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Synopsis

, i*"\

This is a preliminary study of both post-tensioned, reinforced concrete beams that

were strengthened by bonding external steel plates to their soffits, and reinforced

concrete beams that were strengthened by bonding plates to their sides and soffits'

Four post-tensioned plated beams, in which the degrees of the prestressing forces

were varied, were tesæd to failure. A computer program was developed to carry out

parametric studies on this type of beam. The results of the analytical models were

compared with the experimental test results. Thirteen plated reinforced concrete

beams were tested to failure in shear. Conditions varied consisted of: the thickness

of the soffit plate, the length of the side plate, the thickness of the side plate and the

areas of the tensile reinforcement. The effects of these pafameters on the shear

strength of reinforced concrete beams and their debonding moments were

investigated.
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Notation

Af,i = area of a concrete laYer

Ag = gross area of concrete section

Ap = area of steel Plate

Ap, = a¡ea of prestressing steel

Asc = cross-sectional area of compressive reinforcement

Asr = cross-sectional area of tensile reinforcement

b = the width of beam

bn = the width of steel Plate

Cl = a coefficient

CZ = amomentratio

d = the depth of beam

dc = the depth of the resultant forces of the concrete layers

dci = the depth of a concrete laYer

de = the effective depth of reinforced concrete beam

dni = depth to neutral axis of strain

dp = dePth to steel Plate

dp, = depth to prestressing steel

dr" = depth to compression reinforcement

dsec = the depth of the resultant forces of reinforcements and concrete layers

dr, = depth to tensile reinforcement

dr = depth of transformed concrete section

Db = diameter of tension reinforcement

Dr = diameter of compression reinforcement

Dp. = diameter of prestressing tendon

Ec = modulus of elasticity of concrete

% = modulus of elasúcity of steel plate
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Ep. = modulus of elasticity of prestressing steel

Es = modulus of elasticity of sæel

(EI)u = flexural rigidity of beam

(EI)rp = flexural rigidity of reinforced concrete beam with both soffit and side

plates based on the linear elastic analysis, ie., the tensile strength of

concrete is zero

(El)sec = secant bending stiffness

f5 = Brazilian tensile strength of concrete

fc = compressive strength of concrete

fci = force in a concrete laYer

f.u = the cube strength ofplain concrete

+ = flexural ænsile strength of concrete

ft = split tensile strength of concrete

Fp = force in steel Plate

Fp, = force in prestressing steel

Fres = resultant force in section

Fsec = resultant forces of concrete layers

F*. = force in compressive reinforcement

Frt = force in tensile reinforcement

h = distance from neutral axis to the interface ofconcrete and plate

Ig = second moment of area of gross concrete section

It = Second moment of area for the transformed concrete section

k = longitudinal or axial constant

k" = curvature constant

krp = constant

Lo = length of test concrete beam

L1 = effective span of tested concrete beam

h = length of soffit Plate



xlt

Lrp = the length of side Plate

mp = modular ratio, EnÆ"

mp, = modular ratio, EpJEc

ms = modular ratio, ErÆ"

M - bending moment in the middle of beam

M¿ = debonding moment

Me = rtoûterlt at the end of steel plate

Mc = dead load moment

Mpt - Predicted Peeling moment

Mr. = characteristic predicted serviceability peeling moment

Mrp = the ultimate peeling moment of reinforced concrete beam with both soffit

and side plates

Msec = bending moment for segment n

Mu" = characteristic predicted ultimate peeling moment

Mu, = experimentally determined ultimate peeling moment

Mup = the ultimate peeling moment at the plaæ-end

n = number of layers in section

P¡ = force in prestressing steeljust after transfer

Pv = the vertical component of the prestressing force

Ss = longitudinal shear at the interface of the soffit plate and concrete beam

h = thickness of the soffit steel plate

t.p = thickness of the side Plate

(Vin).t = the increase in shear strength of the reinforced concrete beam due to the

full soffit plating

(Vio).p = the increase in shear strength of the reinforced concrete beam due to the

side plates

Vo = the shear force which would occur at the section when the bending

moment at that section was equal to the decompression moment, Mo,
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which is the moment that causes the concrete stress in the bottom fibre to

reduce to zero

Vp = shear force in a beam when beam was failed

Vsp = shear strength of reinforced concrete beam with extemal side plates

Vo" = shear strength of reinforced concrete beam without stirrups

(VoJo = âv€râge shear strength of beam without vertical reinforcements in tests

(VuJp = shear strength of the fully plated reinforced concrete beam in terms of

AS 3600

(Vup)sr = shear strength of the fully plated reinforced concrete beam without

stirrups

yi = distance from concrete layer i to reference axis

yp = distant from centroid of the soffit plate to neutral axis of the plated section

