERATION

Typical crew consisted of;

Foresmean

Surveyor

Pipe layers .

Operators

Drivers

Mechanic : :

Electrician (when generator and pumps

are required)

Plumber (to repair damaged water mains

for service connections) .
3 Labourers ’
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ofiﬁire.

replace

The +trench is then excavated to the
required depth, pipe laid and backfilled.

C‘bggt Ej ] j !Jg Mgth;d.
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the 'sheet piles are driven, after the
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out ko locate the underground utilities.
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is similar to that of the trench box.

Additional equipment needead ure;

crane and vibro hammer

Trenches are reqguired to be reasonably dry
at the time of placing of bedding &nd
pipes. In crder to satisfy this condition,
adequate number of  pumps with  required
capacities ‘are essential.
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water table is very high (such as coastal
areas of Dehiwela-Mount Lavinia) dewatering
has  to be done at least 2 weeks prior to
excavation being commenced. This WaE
achieved by using a system of "well points”
(see Fig 3) uptc 6 -7 m depths. Deeper
excavations regquired a cmbination of "well
points” and deep wells (usually lovated et
1 m to 4mc/c). Construction of desp
wells have to be carried out carefully with
proper filters and sorsens to prevent the
migration of "fine sand” {frowm the 5011, :
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D.D. SENANAYAKE

1.0 lntroductory Remarks
Retaining walls constitute essential structural elements
in roads and functionally they could broadly be grouped as

follows @~

{a) Structureé supp¢rping road embankments .
(b) Structures sup#&rting road cutting along hill side siopes
(c) Structures used as preventive measures against landslides
{d) Structures used-as abutinents and wingwalls.of bridages

The -last of chetabove is a subject for another paper and
as such aspects regarding 1,2 & 3 only will bhe discussed in
this paper.

Az ‘regards (a). above, the'retaining walls will take the

form of “toe walls™ supporting a scil surcharge -in most

instances ~as = indicated in figure 1 (annex 1). There could

also be instances where the retaining wall will “extend right

‘up to the top of the embankment fill as indicated in figure

2 (annex 1).

Normally these retaining walls are first constructed and

are.  backfilled 'with suiteble soil. As such the structure

could. depend on the infill soil to provide for part qf' the

stability against overturning or rotation.

In the cases of (b} & (¢) above. the type of structure

may have be such that during construction it will cause the

least disturbance " to the scil lavers that the retaining wall

is meant to provide the support tor. As =uch it will not

always be possible ' for these structurez to depend. on the

supporting soil for stability. Sueh structures may get

partial  support from the soil infili ac oubicated in Tijgure
3 (annex 1 or no qup suppart, at all as indicated in

4 (annex 1.

0 Tvpes af Relaining Walls in uss

walls

Most of the retaining found along roads in this

country are those that depend  on their mass for wstability

and are mostiy built of random rubble (RR), mass concrete or
dressed stone. Of these the dressed stone type beiong toc the

initial period  of road ~onstruction. ln preasent day context,

however, KRR predominates.
“Flexible” retaining walls using Gabions have been tried

experimental basis and

out’ on an found to be successful

containing landslides."High initial - coste

particularly in

cnoemaily
figure

RETAINING WALLS IN ROAD WORKS '

RESEARCH & DEVELOPMENT
ROAD DEVELOPMENT AUTHORITY

however, has made this type of conshruction less attractive.

Durabhiiity of the mesh vsed in. ﬂubion& is another aspect

that concerns the highway designer.
Very little

consideration has been given to retaining

wull construction using reinforced concrete (RC) although it

aould be  argued that they will be highly competitive. i not
more sdvantages, in the case of étrucuureﬂ taller than about
‘Sm €16 fur). It is falrly well realized that to retain e hill
"alde cut, where the base of the

gtructure has o protrude

sut, as indicated in figures 3 & 4 (annex 1), RC sections

Care more advantageg. Some efforts have theen made in recent

times  in the uge ~  of RC construction, = under such

circumstances.
3.0 Designe Considerations o ' S

Essential designs conaiderations regarding retaining

wnlls are -

‘Stability of the structure agéinsh rotdtion and sliding

‘-~ Stability of the supporting soil against ylelding.

