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ABSTRACT

Ferrocement has been used in a variety of applications such as boats,
tanks, silos and roofs. For rooﬁng.purposes, its behaviour has becen investigated
by many resea.rchers in the form of channel sections, ribbed slabs, folded
plates and shells of various shapes. Only channel sections and ribbed slébs
provide a flat top surface, Due to their small flexural rigidities, these elements
undergo larrge deflections and cracking at service léads. To teduce deflection
and cracking and also to have a flat top surface, a new type of roofing/flooring
element in the form of box girder shape has been investigated experimentaliy

and analytically in the present study.

The experimental investigation has been carried out by testing niear
. prototype size ferrocement box girders. Two box girders were tested under
uniformly distributed load (udl) over the entire top flange and two other under
udl  over half flange width and full span. Two box girders were joined at
~the -level of top flange. The combined box girder was loaded and unloaded
under various load combination:s in the uncracked‘stagc-;. ’The girder was
later subjected to monotonically increasing sustained loads of short duratibns.
One composite box gifder made of bottom flange and side webs 6f ferrocement
and top ‘flange of reinforced concrete was cast and tested under udl over the

cntire top flange. Aftef unloa‘ding it was again subjected to sustained loads

of short durations upto the penultimate load and for ten and half . months

at maximum applied load.

]

For the elastic analysis of tlreedimensional ferrocement structures such
as folded platés and shells of various shapes, beam theory, membrane theory,
membrane-bending theory and finite element method have been used by various

researchers. The analysis in the cracked range has been reportedll only in

the case of folded pilates using beam theory to predict deflections, first crack
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load and ultimate lcad. Even the elastic analysis of folded plates using beam
t‘h.éory is an approximate one because it does not take into account the distor-
tion and warping of the cross-section. The analysis in the cracked range
is even more approximate as it-does not take into account the changing rigidity
of the material at different seétions, material anisotropy and yielding: of

the reinforcement leading to jocal redistribution of stresses.

To overcome above deficiencies, finite element method has been used
to predict the behaviour of ferroccement box girders through the elastic, cracked
and ultimate stages. Further to economize the finite element solution, the
conventional layered approach has been suitably modified for thin ferrocement
plated structures. Instead of considering the element to be consisting of
-S;J-i.table number of layers of mortar and reinforcement, the element is as§umed
to be consisting of single mortar laye-r in the u_ncracked stage, uncracked énd
cracked mortar layers in the cracked stage and smeared layers of wire mesh
and skeletal steel. In the dcracked stage, the depth of cracked/yielded/crushed
mortar is determinea. The stiffness of the element in the cracked stage
is obtained by adding the contributions due tb uncracked mortar layer, cracked/ .

ylelded mortar layer and unyielded layers of wire mesh and skeletal steel.

The finite element analysis has been carried out under dead loads and
monotonically increasing live loads. A rectangular fiat shell element capable
of representing membrane action, bending action and the interaction between
membrane and bending- action is adopted. Only material nonlinearity due
to cracking of mortar, tension stiffening effect of mortar between the C;acks
and the nonlinear stress-strain relationships for the mortar, wire mesh. and
skeletal steel is considered. Since the box section provides large flexural
an'd torsional rigidity, the deflections in the cracked range are found to be

smaljl and hence, geometrical nonlinearity is not considered. Also not considered
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in. the analysis are bond slip between the reinforcement and mortar, time

dependent and thermal effects.

An incremental iterative procedure capable of taking advantage of
- both the tangent and constant stillness approach has been used for the nonlinear
analysis. A general computer program has been developed to facilitate computer

" aided analysis.

The validation of the proposed analytical formulation has been checked
by comparing the predicted results with the reported experimental/analytical
results of typical test problems taken from the literature as weli as with

the experimental results of the present investigation.

The predicted values from the proposed analytical method are generally
in good agreement with the experimental values except near the ultimate

failure load where predicted values are on the flexible side.

The experimental investigation shows that the limit state of serviceability
. for ferr(:)cémént box girders is govefned by the maximum crack width. At
the regom_mended crack widf_h of 0.1 mm, the span/deflection ratio is much
above the value of 250 as permitted by LS. Clode._ At a span/deflection

ratio of 250, the load taken by the girders is_close to the yielding of the

reinforcement.

The double cell box girder under various combinations of sy-mmetric
- and unsymmetric loads in the uncracked stage has behaved as one single unit
by undergoing downward deflections along the entire length and width. This

demonstrates the large load distribution capability of the box section.

Replacing the top ferrocement flange by a reinforced concrete one

results into the lowering of the first crack load and ultimate load.
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The failure of the girders is characterized by well distributed flexural
‘cracks over the bottom flange and the s-ide webs. Shear cracks which developed
near ultimate load were not significant.  The girders have shown high ductility
by undergoing deflection at ultimate load equal to 5.0 to 6.0 times'. the
deflection at the appcarance of first cracks. The ultimate lo:_xd was found

to be 2.0 to 3.0 times the first crack load. ‘.

The predict\ed crack-patterns of the bottom flange and the side webs
(at ultimate or Amaximum applied loads) of various girders show good agreement
with the experimental cre_ack-patterns. The added advantage of the analytical
method is the -prediction of cracks on .the bottom surface of the top flange

(being inside the box} at ultimate or near ultimate loads.

The increase in deflections or strains due to monotonically increasing
sustained loads of short duration is maximum in the initial portion of the
cracked range. The instantaneous deflection of "the girder is reduced due
' to the sustained loading at lower load levels as compared to the instantaneous
deflection that would have occurred under monotonically increésiné foads.
The sustained loading a.lso leads to an increase in the width of cracks and
the region of cracks formation. However, the ultimate load of the girder is

not affected by monotonically increasing sustained loads of short duration.
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CHAPTER }

INTRODUCTION

].] FERROCEMENT

ACl Committee 549(1 )

defined ferrocement in a broader sense as
a “type of thin wall reinforced concrete commonly constructed of hydraulic
cement mortar reinforced with closely spaced layers of continuous and relatively
small diameter mesh. The mesh may be made of metallic or other suiia\?le
materials. The development -of ferrocement evolved from the fundamental
concept behind reinforced concrete that concrete can withstand large strains
in the neighbourhood of the reinfbrcement, and the magnitude of the strains
depends on the distribution and subdivision of the reinforcement throughout
(2)

the mass of the concrete . Ferrocement behaves as a composite because

the properties of its brittle mortar matrix are improved due to the presence

of ductile wiremesh reinforcement. The closer spactng of the wiremeshes

(distribution) in the rich cement sand mortar and the smaller spacing of wires
in the mesh (subdivision) impart ductility and better crack arrest mechanism
to the material. The surface area to volume ratio (specific surface) of its

reinforcement is an order of magnitude higher than that of ordinary reinforced

(3) .. , o '
concrete' ” 7, This results in a much higher first crack strength of the composite.

The first crack strength of the composne can be further :ncreascd by including

short steel flbres( 3 ) or by short steel fibers and polymer dispersion( ¢)

. lIts ultimate strength depends almost entirely upon the volume fraction of

" the -wiremesht 4 )
' faa

di
V,SJ'FIbUtcd fine cracks as compared to a few random cracks of relatively

larger '
ng crack width in ordinary reinforced concrete. The optlmum use of ferro-

cemen .
oLt t_ lles in areas ‘where its high tensile strength and small thickncss is

»

]udiciously utilized,

+ At working loads, its behaviour is characterized by well




Duc to tts small thickness, the sclf weight of Ic_rroccmcnt clements per
untt arca 1s quite small as compared to reinforced concrete elements. The
thickness of ferrocement elements normally ranges .Irom 10 mm to 40 mm,
where as in reinforced concrete elements, the minimum thickness uscd for shell
or plate clements is around 75 mm. Low self weight and high tensile strength
make ferrocement a .Iavouréble material for prefabrication. Its construction
does not require heavy plant and machinery. However, it is labour intensive.
It becomes economical in situations where the cost of the raw materials
is high and the labour is cheap. Such situation prevails in developing countrics
like India and other third world countries. Ferrocement construction may

be made competitive in developed countries by mechanising the construction

methods.

The basic raw materials required for ferrocement are cement, sand,

water, wire meshes and small diameter mild steel rods. The cement should

normally be of ordinary portland type. It should conform to the specifications
7 : 8

of 1.5, 269—1976( ) or ASTM 5Standard C—ISO( ). The sand should conform

to the 5pecificatioﬁs of 1.5. 383 ;1970( ) or ASTM Standard C-33( 10) and
(11}

C-40 - The water should'be free from impurities. The water which is

good for drinking should be ‘used in the mortar. The cement sand ratio in

the mortar varies from 1:1.5 to 1:2.5 and water cement ratio from 0.35 to

0.50 by weight. Wire meshes of dilferent types such as hexagonal (chicken

wiremesh), 5@uare woven, welded, expanded metal and Watson mesh( t2) are -

available. Most common of these are hexagonal, square woven and welded wire-

meshes., The main requirement is that it should be casily‘ handled 'and, if

'Y

NECessary, figxible enough to be bent around sharp corners. The ACI Committee

‘549~Ferrocement Guide( 13) has specified the minimum yiclid strength and

ef i . . . .
. IEC“V{? modulus of elasticity for wiremeshes. The wircmeshes may be galva-




nized or ungalvanized. i the wiremesh is galvanized and used alongwith

(tre,15)

ungalvanized mild steel bars, thendvomiumtrioxide at the rate of 100 to
300 parts per million by weight of water should be added in preparing the
mortar. This elfectively reduces the reaction between the ga!vanized‘ mesh
an.d the ungalvanized spacing stcel between the layers of mesh. The fwirc.'
meshes are generally made of 0.5 mm to 1.0 mm diameter wire and :';pacod
at 5 mm to 25 mm apart. The volume fraction of the mesh ranges {rom
I to 8 percent of the total volume of the element. The mild stcel rods of
4 mm to 10 mm diamcter arc used in some situations to act as skcictal stecl.
If their spacing is around 300 mm centre to centre, then these are treated
as spacér _bars between the meshes. If thé spacing is around 75 mm cenire
to centre, then these also act as reinforcing bars alongwith the mesh reinfor-
.cement. The minimum cover to the outermost mesh layer is around 2 mm

to 5 mm.

1.2 HISTORICAL DEVELOPMENT

The credit of using ferrocement in the present day form gocs to Joscph
Louis Lambot who in 1848 constructed several rowing boats, plant pots, seats
and other items from a material he called ‘Fercim_ent'“e'). Lambot's construc-
tion consisted oI' a mesh or grid reinforcement made up of two layers of
small diameter iron bars at right angle and plastered with a cement mortar
with a thin cover to the reinforcement. Lambot's rowboats were 3.66 m long.
- 1.22 m wide and 25 mm to 38 mm thick. These were reinforced with grid
and wire netting. One of the béat built by him, still in rema;rkably good condi-

tion, is on display in the museum at Brignoles, France.

Using Lambot's technique, many boats were built in the latter half

of the ni : . :
-, (¢ nineteenth century. The famous among them is a scow called Zeemecuw . -




( 17 ).

(the‘SeaEU”) built in 1887 A few small motor boats and river crafts
were built in the carly part of the twentieth century. It was during the First
~:md Sccond World Wars that serious attention was paid to the use of ferrocement

for shipbuilding. This was due to a severc shortage of good quality timber

and stecl plates.

In t.he early 1940's, Pier Luigi Nervi conducted the first tests on ferro-
cement siabs. It was observed that mortar reinforced with layers of wiremesh
produced a material which possessed the mechanical properties of a homogencous
material, and showed great resistance to impact, and increase in elasticity in
proportion to the distribution and subdivision of the reinforcement throughout

-t'he mass( 18).

In 1945, Nervi bL:I'lll the 165 ton motor yacht 'lIrene’ on a supporting
frame of 6.35 mm dia rods spaced 101.6 mm apart with four layers of wire-
mesh on each side ;Z)f rods. It was plastered by hand with a rich cement mortar
resulting in a total thickness of about 35 mm. It weighed five percent less

than a comparable wooden hull and cost forty percent less at that time.

i

In 1947, Nervi built the [irst terrestrial ferrocement structure, a storage
ware house of about 10.7 m x.21.3 m size. The strength of the structure was

- due to the corrugations of the wall and roof, which were 44.45 mm thick.’

LS

In 1948, Nervi used [errocement in the [irst public structure, the Turin
Exhibition Building. The Central hall of the building, which spans 91.4 m, was
butlt of prefabricated fcrrocement elements connected by reinforced concrete

ar . .
Ches at the top and bottom of the undulations. Prefabricated ferrocement

be - . :
dMs were used in the erection of the peripheral undulated roof of Hall C

‘of tl ibiti O . ,
the exhibition building. Prefabricated ferrocement elements made possible

Gt
the short construction

schedule and the need for very light main structures

covering |,
-Pvering large spans.
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- Mcthod of Production,

Nervi used ferrocement clements in a number of structures. Notable
among them arc the roofls of the swimming pool of the italian Naval Academy,
L3

Leghorn, 1949 and the Palazetto Dello Sport, Rome, 1960( 2 ).

He also uscd
forrocement to act as formwork for casting reinforced concrete clements in

Bologna Tobacco Factory, [949; Gatty Wood FFactory, Rome, 1951 and Fiat

Factory, Turin, 1954.

In 1953, Oberti( 19°)

carried out model tests to support the desién of
the hemicycle shaped central pavillion of the Milan Exhibition Building. Ferro-
cement models built on a scale of one fifth of the prototypc were tested
under uniformly .distribulf.‘d loads. Results of the model tests were found
to be of decisive importance for assessing the safety of the structure and

also for comparison with insitu measurements on the real structure subsequently

built. .

It has been recently reported that the Chinese have been building ferro-
cement boats even before the Second World War. It is estimated that they have
built about 2000 boats. Most of these boats are 12 m to 15 m long and are

mainly used in carrying goods.

Despite the successful use of ferrocement by Nervi, it gained wide
qcceptance only in the early part of 1960's in the United Kingdom, New

Zealand and Australia. However, its application remained confined only to the

area of boat building.

i2.. ) . .
In Soviet Union, the first ferrocement structure - a vauited rool over a

shopping centre was built in Leningrad in 19580207, By shifting to mechanized

ferrocement cleiments have been used in different types

of stry . o
Ctures. About 10 million square meters of roofs have been built in

d_iIIIe

Fent parts of the U.S.S.R. Prefabricated roofing clcmcnls( 20 ) in the




form of pyramidal slabs, ribbed stabs and cylindrical dwlls have bean uuxd o cover
spans ranging from 12 m to 30 m. These roofing structures were used for
auditoriums, exhibition halls, shopping centres, restatrants, sports and agricul-
tural buildings. These were 720 to 40 percent coonomical as compared o
reinforced concrete and steel structures and have shwevn good structural perfor-

mance.

In 1963, a 16 m long yacht 'Awahnee' was built in New Zealand for
an American Veterinarian to his own specifications. In 1967, Awahnee circum-
navigated the world without serious damage although it encountered 70 Knot

gales, cotlided with an iceberg and was rammed by a steel-hulled yachl(z”

(22)

In 1970, a prototype factory-built ferrocement home was constructed

in US.A. The house was found to be much lighter in weight and higher in
resistance to dynamic load than the conventionally built brick or block housc.
The modular home was road tested on a trailor at speed upto 80 km/hr under

normal road conditions. The prototype units, under extensive road testing,

showed no evidence of any structural change.

In 1971, E:arberio(23 ) designed and built a series of cupolas for a [ish

farm in Itaty. The paraboloid cupolas had a span of 16.67 m, height varying

from 3.80 m to 4.80 m and an average thickness of 30 mm. The cupolas

'were built- without the formwork. The reinforcement consisted of 12 mm and

20 mm  diamater steel rods with three layers of galvanized wiremesh of

12.5 mm «x 12.5 mm size with wirc diameter of 0.9 mm. The construction

wa mi o . .
. ® €conomical and competitive, eventhough the foundations gave considerable
RS o T

problems.
Feop .

" In 1971, a ferrocement trawler named 'Rosylin 1I' was built in Hong Kong.

. had at . ) . )
1 overall length of 26 m and o displacement of 230 tons and is cluimed

Do World's largest ferrocement lishing boat(z*).




In 1973, 'the Helsal' a 22 m flong prestressed vessel, won the Sydney-

Hobart occan sailing classic in Austfalia&j). During 1973-78, it was the onlv

ferrocement ocean racing yacht. During 1979-8], it was a chartercd boat

in the Philipptnes. In May 1981, Helsgal was driven into a coral some 120 miles
south of Manila. She was subjectet?j to 6 days of massive tidal movements

before being salvaged. The expert whio inspected the hull for damage conciuded

that it could be repaired to full insurance standards.

In 1974, an amateur boatbuilder launched the 'New FFreedom' a 25.6 m
long ferrocement yacht which is believed to be the largest occan racing yatht

built in Britain since the war.

(26 )

In 1975, two ferrocement aqueducts were designed and built for
rural irrigation in China. The aquedubfs are simply supported on arch type and
.Irarnc type basc structures. The aqueducts are still in good service condition.
The aqucducts were cxamtned in 1984, A few wvisible cracks of crackwidth
0.05 mm to 0.20 mm were Vfoun.d in t_h.e bottom part of the shell in the mid
span ‘region of frame type base structures, The cracks are generally located
near the skeletal steel. The cracks arc primarily duc to poor quality control
during construction. During operation, water infiltrated through a number of
|
cracks but the .phenomeha of leakage ncver happonéd. To avoid lcakage, rubber
cement was plastered on the internal surface of the.shell. The aqueducts have

proved to be more economical than reinforced concrete for flow capacity less

than | m3/5ec.

In 1978, an elevated metro station 43.5 m x 1.60 m in size with conti-

(20)

Nuous ferrocement roofing was erected in Leningrad™ ’. The Leningrad Research

Institute for Standardized and Experimental Design of Residential and Public

L _ o / .
Bu:ldmg Is aiming to develop an egg-shaped ferrocement 'systems' house for

_inhospitatablg regions like Siberia. The ’'systems' house is light in weight,




strong and equipped with all medern a;menities. Its walls are 100 mm to 120 mm

thick. The floor area is 30 m2 to 35 mz. The floor arca can be increascd by

combining two units together. The \\%eight oi the fully furnished and equipped

house is 49 kN. It can be casily 1r:mlsported by land, air or sca. It only requires
(27)

a hole and a bed of sand for its erection .

i

In 1984, lerrocement was used in the construction of a shaking lublc(zm
for the large scale earthquﬁake simulation factlity at the State University
of Noew York at Buffalo. The table is a prestressed composite sandwich structure
consisting of a Istcel frame, a superimposed prestressed-reinforced congrete
grid and ferrocement faces. The ferrocement was found to be particutarly useful
-as the table surface layer. Its unique characteristics led to a very thin and .
y'et stiff facing, which greatly improved the overall dynamic behaviour of

the table.

in the last two decades, ferrocement has been extensively used in different
types of structures. These include barges, docks ,submarine structures, Caissons,
hydraulic gates, swimming pools, storage bins, cooling towers, wind tunnels,
chimneys, pipes, sinall deck bridges, culverts, and formwork for convéntional

concrete construction( 12, 29-31 )-.

In developing countries, tt;e ferrocement construction is mostly manual.
Ferrocement boats, small size water tanks, food grain storage bins, biogas
digesters, small size roofs and irrigation channels are found to be economical
als compared to reinforced concrete. Semi-mechanized methods are ‘being

developed to further reduce the cost.

In developed countries, the ferrocement construction may be made
cCor i . . . .
omical by wusing mechanized methods. It has been economically used in

‘ lar (o] . . .
K 8 %Pan roofs of complex shapes where low self weight of the structure was

- .= key factor.




Even though Nervi built his; successful ferrocement structures during
1947-1960, systematic rcsearch iﬁlto its naterial behaviour started in the
late sixties. Since then a large nul‘mber of rescarchers have investigated its
behaviour in tension, compression and flexure. Many rescarchers have investi-
gated shrinkage, creep, fatigue, impact and durability of ferrocement. Due
to the small cover to the reinforciing mesh, corrosion studies on ferrocement
structures built during the last 10 'ico 20 years have been carried out. Rescar-

chers have atso investigated the use. of short stecl {ibres and polymer dispersion

with a view to attain increased first crack strength and better durability.

e For the analysis of Ierroce;ment e!emer)ts, conventional reinforced
concrete or composite material theory has been used. Some researchers have
neglected the contribution of mortar in tension while others have incorporated
it in the analysis. A few researchers have used [finite element method in

analysing coimnplex shell shapes in the uncracked range and ferrocement plates

in uncracked and cracked range.
1.3 OBIECT AND SCOPE

Ferrocément has' been used .in a variety of eipplications such as boats,
tanks, silos and roofs. For roofing purposes, its behaviour has been investigated
by many researchers in the form of channel séctions, ribbed slabs, {olded
plates and sheils of various shapes. Only channel sections and ribbed  slabs

. provide a flat top surface. Due to their small flexural rigidities, these elements
undergo large deflections and cracking at service loads. To reduce deflection
and cracking and also to have a flat top surface, a new type of roofing/flooring

¢lement in the form of box girder shape has been investigated. Apart from provi-
ding flat top surface, the space in the box section can be used for utility
Services. In the present study, the behaviour of ferrocement box girder elements

h : . . . : .
a5 been Investigated experimentally and analytically through elastic, cracked

<
EVREN

and ultimayg
- Yo nate

stages.

Ferrocement

sted
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‘under simply supported end conditions. The span, width and depth of the girders
was kept constant. Two ferrocement box girders werc tested under udl over
the entire top flange. Two ferrocement box girders were tested under  udl
over half flange width and full‘span._ Two ferrocement box girders were
joined at the‘level.of the top flange. The combined box gider was loaded and
unloaded under  various load co:nbinalions.in the uncracked stage. Finatly
the girder was tested under monotonically increasing sustained loads of short
durations applied over the entire top flange. One box girder with bottom flange
and side webs of ferrocement and top flange of reinforced concrcte was cast
and tested under udi over the entire top flange. After unloading, it was again
subjected to sustained loads of short durations upto the penultimate load

and for ten and half menths at maximum applied load.

In the present study, the ferrocement box girder elements have been
analysed by the f{inite element method under dead loads and monotonically
increasing live loads. The analysis includes tracing the load deforrnation
response, crack propagation - and internal stresses in mortar, wire mesh and

skeletal steel upto the collapse load.

A rectangulér flat shell element capable of representing membrane
action, bending action and the interaction between membrane and bending action
has been adopted. Tﬁe element has been assuméd to be consisting of single
mortar layer in the.uncracked stage, uncracked and cracked mortar layers in
the cracked -stage and smeared layers of wire mesh and skeletal steel. Only
material nonlinearity due to cracking of mortar, tension stiffening effect of
mortar between the cracks and the nonlinear stress-strain relationships. for the
mortar, wire mesh and skeletal stcel is considered. Geometrical nonlinearity,
Bond slip between the reinforcement and mortar, time dependent cffects

and thermal cifects have not been considered.

A general computer program has been developed to implement the analysis.

Validity of “the method ~is checked by comparing the analytical results with




1l

experimental data available in the flitcrature. Finally, the test results of the
!
tlmvprr‘som investipation are rmnpnlrvd with the analytical results obtained by
the proposed method.
14 THESIS ORGANISATION |
i
!
The concept, importance, applications, complexities and historical back-

ground of the problem are highlighted in Chapter I.

Chapter 1l deais with the basic mechanical properties ol ferrocement.
A brief review of investigations c;arried out on dilferent types of roofing

elements by various researchers is also presented.

Chapter HII  deals with the Elinite element method using displacement
approach in briel and its applicatior§1 to nonlinear analysis. A rectangular flat
shell element with general composite’ material properties is developed. Modelling
of the constituent materials, tension E_stiffening and failure criteria are described.
Explicit expressions for membrane, ‘bending and membrane-bending interaction
rigidities are developed. Salient features of the computer program developed
are described. Validity of the method i.s checked by comparing thg analytical

.results with the experimental data available in the literature.

Chapter IV describes the casting and testing of the box girders. The

?

information about materials, specimens, method of casting, curing, instrumenta-

tion and test set up is also given. The experimental results for various girders

. are presented in tabular forms.

S

In Chapters V & VI, test results ol the box girders are compared with

ot .
the analytical results obtained by the proposed method. Experimentally obtained

-

+
a - . . .
average spacing of cracks and maximum crackwidths are compared with the

analyt; - . . .
aly“calfemplrlcal expressions given by various researchers.

The conclusions, suggestions and scope for further work are described

_in Chapter vy,




CHAPTER 1l

~

LITERATURE REVIEW

2.1 GENERAL

Box girder clements carry the applied load due to membrane action.
bending action and interaction betwezn membrane and behding actions. Inter-
action between membrane and bending actions is due to unsyminctrical material
properties of the element with respect to the reference plane or the middle
plane. In ferrocement elements,I membrane-bending interaction will occur
when the wiremesh and skeletal steel reinforcement is not symmetrically placed -
with respect to the middle planc. It becomes more pronounced when the
element is cracked. in order to have a better understanding of the structural
be:haviour of ferrocement hox girders, a briefl review of 018 mechanical propertics
is presented in this chapter.  Also presented in this chapter is a critical review

-of different types of roofing elements investigated by various researchers.

2.2 MECHANICAL PROPERTIES

2.2.1 Ferrocement in Tension

The tensile behaviour of ferrocement elements depends upon the distri-

il

bution and subdivision of reinforcement in the mortar matrix. The distribution

of reinforcement is expressed by the volume fraction which is defined as

the total volume of reinforcement divided by the volume of the composite.

Subdivision of reinforcement is expressed by ths spécific surface which is

defined ag the total surface area of reinforcement divided by the volume

of the composite.

. A . . . .
. VM ferrocement element, under the action of direct tensile load, behaves

as-a hon
: 98eneous elastic material upto the appearance of first cracks. With
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further increase in load, more cracks develop. The number of cracks keep on

T e

increasing with the iIncrease in load: till the mesh reinforcement yields. Upto
i

this stage, the increase in crackwidélﬁ of cracks formed carlier is small. The
: |

number of cracks also stabilize at this stage. A further increase in the load

leads to- the widening of the crackts, and finally the element fails due to

snapping of the wiremeshes. *

|
: | :
Several researchers have investigated the behaviour of ferrocement in

tension.  The uitimate tensile strength of the composite is found to be the
same as the load carrying capacity of the reinforcemnent in the loading

(32-36)

direction . The tensile strength is found to depend upon the orientation
i

: 5
of mesh layers to a large extent. . Johnston and Mattar(B’)

found that the
effect of orientation of the reinforcing layers is most marked for expandeci
metai and is partially associated with differences. in the efifective érea of
steel. -They found that the absolute;strength of ferrocement panels reinforced
with expanded metal in the weaker direction is 8.6% and 17.9% of that
in the other direction, while the effec'tiv_e area of steel in the weaker direction
is 18.7% and 34.9% of tha;f in the_ other direction. The effect of orientation
is also important for the welded mesh where the areas of steel are equal
in both directions. Strength. for the 45°/45°  orientation is 26% of that
for the 0°/90° Aorientatio‘n.' The signifi;ant depencfénce of strength on orienta-
tion is particularly important in application involving biaxilal ‘tension.  In the
case of expanded metal the orientation of the layers must be alternated to
achieve equal composite strength in both directions. In the case of welded
mesh, the weakness in the - 450/450 orien;ation may be significant under
biaxial tensile stresses and the' design should be ‘based on failure at 45° to
the applied stresses.. In terms of effective Jongitudinai area of steel, expanded

fnetal and welded mesh in their nerinal orientations offer approximately cqual

strength.  Their perforinance is found to be better than the woven mesh.
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- The. effect of skeletal steel on the ultimate tensile strength of ferro-

cement has been studied by Pama, Sutharatanachaiyaporn and Leeuu}

(37)

Raisinghant and Pama - They found that the skeletal steel has no contribu-

and Lee,

tion on the ultimate tensile strength because of premature bond failure due

to its poor dispersity in the matrix as characterized by its low specilic surface.

-

The modulus of elasticity of ferrocement in uncracked range (EC) can be

approximately predicted by the law of mixtures of composite r11aterials(32).

(38)

Hugq and Pama theoretically derived the following expression by considering

the geometry and orientation of the mesh :

EC = EITI' Vm + Ef . Vf + I} (2-1)
where EC, Em and EI arc the modulus of elasticity of the composite,
mortar and mesh respectively. Vm and \.’I are the volume fractions of

mortar and mesh in the loading direction and N is the effectivencss factor
of the mesh. Eifectiveness factor y , when multiplied by the volume fraction
or specific surface of reinforcement gives the equivalent voluine Iraciion
or specific surface in the loading directiron. They have also given the thecore-
tical values of n for different types of meshes. Naaman and McCarthy(Bg)
halve called n as global efficiency factor and have experimentally determlined

its value for hexagonal meshes.

The stress at the appearance of first crack is found to be a function of

‘the specific surface of reinforcementuz’ qo). Using Naaman's(“) empirical

formula, the first crack stress, Kc‘r’ imay be obtained from-

H|

24.52 SL + o;-nu (in MPa) (2.2)

where 3 is the specific surface of the reinforcement in the loading direction

. -1 . o L Lo
i mm and (r-nu Is the Gltimate strength of the mortar in direct tension in

MPa,




i

MY

The modulus of elasticity of the composite in the cracked range (Ecr)

depends upon the relevant mechanical properties of wiremesh and mortar.

Huq and Pamaog) theoretically derived the expression of ECr as
q -
E = — b4 EC" . . (2.3)
cr ty cr

where O/t-y and € are the stress and strain at which the composite yields

ty
and O/Cr and €. are the stress and strain at the appearance of [irst crack.
(32) . .
Naaman and Shah gave the following lower bound expression of

Ecr which compared well with their experimental results :
ECI' = E.f. . Vf : (2.4)

The spacing and width of cracks depends upon the stress (or strain)
in the reinforcement, the tensile and bond strengths of mortar, the modulus
of elasticity of mortar and reinforcement, mortar cover and volume fraction

and specific surface of reinforcement..

' (32)
Naaman and Shah predicted the average spacing of cracks ()‘avg)
by the following expression :
oL L ‘
Aavg L6 S (2.5)

This expression is essentially the samne as that derived for reinforced concrete

[ . 42,4 . .
by Robmson( ’ 3). In the above expression, it is assumed that the average

_CraCk Spacing is 1.5 times the minimum crack spacing and the ratio of bond

Strength between the mesh and mortar to the tensile strength of the mortar
IS 1.6, The above expression seems to give an upper bound value to the experi-

‘m : . .
ental results on ferrocement and the deviation has been attrributed 1o the

resenc , )
'p Sence of transverse reinforcement.




44)

Naaman’ proposed the following two expressions to predict maximum

crackwidth (wl ) in ferrozement eleiments reinforced with square meshes 3
Nax )

(i) for 6{ <3450S

w = 3500 /E ' ' {2.6a)
max H

. , . . . -1
where (ﬁ is the stress in the reinforcement in MPa, S, in mm ', w

L max
in mm and EI in- MPa,
(ii) for 6}‘ >3450 S,
w = 29 11754 3.9 fo‘- 36,5 S, )] (2.6b)
max EI : { ) L -

Here 6; is assuincd to be less than the yield strength and in any case less

than 414 MPa.

(38)

Hug and Pama derived the following expressions to predict the
maximum spacing ol cracks ( A ma‘()' and maximum crackwidth by using the

model of Bianchini, Kesler and Lott(qj) for conventional reinforced concrete :

o - mu ° Amm
(i) A =

max . d. 1
u

{in mm) (2.7)

)

' . 2 .
where A is the matrix area ol the assumed model in mm~, d is the
mm :
diameter of wire in mm and T, is the ultimate bond strength of the mortar

in  MPa. The maximum crack spacing is twice the minimum crack spacing.

6‘
B m - mu mul . i
(i)} w = — . - : [ 6, - -~2—( R+ m)] (in mm)
max bL EI . (‘b - Ty f )
(2.8)
wherg Cb is Lthe bond correction fa:(_‘tor, R = Vln/VI /\m'm//\“
. . . . 2
m = Ef/E and /-\” is the area of cross section of the wire in mm .
m




(46)

Pama ect.al investigated ‘the cracking behaviour of ferrocement in

tension by assurning a one-dimensional mode!l in which the steel wire is assumed
to be aligned in the direction of the applied stress. Based on the bond-stip
characteristic ol the [liber, the cxpressions for crackwidth and elongation

of the composite for various combinations of steel stress and bond stress werc

derived. The determination 6[ lhcicrackwidth becomes difficult because the
value of bond stress at crack Iocatién is not known. However, the exprcrgsion
becomes. useful if the value of bo}ld stress is taken equal to the ultimate
bond strength. The relation betwe?en steel stress and crackwidth upto the
yield strength was found to be linea;r and thereafter a rapid increase in crack-
width, The crack spacing and crack\:vidth decrcases with an increase in volume
fraction of reinforcement and slip médulus. An increase in the tensile strength
of mortar causes an incrcase in the crack spacing and crackwidth. Variation

of ultimate bond stress has signifiéant effect on the width and spacing of

cracks only in highly stressed ferrocement elements.

(47)

Sornayaji. and Naaman studied the influence of transverse reinfor-
cernent, spacing of the transverse reinforcement, the type of mesh, the apparent
modulus of the mesh system, the mortar cover, the volume fraction and the

- specific surface of the reinforcement on the stress-strain response and cracking

behaviour of ferrocement in tension. Inspite of testing a large number of

specimens, they could not isolate and study the influence of any one parameter
on the cracking behaviour of the composite. Spacing of cracks and crackwidth
data showed a wide scatter. They concluded that a statistical evaluation

Or multiple correlation study of the crackwidth data could only give a mean-

Ingful guantitative result.

Somayaji and Shah(qg) developed a theorctical rmodel to predict the

tress-strain response and cracking behaviour of the composite  from  the
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experimental results of specimens reinforced only with the longitudinal wires.

They assumed the following function for bond stress distribution :

= Aef+Be i ! (2.9)

~where w_ is the local bond slip and x is the distance from the primary crack.
X .

or w = Aet+DBe i X s+ Dx+ L (z.10)

The five constants A to E were determined by the cross sectional propertics
of the specimen, the constitutive relations of steel and mortar and the relation
between the applied load and the transfer length. The latter relation was
assumed linear and was determined from pull-out tests. By using the above
equation, the strain in steel and mortar, bond stress, crack width and tension
stiffening contribution were computed. A good agreement between the theo-
retical results and the experimenta! data of theirlinvestigation as well as the

experimental data from investigations on conventionally reinforced concrete was

_found.

Recently Akhtaruzzaman and Pamamg) from their study on crécking
behaviour of ferroceiment in tension {ound th_at the value of slip modulus,
ultimate bond_strength and modulus of elasticity of mértar has negligible
mHucnce on crack spacing. The parameters which signilicantly influence
the crack spacing are the ultimate tensile strength of mortar and volume
fraction of mesh rcinfor_cement. The crack width is greatly influenced by
:’f)_lume fraction, modulus of elasticity of steel and ultimate bond strength

l_)ut very small effects are observed for slip tnodulus, modulus of elasticity

Of mertar and tensite strength of mortar.

T
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2.2.2 Ferrocement in Compression

Unlike in tension, the mortar lmatrix contributes dircctly to the compre-
ssive strength of the composite in proportion to its cross scctional area.
[ts ultimate strength is due to the contribution of mortar, longitudinal reinfor-
cement {adequately restrained along the length) and confinement provided by
the transverse reinforcernent to develop triaxial compressive state of stress

in the matrix core.

(40) (50)

Bezukladov and Rao and Gowder tested solid prisms reinforced

with wiremeshes and found a vcry small increase in ultimate strcnblh duce

(51)

to the reinforcement. Desayi and Jacob tested solid and hollow  prisms

reinforced with wiremeshes. An increase in the compressive strength was
found linearly related to the mesh-mortar paramecter, a nondimensionalized

quantity given by P O}U/OEU where P 9

nd ar ercentage mesh
fu a c’.(_:u ¢ pe 5

reinforcement, ultimate tensile strength of wire and ultimate crushing strength
. (34) : . .
of mortar cube respectively. Pama et.al from their experimental resulis

found that the ultimate compressive strength of the composite is lower than

that of an equivalent pure mortar, ' i

1

35 '
Johnston and Mattar carried out tests on solid prisms with a polys-
tyrene core, Only welded mesh and expanded metal were considered as remfor—
ceément due to their superior perforrnance as compared to woven meshes

N providing stiffness and strength to ferrocement. The welded mesh was

~found to pe

much superior - to expanded metal as compression reinforcement.
Specimens reinforced with expanded” metal gave an ultimate load even less
than the sum of calculated load due to mortar and effective longitudinal stecl.

This was attributed to the scissoring action and consequent mabll:ty of expanded

Meta]

to provide ‘effective Jdtcral confmemcnt ’to the mortar.  The effect

s e e
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of polystyrene core is nc.;g!igible in columns reinforced with expanded metal
and significant in columns with welded mesh for small reinforcement ratios
only. I columns reinforced with welded mesh, the contribution of lateral
reinforcement to the ultimate strength is miore than that of longitudinal

reinforcement.

The modulus of elasticity in direct compression in the uncracked range
can be satisfactorily computed from the law of mixtures. The computed values

. ‘ , , (37, 50, 52
compare well with the experimental results of various Investigators "' 77

).

53 . ' Co , .
(33) carried out tests on hollow cylindrical specimens in

Rao and Rao
direct cornpression.  The stress-strain curve of ferrocement is lincar upto
50% - 60% of ultimate strength and thereafter nonlinear and similar to a
reinforced concrete specimen in compression.  The Poisson's ratio was nearly
constant in the linear portion of the stress-strajn curve and thercaf't:cr_r it
increases gradually and reaches maximum value at the ultimate load. A similar
variation in Poisson's ratio was also obscrved by Johnston and Matlar(”).

+
H

Desayi and Joshi(jl') conducied com.pression tests on undulated ferro-
cement wall élements to determine the influence of slenderness ratio and
the amount of reinforcement.  All the elements were 20 mm  thick ‘and
about 1.50 m long. 75 mm thick diaphragims were proﬁdcd at the endsAIor
load transfer. The wall elements behaved like short columns upto a sIende.rr;ess
Fatio of  38. The elements in general failed with a cracking noisc and with
the spalling off of the mortar cover over the meshes. At some locations,
the meshes bucklied. Local buckling of the plates of the wall element or
Ooveral| instability of the elements was not noticed. There was no appreciable
difference in  the strengths of ferrocement plates and plain mortar plates

(150 mm x 20 mm x 300 mm size) in the range ol mesh quntity used and
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the strength of the plates was aboui 83% of the strength of 100 mm mortar
cubes. Methods used for the prcdicftion of ultimate load of reinforced concrete
wall elements gave conservative valiués for ferrocement um't's. The cxpressions
which gave good theoretical predic:tions compared to the experimental results

arc the following : :

(i) P, = K.(C'U.Am + f;y./\I - (2.11)

.

where Pu’ K, 6;},, Am and AI, are !the ultimate load, reduction factor assumed
equal to 0.67, yield strength of wiremesh, area of mortar and area of wiremesh
in compression respectively,

(i) P, = cﬁp. Ay . (2.12)

where O/I-p and Ag are the stréngth of ferrocement plate and gross area

of ferrocement wall unit respectively.

I the above expressions, the contribution of skeletal steel is neglected.

- L 2 )
(iii) PU:KI.OEU.Ag[I—(mu—)]+K2(AI .o’f'y+/-\s.cfs‘y) (2.13)

. where K1 = K, = 0.67, L " is the effective length of the column, D s

the depth of the section and {sy - and AS are the yield strength and arca
. : ! .

of the skeletal steel respectively. In this expression, the effect of slenderness

ratio of the wall element and skeletail steel is included.

Sandowicz and Grabowski(ss); conducted tests on hollow ferrocement
Pipes and ferrocement pip.es filled with concrete. The pipes had an internal
-diameter 167 mm, outer diametcr. 206 mm  and overall length 1000 mmn.
“Number of mesh layers .were varied. The tests on ferrocement pipes showed
that the gf[ect of the reinforcement upon the load carrying capacity of the

. Pipes js negligible. The failure of the pipes was rapid. It was preceded by a
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|
hollow sounding crack after which the spalling of the mortar took place.

In the fractured region, the wires ol Llim mesh showed buckling into longitudinal
|

waves. Jests on ferrocement pipes fi;lled with concrete showed that its load

carrying capacity was h'igher than thajt of reinforced concrete columns having

similar diameters and volumetric percentage of reinforcement due to conlining

elfect.