Ysec = depth of resultant forces of concrete layers

05 = stress in concrete bottom fibre

Oç = stress in concrete

oci = average stress in a concrete layer

op = stress in steel plate

oP' = stress in prestressing steel

osc = stress in compressive reinforcing steel

ost = stress in tensile reinforcing steel

o¡ = stress in concrete top fibre

e = strain

t6 = strain in bottom fibre of concrete

tç = strain of concrete when ultimate stress f. is reached

Êc = strain in concrete

tc€ = concrete strain at the tendon level due to effective prestressing tbrce

%¡ = ÍtvgrÍtgo strain in a concrete layer

Êcract = strain of concrete at cracking
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Êcr = tensile strain in the concrete

tcu = ultimate compressive strain in concrete

t"p, = concrete strain at the tendon level due to the applied moment

êi = initial strain in the top fibre of section due to the initial prestressing forces

eP = strain in steel plate

tp' = tensile strain in prestressing sæel

€5 = strain in steel reinforcement

tsc = strain in compressive reinforcing steel

Êst = strain in tensile reinforcing steel

Ê¡ = strain in top fibre of concrete

€y - yield strain of steel reinforcement

0 = curvature

0¡ = iniúal curvature in the section due to the prestressing force

eo = curvature atzÊ,ro moment for prestressing beam

p = steel reinforcement ratio in the section

Â0i = the change in curvature after the external soffit plaæ has been bonded to the

prestressed concrete beam
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1.1 INTRODUCTION

Existing concrete sEuctures may, for a variety reasons, be found to be

Research has shown that over one half of the approximately 600,000 bridges in the

United States are more than 30 years old, with a large number of them needing

rehabilitation and twelve thousand of these bridges, on average, attain their 50 year

design life every year (1). The technique of strengthening concrete structures in situ

by bonding extemal steel plates to concrete surfaces using epoxy resins is recognised

to be an effective and convenient method because the operations can be carried out

relatively quickly and simply even though the structure is still in use, as shown in

Fig. I - I . It can be used not only to improve the flexural performance of structures as

it increases the strength and rigidity, but also reduces the flexural crack width in the

concrete. This technique has been used widely in various parts of the world, such as

South Africa, Japan, Switzerland, Poland, France, Belgium and United Kingdom (2).

adhesivesoffit steeì pìate

Fig.l-l Plated reinforced concrete beam

A problem associated with this technique is peeling at the either end of the soffit

steel plate due to stress concentrations induced by the discontinuity of the plate, as

shown in Fig.l-2. In general, there are two distinct forms of peeling that can occur

in reinforced concrete beam with externally soffit plate; flexural peeling which is

induced by increasing curvature and associated with a gradual separation of the steel

plate; and shear peeling which is induced by the formation of shear diagonal cracks

reinforced concrete

sìde steel pìates
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and associated with rapid separation of the soffit plate (3). Much research (2-14) has

gone into studying premature failure due to separation between the steel plate and

the reinforced concrete member which will be refereed to as debonding.

3

steel plate
adhes ive

Fig.1-2 Reinforced concrete beam with soflit plate
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1.2. RESEARCH OF PLATED REINFORCED CONCRETE MEMBERS

1.2.1. Research by Deric.Iohn Oehlers and John Paut Moran (3)

Oehlers and Moran studied the flexural peeling stresses on the serviceability and

ultimate strength of upgraded concrete beams. The forces at the sæel-plate/concrete-

beam interface that cause the plate to debond are shown in Fig.l-3.

tenslle stress
across lnterface

compresslve stress
across lnterface

Fig.l-3 Debonding forces

The theoretically derived flexural peeling moment at which the flexural peeling

starts and the plate separates from the reinforced concrete beam is based on isotropic

material properties. This metho¿, whictr depends on the flexural rigidity of the

plated cracked concrete beam, the thickness of the plate, and the tensile strength of

concrete, can be used to adjust the size of and the extent of plating so that the

flexural peeling does not occur under the design load.