3.1 The forces that have to be  dealt with ‘generslly,

repgarding the stability of the structure are :-

(s} Degtabilleing. focgss

{11 Active pressurss of retaingd szolls

(1i)  Pore wiater pressurss within bhe retadned EERE-

{1ii) Surcharge loading due to . rond  pavements  and traff]

considered am o ouniformly dtotributed toad (Hhlg

s -t fguren 1&2 fannex 1)

4ivl  Surcharge  loading . due Lo othar #tructures such  as

‘buildings e figure O (annex 1}

(b) Beatralning forcss against slidiog

(1) JFrictiona! resistanceé of the supporting scil atu the base

(ii; Passive .pressure of the spil in front of ché wal‘l
(c) Restraining forces againat rofation

(i The weight of the structure, and also the Qeight of the
soil till behind the wall where applicable )
(1i) Forces due to any anchoring of ° the wall ‘which _could

restréin both rotation as well -as aliding - see figure 5

{annex 1).




Activs and Passive piessiice od soils L

An accurate determination of = active and passive

ssures of the soils, acting on a retaining wall, will

wally not be possible particularly because of the non

‘ormity of the soil type or types encountered and the

intions of their denseness. However, assuming that the

ts are reasonably uniform and could be categorised, and

+ assuming that they are reasonably well compacted, earth
wure theories have been made use of to derive formulae

their calculation.

Hand Book by

are given in

The reader is referred to the Designer’ s

wlds and _Scaedman(l) whétg such = formuiae

pect of several condiéfons_ of the backfill and in

1tion to several types of-sgiL
referred to the charts given by

The  reader is - also

zaghi and Peck(2), which combines.theory . and practice in

nemi-empherical. . manner to give a method of aasesament of

active pressures of the backfill .in relation to the soil
« and in relation to several conditions of backtill. For

5 purpose five types of soils have been identified.

and Peck(2),
ortance to the passive pressures of the

nt,  oif the

‘Terzaghi however, does not attach much

asoil located in

wall and infact suggests that this could be

lected in some ‘instances.

In _the use of .these formulae and the charts an essential

uirement is the identification of soil type encountered

as such the importance of carrying out soil

ur to- the designing of retaining walls, has to be

wosed.

Pore Water pressure within soils

The pressures due to pore water “in the retained soils

v from season to season in addition to variastions due to

I type and to the denseness of the sucils. These pressures

ld reach serious dimensions in the case of hill slopes.

such adeguate ‘preventive such as . providing an

filter

measures

regate layer behihd the wall and weepholes in the

1 has to be given due consideration. Instances are  wmany,

retaining walils having been. pushed out and/or ‘tilted. and

o collapsed, during rainy seasons, as a result of
rssive build up of pore water pressures in the retained

1s.

Fo o ine. wi
Terzaghi and Peck(2)
caused by

states that most ' retaining wall

lures are inadequacies of foundations. This

.tement holds good in our context " too, -&nd  instances are
v of collapses of road side retaining walla due to the

e reason.

Very little attention is normally paid to investigations

Assessment of bearing capacities of the =supporting
tu. pacticularly of the layers benieth. ft has . nan  become
standard  prectice in this country o carrynut sub-gurfages
catigationg prior to tﬁe construction- of  retaining ‘walis

pt under.excepcional circumstances.

In  the désign of retaining walls., it is a standard
. tice to ensure that the resultant of the forces fall
hir the middle third of the base. This is a good practice

surveys -

enamres  that no

particuiarty with xgravity walls, aé it

tension ia developed at the base. However, in the limiting
case o! thin connideration the stress at the toe becomes
double Lhat of.the average, which is the value thst needs to

the design. Where this value of atress is not
anil at the

be watched in

ziven sufficlent consideration yielding of the

toe thkes place normally resulting in tilting and/sor
cracking of the wall.