— e )

I
conducted compression tests on three ferro-

Winokur and Rosenthal(jm

cement plane eiements 800 mm x 35 mm in cross section-and 2800 mm
long and three L-shaped columns made of two such plane elements at right
angle. The elements were reinforced éwith 8 wiremesh layers (4.2 mm square,
0.56 mm wire diameter) equally dis:tributed on both sides of four 12 mm
dia-;"leter longitudinal mi.ld steel bars. All the plane eiements were stiffcned
by supports on both sides while L-shaped eleiments were stiffened by horizontal

tridngular ferrocement diaphragms. The slenderness ratio for planc and L-

shaped elements were 70 and 93 respectively.

The failure of the elements was pr-c;cedcd by horizontal bending accom-
" panied by extensive microcracking on the tensile face. At this stage, the
plane elements acquired an s-shaped [orin. Typical failure of all the clements
was by buckling halfway between the supports or stiffeners followed by crushing
of the mortar. In the L-shaped clements, buckling was followed by lateral
‘distortion of the whole section. From the test results, it was concluded that
.Ierrocement can be satisfactorily used in compression elements, with the
buckling effect controlied by lateral diaphragms provided in sufficient num.iaer.
N :
2.2.3 Ferrocement in Flexure

The behaviour of ferrocement in flexure is governed by the combined

in . . . ) .
' lluence of factors that affect its behaviour in tension and compression.
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(57) (58)

Collen and Kirwan

and Rao and|Gowder investigated the behaviour of

ferrocement in flexure by varying ‘the amount of mesh reinforcement. It was
observed that the clasticity and bcndihg strength of ferrocement increase with
. . e . (33) i
an increase in the imesh reinforcement. Desayi and Jacob observed that
4
the ultimate  flexural strength of ferrocement  incredses  with an o increase

|
in mesh-mortar paramaeter. : '

(59)

Logan and Shah carried out tests on ferrocement beams’ 76.2 mm

i : .
wide, 30.8 mm deep, 762 mm long and reinforced with varying sizes and
layers of welded mesh. The first crack stress in bending (Ggrb) in the extreme

mortar [fiber was found to be lincarly related to the specific surface of the

I
reinforcement in the tension zone (SLT). From regression analysis, the following

relaticnship was obtained :

o’;rb = 28.02 S_+ o’mr in "MPa {2.14)

where dc—rb is the bending tensile stress in extreme mortar fiber calculated
on the basis of transforined elastic sc;‘clion 3 SLT is the ratio of the surface
area ol reinforcement in the longitudinal direction and the initial mortar

volume in the tension zone in ,m”—l; and o’r:w i1s the modulus of rupture of

the mortar in MPa. |

/

The ultimate strength of fe-rrlocemer)t beams was sati.sfactorily predicted
by the ultimate strength method of conventional reinforced concrete, The
dverage spacing of cracks was predicted by -the theoretical equation (2.5)
Biven by Naam_an and Shah(32) for {ferrocement elements in direct tension.
The Mmaximum width of cracks was predicted by the following empirical equation

H )
which compared well with their experiimental results :

2.3045 x 1077 x cfr"*”

Wf!lax = _ SI/3 : {in mm) (2.15)

LT
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where 0';'

stress in the outermost layer of the mesh in MPa ; and

: _ . -1
S specific surface as defined above in mm .

LT

The width of cracks in ferrocement beams for the same percentage of
reinforcement and steel stress was found to be an order of magnitude smaller

than the reinforced concrete beams.

(60)

Johnston and Mowat carried out tests on ferrocement beams 150 mm

wide, 25 mm thick, 914 mm long and reinforced with meshes of different
typeé and orientations. The geometry and orientation of the reinforcement was
found to have a marked effect on the strength of systems reinforced with
expandéd metal and welded mesh. For a given elfective cross-sectional area
of steel, expanded metal and welded mesh in their normal orientations perform
:sign‘iﬁcantly better than woven mesh. For any given steel content, and by
~.implication cost, the ordcr_-of perforinance for uniaxial bending is cxpanded
metal, standard bars, welded mesh and woven mesh. However, for bjaxial
bending, the orientation effect in expéﬁded metal precludes its usc in other
than long narrow units unless the orientation of the layers is alternated.

Welded mesh, ‘on the other hand, offers equal strength in both directions

and is inore effective than woven meshes.

&61)

Surya Kumar and Sharma from their tests on ferrocement beams
found that the ultimate and first crack strengths of the composite increase
linearly with an increase in the percentage area of mesh rcinforcement. Based

on the test results, the following empirical equations were obtained for cxtreme

fiber tensile stress of the composite at first crack and ultimate failure.

crb

uls 7.26 P * 3.33 . in MlPa (2.17)

[.96 p_ + 3.33 in MPa (2.16)
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where O/rb and {ub are the stresses in extreme tensile fiber of the composite
' c
at first crack and ultimate failure, based on homogencous section and neglecting

the transformation of stee! area.

The ultimate moment capacity of the heams using conventional reinforced
concrete theory was computed civi o geod corrclation with (he experitnental values

'

was oblained.

Bataguru, Naaman and Shah(62) conducted tests on ferrocement beams
to predict deflection and crackwidth. The beams were 127 mm  wide,

13 mm thick, 457 mm long and reinforced with various layers of 12.7 m'm X
12.7 mm  woven and welded meshes of 1.07 mm wire diameter and 6.35 mm «x
6.35 mm woven mesh of 0.635 mm wire diarncter. The experimental foad
defiection curves consisted of three distinct stages (i) steep lincar portion
before .cracking'or mortar ; (ii) aiter the first cracking of mortar but before
yielding of mesh ; and (iii) after yilclding of meshes when the slope becoines
almost parallel to the deflection axis (Fig. 2.1). The end of the first stage
of the curve corre.sponds to the first cracking of mortar. The load at first
cracking of the mortar was about the same for the different types and amount

i
of meshes. This is in contradiction of the result obtained by Logan and Shah(jg)

Soon after the first cracking of mortar, a large r;umbcr of cracks appearecd
“on the ten;ion face. The cracks ran through the entire width of the beam.
The total nuimber of cracks usually cqualled the number of transverse wires
in Specimens reinforced with woven and welded meshes of 127 mm x 12.7 mm
Size. The location of cracks coincided with the location of transverse wires.

Thi . . . .
his trend Wwas not observed in specimens reinforced with woven mesh of

:-6'35 mm x 6.35 mm size except for the group with six layers at near ultimate
load,
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. An analytical model was developed to predict the flexural behaviour.
The experimentally observed stress-strain values eof mortar and mesh were

represented by the following trigonometrical expression :

N

B . (2 - Dn.e , ' |
§ = z Aj - Sin (—’7——) (2.18)

J:‘.

where & = stress ; €= strain ; Aj are the constants of the series ; N s

the number of terms in the series ; and [ is a constant whose value was

taken 1.5 times the observed maximum strain.

By assuming a linear distribution of strain across the depth and neglecting
the contribution of mortar in lension beyond a tensile 'strain of 0.000!67,
the depth of neutral axis, moment of resistance and curvature were calculated.
The ultimate moment of resistance was taken as the minimum value obtained
when either the extreme compressive strain of the mortar reached a value

v

ol 0.0G6 or the extreme layer of wiremesh reached fatlure strain.

Moinents and curvatures were calculated at various points along the
span.  The curvatures were nuinerically integrated twice to calculate the
deflections at .load points. The predicted deflections compared well with

the experimental values upto the second stage and were less than the experi-

mental near ultimate load.

A regression analysis of the observed crackwidths showed that the
average crackwidth primarily depends on steel strain in the e¢xtreme layer
- ©f mesh. To predict an upper bound value of average crackwidths, the following

design equation was proposed :

Winax = ff r o - RY - (2.19)
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where gl = tensile strain in the-extreme layer of wiremesh ; S, = spacing

Al

ol the transverse wires 3 and R :Eruljo ol the distances o the neutral axis
from Lthe extreme tension [iber am%d from the centre of extreme layer of
wirerneshe For the above design cquation, it was assumed that the mortar
hetween .lhc cracks is completely free I'l;om tension and that the number of

cracks cqual the nuiber of transverse wires.

Hug and pama'®?

analysed ;the ferrocement elements in flexure by
assuining an idealized elastic - p;érfectly plastic stress-strain diagram of
ferrocement in compression and a étri—]inear stress-strain diagram in tcr;wion
(Fig. 2.2). Assuming linear distribution of strain across the depth, morﬁems
and curvatures were determined for various strain states.  Moment curvature
relations were approximated by tri-linear curve and the deflectjons at various
stapes ol loading were dotermined ua‘jin;: arca-moment method. The analytically
predicted ultimate moments were ciomparcd with the experimentai results of
Balaguru et. al " and were found to be on the conservative side. /\nalytiéally
predicted deflections compared we[]:with the averaged experimental \‘aluci‘s of
a[(62)

Balaguru et. in the cracked range but differed in the yield range (Fig.

2.3). The average spacing of cracks and maximum width of cracks in {lexure

were predicted by equations (2.7) and (2.8)  derived for direct tension case.

By comparing the test results of Balaguru ct. al(62) ansi Logan and
Shah(59), Bafaguru(sq) observed that thé crack spacing is a fui lion of the
specific  surface of reinforcement and Curvature of the beamn. Bascd on
principles of rechanics, the following equations for average crack spacing

and average crackwidth (Wavg) ~were derived

avg TV T TS (2.20)




w = /¥y 2O-x | (2.21)

avg y n'. SLT
where ¥ = curvature of the beam at the onset of yielding, ¥ = curvaturc
Y ‘ .
of the beam at a given load level, 0 = ratio of average crack spacing to
.minimurn crack spacing, N = ratio’of bond strength between the mesh and
the mortar to the, tensile strength of the mortar, D = depth of the beam

and x = distance ol neutral axis [rom extreme compression face of the beamn.

Based on the test results of Bélaguru ct. 01(65), he gave the following

expression of maximum crackwidth with 98 percent probability :

“max = 1 wavg
= s Veys, Box) (2.22)
y n St
Taking ® = 1.5 and n' = 1.6, the analytically predicted crackwidths
compared well with the test results ol .Balaguru et. al(65) and Logan and
(59)

Shah

)

Swamy and Al—wash(E’G studied the deflection and cracking behaviour
of ferrocement plates of size 300 mm x 25 mm x 1000 mm in flexure.
The Iype and amount of mesh reinforcement, mortar cover and thickness

of the section were the main variables.  The mortar matrix incorporated

flyash as a replacement of both cement and fine aggregate. Mild steel mesh

and high tensile steel mesh were the two types of reinforcements. The speci-
MENs with mild steel mesh reinforcement showed the three stages of load-

deflection curve, namely, the elastic, cracked and yield stages, whereas in

high tensile steel mesh reinforced specimens, these three stages appeared in .

50me form

(F‘lg- 2.4).  The specimens reinforced with high tensile steel gave reduced

N only those specimens which were reinforced upto four layers -




crack spacing and crack width at Iailu?rc. The average crack spacing stabilized
in mild steel and high tensile steel frcinforccd specitnens at specific surface
values ol about 0.2 mm-l and O.lSi mnrfl respectively. The crack spacing
w;gls influenced to some extent by the. mesh opening, mortar cover and section

thickness.

(67)

Swamy and Spanos studiecii the deflection and. cracking behaviour
of ferrocement with grdptd reinforcemient and {iber reinforced matrix. Grouped
reinforcement was in the form of welded wiremesh layers provided at top and
bottom of & mm diameter high yield strength deformed bars. Welded wire-
meshes of size 25 min x 25 mm  with wire diameter of 1.6 mm and 50 mm x
20 mm  size with wire diameter of 2.0 mm  were used. Thé rmortar matrix
consisted of 0.5 : 0.5 : 1.8 of cement : {ly ash : sand with a water to ceinent
plus fly ash ratio of 0.42. A supérplasticizer equal to 2 percent of the

weight of cement and fly ash was used for preparing the mortar. Various

types of steel, glass, and polypropylene fibers were used.

Ferrocement plates 300 mm x 25 mm x 1000 mm  were tested over an
effective span of 900 mm under third point flexural loading. The load deflec-
tion curves of. ferrocement plates with steel fibers did not show any marked
deviation I’rornr linearity after the appearance of-first crack. Even after

. éxtensive cracking, the change in the slope of the curve was gradual. In
ferrocement plates with no fiber reinforcement, majority of the cracks appéared
at about 25 percent olf the ultimate moment. In plates with high specific
surface fibers, most of the cracks occurred at about 60 percent of the ultimate
Moment.  In general all the initial cracls were formed at the location of
transverse wires.  The presence of fibers caused additional cracks to form
between the main cracks. The final deflections of all the specimens were high,

From serviceability point of view, span/deilection ratio ol 250 was reached
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!
?
at relatively low loads of about 2:0 30 percent of the ultimate load for

all the specimens. !
' I
]

In majority of specimens, an aberage crack spacing of about 12,5 mm

. . . .
was recached socon after [irst Cra<:ku‘hg. They proposed the following design
‘ ‘ |
average crack width (wd) equation :
i
i
1

wy = 12.5 . g (in mm) (2.23)

The design equation gave upper bound values of average crack widths at

all stages of [oading. ‘

Desayi and Ganesan(68"/0) predicted the spacing and maximum width

of cracks in [errocement flexural elements of channel, trapezoidal and built-

up I sections by modilying the rnethbd proposed by Desayi(”) for reinforced

concrele members (Figs. 2.5, 2.6). The following modified expressions were

proposed to predict average rack spacing, maximum crack spacing, average

crack width -and maximum crack w1dth at any level along the depth of the

element for a given load : --

Kt j G;nu ) Ae i ‘
/\a\/g': o . - . (2.24)
b’ M Ut D - x
L . e
Kt i 6;1u Ae .
J\max = - (2.25)
cr N a .x
K+ () B, (FE )
Wavg = Aavg * €a-' F(t) (2.26)
and
Wmax =3 max * €a * F (1) . . - ) (2.27)
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where Kt’ Kb, n and F(t) are constants, Al = moment at the cross-section

due to applied load, Mcr = moment at first crack, Mu = ultirmate moment
capacity of the eclement, /\c = clfective arca of mortar below the neutral
axis, a = distance from extreme compressive face to the level under considera-

tion, D = clfective depth of the section and E,] = ostrain in mortar fiber at
c U

LI |

distance a below the extreme compressive face calculated on the basis

of cracked elastic analysis.

The above cquations reduce to the case of reinforced concrete by taking

n:F(t):l

The constant F(t) was determined by the statistical best fit of obscrved

strains with the corresponding thcoretical strains. The constants Kt; Kb

and n  were determined by statistical analysis.  The set of values of Kt,'
Ky and ‘n which gave best values of the average and lowest coefficient of
variation of theoretical crack width/experimental crack width were taken

1o represent the values of Kt’ Kb and n. For built-up ' I sections, these

valués were 2/3, 2/3 and 0.4 and were determined by taking the maximum

values of theoretical and experimental crack widths. By substituting the

values of these coefficients in equations (2.24) to (2.27), the thcoretical values
, /

of average and maximum crack :spaéing and crack width were determined.

These values compared satisfactorily with the experimental values.

Yen and Su(72) studied the influence of skeletal stcel on the f{lexural

behavioyr of ferrocement. The effect of skeletal steel on the first crack

- Moment (or first crack load) was found to be negligible. However, the presence

of skeletal steel increased the ultirhate moment capacity and ductility of

_“the composite.
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Mansur and Pararnasivarr1(73) in’vestigatcd_the behaviour of ferrocement
beams by varying the volume fractic;n of reinforcement and water-cement
ratio of mortar. They found that both the first crack-and ultimate moments
increase with an increase in cither lhcj matrix grade (by decreasing the water-
cement ratio) or the volume fraction of reinforcement. For a given volume
fraction ol reinforcement, a lower grade matrix gives larger number of cracks
with smaller crack width. However, aé the load approaches t.he ultimate value,
the cracks open up more rapidly. For? a given grade ol matrix, higher volume

fraction of reinforcement provides more effective control of crackwidth.

Based on the concept of plastic analysis, a simple method to predict the
ultimate moment capacity was pr0poscd. The method gave satisfactory predic-
tion of ultimate moments of their own investigation as well as the test results

of Logan and Shah(sg)

(74}

- Kaushik et. al compared the behaviour of simply supported and
. . ) ' "

honzontally restrained Ierrocement bcams. The restrained bcams showed an

increase in the fll‘bl crack moment and u!lunqle mornent capacity and decreasce

in ultimate deflection, crack spacing and crackwidths as compared to simply

supported beams.

(75)

Prawel and Reinhorn in\;estifgated the behaviour of under-reinforced
ferrocement slabs in two way bending They observed that the plates having
meshes (with square opening)} oriented at 30°/60° to the principal direction

Bave the Jowest ultimate load carrying capacity while those with mesh orienta-

. o
tion of 45°/45° gave the maximum value.

(76)

Trikha et. al and Meek(77)- studied the behaviour of two way slabs.

They found that the ultimate load carrying capacity of the slabs depended not
0”1)/ on the flexural action but also on the membrane action mob;l:/ed by

[arge deformation.




2.2.%4 Shear Strength

Very little research work has been done to evaluate the shear strength

of ferrocement. Most of the applications of ferrocement have been in structures

i
wherc high tensile strength or small crackwidth is the governing criteria.

Ferrocement panels used for roofing purposes, normally have a large span/depth o

i

ratio in flexure which precludes the ishear as a [failure criteria. Collen and

(57)

Kirwan

tested ferrocement specimens reinforced with woven mesh and

skeletal bars in bending at a shear span/depth ratio of 0.4. The shear strength

of ferrocement elements was equal to about 35 percent of their flexural

'

strength over a fairly wide range of stéel contents (288 - 480 kg/l113).

(78)

Mansur and Ong

.and Venk{ata Krishna and Basa Gouda(79) found”

that the shear strength of ferrocement depends upon the strength of mortar,

volume fraction and strength of wiremesh. Shear strength of ferrocement

beams with welded wiremesh was found to be more than the shear strength

of beam reinforced with woven or hexagonal wircmesh.

2.2.5 Fatigue Resistance

The fatigue behaviour of ferrc:)cement has been {found to dcpend on

the fatigue properties of the reinforcement. So far’ only the flexural fatiguc

behaviour has been investigated by a few researchers.

(80)

Picard and Lachance found that the maximum load causing failurc

at

O . . . .
g7 cycles was about  46% of the ultimate static load. McKinnon and

imncantSl . . , .
‘\S”.“Pbon( ) found that ungalvanized wircmesh imparted greater fatigue strength

P . . . (82) -
than galvanized wirermesh. Karasudhi, Mathew and Nimityongskul studied

e effect of different types of wiremesshes. In all the specimens it was found
that

the wires in the tensile zone of the ferrocement section were cut off

j“e %9 flatlg,uc_ cifect, though the stresses in the wires and skele

tal steel bars
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were below their yield stresses. gin specimens with welded wiremesh and
expanded metal, the .failure was moétly at the nodes. The chicken wiremesh
‘showed greater fatigue resistancé as‘F compared to welded mesh and expanded
metal. The following load-cycle (S—N) relationships for ferrocement specimens

reinforced with three different types ;of meshes were suggested :
!

log, N = 12.227 - 0.128 sl (welded square mesh} (2.28)
log N = 7.417 - 0.031 S (expanded metal mesh) (2.29)
log 4N = 9,750 - 0.073§ (chicken wire mesh) (2.30)
where N and S arc the number of cycles to failure and the maximum

repeated load expressed as percentage of the ultimate static load.

Balaguru, Naaman and Shah(83) studied the fatigue life, deflection
and crack widths of ferrocer%ent beams reinforced with square welded and
woven meshes. The beams were subjected to load levels of + 40%, : 50%
and 1 60% of‘ the yield load capacity of the specimens. The failure of
specimens was due to the fracturc of the extreme layer of wiremesh. Dased

on the test results, the fatigue life (NI) was predicted by the following cquation:

S, = 0.6433 - 0.1345 log oy Ny in MPa £2.31)

where NI is the fatigue life in Kilocycles and Sr is the stress range in

-
the extreme layer of wiremesh in  MPa, calculated on the basis of cracked

elastic section.

The deflection and crack widths in ferrocement beams for a given

load Jeve] and after a given number of Cycles, were predicted by an equation

of the form :

y = A.e” (2.32)
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where vy = the value of deflection, average crack width or maximum crack

width, A = the value of deflection or crack width under static maximum

load, B = the constant refated to the fatigue contribution to dellection or
2

crack width and r = the ratio of number of cycles at which v s predicted

to the number of cycles to failure,

The values B for deilection_‘and crack widths were predicted by the

following equations :

B = 0.3291 + 0.1925 x 1072N_ - 0.275 » 107°N? 0.667 (for deflection)
| | (2.33)
B = 0.816 + 0.445 x lO—ZNf - 0.495 x IO‘BNI2 1.670 (for crack width)

(2.34)

Paramasivam, Das Gupta and Lfee(gq) investigated the fatigue strength
for three different volume " fractions of galvanized square w’oven meshes,
They found that the failure load for all the specimens at 106 cycles was
about  45%  of their ultimate static load. It was also observed that the
cracks in specimens failing by fatigue were much fewer and wider than those

specimens which failed under static loads.

Bennet, Fakhri and Singh(sﬁ) studied the fatigue behaviour of ferro-
cement_beam_é reinforced with galvanized and ungalvanized welded wire meshes.
They_l'ound that the fatigue strength of ferrocement (expressed in terms
of stress in st_eel) _increasedf:with an increase in number of mesh - layers.,
The spectmens with gé[vanized welded mesh had higher fatigue strength
COmpared to the specimens with ungalvanized welded mesh.  This is in contra-
diction with the test resulis of McKinnon and Simpson(sn. The spacing and

MUmber of cracks did not appear to be influenced by the type of welded mesh
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or the diameter of the wire. The crackwidths increased with an increase

in the load level and the number of load cycles.

Raisinghani and Sa1(86) studied the fatigue behaviour of ferrocement

siabs under pulsating loads. _ All the slabs were reinforced with various layers
of chicken wire mesh. The lower load limit of the pulsating ‘machine was
about 13 6 to 180% of the first crack load of the specimens. For specimens
subjected to upper load level quite less than the static ultimate load, the
residual deIormations‘ first incréasecll with the increase in load cycles, then
reached é stable condition and again increased with load cycles till the fracture
occurred. Such specimens withstood | to 3 million cycles. Those specimens
which failed within 10.6 cycles, exhil:ited a continuous increase in the residual

deformation,

Few specimens were subjected to peak loads of short durations (60

to 120 seconds) after eve-ry six hours. The peak loads were about 115%
“of “the upper load level, Those specimens which were subjected to high value
.o upper load level and failed in less than 106 cycles, the peak loads of
2

short duration acceierated the "failure.  No appreciable effect of pcak loads

was observed in specimens whidh were subjected v low value of the upper load

level,
2.2.6 Impact Resistance

. The impact resistance of ferrocement is found to depend on the specific

Surface, strength and type of reinforcement and the thlckness of the element.

(40
Be7ukladov et. al ) - compared the impact strength of reinforced concrete

'+a”d ferrocement plates by using a fallmg weight.  They found that the dispersion

-

L°f reinforcement promotes increase in the impact strength.  While reinforced

.SOncrete plates, had large cleavings, the crushed mortar in ferrocement
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7
was held back by-the meshes from disintegrating. Shah and Key(S ) observed

“that the damage to ferrocernent plates decreased with an increase in specific

) . .o, (88
surface or the strength of the mesh.reinforcement. Greenius and Smith )

found that the provision of skeletal steel bars along with mesh reinforcement

improved the strength and deformability characteristics under impact. Burgess

(89)

and Alien found that the -increase in thickness of ferrocement increases

: L ' 9 . :
the impact resistance. Nimityongskul et. al( 0) found that thé impact resistance

increases with the increase in steel content or jn the specific surface of

~mesh reinforcement. [t was observed that under an almost practical maximum

steel content condition, the impact resistance docs not always increase with

the increase in the 'specific surface 'of mesh reinforcement. Srinivasa Rao

al(91)

ct. found that the specimens reinforced with welded ineshes offer

the highest impact resistance followed by woven and chicken wircmeshes

for a given steel percentage. Recently Grabowski(92) observed that an increasc

in the slab thickness and spectfic surface of reinforcement led to the increase

in the number of cracks and decrease in their width and length.

2.2.7 Shrinkage and Creep

Shrinkage and creep Characteristics of {errocement are function of.

shrinkage and ¢reep potential of the mortar and the restraint offered by

t

the mesh reinforcement.

Bezukladov et. aJMO) investigatéd the effect of sustained load on the

Cdefleciion characteristics of ferrocement beams under pure bending.  Their

lest results indicate that the specimens reinforced with mesh and skeictal
Steel show higher deflection than the specimens reinforced with mesh alone.
<
Braver

found that ferrocement reinforced with ungalvanized wireimesh

Cxhibig higher creep than the one with galvanized wircemesh.

.
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(94) :

‘Ravindrarajah and Tom stidied the shrinkage and creep behaviour

of ferrocement slabs reinforced with square woven wiremeshes.  The shrinkage
. :

of the mortar matrix was tound 10 (|1<>crc-asc with an increase in the volume

fraction ol reinforcement. The shrinkage of ferrocement speciimens  with

two and four layers of rcin[orccrncnt:(cqual to volume [ractions of 0.99% and

1.8%) was  70% and 65% of that foir plain mortar specimens after 95 days

of drying.

The ratio of time-dependent ;deflection to instantancous deflection
(termed as creep deflection coefficient)” was found to vary from .45 to
2.65 for all the specin&ens for sustairged load varying from 15% to 1009% of
the first crack !oad._ At sustained load level cqual to 30%  of the [irst
crack load, the span to total dcflcction ratio was well above the cominonly
used minimuin '01' 250, The total instantancous deflection under a load was
observed to.reduce when the load was:applied in steps with the first increment
sustained for a period of time before adding the next increment. The toral
recovery in deflection after the removal of sustained load was about  50%.
The average ratio of time-dependent recovery to ir.wstantancous recovery was
about 0.4, Under sustained ﬂexurall loading, .tensile creep strain was much

more than the compressive creep strain and the ratio between them decreased

with an increase in the volume fraction of reinforcement and also when

the sustained load was applied in steps.

Raisinghani and Sai(gs) studied the flexural creep characteristics of
ferrocement slabs subjected to Sustaiﬁed central line load for a period upto
Ninety days. It was observed that Ihe speciiens subjected to stresses less
than the cracking stress of ferrocement, creep increases at a decreasing rate
and aitajns stcady state. Whereas, for specimens subjected to stresses higher

th

an the cracking stress, steady state was not reached in 4> to 50 days.
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At stresses upto cracking stress, theicreep is linearly proportional and there

is no cifect of reinforcement percentage.  But for stresses higher than the

cracking stress, the creep increases at, a faster rale and depends on the pereen-

tage of reinforcement. [t decrcases with increase in percentage of reinlorce-

ment. It was also obsecrved that Crci‘cp rates were less for specimens which

were subjected initially to sustaincdfloads for 30 to 45 days. The creep
‘

specimens after loading were tested to collapse. These specimens withstood

10-15 percent higher collapse loads cogmpared to their virgin parallels.

(95)

Swamy and Spanos conduct:ed tests on ferrocement plates Stijecfed
to flexural loading. The type of maﬁnrix, type and amount of wiremesh and
the stress level of applied load wc:rfje the main variables. The wiremeshes
were ungalvanized. The creep deflec;tion coefficient varied from 0.20 to 0.92
with an average of 0.55 for the suséained load varying from 15% to 50% of
the ultimate load. The s;pecimens ;with high steel strength mesh gave the
lowest  values of;\crccp deflection c;)cf[icicnt. The specimens subjected to
higher stress/strength ratio took lorsger- time for the cr\eep deflections to
stabilize. The average values of crleep strain coelficients of the composite
were ~ 1.12 and -0.66 in compression and tension respectively compared to
1.20 and 1;11 for plain mortar :spe;:imens. The creep Poisson's ratio was
- 0N an average lO.lO. for ierrocemcfnt speciinens as compared to 0.14 . for
piain. mortar specimens. Flyash mo;rtar mixes showed carly stabilization of
creep strains partly due to their increased strength deveJopment and .partly
rdue to their reduced shrmkage The average and maximum crack widths at
the end of the loadmg periods (80 to 365 days) were on an average  1.55
and 1.69 times the'instantaneous \./alues. The value of the ultimate crack
width creep coefficient was between 0.55 and 0.69, which is smaller than that

(96)

reported for reinforced concrete’”’.  The specimens loaded at  30%  of

- their ultimate flexural strength showed crack widths much less than 0.10 mm.
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The high steel strength and welded mesh showed better crack control under
creep. The fly ash mixes produceld a more uniform distribution of cracks.
The time-dependent recovery of stréins and deflections after sustained loading
varied Irom 10% - 20% of the mbtantancous recovcry for both mortar and

ferroceiment specimens. The mtlo of totul dcformatlon recovery to total

delormation was about 80% for plai

Irf mortar and about 65% for ferrocement

specimens. The sustained loading had no adverse effect on ultimate flexural
. - l

strength of ferrocement.
2.2.83 Durability

The successful performance of ferrocement in an agpressive environment
depends to a great extent on its d'urability against the environment than on

its strength properties. For ferrocement to be durable. its coniponent materials,

namely, mortar and _wiremesh reiriuforcemer;t should retain their bond and
strength and do not disintegrate over a period of time. The disintegration
of mortar is due to volume change caused by various -weathering agents such
as cyclic thermal changes and alternate wetting and drying. The action of
aggressive chemicails on hardened cement paste, particularly Sulfates, causes
“volume change a‘nd cracking in the mortar. The inesh reinforcement is normally
protected by the alkalinity of the mortar and the ’.cover. The cover in Ierro-
temnent elements is aboyut 2 mr‘n to & mm. This increases the corrosion risk
to mesh reinforcement. To prevent corrosion, galvanized wiremesh is commonly

used. The use of galvanized wiremesh along with ungalvanized skeletal steel

_ (14)
bars creates the galvanic cell problem. Christensen and Williamson were

the first to identify this problem and also gave the solution. They suggested

the use of Chromium trioxide at the rate of 100-300 ppm by weight of water
L&

in Preparmg the mortar. If the cracks are not wider than 0.1 mm, Gr'ccnius()?)

found that corrosion was not severe even when the depth of cover was 0.5 nm.
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" From his extensive tests, limiting wa:ter—cernent ratio seemed to be adequate
|

e ' . (98)
under sea water exposure for satisfactory performance. Naaman and Sabnis
suggested a net cover of 2 mm.  They even suggested a smaller depth of

cover lor those ferrocement elements in which reinforcement was palvanized,

surface painting was used and low limiting ‘crack width was adopted. Bigg(99)

also suggested the use of galvanized wiremesh.
During last #-5 years, the corrobton and durability aspect ol lerrocement
has been extensively investigated by several researchers. Mathews, Achyutha

(100)

and Rao subjected cracked ferrocement specimens to accelerated corrosion

tests by alternate wetting and drying using sea water for 30 days. They
found that the ultimate tensile strcni;th of the specimens with initial crack-

widths of about 0.05 mm and 0.10 am jwas reduced by 4% and 12% respectively.

(101)

« Irikha et. ai investigated the extent of corrosion in. 12 ferrocement

structures of various types -with ages ranging from 6 to 12 years. They
concluded that in- mechanically cast ferrocement structures using galvahized

steel mesh and well graded sand for mortar, corrosion is only mild with or

- without protective coating.  However, inadzquate cover, bad compaction

and poor workmanship all lead to an increase in the incidence and rate of

corrosion.

Selvi Rajkumari et. 61(102)_ studied the corrosion resistance of polymer
impregnated ferrocement and unimpregnated ferrocement specimens. Accelérated
corrosion tests were performed by subjecting the specimens to alternate drying
and wetting in salt water (3.5% NaCl). The corrosion damage of unimpregnted
ferrocement specimens was found to be ncarly 10 lirnés more  than in the

polymer impregnated ferrocement specimens.

(103)

Chowdhury and Nimityongsku! studied the corrosion in cracked

and uncracked. ferrocement specimens by subjecting them to alternate wetting
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and d'rying in sea wéter and urine. 'll'hc depth of mortar cover was the main
variable. A considerable mmprovement in corrosion protection was obtained
by increasing the depth of cover from | mm to 3 mm  and very small improve-
ment was obtained beyond & mm. The presence of cracks are contnbutory
factor for simall covers and their effect bc(_orncs negligible when cover thickness
is & mm or higher. The tntensity of corrosion is higher in the case ol urine
than the sea water. With & min depth of cover, the dcgreo of corrosion

comes down to the same [evel as that for sea water.

Ravindrarajah and Paramasivam“loq) studied the effects of alternate
drying and wetting in sea water and of curing in 6% NaCl solution on the
strength and stiffness of ferrocement -jin direct tension and {lexure, The test
results indicated that the uitimate ;strength and stilfness of ferrocement
were not affected by 1000 cycles of drying and wetting in sca water or
by-exposing in 90 NaCl solution I0§r 9 weeks. However, the first crack
strength showed improvement due to 1:r1aturity gain for the mortar corﬁponcnt.
fhe ferrocement specimens which were initially subjected to first crack load,
did not suffer any loss in the ultimate strength duc to the above exposurc

.conditions.

;

Recently Yozuqul!u“oj) sfﬁdied the _durabiljty of sulphur impregnat_ed
Ierrocernent-specimens. These spccimens were found to be practically imper-

Meable with a noticeable increase in strength together with an improved

Fesistance against acid attack.

The durability of ferrocement can also be improved by mixing an acrylic

latex solution(los) in the mortar used for {inal plastering. Coating of ferro-

Cement surfaces by appropriate paints“,on also improves jts durability.

4
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2.3 BEHAVIOUR OF JOINTS

In the construction of ferrocement structures, two kinds of [oints oceur,
The f{irst kind of joint occurs wlimn tﬂe stze of wire mesh is not sulficient
and hence overlapping of meshes is provided.  This may be in one single clement
or in some cases, two precast elemernits are to be joined by overiapping of

their meshes.  The second kind of joint occurs, when the casting operation

ts completed in more than one stage.

. Paramasivam and Mansur“og) investigated the effect of joints on
tensile and flexural behaviour of ferrocement.  The type ol joints investigated
were (i) the joint between two pr‘e'rcast clements by providing overlap of
rr:neshes, (ii) tEe joint " provided due to overlapping of meshes in the same
element, and (iii) the joint provided by casting the same clement at (wo
different times. They provided an overlap of 60 mm which .was about 70
times the wire diamater. The fajlurc of the joints was avoided duce to slippage

of wiremeshes (i.e. due to insufficient devclopment length).

The tension _test_é of the ISpec‘irﬁens showed that the specimens with
continuous rcin.forccmenf exhibited higher first crack strength than the spc-(:i-
mens with discontinuity of reinforcement or the mortar. However, the ultimate
strength of the specimens was not' affected by the provision 01’ jeints.  The
specimens. containing a joint showed conSJderably less ductxhty than the speci-
mens with no joint. The spec:rnens without-a joint failed by the formation
of a number of well distributed cracks. In contrast, only a single crack appeared
in the specimens with_ a discontinuity in the mortar and two major cracks

N the specimens with spliced reinforcement.

1 .
The flexural tests showed that the specimens” with continuous reinfor-
Cement cracked at a load smaller than the specimens with over tapping  of

"einforcement. However, the ‘ultimate moment of the specimens with a joint
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-was lower than the specimens with no' joint.  The specimens with continuous
reinforcement, But containing a joint ‘in - the mortar exhibited a number of
well distributed cracks, while the spoc;imcns with spliced reinforcement foiled
by only two major cracks at the J'ree._ ends oI'the spliced wires. However,
the maximum crack. width in specimens' with spliced reinforcement was smaller
than the specimens with no joint (due to increase in volume fraction by over-

lapping of meshes).

Kaushik et. al“09) carried out flexural tests on ferrocement plates
by varying the length of mesh overlap.  They found that the first crack and
ultimate loads approach the vajue corl;'csponding to a continuous mesh when
the mesh overlap is sufficient to develop the requisite strength through' bond
for the same amount of steei. When “the mesh overlap is insufficient, bond
failt_Jre occurs due to sl'ippage at the ov:erlap and the {irst crack load is much

lower than that of a continuous mesh reinforcement. They suggested a minimum

overlap of 100 mm . for wiremeshes.

2.4 BRIEF DETAIL OF INVESTIGATIONS CARRIED OUT ON YARIOUS TYPES
OFF ROOFING ELEMENTS

2.4, Channel Sections

Channel sections are the simplest form of roofing elements. Their use
for roofj ' | (110-112)

roofing purposes has been deinonstrated by several researchers .
Desavyi (110) . . : .

Sayi and Ramesh Investigated the behaviour of 9 channel shaped ferro-
Cement  elenients under symmetrical  third point loading, The  span/depth
fatio and the percentage of steel reinforcement were the main variables.
The channel section was tdealized as an equivalent  T-section. The first

fack moment was determined by the following expression :

M

r "o/;b telye - N (2.35)
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where Ie = moment of inertia of gross transformed cquivalent seation, ¥,
1 .
I
) - A -
distance of the extremne tension tiber to the neutral axis, d(‘b - 0758 .‘o(,
' ’ N I« 1 ‘
‘ m fy
- ’a and 0 = 0.8614 &~ (I + 1.095 ).
in MPa a c cu | S,

JThe  ultimate moment  of Fesisthnee  was  determined by the

-

lolowing

expression @

MU = Mfu + MSU

(2.36)

|
where Mfu_is the moment contribution from mesh-mortar combination and

given by, :

Moo= Kfr. Iy, | (2.37)
where o’[r is modulus of rupture ofi mesh-mortar combination and depends

on the ratio P dgy/o’c'u and is dete?rmined from Fig. 2.7, which is a result

. . . : . (31 .
obtained from their flexural studies of ferrocement specnnens‘3 ). M is

su
the moment contribution of skeletal steel and determined by steel beam theory

in the folfowing manner :

M = Minimumof A_ .o .7V and A .6 . % . (2.38)
su sc " sy st * sy

where Asc and Ast are the arcas of steel bars in the compression and tension

Zones and y is the distance between the areas of these two groups of steels.

The vertical deflection at mid span was calculated by the following

2
€Xpression
LM
§ - '
E for M <™ (2.39)
c e = '
sl m_ BLY M- m_) ,
and 8§ = E + = for M > M (2.40)
_ . a L .1 cr ‘
c’ e ¢ ocr
N which Ec = 1765.8/’-62‘ ino MPa, lCr = moment of inertia of cracked

ransforined equivalent section," P = constant depending on the foading, M = the
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rmoment at mid span and a s given by,

0.1958 . L .2 |
a = 0.003 [bl’ﬂs (B ) ]+ 0.[33 (2.4])
s . Ps %%y P Sry 12.42)
where Yins T GEU :U . 02

in which P ts the ratio of arca of longitudinal steel bars to the mortar

ared.

The theoretically predicted first crack moiment, ultimate moment and

deflections compared satisfactorily \vifh the experimental results.
2.4.2 Ribbed Slabs/Sheils

Sardid, Tatsa and B!jugor“”l investigated the behaviour of ribbed
ferrocement slabs and observed that the stiffness and ultimate strength of

the slab could be increased 'by reducing the rib spacing or by increasing the

(114)

depth of the ribs.  Bljuger later showed the use of ribbed elements in

the construction of modular prismatic shel! roofs of 12 and 22 m spans.

-In U.S.S.R., ribbed shell elements have been used in constructing vaulted
roofs of 18 m, 21 m and 24 m  spans. Lukashenko et. aI(Hj) carried out
tests on three hinged ferrocement vault of 18 m span and 9 m rise. The
three hinged vault consisted of two ribbed ferrocement shel] elements of
3mx 127 m size with flange thickaess of I5 mm. Under design snow and
Wind loads and line loads at the crown, the maximum deflection and tensile
_.S__t_re_ss were within the permissible Eange and no distress was observed at

ANy section in the span. )

Kaushik et. al(“E') tested 24 ferrocement ribbed slabs under uniformiy
distributed foad and studied the ctfect of rib spucing, volume fraction, mesh

cMhortar parameter and spectfic surface ratio on (ho deflection, crack width

“-And the Tagnitudds of Tirst crack and ultimate Joads.




i

47

|

The ribbed slab was analyscd b{) treating it as an equivalent orthotropic
plate.  The orthotropic plate thcoryé was assumed to be valid oven upto the
yield stage. At collapse, the failurc;pattcrn was assumed to follow Johansen's
yield line theory and the ultitmate Jo.'ild was calculated Irom the cracked trans-

formed sections. !

The theoretically predicted Iir?t crack loads and the loads at the first
yield of steel compéred satjsfactorijliy with the experimentalr results.  The
predicted ultimate loads were found to be 10 to 15 percent more than the
experimental results in the spccimeris reinforced with hexagonal mesh.  The
average ratio of ultimate load to t:he first crack load was about 2.2 for
all the slabs. The first crack load, the load at {irst yield of steel and the
ultimate loads increased with an increase in the number of ribs, specific
surface, volume {fraction and the mesh-mortar parameter. The average crack
spacing decreased "with an increase in the speciflic surface or the stress in
the extreme layer of wiremesh. The square meshes showed a better cracking

behaviour as compared to hexagonal w1remeshe5.