steel plate

resulte compresslve
peeì lng orce

shear flow
\..

concrete beam

I

resulted tenslìe
peellng force
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The predicted ultimate peeling moment, which is associated with the separation of

the soffit plate from the reinforced concrete beam, is given by the following

equation:

5

Mup
(t-l)

where, (EI).p is the f'lexural rigidity of cracked plated section that is based on a

linear elastic analysis and assumes that the tensile strength of the concrete is zero, f6

is Brazilian tensile strength of concrete, Eo is Young's modulus of plate steel and tn

is thickness of the plate. The only physical limitation of equation (l-l) is that the

width of steel plate must be not great than that of the flexural member.

It should be noted that loads resisted by the reinforced concrete beam whilst it is

being plaæd do not contribute to the ultimate peeling moment, M¡p.

The probability of flexural peeling occurring can be reduced by ensuring that the

external moment at the end of the plate does not exceed the following ultimate and

serviceability characteristic strength which are based on the SVo probability of failure

level.

M uc

(EI)çof1'

0.901Eotn

Ms" =
(EI)cPfb

1.86Eoto

(r-2)

(l-3)

Results of forty-four plated beams tested by Moran and thirteen beams tested by

Moloney as shown in Fig.l-4. In the majority of cases, plates covered the full width
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.,.i.""{

of the members. The results show that the experimental scatter above Eq.(1-1)

which has a coefficient of variation of 0.283.

In conclusion, it wÍts suggested that the above equations are applicable to the plated

beams subjected to shear and flexure, but not to beams in which shear diagonal

cracks have occurred. The peeling strength was found to be dependent on the

flexural rigidity of the cracked plated section, the tensile strength of the concrete,

and the thickness of the plate, and was independent of the previous loading history

of the beam, the initial curvature of the beam, and the method of clamping the plate

to the beam on gluing.

1.60

aa
à

2.N

Êx
(¡)

1.20

0.80

0.40

0.00

a

0.00 3.0E-04 6.0E44 9.0844

Experimental determined strain

l.2E-03 l.5E-03

+
+

+

+

+
+ +

+

+
+

+
+

+
++

+

-.-.--+--++
*ç

+

Fig. 1-4 Accuracy of ultimate peeling moment (Eq.1-1)
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1.2.2. Research by D. .I. Oehlers- (4)

The shearing peeling and the interaction between shear and flexural peeling has been

studied by Oehlers. From the experimental test results, it would suggest that the

¿,

she4r peeling is,Junction of the shea¡ strength of the concrete beam without stimrps

which is a strength that can be found in most Codes of Practice. Therefore, it is the

formation of the diagonal shear crack in the unplated region adjacent to the plate-end

that induces shear peeling and not shear failure of the reinforced flexural beam. In

other words, debonding at the plate-ends due to shea¡ forces is neither influenced by

the presence of stirrups in the section nor controlled by the shear flow along the

steel-plate/concrete-beam interface. It is suggested that limiting the shear stress at

the end of the interface between the steel-plate and concrete section would be a poor

method of preventing debonding due to shear force. Furthermore, it has also been

found that there is very strong interaction between debonding due to shear forces and

peeling due to flexural forces, as shown in Fig.1-5.

7

r.50

1.00

0.50

0.00

0.)

0.00 0.50 1.00 1.50

tveucv

xx

x
x

---' Failure Envelop

x
x

x¡X
x x

x# x

Fig. l-5 Interaction between shear and flexural peeling
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A design rule is tecommended below:

M + (1-4)
up

where, M. is the moment at the end of the plate, that is being applied to the plated

reinforced beam, so that if the reinforced concrete beam was resisting a moment

whilst it was being plated then this moment would not be included in M", V" is the

total shear force being applied to the structure at the plate-end being considered, Vu.

is the shear strength of the flexural member without stirrups as can be determined

from most Codes of Practice and Muo is the predicted ultimate peeling moment, as

described in Sect. 1.2.1

1.2.3 Research by T. M. Roberts and H. Haii'kazemi (5-7)

An analytical solution derived from a theoretical investigation for predicting the

displacements, strains and stresses in reinforced concrete beams that are

strengthened on the tension faces with externally bonded steel plates, has been

presented by,authors. Results obtained for practical dimensions and material

properties indicated that the shear and normal stress, in and adjacent to the adhesive

layer, as shown in Fig.l-6, increase rapidly towards the ends of the steel plates and

depend on the shear and normal stiffness of the connection and on the thickness and

points of termination of the steel plates.