For consideration of the reader =some allowable " bearing
pressuras’ depending on the so0il type are given in table 1
(annex 2).-Howéver. these are meant only for small scale
coutine Jjobs and where :the  possible  sectlements are of a

small orvder.

3.7 Satuehy._against sliding o
The sliding of & retaining wall is prevented by the

friction . between the ®o0il and the base -and alsc by the

pessive pressure of the soil in contact with . the outer face

of the wall foundation. . R
that there is
wall a factor of safety of 1.5 is normally. provided and the
frictional

To . ensure no appneéiabla sliding of the

recommendad  values  of coefficient, by which the

normal load should be multiplied to. obtain' the frictional

resistanca, ‘varies between-.about 0.35.to 0.55 depending on

the soil type and its degree of compaction.

Thus 1t would be that the selection of a:proper
coefficlent of friction, depending on the type " aAnd

cf the  soil, i an important consideration in the design of

seen

retaining walls. i a : .

4.0 Aspecln.of conmtruction.

As indicated sarlier, most retaining walis along our

roads are of gravity type and are normally conetructed using

these

RR. Soms of have alaso been constructerd. using mass
concrets.,

In the case of RR construction, -1t is a condition
written inte the new ape:ifications<3) chat through-stones

should bw provided at regular intervala. Thease stones have &

tying-up affect of the wall, which is necesaary particqlarly
becauss of the poor Jointing of the RR that is normally
carried ouf. ) ) ' ’
Construction hevvpromoted
laid

are used and

using mass ' concrete should
wherever possible as
unlike

provided a reasonable control is exercised during

mass concrete could  be mare

uniformly RR. provided - steel shuttsrs
mixing and

laying of the concrete.

Flexible ‘retasining walls, constructed uélng Gabions also
should be promoted.particularly ~for hill side
slides. . The

slopes that

ars  prone Lo cost effectiveness of the uvse of

plastic raated mesh  for the gabions has still - e L3
establinhed and this hsa be studied.
Cost. effectiveness of RC construction for situations

discussed  in the paper has also to be studied in greater

ﬂetailA

9.2

condition

g;}ﬁ,

o
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5.0 Concluding remarks

Retaining walls constitute "high wunit cost” items in

road ‘constructien and road rehabilitation and
deserves a more careful investigation process
process than

as such
and designing
presently being adopted. There is no doubt that
this could be a topic for a syétematic

research study by a
selected group of persons.
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Table ! ~ Bearing pressures of soil§$§
Type of Soils ~ Safe bearing pressure KN/me
{T/sq.ft)
{a) Cohesion=less scils Dry Sub-merged
(1) Compact well graded 400-800 (4-6) 200-300 (2-3)
sands and gravel sand
mixes

(ii) Loose well graded sands 200-400 (2-4) 100-200 (1-2)
and gravel sand mixes

(iii)Coﬁpact uniform sand 200-400 (2-4) 100-200 (1-2)
(iv) Loose uniform sand 100-200 (1~2) 50-100(1/2~1)
(v) Cohesive moils (other than lateritic apils)
{i) Stiff clays and sandy 200-400 (2-4)

claye
{ii} Firm sandy clays 100-200 (1-2)
(iii)Sth clays and silts 50~-100 (1/2-~1)
{iv) Very soft clays and 0~50 (0-1/2)
(c) Latepitic moils ‘ e

Hand Crust 400—660 (4-6)

Intemediate layer 150-400 (2-4)

blayey layer ‘ 100-150 (1-2)

(d) Gravelly s=soils

Gravelly sand clay mixes, loose -- 100-200 (1-2)
Gravelly sand clay mixes, medium-- 200-400 (2-4)
Gravelly sand clay mixes, dense -- 400-600 (4-8)
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