2.4.3 Folded Plates

. (117) '
Vishwanath, Mhatre and Seetharamuly carried out the first test

on a ferrocement folded plate of 1.83 m plan width, 0.65 m depth, 5.33 m
¢ffective span and _'25.14 mrﬁ thickness. For constructing the folded plate,
e;Elch panel was separately cast. The panels were then joined in position by
welding the overlapped steel bars of the adjacent paneils. In ihe longitudinal
direction, the fold line steel bar was welded with the overlapped steel’ bars
of the panels. Al the panels were reinforced with two layers of galvanized
Steel mesh  (19.0 mm x 19.0 mm size with wire dmrnctcr of 1.65 mm)

Separated by longitudinal and transverse skeletal steel bars designed for flexure

) aﬂd shear. Two tests, each consisting of three cycles of loading and unloading,
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weré conducted on the folded plate, ;The first test was conducted by keeping
the Iold joints unplas'tercd. The maximum applied load secemed to be near
the first crack load. The second :test was conducted after plastering the
fold joints. The stiffness of the folded plate with plastered fold joints was
[ound toe be higher than the unplaslicrcd joints.  The ultimate failure was
in shear along the fold line joints a;‘ the diaphragms. The major contribution
to deilection was caused by Ilcxure;. The deflections caused by transverse
slip and shear were small. The theoretical prediction of first crack load,
ultimate load, load deflection response, crack spacing and crack widths were

not reported.

Fernandes et. _al“ L8)

studied the effect of type of wiremesh and amount
of transverse reinforcement on ferrocement folded plate roofing panels. The
elastic analysis was done by assurning ferrocement to be homogeneous isotropic

material. The membrane and bending actions were assumed to be uncouplied.

The folded plates were designed for uniform live load of 75 kg/mz. ______
The above- analysns showed that the longitudinal normal force N and Jong‘itu—
dinal bending moment Mx at mid span governed the desxgn. Assuming that
the totaj fensile force is taken by mesh remIorcement cnly, the required
steel area in the long:tudmal direction was provided by two layers of galvanized
Square welded mesh (12.7 mim x 12.7 mm size with wire diameter of 0.889 mm)
in one group of panels and by two-layers of galvanized hexagonal mesh (18 min
oPening with wire diameter of 0.889 mm) in the second group of panels.
The longitudinal skeletal steel provided in all the specimens was the same.

Transverse skeletal steel bars of 6 mm diameter were provided at 50 cm,

60 ¢cm and 70 €m  spacings along the length of both the group of panels.

The panels were simply supported over a span of 4.5 m and subjected

o umforrn Ioadmg, ‘which was stmulated by loading with sand in increments
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of 200 kg until maximum permissib[e deflection was observed. The elastic
deflections predicted by the above analysis were marginally higher than the
experimental values. This was attributed mainily to ineffective simulation of
the loading condition.  The pancls made of hexagonal mesh yielded larger
deflections for the same load as 'compared to the panels made of welded
square rnesh.  The cracks were initiated at higher loads for panels with squarc
mesh than those with hexagonal mesh. Crack spacing and crack widths were
smaller for panels with square mesh than- for panels with hexagonal mesh.
The effect of transverse reinforcemerjt was more pronounced in thelhigher load
ranges than in the lower load ranges. On comparing the behaviour of folded
plate panels with the asbestos panels of same dimensions and profile“lg),
it was seen that for the same load, asbestos panels defiect more than the
ferrocement panels made either of hexagonai Or square mesh. The unit cost

of ferrocement panels was found to be about 35% less than the asbestos panels.

Desayi, Viswanatha and Kanappan“zo) investigated the Bcl1aviour uf
nine folded plates of trapezoidal sha[ﬁ(?'-'-' The span/depth ratio, amount
of Jongxtudmal remforcement and the mesh type were the main variables.
The spec;mens were tested under Symmetrical two point loading. Two different
methods were tried to determine’ crackmg and ultimate moments. In method

I, the Cracking moment was deterrmned by the following expression :

M :(.I/y

{
cr mr " e’ 7y (2.43)

The ultimate moment of‘.resistance was determined using a rectangular
Stress block for mortar in compression and neglecting its tensile strength.
The wire mesh and skeletal steel were assumed to be stressed to thejr yield
Stresses in tension or compression. [For the purpose of analysis, the trapezoidal
. Cross-section was converted to an equivalent unsymmetrical I-section of
Ulc same height.

&
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The method Il for determining crackinz and ultimate inoment s the
. . . . . 110

. same as discussed in section 2.4.1 and used in the study of channel sectlons( ).

- Both the methods gave a satisfactory comparison with the experimental results.

However, the method [l gave a smaller coefficient of variation of the ratio

of theoretical and experimental ultimate moments.

The deflections for trapezoidal sections were calculated in the same
. . . . 0
way as determined in the case of channel sectzons(“ ). The agreement between

the theoretical and expetimental deflections was satisfactory.

Out of the nine specimens, seven failed in flexure and two in shear.
The two specimens which failed in éhear, were reinforced with thin chicken
.wiA;e mesh. The thinner chicken wire mesh had offered much less resistance
than the square wiremesh towards the load carrying capacity of the specimens.

In general, the first crack and ultimate moments/loads increased with an

increase in the amount of longitudinal reinforcement.

Paramasivam et. 'al(lzn_,, investigated the elastjc behaviour of single

and combined unit of folded plates for bus shelter under uniferm vertical
loads. " The single unit was 3 m x 3 m in plan with a rise of 0.7 m and

45° sloping” sides.  The folded plate was designed for uniform vertical load

of 2 kN/m. The elastic analysis was done by finite element method using -

- -. 122 o .
COmputer program SAPIV( ). The 'stresses obtained were jow and hence a
nominal mesh reinforcement with 3 mm  cover resulting into an overall
thickness of 18 mm was provided. The two units were cast with a provision

°f 100 mm mesh overlap from the outer edge for joining at a later stage.

The single unit was first tested by applying four layers of sand bags

resulting into a total of 2 kN/m. The unit was then unloaded. The deflection

»
.

and strain readings dUrng loading and UHlOE.ldjng showed reasonable agrccnpcn('_;;’.

- Qhsy3o
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The second unit was then connected to the first unit by tying the overlapping

meshes and subsequently plastering it.  The combined unit was also loaded

with four layers of sand bags. The load deflection curves of the single and.

combined unit showed lincar behaviour upto the maximum applied load. No
distress wals observed in any paré of the structure including the cast-in-sity
connection at maximum loading. Fhe maximum deflections under 2 kN/m
were found to be . 2.96 mm ancif 2.62 mm for single and combined unit,
respectively. The strain readings were observed to be linear and computed

values of membrane stresses from the strain readings were found 1o be very

small. It was observed that the central bay is stronger than the outer bays..

The cost of construction of these units including the foundation was found

to be about 30% less than the similar type of reinforced concrete bus shelter.

2.4.4 Cylindrical Shells

-«
Paramasivam and Le¢123) investigated the behaviour of single and

combined ferrocement cylindrical shell units. The single unit was 3 m x 3 m
-in plan with a rise of 0.5 m. It was designed for a supérmposed load of
1.2 kN/rnz. The reinforceﬁent consisted of 3 mm diameter mild steel
bars at 75 mm  centre to centre with one ‘layer of woven wiremesh at

top and bottom of the skeletal stéel. The shell thickness was 1[5 mm. The

combined unit was obtained by tying the projected mesh reinforcements of .

the two units with an overlap of ' 150 mm. The mortar was applied by hand

Pressing and cured for five days.
The single and combined shell units were tested under uniformly distri-

: f
buted load. The combined shell unit was found to be more elficient than

2 .
the single unit. At working load of 1.2 kN/m", the maximum deflection

and principal tensile stress were found to be 7 mm and 1.9 MPa and these
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values were in close agreement  with theorctical predictions using  classical

membrane theory,
2.4.5 Hyperbolic Paraboloid SheJ]

Das Gupta, Paramasivam ancsj Lee“zq) investigated the behavioyr of
a ferrocement hyperbolic paraboloid‘fsh'efl in the shape of an inverted umbrelia.
The shell was 2.44 m x 2.44 m iin plan with the rise from the centre to
the exterior edge of 0.37 m. The" shell was 16 inm thick and reinforced
with t.wo layers of woven wiremesh spaced by 3 mm diameter mild steel
bars at 150 mﬁ centres both ways. It was tested under uniformly distributed
load upto a load intensity of 4.8 kN:/mz. The maxim.um deflection and principal
tensile stress at 4.8 kN/m2 load level were found to be 1.6 mm and 1.25 MPa
and no distress was observed in an;y part of the structyre. The shell was
analysed by classical membrane th:eory a;'ud the experimental results were

found to be in 8ood agreement with theoretical predictions.

2.4.6 Funicular Shelis

Elangovan and Santha Kumar“zj-) investigated the behaviour of room
size ferrocement funicular she|] uﬁdef uniformly distributed loads. The funicular
shei] roof was 2‘.7 m x 2.7 m in pIar; with a rise ofi 0.5 m and shel] thickness
of 3p ﬁm. | The shell was suppor!ted continuously on edge beams of sjze
250 mm x 250 mm, The funicular shape of the shel] was provided by 6 mm
diameter skeletal steel bars at 337.5 mm Spacing. bne layer of chicken
\’{iremcshAoI 0.711 mm  wire diamcter was provided on both sides of the
skeletal stee). Form work was used only for the edge beams. The shel]

was cast without the form worl.

The shell was tested under uniformly distributed Joad applied in the form

- PI_ sand bags .over the entire area. A maximuim load of 16 kN (2.2 l<N/mz)
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was applied in increments of & IcN.l This load is about four times the minimum
live load as per 1.5. Code“26). The maximum deflection under the applied
load was 0.2 mm. The elastic analysis of funicular shell was done by finite
element_method. The ‘theoretical maximum deflection compared well with
the cxperimental valye. The funicular shell had the compressive stress in
most parts of the shel] except for a distance of abouyt 10% of span from the
edges. The maximum values of compressive and tensile stresses were 0.07 MP3

and 0.025 MPa respectively. The maximum moment in the shell was every

smali (0.09 N mm/mm).

2.4.7 Tension Ribbon

Subrahmanyam et, al“27) investigated the behaviour of 25.! m  long,

0.93 m  wide and 30 mm thick f'errocement tension ribbon under increasing

uniformly distributed load. The ferrocement ribbon was designed for a normal
working load of 150 mkg/r"n-2 (sell weight and finishes)  and an occasional

Jlive load of 75 kg/m‘?. The main reinforcement consisted of 10 numbers
10 mm diameter high yield strength Edeforrned bérs in the Iongitudina] direction,

> mm diameter steej bars at .50 cm . centres in the transverse direction and

- two layers of galvanized wiremesh of. [0 mm x [0 mm  size with wire diameter
of 0.889 mm. Thelribbon was c%lst without the form work in one sir.1gle

Cperation. The initial central dip due to reinforcement was 0.70 m. After

28 days of casting, the central dip was found to be 0.80 m.

The uniformly distributed load on the structure was applied in the form
of brick layers. The first visible cracks occurred at é load level of 137 kg/mz.
Some of the observations were discontinued after a load level of 266 R'é/n12
due to safety reasons. The structure was loaded upto 395 kg/m2 without

the oOccurrence of the faijlure.
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The ribbon was idealized as cable-beam system. The analysis incorporated

the material and geometrical nonliﬁfearity of the structure. An iterative
i

finite difference method was used tb solve the problem. The analysis was

carried out by considering (i) the ;composite action of ferrocement, and
|

(ii) the action of ‘reinforcement aiofnc. The horizontal tension was better
1

predicted by the analysis consideringf the composite action, while the defor-

mation behaviour was better predicted by considering the action of the reinfor-

cement alone. The central ‘dcf[ection‘jdue to normal working load of 150 I\'g/m2

(1.47 kN/mz) was only span/l57, EThe maximum crack width at this load
|

level was about 0.06 mm. At occdsional working load of 225 f-:g/m2 (2.2]

kN/mz), the maximum crack \wdth was  0.I185 mm. Against the design load

of 150 kg/rn (1.47 kN/rn ) the structure withstood a load of 395 kg/m2
(3.87 kN/m ) with a deflection of span/SO

]

2.5 CONCLUD]NG REMARKS

Research investigations into the behaviour of ferrocement has revealed

that its mechanical properties depend on the volume fraction and specific

surface of‘mesh reinforcement, tensxle strength of mortar, yield strength
of wmremesh modulus of eiasncnty of mortar and wiremesh, bond strength

between mortar and mesh remforcement and the mortar cover.

Several researchers have investigated the behaviour of different " types

of~ roofing/{looring elements. These include simple channel sections, ribbed

slabs and spatial elements like folded plates and shells of various shapes.

Based on the test results of ferrocetnent control specimens, some approximate

and quasi-empirical relations have been proposed to predict the load deforma-

tion and cracking behaviour of these elements. Simple classical theories such

as bearm bending theory, plate bending theory and the membrane cum bending
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- theory have been used to predict the behaviour i.n both the clastic and the
post cracking ranges. Invariably most of the rescarchers have used the modifjed
flexural rigidity ('Elcr) in the computations for the prediction in the post
cracking range. Such an analysis tends to be approximate as it is unable
to cater for the cornplexities arising due to the changing El values from section
to section in the post cracking range, orthotropy of the composite material
and yielding of wiremeshes at the crit;cal sections leading to local redistribution
ol stresses. Thus, there is a need to devellop a rafional basis of the analysis
of lerrocement structures which car:1 predict their behaviour right upto the
ultimate load. This would also neeé 10 establish a suitable failure criterion

for the constituent materials of the composite under different stress states.

-~ In the present study; the bchejwiour of a new type of roofing/flooring
clement in the form of box girder shape has been investigated experimentally
and analytically. The above element provides flat top surface and better
Ipad, deformation and cracking behaviour as compared to channel sections
and ribbed slabs which are also fiat top due to its larger {flexural and toérsional
rigidity. A rational analysis _of the box girder has been carriéd out through
the elastic, cracked and ultimate stages using the finite eiement method.

The detaxls ol the analytical method are presented in the following chapter.




e - 4750
160 5 - g
o o N 4 LAYERS =
- o 0 .
- 20" . O
o 200 P o Js00 S
&) .'.' 8
“ ol b _ 2 LAYEARS
‘ g :
L —— AVERAGED EXPERIMENTALCURVES 4250
Lol /2 o :
- O | ANALYTICAL PREDICTION
&
4] 1 1 1 1 4 1 ! 1 1 0
0 o1 02 03 04 035 06 07 08 09 J0.
DEFLECTION , INCH
- FIG.2.1 -COMPARISON OF ANALYTICAL AND EXPERIMENTAL LOAD -DEFLECTION

(CURVES OF THE SPECIMENS WITH 1/2” WEipED MEcy(6D)

TENSION OEFLECTICN mm
K 0 5 10 15 20 25
} 245 ; T : T
]
: 6 LAYERS
T
e e
Eey €cy e 160 - -
7 T - L LAYERS
I ! A Y 2 . 4.
] ' N R/ S
1 I Ee Q
] :
; t S ech I 4
I ! ok ZLAYIRS
. . ———— AVERAGED EXPERIMENTAL
]
' Lo e, e == THEgRY €3
CGMPRE $SION cyY c . , ! .
) 0.2 0.4 0.6 0.8 1.0
CEFLEZTION , INCH
FIG.2.2 —IDEALIZED STRESS - STRAIN CURVE FIG.2.3 -COMPARISON CF LOAD-CEFLECTICN CURVES BY

THE THEORY (83} wity THE AVERAGED cXPeRI-
MENTAL CURVES OF BALAGURU et ql!82)

FOR FERROCEMENT (o3

9¢



[ a4

¥ WELD MESH

i
Wi (oNE LavER) '
TN . wike mesn a |
647l l: ‘;7(7\'«0- LAYERS) |
o D il - De
y o 3 j‘ ‘ I
\ s L _“.I;: .I.'.._t:!W :
{ . 1l :
2.735L b : e - :
N/ HIGH YIELD STEEL = §.45 mm }{il";- - ;
; SPECIMEN =1000 x300x25mm 4‘}" ; ' oy |
e | L/’i _].\% u
. E=EEER
bx™

25 51 16 102
DEFLECTION.mm

FIG.2.4 ~LOAD-DEFLECTION BEHAVIOUR : HIgH
YIELO STEgL(68)- -

—

. _~B8OND STRESS

e TENSILE
: T STRESS

-
. f~

- O x 1
X
FIG.2.5 - BOND STRESS DISTRIBUTION AND TENSILE STRESS
DISTRIBUTION IN CONCRETE AT A DISTANCE
FROM A CRACK FORMED IN A REINFORCED CONCRETE
MEMBER

FIG.2-6__~BUILT-UP 1-SECTION WITH ASSUMcD

VARIATICN FOR BOND STRESS(7S)

= 50 (33)

z o TEST RESULTS

w &C|® TEST RESUTS OF RAQ
= AND GOWCER(58) -
o

a

)

[v4

w

o

iy

-

c

g o ! ! ! ' J

L
0 01 0z 03 0.4 05 c3
MZSH-MORTAR PARAMETER Pm. S22

-VARIATION CF MODULUS ¢Ff
RUPTURE OF FERROCEMENT
WITH MESH MORTAR

PARAMETER (33)

FIG.2.7

s



- .. CHAPTER Il

MLETHOID OF ANALYSIS

3.1 GENERAL :

For the analysis of ferrocement elements, two approaches have been
used. In one approach, conventiondl reinforced concrete theory has been
extended to ferrocement in which suitable idealized stress-strain rclations for
the component materials, namely, mortar and mesh (or mesh and skeletal steel)
reinforcement are assumed. The effect of mortar in tension is neglected

L . i L, (59)
or It 1s inciuded upto the cracking strain of the mortar. Logan and Shah .

Rajgopalan and Parames_wéran“zg), Balaguru et. a1(6.2)' and Naaman(u)

have analysed ferrocement beams using this approach. In the second approach,

ferrocement composite is treated as a homogeneous material. A suitable
stress-strain relation for the composite is assumed in compression and tension.
The tensile contribution of - the mortar js incorporated in the stress-strain

relation of the composite in tension. Hug and Pama(38’ 63) and  Kaushik

et. aI(M’ “6), analysed Ierrocement beams and ribbed siabs respectively using

this approach. Desayi et. al(“O 1-20) also followed this approach. They
expressed stress in the composite as a function of the mesh-mortar paramcter.

i

Three dimensional ferrocement , - plated structures and shells of various
(110, 120)

shapes have been analysed in the elastlc stage by using beam theory ’
classical membrane theory(123 121‘1), membrane and bending theory(“'g) and
more recently the finite element method“zz’ 125) (described in section 2.4).
Classical membrane theory fails to predict even the elastic behaviour in the
Case of complex shell shapes, i.e. hypped hyper shaped ferrocement shell

element as reported by Tatsa et. a1(129) and finally analysed by the finite

- element method. In the cracked Pange, the analysis has been reported only in
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the case of trapezoidal shaped folded plate using beam theory by Desayi

(120)
et. al .

Even the elastic analysis of folded plates by beam method is
an approximate one because it does not take into account the stresses induced

due to the distortion and warping of the cross-section.

3.2 BRIEF REVIEW OF VARIOUS METHODS OF ANALYSING THIN WALLED

BOX GIRDER ELEMENTS

== Thin walled box girder'elements' carry the applied loads due to membrane
and bending actions. These two actions also include the traditionally known
distortion and warping of the cross ‘section. Maisel and Roll(DO) reviewed
various methods of elastic analysis 6[ thin walled box girders and presented
a brief summary of the simpler approximate methods which require only the
use of a slide-rule or programmable desk calculator. The methods presented

(131) (132) {(133)

by Richmond and '+ Steinle cover the- distortion and

Kupfer
'.warping of the cross-section. These approximate methods however do not
‘cover all the structural actions of the box girder. Folded plate, finite strip
and finite element methods can be described a.s relatively exact imethods
because they consider all the structural actions involved in the three dimensional
plated stru’cturesl. Folded plate mf:thod, also known as elasticity mephod,
was developed' b); Goldl;erg and Leve(;”q). it was Qsed in the study of simply
SUpported box girder bridges by Sc:ordelis(uj) and Chu and Dudnik“36).
The method ho'wever. suffers from being fairly complex, and is difficult to
aPP_ly to orthotropic folded plates or box girders.  The finite strip method
was first introduced in analysing prismatic folded plate structures and box
girder bridges by Cheung(U?’ !38)..‘ It is a special form of finite element
Method in which the structure is discretized into a finite number of strips
which have constant cross-section and material prolpertics over the entire

length. The method can be used for orthotropic materials. The cormputational
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. . - 139
effort required is very small as coimpared to finite element molhod( ).

The folded plate and finite sfrip methods are suitable only for the

elastic analysis of box girder elements. An attempt was made by "Kaushik

(140)
al

et. to analysis ferrocement bc}x ‘girder elements in the cracked range

by finite strip ma2thod. The predictedideﬂections at mid span in the uncracked

and cracked range compared satisfactorily with the experimental results

while predicted longitudinal strains at 25 mm above the soifit at mid span

compared satisfactorily only in the uncracked range and werc about 50 to

65 percent of the experimentally observed strains in the cracked range.

The large discrepancy in the cracked range is due to the basic assumption

that the entire length of the strip is cracked (due 1o constant material property

dssumption in the strip method). Wh'ile even at ultimate failure, the entire

length is never cracked. After cracking at a particular section, the strains

increase at a much faster rate as compared to the uncracked sections.

3.3 CHOICE OF THE METHOD OF ANALYSIS

The use of beam or finite strip incthod leads to the approximate solution

In the cracked r—ange. The above methods fail to predict the complete load

deformation response and progressive cracking in the structure due to increasing

- loads.

The finite element method is the most powerful and versatile' tool

of structural analysis.  Nonlinear analysis of reinforced concrete plates and

shells by finite element method has been carried out by various researchers

Using two different approaches i.e. the modified [} approach and the layered

dpproach. In the modified El approach, a macroscopic view of the probJe’ﬁa Is

taken. An overall moment curvaturc relation reflecting the various stages of

Material behaviour is assumed. This approach has been applied to reinforced
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\
concrete plates by Jofrient and McNexce““) and to plates and shells by

Be “(la 2)

- The approach is simple but can not accurately reflect the interaction
betwecen membrane and bending actions. In’ the laycred approach, ‘the elernent
is assumed to be consisting of suitable number of concrete and steel layers.
The variation of material properties across the plate thickness is allowed by
ar:Signing different material propcrt_ies to layers’ dcpendmg upon their strain
state. The material propert:es are assumed to be constant over the each
layer thickness. Kirchhoff's assumptlon is used to relate strain in any layer
in terms of strains and curvatures of the reference surface.  Idealized stress-
st-rain relations are assumed for. the‘component materials i.e. in the uncracked,
cracked, yielded or crushed state for concrete and unyielded or yielded state
for steel. - The stiffness of the eler_;went is obtained by adding the contribution
of all the fayérs. The resulting stiffness matrix contains the stiffness contri-

butions due to membrane, bending and membrane-bending interaction. Recently

Prakhya and Adidam“aj)' used layered approach in analysing ferrocement

slabs.

In the present study, the layered finite e!ement‘ approach is sUitably
modified and adopted. For thin ferrocement structures, the element is assurned
to be con51stmg of single rnortar layer in the uncracked stage, uncrackcd.and
cracked mortar layers in the cracked stage and smeared layers of- wire mesh
and skeletal steel (Fig. 3.1 and 3.16). In the cracked stage, the depth of
cracked yielded crushed mortar is determined. Wire mesh and ‘skeletal
Steel are checked against yielding. The ‘stiffness of the element in the cracked
Stage is obtained by adding the contributions due to uncracked mortar layer,
Cracked/yielded mortar layer and unyielded layers of wire mesh and skeletal
Steel.  This results in a saving in the computational effort in the camputer

Program as coinpared to the conventional layered approach.
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3.4 FINITE ELEMENT FORMUL!\TION OF THE PROBLEM

The ferrocement box gircle_rs; have been analysed by finite element
method under dead loads  and rnbnotonically increasing live -loads.
A rectangular f{lat shell element cépable of representing membrane action,
bending action and the intc:raction:E between membrane and bending action
is adopted. Only material nonlinealliity due to cracking of mortar, tension
stiffening effect of mortar betweengthe cracks and the nonlinear stress-strain
relationships for the mortar, wireme;s,h and skeletal steel is considered. Since
the box section provides large _Ilexu;ral and torsional rigidity, the deflections
in thc.cracked range arc assumed to? be small. Hence, geometrical nonlinearity
- Is not considered. Also not conside;red in the analysis are bond slip between
‘the reinforcement and mortar, time dlcpendcnt and thermal effects.

3.4,1 Choice of the Element

- For the anélysis of prismatic box girders with linear edges, flat shell
eiements are the most appropriate;onc. Different flat shell clements are
obtained by combining the diffcrént membrane and the bending elements.
For the analysis of above type of structures, rectangular flat shell elements

or isoparan'aétric parabolic -shell elements with 8 or 9
nodes 143, 146, 147)

have been used. For the same size of element and
Same degrees of freedom per node, -the computational effort required in 8 or
?  noded elements is very large as compared to 4 noded elements. The
Computational effort increa-lses ;—:-vcrjw more when iterative nonlinear analysis
Of the structures is carried out. In order to save on computational effort,
2 simple 4 noded rectangular flat shell element with six degrees of freedom
Per node is adopted for the present analysis.  The chosen eleiment can also

be™ used for the analysis of prismatic folded plates, cylindrical shells and
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other three-dimensional structures ’(:onsiﬁling of rectangular plates.” The

procedure developed, however, allows the use of any general type of clement.

The chosen element js obtained by combining a twelve dcgrccs of freedom

143 . —
membrane element( ) having a lmear variation of U, and a cubic variation

1t
of v with a twelve degrees of frcedom nonconforming plate elemen%“k))

»

as shown in Fig, 3.2,

Such an element provides a better inter-element compati-

bility of displacement at fold lines.f The six degrees of freedom at cach

corner node are

o’ Yo and Iv/ax

representing membrane action and

W Bwo/ dy and - dw [ 3x repiresenting bending action. The efficiency

f the chosen element has been

(150)

cétabh'shcd by Gibson and M:twally(lqg)
Mcleod and Lim(ljl)

by analysmg different types of remforced concrete

" plate structures such as box glrders, folded plates and frames with shear

walls in the elastic range.

The displacement components Uo? Vo W, at any point y, Y on the

reference‘ plane are described In terms of nodal

{CSm}Q = {u

displacements, [isted as

ol’ VoI’ ezl, Uo2' Voo 922, ........ } for membrane action and

. . e : ) - ) . . L.
as {Sb} =q{ WO exl, eyl, W o ?xZ’ 9y2 ...... } for bending action, with
the help of shape functions given below,E :

u, o= Al + Azx + A3y'+ /\Qky

4 i .
= B N.u . y ' (3.1
j 1 J Ol . )

Where j = 3; .2 and Nj are the shape functions.

C 2 3 2 3
Vo = A5 + /\6)( + A7y + Agx + /'\9xy + AIOX + A“x y + A]ZX y

il | (3.2)

-Where P o= 3 y o= E~ I' and N“ , NQ_ are the shape functions.
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dv
o 2 . 4
£ T T T ARGt PAges Agy v 3A + 2R Xy ¢ 3A xTy (3.3)

D
il

- 2 2 3 2 2
W, = Bl + Bzx + BBY + qu + Bjxy + Béy + B7x T+ ng y + ngy

3 3 3
+Bloy +B“x y+Blzxy
l; ) .
= i}:.':l I'Njwoi + ngxj + Nﬂgyi ] (3.4)
where = 3i, = 2—2, k = ,F-! and N!, N! ,N! are the shape functions.
. J j k'™

Choosing a non-dimensionalized coordinate system with &= —;— and n = %
(@ and b  are the sides of the rectangular element), the shape functions

are-easily determined as given in Table 3.1.

3.4.2 Basic Formulation For Elastic /\nalysis

A flat continuum subjected to combined action of stretching and bending
Is essentially a problem. of three dimensional elasticity but, however, using
Love-Kirchhoff's assumptions for thin flat plates it reduces to a tw

o dimen-

" sional one. These assumptions may be stated as follows :

(1) The straight fibers of a plate  which are perpendicular to the

reference plane before deformation remain so after deformation

and do not change their length.

(2)  The normal stresses acting on planes parallel to the reference

plane may be neglected in comparison with the other stresses.

Although the first assumption results in a plane strain condition and
the second one in a plane stress condition, these assurmptions give rcasonably
accurate results for thin plates on account of normal strains being very small

dangd having little influence on stresses and strain.
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Table. 3.1
_____ Shape Functions (N) for Membrane and Bending Elementg ]
Nodal Shape Function (Nm) , Nodal Shape Function (ND)
Freedom for Membrane Element Freedom for Bending 'L’Icmcm
Ug) cE-n+En+ | Wo, l- 352—&] 3'] 25
+3¢ n+3 En +2n ZEn
-2 &n )
Vol l-n-3¢° +2€+3€ n 2€ n 6. bln -&n-2n%2gn
+n” - )
1 ae2etmigla gl gl | -ale -tn-2 e%2¢ %
y 3
+E£7-6£7n)
-3€n +2£ n o+ 2&n?
2?2 E__?_F_-_?E_I‘_f_z_i_fl _____________ | Men2mten)) o
2
AL e e
Ugs £n w03 “Ene3 £ 3en“-2 £7
-2 &n
v 3¢%n - 267, 6 bl-£n? + £n’)
e X3 Y R
..... 93‘5“%«3‘5“
Yoy n-é&n You £n+3n 3€ n-3gn°. o3
+2 & n+ 25'1 2
oy om _j_ﬁ_j"_j_z_f_[' _______________________ Y BenTeenin 2 g)
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Using Kirchhoff's assumption's,' the displacements (u,v,w) at any point
'P'in the shell (Fig. 3.3) at a fiber distance z from the reference plane
can be described in terms of the displacements and their derivatives on the

rcference plane. Thus,

a W
u = UO (x,y) -2 —é"—x— .

3w ;
Vo= vy (x,y) - z —a—)-’-g ‘ (3.5)
W= wo_(x,y)

The displacements {uo,vo,wol can be expressed in terms of shape functions

and nodal displacements at the reference plane as follows ;

| —-
u FN 4]
o m |
I
|
Vo = 4—-——-——--‘.-0—---- (3-6)
i
W 0 } N
o J._ i ! .b_J

where Nm and Nb are the shape functions for membrane and bending actions

respectively.

The strains {e} art point 'P' are obtained by differentiating equation

(3.5). Thus,

(

(3.7)
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t

where {Eo} and {xo} are in plane strains and curvatures at the reference

plane. {EO} and {xo} can be expressed in terms of nodal displacements and

appropriate derivatives of shape functions as follows :

{EO}

. e e
[B”l] { dm}

. ‘ e
{x '} = B,] {5b},

where [Bm] contains first order derivatives of [Nm] and [Bb] contains the

second order derivatives of [Nb].

Writing equation (3.7) in terms of strain derivative matrices [Bm], [Bb]
and nodal displacements,

fe} = B 1{s 1¢ 4 lBg1{s, 3¢
= [[Bm]: z[Bb]] e,
{6 }-
. b
= [B] {8} € (3.9)
where . J
(B] = _ [[Bm]: z[Bb]] S (3.10)
and
{6 1°€ _
{a} € - = | (3.11)
L&)
From the material Const-ructive law, the stresses
(6= [D](le)- ell )+l

(3.12)

Where [p], {Eio} . and {O'Ci} are the material Property matrix, initial strajn

Vector and the initial Siress vector respectively.
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Applying the principle of virtual work, it can be shown that the element.
nodal forces {F}© and element nod.ﬁl displacements {5}E are rc‘latcd through

a square symmetric matrix [k]€ ‘called the elernent stiffness matrix, as

follows :

{rye . !j (B3] [DJ{B]dV] {6} J[B] (D] {el} dv fl.f-"lT{O'é] av -

j[N] {p} av | | (3.13)

where the element stiffness matrix

= f[B]T (D] [Blav i : (3.14)

the consistent nodal forces due to initial strain {Eg}

~j[BJT [D] (el } av 5 (3.15)

the consistent nodal forces due to initial stress {(Yc‘;}

=

L = f[B'JT {ql} av S ' (3.16)
‘th:- consistent nodal forces due to bod):f forces {p)
T .
=T oy ey (3.17)

Substituting for -. [B]  from equation (3.10) in equation (3.14), the eclement

stiffness matrix can be expressed as given bejow

e J L IC TR (YR ST

(8,1" (D] B.J i 1 D),

vol

---------------------------------------

Area
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T . . T
S ] Pl B e ?..[.‘3...*3...[.?19.]... o
T . '
B, 038,11 (8,1 (b, [, ]
Arca _'
N L . S (3.15)
[Krnb] E rKIJh] ;
where [K ] - f (6, D, T ] dn |
Arca ‘
T ? T
(K, ] f (B, )7 [0, ) (oA - @k, T,
Area
K. ] - (817 (D, 18,1 dA
Kyl = b bb' 'Fh '
Area ’

Brml = ¢ [Dlaz

¢ .
[Dmb] = fo z[D] dz and

£,
(D] = Jz (D] dz

[Kmm] , [Kmb] ;nd {Kbb] are the membrane stiIIness,r coupling stiffness

and bending stiffness respectively.  If the material propertics are symmetrical

i

With respect to the middle plane, the term jz[D]dz becomes zero and thus

does [Kmb].' For such materials, the membrane and bending actions are

Uncoupled.

The element stiffness [K]° and the consistent nodal forces {F}¢€ have

been evaluated by numerically integrating the equations (3.14-3.17) over the

EIErnent area. A three by three Causs qu.adralurc has been folioweq for numerical

‘”t%rdtjon The clement stiffness k€ is thus determined by




70

' T, L T |
KE - f ....[f.'ff...f‘.'?.t*:fif.ff‘.’!f1.'.-....;: Pl 10 18!

T T
A L N L N B (LRSI

T . T
n n (8] ij ! mm]ij [Bm]ij ' [Bm]jj [Dmb]jj [Bb]ij
= T bX e, i Cicj ab
S A EY r 5 : 1
%5 mblij Bk Bt gyl LB, ;5
(3.19)

B 1. ,B | b . ale strain natrices -
where | mJlJ [Bb ]”, [D””“IlJ _ mub]u and “%b]lj are the appropriate strain nutrices and

the material matrices as defined earlier at Gauss points (i,}), (‘.i, C

*

the appropriate weighting coefficients, and p

are

Is the order of Gauss quadrature

used. Thus the eiement area is divided into

]

2 § _
N number of arcas which' can

have different [p ] , [

mm-ij » (D

Dmb
sampling  (Gauss) points and areas under their command for three point integra-

tion rule. The position of sampling - points and

the weighting coefficients
are given in Table 3.2,

Since in the Present study, the highest power in defining

displacement function is three, the highest power cxpected in the integration

for element stiffness s six.

The three points Gauss integration ryle can

exactly integrate functions only upto fifth order (one order less). Going in
for a higher order i.e.

fourth order increases the computation effort almost

by double. The reduced integration h;as a favourable feature that jt yields

better behaviour as pointed by Zienki'e,wi_‘cz et. al(wz).

Table 3.2 Gauss Integration Constants for Three Point Integration (n

= 3}
S.No.

Position of Sampling Point Weighting  Coefficient

0.11270, 0.16653, 0.79253 0.27777,

N
f

0.77778, 0.77778

N
1"

5 = 0.5 ' 0.84444, 0.44444, 0.44440

24 = 0.88729, 0.83346, 0.20742 0.77777, 0.77778, 0.77773

i . bb]jj' Figure 3.4 shows the typical
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The consistent nodal forces due to body forces can be determined by

(Fye¢ f N (o} da
Area

il
e

n
z
i =

I

| [ij]T { p} ij C .C .ab

. a. {(3.20)
1 J

where {pij} are the pressure intensities at the Gauss points j,j.
Stinilarly, the consistent nodal ! forces due to initial

siress {Ggi} can
be determined by

* (F}€ :fv (81" (s v

n n (B 1j {Forn} 1} )
= z z et ite it tiraignen,, C‘. . Cj . ab (.3-21)
Ci=l =y T ,
{Bb]” {Mo}n .

where {Fom}ij and {MO} ij are the membrane forces and bending moments

due to initjql stress{dg‘}at the Gauss point

iyj.

The clement stiffnesses and nodal forces which ma

Nate system, are to be transformed o a global Coordinate system.

To make
the transformation simple, all the ‘three displacement Components (uo, Vor wo)
along Xs ¥» z directions are arranged together followed by the three rotations

(@x, Gy, 92) about , Y, z directions, |t (uov v

o’ wo) and (ex, ey, 82)
are the deformations in the loca .

—

coordinate system and a, v

oY
ot
D

matrix [(T] as




(8] F f — (8]
| v |
Yy [T] | 0 Vo
W o W !
i
A R . X (3.22)
! -
ex | GX
i —
IS 0 T) Q !
y ot y
e ) ‘ “\8 |
VA FA |

here [T] isa 3 x 3 transformation matrix consisting of direction cosjnes

f the local axes

Xy ¥y 2 with respect jto the giobal axes X, Y, Z. In general

' R
1, ™ %

(T] Jy m ! (3.23)
Lk Tz "z

here (Px,' m s _nx), (fy, my, ny) and _(fz, m,, n, ) are the direction cosines

f the Jocal axes Xy ¥, Z with respect to the global axes X, Y, Z respectively.

: | -
The complete transformation matrix {T] for an element nodal deforma-

»  Consisting of the six displacements at each of the four

odes of the élement is obtained as H

I B L

(24x1) ) (24x1)
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= (TI(3)° (3.24)
Similarly, the nodal forces are transformed as :
{(F}€ = [T] (F;° (3.25)

Using principle of virtual work Or minimum potential energy theorem,

it can be shown that the element sttffness matrix in local coordinate system

(KT s related to the element stiffness matrix in global coordinate system
K by

R = M e @ (3.26)

For prismatic box girders, the transformations are further simplified

as only two types of transformations are necessary. Taking the X axis oriented

in the span-wise direction and the Z axjs downwards, as shown in Fig. 5(b),

the two transformations are as_ follows :

(i}  elements rotated about the X axis, i.e. the web elements of

the box girder ;

(i)  elements rotated about the

Y axis, i.e. the diaphragm elements.

The transformation matrices for the two cases are :

Case | ~Rotation about the X-axis (Fig. 3.5 (c)).

u [ | 0 0 f U
0
Vo I = 0 | Cos Gx sin & . vy (3.27)
W 0 - sin @x Cos Gx ] . "u?o
L. \
Case 2

Rotation about thé Y-axjs (Fig. 3.5(d)).
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U rcos S 0 L sin @ u

o} Yy ; ‘ o]

v, = 0 i . 0 Vo (3.28)
Wo Sin Gy 0 cos @y Wu

The transformed element stiffnesses and nodal forces in global coordinate

vector {F} on the structure. These two are related by a set of linear simul-

or [K1{§} = {F} (3.29)

Alter substituting the appropriate boundary conditions, equation (3.29)

is solved to yield nodal displacements in global coordinate system.  These

isplacements are transformed into local coordinate system for each clement.

rom nodal displacements in the local coordinate system, 1/ in-nlane  strains

Eo} and curvatures {xo} at reference plane are determined at Gauss points

f each element.  The strain and stress distribution, across the thickness at

auss points are determined by equations (3.7) and (3.12).  The resultant

embrane forces {Fm} at Gauss points are determined by integratingihe

tresses { S over the plate thickness :

(F } = Py - ftid‘i dz (3.30)

mxy

Similarly, the resultant bending morments {M} at Gauss points are deter-
Mheq by inl'u;rating- the moments of the stresses {6 Jabout 1he reference plane:
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M *

y : j {67}z dz (3.31)

M
Xy

3.4.3 Material Modelling and Failure Criteria
- i

A realistic model for the analysis of thin walled ferrocement structures

has to incorporate the characteristic f)roperties of

Its constituent materials,

namely, the mortar, the wiremesh and the skeletal stee] reinforcement.

i

The material properties of mortar and reinforcement depend on

the stress

or strain state of the materjai. In thé present study, the use of Kirchhoff's

second assumption in neglecting the trardsverse normal stress allows the clement
to be in a state of plane stress. The plane stress constitutive relations assumed

for the constituent materials are given below :

3.4.3.1 Mortar

The stress-strain relation for rmortar in uniaxial compression has been
investigated by many researchers as part of their investigation on imechanical

Properties of ferrocement. A typical uhiaxial stress-strain relation for mortar
i shown in Fig. 3.6. On the tension’ side, the curve is nearly linear upto
the tensile strength

where the mortar. cracks and the stress drops to zero.