It was suggested that the high normal stresses in particular are consistent with the

premature peeling or tensile failure of the concrete cover as the thickness of the steel

plate is increased. Therefore, the use of anchor bolts would not be expected to

reduce significantly the magnitude of the normal stresses nor to substantially

8

V.
Vu"

-l4q
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increase the strength of plated beams. The use of anchor bolts does, however,

increase the ductility of plated beams.

Shear
,/

Normal

Distant along plate

Fig.l-6 Shear and normal stresses at end of adhesive joint

Roberts suggested that it should be possible to establish simple practical failure

criteria based on the predicted stress distribution due to combinations of shear,

normal and axial stresses for bond failure, for failure of the adhesive and for failure

of the adjacent concrete. From an analysis of the test results presented by Jones et

al, the authors recommended that failure of adhesive bonded steel plates is likely to

occur at shear stresses between 3 and 5 N/mm2, combined with normal stresses

between I and 2 N/mm2, but these limits depend on the strength of concrete, epoxy

adhesive and the method of surface preparation.

/, r,t

1.2.4 Research by G. F. J. Monoley (8)

Moloney used an isotropic finite element analysis to determine the parameters that

affect peeling and to formulate a prediction equation. It was found that the peeling

forces at the end of a plate were induced by the curvature of the beam and by the

9

Ø
Øq,
t-
P
V,
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longitudinal strain in the concrete adjacent to the plate. The predicted peeling

moment could be dqrived from the following equation:

10

Mpl (1-s)

where (EI)cp is the flexural rigidity of the plated cracked section, f1 is the indirect

tensile strength of the concrete (splitting strength), þ is the curvature constant, ka is

the longitudinal or axial constant and h is the distance from the neutral-axial to the

interface of the concrete and the steel plate. The ultimate peeling moment is defined

as the moment at which a horizontal crack caused the plate to completely separate

from the reinforced concrete section and the serviceability peeling moment is

defined as the moment at which the horizontal peeling crack hrst formed through the

width of the beam.

Twenty plated reinforced concrete beams, in which the width of the soffit steel plates

was the same as that of beams, were tested in flexural. The external steel plate was

terminated in constant moment region. From a comparison of the constants þ and

k" that were derived from the experimental tests, it was concluded that the effect of

curvature on peeling was much more significant than the longitudinal effect. It was

felt that this occurred because the flexural cracks adjacent to the plate-end reduced

significantly the longitudinal strain in the concrete adjacent to the plate, so that the

above prediction equation can be reduced to:

Mpr
(EI)"Pfct

k Eptp (1-6)



Chapter I Literature Review 11

1.2.5 Research by R. P,.Iohnson and C..I. Tait-(9)

The influence on the short-term ultimate strength of plated conctete beams, of the

stress concentration that occurs in the concrete adjacent to each end of the plate has

been studied by Johnson and Tait. The main variable investigated in the tests was

the ratio of the length of the plate to the length of the cantilever reinforced concrete

beam. Sixteen plated reinforced concrete beams , which were subjected to bending

and shear and axial tension, were tested by Tait.

They recommend that for a member with a linear bending moment diagram between

the points of zero and maximum moment, the plate should extend over eighty per

cent of the region in tension. Because the stress concentration at the end of the plate

weaked the beam at that cross-section and a vertical crack always formed in this

region.

Tests showed that the stress concentration at the end of a plate reduced the shear

strength of the section. Tait recommended that the ACI-ASCE design ¡¡s¡þs¿ (10)

for determining ultimate strength in vertical shear of the concrete member at the

plate-end was unsafe for the plated members because of the stress concentration

induced by the plate-end. Therefore, the shear strength of a beam at the end of a

plate may be reduce to half the value of the unplated beam.

1.2.6 Research b.v R. N. Swamy. R. Jones et al Q,ll-14)

Research had been carried out in order to investigate the behaviour of plated beams

under short-term loading and to establish design criteria by authors. The main

parameters of the plated reinforced concrete beams that were investigated were: plate

thickness, glue thickness, layered plates, lapped plates, variations in glue thickness,

and the presence of stress concentration in the adhesive. The beams were tested in
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flexure to failure with all the plates extending beyond the constant moment region.

The test results showed that the addition of a plate increased the range of the elastic

behaviour, increased the ultimate flexural capacity and increased the ductility at

flexural failure, and also enhanced flexural stiffness while controlling cracking and

deformation at all loads level until failure. For a given concrete section and glue

thickness, it was suggested that there is a limiting area of plate beyond which a

flexural failure will change into shea¡ or combined flexural-shear failure. V/ith a

short shear spanS (shear span-effective depth ratio less than two), steel plates glued

to the tension face of beam increase stiffness, but do not improve the shear capacity.

In order to ensure that premature brittle shear/bond failure does not occur before the

fully flexural strength is reached and also to ensure ductility, two tentative design

criæria are presented for the plated reinforced concrete beams:

50 (r-7)

and
dn

de

þp
tp

< 0.4 (1-8)

where bn is the width of the plate, tp is the thickness of the plate, dn is the depth of

the neutral axial and d" is the effective depth of section.

The authors also pointed out that the anchora5e zone at the ends of the soffit plates

has played a critical role in determining the failure load. The rate of plate strain

build-up in the anchorage zone increased as the plate thickness was reduced. The

use of bolts did not prevent debonding and glued anchor plates produce the best

performance with thick plates. The results from the tests showed that at the ends of

the plates interface stress concentrations exist, which have limiting peak values in

the region of ",11x tensile splitting strength of the concrete. However, theoretical

interface bond stresses, based on simple elastic behaviour, are found to have no
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consistent relationship to the measured peak values. In order to achieve the full

theoretical flexural strength, together with ductile behaviour, they suggest that more

detailed research into the mechanism of glued anchor plates is required.

1.2.7 Research bv M. D. Macdonald-(15)

A series of 3.5m long reinforced concrete beams, which were subjected to 4-point

bending, have been studied by Macdonald. From experimental results, it was

suggested that narrow plates permitted the development of sufficient horizontal shear

stress to cause a concrete beam failure. However wide plates remained bonded to

the beam at the maximum sustained load and produce a soft failure because wide

plates not only reduced the horizontal shear stress in the concrete but also reduced

peeling stress due to their lower inherent stiffness. In general, the external plates

increased the murimum sustained load by 40 per cent for both plated as-cast and

plated precracked. It was found that an average increase in stiffness of the plated

precracked reinforced concrete beams is approximately 1.3 times than that of the

plated as-cast beams. Macdonald recommended that the type of failure caused by

rapid shear failure of the concrete can be prevented by the selection of plate with

suitable width and thickness, namely, the plate proportion (bp/tp) had a optimum

value for these test beams of

Þ!
tp

=60 (1-e)
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1.3 Compar¡son of design criteria and recommendations

All of researchers agreed that as the thickness of steel plate increased, failure by the

separation between the reinforcement concrete and the plate more readily occurred.

A comparison of the design criteria and recommendations are given in Table l.l

below:

Table 1.1 A Comparison of design Rules

t4

bt to
tp

f;. o.+

N. Swamy and

R.N. Jones (2)

h =oo
h' lD. Macds¡¿1¿ (15)

Limiting the shear stresses, combined with

normal stresses at the end of plate.M. Roberts (6)

(flexural)

(flexuraUshear)

(shear)

p.¡. gsl¡s¡5 (3)

Desi gn criteria and recommendationsAuthors
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Chapter Two

Experimental work
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2.1 Introduction

The use of bolts at the end of the soffit plate does not prevent debondinS, as

described in Sect.l.2.3 and Sect.1.2.6, also little benefit was achieved by the use of

tapered or multiplate systems. Therefore, the following experimental work has been

carried out in order to prevent debonding of the soffit plate due to peeling cracks as

described in Sect. 1.2.1 and Sect.1.2.2.

The theoretical analyses described in Sect.I.2.t and Sect.1.2.3 indicate that the steel

plate separates from the soffit of the reinforced concrete beam because of the high

local interface bond stresses and peeling forces at the end of the plate. Therefore, the

anchorage detail at the plate-end has a considerable effect on the ultimate strength

and mode of failure of reinforced concrete beam. From previous researcþ (2), i11¡r¿5

shown that there are two distinct forms of peeling which can occur: shear peeling,

induced by the formation of the shear diagonal crack and which is associated with

rapid separation of the plate; and flexural peeling, induced by increasing curvature,

and associated with a gradual separation of the soffit plate. Debonding of the soffit

plate, in the plated reinforced concrete beam, due to the shear forces is not

influenced by the amounts of the presence of stirrups and only depends upon the

shear strength of the concrete members without the stirrups.