On the compression side, the curve is nearly

linear upto about 30 percent of

its ultimate stress, then deviates gradual

ly from linearity till the slope becomes

2ero and reaches the ultimate stress.

A descending tail follows the pealk

nd finally ends with a complete crushing. In analytical form, the stress-strain

Yr've of a mortar was represented by Fourie

r series (cquation 2.18) by,Bufalguru

. . ' . 128
In analysing ferrocement beams. Rajgopalan and Paramcswaran( )
fNalyse ferrocement hbeoams by wsing  the following  parabolic Calressestrain
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(6™-€) relation for mortar (Fig. 3.7) in. compression.

€ € 2
§ = csg'c[z( - )—(—?) ] (3.32)
CcQ CcO

where (c‘c and €0 are the peak compressive stress and the corresponding
strain respectively, The Stress-strain relation  in tension  was  assumed to
be a semi-parabola without a descending portion, the peak stress and the

strain corresponding to the tensije strength and the cracking strain of the

mortar respectively.

No

investigation. on mortar wuxier

biaxial or multiaxial stress state has
been reported, whereas for concrete, several such Investigations have been

reported by résearcher5(153, 154).

In the absence of such an information

necessary guidance from the reported concrete results

suitably adopted.,

for mortar,

has been

n ferrocement structures, the failyre js normally governed by tensile

cracking of the mortar and yielding of wiremeshes and r

arely by crushing
of the mortar. Hence an elaborate stress-strain law jn’ compression  zone
is not justified. . in the present s;udy, the mortar js idealized to be linearly
eIastic-perfeCtIy p_!astic in biaxial Ccompression, and linearly elastic in biaxial

tension and tension-compression (Fig. 3.8).

Failure Criteria for Mortar :

Hoy
Prakhya and Adidam“"" assumed the yijeld surface for

mortar based
On h (153) . . . . .
the test results of Kupfer et. aj (Fig. 3.9). Consldermg strain hardening,

the initja yield surface was assumed when the principal

compressive stress
attained 3 valye °f 30 percent of uniaxial

ultimate compressive strength
(1:58- 3.10), The classical normality fow rule was considered for the yielded
Mortar. |p additon, a Crushing surface, analogous 1o the yield surface but

sy
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in terms of strains was used in defjining the complete collapse or crL-Js.hing
ol the yielded mortar, The mortar wag assumed 1o have crushed when the
prjncipal Compressive strain rcached a valye cqual to the crushing strain
ol rortar in uniaxial compression. _ln tension, the rnortar was assumed to
be cracked when the prini:ipal tensile stress reached a valye cqual to the

mortar tensile strength.

tuent materials in the present study is correlated with the strains. Strain based

failure criteria in finite element analysis has one advantage that the strains

matrix. Stresses are obtained by rnultip!ying the strain vector with the materjaj
matrix.  Hence in Calculating stresses, an approximation creeps in due to
the assumed material property matrix,; while in adopting strain based [ailure

Criteria, this problem does not occyr.

In the elastic region, the.mortar is assumed to be homogencous, tsotropic

hd linearly elastic, Thus the stress-strain relations are
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o; '— 1 Y 0 Ex
;Hl i . .
5 = —_— Y I 0 €., or {7} = [D] e}
y (1-v9) Yot
e .
TX_V ] 9] 0] | ‘—'é——- ny (3.33)
!

The

ratio v gare assumed to be zero in a

and Poisson's
m

direction Perpendicular to the crack. /\ reduced shear modulu

) idn(ljj) where G

s equal to 0.4 G

Is the shear modulus

Let the Co-ordinate axes x'

0 the crack (Fig. 3.12), then

the stress-strain relations referring to x'y!

vordinate syatem are

1 \
o 0] 0 e
x
o L AN €t or {6} = [D]{e) (3.34)
0 0] 0.4 v

he strain vector in the x'y'  system transforms in the following " manner ;
C2 32 scC €
X
2 2 '
f = s C -sc Ey or {e'} = [Tc] {e} (3.35)
2 2
-2s¢c  2sc Cc -5 Exy

¥ COsB, s =sing and B is the angle between axis and  x' axis,
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The stress vector transforms as follows :

[ : : - |
5 c? 52 : -2s¢ : 6‘)’(
X - ;
5 = 52 ? 2sc 6;' or {¢}= [TC]T {c '} (3.3¢)
y .
2_§2 , '
xy sC ~5C c - J xy

Equation (3.34) can be transformed to

XY  coordinate system as follows

cr

b = D) (& (3.37)
where ‘

T ) A

(Bl = T2 (T ) (3.33)

If both the principal strains exceed the cracking strain ¢

the mortar
will crack in both the principal directions, The Stress strain relations jn

x'y' coordinate system then reduce to :

0 0 {ey ' (3.39)

Txy . L. 0 0 : O.#GJ

!
LYXY
Equation (3.39) can be transformed to

Xy coordinate system using equation
(3.33).

If the mortar cracks

in one direction, and the strain parallel to the
Crack reaches yield strain ¢ c

then the stress-strain relations can be expressed
as follows -

6;(' G 0 0 E;
do;' = 0 0 0 d€y' A (3.40)
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The second equation of (3.40) indicates that the material retains the vyield
stress and does not require any increase in stress with the further increase

1A
in strain. '

Tersion StiIfening Eficct

Cracking in a composite material

like ferrocement is complicated by

the presence of the wiremesh and the skeletal steel reinforcement, Figure 3,13
hows a reinforceqg mortar eiement under uniaxial

tensile stress. When strain
n the mortar reaches jts cracking strain ¢ r * Primary cracks form at random
ritical sections, A slip occurs between the mortar and the rcjnforcing bar

t the primary crack section. The mortar surfaces at the Cracked sections are

ree of stress and the force in the reinforcement equals the external load.
ut the mortar between primary cracks

Is still Capable of carrying stresses
€cause of the bond between the mortar and reinforcing bar,

This phenomena
$ called the ‘tension stiIIeniavg“ effect’. The

inortar stress js zero at the

racks but is not zero if averaged over the length,

As the Joad increases,

fore cracks form and the amount of tension carried by the mortar progressively
€Creases. Thus the average mortar stress

strain curve for the element

the present study, the elastjc modulus of the mortar is assumed to be
€ro once the fmortar cracks, but the unbalanced stress is gradually released

Ccording to an assumed unloading curve (Fig. 3.14). g the first solution
Ives Principal strajn € (Fig. 3.14) greater than the mortar cracking strain
r»  the mortar cracks,-

"and zero modulus is yseq for the following solution.
€t the stress corresponding to € be 0’I + then 66] intend of 61' Is consi-
Cred as the unbalanced stress. For the second solutjon Spo is the unbalanced
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stress etc. For the sake of simplicity,

the unloading curve js assumed to be
a straight line. The daverage tensile stress js assumed to be zero when the tensije

strain in the extreme fiber is equal

to the failure strain of the wiremesh.

Stiffness at Yielding and Crushing of Mortar :

When ~one of

(Flg- 3.8),

the mortar Is assumed to be yielded. The stiffness in the yielded

direction is zero. As tn the case of cracked mortar, here also a reduced shear
modulus equal to 0.4G

Is assumed for the yielded mortar to account for the

dowel action of reinforcement. The Stress-strain rejations can be expressed as
follows :

dO;', 0 0 "0 de!'
O—l. = 0 E O ' 3- J
y m €, (3.41)
Txy ’ 0 0] 0.4G 'Y;(y

yc' the mortar

The stress-strain relation
can then be expressed as

do‘)’( _ 0 0 0 de'
dovl L= 0 o 0 de! (3.42)
Txy 0 O 0.4G Yyy
When any of the Principal strains reaches the crushing strain €. 5 the

the stress-strain relation can be expressed as
1
O"x 0 0 0 E;(
g! = T 0 ! .
y 0 0 € (3.43)
1 '
Txy 0 0 0
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L
3.4.3.2 Wiremeshes and skeletal steel

The wiremesh and skelectal steel

,remforcomont are assumed to be distrl-

buted in the form of smeared layers of equ:valent effective area

The centres of the smeared layers are assumed to be the same as that of
’ ' i

the corresponding wiremesh Iayers and skefetai steel bars.

E

The stress-strain relations for  the

wiremesh and the skeletal  stee
are assumed. to be linearly elastic- perfectly plastic (Fig. 3.15) with the same
yjefd Stress and elastic modulys in ténsion and compression. |t
. I

assumed that the smeared Jlayers car;ry only uniaxial stress,

in the reinforcement remains in the élastic range, the stress-strajn refation

is further

When stress

can be expressed ag

_— .
oo} - EoorE, -~ 0 ' o ¢
b 5. f . | X
= 0 0 0 344
Sy €y (3.44)
Txy 0 0 0 Yxy

When the wxremesh or the ske'eta] steel yield, they are assumed to
ave zero mcremenfa! suffness.

The str@ass»strain relations, therefore, become

d{c7} = [0 d{e} {3.45)

44 Rigidities of the Composite Material

In"a plane stress problem, membrane forccs{i“ } at Gauss points can

© obtained by mtegratmg the stress vector {0’"} over the plate th

ickness.
hus




§3

{r )y <. g - j 0”7 dz
m ) my
mxy

j[DJ (eldz :j[m-{{eo] f2lxg) o
:r J(DJdz] {e 1} [j[o]zdz]{xo}

.:_-[-Dmm:, {.eo} * [Drnb] {Xo} _ (3.46)

Defining the rigidities as the derivative of membrane force with respect

to membrane strains {EO} or curvatures {xo} at reference piane, [Dmm] and

(D .1 become the tangent reigidities for membrane action and membrane

mb
bending interaction respectively,

Similarly, the internal moments at Gauss points are the sum of the

moments due to stresses { g7} about the reference plane. Thus

—~
=
.~
h

=
1]
S
—~
. N
a
N

S o - foicey 2 {x }2dz
(01 gz )+ ([ D122 {x,}

[}

=) (g} D, T (x | G
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the rigidities of the component aterials, namely, mortar, wiremesh and

skeletal steel.

Rigidities in the Clastic Stage :

-

Referring to Figure 3.1, Aflxl’ Aftyl’ Afbx!’ Afbyl €tc. are the area

of wiregmeshes per unit width along x and y dircections. Similarly, /'\S“,
Asty’ Asbx and Asby are the areas of skeletal steel per unit width along
x and vy directions. Dtxl’ Dtyl’ Dstx’ Ds'ty' Dbxl’ Dbyl’ Dsbx’ Dsby etc.

are the distancesof wiremeshes or skeletral steel bars from the reférence plane.
Subscripts  t and b correspond to the location of wiremeshesor skeletal steel
bars above and below the reference plane respectively. For the sake of conve-

nience, the middle plane of the element is taken as the reference plane.

Memb_rane rigidity [Dmm] of ferrocement is the sum of the membrane
rigidities due to mortar, wiremesh and skeletal steej. Thus
J [ ' -
[Dmm {Dmm]m ’ [Dmm]wm * [Dmm]ss (3.48)

here subscripts  m), wm, and ss correspond to the mortar, wiremesh and

keletal steej respectively, and

r ] v 0
t/2 E t
Drmd =1 D) dzg= —.m v I 0 (3.49)
mm-m J-I/Z m (1 _ \)2)
h L oo 0 - v -
[ AL )+I(A, ) 0 0
ftx’i Ibx’i
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[_ ——
(Astx+ Asb ) 0 0
Drnm]ss B Es 0 . (Asly * Asby) 0 (3.51)
0 \ 0 0
J— J

Limilarly, membrane-bending interaction rigidity [Dmb] of ferrocement s

pqual to
Dmb] B [me]m * [Dmb]wm * [Drnb]ss (3.52)
here
t/2
Doblm :f [DI, dz = [0] - (3.53)
~t/2
[ T
Z(Aftx.Dtx)j+-E(/\fb Db )l 0 0
Pblemn = By 0 E(/\“y.Dty)j+}:(/\“)y.[)by)j 0
0 0 0
- ..J
(3.54)
nd
r -
' (Astk'DstxH\sbx'Dsbx) -0 0
. ' = ) * i - -
mb]ss ” Es 0 _ (Asty Dsty+Asby Dsby) 0
L. 0 0 O__J
(3.55)
¢ bending rigidity [Dbb] of ferrocement is equal to
Poo = Dyl + D)0+ Dy S
. r
ere o : .
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Rigidities in the Cracked Stage :

For determining the rigidities in the cracked stage, the principal strains
re calculated at the top and bottom surfaces at Gauss points. These are
hecked against " the cracking strain €cr  OF Yielding and crushing strains
y and €, ©f the mortar. The strains in the wiremesh and skeletal steel
re checked against yielding. If the principal strains are less than €er and €
en the composite remains in the elastic stage and the expressions for rigidi-
(€S are given by equations (3.48 to 3.59). If the principal strains exceed
¢ or Ecy’ the mortar cracks or yields in a direction perpendicular to the
Fincipal strains. if the principal compressive strain exceeds Ecu’ 1hle mortar
ts crushed. The depth of cracked or yielded/crushed mortar Is determined by
VSum_jng a Jinear‘distributior) of principal strains across the elément thickness.

the mortar cracks or yiclded/crushed along both the principal dircections,

- 1 v 0
3
t/2 E 1t
o) = 0k - —n v 0 (3.57)
bb’m -t/2 12(1 - \)) .
I - v
B 0 0 5 J
(A, D2 (A, .D2) 0 0
fex ™~ ex’s fbx" " bx'i
2 2
Dbb]wm ) EI' 0 (Afty Dty)1 * (Afby' by)i
0 C 0
S
(3.58)
B i (A D% WA D2 ) 0 0
stx'Tstx  shx T sbx
’ 2 Z
Dbb]ss = Es 0 _ (Asty'Dsty+ Asbstby) 0
0 0 | 0
(3.59)
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then the maximum cracked or yielded/crushed depth is adopted for deter-
.mining the rigidities of the Ccracked or  vielded/crushed mortar Ja;fer.
The rigidities of such a section are determined by adding the rigidities of
the uncracked mortar depth, cracked or yielded mortar depth and unyilelded
layers of wiremesh and skeletal steel. Since these rigidities are based on
the latest strain-state of the composite and determined by taking the derivative

of the resisting meimnbrane forces and moments, these are called tangent

rigidities of the material for a given strain state.

Let ttOp and Yhot D€ the depths of the mortar cracked or yielded/
crushed (Fig. 3.16) measured from the top and bottom surfaces respectively.
The rigidities of the uncracked-unyielded mortar core can be determined

as follows :

V204 'bt
Membrane rigidity [Dmm]uc :S - [D]dz :{ (D] dz

-t/2 «+ ttop o

[ | v 0

E (t, +t )
- bt i v o I 0 (3.60)
(I - v9) - '
i (I -v)
- 0 0 2

h = - = 1 -
ere ttp t/2 tmp and tbt“ /2 tbot

. i ! 4

1embrane-—bending interaction rigidity

' tb'c
Dmb]uc = J (Dlz dz
-t

tp
- -
1 v 0
2 2 -
E _(t -1t° )
. M bt e v ! 0 (3.61)
(I - v*)
-v)
Lo o 5 |
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Bending rigidity

bt 5
: ¢
“)bb]tr(: 'hj (D]2" dz
o
: r | ¥ 0
3 3
E (t + 17 ) :
- bt b | v I 0 (3.61)
31 - V)
0 0 (f —\))
— .

Rigidities of the Top Cracked or Yiclded Mortar :

For the sake of geerality, let the depth of top crushed mortar layer

(Fig. 3.16) be tcul s then the depth of cracked or yielded mortar layer is

ttop - teur (D'} matrices for various cracking and yielding cascs of the mortar

are given in equations (3.34 and 3.39 to 3.43).

These matrices can be trans-

formed from the principal cracked/yielded directions to the local coordinate

system. of the element by equation (3.38). Let this transformed material

matrix be [D't]. The various rigidities are as follows :

-t/2 4+t
_ o top
Membrane rlgldity [Dmm]tc = [th dz
2. tcul
= ([top - tcul) .[DtJ (3.63)
embrane-bending rigidity
~ ~t/2 +top -ttp
[D.mb]tc -‘-j [Dt] z dz :j [D;] z i1‘dz
/24 teul “teul
2 2
(t te )
. —tp 5 cul [0} (3.64)
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where t = = t/2 - tcul - ‘ |

p p
Bending rigidity [Dbb]tc =J [Dlt] 2% dz
-t
cul
Y 3 3 |
=3 - Wy~ ) (D] (3.65)

Rigidities of the Bottom Cracked or Yielded Mortar :

Let the depth of bottom crushed mortar layer be tcu2'° The depth
of bottom cracked or yielded mortar layer is tbot - tcu2' Let the transformed
material -matrix in the local coordinate system of the element be [DB]' The

various rigidities are obtained as follows :

-t.

2 -t
: 7 cuz. ¢ cuZ
Membrane rigidity [D.mm]bc = [Db] dz = S [I)b 1 dz
V2= ot bt
=t 5 - tbl. ) (D] (3.66)
where teyy = t/2- teyu2
t<:u2
Membrane-bending rigidity [Dmb]bc :-J [Db]z dz
"bt
2 2 |
(15, -t ) ’
- cuZ bt |

culd 2
BC%nding rigidity [Dbb]bc =f [Dt;]Z dz
¢ _
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Therefore, the rigidities of the mortar corresponding  to imembrane
action, membrane-bending  interaction and bending action are obtained by
adding up the rigidities of the uncracked/unyielded mortar core, the top depth

cracked/yielded if any and the bottom depth cracked/yielded if any. 1‘hus,

Membrane rigidity [Drnm]r;1 B [Dmm]uc * [Drnm]tc g [Dmmjbc: (3.69)
Membrane-bending rigid‘ity

D mb];n ;_'. [Dmb]uc * [Dmb]tc ' [Dmb]bc 3.70)
Bending rigidity

Oppln = DPpplye + Dyl + O] (3.71)

Rigidities of the Mortar when Fuli Depth is Cracked :

When the principal strains at the top and bottom surfaces exceed the cracke

ing strain € 07 the full depth of the element is cracked which is quite common

in the bottorn soflit slab of a box girder in the mid-span region.The principol
Strains at the top and bottom surfaces may have different orlentatxons due
to var1at10n of 'strains across the depth. Hence the orientation of cracks

At top and bottom surfaces may be marginally different. Let the material

atrix [D'] transformed with respect to the crack orientations at top and

Pottom surfaces be [D'] and [D' J.In this case, the transformed material

atrix for full depth cracked is assumed to be the average of [D ] and [D} 1.
e't the average transformed material matrix be [D] Thus, the.various

igiditics of the mortar can be expressed as

t/2

Membrane r1gld1ty‘ [Dmm]m :-[t/z [Df] dz

=t D) : . (3.72)
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t/2
Membrane-bending rigidity [Dmb];wl :jht/z [Di].z dz = [0] (3.73)

_ t/2 2
Bending rigidity oy, 1 =f_t/2 [Dirj . 2% dz

3
t -
= T H)f ]

(3.74)

Rigidities Due to Wiremesh and Skeletal Steel :

In the cracked stage, the strains in the wiremesh and skeletal steel

layers are checked against their yicld strains.

If the strains are less than

the yielding strains, the wiremesh and skeletal steel are unyielded and theijr

rigidities are given by equations (3,50, 351, 3.54, 3.55, 3.58 and 3.59). if

the strains in wiremesh and skeletal steel layers exceed their respective yield
A

strains, then thejr rigidities are taken as zero.

As in the elastic Stage, the rigidities of ferrocement in the cracked

tage are taken -as the sum of the corresponding rigidities due to the mortar,

iremesh angd skeletal steel. The stiffness matrix of the cracked eclement
an then the determined by substituting cracked rigidities [Dmm]', [D

mb]
nd [Dbb]' of the composite in equation (3,19),

4.5 Nonlinear Analysis '

the structure js applied in a suitable number

f load increments. Iterations within each load increment have been carried

Ut using the Initiaj Stiffness Method (Modified Newton-Raphson Method)

Ntil the equilibrium and constitutive relations are satisfied within a certain

Howabje limit.

The Initial Stiffness Method uses the tangent stiffness based
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on the stress-strain state at the beginning of the load increment, for all

iterations in the current load increment.

Consider a structure whose load deformation relationship is nonlinear
as shown in FFig. 3.17. Let the nodal deformations, strains and stresses corres-
ponding to load {F} be {g§}, {¢} and {G} respectively. Assuming a lincar

elastic behaviour during a small load increment d{I7} y» the increments d{¢§'},

d {¢'} and d {c™'} in deformations, strains and stresses may be obtained

using equations (3.29, 3.9 and 3.12) as follows :

The. anticipated increment d{8'} in the nodal deformations of the

structure corresponding to the load increment d{F} is

d{s} = [K I d{F) (3.75)

where [KT] is the tangent stiffness matrix of the structure assumbled {roin

the tangent stiffnesses of individual elements’ [KT]e, defined by
e T B
(Ko™ = j[B] (D] (B] dv (3.76}

where [DT] represents the tangent Materjal matrix at strain level {e} as

shown in Fig, 3.18.

ncremental strain d{e'}

1]

[B] d{é&'} (3.77)

fncremental stress  d {g°'}

(D, d {e'} (3.78)
he anticipated incremental ‘stress d {67 will not be equal to the actual

Ncremental stress d {07} due to nonlinear constitutive relation of the material

Fig. 3.18). The unbalanced stress d {6} at strain level {e} + d{e'} s equal
© the anticipated incremental stress d{o™'}  minus the actual incremental
firess o { g™ ).
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Similarly, at {&§} + d {8} , the load deformation curve corresponds to
peint  B' with an unbalanced force vector {Ro} which is related to the

unbalanced stress d{o‘{;} at this level by equations (3.16 or 3.21) as follows :

' T
(R} = j[a 1dls3} dv (3.79)

This unblanced force {RO} out of the original load increment d{F}
is applied on the B! stage of the structure and the structure analysed using
[KT] based on the stress-strain state a; the beginning of the current ioad
increment. The incremental deformation - d{&"'} due to force {Ro} is obtained

as

e dl8 = kRG] (3.80)

The corresponding incremental strain d{e"} and stress d ("} are obtained

as *

d{€ lr}

It

(] d{ &6} (3.81)

d{c" = (D11 die"} - ©(3.82)

where [DT] is the tangent material matrix at strajn level{e}+ d{e} .
Thus the unbalanced stress at strain level {e } + die'} + die") becomes
d {CY_'} and the corresponding unbalanced force vector as {R } . Note that
the unbalanced stress in the current iteration is determined on the basis
of tangent material matrix [DT] COffesponding to strain state at the end
°f the previous iteration while structure stiffness matrix [KTJ used for
the current iteration again corresponds to the strain state at the beginning
°f current foad increment. Next iteration is carried out with unbaljanced
force vector { Ro‘} applied on the B" stage using structure stiffness matrix

[K,[.]. The iterations are continucd for successive unbalanced forces titl the

T
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pecified accuracy as defined by a suitable covergence criteria described

n section 3.4.5.2 is achieved. The Structure is loaded by the next load incre-

ent and the procedure repeated as outlined above till failure is indicated

ither by a large increase in

the unbalanced force or by a large increasc

n incremental deformation or by the structure stiffness matrix deteriorating

0 a non-positive definite state.

4.5.2 Convergence criteria

For the nonlinear analysis, iterations in each load increment are carricd

ut to satisfy equilibrium and constitutive relations. Theoretically this situation

s obtained only after infinite number of iterations, but for engineering solutions,

he convergence may be assumed to have reached when certain convergence

riteria are satisfied.

In the iterative procedure, the unbalanced nodal force {RO} or the

hcremental nodal displacements d {8') provide a measurc of satisfaction

—h

the equilibrium equations. Some of the convergence criteria commonly

sed are as follows :
i) Norm of residual forces

) T 1/2
ThenormHRoH— ({RO} {RO} )

(3.83)

Is specified not to exceed a percentage of the norm of the applied

loads, || FH
i/2 .
where || E|| = ((F 3T (F})/ (3.84)
ii) Nc.>rm, of displacement changes
The norm[[d{S'}H = (d {6'}T_d.{5'})1/2 (3.85)

is computed and compared with a percentage of the norm of the total

_ displacements.
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(iii) Energy norm due to residual forces
T [}
The norm HERH = [[{R_} d{&'}]| (3.86)

s computed and compared with a percentage of the cnergy norm duec

to applied loads given _by

HEG = 1R, 3 ey 1] | (3.87)
where {§} is the displacement caused by applied loads{ F} .
{iv) Residual forces - Absolute magnitude

The absolute value of the largest term in {Ro} is found and checked

to sce if it exceeds a fraction of the norm of the applied load vector.

The nodal force vector contains forces and moments and the diaplacement
vector contains deflections and rotations. These quantities are not dimensionally
hoinogencous.  "Thus the norm of cach type of Ior.cc or displacement has
t0 be obtained separately. Again from amongst forces or displacements, only
one type of force or displacement component may depict the structural
behaviour in a predominant way, Convergence criteria based on this predomi-

nant quantity may also indicate the general behaviour of the structure.

In the.proposed procec,iure, the norm of residual nodal forces in a specified
direction is compared with the norm of applied loads in the same direction
and the energy ;norrn due to residual forces is compared with the energy norm
due to applied loads. The convergence is assumed to be achieved when either
of the above norms is satisfied. The computer then stops the iteration and

£%es on to the next load increment. The residual unbalanced nodal forces

are carried over and added to the next load increment.
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Usuaily the failure of a. structure is symptomatically indicated by the
divergence of the iteration. In order to prevent the computer from wasteful
computation, divergence criteria are also Sp.CCifiCd for the norm of residual
forces and the energy norm duc.to residual forces.  Whenever the norm of
residual forces or encrgy norm duc to restdual forces exceed their respective
divergence norms, the computer stops the solution.  To save on computer
time, a limit on maximum number of itcrations in cach load increment is
also imposed. The solution goes on to the next load increment if the number

of iterations for a particular load increment exceeds this limit.

3.5 COMPUTER PROGRAM

A genel"al computer program has been developed to carry out nonlinear
analysis of tEree dimensional plated structures of prismatic cross-section under
dead loads and monotonically increasing live loads. Ferrocement structures and
thin reinforcement concrete structures can be analysed by this program. As a

particular case, ferrocement plates and thin reinforced concrete slabs can also

be analysed. A brief description of the solution algorithm is as follows:

(i) Total load on the structure is divided into suitable number of load

increments.

(ii) For the first load increment and for the first iteration, the structure
stiffness matrix is generated based on the uncracked rigidities of the

element given by equations (3.49 to 3.59).

(iii)  The equations of equilibrium are solved for the incremental deformations
under the load increment. The incremental strains and stresses at

each Gauss point are obtained as described in section 3.4.5.1.

(iv) At each Gauss point, the total strains are obtained by adding incremental

strains to the accumulated strains. The total anticipated stresses are
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‘then obtained by adding the incremental stresses based on the latest
rigidities of the previous iteration (using cquation 3.78) to the actual

stresses at the end of previous iteration.

{v) The actual stresses, at each Gauss point are calculated using latest
rigidities (given by equations 3.49 to 3.74) corresponding to the total
strains and incorporating the tension stiffening effect described in

section 3.4.3.1.

(vi)  Unbalanced stresses at each Gauss point are converted into unbalanced

nodal forces using equation (3.21).

(vii) Norm of unbalanced nodal forces and energy norm due to unbalanced
nodal forces are checked for convergence and divergence. If they have
converged or maximum number of prescribed iterations have been carried

out, the analysis is continued to step (viii). 1f they have diverged,

then solution is stopped.

(viii) The residuals are added to the next load increment and the structure
stiffness matrix is assembled based on the latest rigidities of the last
iteration.  If the structure stiffness matrix (K] becomes non-positive
definite, the analysis is stopped, otherwise the analysis is resumed

from step (iii).

The flow diagram for the incremental iterative procedure is also explained

in Fig. 3.19,

The computer program for the incremental iterative procedure, written
in FORTRAN IV, consists of a number of modulcs as shown in a block diagram
(Fig. 3.20). The main module calls and controls various modules required

for the solution of the problem. A brief description of various modules is '

given below :
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GAUSS @ This subroutine reads in

the information as regards the location

and the corresponding weighting constants for integration points. .

SHAPEL : This subroutine generates the shape functions and the elements of

the strain derivative matrix at Gauss points in terms of nondiniensionalized

parameters £ and n of thé 2 degrees of freedom flat shell element.

GDATA : It reads and prints the vital information about the problem, such

as the title, general control data of the problem, materjal properties, elements,

their nodal conncctions and material identification Number, boundary nodes

and the boundary conditions and the number and the sjze of the load increments

~

LOAD : It reads and prints the nodal load vector in global Co-ordinate

system. It also gencrates the consistent nodal load vector for dead loads and

uniformly distributed loads on the element, if any and transforms the same to

global coordinate system by calling subroutine TFORM Finally it assembles

the nodal load vector for the structure in global coordinate system.

SHAPE2 : It generates shape functions [N] and strain derivative matrix [B]

at a Gauss point of an element from the generalized values obtained in SHAPE]

i

STIFGP : Th:s subroutine calculates the contribution of the given Gauss point

of an element towards local {K m],[ me and [Kbb] of the e[emenr.

STIFN : This subroutine numerxca“y evaluates the eIement stiffness matrlx

from [Kmm] [K ] and [K ] submatrices generated at Gauss points in sub-

outine STIFGP. The element stiffness matrix is rearranged by calling subroutanc

REARNG for the convenience of transformation. The clement stiffness matrix

5 then transformed to global coordinate systein by calling subroutine TFORM.

quy It writes the elemnent connection information and the  transforined

lement stiffness matrix on a scratch tape.
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TFORM :  This subroutine transforms the element stiffness, the load vector

and the nodal deformation vector from the local to the global system or

vice-versa,
»

REARNG : This subroutine rearranges the eclements of the stiffness mitrix of
the {inite element in the order of the six degrees of freedom per node for

the convenience of transformation as described in section 3.4.2,

SOLVE : Thi‘s subroutine reads the element nodaj connections and stiffness
from the scratch tape and assembles the structure stiffness, introduces boundary
conditions and reduces the structure stiffness to an upper triangular form
by the Gaussian elimination process. It stores the redyuced cquations on another
_periphcral storage device to be used for other Joad cases, if any, and for

back substitution for getting the solytion in the form of noda] deformations.

and bdundary conditions is to be solved for a number of load cases. In such
cases, the structure stiffness need not be assembled and reduced to a trian-

gular form again.'

BSup : This subroutine finds out the unknown noda] deformations or reac-
tions by back substitution. It also calculates the vectorial norm of incremental

and total nodal deformations.

STRESS :  This subroutine picks Up the nodal deformations for 'each element

and calculates the strains and theijr principal values and directions at the
Gauss i'nregration point_;s and/or at nodes of the element. it also calculates
the anticipated stresses at the Gauss points assuming material characteristics
as at the .beginjng of the éteration. Further knowing the latest total strains
at the Gauss points, the actt.JaI stresses as per the assumed material model are

evaluated. astly it determines the stresses released as the difference of N
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anticipated total stresses minus the actual stresses and the contribution towards

unbalanced nodal forces from each Gauss point.

CHECK = This subroutine checks the mortar for cracking, yielding or crushing

and wire mesh and skeletal steel for yielding. It aiso determines the forces
.

resisted and develops the tangent rigidities as Per strain distribution at ceach

Gauss point.

3.6 TEST PROBLEMS

3.6.1 Test Problem for Elastic Analysis

Croy and Stubbs(ljn to verify the theoretical results obtained by thé folded
plate theory and elementary beam theory with the experimental results.

The model was 1219.2 mm x 94 4 mm in size and made from bent aluminium
sheets 1,6 mm thick and rested on 4.83 mm  thick end traverses. The forim

and .the loading are shown in Fig. 3.21.

Taking advantage of the symmetry, only hali of the folded plate has
been analysed wusing a {inite clement discretization, as shown in Fig. 3.21,
with appropriate boundary conditions.  The numper of the eIemEnts and the
nodes used in th(; discr'etizatior;:au“e 18 and 28 respectively., The tota] computer

time required for complete anaf}sis is 14,30 seconds on DEC 2050 computer

System.

The reported results of analysis“j?) based on Goldberg and Leve's

134 . L .
method( ) consist of fongitudinal stresses and transverse moments at mid,

Guarter .and one eighth Span.  The mid span and the quarter Span results are

COmpared with those obtained by the present formulation in Fig. 3.22.
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- The computed results compare favourably at mid and quarter span
sectioné. The maximum variation at mid span scction in longitudinal stresses
is &.9 percent at nodes - 'c' and 'd' and in transverse moments 5.4 percent
at free edges 'a' and 'f . This shows that even with a coarse mesh as adopied

in the present analysis, satisfactory results are obtained.

The mid span vertical deflections as obtained by Scordelis et al.“jn

using Goldberg and Leve's method and by the present finite element method
are compared in Table 3.3. At nodes 'a' and 'f' where the deflection is maxi-
mum, the computed results are less by only 0.7%. The maximum variation of "‘
6.0 % Is at nodes '¢' and 'd" where the defiections are just 2.1 pereent ol

the maxirmmum deflections at nodes 'a' and 'f"'.

Table 3.3 Comparison of Vertical Deflections at Mid Span of

Aluminium Nurlh Light Folded Plate

Mid-span deflection (mm) at

Method a b C d e I
Goldberg and 2.885 1.755 - 0.0597 0.0597 1.755 2.885
l_(___,Ve(lau)

Present FEM 2.867 1.764 0.0561 0.0561 1.764 2.865
% variation between 0.624 0.627 6.03 '6.03 0.627 0.693

the two methods

Experimental - [.379 0.0025 -0.015 1.382 .-

3.6.2 Test Problems for Nonlinear Nnalysis

(1) © Folded Plates Tested by Scordelis and Gerasimenko!1*®)
Two models of folded plates having a butterfly type of cross-section and

of. approximately one-sixth geometrical scale of a prototype canopy over

a schoo! walkway were tested under simply supported end conditions by Scordelis Q
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and Gerasimenko. The two models as shown in Fig. 3.23  were of identical
geomeltrical dimensions but diltered in the provision of rgin[orccment. The
rein[orce-ment requirement for model At was determined by the f{olded
plate clastic analysis, whereas for mode!l 'B', the reinforcement was determined
by the elementary beam theory. The purpose of the study was to compare
the behaviour through the elastic, inelastic and ultimate stages of the two

models reinforced differently.

The overall plan dimensions of the models were 762 mm x 1778 mm,
and the plates were 2.7 mm thick cast with 38.1 mm thick diaphragms.

The concrete cylinder (1524 mm  x 300.8 mm)  compressive strength for

mo.del DAY after 16 _days was 20,63 MPa and that for model 'B' after
14 days wa:s 25.03 MPa. The Poisson's ratio Iér concrete was assumed
to be 0.18. The values of the modulus of elasticity for concrete determined
by th_e ACI code formula, ‘\.s.fere 2275.0 MPa and 25029.0 MPa for models
'A' and 'B' respectively. In both the models, 1% gauge 2.032 min diameter
annealed tie wire was used as Féinforcement. The yield stress, ultimate strength
and rmodulus of elasticity for the ‘wire were 227.54 MPa, 358.% MPa and
196508.0 MPa respectively. i*;or the nonlinear analysis, the cracking, yielding
and crushing strains of the concrete are assumed as  0.000170, 0.002 and

0.0035 respectively. The unit weight of the models is assumed as 25 kN/m3.

In the model testls, line loads equal to the joint recactions proguccd
by a uniform design load of 2.753 kN/m2 were applied at a number of points
on the fold lines. The vertical displacement of the joints and strains in the
longitudinal reinforcement over a gauge length of 1524 mm were measured
at the mid span. DBoth the models were initially subjected to 8 cycles of
'foading and uniloading upto the design load. The models were finally tested

Under increasing loads upto the failure.
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One quarter of the folded plate is discretized as shown in Fig. 3.23(0)
by twenty elements and thirty nodes with appropriate boundary conditions.
The actual reinforcement as shown in Figs. 3.23(b), (¢) is discretized il‘ll(._).-,Cighl
types of plate materials with steel bars assumed to be placed at the middle
of the thickness of the plates. A total load equal to 4.0 times the design
load is applied on the models in seven load increments. The first load increment
is taken equal to the design load and the rest six load increments taken equal
to hall the deéign load. A maximum of four iterations are perimitted in cach
‘load increment. The failure of both the models at the seventh load increment
is indicated by the divergence in the reﬁiduai load vecto.rial norm and the
energy norm due to residual loads. This is also indicated by the large increase
in the deflections. The total computer time taken for the analysis of modeis 'A’
and ‘B! with complete displacement and stress output is nearly 2 minutes

and 25 seconds each.

The elastic longitudinal stresses and transverse moments at mid span
under the design load for model! 'A' as obtained by the folded plate theory([%)
are compared with the results of the present analysis in Figs. 3.24(b) and
(c). The Ppredicted longitudinal stresses(Fig. 3.24(b)) by the present analysis
are in good agreement with those obtained by the foided plate theory at
the intermediate nodes 'b', 'c' and 'd'. The maximum variation is at the
free cdge node 'a' ‘where the predicted stress is more by about 18 percent,
The predicted transverse moments (Fig. 3.24(c)) are in good agreemeﬁt with
“the folded plate thecory at nodes 'a' and 'b'  and arc less by about 12 percent
at nodes 'c' and 'd'. Tf;e variation is probably due to the modulus of elasticity
for the composite being taken equal to that of the éoncréto in the folded plate
‘analysis, whereas in the {inite element analysis, the modulus of elasticity of
the concrete and steel along with the variation in  the amount of steel for

the different regions is properly taken into account.
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The predicted mid span deflections at the fold lines for mode! 'A' under
increasinglyapplied loads are compared with the experimental deflections in
iFig. 3.25. The predicted deflections compare well with the cxperimental
deflections uptlo 2.5 times the design load. At higher loads, the predicted
deflections are more than the experimental deflections. At 3.5 times the
design load, the experimental Joad-deflection curve at the free cdge node 'a’
becomes almost horizontal. Beyond this load, the siope of the load-deflection
curve increases and gradually changes sign. At the reported test failure load
of four times the design load, a reversal in the experimental load-deflection
curve takes place. At {ailure load, the diagonal tension cracks in the shell
near the supports and the cracks in the diaphragm had become excessively
large. In the present analysis, the digphragms have not been modelled duc —-

to the rectangular shape of the finite element chosen.

. | The longitudinal strains in the steel at various points on the cross-section
at mid span are compared in Fig. 3.26. The predicted tensile strains compare
well with the experimental values upto two times the design load. DBeyond
this load, the predicted tensile strains are more than the experimental strains
and increase at a fast rate. This is because the yield strain of steel is predicted
at 2.5 times .the design load. chond this load, the stifiness contribution
of steel is zero due to the assumed linearly clastic-perfcctly plastic stress-
strain. curve of the steel.  The predicted compressive strains compare well
with the experimental strains upto 3.5 times the design load and only at
the failure load, the predicted compressive strains become large as compared

to the experimental strains.

The first crack load for model 'A' is theoretically obtained at 0.85 times
the__design load while the experimental value from the-load-deflection curves
is also less than the design load as evinced by the point of nonlinearity on the

MBad—mdefIéc.ti_Sr}”c"ull;ves. The predicted crack-pattcfnS at fatlure load (IFig. 3.,27) L s




105

compare well with the rcported experimental one cxcept near the supports
which is due to the noninclusion of the diaphragms in the analysis as mentioned

above.

For model 'B', the predicted mid span deflections at various points
Care compared with the experimental ones in Fig. 3.28. The predicted deflections
compare well upto three times the design load and beyond this load, the pre-
dictéd deflections become more than the experimental ones. In this model
also, the experimental load-deflection curves become stiffer beyond 3.5 times
the design load. This model had also failed at four times the design load due

to widening of cracks in the shell ncar the supports and in the diaphragms.

The predicted mid span longitudinal strains in steel at diffcrent load

leveis are compared with the experimental strains in Fig. 3.29. The predicted

tensile strains arc on the stiffer side of the cxperimental strains upto  two -

times the design load and. are on the {lexible side at 2.5 times the deéign load.
The steel is predicted to yéeid at about 2.25 times the design load. The
reported load-tensile -strain' curve is only -upto 2‘.75 times the design load.
The predicted 'compréssive strains continue to be on the stiffer side upto

three times the design load and beyond this load these are on the flexible side.

The theoretical first crack load for model 'B' is obtained as 0.98 times
the design load. The experimental [lirst crack load is also approximately cqual
to the design load as apparent from the nonlinearity of the load-deflection
Curves. The predicted crack-patterns (Fig. 3.30) at failure load compare well
with the reported experimental one in the majc;r portion and differ only near

the supports due to noninclusion of the diaphragms in the analysis.
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(2)  Corner Supported Square Slab Under a Concentrated Load at Centre

An isotropically reinforced square concrete slab, simply supported at

59)

the four corners was tested by 1’\«h:Neice(l under a central load. The slab
was A mmox 94 mm ox 4405 mm in size isotropically reinforced with
0.85 percent steel in the two perpendicular directions. The compressive strength,
modulus of elasticity and Poisson's -ratio of the corjcfe'te were  37.923 MPa,
28614 MPa and 0.15 respectively. The modulus of elasticity of the steel
was 199955 MPa. For nonlinear_analysis the cracking, yielding and crushing
strains of the concrete and yield strain of the steel.are assumed as 0.0001 5,
0.002, 0.0035 and 0.0022 respectively. The unit weight of the stab is assumed

as 25 kN/mB.