In this experimental work, steel plates were glued to the sides and soffits of

reinforced concrete beams as shown in Fig.2-1. The reason for the use of the side

plates in the experimental work was to restrict the formation of inclined shear cracks

in the vicinity of the end of soffit plate and hence to increase the shear strength of the

concrete beam without stirrups and therefore to prevent debonding of the soffit plate

by shear peeling.

16
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Four series of plated reinforced concrete beams in the Group One were æsted to

failure in shear. The parameters varied consisted of: the length of the side plates; the

thickness of both the side and soffît plates; and the quantity of longitudinal tensile

steel reinforcement in the concrete section.

A preliminary study of the plated post-tensioned concrete beams was also carried out

in the experimental work. Four post-tensioned beams in the Group Two were tested

to failure in flexure. The parameter varied was the degree of the initial Prestressing

forces that were applied to the sections. The main aim of this series was to

investigate the effect of the initial prestressing forces on the debonding momenL
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2.2 Specimens and Test Rig

Two groups of plated reinforced concrete beams were tested in the experimental

work. The general arrangement of the test rigs, together with the beam description

are given in Fig.2-1 and in Fig.2-2. The beams were simply supported at each end as

shown in Fig.2-1. The load was applied to the top of the beam by a hand pumped

hydraulic jack through a load cell and knife edge bearing.

550

East West

Side L Side R

b I tp

200

dÊâ

Fþ
200

Lo

Fig.2-1 The general arrangement of the test rig and- description of the beam in the group one

Thirteen plated reinforced concrete beams in Group One were divided into four

series. They were tested to failure in shear. Both shear spans of the plated beams

were tested, which was achieved by clamping the adjacent shear span, as shown in

Fig.2-1. There was a minimal number of the stirrups in each beam; each beam had

three stim¡ps to hold the longitudinal reinforcement in position and were placed at

the ends of the beams and at mid-span so that they were well away from the peeling

regions. From the geometry of the loading Íurangement, the maximum shear load in

the shear span beams tested is approximately 71 per cent of the total applied load.

The ratio of the dirtu,í1"b"t*een the position of the applied load and support, ie. 550

mm in Fig.2.1, to the depth of the beam is greater than 3 in order to avoid the

increase in shear strength due to short span tied arching action.
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I 450

d
aaâ

tp

b
-T

Lo

Fig.2-2 The general arrangement of the test rig and
description of the beam in the group two

There were four plated post-tensioned beams in Group Two. The ends of the plate

were terminated in the flexure-shear region as shown in Fig.2-2- The mild steel

plates were glued to the soffits of the beams after a beam had been prestressed. The

position of the applied load was in the mid-span of the beam as shown in Fig.2-2.

The moment at the ends of the steel plate was approximately 65 per cent of that in

the mid-span of beam section.

ooo
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2.2.1 Series I

The main aim in series I is to investigate the increase of the shear strength in the

reinforced concrete beam due to the side plates. These beams were made without

stimrps and were plated with both soffit and side plates. Four beams werc tested to

failure in shear. The main variation is the length of the side plaæs L.o in Fig.2-1.

The length of side plaæs varies from 0.0 mm, ie. without side plates, to 690.0 mm, as

shown in Table 2.1. The test rig is shown in the Fig.2-1. Both shear spans of the

plated reinforced concrete beam were tested and this was achieved by clamping the

adjacent shear span as shown in Fig-2-1. The shea¡ load in the shear span being

tested is approximarely 7l per cent of the total applied load. The position of the

electrical strain gauges and displacement dial gauge is shown in Fig.2-3 andFig2-4,

respectively.

Table 2.1 Geometric properties of the beams in the series 1

4.0r590189022905.016.010.0180130270.0RSP/S4

4.0l5m189022905.016.0r0.0180130690.0LSP/S4

4.01590189022905.016.010.0180130540.0RSP/S3

4.01590189022905.016.010.018013090.0LSP/S3

4.01590189022905.016.010.0180130180.0RSP/S2

4.01590189022905.016.010.0180r300.0LSP/S2

4.01590189022905.016.010.0180130360.0RSP/S1

4.01590189022905.016.010.01801300.0LSP/SI

t.p

lmm)

4
(mm)

L¡

lrnm)

Lo

lmm)

b
lmm)

Db

lmm)

Dr

lmm)

d

lmm)

b

lmm)

Lrn

(mm)

SideSpecimen
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550
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200

3,4

Ea st

5,6
Slde plate
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Fig.2.3 Beam geometry and instrumentations
applied in the series I
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FiE2:4 Plan of the beam in the series I
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2.2.2 Series2

The main purpose of this series is to investigate the increase in the shea¡ strength of

reinforced concrete beams due to the external soffit plate. In order to prevent

premature failure due to debonding the plates were glued along the entire length of

beam as shown in Fig.2-5. Four beams were tested to failure- The main variation in

the series is the thickness of the soffit plates. The geometric properties of series 2

are given in Table 2.2. Both shear spans of a beam were tested to failure and this

was achieved by clamping the adjacent shear span, as shown in Fig.2-1. The

position of electrical strain gauges and displacement dial gauge is shown in Fig,2-5

and Fig.2-6, respectively. The test rig is shown in the Fig.2-l-

Table 2.2 Geometric properties of the beams in the series 2

I,w\r..¡ rlr¡'.',\l 
^i,.^

T

r.[J

'':

22901890229016.010.0r8013010.0FP/B4lR

22901890229016.010.018013010.0FPIB4IL

22901890229016.010.01801305.0FP/B3/R

22901890229016.010.01801305.0FPIB3IL

229018902290r6,010.0180r303.0FP/B2lR

22901890229016.0r0.01801303.0FPIB2IL

22901890229016.0r0.01801300.0FP/B I/R

22901890229016.010.01801300.0FP/B I/L

trp

lmm)

h
lmm)

L1

(mm)

Lo

(mm)

Db

(mm)

Dr

(mm)

d

(mm)

b

lmm)

Lro

(mm)

h
(mm)

Specimen

I
I
I

¡

k
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550

Slde L

200

23

în
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(\t
t¡l

Slde R

200

Fig.2-5 Beam geometry and instrumentations
applied in the series 2
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Fig.2-6 Plan of the beam in the series 2
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2.2.3 Series 3

The main task of this series is to investigate the effect of varying the longitudinal

reinforcement in beam with side plates. Two beams were tested to failure in shear.

The length of side plates (L.p = 690 mm) is constant in this series. The geometric

properties of this series are given in Table 2.3. The beams tested were without

stimrps. Both shear spans of the beam were tested to failure so that the strength with

the side plates could be compared with the strength without the side plates. The test

rig is shown in the Fig.2-L The position of the electrical resistanFstrain gauges and

displacement dial gauge is shown inFig.2-| and Fig.2-8, respectively.

Table 2.3 Geometric properties of the beams in the series 3

4.O17501890229020.010.0r80130690628SP/Sg/R

17501890229020.010.0180130628SP/S9/L

4.017501890229010.010.0180130690757SP/S8/R

r7501890229010.010.0r80130157SP/S8/L

ttp

(mm)

I.p

lmm)

Lt

(mm)

Lo

lmm)

Db

(mm)

Dr

(mm)

d

lmm)

b

(mm)

Lro

(mm)

Ar,

lmm2)

Specimen
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550

\

25

Slde R

-l
¡-,
an
ñt
LIJ

+,
(n

dc¡
=

200

Fig.2-7 Beam geometry and instrumentations
applied in the series 3
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2.2.4 Series 4

The main target of this series is to investigaæ the variation of the shear strength in

the reinforced concrete beams due to the external side plates as shown in Fig.2-9-

Three beams were tested to failure. The geometric properties of this series are given

in Table 2.4. The main variation in the series is the thickness of the side plaæs. The

plated reinforced concrete beams tested were without stirrups. The side plates

shown in Fig.2-9 were extended to ttre middle span of the beam in order to ensure

that debonding of the side plates did not occur. Also the side plates were folded

round the edge of the beam end, as shown in Fig.2-10, to ensure that debonding did

not take place. Both shear spans of the beam were tested to failure as in previous

series. The position of the electrical resistanfstrain gauges and displacement dial

gauge is shown in Fig.2-9 and Fig.2-10, respectively. The test rig is also shown in

Fig.2-1.