Taking advantage of the symmetry of the geometry and  the load, a
quarter of the slab is discretized as shown in Fig. 3.31(a}) by 36 elements
and 49 nodes. The total load of 14 kN is applied in six load increments
of 4 kN, 2 kN, 2 kN, 2 ki\j,- 2 kN\ and 2 kN each. The failure of the slab
is indicated at 4 kN load due to large increase in deflection and the residual
vector norm ratio. The total computer time taken for only displacement
output at various load levels is‘l 3 minutes and I3 seconds. Nonlinear analysis
“of the above slab using layered technique and incorporating tension stiffening
effect has also t;een reported by :Lin and Scordelis_(leo). They also discretized
a quarter of the slab by- the same number of elements and nodes as done in
the present analysis. They divided the concrete thickness in 10 layers.
The results of the present method are compared with the analyticﬁl results
of Lin and the experimental results in Fig. 3.31(b). The predicted mid span
deflections are comparable with the experimental deflectionslin the elastic
Stage but are on the stiffer side in the cracked range upto about 1.6 kN
and therealter are on the flexible side. The deflections predicted by the

Proposed method are more close to the experimental values and are also
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load. The predicted def!ectx:ons at ultimate load of |4 kN are large as
eo:|1pared to the experimental results and those of Lin, but the present method
has shown better comparison in the major portion of the cracked range as
comparcd to the results of Lin.  The discrepancy at near ultimate load js
due to modelling of the concrete thickness by 10 layers by Lin and by two
layers (uncracked and cracked layers) in the present method. Since ferrocement

elements are usually 15 mm 1o 25 mm thick, the results of this example

in the cracked range. There is aiso g saving in computational cffort as compared

to layered approach in which the matrix thickness is - divided in about 8§ 1o

10 layers.

 The theoretical first crack load js obtained as #4.03 kN and the experi-

mental first crack load as evident from the mon-linearity of the load-deflection

curve is about 4.0 kN.

(3) Ferrocement Box Beams Tested by ’Al-Sulaimani and Ahmad“m)

AI-SuJaimanl: and Ahmad carried oyt flexural tests on ferrocement box

beams reinforced with or without skeleta] steel. The box bearns had an overall

ength 2500 mm, effective span 2400 mm, overali depth 207 mm, overal|

idth 156 mm and thickness of webs and flanges as 20 mm. The beams were
rovided with two layers of galvanized square woven wire mesh having opening
ize  6.35 mm and wire diameter (.90 mm. Yjeld strength of wire mesh
as 414 MPa. In one box beam, threc skeletal steel bars of diameter 4.3 mm
a;'ing -yield st.réngth of 707 MPa were provided in the compression and
€nsion flange. The value of ferrocement elasijc Mmodulus under flexure was
2500 Mpa.
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The modulus of elasticity of mortar, wire mesh and skeletal steel have
not been reported. . For analysis, the modulus of eclasticity of wire mesh.' and
skeletal steel have been assumed as 150000 MPa and 200000 MPa respectively.
The modulus of elasticit_y of mortar as determined from the law of mixtures
(neglecting the contribution-of skeletal steel) comes out to be [8000 MPa.
Poisson's ratio for the mortar has been assumed as 0.20. The two layers
of wire mesh have been assumed to be placed at a distance of 5 mm from
‘the centre to the plét-e_ thickness, thus lproviding a cover of 5 mm to the
centre of the mesh layer. The crackihg, yielding and crushing strains of
the mortar Have becn assumed as  0.00015, 0.002 and 0.0035 respectively.

The unit weight of the ferrocement has been assumed as 25 kN/mB.

Taking advantage of symmetry of cross-scction and loading, a quarter
of the box nbeam has been discretized as shown in Fig. 3.32 by 24 elements
and thirty five nodes. For the box beam without skeletal steei, marked
C-i-I, a total load of of 12 kN has been applied in five load increments
of 4 kN, 2 kN, 2 kN, 2 kN and 2 kN each. The failure of the box bean
at 12 kN is indicated by a large increase in deflection and energy norm
ratio due to residual forces. The total computer time taken for only displace-

ment output is | minute and 29 seconds.

3

Deflections of the box beam C-i-1 at mid span are compared in Fig.

3.33(a).  The predicted deflections compare well in the elastic range but

are on the stiffer side upto about 9 kN and thereafter on the flexible side
of the experimental deflections. At ultimate load of 12 kN, the predicted
deflections are more by about 60 percent. The theoretical first crack load
Is obtained as 4.33 kN whereas the experimental {irst crack load as evident

from the nonlinearity of the load deflection curve is about 4.5 kIN.
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For the box beam with skelctal steel, marked C-ii-l, a total load oi
20 kN has been applied in seven load increments of 5 kN, 2.5 kN, 2.5 kN,
2.5 kN, 2.5 kN, 2.5 kN and 2.5 kN cach. The failure of the box beam
at 20 kN load is indicated by large increase in deflection, residual load
vector norm ratio and energy norm ratio due to residual forces. The tota!

coinputer time taken for only displacement output is 2 minutes and 8§ scconds.

Deflectioins of the box beam C-ii-1 at mid span are compared in
Fig. 3.33(b). The predicted deflections compare well in the eclastic range ;
are on the stiffer side upto about 12 kN and thereafter on the flexible
side of the cxperimental deflections. The predicted deflections in the major
portion of cracked range compare well .with the experimentai ones. The
predicted deflections can be considered satisfactory in view of the actual
quulus of elasticity of the mortar, wire mesh and skeletal steel being unknown.
The theoretical first crack load is obtained as %.89 kN. The cxperimental

first crack load as evident from the nonlinearity of the load deflection curve

is about 4.5 kN.
3.7 CONCLUDING REMARKS

For three dimensional ferrocement structures involving membrane and
bending  actions, classical membrane and bending  theories have been  uscd.

These theories can predict the behaviour only in the elastic range for some

simple shapes, J(-oading and boundary conditions. [For complete analysis through
elastic, cracked and ultimate stages, finite element method has been used
by several researchers to analyse reinforced concrete plates and shells of
various shapes. In the case of ferrocement, nonlincar analysis using finite
element method has been reported only in the case of two way slabs. The
Mmethod can incorporate the “material and geometrical nonlinearity of the

probiem. The method predicts the complete load-deformation response, internal
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stresses and strains in the constituent materials and propagation of cracks

under increasingly applied loads.

In the present investigatioﬁ, finite element method in conjunction with
the modificd layered approach has been adopted for the nonlincar analysis of
thin ferrocement plated structures. Instead of considering the element to
be consisting of suitable number of layers of mortar and reinforcement as in
the conventional layered approach, the element is assumed to be consisting
of single mortar layer in the uncracked stage, uncracked and cracked mortar
layers in the cracked stage and smeared layers of wire mesh and skeletal
steel. In the cracked stage, the depth of cracked/yielded/crushed inortar is
determined. The stiffness of the element in the cracked stage is obtained by
adding the contributions due to uncracked mortar layer, cracked/yielded mortar
layer and unyielded layers of wire mesh and skeletal steel. This results in

a saving in the computational effort as compared to the layered approach.

The validi\ty of the proposed formulation for the nonlinear analysis of
thin ferrocement structures has been established with the help of three different
test problerns chosen for the investigation lwhuse test results were known.
It is seen from the comparison of the results that the predicted values are
generally in godd agreement with .the test result; except near the ultimate
failure load v;fhere predicted values are on flexible side. The proposed formula-
tion is quite economical and yet capable of predicting the complete behaviour
of structures in uncracked and cracked stages including the crack propagation

and the distressed zonces.




11l

A WIRE MESH
ttyz LAYERS
- TR
_,__C’f_ fix2 R o SRR B cosscripn s e
A
t 1 @AS“ A | R — MORTAR
/2 §
Ll o zotxl- MATRIX
'—‘:F:Q [~ PR - Us‘Y 051! ty — PIE S EIGSIIIE DS DPEISIDIIB IS
Agixi LAHY‘ ty! txl ——
g " A - i{)km el Bl S B B R il N —— ~NREFERENCE PLANE
é(_‘ toxl [-ﬁ by bxl Db‘\’] UstxD T rrrr o T
Y10, 20007
¢ . A bx bvzﬂ —r YT SMEARED LAYERS
/2 |hsby (\‘@~ x| T OF WINE MESH AND
&4 ot TIT I I I T I rrrrrrryrrly K SKELETAL STEEL
'—I':@ A\ [#)
T
A1m"2 SKELETAL STEEL
Aibyz
(a)

(b}

FIG.3.1 {a) TYPICAL FERROCEMEN! SECTION AND

(b} EQUIVALENT IDEALIZED SECTION WIiTH SMEARED LAYERS
OF WIRE MESH AND SKELETAL STEEL

3’9‘ Bv1 /J x
Yol 1 S ? Lex!
Yol Yol
. . Ay
8, YT oay
9 t .. 8%
& Py 3/ o~ Oy *~ 3%
4
/I ~ l /*( \le
VW. QY" Yol 35'3/ We
,/V."'o y ' T, Wq
() MEMBRANE ELEMENT (12 d.o.4.) (b) PLATE BENDING ELEMENT (12 d.o t)
fo——a o
7N 2 =Y
b
ez{
o
Loy Yol

/ .
Wl l e”ﬁo]

{(c) FLAT SHELL ELEMENT (24d.0.%.)

FIG.3.2 RECTANGULAR FLAT SHELL ELEMENT (24 4. 0. f.)




b2

230 1
: - — T4 —— -
1 7 . (A i
: ~qzia b
- — — ‘M T -—y — R
Z|b : '
'i‘ + 1 + : +
0, 2.1 ERL
/ RMEFERCHCE Zob prmmmermme e na e
PLANE ' ! !
Z4b l ! i
-l + ! + I +
b
0.2) : (2.2) 'V (3.2)
X :
v -_.__-..:.._-.-._ -—----J'--.---.--
— + ) + boos
(1 ! (2.3 5(3.3) R
i ]
a
~
Y

-3 — RECTANGULAR FLAT SHELL FIG.3.4 - GAUSS INTEGRATION POINTS AND

ELEMENT ARECAS UNDER THEIR COMMAND
Y (v, .8}
y (v, . 0y)
\&ly,my,ny)
\
\\
\\ ”I(UO‘B‘)
\‘\ ’,"’ (leymy,ny)
I’ x
\ (u,,8,)
|
|
|
|
! ( :O )
—_ z w 1
05 0y) o1Vz

—

z,Mz,Nz)

- z
-5 (@) TRANSFORMATION BETWEEN FIG.3.5 (b} A TYPICAL PRISMATIC BOX
LOCAL COORDINATE SYSTEM(x,y,z) GIRDER
AND GLOBAL COORDINATE SYSTEM
_{X,v,2)
X,uo .
Xy Ug

-Y, V,
. YJ Vo
Y
] Z,WD ZI.\‘_'IO Z, Wy Z."‘v;o
-57(c) ROTATION OF ELEMENT ABOUT F1G.3 5 {d) ROTATION OF ELEMENT ABOUT
X-AXIS

Y- AXIS
FIG. 3.5 - TRANSFORMATION AND SELECTION OF AXIS




113

' o
% L 2% L
z [ Tttt oo
3] 2 :
(] \ " '
W) | w 1
w pos ' !
a ' o ' '
a ! ¥ f |
I I z PANABOLA '
Q ] .
= 1 3 1 :
' ' '
[} ’ 1
1 ] |
eew €y N B
T
NY ! {COMPRESSION) SEMI- . Eco €ec
1%r PARABOLA !
W ~4%nu
z —
w v
- zZ
[19)
=

6 —A TYPICAL UNIAXIAL STRESS-STRAIN FIG.3.7

~THEORETICAL UNIAXIAL STRESS-STRAIN
"7 CURVE FOR MORTAR

CURVE OF MORTAR USED BY RAIGOPALAN

QLG[.“ZB)
o
- 1
(COMPRESSION (TEHNSION
/-HVPOTHETICAL' YIELD POINT : _ SION) ston)
Ity — ] %
o

cy Sey
(COMPRESSION)

~IDEALIZED UNIAXIAL STRESS-STRAIN
CURVE FOR MORTAR { PRESENT
STuDY)

FIG.2.9 ~-FAILURE SURFACE OF CONCRETE
UNDER BIAXIAL STRESS STATE
BY KUPFER et al. (153}

% (COMPRE SSION) ’6'»
g an 7
] -
—— WORK HARDENING YIELD SURFACE
— — PERFECT PLASTIC
¢ CRUSHING MODEL
w ol S ) e TENSION SHFFENING PERFECT PLASTIC
w MDDEL
uwl
[+ .
x
v
(COMPRESION? -1 . / .
IS €y GSIRAIN (TEHSIONY p V4 /e
NSION) f't 7 ta

)-ONE DIMENSIONAL REPRESENTATION

F16.3.10(b} -TWO DIMENSIONAL SPACE REPRESEN-
OF MORTAR CONSTITUTIVE MODEL

TATION OF MORTAR CONSTITUTIVE
MODEL BY PRAKHYA et ai.ll43]




- A ,
CRACKED €er x
[ €y
eCV ECI’
- CRACKS
(=]
w
[=] s ]
- w !
w =
> pr .
YIELDED  €cy| | \ .
p !
CRUSHED €eu . v’ -
] 'R
3,11 - ASSUMED LIMITING STRAIN F1G.3.12-COORDINATE TRANSFORMAITION
FAILURE CRITERIA . .FOR A CRACKED ELEMENT
PRIMARY SECONDARY -
/CRACK CRACK
AT S— R T
A D= !
" L REINFORCEMENT ' ) Tol o2
| AL hssumeo
—! i e T B SRR Clo i = : ASSUM
' 2 ! f2 L o ! 1 -‘l -[-_-'1 UNLOQADING
' ' 1 PATH
' : . I
' ' ’ ! ' 1 |
AN /] S
' ' ' €y €7 €4 €r €

\/ ‘ Ecr

BOND STRESS DISTRIBUTION FIG.3.14 - GRADUAL UNLOADING FOR
. CRACKED MORTAR

AVERAGE

MORTAR STRESS DISTRIBUTITION

: /——AVERAGE '

STRESS |IN REINFQRCEMENT

.3.13 - STRESS DISTRIBUTION IN A
CRACKED FERROCEMENT
ELEMENT




116

| e No. ol Tiobhlene I

Probiemn > [ 3+

1 ead General ”1“‘ of a Preblem l-“l GDATA

NL‘:I!I Load Natad Cenerate | -I.Bf\l) ]
Load Case > 1| Consistent Load Veetor

__,/FT ' lnitialize Yectlors lor
Wk
—

I Nond 11 ol bt Yo Tutal Nealns, Streases, .
{__\ wvlmie g 1uhle u_‘__,__...—-— »—— PYeTanmntfony, (frm'king [T
—‘_"‘—'—‘*h_._ ..-—-—""’F’_ .- J

. Muore 1han F Cheeh
Load case Number

Calculate Stiffness ae per .
Latest Available Rigidities STIEN

4

Assenmble Structure Stiffness |[K] and ,
after Gawvss Heduction Write on Tape SOLVE

-

Calculate & Print Incremental and LU
. . P———
Total Displacements and Weactinne '

Heration

Ao

a

RESOLY }“‘

L4

Generate New
Load vectlor =
MNext Load
Increment 4
Hesichrals

For each Element at earh Causs I*oint
Calculate Incremental & Taolal Strains & Stresses

Cheok
il Nonlincar

CHECK

<

Check Tolal No, -
of Load lncrements

,i\ ' -
Check Norm of Residuals &

Les Take Next
Energy Norm due to Residuals -—-————-a—-—ﬁ_i?q Load Incremen

Check Condition of Sections, forces Resisted, T
Rigidities, Relcase Forces & Unbalaneed Notf

. | ‘ ¥

anpent
al Forces

More v R4 In Between

boad = I!csidunﬂ

Next leration

Diverpent

I No. of

tierations s ' reseribed Aax, )E..L
No. ol lterations

Load Casenl

Continue

Mrobicn = |

Fip. 2,19 Clow Dinpeinn Tar Bacrcmening Hetative rocedur o




17

GAUSS

SHAPE 1

GDATA

LOAD TFORM

STIFN STIFGP SHAPE 2

SOLVE RE ARNG

RESOLY

e BESUB . ' o

STRESS CHECK

820 - ARRANGEMENT OF DEFFERENT MODULES USED
FOR ANALYSING 3-~D PLATED STRUCTURES




¢\ 0.1752N/mm |
137.16 1 @ 0-2137N/mm

L s

d e )
[To]
o~
o~ <2} ™~
-+ . - L
o o [1e] u o
~ [ o] ~ |~ .

LOADING

£5.72

NO. OF ELEMENTS - 18

NO. OF, NODES = 28
t z1.6mm
E = 7-303 x 10 N/mm?
D = 13

END DIAPHRAGMS 4.826mm  THICK
(ALL DIMENSIONS IN mm)

oy ‘ FIG. 3-21 — ALUMINIUM NORTH - LIGHT FOLDED PLATE TESTED BY
LA ¢ : ,SCORIDEL!S (FINITE ELEMENT DISCRETIZATION)




119

4
x

(d) QUARTER SPAN TRANSVERSE MOMENT (mm.N/mm)

CLASSICAL METHOD (134 )RESULTS

bt FEM RESULTS (AUTHOR)

G.3.22° — COMPARISON OF RESULTS FOR NORTH LIGHT
FOLDED pLATE (157)




ENSIONS IN mm)

{ALL DIM

{0) Finite

Element Idealization af a Quarter of the Folded Plate

120

_ Y e 1| 5
1| &
=1 v i
S _ 5
e B e e e i 9 «
ol | R S
3 _ Hw 1 5
33guiEgs ﬂ [ T | ‘53ds mqonoA@Y | o
|
/ — LT
b i
@5 _
~lca I
LI |
L L
o Lt
hd
Pl . — _kﬂ.,o:w_.
e e 0 A S S RS
gt b N
S -S| A O I B
m e A
1
I L I
[eds | pagss It L_.m_ [
lpes iy B
m | _..7”__ i _
I IS U | O R
-n,ﬁllLlllﬁl 1J1I.1||ll
I _ - _l|| 1 ~Ladg
GLe ERER 11X T J..o.@o!_a R u_ncm._lm: v
} i 1}
1 O
. _ _ TLT
GULe | ! |
” ga | ! !
] ] !
—— 1 J 1 1.
= — .
.r!."m_ A

1270

1514

14616

4

Scheme For Modal'B’

(<) Reinforcement

[ALL B#AS ARE OF 1-012 mm DIAMETER)

F1G.3-21~ DETAILS OF FOLDED PLATE

{b) Reinforcement Scheme For Model A

3

LT

P
e |

3.




121

0-382 N/mm
0-3276NImm

fo— 1270 —

0-606NI/mm

b &

OVER ALL LENGTH=1778 , THICKNESS OF DIAPHRAGMS = 381

{ All Dimensions in mm)
(a} Design Line bLoad and Basic Dimensions of Models

~4f —— FOLDED PLATE MEORY
. X FEM
e~ —2F
£
£
- | | J
z ¢ b c d
G2t
19
o
—
vl G-
sl

(b) Mid Span Longitudinal Stress (N/mm2)
Under Design Load {Elastic Analysis) .

£ .

_E_‘_—'EOO"' e

z :

E .

£ 50

= b

= O a e J |

W e _
- = . ¢ d

g soL

(C) Mid Span Transverse Moment (mm.N/mm) Under
Design Load ( Elastic Analysis)

»3:26 — ELASTIC ANALYSIS AT DESIGN LOAD FOR FOLDED PLATE A’




—EXP
X FEM

" LOAD-MULTIFLE OF FULL

DEFLECTION (mm}

LOAD-MULTIPLE OF FuyLL DESIGN LOAD

DEFLECTION (mm)} AT 3 & 5

70

FIG.3.25 -LOAD VS. MID SPAN LONGITUDINAL

DEFLECTIONS OF MODEL ‘A’

DEFLECTION (mrn_)

ZZ1

COMPRE SSION
STRAIN{x10%)

FIG.3.26 —LOAD VS. MID SPAN LONGITUDINAL
STRAINS IN STEEL OF MODEL



123

.
', . ' A — e
=+ » . - e
. - .

PREDICTED CRACK-—-PATTERMNS OF TOP SURFACE

il

z‘f§;§§ lsqu:%?}LJn\"‘Zf%g

> == S

PO = S
e S
ﬁ/uﬂm' TN

EXPERIMENTAL CRACHK- PATTERNS QF TOP SURFACE

- —==.Sym

Sym

FULL DEPTH
CRACRED

= T0P CRACKED

LRI I

.
At

arett]

Ve

el

.r.-:*" "E‘K - j"‘" ’s \1\— Y

e
e
:L
Al
s

- a - TR b o} avNA -

o 07 e T ol UK 3

o > & . ! b NI,
. o 71'.""-‘\\" A

axlp TN R 'a"‘ sl v

‘y'

'.}ﬁ_.&&« \\ a)nrl'r? et

EXPERIMENTAL CRACK-PATTERNS OF BOTTOM SURFACE

FIG.3.27 - COMPARISON

CRACK -

MODEL A’

PATTERNS  OF

_____ BOTTOM
k SPAN /2 . o CRACKED
’r ‘, f’ H 7 T T T 1 T T
I’ II ! ff ” l‘ " : ! : '
4 ‘ ,’ ! ! ' t i l \
t ; ! ! t L
L
. /! N - -
i / i [} ! !
/ / ! f AR
/" / / f ! !
, Y ) ; t ! ’ . ] [ | : .
r ’ / ' ! / i ! . i b X !
P_'__fr ’ 7 1 ] ' ) t ]
! ! i | (. ! \
[~ | '
1 [}
[r— A} Al
L A\ "‘;Sym
PREDICTED CRACH- PATTERNS OF BOTTOM SURFACE F
;)sg L P ) T T :,vo-vumz,mzwmvwrm-' vjz: Sym

OF PREDICTED AND EXPERIMENTAL




124

T4 g
SN
KEY
— ExP
%X EFM
1 L ) L ! 1 o] 1 1 1 | 1 1
10 20 30 40 50 60 70 0 10 20 30 40 50 60
DEFLECTION (rnen) AT | & 7 DEFLECTICN {mm) AT 2 a6
X X
1 1 1 1 1 | 0 1 1 ] 1 1 I 1
10 10 30 40 SO 60 70 0 10 20 30 40 50 60
UEFLECTION (mm) AT 3 & 5 DEFLECTION (mm) AT 4
FIG.3.28 - LOAD VvS. MID SPAN DEFLECTIONS OF MODEL 'g'
]
< .
g, e Lo
2L he .
G W 4oyt A/)—R// '
w
el
[
— 3+
-
)
[V
s Ir
ul
d |
]
p )
3 .
) ! l I ]
3 -20 ~10 0 10 20 10
9 COMPRE SSI0N TENSION
STRAIN (x10™)
FIG.3-29 -L0AD VS. MID SPAN LONGITUDINAL STRAINS
IN STEEL OF MODEL ‘B’




125

SPAN /2 .
_ Z »+= Sym
3
Sym
FUuLL DEPTH
. T0P CRACHKED
— === BOTTOM
. CRACHKED
+
7 7 7
] [ t 1
' ¢ ‘ i t
S N N N I I '
[ N ! I I
J 1 ! I ]
1 : | ! ' f
! 1 ! ,' ! :
L o] b ' .
\ : : ’ ’ /! r 4 1 1
\\ ' l’ L ! n'
T ] [ ! 1 ! 1
: 1 1 i | T ]
' ' ' 1 ' '
' /, r, :’ ! i o t !
\ e
FREDICTED CRACK-PATTE RNS OF BOTTOM SURFACE ;r

O PR e e ey et

EXPERIMENTAL CRACK-PATTERNS. OF BOTTOM SURFACE

-3.30 —COMPARISON OF PREDICTED AND EXPERIMENTAL _ | _
CRACK-PATTEZRNS OF MODEL 'B°




126

x
Lsym -~ SUPPORT
y 4235 8 1 4 N
-~ 49 . 7
HE —_— G
L) %
45 & =
O
45 1
i by 2
-1
Py 43 3 29 22 15 8 :
t = 44.45 LOAD P
d = 33.274 '
%y = 37.923 MPg
Es = 199955 MPu re
Ec = 28614 MPq o
r— Y = 0.15 _I 4
b = 0-008% A
<t .
e 457.2 | £57.2 —
T A
S NN W o
SECTION A-A
{ALL DIMENSIONS ARE IN mm)
' (159)
FIG. 3-31(a) — DISCRETIZATION OF McNEICE SLAB

EXPERIMENTAL

H— LIN

G73-31{b) —UOAD~DEFLECTION CURVE AT NODE 44 OF TWO

WAY SLAB

X FEM { AUTHOR)
| [ | | ] I ] ] |
o 1 2 3 L 5 [ 7 8 9
DEFLECTIOM AT NODE 44 {(mm)




No. OF ELEMENTS = 24
No. OF NODES =35

(8]
o

f——156
YISV YY

I

|
-

~ -

20

I
NANNNNNNNNN
CRINANNNNNNY

S

NN

NN

L7

Section B-B

Two Point Loading

— DISCRETIZATION OF FERROCEMENT BOX BEAM TESTED
BY AL—SULAIMAN! AND AHMADYED




—_—D—OB— EXP

X FEM

1 i ; | | ]
2 4 6 8 10 12 14 16 18

MIDSPAN DEFLECTION {mm)

FIG.333(a) -LOAD VS. MIDSPAN DEFLECTION FOR BEAM C-i-1

—f——f— EXP
X FEM

F1G.3-33(b) —LOAD VS. MIDSPAN DEFLECTION FOR BEAM C-ii~1




CHAPTER IV

EXPERIMENTAL PROGRAMME

4.1 INTRODUCTION

In order to investigate the behaviour of ferrocement box girder elements,
four single cell box girders, one double cell box girder and one composite
single cell box girder having bottom flange -and side webs of ferrocement and
top- flange of reinforced concrete were cast. All the box girders had the same
span, depth and size of the cells. To eliminate the scale effect, a medium
size room span of 4.58 m was chosen. A span to depth ratio of 20 was
chosen for limiting the deflections under service loads as per IS 456(162).
All the single cell box girders had two layers of wire mesh and skeletal stcel
reinforcement. The double celi box girder was obtained by joining two single
cell box girders, as above, at the level of the top flange. The distance between
the inner webs of the two cells was kept equal to the width of bottom flénge.
The bottom flange of the two cells was provided and extra third layer of
wire mesh in the middle half portion. The composite single cell box girder had
same wire mesh and skeletal steel reinforcement in the bt;tgom flange and
side webs :35 provided in the single cell ferrocement box girders. The thickness
of the top reinforced concrete flange was kept 40 mm as compared to 25 mm
in ferrocement box girders. The reinforced concrete flange had nominal

skeletal steel reinforcement.

Two single cell box girders were tested under uniformly distributed load
(udl) over the entire top flange. To study the behaviour under unsymmetrical
loads, two single cell box girders were tested under udi over half the flange
width and full span. The double cell box girder was inve.stigared to slud§ the

behaviour of a combined wunit under various combinations of loads applied on
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onc cell, both the cells and also between  the two cells in the elastic stage.
The double cell box girder was finally tested un‘dcr monotically increasing
sustained loads of short durations applied over the entire top flange. The
commposite box girder was tested with a view to replace the top compression
flange by rcinforced concrete having nominal reinforcement.  The webs and
the bottom Mlange were kept of ferrocement as they have better tensile

behaviour as compared to reinforced concrete. Adopting a compression flange

of reinforced concrete results in economy because wire mesh reinforcement is

several times costlier than ordinary reinforcing bars and also only nominal
reinforcement is sufficient in the compression zone. The only drawback is
that the weight of the reinforced concrete {lange increases due 1o increase in

thickness as compared to a ferrocement compression f{lange.

4.2 MATERIALS

Cerment, sand, apgregate, wire mesh, skeletal steel bars, water, super-
plasticizer and chromium trioxide were used in casting ferrocement box girders,
reinforced concrete diaphragms and reinforced concrete top f{lange of the

Composite box girder. The specifications and properties of these materials

are given below:

2.1 Cement )

Ordinary portland cement conforming to Indian Standard Specifications

[.S. :269—1976(7) was used throughout the investigation.  The cement was

f the cement used are given in Table 4,].

-2.2 Sand

Sand from Badarpur (near Delhi) was used for preparing the maortar and

oncrete.  The grading and fineness modulus of the sand are given in Table u.2.

btained in one Iot and stored in an air tight silo. The physical test results

¥u
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TABLE 4.]

Physical Propcertics of Cement

Sl.No. Characteristics Result Value spec;fled(n
by 15:269-1976

I Fineness-determined by sieving
the cement through 15-90 inicron 9.5% 10%
sieve
2, Normal consistency 25% -
3. Setting time ingminutes :
a) Initial 85 30
b) Final 190 600
4. Compressive strength (AMPa)
a)at 3 days - 180 160
b) at 7 days 240 220
3. Specific gravity 315 -
TABLE 4.2

Sieve Analysis and Physical Properties of Sand

IS Sieve Designation Percentage weight rctamed
on individual sieve

4.75 mm K nil

2.36 mm ) 4.59

1.18 mm 25.27

600 micron 22.97

300 micron ' 40.28

150 micron 6.13
Fineness Modulus = 2.80
Specific gravity = 2.5
Density (Loose), kN/m3 =12.86
Density (compacted), kN/m3 =13.97

A

“h._
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#

Clumps of clay and other foreign matter were separated out from the sand.
4.2.3 Aggregate

10 mm  size crushed stone aggregate was used in preparing the concrete
mix. It was obtained by passing the crushed stone through 10 mum size sieve

and taking out the materiaj retained on 4.75 nun sieve,

4.2 Wire Mesh

Machine woven square galvanized steel wire mesh of opening size
6.35 1un x 6.35 nm with an average wire diameter of 0.80 mm was used.
Wire mesh rolls of 0.92 m x 15.0 m were procured in one single lot, Tensile
tests on wires taken out from different rolls were carried out on Monsanto
tenaometcr (made in U. K.). The stress- -strain curves showed g large variation.
This was probably due to slippage of wire from the anchoring disc.  Thus
tests on wire mesh samples were carried out in a manner similar to the one
reported by Balaguru et al.(62J. In this case a 40 mm wide strip of mosh was
¢mbedded in a mortar pad at cach end, leaving a free mesh length of 85 mm
(Fig. 4.1). Each mortar pad was about 13 mm thick, 40 mm  wide and
110 mm Joﬁg. The mortar pads were prowded extra layers of resh - one
above and one below Ieavmg central 100 mm length of the test piece. For
Mmeasuring strains, demec points were fixed on the mortar pads prowdmg gauge
length of IOO mm including embedded 7.5 mm length of wire mesh at
each end. The effect of the embedded length of the wire mesh at each end

is ignored in determining the modulus of elasticity of the wire mesh.

Tension tests on the Specimens were carried out on an umversal testing
machine. 100 mm gauge length extensometer was used to measure the exten-
sion between the demec points. Load was applied in increments of 20 kg

(196.2N). Photograph of the specimen and test setup is shown in Plate 4.1,

Ca
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The avcrage stress-strain curve obtained from six wire mosh specimens s
shown in Fig. 4.3. The modulus of clasticity, proof stress corresponding to
0.2% proof strain and the ultimate tensile stress of the wire mesh are given

in Table 4.3,
fi.2.53 Skelelal Steel Dars

Skeletal steel bars of 5.91 mm and 3.23 mm diameter were used in
longitudinal and transverse direction in casting the box girders.  5.91 m
diameter bars were aiso sed as reinforcement for diaphragms.  The rechanical

properties of these bars are given in Table 4.3 and their stress-strain curves

are shown in Fig. 4.3,

4.2.6 Water

Potable tap water was used for preparing mortar and concrete mixes

and also for curing purposes.

4.2.7 Superplasticizer

Locally available superplasticizer containing synthetic sulphonated
naphthaline/formaldehyde condensates was used to improve the workabtlity
of the mortar. -As specified by the manufacturer, the superplasticizer had a

specific gravity of .14 and pH value of 7.61. It did not contain chlorides

and sulphates.

4.2.8 Chromium Trioxide

Chromium trioxide supplied in granular form for laboratory purposcs
Was used to effectively reduce the hydrogen gas problem. The cormpound

had instant solubility in water. ..
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4.2.9 Cement-Sand Mortar and Concrete Mix

.The mix proportion for the cement sand mortar was | : 2.5 by weight
with a water cement ratio of 04 5. To improve the workability of mortar,
a locally available superplasticizer (as described in séction 4.2.7) equal .to one
percent by weight of cement Wus added to the mixing water.  Chromium
trioxide equal to 200 parts per million by weight of water was also added to
the mixing water. The average compressive strength, direct tensjle strength,
modulus of rupture, modulus of elasticity and Poisson's ratio for the mortar
are given in Table 4.4. The stress-strain curve for the mortar in uniaxial

compression is shown in Fig. 4.4,

The concrete mix had cement, sand and |10 mm  sjze aggregate in
the ratio of 1 : |.8 : 2.4 by weight. Water cement ratio was kept at 0,50,
The average compressive strength, direct tensile strength, modulus of rupture,
modulus of elasticity and Poisson's ratio for the concrete are given in Table
Table 4.4, Tﬁe stress-strain curve of the concrete in uniaxial compression

Is shown in Fig. 4.4,
4.3 CASTING OF BOX GIRDERS ’

For Ca_sli.ng_box girder clements, a brick masonry mould as shown in
Fig. 4.5 was made. The mould was plastered from inside. The vertical sides
of the mould were given a slight tapering (I in 20} to facilitate easy lifting
of the girder. The bottom corners were also made round. Plastered surface
was given a smooth finish by applying rich cement water slurry with a §;teel.
trowel.  The inould was cured for two weeks and then allowed 1o dr); for

about three weeks before the first girder was cast.

The casting of the girders was carried out in three stages.  In the first

Stage, the botiom U-part of the girder consisting of side webs and botiom
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-
TABLE 4.3

Strength Propertices of Wire Mesh and Skeletal Steel Bars

[.No. Particulars Yield strength Ultimate Modulus of
or strength Llasticity
0.2% Proof stress
{(MPa) (MPa) (MPa)
Machine woven square GI
mesh with opening size :
6.35 mm x 6.35 mm and 40 520 14 6,200.0
average wire diameter of
0.8 mm o
Plain mild steel bar of
5.91 mm diameter 440 605 200,000.0
Plain mild steel bar of _
3.23 mm diameter ° - 380 490 210,000.0
TABLE 4.4
Strength Properties of Mortar and Concrete at 28 Days
ortar
Cement : Sand : Water = | : 2.5: 045
(by weight)
Average compressive strength of 100 mm size cubes = 21.70 MPa
Average direct tensile strength of briquettes having minimum cross-section of
100 mm x 100 m = 2.30 MPa
Average modulus of rupture from 100 mm x 100 mm x 500 mm size prisms
= 346 MPa
Average modulus of elasticity (from 75 mm x 150 mm -cylinders)
= 14000 MDa
Average Poisson's ratio = 0.20 :
Average cracking strain = tensjle strength/moduius of elasticity = Jeu microns
Average unit weight of ferrocement (from plates) = 25 kN/m :
bncrete
Cetnent : Sand : 10 mm size aggregate : Water (by weight) = 1 : [.8: 2.4 : 0.5
Average compressive strength of 100 mm size cubes = 24.7 MPa
Average direct tensile strength of briquettes having minimum cross-section of
100 mm x 100 mm = 3.30 MPa
Average modulus of rupture from 100 mm x 100 mm x 500 inin _size prisms
k = 3.82 MPa
Average modulus of elasticity (from 150 mm x 300 mm  size cylinders)
: = 21600 MPa
Average Poisson's ratio = 0.16
Average cracking strain = 153 microns
Average unit weight of reinforced concrete = 25 kN/m3
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flange was cast. For casting the U-part, wire mesh pieces of required size
were cut, straighter‘wd and given the mould shape. Utmost care was taken
to remove any undulations in the mesh. The width of the wiremesh was
insufficient to cover the entire perimeter of the mould. Hence an overlap of
100 mm  was brovidccl in the end portion of the bottom flange. The overlapped
portion was properly tied at a large number of points along the length. Trans-
verse skcletal steel bars of  3.23 mm diamecter were tied to the mesh at
150 mm centre to centre. Two hooks made of I0 mm diameter plain mild
steel bars (Fig. 4.6) passing through the bottom flange and side webs were
also tied at 1.20 m from the two ends. Longitudinal skeletal steel bars of
2.9l mm  diareter for the U-part were tied at this stage. DBefore tying
the second layer of \;viremesh, about 10 mm  thick cover blocks made of
rich cement-sand mortar and of about 25 mm x 25 mn  size were placed at
a large number of points. These were provided to maintain uniform distance
between the two wire mesh layers. The second layer of wire mesh was then
tied to the skel\e;tal steel. The mesh overlap in the second layer was staggered;
About 100-120 mm length of both the mesh layers and 3.23 mm diameter
bars were projected beyond the mould top to ensure mor’wolithicity at the top
joints of the girder. Before casting the U-part, the mould was thoroughly
cleaned and w'ater was sprinkled. About 0.1 mm thick bitumen paper of
one single I?ength was placed along the mould surface. Wetting of the mould
surface helped in sticking of the bitumen paper to it. Air pockets hetween the
mould surface and the bitumen paper were removed by gently pressing the
Paper. First mortar layer of about $-7 mm thickness was laid on the prepared
surface. Reinforcement was now placed on the mortar layer and properly
aligned. Further mortar was placed on the reinforcement and pressed through
the meshes with a trowel. The moriar was compacted by a portable surface

vibrator (Plate #.2a). After commpacting the bottom flange, mortar was pressed
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through the web reinforcement. The webs were also compacted with the

portable surface vibrator. The cast surface was given a smooth finjsh. The

thicknesses of the bottom flange and side webs were nointained to 25 nun  as .

far as possible all along the length. About 60-70 mm  widc grooves at 150 mm
from both the ends were made in the bottom flange for fixing diaphragms.

At these grooves, the mortar Was removed upto the level of top mesh layer.

The mortar in the end 150 mm length of the webs was also femoved upto

this mesh layer,

In the second stage, the top flange of the girder was cast after 4-
5 days of casting the bottom U-part. For casting of the top flange, temporary
formwork consisting of brick pedestals and plane wooden planks as shown
in Fig. 4.7  was made. The planks were levelled and the gaps between the
planks and between the planks and the webs were filled with waste cotton
fibers. The top of the cast webs was Yoroughly chipped and cleaned, Chipping
was done to obtain rough mortar surface which could provide better bond
between the already cast webs and the top flange. Biturnen paper was spread
over the planks. The projected inner wire mesh layers were bent inwards and
the outer mesh layers outwards while the 3.23 mm i):—irs Were alternately bent
inward and outward. ”A'bout 5 min  thick and 25 mm «x 25 mm  size cover
blocks made of rich cement-sand mortar were placed below  the projected
wire mesh layers and at various points on the formwork. The wire mesh and
skeletal steel reinforcement of the top flange was then tied with the pro;c'"tmg
web reinforcement. Again between the two layers of wire mesh of the top
flange, 10 mm  thick cover blocks were placed at sufficient points.  The
mortar was then placed over-the reinforcement, pressed into thc mesh layers
by trowel and finally compacted with the portable surface v:brator (Plate 4 ,2b).
Only 150 mm x 630 mm  end portions between the webs were . netl cast.

The required - thickness of 25 mm  was checked at the various points. The
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top surface and longitudinal edges were given a smooth finish,

Alter two days of casting the top {lange, the temporary formwork cbnsis—
ting of wooden planks and brick pedestals ‘were removed from inside the cell.
Inside of the cell was cleaned with a water jete For curing the bottom and
top flange.s, mortar -bunds were made and water stored. For curing the webs,
water was regularly sprayed fhrough a hose pipe. The girders were wet cured
for 28 days. At the end of the curing period, the mortar bundslwere broken
and the water was removed. The grooves kept for the diaphragms were cleaned

with a wire brush.

In the third stage, precast reinforced concrete diaphragms as shown in
Fig. 4.8 were placed in the grooves and their projecting reinforcement was
bent and tied with the reinforcement of the webs and top flange. The remaining
portions of the webs and top flange beyond the end diaphragms were fmally
cast. The curing of the diaphragm reg:on was done using wet gunny bags.
The dtaphragms had three centrally located holes of 40 rmm diameter. The
holes were provided to allow circulation of air through the cell and keepmg
the inside temperaturc as close as possible to the outside _temperature. After
about one weck of providing 'the diaphragms, the girders were lifted from

the rnould wusing. a 10 ton capacity chain operated overhead crance and placed

on the supports,

Four single cell ferrocement box girders having reinforcement and

sectional details as shown in Fig. 4.9a, were cast in the above manner,

The double cell box girder having reinforcement and sectional details

L -

as shown in Fig. 4#.9b, was obtained by Iirst castm;’ two single cell box girders
as abovc and then jommf3 the two at the level of the top flange. In the bottom

ﬁange of the girders, an extra outermost third layer of wire mesh of 3.20
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length was centrally provided. The two single cell box girders were cast
in the above manner with the difference that both the wire mesh layers and

transverse skeletal steel bars from one edge of the top flange were projecting

beyond the- cast portion. The girders were lifted from the mould and placed

on the supports in such a way that the distance between the inner webs of
the two girders ‘was, kept equal to the width of the botiom flange of cach ¢ell.
After placing the girders inlthe required position, the mortar of the cast
edges was chipped and the loose mortar particies removed. The two wire mesh
layers and transverse skeleta] steel bars of the girders were lapped.  One
additional Iongitudmal skeletal stee! bar was also provided in the lapped portion.
The overlaps of the top mesh layer, bottom mesh layer and transverse skeletal
steel were staggered. The average width of the top joint was about 2490 mm
and the average overlap length of the top and bottom wire mesh layers was
about 110 mm. The joint of the. double celj box girder prior to casting is
shown in Plate 4.3. For castmg the joint, two wooden planks with adequate
support from the bottom were placed below the joint. The gaps between the
cast edges and the planks were closed with waste cotton fibers. The mortar
was placed over the joint portion, pressed through the mesh reinforcement and
finally compacted using a portable surface vibrator. The wooden planks were
removed from tHe bottom next day and the soffit of the joint was given smooth
finish. = The precast reinforced concrete diaphragms as described above were

also provided at the ends between the two cells. The joint portion was also

Cured for 28 days.

For casting the composite single cell box girder having bottom flange
and side webs of ferroccment and top flange of remforced concrete, depth
0f the mould was reduced from 200 mm to 185 mim.  This was done to keep

the overall depth of the composite box girder the same as for other box girders
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The bottom plaster of the mould was broken and fresh mortar layer laid to
obtain the required mould depth. The corners of the miould were made round,
The mould was cured for two weeks and then allowed to dry for about three

weeks.

The bottom U-part of the composite box girder was cast fn a manner
described above. | For cast-ing the top reinforced concrete flange of 40 mm
+ thickness, the reinforcement of the top flange was tied and placed in position
while the mesh and skeletal steel reinforcement of the webs was kept vertical.
About 15 mm thick mortar cover blocks were placed below the reinforcement.
The concrete mix was'poured and compacted upto the level of skeletal steel
reinforcement., The projecting wire mesh layers and skeletal stec| of the webs
were then bent iﬁward and outward and tied to the flange reinforcement.
"It was ensured that the mesh did not remain I;'ec. The balance depth of
the top flange was cast a_nd compacted subsequently. Fixing of thle diaphragms

etc. was done as described above. The retinforcement and sectional details of

the composite box girder are shown in Fig. 4.9c.

The éasting of the bottom'ﬂ—parl/top IJan;.;c of the girders was completed
in one single operation. In each casting six 100 mmn size cubes, six 75 mm x
150 mm  size cylinders, threel briquettes of 100 mm x 100 mm neck Cross-
section and three 100 mm x 100 mm x 500 mm size prisms were .Cast to
determine the compressive strength, modulus of elasticity, Poisson's ratio,
direct tensile strength and modulus of rupture of the mwortar. I'or concrete
instead of 75 mm x 150 mm size cylinders, 150 vun x 300 mm size cylinders

Were cast to determine the modulus of clasticity and Poisson's ratio.

b4 TESTING ARRANGEMENT

To achieve simply supperted ond conditions,.supports made of mild steel

plates with rolfer type arrangement were fabricated.  Siruciura) details of the
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two supports are shown in Fig. #.2. The support marked 'A' consisted of
a 28 mm diameter mild steel rod centrally welded to the bottom plate.
The top grooved plate provided fra: rotatioﬁ about the rod. This arrangement
provided [ixity to the reaction but free rotation to the test specitnen.  Support
marked 'B' had two 8 mm  diameter rods weided to the bottom plate at a
distance of 25 mm from the plate edges. This provided a central = 100 mm
distance for movement of the 28 mm dia rod. The top grooved plate rested
on the rod. This support provided translation to the reaction as well as free
rotation to the test specimen. Thus simply supported end condit‘ions were

achieved by these supports. The mild steel rods and the grooves were throughly

lubricated before testing each box girder.

After placing the box -éirder on the simple supports, the layout for
the demec points was marked on the cdpes of t.op flange and alonp the depth
of the web in the central half span on both sides of the girder. These demcc
points were marked to obtain strains at mid span, t 203.2 min, =+ 4064,
t 609.6 mm, ¢+ 812.8 mm and : [1450 mm distance on both sides of the
mid span. Along the girder depth, the demec points werc marked at 5 mm,
20 mm, _lOO mm, 150 mm and 200 mm f{rom the extreme edge of thé top
flange for ferrocement box girders and at 5 mm, 35 mm, 100 mm, 150 mm
and 200 mm for-the coinposite box girders. The deimec points were obtained
by fixing & mm diameter and 3 mm thick brass studs with a punch mark at
the centre.  The brass studs were fixed to the cast surface with the help

of araldite. The strain between the demec points was measured with the help

of 203.2 mm gauge length Huggenberger deformeter of 0.0025% ‘mm least

count.

For measuring strains on the top surface of the top flange and bottom

surface of the bottom flange at the mid and quarter span sections, electrical

4“‘\
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resistance t‘;train gauges were used. The bakelite based oloct-rical resistance
strain gauges of gauge length 20 mm, resistance: 120 ohms and gauges
factor 2.0 + 0.02 were used. All the strain gauges were from onc single lot.
For Tixing the strain gauges, the layout was marked. The mor tar/concrete
surface was cleaned with cmery paper and the {ine dust particles were removed
with acetone. The strain gauges were also cleaned with acetone and pasted
én the mortar/concrete surface with araldite. The strain gauges were connected

to the switching unit and strain indicator.

- After fixing the demec points and strain pauges, the webs, bottom
flange and edges of the top flange were given a coat of white-wash. This was
done for easc in detecting the cracks and ‘finally marking .them on the girder

surface,

The deflections at various points along the span were measured with
dial gauges. The crack widths at various load levels were measured with

the help of a crack measuring instrument having a least count of- 0.02 mm.

The reaction below one of the supports was measured for the single cell
box girders \Qith the help of t@o 3 ton capacity Joad cells. The' strain from
the toad cells was measurcd wilth a  SR-4  Strain Indicator. The load cells
and  SR-4 strain indicator were calibrated on a 10 ton capacity universal

testing machine. The general arrangement of the simply supported box girder

is shown in Fig. 4.10,

k.5 TESTING OF GIRDERS

The girders were tested under uniformly distributed load applied over
the top {lange. Uniformly distributed load was applied in the form of brick

layers. The strain gauges fixed on the top surface of the compression flange

e
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were completely sealed by pasting a thick ;)aper over them. This was done to
protect them from brick dust. At the location of the strain gauges, bricks
were Cut to appropriate sizes in the first two layers. The strain gauges were
also protected from any direct contact with the bricks. Placing of ecach brick
layer wés started from the two cnds simultancously and progressed towards
the centre.  DBricks in the :rvubscquent layers were placed one on top of the
other to avoid any arching éction. Unloading of the brick layers was started
from the centre and progressed towards the two ends simultaneously. Same

lot of bricks was used for testing box girders.

To determine. the wunit weight of bricks, ten samples each containing
twenty bricks were weighed  and the average was taken for determining the

load duc to each brick layer.
The testing programme for various girders is as follows :
(1) Two single cell box girders marked G-1 and G-2 were tested under ud]

over the entire top flange (Fig. 4.11i) .

(2) Two single cell box girders marked G-3 and G4 were tested under udl

over half flange width and full span (Fig. 4.11ii).

{3) The double cell box girder marked G-5 was loaded and unloaded under

following load conditions in the uncracked stage :

(i) three brick layers {3.08 kN/mz) over hall width of the top flange

and full span (Fig. #.1liii).

(i1} six brick layers (543 kN/rnz), from one free end of cantilever to

the centre of the box cell (Fig. 4.11iv).

(iii) Tlive brick layers (#.53 I<N/m2) from both free ends of the cantilever

to the centres of the two box cells (Fig. 4.1]v).
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(iv)  four brick layers (4.51 I<'N/r112) on the two cells (Fig. 4.11vi).

(v} seven brick layers (7.89 kN/m?) in the central part of the top flange

i.e. spanning between the inner webs of the two cells (Fig. u.) Ivii).

After a rest of about onc month, the girder was tested under monotoni-
cally increasing sustained loads of short durations applied over the entire top
flange (Fig. 4.1lviii).” Each brick layer was allowed to remain on the girder
for a few days till the deflections stabilized. The girder was loaded upto

six brick layers (6.16 kN/m?) and then unloaded.

(L’,_?, One composite single cell box girder marked 'G-6' having bottom flange
and side webs of ferrocement and top flange of reinforced concrete was
tcstcd.undcr udl over the entire op flange (Fig. 4.]1i) Upto six brick
layers (6.19 kN/mz) and then unloaded.  After g rest of about three

months, the girder was again subjected to sustained loads of short dura-

tions in a manner similac to the double cell box girder,

Deflections and strains were meaisured at the sclected points before the
start of loading, after the application of each brick layer and aJs,_o after the
unloading of cach brick layer.  After the application .of each brick layer, the
bottoml flange and side. webs of the girde-rs were checked for cracking if any.
“After detecting the Cracks, crack widths of only some prominent cracks (i.e.
having maximum crackwidth} were measured. The position of the cracks

were marked on the girder surface.

.6 PRESENTATION OF TEST RESULTS

The three different types of box girders casted above namely the single
cell -(marked G-I to G-4), the double celj (marked G-5) and the composite box

girder (marked G-6) were tested for the different loading conditions as described
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above. The load-deflection and the [oad-strain characteristics were obscrved

under both syrnrnetncally and unsymmetrically appliedr loads. The details

of the observed test results are given one by one for the three casces.

4.6.1 Single Cell Box Girders

4.6.1.1 Girders subjected to udl over the entire top [lange

Table #.5 : Average deflections (nmim) at vartous points along the

span of the ‘-box girder

Sym -
00, 500 500 2902290 500 500 , s00 L 500
A 7

k| L k| ] A 4

I B S B b ]

DEFLECTIONS ALONG THE CENTRE

LINE OF BOTTOM FLANGE

512? 2 by
é&o éﬁs 51y

DEFLECTIONS ACROSS THE CROSS-SECTION AT MID

SPAN
LAYQUT OF DEFLECTIONS FOR GIRDERS G1 AND G2
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Girder G-1

Deflection -+ 61, 69 52, 63 53.57 Gu,ﬁ() 510,55,5“ 512, 513
Load (kN} 4 )
4 438 046 0.8k 1.13 1.30 1.36 1.37
8.876 0.99 1.95 2.30 2.59 2.75 2:81
13.314 1.85 2.95 u.18 b4 2 .59 4.82
17.752 3.6k 543 7.22 9.05 9.20 9.38
22.190 5.08 8.63 11.75 13.82 .16 14,19
26.628 6.74 12.09 1646 19.20 19.61 19.56
31.066 8.49 15.36 20.85 23.95 24 43 23.97
Girder G-2

Deflection -+ 51, 59 62,68 63’ 67 614,66 8 . 6 § q

10, °5, %11 °12, 93
‘Load (kN}y

4438 0.54 0.82 1.01 1.22 1.33 1.31
8.876 . 1.05 1.66 1.98 2.32 2.39 2.35
13.314 T 198 3.26 4.18 4.80 4.93 4.88
17.752 402 6.53 9.35 11,11 11.24 11.30
22.190 5.85 9.60 13.50 15.88 16.04 16.02
26.628 8.05  13.56 18.92 21.82 22.20 22.03

31.066 10.61 18.21 .72 2844 2907 28.72
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Table 4.6 : Avecrage strains (x 10_6) on the top surface of the top {lange
‘ and the soffit of the bottom flange

QUARTER BACHK MID SPAN QUARTER
SPAN 4 { % 1 span
— — — -—-[* f— — — —
-—T0P
-1 - - -3 - - —5 ~{ SURFACE
OF THE
- - _ —_—2 — — — _ TOP
FLANGE
_ FRONT
~BACK
=7
__SOFFIT
—5 — 38 —10 OF THE
BOTTOM
' 7 FLANGE
| “-Front ]

LAYQUT OF STRAIN GAUGES FOR GIRDERS ©1,G2,06G3,64 & G§

'Girder G-l
~—-Load (kN)~+ : _ ' ' o
Gauge No. ¥ 4438 ) 8.876  13.1% 17.752  22.190  26.628  31.066
1,5 -28 -58 -87 -113 -155 -210 -269
24 ~37 -83 -131 -178 -237 Ty 4 80
3. -32 -66 -121 -175 -225 -323 44 5
6,10 31 67 108 - - - -
7,9 49 104 - - - .
8 4y 98 - - - . -
Girder G-2
1,5 -32 -68 -100 -137 -181 -231 -306
24 45 -92 -145 -208 -286 -395 -562
3 -3 -79 -127 -188 -26h =362 490
6,10 29 60 110 - - - _
7,9 52 110 . - - - - .
g u7 104 - - - - z

Note : Negative sign indicates compressive strain.
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Table 4.7 : Average longitudinal strains {x 10°%) across the

girder depth at various sections

*Sym

. 3.2
p203.2 ,‘v203-2 * 203.2 £ 203.2 * 203.2 ¥ 203.2 ¥ 201 + R
» - — . . 5
. . : . . . 8-, . %;{3
. FOR
‘}— e . “FeomposT
‘ - o * : * - GIRDER
. T e .u . . [ D=+ .
T .o . . - . L] E—» . T
l MID
QUARTER : —
SPAN SPAN

DEMEC POINTS ON THE CANTILIVER FLANGE AND THE WEBS FOR GIRDERS G1 TO 66

Girder G-l
Strain ‘ Load (kN)
Section at Level &.%76 13.314 17.752 22.190 26,628 31.066
A -85 147 T -238 2328 Ji 50
. B -63 -142 -125 13 Z1s9 -163
At mid C 13 125 Al © 500 938 1250
span .
D 75 275 450 875 1338 1738
E 113 431 713 1238 . 1806 2313
A 75 2125 -163 =213 2% 388
1) -56 ' .88 -100 125 -150 0 -150
At = 4064 | _
i from C 13 88 175 400 725 1025
mid span D 56 163 M4 683 1088 1500
E 94 338 513 975 1463 1988
A =56 .88 -100 -4y 219 -256
B -38 -63 .75 -109 125 -131
At quarter L. .
span C 0 13 25 125 325 538
D 38 50 100 269 550 963
E 63 (13 181 400 756 1350
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Girder G-2
Strain Load (kN)
Section  at Level 8.876  13.31% 17.752  22.190 - 26.628  31.066
A -100 13 -206 -256 -363 513
B - 75 -100 -131 147 172 -188
At mid C 19 113 306 550 1625 14 88
span D 88 200 550 925 1475 2225
E 122 335 875 1406 2000 3163
A =75 -125 -175 225 313 438
B - 56 - 88 ~106 -13] -150 “169
At + 4064  C 13 81 213 413 750 1088
mm i;ir;? D 63 150 438 750 1150 1825
E 100 275 638 1088 1625 2588
A -63 - -100 -125 -163 231 281
B - 44 - 75 - 75 -125 134 -150
At quarter  C 0 13 31 175 388 600
span D 38 63 125 331 650 1075
E 75 125 225 513 919 1538

Table 4.8 : Average and maximum crack widths at various load levels for
: Girders G-1 and G-2

,  Average Crack Max. Crack

Load (kN) ) N

Width, avg {mm) Width W {(mm) wmax/wavg

girder girder girder girder girder girder

G-1 G-2 G-1_ G-2 G-l G-2
[3.314 0.06 0.06 0.10 0.10 1.67 1.67
17.752 G.09 0.11 . 0.15 0.20 1.67 [.82
22.190 0. 18 0.17 0.25  0.30 " 179 1.77
26.623 0.20 0.26 0.40 0.50 2.00 [.92
31.066 0.35 0.41 0.60 0.80 1.71 1.95
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%4.6.1.2 Girders subjected to udl over half flange width and full span

Table 4.9 : Average deflections under udl over half flange width and full span

. Sym
5 y 572.5 b 572.5 . , 572.5 f 572.5 ., 572.5 y, 572.5 , 572.5 .
Kl u 1 k| k| | 7 —7]
QUARTER MID QUARTER
SPAN SPAN SPAN

-DEFLECTIONS ALONG THE CENTRE LINE OF BOTTOM FLANGE

1 . - _1

511@
gé Saé\ 510@ 512-&3? Ss,Szé 14.,515(Z

AT MID SPAN

AT QUARTER SPAN

DELECTIONS ACROSS THE CROSS-SECTION
LAYOUT OF DEFLECTIONS FOR GIRDERS G3,64 & G6
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Girder G-3
- (mm) T8 8, 9,85 6, % S, b5 85 8 Oy & 8, &,
i (kN) + ’ " ! ! !
9 - 0.23 0.2 0.36 0.4 | 040 030 0.% 046 0.55 0.66 :
s 044 043 0.71 0.6 0.8  0.58 0.66 0.89 (.10 1.33
57 0.68 073  1.07 1.32 L2e 090 0.99 132 L7199
6 - 0.88 0.97 Loy 1.7 .66 118 1.33 1.77  2.27 2.66
b5 L1l 122 L.8] 2.16 209 146 1.67 2.2 278 3m
4 140 153 2.25 2.56 2,60 191 2,12 274 3.25 g
3 201 2.93 346 u.18 372 3.20 3.52 4.18 4.76 547
52 315 4.48 524 6.00 6.22 570 6.4 7.06 8.06 S8.76
/| w4 7.25 831 9.25 10.36  9.80 10.21 1144 12.63 12.38

Girder G-
9 0.24  0.32 040 . 0.5 0.50 040 043 0.58 0.7 0.80
8 046  0.63 0.77 102 0.98 0768 0.8 1.13 136 .59
7 0.66  0.88 bl 1.52 Ll 102 1,20 1.62 2.05 2.29
6 0.88 1,17 1,51 2.16 193 1,29 1.59 2.18 2.97 3.7
5 1,10 148 1.89 2.65 - 242 173 198 2.73  3.58 4.05
4 1.76 246 3.05 3.50 339 245 2.87 3.76 4.75 5.28
3 286 375 4.3 5.04 538 4.5 5.06 593 7.04 7.65
2 321 512 573 6.50 6.66 5.81 6.32 7.37 8.53 9.|4
I 420 6.90 7:77 . 8.65 9.77  8.86 9.52 10.70 11.53 12.30
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Tabie 4.10 : Avcrage strains (x 10"6) on the top surface of the top flange and

the soffit of the bottom flange

Gi.rdcr G4

Load NIy 43y G657 8876 . 11,095 13.316 15.533  17.752 19.971
Gauge No. + : ‘
1,5 4 250 -85 -88 -109 132 -161  -198
2 -38 -55 -74 -92 -127 -17] 216 2267
3 4 | -60  -78 -102 =131 -162 -218  -283
4 48 -69 -9 -2 . 158 -195 =256  -#0
6,10 - 3 50 68 89 - - - -
7 40 70 93 129 - - - -
8 s 65 91 115 - - - -
9 ue 73 104 - - - -
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Table %4.11-: Average longitudinal strains {x 10-6) across the girder depth on the

loaded side
Girder G-3
] . Load (kN)
Section Strain at
level 6.657 8.876 11.095 13.31% 15.533 15.757 [9.97]
A 63 -88 113 -I138  -150  -200 -2
B 238 -63  -88 2100 -100  -125  -150
At mid C 0 13 38 63 18] 231 625
span D 380 75 100 150 294 413 1000
E 63 109 169 213 419 769 1400
A =50 -8l -100 -125  -138 175 -244
At 24064 B -25 <56 .75 -85 -88 S113 2138
mm from . *C G 6 13 38 100 163 475
mid span 31 63 g 125 225 375 800
56 100 138 194 338 613 1175
A =50  -75  _g85 -100 -109  -138  -194
At quarter B ~25 =50 -3 75 -85 <113 -135
span C 0 6 0 19 38 75 244 .
D 25 50 63 75 125 194 475
E 50 85 109 131 194 356 73]
Girder G-4
‘Section . Strain at L cad (kN) - ‘ '
level _ 6.657 8.876 11.095 13314 15.533 17.753 19971
A 75 =100 122 S350 172 225 -25¢
At mid B -50 -63  _88 -H3 13 131 3y
span C 13 25 63 88 256 269 363
D 50 88 150 206 425 525 900
E 38 1 244 38) 638 950 1263
A 69 9% -113 _138 150 .94 _295
B . 75 7 -100 - iy _12
N 50 5 100 100 25 5
mm  {rom C 0 12 ., 50 75 188 200 413
Mid  span D 2075025 88 350 425 725
E 75 125 206 338 525 775 1050

(Contd..... )




Girder G-4  (Contd..... )
‘ . L cad (kN)

Section Strain at
level 6.657 8.876 11.095 13.134 15.533 17.752 19.97]
A -63  -88 100 -113  -122 150 -172
B -38  -63 -75 -75 -100  -106 =122

At quarter

span ' C 0 6 13 38 63 113 206
D 38 63 75 106 159 238 391
E 88 113 134 181 256 413 600

Table 4.12 Average and maximumn crack widths at various load levels

Load

Average crack width, Maximum crack width,

(kN) Wavg. (mm) . Wmax. (mim) ‘Umax/ Wavg.

Girder G-3 Girder G4 . Girder G-3 Girder G-4 Girder G-3-Girder G4
11,095 = 0,04 - ‘ 0.05 - 1.25
13316 0,03 0.07 0.05 0.10 167 143
15.533 0.06 0.09 0.10 0.15 .67 1.67
17.752 0.10 0.12 | 0.15 0.18 1.50 1.50
19,971

0.14 - 0.5 - 0.20 0.22 1.43 1,47
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6.2 Double Cell Box Girder

6.2.1 Double cell box girder subjected to various combinations of symmeltric and
unsymmetric laads in uncracked stage

=T e e

] ] ' éss bg
) ; ?63 DR é&s %S'} éﬁg

‘DEFLECTIONS ACROSS THE CROSS-SECTION AT MID SPAN

811'514. '
ésm,sn ) 612,815

DEFLECTIONS ACROSS THE CROSS-SECTION AT QUARTER SPANS

322.5 o 322.5 . 322.5 v 322.5 * 322.5 L 3225 , 2125 ,
" '|_ e}

9 10 11 12 13 14

SOFFIT OF THE BOTTOM FLANGE
LAYOUT OF STRAIN GAUGES AT MID SPAN
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- Dellections Across the Girder Cross-section at  Mid

Span

girder cells (Fig. 4.11 v)

Table #.13 : Three bricks layers on half width of top flange and full span
FFig. w01 i)
Deflection(mm) » 6! (32 63 64 65 66 67 68 69
Load (kN) +
3.99 0.08 0,10 0017 0.22 0.5% 0,79  0.ey .91 0,97
11.10 0.20 0.22 0.37 0.43 - 1.07 1.6] 1.70 1.83  1.95
16.64 0.33 0.35 0.539 0.75 1.69 2.54 2.69 2.87 2.97
Table 4.1% : Six brick layers from free cantilever end to the centre of the
nearer ‘girder cell (Fig. 4.11 ivy)
Deflection(mm) - 61 62 63 6, 65 §¢ 5 68 69
Load(kN) +
2.22 0.0f 0.03 0.02 0.05 0.6 0.30 0.37  0.46 0.48
bGohy 0.03 0.05 0.05 0.]10 0.33 0.59 0.76 0.9 0.96
6.66 0.05 0.07 0.09 0.15 0.49 0.88 1.1 1.32 1.4y
3.88 0.07 0.10 0.12 0.22 0.66 115 1.48 1.74  1.89
11.10 0.09 0.13 0.6 0.30 0.85 1.45 .83 2,49  2.37
13.3] 0.tz 0.6 0.20 0.35 1.03 1.7& 2.24 2.66  2.89
Table 4.15 : Five brick layers from frce cantilever ends to the centres of the

Deflection(mm) - 8 8 5 5 5 8 8

f 2 3 4 5 6 7 68 69

L.oad (kN) +
4,438 0.43 0.44 0.39 0.36 0.36 " 0.40 049  0.64  0.61
3.876 0.88 0.85 0.77 0.7! 0.72 0.82 0.98 1.20 1,23
13.314 .36 .30 LIS 108 1.10 1.21  1.46 .74 1.79
i7.752 1.83 1.77  1.59 1.4 .47 1.63 1.94 2.27  2.36
22,190 2.31 2,22 200 1.84 1.83  2.02 2.37 2.70  2.89
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pble  #.16 : Four brick layers over the girder cells (Fig. #.11 vi)

cflection{imm) -+ 61 62 63 64 65 66 A67 68 69
pad (kN) + .
6.657 0.59 0.63 0.6} 0.60 0.62 0.68 0.72 0.75 0.79
13.314 .18 1.2¢ 121 1.20 122 1.33 140 146 1.52
19.971 1.78 1.87 1.84 1.80 1.83 1.94 2.05 2.18 2.27
26.628 2.39 2,50 2,46 242 245 2.0 2.76 291 3.00

bble &.17 : Seven brick layers between the girder cells (Fig. 4.11 vii)

flection(mm) = 61 62 63 614 65 66 .67 .68 69

pad (KN) +
3.329 0.23 0.25 0.31 0.3% 0.38 0.36 0.33 0.28 0.28
6.657 _ 0.45 0.49 0.60 0.69 0.77 0.71 0.66 0.57 0.56
9.986 0.66 0.73 0.90 1.04 1.16 1.07 - 0.98 0.85 0.84
13.314 0.88 0.98 1.21 1.40 1.55 143 - 1,31 114 1.1
l6.643 LML 123 1520 1,77 194 1.80  1.64 l.43  1.38
19.971 ) 136 L49 184 204 234 2,19 1.99  1.73  1.66

23.300 157 176 2.16 2.54 2.78 2.62 2.36 2.04 1.95
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Strains (x 10"6) on the Top Surface of the Top Flange and

top flange and full span (Fig. 4.11 iii)

Soffits of the Bottom Flanges

+ .18 : Three brick layers on hall width of

Table #.19 1 Six brick layers {rom
free cantilever end of

the nearer girder cell

j (kN) 5.55 11.10 16,65 (Tig- 4.11 v}
e No. .
-07 -15 -26 t?ff,io(kﬁg B 88 1331
_09 21 _35 1 02 03 -06
-12 25 -39 2 -02 07 13
o _30 46 3 -0 -2 -20
23 48 77 4 14 230 49
-25 49 .77 5 20 41 -63
% .72 “108 6 -25 52 .78
10 22 3 7 -28 -57 88
1l 2 36 8 o 07 10
1l 21 30 9 01 03 06
- _12 _26 Y 0 03 08 12
4 % 147 11 05 10 -17
4l 92 14 12 32 67 1ov
Y 98 150 13 35 7% 116
14 38 82 129
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e #.20 : Five brick layers from free Table 4.21 : Four brick layers over the
cantilever ends to the ceritres girder ceils (Fig. 4.11 vi)

of the girder cells (Fig. 4.11 v)

. Load {kN}=+ -
C(kr:,\'g Y 8.876 17.752 22.190  gauge No. + 13.314 26.623

.28 .57 -78 1,7 27 -102
25 49 63", 2,6 &2 - 82
_25 -51 -65 3,5 43 - 85
27 55 .68 4 -37 - 78
ug 100 132 8, 14 60 132
us 93 124 9,13 S 113
4y 90 17 10,12 59 122
-06 -4 -18 il -29 - 53

Table 4.22 : Seven brick layers between the girder cells

Load (kN) 9,986 23.30
Gauge No.
1,7 . -32 -71
2,6 -35 -86
3,5 40 -101
4 ' | -30 77
8, 14 40 104
9,13 42 _ 103
10,12 52 T3
11 -18 - 49
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s (x 10_6) Across the Girder Depth at Mid Span

4.23 : Three brick layers on half width Table 4.20 : Six brick layers from free
of top flange and full span . cantilever end to the centre
(Fig. 4.11 iii) of the ncarer girder cell
— e (Vig. 0,11 iv)
Strain at Front ' Back Load Strain at Front Back
Level Face Face (KN} Level Face Face
A -38 " -100 _ A -13 -100
B -25 -75 B 0 -75
C 13 : 25 13.31 C 0 - 13
Do 25 63 | D 25 50
E 50 134 E 25 100
4.25 : Five brick layers from free Table 4.26 : Four brick layers over the
cantilever ends to the centres girder cells (Fig. .11 vi)

of the girder cells (Fig. 4.11 v)

Strain at- Front Back Load Strain at Front bBack

- Level Face Face (kN) Level Face Face
A -85 -85 _ A -100 -88
B -63 -50 : B -75 -6]
C 06 0 26.628 C 25 13
D 63 50 _ D 63 56
E 119 100 - | E 134 125

Table .27 : Seven brick layers between the girder cells (Fig. 4.11 vii)

Load - - Strain at - Front Back
(kN) Level Face Face
A -75 -69

B -50 -50

23.30 C 06 U
’ D 69 50

E | 125 88

L ATEET LI




.2.2 Double cell box girder subjected to monotonically increasiung sustained loads

of short durations

{ .
Table 4.28 : Dellections (rmin) across the girder cross-section at
mid span and quarter span

1o, %12,
13, °15
1.29 1.22 1.18 0.8
142 141 140 0.96
.51 - 1,50 147 |00

1.55 [.53 1.51 1.06

Load g, &, 85 & 8 6 Sy 8 S
(kN) ,1’, 9 2, 98 3, 07 4, %6

3.00 2.92 2.88 2.10
3.16 3.12 3.08 2.20
3.36 3.30 3.25 2.3
344 3.36 3.32 240
3.62 3.57 3.5 2.52
3.70 3.65 3.62 2.57

7.51 743 740 5.15
8.33 8.23 .19 5.69
8.53 8.42 8.37 5.82
- 8.88 8.77 8.72 6.07
9.25 9.12 © 9.06 - 6.32
9.93 9.80 9.73 6.79
10.34 10.22 10.15 7.18
1042 10,31 10.26 7.28

14,57 6.50 1bué 10.22
14.98 - 14.92 14.83 10.52
1541 15.35 15.28 10.80
15.57 15.51 1543 10.92
15.73 15,69 15.62 11.05
15.93 15.89 £5.80 11.13
16.06 16.03 15,9 11.22

ptantancous deflections
burs

Contd
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Table 4.23 (Contd.ece... )
Load = §, &4 §,, 93 83,9 8% 8 8, 9, 81, 614
(kN) ’ ’ S 5
13, &5
20.82 20.77 20,69 20.56  20.7% 14,57 15.09
21.33 21.29 21,23 21.07  21.30 15.89 1544
21.75 21.70 21,60 2144 21.68 15.13 15.67
22.02 21.95 21.85 2170 21.92 15.30 15.88
55476 22.22 22.18 22,07 21.93  22.15 1545 15.98
2247 2242 22.27 2210 22.33  .15.59 16.11
22.70 22.65 22.51 22.35  22.60 15.76 16.28
22.77 22.74 22.59 2243 .22.69 15.86 16.39
28.09 28.04 . 27.85 27,77 28.07 19.58 19.85
28.75 28.72 28.51 2842 28.73 20.05 20.69
29.22 29.18 28.97  28.85  29.17 2040 21.03
2947 2943 29.22 2911 2943 20.57 2119
66.570  29.77 29.78 29.56 2942  29.80 20.% 2146
29.96 29.98 29.77 29.65  30.02 20.98 21.62
30.16 30.15 2992 29.80  30.19 21.09 21.7]
30.36 30.35 30,13 30,01 3040 21.2 21.86
3040 30.38 3045 30,03 3042 21.25 21.88
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soffits of the bottom [langes

Table #.29 : Strains (x 10—6) on the top-surface of the top flange and

i (kN)~> 11.095 22.190 33.285 44 380 55476 66.57
re No.+ inst. after inst. after inst. after inst. after inst. alter inst. attor
i 3 I} 23 10 13 15
days days days days days days
=35 413 ~92  -120 -1 232 -280 =347 418 485 =550 -68u
-30 40 -85 -107 -156 -22| =275 -338 422 49 -588 -744
-32 40 =92 -l1¢6 —_I7O 240 2272 -3 408 469 -576¢ -732
~27  -338 -79  -9¢ -141 -198 -260 -327 =382 445 -530 .-477
45 53 103 120 - - - - - - - -
50 60 115 - - - - - - - - -
57 68 - - - - - - - - _ _
=25 -3 -57 -68 -84 -93 -87  -121  -1l4 -99 -87 .93




164

Table #.30 : Average longitudinal strains (x 10—6) across the

girder depth at various sections

. Strain at ' Load (kN)
Section level ' 22,190 _33.285 ' 44,380 _ 35476 . 66.57
inst.  after inst. after inst. after inst. after inst. after
Il 23 - 10 _ 13 15

days days days days days

A -75 113 -150 -181  -219 -256 -306 -y 13 475

At mid B -50 - 75 -H13-125  -113 -125 -100 -100 113 138
span C 25 50 [38 225 263 683 10131200 1563 1825
D 75 125 2% 500 1000 1175 1638 1900 24 50 2788

E 125 208 463 750 1475 1738 2356 2688 %75 3883

A -69 -100  -138 -175 -188 -238 -263 -313  -388 425

At 14064 B3 -50 =75 <100 -113  -113 -113 -106 -113 =113 -125
mm from C 13 25 100 200 450 563 775 888 - 1213 1325
mid span D " 63 X 225 4400 788 950 1263 1450 1975 2225
E 113 163 363 613 1150 1388 18252063 2825 3213

A -56 =75 - =% -I113 '~138 -163 -200 -225 ‘ -275 -325

At B -38 -50 -69 - 75 - 88 -100 -113-125 -125 -150
Quarter C 13 19 38 63 150 213 338 413 588 675
span D 50 63 100 163 288 375 613 725 1063 1263
E 8% 100 175 275 450 563 888 1063 1525 1788
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' Table 4.31 = Average and maximum crack widths at various load levels

Load Time Average Crack Maximum Crack max/ Wy y
; B

(kN Width, wavg(mm) Width, wmax(mm)

Instantancous 0.03 0.05 let:7
22,190 :

After sustained

loading of 11 days 0.04 0.0¢6 [.50

Instantaneous 0.06 0.10 l.o7
3.285

After sustained :

loading of 23 days 0.07 0.12 1.71

Instantaneous 0.12 0.20 l.67
4,380

After sustained

loading of 10 days 0.13 o 0.22 1.69

Instantaneous 0.16 0.25 1.56
P5.476

After sustained

loading of 13 days 0.20 0.30 1.50

Instantaneous 0.21 - 0.35 1.67

b6.57 1 ,
After sustained
loading of 15 days 0.26 040 1.5
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4.6.3 Composite Box Girder
4.6.3.! Composite box girder subjected to udl over the entire top flange

Table 4.32 : Average deflections at various points along the span of the girder

Deflection s . 8

(mm) +~ %1, %7 8, 3¢ 63, S5 Sg, 84, S §g, 611
Load (KN) + ' e
438 .0.30 0.58 0.67 0.77 0.78
8.876 0.76 1.38 1.83 2.02 1.98
13.314 1.76 3.06 4Gl 5.02 496
17.752 3.57 7.05 9.39 10.45 10.30
22.190 5.66 10.86 14.29 - 15.92 15.51
26.628 8.62 16.52 2140 23.30 23:57
22.190 8.21  15.71 20.39 22.70 224 |
17.752 7.66 14.59 18.93 21.13 20.70
3.314 6.98 13.30 17.25 19.32 18.71
876 6.23 11.87 15.37 17.29 16.64
438 543 10.36 13.36 15.09 1442
i 4.35 8.33 10.78 12.17 11.66

__Table .33 ¢ Average strains (x 10h6) on the top surface of the

top flange and the soffit of the bottom flange

oad (kN)+ |
auge No. ¥ Y438 8876 33l 17752 22090 2628

b 200 a8 e iz ~259 378
E | 25 -52 C_86 145 227 -336

10 36 77 -
L9 61 124 -
R 40 98 .
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Table .34 : Avcrage longitudinal strains (x 10—6) across the girder depth

at various sections

) Strain at Load (kN) :
ection levei 8876 133 17.752 22.190 26.628
A -63 -100 -156 -256 344
t mid B -31 - 0 50 100
pan C 38 88 33] 656 1125
D 75 1% 588 1063 1738
E 138 331 925 1569 2538
A -50 -75 -125 -150 -275
t 4064 B -3 -50 .25 o 63
m from C 25 75 275 513 875
id span D 63 163 513 875 1475
E 113 " 250 733 1283 2063
A 238 -63 - 88 116 -175
t Quarter B 25 -33 - 25 - 13 25
pan C 13 25 &3 231 381
D 38 38 188 400 650
E 75 " 138 2% 563 925

Table 4.35 : Average and maximum crack widths at various Ioad levels

Load Average Crack Maximum Crack ¢

{kN} Width,wavg {mm) Width,wmax(mm) ) max/wavg.
876 . 0.03 - 005 1.67
Iy _ 0.06 _ - 0.10 1.67
752 0.08 0.12 1.50
190 0.12 0.16 1.33

628 G.l4 0.20 1.43
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4.6.3.2 Reloading of the composite box girder and subjecting it to sustained loading

¢ Table 4.36 : Deflections (inm) “under sustained loading
(TJ;’)’IEQ) %k"[\j‘)" 621 8¢ Sg: 845 81 §p)
Residual Nitl 8.33 12.17 .66
inst. .16 1.67 .63
2 4438 119 1.71 1.70
3 1.21 1.71 171
5 1.21 170 1.71
inst. 249 3,57 13.58
2 2.53 3.60 3.62
4 8.876 2.56 3.68 3.71
7 2.64 3,80 3.84
| : 2.71 3.85 3.89
nst. - 3.89 5.70 2.71
I 4.01 5.87 5.87
3 4.12 5.98 5.99
7 13.314 - 4.25 6.11 6.12
0 4.29 6,25 6.25
4 440 6.37 6.38
st. 5.56 - 8.08 8.05
! S 5.71 8.29 8.29
E 5.8 . 845 845
y 17.752 5.91 - 8.55 8.53
0 5.99 8.69 8.69
6.12 8.88 8.89
D 6.26 9.06 9.07
st " | 7.50 10.88 10.90
7.66 11.10 11.07
7.8 11.27 11.25
22.190 7.98 1146 1146
8.05 11.59 11.58
8.19 11.70 11.68
g 8.19 11.80 11.81

8.37 11.99 11.99
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Table #.36 (Contd....... )

(TC;:;‘;) }“kc’fj‘)d BT Sgr 840 8 1
Residual — Nil’ 8.33 12.17 11,66
inst. ' 9.69 A 14.09 1,07

2 o 10.30 4.8 14.85
4 | B 1049 15.10 | 15.11

7 - 10.76 15,50 15.52
1 11.32 16.18 16.18
14 26.628 11.5 1648 1648
21 B _ 12.28 1749 1748
28.- ' ' 12.65 17.96 : 17.93-
35 ‘ | 12.97 13.3 18.%
49 ' 13,68 C19.32 . o 19.33
60 . .06 19.86 19.79
109 - 15.00 | 21.19 21.14
149 ' S 15.28 2158 21.52
187 : ' | 1543 | 21.66 21.61
249 ' : . 15.9] _ '22.3# ' 22.30
318 oo 16.05 22.53 2248
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PLATE 4.1 TENSION TESTING OF WIRE
MESH SPECIMEN
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CHAPTER - v

TEST RESULTS AND COMPARISON WITH ANALYTICAL PREDICTIONS

3.1 INTRODUCTION

The ferrocemment Lox girders were tested 1o Study their behaviour iy
the elastic, cracked and ultimate stages. The test resuits have been compared
wilh lhcr‘annllyltica!_ results predicted by the proposed finile clement method
described in Chapter -lll. The proposed analytical method traces the complete
response of the girders, i.e., deflections, strains, stresses, propagation of
cracks and prediction of ultimate failure under dead loads and monotonically
increasing live loads. A detailed comparison of the experimental and analytical
results is presented in the foliowing scctions. The experimental valucs reported

are average of cornpanion specimens, wherever applicable.

5.2 SINGLE CELL FERROCEMENT BOX GIRDERS SUBJIECTED TO ud! OVER
THE ENTIRE TOP FLANGE

2.2.1 General Test Behaviour

resultslof both- the girders were comparable. In both the girders, the first
visible cracks .appeared in the bottom flange and side webs in the nid spanregion
after the applilcatioﬁ of three brick layers (corrcsponding to a udl of 3.09
Vi;-N/mz)‘. The maximum crack width in both the girders at this Joad level
reached 0.1 mm. Aft;r the application of four brick layers (4.12 kN/mZ),
a large number of cracks appeared. The length and width of cracks forined
carlicr also increased. Many cracks in the bottom flange traversed the
full width of the bottom flange. The maximum crack width in the girdersy
marked G—I'and G-2 reached 0.15 inm and 0.20 mm respectively. With the

application of further brick fayers new  cracks formed, the cracks formed
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carlier extended and the width of cracks increased. At seven brick layers
(7.22 kN/mz), the maximum crack width in the two girders reached 0.6 nun
and 0.8 mm respectively. The girder marked G-1 was lcaded with the cight
brick layer (8.25 kN/mz) also; After about t\;vemy minutes of the loading,
the girder fatled due to snapping of wire meshes of the bottom flange and
side webs (Plates 5.3A, B and Ch. The average crack spaciing at seven brick
layers in girder G-2 was about 40 mm in the central part of the bottom
flange. At this load level, a few diagonal shear cracks in the web appeared
at the support. Longitudinal cracks at the junction of top flange and webs
also appeared at this load level in the end portions. On unifoading, the reco-
very in mid span deflection in girder G-2 was about 60 percent. The crack-
pattern ol the bottom flange and side webs of girder G-2 is shown in Plate
_.2.2. Chipping of the bottom [lange and side webs in girder G-2 was done —
at several .crack locations. Mortar compaction was found to be satisfactory.
Mortar cover to the wire mesh varied from 5.15 mm to 7.9% ‘mm with an

average of 6.60 mm. This compared weil with the theoretical cover of 6.33 mm.

3.2.2 Finite Element Idealization

Taking advantage of the . symmetry of the geometry and the loading
about both the axes, one quarter of the girder was discretized (Fig. 5.1)
by forty four elements with fifty six nodes. The wire mesh and transverse
skeletal steel reinforcement was the same in the - top Ilanées, side webs
and bottom flange. The variation in the longitudinal skeietal steellin the
top flange, side webs and bottom flange was accounted for by taking three
different material types for them. Material type for reinforced cor;cretc
end diaphragms was accounted for by taking it as a fourth material type.

The location of the. mesh layers and skeleta] steel as considered in the analysis

of the girder are shown in Fig. 5.1.
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The total superimposed load of 31.07 kN (or 7.22 I<N/n12) was applied
in six load incremeﬁts of 8.88, 4.4y, bbb, buy 5 uy gng 4448 kN  each. The
first load increment comprised of the self weight of the girder plus the
superimposed load of 8.88 kN whereas the subsequent load increments were
of superimposed load only. The ultimate failure of the girder -at 31,07 kN
load was indicated by a large increase jn the unbalanced force horm ratio.
The failure at this load was also indicated by a large increase in deflections
in the last load increment.  The total computer time 'taken for complete

displacement and stress OuUlput was 4 minutes and 40 sceconds,
3.2.3 Comparison of Resuyl ts

The comparison of theoretical and experimental deflections at the
mid span and along tHe span are shown in Figs. 5.2 ang 2.3 respectively.
Considering the deflections at mid Span, the predicted defiections in the elastic
stage (i.c. at onc and two brick layers) are about 70 percent of the experimental
deflections. This difference in the analytical and the experimental defleé"tions
may be due to (i) finite element mesh fineness used in the discretization of
the girder and (ii) the variation in the modulus of elasticity of the mortar
adopted for the theoreticai analysis and the actua] modulus of clasticity of the
mortar in the cast girders. To study the effect of the discretization, the girder
Wwas reanalysed By djscretizjng It with 74 elements -and 20 nodes. The mid span
deflections at first, second and third foad increments (j.c. at two three and four
brick layers) increased only marginally by 044, 0,34 and 1.96 percent respec-
tively). The mid span deflections at fourth and fifth load increments (j.e. at five
and six brick llaycrs) increased by 6.0 and 84 percent respectively, The ultimate

failure of the girder at sixth load increment (i.e. at seven brick layers correspon-

POrm  ratio and the ENergy norm  ratio due to residua] forces. Thus the
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improvement in the deflection values is very small whercas the computer
time taken for the analysis increased by about 80 perecent. Therefore, the
difference in the analytical and the experimental values in the clastic sia-ge
and the initial portion of the cracked rangé may be attributed to the difference
in the modulus of clasticity of the mortar adopted for the theoretical analysis
and the actual modulus of elasticity of the mortar in the cast girders. The
value adopted in the thecoretical analysis is from the control mortar cylinders
of 75mm x [50mm cast on a vibrating table whereas the mortar in the box
girders was compacted using a specially fabricated surface vibrator having
a wooden base. Proper compaction of the mortar in casting ferrocement
elements ts a difficult problem as reported by Gamski“GB) also. At three
and four brick layers (3.09 kN/m‘? and 4,12 kN/mz), the predicted deflections
are aboult 70 percent of the experimental deflections whereas at ftve and
six brick layers (5.15 kN/m‘? and 6.19 kN/rnz) these are about 87 and 98
percent of the experimental deflections. At the ultimate load of scven brick
Iayc_rs (7.22 kN/m'z), the predicted deflections become large thus in(li(:qtin};

the failure of the girder,

The theoretical first crack load causing the attainment of cracking
strain in the extreme fibre of mortar at the eritical Gauss point was obtained
s 9.43 kN (or 2.19 kN/mz) by the linear extrapolation of ‘the result of the
irst load increment. The experimental first cracks in both the girders were
observed after the application of three brick layers. Since all the observations
ncluding that of crack detection were made after complete loading of the
Birder by each brick layers, the appearance of the first crack, even if it
appens during the application of any brick layer goes  unnoticed and the
Ctual first crack load is, thus, not known. This problem of determining
Xperimental first crack load was overcomne by interpolating from the load-

eflection curve the point from where non-linear bebaviour starts. The {irst
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rack loads so déftermined for the girders G-1 and - G-2 are about 11.50 kN

r 2.67 kN/mz) and 10.25 kN (or 2.38 kN/rnz) respectively.

A comparison of the predicted and experimental longitudinal tensile

trains at 25 mm~above the soffit at the mid and quarter span sections is

hown in Fig. 5.4..Considering the mid span scction, the predicted and the
xperimental st'rains are small in the uncracked range and are in good agree-
ent. After Crarkmg of the mortar, the strains increase at a fast rate.

t the three and four brick layers, the predicted strains are less than the

xperimental strains by about 32 and 22 percent respectively., At five brick

ayers, the pre—di_(_;ted strain i1s more than the cxperimcnta.l_ stratn by about
percent. -T.he ;_ielding of the skeletal steel is predicted at six brick layers.
he cont-riéut‘i_on of skeletal stecl to the rigidity of the cracked section becomes
ero due to the” e_xﬁ.sumed lincarly clastic-perfectly pla.stic stress-strain curve
f thc.material.r_ The éonfri_bytion of cracked mortar is already small due
o its entire 'dc‘pwth'ha'vmg cracked. This leads to a large increase in the
train at the s_ﬁ_:ction. The predicted strain at six brick layers is thus more
han the cx[;eri;ncntal strain by about 43 percent. At seven brick layers,
he yielding of ‘wife mesh is also predicted. Thus the contribution of both

the skelctd-l,%,técl .and__wire mesh to the rigidity' of the cracked composite
is zero. The bré;ﬂicted strain- at seven brick layers is very large as compared
to the cxpcr[mcntal strains of the two girders. The actual stress-strain curves
of sxeletal steel - and er'e mesh (Fig. 4.3} do not have a well defined yield
point. Thus thé¢’ skéletal stcel and wire mesh contribute to the rigidity of
the cracked -'co;hposite beyond their assumed yield strains. The large increase
in the prcdlctod deflections at scven brick layers are due to the predicted
yielding of thc skeletal steel and the wire mesh layers of the bottom flange
elements in the .:l'ﬂ.l‘gA span region.

L
£ .

-On-comparing the predicted longitudinal tensile strains at 2% mm above

-
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the  soffit  with the experimental strains at the quarter span section, the
predicted and the experimental strains of the two girders arc small upto
three brick layers and are in good agreement. At four and five brick layers,
the predicted strains ‘are less than the experimental strains by about 29
and 15 pereent while at six and seven Srick layers these are more by about
20 and 29 percent respectively. Even at seven brick layers, the predicted
strains in the skeletal steel and wire mesh layers are less than their respective

yield strains.

A comparison of the predicted and the experimental fongitudinal comp-
ressive strains at the top surface of the top flange at the mid and the quarter
span sections is shown in Fig. 5.5. Considering the mid span section, the
predicted and the' experimental strains are in good agreement upto four
brick layers. At five and six brick layers, the predicted strains are more
than the experimental strains by about 18 and 30 percent respectively, At
seven brick layers the predicted strain becomes large as compared to the
“experimental strains.” The large variation at seven bri;:k layers is due to
the predicted yielding of skecletal steel and wire mesh layers of the bottom
“flange in the theoretical analysis which causes the corresponding  increase
in' the Ccl>m‘pre55ivc strains of th‘e top flange. Considering quarter span scction,
the predicted and the experirﬁcntal strains show a good comparison right
upto seven brick layers. At seven brick layers the predicted strain s more
‘than the experimental strain by about 13 percent only. Thus the predicted
:andl the” experimental strains have shown pood comparison upto the yielding -
of reinforcement.® The predicted strains become large alter the yielding

of reinforcement due to the rcason mentioned above.

The variation of the longitudinal strain across the girder depth at
the mid and quarter span sections is shown in Figs. 5.6 and 5.7. On the whole,"

the variation of the experimental strains across the givder depth s linear.
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Considering mid span section (Fig. 5.6) at three and four brick layers, the

predicted strains are less than the experiinental strains across the entire

depth. The maximum variation is at 75 mm above the soffit at three brick

layers where predicted strain is less than the experimental strain by about

33 percent. At five brick layers, the predicted and the experimental strains

are in good agreement across the entire girder depth. At six brick layers,

the predicted strains are more than the experimental strains and the maximum

variation is at 25 mm above the soffit where predicted strain is more than

the experimental strain by about 43 percent. The large variation at this

load level is due to the predicted )fic;lding of skeletal steel. At seven brick

layers, the variation becomes quite large due to the predicted ytelding of

skeletal steel and wire mesh both. Considering quarter span section (Fig.

5.7), the predicted and the o\rmrlmcntal strains upto thwee brick layers are

L

small and are in good agreemcnt. At four and five brick layers, the predicted

strains are less than the cxperiments] strains across the entire depth and

the maximum variation is at 25 mm above the soffit at four. brick layers

where predicted  strain ts less than the experimental strain but about 29

Percent. At six brick layers, the predicted and the exper:mcntal strains

are in good dagreement in the cantilever ffange and at mig d(‘pth while below

he mid dcpth of thc girder, the predicted strains are more than the cxperi-

ental strains., The maximum variation js at 25 mm above the sof fit where

predicted strain is more than the cxperimental strain by about 20 pereent,

(oseven brick layers the predicted strains compare well with the experimental

trains in the cantilever flange but in the remaining girder depth the predicted

trains are more than the expertnrental  strains. The maximum vartation is

t mid depth of the girder where predicted strain is more by about 33 percent,
The load versus maximum crack width curve for the girders is shown

voFige 5.8, At the recommended crack widih of 0, min- for ferrocement

rtctirdst phe load carricd by pirders G- and G-2 both is 3.09 kN/m?,
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At this load level the average span/deflection ratio is about 960  which
is about four times the limiting ratio of 250‘ as per LS. Code(I(‘Z) from
serviceability requirement of limit state of deflection. At a span/‘deflection
ratio of 250, the average load taken by the éirders is about 5.70 kN/m2 which
is close to the load at which yiclding of the skeletal steel at mid span takces
place. Thus the deflections in the box girders even at the yiclding of the
reinforcement are small.  This observation validates the assurnption in the
proposed finite element model for nonlinear analysis of the Ierrocemen't box
girders of neglecting the geometrical nonlincarity. It is also seen from the
test results that the maximum compressive strain anywhere in the top flange
of the box girder is about 550 .micron at the ultimate test load of seven
brick layers. This indicates that even for the maximum load on the girder,
the stress-strain curve of the mortar (Fig. #.4) in the compressiqn zone is
still within the linear elastic range. This justifies the adopted linearly elastic -

perfectly plastic stress-strain curve of the mortar in compression.

The theoretical analysis predicts diagonal shear cracks in the web near
the support at seven brick layers. This corroborates well with the appearance
of diagonal shear cracks in the web at seven brick layers. The longitudinal
cracks at the junction of the Lop flange and the side webs are predicted at
six brick layers between 250 mm to 575 mm  from the mid span section.
At seven brick layers, the longitudinal cracks spread from 250 mm to 1895 mn
from the mid span section. . The experimental longitudinal cracks were obéer\?od
At seven brick layers and they had the average spread from about 500 mm to

1800 mm {rom the mid span section.

The theoretically predicted crack patterns in the girder at first crack
And at three, five, six and seven brick layers are shown in Fig. 5.9. The
xperirnental crack-pattern were photOgraphcd after marking the cracks on

he girder surface at seven brick layers and painting of the cracks after
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cormpletely unloading . the girder. The predicted crack-pattern in the bottom

flange and side webs of the girder at seven brick layers shows a good comparison

with the experimental crack-pattern. The theoretical analysis predicts longitu-

dinal cracks on the bottom surface of the top flange in the mid span region

at six brick layers. However, the experimental observation of such cracks is

not possible due to- the closed cell At seven brick layers, these longitudinal

cracks are predicted to increase along the tenpth and width of the top flange.

At seven brick layers, longitudinal cracks on the top surface are predicted at

the junction with the side webs in the mid span region. Cxperimentally,

the cracks on the top surface, if any, could not be seen due to  the brick

oading over its entire surface. N any cracking on the top surface takes

place during loading, then these cracks close up after unloading of the girder.

On unloading the girder no cracks were visible on the top surface.

No cracking or crushing of the diaphragms is predicted cven at the

Itimate load. Experimentally also, no cracking or crushing of the diaphragms

as observed.

p.3  SINGLE CELL FERROCEMENT BOX GIRDERS SUBIECTED TO udi OVER

HALF FLANGE WIDTH AND FULL SPAN

-3.1 General Test Dehaviour

Two single cell box girders marked G-3 and G4 were tested under udl

ver half flange width and full span (Plate 5.4). In girder  G-3, the first

isible cracks appeared in the bottom flange at mid span below the loaded

ortion alter the application of six brick layers (6.19 !<N/rr12). The maximum

rack width was 0.05 mm. The first visible cracks in girder G- appeared

the bottom flange below the loaded portion after the application of five

ek layers (5,15 KN/m)  and  the haximum crack width was  0.05 .

15
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With the application of subsequent  briclk layers, more cracks appeared in

y : 2y
the bottom flange and side webs. A total of nine brick layers (9.28 kN/m*“)

werce applied on both the gicders.  The maximumn crack widths in the two
girders at this load level we-re 0.20 mm and 0.22 mm respectively, The
average spacing of cracks in the central part of the bottom tlange were about
20 mm and 80 mm respectively. .No shear cracks in the webs at the supports
and no longitudinal cracks at the junction of the top flange and side webs
were observed in the two girders. On unloading, the recoveries in mid span
deflection below the loaded web in girders  G-3 and G were about 53
and 58 percent -respectively. The crack-pattern of the bottoermn flange and
side websvof girder G-3 is shown in Plate 5.5, Chipping 6I'Ihe bottom flange
and side webs was done at several crack locations and the mortar compaction
was found to be satisfactory. The ceover to the wire mesh in girder G-3 varied
from  5.60 mm to 7.14 mm with an average of 640 mm and in girder
G-4  from 5,16 to 7.9% mm  with an average of 6.55 mm. This compared

well with the theoretical cover of 6.33 mm.
3.2 Finite Element Idealization’

Nonlinear analysis of the girder was done by discretizing one half of
he girder using . 72 elements with &0 nodes (Fig. 5.10). A coarser mesh
as used for the top flange as it remains in compression well within the
lastic range all through the major part of the loading while a finer mesh
as used for the bottom flange which cracks under tension. Since the wire
esh and skeletal steel reinforcement in these two girders is the same as
rovided in girders G-1 and G-2, the number of material types were four in
is case also. The total superimposed load of 19.97 kN {or 9.28 I<N/m_2)
as applied in six load increments of 8.88; 2.22, 2.22, 2.22, 2.22 -cmd 2.22 kN

RCh. At the load of 19.97 KN (or 9.28 I<N/m2), both the residual vector norm
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and energy norim ratios increased more rapidly thereby indicating proximity
to the ultimate failure. The tota!l computer time taken for complete displace-

ment and stress output was 9 minutes and |3 seconds.

5.3.3 Comprison of Results

A comparison of the theoretical and experimental deflections below the

loaded web at mid span is shown in Fig. 5.11.  The predicted deflections in

the eiastic stage (i.e., upto five brick layers) are about 75 percent of the

cxperimental deflections. This discrepancy in the elastic stage may be attributed

to the marginally lower value of modulus of elasticity of the mortar in the

girder as compared to the value obtained from the control mortar specimens

as mentioned in Section 5.2.3. In the cracked stage, the predicted deflections

continue to increase at a faster rate as compared to the experimental deflec-

tions. At six brick layers (6.19 kN/mz), the predicted deflection is about
90 percent of the experimental deflection, at seven, eight and nine brick

layers (7.22, 8.25 and 9.28 kN/n12) the predicted deflections are about 12, 22

and 33 percent more than the experimental deflections. °

The load-deflection curve at quarter span section below the loaded

eb is shown in Fig. 5.12. In the elastic stage (upto 11.I KN or 5.15 kN/mz),

he predicted defiections are about 73 pgrcent of the cxperimchtal deflections.

N the cracked stage, the difference between the predicted and experimentai

pellections reduces. At six and seven brick layers, the predicted deflections

re less than the experimental deflections by about 19 and 7 percent, while

bt cight and nine brick layers the predicted deflections are more by about

b and 15 percent.

The variation of deflection across the width of the bottom flange is

hown at the mid and quarter span sections in Fig, 5.13.  The delections

clow the loaded web are more than the deflections below the unioaded web.
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comparison of the predicted and experimental deflections is shown for five,
seven and nine brick layers, Considering mid span section, at five briclk lavers
5.15 kN/mZ), the ratio of the predicted deflection to the experimental deflec-
ion varies from  1.13 below the unloaded web to 0.77 below the loaded web,
tosceven brick layoers (7_.22 'l\'N/lnz), this ratio varies trom 1460 (o I'.l?.
he maximum  variation is at nine brick layers  (9.28 kN/mz) where this
atio  varies from 1.52 below the unloaded web to  1.33  below the loédcd
'eb.  Considering the quarter span scction, at five brick layers, the ra[ié of
e predicted to the experimental deflections varies from  1.08  below the

nloaded web to  0.73  below the loaded web. At seven brick layer this

Atio varies from 1,16 to 0.93 and at nine brick layer from .38 1o l.16.

The [irst crack load as predicted by the analysis is 8,93 KN (or 4.15
/rnz). The experimental first crack loads of girders G-3 and G4 as evident

om the nonlinearity of the load-deflection curves are about 12.2 kN f(or

67 kN/m%) and 10.0 kN or (4.65 KN/m).

The variation of longitudinal tensile strain at 25 mm above the soffit

the loaded web at the mid and the quarter span sections is shown in Figs.

14 and 5.[_‘);. Considering the mid span section (Fig. 5.14), the preldi;tted
Fains in - the elastic stage (upto five brick laycrs) are about 65 pereent
the experimental strains. In the cracked stage, the predicted strains have
-reased at a faster rate as Compared to the experimental strains. At SiX
jck layers (6.19 kN/rnz), the predicted strain js.- 98 percent of the experi-
Fntal strain. At seven, eight and nine brick Iayérs the predicted strains
2 on the flexible side of the experimental strains.

The yielding of the

letal steel s predicted at nine hricic layers thus leading to the large decrease

the slope of the load-strain curve. Considering quarter span section (Fig.

5), the predicied strains are about 66 percent of the expoerimental strains
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upto six bric'k layers. At higher load fevels, the predicted strains increase at

a faster rate. At seven brick layers,. the predicted strain is about 7% percent

of the experimental strain whilc at eight and nine brick layers, the predicted

strains are about 26 and 39 pereent more: than the experimental strains.

The slope of the predicted load-deflection and load-strain curves decreases

very fast after cracking of the

mortar because the speciniens are under-

reinforced (two layers of wire mesh giving volume fraction of 0.63 percent

in the two principal directions), In the elastic stage, the contribution of

the mortar to the rigidity of the ferrocement compostte is more than 90 per-

ent while after cracking the major contribution to the rigidity of the Coimpo-

bite is through unyielded layers of wire mesh and skeletal steel and uncracked

epth of the mortar. The contribution of the cracked fortar is, however,

bmall.

The variation of the longitudinal strain across the girder depth on the

caded web side at the mid and the quarter span sections is shown in Figs.

.16 and 5,17, respectively.  The strain variation js shown at the load levels

f five, seven and nine brick layers. The variation of the experimental strain

t various load levels is approximately linear. Considering the mid span section

“ig. 5.16), at five brick layers the predicted strains are Jess than the experi-

ental strains across the entire girder depth.  The maximum variation is

t 25 unm  above the soffit where the predicted strain js about 59 percent

L the experimental strain. Here the rmagnitudes of the strains are smal]

cause the girders are still in (e uncracked stage. At scven briclk layers,

e predicted compressive strains in the cantilever flange are in good agreement.

ith thc exper:mental strains whereas in the remaining girder depth, the

edicted tepsile strains are more than the experimenta| strains.  The maximum

riation is at 25 mm above the soffit where predicted strain is abour 38
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percent more than the experimental strain, At nine brick layers, the predicted

strains across the entire girder depth are large as compared to the experimental

strains due to the predicted yielding of the skeletal steel of the bottom flange.

Considering the quarter Span scction (Fig. 5.17), the predicted strains at-

live and seven brick layers are less than the experimental strains across the

entire girder depth. The maximum variation is at fijve brick layers at 25 mm

above the soffit where predicted strain s less than the experimental strain

by about 32 percent. Here again the magnitude of the strains is small because

the girder is in the uncracked stage. At nine brick layers, the predicted

strains across the entire girder depth are more than the experimental strains

and the maximum variation js at mid depth of the girder where predicted

strain is about 47 percent more than the experimental strain.

The variation of longitudinal compressive strain (on the top surface of

the toﬁ flange} across the width of the top Ilange at mid span section js

shown in Fig. 5.18a) and (b).  The variation of compressive strain from the

unloaded side to the loaded side is small in the uncracked stage and in the

initial portion of the cracked stage (i.e. Upto seven brick layers). In the

later portion of the cracked stage, the compressive strains in the loaded

ortion are more than the compressive strains in the unloaded portion as

$ seen in both by analytical and the experimental results. The predicted

hind  the experimental strains show a good agreement across the width of

he top (lange upte seven brick layers. The

he

maximum variation js above

loaded web at nine brick layers where the predicted strain is more than -

he experimental strain by about 20 percent.

The load versus maximum crack width curves for the two girders are

own in Fig. 5.19. At the recommended crack width of 0.1 mm“), the loads

iken by girders G-3 and G are 15.53 kN (or 7.22 I<N/n12) and [3.31 kN

bt 6.19 I<N/rn2), respectively. The girders withstood an average load of
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142 kN (or 6.70 kN/mZ) corresponding to Q.10 mm  crack width which
compares well with the total load of 13.31 kN (or 3.09 kN/mz) taken by
girders G-I and G-2  subjected to uniformly distributed joad over the entire
top flange. The average maximum mid span dellection below ihc loaded
web at 0.1 mun crack width is about 5.0 mm. This corresponds 1o a span/
dellection ratio ol 916 which compares well with the average span/deflection
ratio of 960 of girders G-l and G-2.  Thus the total load taken Ly Icrrocc~.
ment box _girdgrs at the recommended crack width of 0.1 nimn s nearly
the same, i.e., it do.es not depend on whether the load is applied on full flange
or half [fange width, Similarly, the maximum mid span deflection at the
recommended crack width of 0.1 nun s also about the same. This shows
the darge inherent load distribution capacity of the bex sections, At the
rmaximum apblied load of nine brick laylers {19.97 kN or 9.23 I<N/m2), the
maximum crack widths in the bottorn flange of the two girders were 0,20 inm
and  0.22 mm respectively. At this load level, the average span/deiiection
ratio was about 380 which is -cven more than the recommended value of
62)

250 from the serviceability limit state of deflecti():n“ criterion. Further,

loading on the girders was stopped because of the fear of possible overturning

of the girder resulting in likely injury to the personnel and damage to the

dial gauges and strain measuring equipment.

The experimental studies did not show any visible longitudinal cracks
At the junction of the top flange and the side webs and the same is the predic-
ion of the theoretical analysis that there is no longitudinal cracking at the

unction of top flange and side webs even at nine brick layers.

The theoretical analysis predicts diagonal shear crack in the loaded web
ear the support at nine brick layers. The predicted magnitude of the principal
ensile strain is 168 micron. However, no visible diagonal tension crack

as observed in the loaded wch. Secondly, the predicted magnitude of the
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tensile strain is about the samec as the cracking strain of the mortar. A tensile

strain of this order at any point in a structure of this sjze will cause only

microci‘acking in the composite and the width of the crack will be too small

to be observed by the naked eye.

The theoretically predicted crack-patterns in the girder at f{irst crack

and at five, seven and nine brick layers are shown in Fig. 5.20. The predicted

crack-pattern of the béttom flange and side webs at nine brick layers showsa
good agreement with the experimental crack pattern as shown in Plate 5.5.
At nine bric‘k layers the fhcorctica] analysis also predicts the longttudinal
cracks on the bottom surface of the lpaded portion of the top flange at mid
span. This part of the girder is invisible and hence the appecarance of cracks,

if any, could not be confirmed experimentally.

34 COMPOSITE SINGLE CELL BOX GIRDER WITH TOP FLANGE OF
REINFORCED CONCRETE

34.1 General Test Behaviour

The composite single cell box girder was tested under untformly distri-

buted load over the entire top flange.. The first visible cracks appeared in

the ' bottom. flange and side webs in the mid span region after the application

of two brick layers (2.05 !<N/ir12). The maximum erack widti was 0,05 i,

At three brick layers (3.09 kN/sz, a large number of cracks appeared and

the maximum crack width increased to 0.10 mm.

The girder was loaded upto

six brick layers. At this load leve! the mid span deflection reached about

25 mm and the maximum crack width reached 0.20 mm. Further Joading

wds not done due to the fear of possible failure of the girder and the sub-

sequent darmage to the measuring instruments.  The average spacing of dracks

at this load level was about 35 mm in the central part of the. bottom flange.

No diagonal shear cracks appearced in the web at the support sections. Also no
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longitudinal cracks appeared at tﬁe junction of top flange and side webs.

The girder was then unloaded. The instantaneous recovery in deflection at

mid span was about 50 percent. The loaded girder along with the web cracks

is shown in Plate 5.6,

34.2 Finite Element Idealization

The nonlinear analysis of the coinposite box girder subjected to untformly

distributed load over- the entire top flange was done by discretizing one quarter

f the girder into 44 elements with 56 nodes (Fig. 5.1),
f 26,63 kN

The total load
(or 6.19 kN/rnz) was applied in five load increments of . 38.88,

B8, 4G 44y and bs kKN cach. The fatlure of the ;,rrdor at  26.63 kN

oad was indicated by a large increase in the deflections. Total coimputer time

aken for complete displacenient and stress Output was 3 minutes and 44

econds.
)

A3 ‘Comparison of Resuylts -

A comparison of the theoretical and experimental deflections at the

id and the quarter span scctions is shown in Figs. 5.21(a) and 5.21(b). Consi-

ering mid span deflections (Fig. 5.21(a)), the predicted deflections in the

lastic stage (i.e. upto two brick layers) are about 82 percent of the experi-

tental deﬂcctions. -In the cracked stage, the predicted deflections at three

nd four brick Iayers are less than the experimenial deflections b) about
d

47

9 percent while "at five and sjx brick layers, these are thore than the

perimental deflections by about 7 and 23 percent. Considering quarter

an section (Fig.. 3.21(b)), the predicted deflections in the uncracked stage

€. Upto two brick layers) are about /4% percent of the experimental deflec-

ons.  In the cracked stage, at three and four brick layers the prcdrrtod'

flections are less than the experimental deflections by about 40 and 22 per-

N,

while at five and six brick layers, the predicted deflections are more than
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the experimental deflections by about 3 and 2] pereent. A close examination

of the load deflection curves at the mid and the quarter span sections shows

that the predicted dellections compare well with (he experimental deflections

over the entire load range except at three brick layers where the predicted

delflections are highly on the stiffer side. Again the magnitude of deflections

1s small,

The theoretical first crack load is predicted at .45 kN (or 1.97 kN/mz)

The experimental first crack

load as evident from the nonlinearity of the load-

deflection results s about 7.80 kN (or I.Sl-kN/rnz).

The load versus longitudinal tensile strain curves atr the mid and the

quarter span sections at 25 mm above the soffit are shown in Fig. 5.22.

Considering  the  mid Span section, the predicted Strams at two and three

brick layers are on the stiffer side of the experimental strains by about 4g

pcrcent,  Again the magnitudes of the strains at these load levels are small.

he predicted strain almost matches with the experimental strain at four

prick layers. At five brick layers, the predicted strain is more than the experi-

ental strain by about Ju percent . The yielding of skeletal steel and wirc

nesh layers of the bottom flange is predicted at six brick layers. The predicted

train at this Ioad leve] is thus more than the experimental strain by about

0 percent. Considering the quarter Span section, the predicted strains have

hown a better comparison with experimental values as compared to the mid

Pan ‘section. The predicted strains at three and four brick layers are less

han the experimental strains by about 29 and 21 percent while at five and

fX brick layers, the predicted strains are more than the experimental strains

about 16 and i1 percent,

The variation of longitudinal strain across the girder depth at the ntid

AN section is shown in Fig. 5.23. At three brick layers, the predicted

~
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ompressive and tensile strains arc

less than the experitnental sirains across

he entire girder depth.  The maxtmum variation is ar 25 mm- above the

offit where predicted strain is less

than the experimental strain by about

0 percent. At four brick layers the predicted strains

are in pood agreetent

ith the experimental strains across the entire girder depth. At tive brick

ayers the predicted compressive strains are in good agreement with the experi-

ental strains whereas predicted tensile strains arc more than the experimental

trains.  The maximum variation is at 75 mm above‘the soflit where the

bredicted strain s more than

the experimental strain by about 1§ percent.

t six brick layers, the yielding of skeletal steel and wire mesh layers is

redicted. The maximum variation s at 25

mm  above the soffit where

¢ predicted tensile strain is more than the experimental strain by about

0 percent.

From the variation of predicted longitudinal strains across the girder

Pth, it is clear that the neutral axis shifts inside the reinforced concrete

ange at four brick layers. This is suppc;rted by the measurcd tensile strains
35 mm  below the top surface of the cantijever flange at five and six

ick layers.

The variation of longitudinal strain across the girder depth at quarter

an section is shown in Fig. 5.20. At thrce and four brick layers, the predicted

'mpressive and tensile strains show pgood agrecrment with the experimental

ains in the cantijever flange and major portion of the girder depth. The

RXimum variationis at 25 mm above the bottom flange at three brick layers

ere the predicted strain js less than the experimental strain by about 29

rcent. At five and six brick layers also, the predicted strains show good

feement with the experimental strams in the cantilover flange and upto mid

th of the girder. The maxinum variation

is at 25 mny above the soffit

five brick layers whero the predicted tensile strain is more than the cxperi-

Ntal strain by about |6 percent,

o
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At the quarter Span  section the position of the theoretical neutral

axis shifts inside the reinforced conerete flanpe at five brick layers. This is

supported by the measured tensile strain at 35 below the top surface

of the cantilever flange at six brick layers.

The variation of longitudinai compressive strain on the top surface

strains and the maximum variation is at six brick layers where the predicted

strain is more than the experimental strain by about 27 percent.

The  maximum experimental . compressive strain in the composite box

girder is about 400 micron. At this strain level, the stress-strain curve of the

concrete is in the linear elastic range. Hence, the assumed linearly clastic-

perfectly plastic stress-strain curve of concrete in compression s quite appro-

priate. In ferrocement structures, the ultimate failure in most of the cases

is due to tensile Cracking of the mortar and rarely by crushing of the mortar.

Hence, a simple stress-strain relationship in compression is adequate to predict

he post cracking behaviour satisfactorily.

The longitudinal cracks at the junction of the top flange and side webs

Pl the test girder were absent even at six brick layers and the same is also

onfirmed by the proposed nonlinecar analysis.

The proposed nonlinear analysis predicts diagonal shear cracks in- the

eb at support at six brick layers. The predicted maximum principal tensile:

train of 170 micron is of the order of cracking strain of the mortar. The

nsile strain of this order will induce microcracking in the mortar and the

idth of crack will be too small to be observed with the naked cye. However,

v the laboratory testing, the diagonal shear cracks were not observed n

¢ webs, possibly due to above reasons.

e
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The load versus maximum crack width curve is shown in Fig. 5.26. At

the recommended crack width of

0.1 'mm, the load taken by the composite
box girder is 13.3]1 kN (or 3.09 I<N/n12) which is the same as obtained for

[errocement box girders. At this load level, the span/deflection ratio at

mid span was about 910 which is about three and halt thmes the recommended

ratio of 250 from serviceability limit state of deflection point ol view,

At six brick layers, the masximum crack width in the bottom flange  was

0.20 mm  whereas at this load level, the maximum crack widths observed in

girders  G-1 and G-2 were 0.4 mm and 0.5 mm  respectively.  In all the

box girders, it was noticed that only a few cracks had a crack width more

than 0.1 min and rest of the cracks had crack width less than 0.1 mm.
The load of six brick layers (26.66 kN or 6.19 kN/mZ) can be considered

as near ultimate load for the composite box girder. At this load level the

span/deflection ratio at mid span was about 190. Hence the deflections at

near uitimate load are also small. This also justifies the assumption of neglec-

ting gcometrical nonlinearity in the proposed analytical method.

The predicted crack-patterns of the composite box girder at tirst crack,

at three, four, five and six brick layers are shown in Fig. 5.27. The

predicted
Crack-pattern of the bottom flange and side webs at six brick layers compares
well with the experimental crack-pattern shown in Plate 64, At six brick

ayers, the theoretical analysis also predicts the transverse cracks on the

bottom surface of the top flange in the mid span region. However, no obser-

vation could be made of the bottom surface of the top flange due to (i) small

depth of the girder and (i) closing of the cell by diaphragms.

3.5 DOUBLE CELL BOX GIRDER

The double cell box girder was subjected to loading and unloading under

various combinations of symmetric and unsymmetric loads to study its behaviour
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in the elastic stage. From the performance of the four single cell ferrocement
box girders it was observed that the mid span deflection at the appearance

of first crack was 4.0 to 5.0 mm, The singie cell box girders were provided
with two layers of wire mesh in the cntire cross-section. In the double cell
box girder, a third layer of wire mesh was also provided in the central 3.2 m
length in the bottom I[énges and upto bhalf the depth of the webs. To be
on the safer stde, a lower value of 3 inm mid span deflection was assuimed
for applying maximum_ load on the girder so that the girder remains ecrack
free. Under various ' loading conditions, the maximum observed deflection
was about 3 mm as planned and no visiblc_ cracks appeared on the bottom
flanges and side webs. The combined girder behaved as one single unit by
undergoing'downward defiections along the entire length and width. The

loading and unloading paths under various loading conditions were quite close.

2.53.1 Unsymmetrical Loading Cases

The double cell box girder was first subjected to a udl of three brick
layers over half the width of the top flange and full span length (Fig. 4.11Gi).
It was then unloaded and again subjected to the same loading but applied

on the other half. The deflections in the two cases were cornparabie.

The girder was. next subjected to a udl of six brick fayers from one
[ree end of the cantilever to the centre of the nearer box cell (i, Wl i),
It was then untoaded. The same |cad was again applied on the other side

of the girder,

The clastic analysis of the double cell box girder subjected to the
bove twa foading cases was done by discretizing one half of the girder
y 106 elements with 115 nodes (Fig. 5.28). Duc to variation in the mesh
nd skeletal steel ‘reinforccr‘nont six material types i.c. onc material type

or the top flange, two material types cach for the webs and bottom Manges
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and one mater_ilal type for reinforced concrete diaphragms were used. The
linear analysis for both the leading cascs was done in one single computer
run because the inverse of the structure stiffnes matrix is required  only
once and it is used for obtaining  the displa(“(‘m-onts- at the nodal points and
the stresses and strains at the Gauss points fer both the loading cases. To-

tal computer time taken was 3 minutes and 23 seconds.

(i) For the first loading case of th-ree brick layers (16.64 kN or 3.08 kN/mz)
over half width of top flange and full span, the deflections and strain
variation at the mid span section.are sho\yn tn Fig. 5.29(a) and (b).
Considering mid span' deflections (Fig, _5.29a), the predicted doflccf.ions
below the loaded portion are less than the experimental defiections,
The maximum difference is below the cantilever end of the |oaded
portion where the predicted deflection is about 27 percent dess than
the experimental deflection. The predicted deflection is comparable
with the experimental deflection below the right web of the unloaded
cell. Towards the cantilever end of the wunloaded cell, the predicted
deflection continue to be more than the experimental deflections.
However, the magnitudes of the deflections in this portion are small.
The comparison between the predicted and experimental defllections
Is reasonébly good. The unsymmetrically placea load caused downward

dellections only across the entire width,

The variation of the longitudinal strain across the Cross-section
at mid span is shown in Fig. 5.29(b). Considering the longitudinal compre-
ssive strains at the top surface, the predicted strain at- the junction
of the top flange and right webs of the loaded coll is less than the
experimental strain by about 12 percent, while the predicted strain

at the centre of the top flange is more than the experimental strain by

about 22 percent. At the other points, the predicted strains compare
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well with the experimental strains. Tho predicted longitudinal tensile
strains on the soffit of the bottom I-langcs arc less than the experimentat
strains in the loaded cell and the maximum difference is below the
right web of the loaded coll where predicted  strain is loss by about
17 percent. The predicted  strains are more than  the experimentad
strains under the unloaded cell and the maximum  variation is below
the Teft web of the unleaded celt where the predicted strain 5 more
by about 40 percent. However, the magnitude of the stratns in the

unloaded cell is only about one third of that in the loaded cell.

The strain variation across the girder depth is shown only ~for
the front and back faces of the double cell girder, Strain measurements
Irom the demec points was not possible on the inner webs duc to prac-
tt.cal reasons. Considering the back face of the girder under the loaded
portion, the predicted compressive strains are comparable with the
experiinentai strains, while predicted tensile strains are less than -the
experimental strains. At 25 mm above the soffit, the predicted tensile
strains is less than the experimental strain by about 26 percent. At
the front face of the girder, the predicted and the experimental strains

are 5matl (maxrmum value 50 microns) and comparable.

For the second loading case having six brick fayers (13.31 kN or 5.43

kN/mz) appiied from the free end of the cantilever to the centre

of the nearer cell, the deflections and strains at the inid span section
are shown in Figs. 5.30(a) and (b). Considering the mid span deflections
(Fig. 5.30a), the predicted deflections below the loaded cell are less
than the experimental deflections. The maximum difference is below the
Cantilever end of the loaded cell where tl\?.\ predicted deflection s

fess than the experimental deflection by about 20 percent. The predicted
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deflection matches the cxpcrihmntal deflection at the centre of the
girdc:;. From the right web to the cantilever end of the unloaded cell,
the predicted deflections continue to be more than the experimental
dellections. However, the magnitudes of the deflection are small.
Considering the highly unsymmetric nature of the applied load over the
extreme  0.23 times the width of the girder, the predicted deflections
can be considered to have a reasonably good comparison with the experi-

mental deflections.

The 'variation of the longitudinal strains across the cross-section at
mid span is shown in Fig. 5.30(b). Considering the longitudinal compre-
ssive strains at the top surface, the predicted strains compare weli with
the experimental . strains over the loaded cell while they are more than
the cxperimental strains towards the cantilever end of the unloaded cell.
The magnitude of the predicted and experimental strains over the unfoaded
cell portion is also small. The predicted and the experimental longitudinal
tensile str:u:ns on the bottorn flange of the loaded cell are comparable
and the maximum variation is below the right web where the predicted
strain is less than the experimental strain by about 13 percent. In the
bottom flange of the unléadcd cell, the predicted strains are more
than the egperimentai strains.  However, the magnitude of the predicted
and experimental strains is small {maximum 30 micron). Considering
the variation of the longitudinal strain across the girder depth on the
back face of the loaded cell, the predicted compressive and fénsile
strains are comparable with the experimental strains i.e. at .5 min
below the extreme top surface, the predicted compressive strain is less
than the experimental strain by about )7 percent while at 25 mm
above the soffit, the predicted tensile strain is less than the experimental

strain by about |0 percent.  On the front face of the unloaded cell,
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.

the predicted and the experimental strains at  varjous depth levels are
small.  Thus the predicted strains have 1 reasonably good comparison
with the experimental strains f{rom the loaded face to the half width
(or centre line) of the girder.  Further away from the centre line to

the other cantilever end, the predicted SIrains are more 1han the experi-

mental strains,

3.5.2 Symmetrical Loading Cases

The double cell box girder was sugjected o three symmetrical loading
cases as shown in Figs. 4.11(v), (vi) and (vii). For thc- elastic analysis, one
quarter of the double cell box girder was discretized by 53 clements with
61 nodes (Fig. 5.3). The linear_ elastic analysis for aj) the three loading
cases was dc;ne in a single Computer run., The total computer time takcn

for the displacement and stress OUtput was one minute and twenty five seconds,

(i) Girder subjected to five brick layers (22.19 kKN or #,53 l\-N/mz)

from free cantilever ends to the centres of the two cells:

- Due to the above loading, the deflections and strain variation
Cross the mid span Cross-section are shown in Figs. 5.32(a) and (b). The
xperimentarl values of ‘the_deﬂections and strains at symmetrical points
vere close. Therefore, average values of the deflections and strains of
ymmetric points are plotted on one half ‘of the cross-section,. Considering
¢ deflections at mid span (Fig. 5.32a), the predicted deflections are less
an the experimenta] deflections and the difference decreases towards the -

ntre of the girder. The Mmaximum variation is gt the cantilever end where

€ predicted deflection js less than the experimental deflection by about

percent.

The variation of the longitudinal strajng at the mid span Cross-section

shown in Fig. 5.32(b). - Considering  the longitudinal compressive strains
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at the top surface, the predicted strains compare well

strains except at the mid point of the cell where the predicted strain is morge

than the experimentat strain by about |9 percent. Considering thc- longitudinal

tensile strams on the bottom surface of the cell

less than the experitnental strains and the maximum variation is at the mid

point of. the bottorn flange where the predicted strain is less than the experi-

mental strain by about Il percent. Considering the variation of the iongitu—

dinal strains across ‘the girder depth

strams compare well upto the mid span of the girder. The maximum variation’

is" at 25 min  above the soffit, where the predicted strain is less than the

experimental strain by about 12 percent.

on the two cells:

Due to the above loading, the variation of averu&,e deflections

hown in ths. 5. 33(a) and- (b) respectively, Considering‘the deflections at

The variation of longitudinal strain at mid span cross- -section is shown

' Fig. 5.33(b). Cons:dermg longitudinal compresswe strams at the top surface,

he predicted strains are comparable with the experimental strains and the

aximum variation is at the centre of the top flange where predlgted stram.

more than the experimental strain by aboutr |3 percent.  Considering Jongi-

dlnal tensile strains on the bottom surface of the cell, the predicted strains

¢ more than the average experimemal straing and the maximum variation

with the experimental”

the predicted strains are,

the - predicted compresswe and tensnle

(ii}  Girder Subjected to four brick layers (26 63 kN or 4.5] kN/n12)_

nd strams of the symmetric points across the mtd span cross-section are
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is at the centre of the bottomn flange where predicted strain is more by about

F6 percent, Considering variation of the Jongitdinal strain. across the girder

depth, the predicted strains are commparable with the experimental strains in

the cantilever flange and at mid depth. The maxiimum variation is at 25 mm

above the solfit where the predictedstrain is less than the experimental strain

y about 17 percent.

(iii) Girder subjected to seven brick layers (23.3 kN or 7.39 kN/mz)

in the central part of the top flange:

Due to this loading, the deflections and strain variation across the mid

Pan . cross-section are shown in Figs. 5.3%(a) and (b). The predicted mid

pan dellections are Jess than the average experimentaj deflections and the

ilference between the two recuces towards the Iree cantilever end. At

he free cantilever end the two deflections almost match. The maximum

ariation is below the left web of the right cell where the predicted deflection
less than the average experimental deflection by about 11 percent. T

The variation of longitudinal strain at mid span cross-section is shown

Fig. 5.34(b).

The maximum

riation is above the left web of the right cell where predicted strain s
$s than the average experimental strain by about {] ‘percent. Considering

ngitudinal tensile strains on the bottom surface of the right celly the predicted

rain is less than ‘the average experimental strajn by about 7 percent below

¢ left .web and more than the average experimental strains at the centre

the bottom flange and below the right web by about 12 percent and ||

rcent respectively, _Consideging the variation of longitudinal strains across

girder depth, the predicted strains compare well with the average experi-

ntal strains over the entire girder depth,
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Thus due to symmetrically placed loads, the predicted vertical deflections

and longitudinal strains across the girder cross-section at mid span have shown

reasonably good comparison with the average experimental deflections and

strains. The predicted deflections have been less than the average experimental

deflections by a maximum of 14 percent. The predicted longitudinal strains

at the top and bottom surfaces have been within 118 percent of the average

experimental strains.

5.6 CRACK WIDTH AND CRACK SPACING

Iin the proposed analytical method, strains at the top and bottom surfaces

f the clements are evaluated at the Gauss points (sampling points).  If the

rincipal tensile strain at the Gauss points exceeds the cracking strain of

he mortar, the mortar is assumed to crack in a direction perpendicular to

he principal tensile strain direction. The method also determines the depth

f the crack at the Gauss points.  With an increase in the applied load, the

ropagation of the cracks on the surface as well as across the thickness of

he elements js predicted. The method does not determine the location of

racks (or spacing of cracks) but rather checks at the Gauss points whether

he mortar has cracked or not. The number and positions of the Gauss points

epend upon the order of Gauss quadrature used for the numerical integration

nd the fineness of the mesh (i.e. size of the elements) chosen for discretizing

e structure, For the sake of completeness of the study, the experimentaltly

bserved average spacing of cracks and maximum crack widths at failure

maximurm apphed load are compared with the anal);tical/empirical expressions

Ported by various researchers.

The experimentally observed average spacing of cracks is - compared

ith the anlytical/empirical expressions reported by Naaman (37),

and Shah
(33)

ug and Pama and Desayi and Ganesanms'yo).

Naaman and Shah derived
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Lq. 2.5 for the average spacing of cracks for ferrocement in direct tension.

The average spacing of cracks was assumed to be 1.5 times tho minimum

crack spacing. Huq and Pama derjved Cq. 2.7 for the maximusn spacing

of cracks for ferrocement in direct tension and used the same for flexural

elements. They assumed the maximum spacing of cracks as twice the mlmmum

crack spacmb Hence for comparing the average spacing of cracks, the Lq. 2.7

given by Huq and Pama is multiplied by é—x 1.5 = 0.75.

In calculating the average crack spacing by Desayi's  method (Cq. 2.24),

the box section is idealjzed into an equivalent | section having uncqual flanges

and web thickness equal to twice the girder web thicknoess. From the strain

distribution curves (Figs. 5.6, 5.16 & 2.23)  across the girder depth by finite

e]ement analysis; it is seen that the position of neutral axis at the 'rnaxirmnn

applied load is close to the junctlon of the top Ilanbe and the web, Therefore,

or calculatmg the average crack spacing at failure, it js assumed that the

eutral axis lies at the junction of the top flange and the wob. The split

ensile strength and ultirmate bond strength of the mortar gre assuined o

¢ equal and the coefficients Kb, Kt and n  are assumed to be 2/3, 2/3

A comparlson of the experimentally observed average crack spacing

t failure (or at maximum apptied load) with the values predicted from the

Xpressions given - by Naaman ang -Shah(32)

nd Ganesan(68_70) is shown in Table 5.1,

» Hug and Pama(JS) and Desayi

The values predicted by Desayi

show a better agreement with the experimental values,

€ maximum variation being 19 percent as compared to the values predicted

Naaman and Shéhoz) and Huq and Pama(38) giving maximum variation

38 and 37 percent respectively.




(38)

Naaman and Shah(32) Desayi

& 70)

udl over entire top
flange

Experimental Huq and Pama
' Ganesan
(kN) (Eq. 2.7) (Eq. 2.5) (Eq. 2.24)
1. Girders G-I and G-2 . 7 : .
subjected to ud! 31.07 40 .. » 4 8.0 30.8 40.5
over entire top falnge '
2. Girders G-3 and G4 :
subjected to ud] : :
over half flange 19.97 50, 80 4 8.0 30.8 40.5
width and full span '
3. Composite box girder ‘ N
G-6 subjected to o
26.63 ‘ 35 48.0 30.8 . 41.3 o
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The maximum crack widths in all the girders were observed in the

mid span region of the bottom flange. A common feature after the appearance

of cracks was that a few cracks were distinctly wider than the other cracks.

I'he widths of these cracks were recorded aftor the application of cach brick
jayer.  The maximum and the average widths of these cracks at various load

cvels for all the girders is shown in Tables 4.8 y 412 and 4,35 .

The .experimentally observed maximum crack widths are compared
ith the values obtained from analytical/empirical equations 2.6, 2.8, 2.15
hind  2.27  given respectively by Naarnan(w), Hugq and PamaUS)

hah(0Y) and Desayi and Ganesan(ss-m)

» Logan and

in Table 5.2. The equations 2.6, 2.8

end 2,15 are valid only upto the yielding of the extreme wire mesh layer

vhereas Eq. 2.27 s independent of the ylelding of wire mesh and depends

nly upon the strain in the extreme mortar fibere  The maxitm crack widths

redicted by all the equations in the initial portion of the cracked range

re far less than the experimental vajues. The values predicted by Eq. 2.8

N

ug and Pama) even at the ytelding of extreme wire mesh layer are far less

han the experimental values. The values predicted by [Eq. 2.6 (Naaman)

ompare well with the experimental values of girders. G-3, G4 and G-6 in

e later portion of the cracked range and upto the yiciding of extreme wire

iesh layer. . The values predicted by Lq. 2.15 (Logan and Shah) show a better

Pmparison with the experimental values as compared to other equations

} the later portion .of the cracked range and upto the yielding of extreme

irec mesh layer. The values predicted by Eq. 2.27 (Desayi and Ganesan) fall

Ftween the values predicted by Eq. 2.8 and Eq. 2.6.

In the experimental investigation, the recommended crack width of

I mm  was reached in one of the cracks soon after the appearance of the

st visible ‘crack while the maximum crack. width predicted at this load by

irious cquations s quite small.  From a limited number of test data on




* predicted values of maximum crack width at yielding of extreme

occurs at a load less than the one shown against them.

layer of wire mesh which

Experimental Naaman Huq & Pama Logan & Shah Desayi &
Ganesan

(kN) (Eq. 2.6) (Eq. 2.8) (Eq. 2.15) {Eq. 2.27)
Girders G-1 & G-2 13.3] 0.1, 0.1 0.024 - 0.011 0.013
subjected to udl 22.19 0.25, 0.30 0.0738 0.006 0.099 0.065
over entire top flange 26.63 0.40, 0.50 0.188, 0.101, 0.239, 0.129
31.07 - 0.60, 0.80 0.193 0.106 0.247 0.358
Girders G-3 & G-4 13.31 0.05, 0.05 0.024 - 0.009 0.0l4
subjected to ud! over 15.53 0.10, .15 0.G27 - 0.040 0.031
half flange width & 17.75 G.15, 0.18 0.070 - 0.084 0.659
full span 19.97 0.20, 0.22 0.161 0.078 0.200 0.112
Composite box girder 13.3] 0.10 0.024 - 0.067 - 0.009
G-6 subjected to udl 17.75 0.12 0.046 - 0.058 0.043
- over entire top flange 22.19 0.16 0.119, 0.041, O.1ks 0.086
26.63 0.20 0.193 0.106 0.247 0.178

11z
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near prototype box girders, the cxperimental maximum crack widths at failure

have been found to be 1.0 to 3.0 times the predicted maximuim crack widths,

The ratio of the experimental maximurm crack widths to the average crack

widths has been found to vary from 14 to 2.0. The probable reasons for

the experimentally. observed maximum  crack widths being larger than the

predicted maximum crack widths, especially in the initial portion of the cracked

range are (i) low volume fraction of the mesh reinforcement, (ji) relatively

large mortar cover (= 6.3 mm), (iii) the large size of the specimens  and

(iv) the compaction difficulty in casting ferrocement box girder elements.

The effect of the mesh reinforcement js reflected in the form of well

distributed cracks in the bottom flange and side webs in the central 60 to 70

percent of the span length. The girders have shown a high ductility by taking

an ultimate load (or maximum applied load) 2.0 to 3.0 times the load at

the appcarance of the first crack or undergoing deflections at ultimate load

of 5.0 to 6.0 times the deflection at the appearance of first cracks.

AR

-7 CONCLUDING REMARKS

i)

The predicted deflections in the elastic stage vary from 70 to 89 percent

p{ the experimental deflections. This difference may be due to the modulus

pf elasticity of the mortar in the cast girders being marginally lower than

he one obtained from the control mortar specimens. In the cracked stage

he difference between the two reduces. The predicted deflections show

reasonably good agreement with the experimental deflections upto the pre-
icted yielding of the remIorcemcnt Beyond this, the predicted deflections

€come large as compared to the experimental ones due to the assumed lineariy

lastic-perfectly plastic stress-strain curves of the reinforceiment.
) The predicted strains in the clastic stage arc small and in good agreement

ith the experimental strains. Nter cracking of the mortar, the strains
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increase at a fast rate. The predicted and the experimental strains show a

reasonably agreemment upto the predicted vielding of the reintforcement. Beyond

this the predicted strains become large as compared to the experitmental

ones due to the assumed linearly clastic-perfectly plastic stress-strain curves

of the reinforcement.

(iti)  The maximum compressive strains at the ultimate load in sthngle cell

ferrocement box girders and the composite box girder are relatively small

and lie within_ the lincarly elastic portion of the stress-strain curves of the

mortar and concrete. Hence, the assumed linearly elastic-periectly plastic

stress-strain curves of the mortar and concrete in compression are adeguate.

(iv)  The predicted first crack loads show a good agreement with the experi-

rental first crack loads of the varjous girders whereas the predicted ultimate

loads are on the flexible side of the experimental ultimate loads. This is
due to the assumed linearly clastic-perfectly plastic strcss—slrain_' curves of

Ekeletal steel and wire mesh.

v) The predicted crack - patterns of the bottom flange and side webs

it the maximum applied load of various girders show a good agreement with

he experimental crack-patterns. The added advantage of the analytical method

s the prediction of cracks on the soffit of the top flange at ultimatc or

€ar ultimate loads. These cracks otherwijse can not be observed due to the

losed form of the cell.

i) The maximum experimental deflection at the ultimate load is about

pan/150 (i.e. relatively small). This justifies the neglecting of the geometrical

onlinearity in the proposed finite element analysis of the box girders.

i) At the recommended crack width of 0.1 mm, the total load taken by

ngle cell ferrocement box girders cither in the form of udl over the cntire
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top flange or udl .over half Hange width and full span is nearly the same.

Also, the maximum mid span deflection in hoth  the loading cases is about

the saine.  This shows the large load distribution capacity ol the box section.

At this load level an average span/deflection ratio is about 90 which s

. R . N 162 :
about four times the limiting ratio of 250 as per LS. (,odc( "2 from setvice-

ability requirement of limit state of deflection. At a span/deflection ratio

of 250, the average load taken by the girders is about 5.70 I\'N/m2 which

is close to the load at which yielding of the skeletal steel at mid span takes

place.

viii) Relpacing the ‘top flange by reinforced concrete results in the IoWering

>f the first crack load by about 30 percent. However, the load taken by

he composite girder at the recommended crack width of 0.1 inm js about

the same as taken by ferrocement box girders. The ultimate load taken by

he composite girder is also reduced by about 4 percent.

ix)  The average spacing of cracks predicted by Eq. 2.24  given by Desayi
(68-70)

ind  Ganesan has shown better agreemoent with the experimental values

{ the present investigation as compared to the values predicted by Naaman

nd Shah(32) and Huq and Pamaug).

X) . The predicted maximum crack widths in the initial portion of the cracked

Ange by all the equations considered are far less than the experimental values

A

[ the girders. The predicted maximum crack widths using  Lquations 2.6

aaman) and  2.15 (Logan and Shah) have shown -relativeJy better agreement

H . . -.“'
Ith the experimental values in the later portion of the cracked range and

bto the yielding of the extreme layer of wire mesh.
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CHAPTER V]

BEHAVIOUR UNDER SUSTAINED LOADS OF SHORT DURATION
6.1 GENCERAL

. Somctimes the _structures arce subjected to increasing loads in  their
service life which arc sustained for short durations. [Bchaviour of ferrocement
control specimens under sustained flexural loading has been investigatéd by
Raisinghant and ‘Sai(86), Ravindrarajah and Tom(%) and Swa'my and Spanos(%).
The iagnitude of the sustained loadings was varied from 20 percent of the
first crack load to .50 percent of the ultimate load and the duration from
80 to 365 days. Test results on prototype [errocement specimens or structures
subjected to sustained loads close to the failure load are not available. The
purpose of this study is to investigate the changed behaviour of ferrocement

box girders under monotonically increasing sustained loads of short durations

compared to the behaviour under monotonically increasing loads.

. The experimental investigation has been carried out on a double cell box

girder under sustained loads of short duration. This girder was carlier subjected

to various symmetric and unsymmetric loading cases in the pre-cracking zone
as describe‘d.in, section 5.5. Due. to time constraints a specimen could not
be tested under . monotonically increasing  loads  for comparison purposcs..

Since the validity of the proposced analytical method has been checked and
established with the help of the test/analytical results of othr;r researchers in
Chapter Il  and the test results of the present investigation in Chapter Vv,
it has been considered fit to gencrate the experimental load-deflection/strain
results for the double cell girder under monotonicélly increasing loads by
using the computer program developed., The predicted bzhaviour can be assumed

to represent within + 20 percent variation the expertinental load-defliection/strain
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response under monotonically increasing loads. The predicted experimental
results under -monotonically increasing loads have been compared  with the

experimental results under sustained loading in section 6.3,
6.2 EXPLERIMENTAL INVESTIGATIONS

Alter a rest of about onc month, the uncracked double cell box girder
was subjected to monotonically increasing sustained loads of short durations
(Plate 6.1). The sustained loading was in the form of brick layers applied ove‘r
thclentirc top flange. Each brick layer was allowed to remain on the girder
for a few daysl till the deflections stabilized i.e. the increase in deflections
in the previous past 24 hours .being less than 0.05 mm. " The girder was loaded
upto six brick layers (66.57 kN or 6.16 kN/mz) in this manner in 75 days
tirﬁe. The mid Span' deflections stabilized at one, two, three, four, five and

six brick layers in 3, I1, 23, 10, I3 and 15 days respectively.

After the .appiication of two brick layers (2.05 kN/mz) a few cracks
appeared in the bottom flanges and side webs. The rﬁaximum crack width
gncreased from 0.05 mm after the applicafion of second brick layer to 0.06 mm
-at the stabilization of deflections. After the application of three brick layeré
(3.08 kN/mz) a large number of cracks appeared. The maximum crack width

increased from 0.10 mm to 0.12 mm at the stabilization of deflections.

With the application of subsequent brick layers, more cracks appeared. The -

3
length and the width of the earlier cracks increased. At six brick layers, the

maximum crack width after the stabilization of deflections was 040 mm. The
average spacing of cracks in the central part of the bottom. flange was about

50 mm. The crack-pattern of the bottom flanges and side webs after the

sustained loading of six brick layers is shown in Plate 6.2.
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6.3 FINITE ELEMENT IDEALIZATION AND COMPARISON OF RESULTS

Nonlinear analysis of the do:uble cell box girder was carried out by
discretizing one quarter of the girder by 87 clcmcnt‘s with 97 nodes (IFig. 6.1).
A total load of 66.57 kN. was appztied in five load increments of 22.19 kN,
L.l kN, 11.1 kN, .1 kN and Il.I kN cach. The theoretical first crack
load was obtained at 18.75 kN (or 1.73 kN/m?). The ultimate failure of
the girder at 66.57 kN load was indicated by a large increase in the residual
vector norm and energy norrm ratjo. The total computer time taken for complete

displacement and stress output was [0 minutes and 22 seconds.

A comparison of the experimental rmid span deflections under sustained
loads .with the predicted deflections under monlotonical]ly_ increasing loads
is shown in Fig.l6.2. The experimental deflections under sustained loads are
on the flexible side of the deflections under monot.onically increasing loads upto
the predicted yielding.of skeletal steel occuring at about four and half brick
layers (4.e4 kN/r‘nz)., Tf;.e predicted deflections at six brick fayers are large
as compared to the deflections under sustained loads due to the predicted .

yielding of the skeletal steel and wire mesh layers of the bottom flanges.

Due to sustained loading, the dellections stabilised rapidly in the uncracked
range. At three brick layers a large number of cracks appeared and it took.
maximum number of days (twenty three) for deflections to stabilize. At
four, five and six brick iayers, it took lesser number of days for def!ections

to stabilize. At these brick layers the average percentage increase in deflection

after two to three hours of the load application was obscrved to be about
30 percent of the total percentage increase in deflection in about two wecks,
while it was about 50 and 60 percent after 24 and 48 hours of the load appli-

ation. Delfining the creep deflection coefficient in this case as the ratio




of time .dependent deflections to the deflection after the application of load
(including the sustained deflections at lower load levels), the maxtmum creep
deflection coefficient was 0.39 Ain the initial portic;n of the cracked range
(i.ev at three  hrick layers) while it was  0.11, 0,09 and 0.08 al four, five

and six brick layers respectively.

If -susfained deflections at all the load levels are neglected, then the
experimental deflections in the cracked range are highly on the stiffer side of
the predicted deflections under monotonically increasing loads.  Thus the
instantaneous- deflection due to the application of the load increment (having
sustained loading at lower load levels) appears to be less than the instantaneous
deflection which would have occured if the load had been applied in a monoto-
nically increasing manner. The increased stiffness of the girder may be due
to compacticn 6I the mortar matrix under sustained loading, Similar behaviour
under sustained loading -{;.lt ‘lower load levels was observed by Ravindrarajah and

Tom(%) and Raisinghani and Sai(86).

An examination of the load-deflection curves clearly shows that the
effect of sustained loading of short duration is maximum in the initial portion

ol the cracked range (i.e. at three brick layers). At higher load levels, the

cffect is small,

A comparison of the longitudinal tensile strains at 25 mm above the
soffit at mid span due to sustained loads and due to values predicted under
monbt-onically increasi‘ng loads is shown in Fig. 6.3, The strains due 1o sustained
loads are on the flexible side of the strains due to rmonotonically increasing
Ioéds upto the predicted yielding of skeletal steel occuring at about four
and half brick layers of load. Deéfining creep strain coefficient as the ratio

of time dependent strain to the strain after the application of load (including

the strain due to sustained loading at lower load levels), the tensile creep strain
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coefficient is maximum (0.62) at three brick layers. The creep strain coef[i-
cient. reduces at higher load levels ii.c. 0.18, 0.4 and 0.12 at four, five

and six brick layers. ‘

- The comparison of longitudinaﬁ strains across the girder depth at mid
span due to sustained loads and due té monotonically increasing loads {predicted)
is shown in Fig. 6.4. The comparison is shown for three, four and [ive brick
layers. At three and four brick lavers, the strains duec to sustained loading
are on the flexible side of the strains due to monotonically increasing loads
across the entire girder depth. At five brick layers, the longitudinal compre-
ssive strain (at 5 mm  below the top surface) due to sustained load is on
the flexible side of the strain duc to monotonically incrlcasing loads, while
longitudinal tensile strains (at various depth levels in the web) due to sustained
load are-on the stiffer side of the strains due to monotonically increasing loads.
after the application of the fifth b:ri.ck layer and reach the flexible side at

the end of the sustained loading period.

A comparison 6f the longitudinal cormnpressive strains at the top surface
of the girder due to sustained loads and due to monotonically increasing loads
is shown in Fig. 6.5. Thé compresstve strains due to sustained loads are on
thé- flexible side of the compressive strains due to monotonically increasing
loads, upto five brick layers. At six brick layers, the predicted conmmpressive
strains due to monotonically increasing loads are on the flexible side of the
compressive strains due to sustained loading due to predicted yielding of
skeletal steel and wire mesh layers of the bottom flanges. In this case also,
the compressive creep strain coefficient is maximum at three brick layers

(0.41) and less at four, five and six brick layers (i.e. 0.27, 0.15 and 0.27).
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64 CRACK WIDTH AND CRACK SPACING

In the cracked stage, the cliect of sustained foacing

leads to "an increase iln the widtllm of cracks, formation ol new cracks'and

extension of cracks forimed car[ierz. The load versus maximum crack width
i

curve of the double cell box girdm? is shown in Fig. 6.6. Defining the creep

crack - width coelficient as the ratjio of the increase in crack width due to

sustained loading to the crack width after the application of load (including

lthe increase in crack width due to sustained loading at lower load levels),

the creep crack width coefficients at three, fouf, five and six brick layers

are 0.20, 0,10, 0.20 and 0.4 respectively,

Including the time dependent effect on the crack width, the load taken
by the double cell box girder at the recommended crack width of 0.1 mm
(Fig. 6.6) is about 29 kN (or 2.68 kN/m2). At this load level, the span/deflec-
tion ratio is about 600. At the recommended span/deflection ratio of 250,
the load taken by the double cell box girder is about 48 kN (or 4.4 kN/mz)
‘which is close to the load at which yielding of skeletal steel is prcédictcd.

At this load level, the maximum crack width in the girder is about 0.25 mm

(Fig. 6.6).

-The average crack spacing after the sustained loading of six brick layers
was .about 50 mm in the central part of the bottom flanges. The average

crack spacing predicted by the expressions given by Naaman and _Shahoz)
(38) (68-70) are

L]

Hug and Pama and Desayi and Ganesan 20.5 mm, 25.5 mm and

31.3 mm respectively. The large variation in the experimental and predicted
values of the average crack spacing may be attributed to the nonuniform
compacfion of the mortar and the near prototype size of the double cell

box girder specimen.  Also, the experimental result is from only onc specimen,
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, |
Comparison of-experimcntali]y obtained maximum crack widths with
the values predicted by various researchers is shown in Table 6.1. The yielding
of the extreme layer of wire mesh IS predicted at a load of about 5.25 kN/n]2.
slightly more than five brick 'laye_rs. The predicted values at the yielding

{(68-

of extreme layer of wire mesh by HL?lq and Pamaus) and Desayi and Ganesan
1

70).are far less than the experirnéntal values while the values predicted by

(by) (59) . . e

Naaman' "’ and Logan. and Shah have shown reiatively better comparison.
The values of maximum crack width predicted by the above researchers in
the initial portion of the cracked range (i.e. at three and four brick layers)

are far less than the experimental values. The probable reasons for this

discrepancy are mentioned in Chapter V.

At six brick layers, a few diagonal shear cracks appeared in the web at
support. . Diagonal shear cracks in the web are also predicted by the {inite
element analysis at six brick layers with the principal tensile strains in the

web reaching a maximum value of 18 micron.

The predicted crack pattern at two, three, four, five and six brick lzIyers
under monotonically increasing loads are shown in Fig.” 6.7, The predicted
crack—pattgrn of the bottom flanges and side webs at six brick layers compares
well with the corresponding experimental crack-patiern shc;wn in Plate 6.2,
At six brick layers the predicted crack-pattern shows transverse cracks on
the bottom surface of the top [lange in the mid span region. However, no
cracking was observed on the bottom surface of the top flange (between the
two cells). The reason for the cracking predicted on the bottoin surface of
the top flange is due to the large values of strains predicted on account of
- predicted yielding of the skeletal steel and wire mesh layers of the bottom
flanges. At this load, longitudinal cracks are also predicted in the mid span

region on the top surface along the junction of side webs. The appearance of




Load

After the At stabtlization Naaman Hug & Pama Logan & Shah Desayi & Ganesan
application of deflections Eq. 2.6 Eq. 2.8 Eq. 2.15 Eq. 2.27
of load
(i) Three Brick
Layers 2 0.10 0.12 0.024 - 0.012 0.Gl1
(3.08 kN/m*)
(ii) Four Brick
Layers 5 0.20 0.22 0.050 " 0.022 0.081 0.047
(G.11 kN/m*)
(iii) Five Brick
Layers 2 0.25 0.30 - 0.151 0.080 0.196 0.091
(5.13 kN/m*) .
(iv) Six Brick . . N
Layers 5 0.35 040 0.166 0.089 0.216 0.27
{(6.16 kN/m*)

* predicted values at the yielding of extreme layer of wire mesh occuring at a load less than six brick layers.

94
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such cracks, if any, could not be seen due to the brick loading. On unloading

the girder, no cracks were seen on the top surface of the top {lange.

" 6.5 RELOADING THE COMPOSITE BOX GIRDER AND SUBJIECTING IT TO

SUSTAINED LOADING AT VARIOUS LOAD LEVELS

After loading the single cell composite box girder upto six brick layers,
it was unloaded. Thc instantancots recovery at the mid span was about 50 per-
cent.  There was a further small recovery in the mid span deflection during
the first 2-3 days. There was no recovery afterwards and in fact there
was a small downward vertical deflection due to self weight.,  After a rest of
about three months, the girder was again loaded with uniformly distributed
load over the entire top flange (Plate 6.3) in a manner similar to the doubie
cell box girder. In this case, the deflections stabilized at various load levels
.in lesser number of days. The load versys mid span defiection curve is shown in
Fig. 6.8. Defining the creep deflection coefficient in this case as the ratio of
time dependent deflection to the total deflection after the application of
load (including residual deflection and susta-med deflections at jower load levels)

the creep deflection coefficients for sustained loading of short duratlon at

one, two, three, four and fjve brick layers are 0.002, 0.02, 0.04, 0.05 and 0.65

respectively. The girder remained Ioaded with six brick_iayers for 318 days.
The creep deflection coefficient for sustained loading of 318 days is 0.32.
It was also observed that the increase in deflection in the first three weeks
under six brick layers was about 40 percent of the total increase in deflection
in ten and half months. On unloading the girder, the recovery in the mid

span deflection was about 32 percent.

Before subjecting the Composite girder to sustained loading, cracks

had already appeared in the central 3,25 i {ibe. 0.71 times the span) length
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in the bottom fl:_.mg'c and side webs and the maximum crack width was 0,20 nun.
- After subjecting, the girder to 318 days of sustained loading under six brick
Iayers, the cracks spread over a length of 4.10 m (j.e. Q. 90 times the span).
A few diagonal shear Cracks also appeared in the web at the supports The
_maxunum width of cracks reachcd 0.30 mm. The photograph of the crack-

patiern of the bottom flange and side webs is. shown in Plate 64,

6.6 CONCLUDING REMARKS

(i) The effect of a sustained loading of short duration on deflections

and strains is maximum in the initial portion of the cracked range.

- (i) The instantaneous deflection of the girder is reduced due to the
sustained loading at lower load levels as compared to the instan-

taneous deflection that would have occured under monotonically

increasing loads.

(iii) The ultimate load of the girder is not affected by monotonjcally

applied sustained loads of short -durations.

(iv) The sustained loading increases the widil of the cracks ‘and the

. region of crack formation,
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PLATE 611 DOUBLE CELL BOX GIRDER SUBJECTED TO
SUSTAINED LOADING OF SHORT DURATION

(A)

(B)

PLATE 62 CRACK PATTERN OF THE DOUBLE CELL
BOX GIRDER :(A) FULL VIEW,(B) CLOSE-UP
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PLATE 6-3 RELOADING THE COMPOSITE BOX GIRDER
AND SUBJECTING IT TO SUSTAINED LOADING
AT VARIOUS LOAD LEVELS

“ u;u'

Ji’?"‘\ iz x! //W/ /

P i — il ""*l\'

Rd. N .

PLATE 6-4 CRACK-PATTERN OF THE COMPOSITE BOX
GIRDER AT THE END OF SUSTAINED LOADING
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B . CHAPTER VI

CONCLUSIONS AND SCOPL FOR FURTHLER WORK

7.1 SUMMARYE»:

¥

The behaViour of ferrocement roofing/flooring elements in the form of

s

channel sections,” ribbed slabs, folded plates and shells of various shapes has

been -investigéte'd- by many researchers. Of the above, only channel sections
and ribbed é.la'llats'\ provide a [lat top surface. These elements possess small
flexural ;igiditié_s and, therefore, undergo large deflections and cracking at

service loads. In the present study, the behaviour of a new type of roofing/

flooring element in the form of box section has been investigated both experi-

L

The E;perirﬁen'tal iﬁvestigation has been carried out by testing ncar
prot;type size Iér-r—ocement box girders. Two box girders were tested under udi
over the cntir'e top flange and two other under udl “over half [lange width
and full span. }wo box girders were joined at the level of top flange. " The
cornbined box girder was  loaded and unloaded under various load combinations

in the uncracked stage. The girder was later subjected to monotonically increasing

- T

sustained l-oé.c’fs 0} short durations. One box girder with bottom flange and
side "webs 1)_7[ ferrocement and top flange of reinforced concrete was cast
and tested under udl over the entire top flange. After unloading, it was
again S;Ubjéc-ted *-:fo sustained loads of short durations upto the.penultimate
load andfor ten and half months  at inaximum applied load. The experimental

results in the--form of deflections, strains and crack widths were recorded

at various load levels.

The finite element method has been used to predict the behaviour of
ferrocenient .box girders through the elastic, cracked and ultimate stages as

- - - -
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the conventional methods do not take into account the changing rigidity of

the material at different sections, material anisotropy and yiciding of the
reinforcement leading to local redistribution of stresses. TFurther to cconomize
the finite ciement solution, the coﬁventional layered approach has been suitably
modified for thin. ferrocement plated structures. Instead of considering the
clement to be consisting of suitable number of layers of |l||ortur and reinfor-
Ee\ment, the element is assumed to be consisting of single mortar layer in
the uncracked stage, uncracked and cracked mortar layers in the crackca
stage and smeared layers of wire mesh and skeletal steel. In the cracked
stage, the depth of cracked/yielded/crushed mortar is determined. The stiffness
of the element in the cracked stage is obtained by adding the contributions
due to uncracked mortar layer, cracked/yielded mortar layer and unyielded

layers of wire mesh and skeletal steel.

The finite element analysis has been carried out under dead ioads and
monotonically increasing live loads. A rectangular fiét shell element capable
of represe'nting membrane action, bending action and the interaction between
membrane and bending action is adopted. Only material nonlinearity due
to cracking of fnortar, tension stiffening effect of mortar between the cracks
and the ndnlinear stress-strain relationships for the mortar, wire mesh and
skeletal steel is considered.  Since the box section provides large flexural
and torsional rigidity, the deflections in the cracked range are assumed to
be small. Hence, geometrical nonlinearity is not considered. - Also not consi-
dered in the analysis are bond slip between the rcinforcement and mortar,

tine depondent  and thermal effects.

The validity of the proposed analytical method has been checked by
comparing the predicted results with the reported experimental/analytical
results of typical test problems taken from the literature as well as with the

experimental results of the present investigation.
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The proposed analytical method does not determine the spacing of

cracks and the crack widths. The experimentally obtained average spacing of
cracks and maxiuinum crack ‘widths are compared with the values predicted

by analytical/empirical expressions reported by various researchers.

7.2 CONCLUSIONS

Based upon the results of the experimental and the analytical study

undertaken and the comparison of the test results with the predicted oncs,

the following conclusions are drawn :

The proposed finite element formulation and the failure criteria édop_ted
for the constituent materials are adequate for undertaking a nonlinear
analysis -of -three dirnensipnal ferrocement structures suh as box girders.
The predicted valﬁes from the proposed analytical method are generally
in good agreement with the experimental values except near the ultitnate

fatlure load where predicted values are on the flexibie side.

e

The proposed formulation is quite economical as compared to the conven-

tional layered approach and yct capable of tracing the complete response

of the structure through elastic, cracked and ultimate stages.

The maximum experimental compressive strains at the ultimate load
{or maxirnum applied load) in single cell and double cell fc.-rroc'emont box
girders are within the linear elastic portion of the stress-strain curves of
the inor tar and the concrete respectively. Hence, the assumed lingarly

elastic-perfectly plastic stress-strain curves of the mortar and concrete

in compression are adequate.

The maximum experimental deflection in the girders at the ultimate load

is about 'span/150 (i.c. small). This justifies the neglecting of the geo-
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metrical nonlincarity in the proposed [finite clement analysis of the

box girders.

The predicted first crack loads show a good agreement with the experi-
Cmiental first crack  loads of the various girders whercas the predicted
ultimate loads are lower than the experimental ultimate loads duce
to the assumed linearly elastic-perfectly plastic stress-strain curves of

skeletal steel and wire mesh.

The limit state of serviceability is governed by the maximum crack
width. At the recommended crack width of 0.1 mm, the span/deflection
ratio is much above the value of 250 as pérmitted by LS. Code(lez).
At a span/deflection ratio of 250, the load taken by the girders is

close to the yielding of the reinforcement.

The double cell box- girder under various combinations of symmetrical

and unsyrmﬁetrical loads in the uncracked stage has behaved as one

single unit by undergoing downward deflections along the entire length

and width, This demonstrates the large load distribution (;"-apability of
'

the box section.

Replacing the top ferrocerw;crxt flange by a reinforced concrete one
results into the lowering of‘ the first crack load. Thus the advantage
of econoiny is oifset by the reduction in the lirst crack load by about
30 percent. However, the load taken by the COHllpo_SitC box girdcr
at the recommended crack width of 0.1 mm .is about the same as taken
by single cell ferrocement box girders. The ultimate load taken. by

the girder is also reduced by about 4 percent.

The failure of the girders is characterized by well distributed lexural

cracks over the bottoin flange and the side webs. Shear cracks which
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developed at near uftimate loads were not significant. The girders have
shown high ductility by taking an ultimate load of 2.0 to 3.0 timmes the
load at the appearance of first cracks or by undergoing deflection at
ultimate load equal to 5.0 to 6.0 times the deflection at the appearance

of first cracks.

The predicted crack-patterns of the bottom flange and the side webs
(at ultimate or maximum applied loads) of various girders show good
agrcement with the experimental crack-patterns. The added advantage
of the analytical method is the prediction of cracks on the soffit of
the top flange at ultimate or near ultimate loads which can not be

seen or noticed otherwise due to the closed form of the cetl.

The average spacing of cracks predicted by the cxpressions given by

L . (68-70) . .
Desayi and Ganesan has shown better agreement with the experi-
mental values of the present investigation as compared to the values

(32)

predicted by the expressions given by Naaman and Shah and Hug and

Pama(38).

None of the expressions considered are able to predict the value; of
the maximum crack width in the initial portion of the cracked range
satisfactorily . The predicted values are far less than the experimental
values of the girders. The probable reasons for this discrépancy may be
(i) low volume fraction of mesh reinforcement,  (ji) r'elatively large
mortar ‘cover ( = 6.33 mm), (iii) the large size of the specimens,  and
(iv) compaction difficulty in casting ferrocement box girders. The
predicted values of maximum crack width in the later portion of the
cracked range and upto the yiclding of the extreme layer of wire mesh
using the cxpressions due to Logan and Shah and Naaman have showi re-

latively better agreement with the experimental values.
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13, The cffect of monotonically increasing sustained loads of short duration
on the deflections and strains is maximum in the initial portion of

the cracked range.

4. The instantaneous deflection of the girder is reduced due to the sustained
loading at Jower load levels as compared to the instantancous dellection

that would have occured under monotonically increasing loads.

[5. The ultimate Jo_ad of the girder is not affected by the mode of loading

l.e. monotonically applied instantaneous or sustained loads of short

durations. ' : .

l6.  The effect of sustained loading is to increase the width of cracks and

the region of crack formation.

7.3 SCOPE FOR FURTHER WORK

I, Behaviour of ferrocement box girders joined in the longitudinal direction

by prestressing should be investigated to encourage prefabrication of

standard sized elements.

2. The cracking behaviour of the box girders should be investigated using
higher volume of re'inforcement, different types of wire mesh and smaller

cover in the bottom flange and side webs.
+

3. The method may be extended to include creep, shrinkage and temperature
effects.
4. Factors like bond slip and strain hardening of the reinforcement may be

incorporated in the formulation by wusing suitable strain JCOmpatibility

factors.
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There is a need to correlate the properties of the mortar matrix as

determined by the control specimens to its actual- state in the ferro-
cement. element because of the difficulty of compaction. Until it

is achieved, sorme discrepancy in the analytical and the actual behaviour

is bound to occur.”
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