Table 2.4 Geometric properties of the beams in the series 4

1750189022905.016.010.018013012503.0RSP/S7

1750189022905.016.010.01801300.00.0LSP/S7

1750189022905.016.0r0.0r8013012502.0RSP/S6

1750189022905.016.010.0180r300.00.0LSP/S6

1750189022905.016.010.018013012501.0RSP/S5

1750189022905.016.0r0.0r801300.00.0LSP/S5

Í-p

lmm)

L1

lmm)

Lo

(mm)

b
lmm)

Db

lmm)

Dr

(mm)

d

lmm)

b

lmm)

Lro

(mm)

t*p

(mm)

SideSpecimen
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2.2.5 Series 5

The object of this series is to study the effect of post-tensioning on the debonding

,\ beams with external soffit plates. Various degrees of the initial prestressing forces

were applied to determine their effect on the debonding of soffit plates. The main

variation is the degree of the prestressing forces. The post-tensioned beams were

prestressed before gluing the external sofht plate. The first beam (PTl) in Table 2.5

was only prestressed byimall amount in order to keep tendons tied to the section.

The other beams were prestressed by varying degrees of prestressing forces that

ranged from 20 to 45 per cent of the yield strength of the tendon. The beams were

subjected to three points load as shown in Fig.2-2. Four beams were tested to

failure. The geometric properties of this series are given in Table 2.5. The test rig is

shown in the Fig.2-2. The position of the electrical resistant strain gauges and

displacement dial gauge is illustrated in Fig.2-11.

Table 2.5 Geometric properties of the beams in the series 5

l(n0290032AO4.05.016.010.022018042.0PT4

100029m/32004.05.016.010.0220r8018.0PT3

100029m32004.05.016.010.022018030.0Yr2

1m0290n,32004.05.016.010.02201803.00IrTI

h
lmm)

L1

(mm)

Lo

(mm)

b
(mm)

Do,

(mm)

Db

(mm)

Dr

(mm)

d

(mm)

b

lmm)

Pi

tkN)

Specimen
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0

d
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tp-î

Lo

Fig.2-11 Beam geometry and instrumentations
applied in the group two

2.3 Instrumentations

The positions of the electrical resistance strain gauges used in each series are

illustrated in Fig.2-3, Fig.2-5, Fig.2-7,Fig.2-9 and Fig.2-11, respectively. The

position of the displacement dial gauge used in the test to measure the deflection of

the beam is also shown in Fig.2-3, Fig.2-5 , Fig.2-7, Fig.2-9 and Fig.2-11,

respectively.
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2.4 Preparation of Beams and Plates

The surfaces the reinforced concrete beams, where the plates were to be bonded,

were roughed by needle gunning to expose the aggregate and the loose ag$re9atÊ

was removed from the surfaces as shown inP2-L before bonding. The surfaces of

the steel plates were roughened as shown in P2-1, by using either a disc grinder for

the thin steel plate (ie. 1.0 mm and 2.0 mm) or sandblasting for the plate thickness of

3.0 mm, 4.0 mm, 5.0 mm and 10.0 mm. The plates surfaces were washed with a

degreasing agent. The plates were glued to the reinforced concrete beams by a two-

pot medium setting adhesive paste CA 273. T\e epoxy adhesive is manufactured by

Hilti (Aust) Pty. Ltd. and has a compressive strength of 110-120 N/mm2 and a

ænsile strengrh of 30-40 N/mm2 afær 2 days at 25"C. The glue consisted of a resin

and a hardener which were mixed at the ratio of 1:1 by weight or volume. The

epoxy adhesive was spread over the surfaces of the reinforced concrete beam and

steel plate, as shown in P2-2 and P2-3, respectively. The steel plates were then

placed directly over the beams and pressed down with clamps or wood wedges, as

shown ín P2-4. The excess adhesive was extruded from the side and the air was

driven out, as shown in P2-5.

The post-tensioned beams were stressed using a hand-operated hydraulic jack, as

shown inY2-6. Rings were used at the beam-end in order to monitor the variation of

the prestressing forces applied to the tendons, as illustrated in Fig.2-7. Two

electrical resistance strain gauges \¡/ere symmetrically glued onto the outside of each

ring. The electrical resistance strain gauges were connected to the strain control

panel shown in P2-8. Therefore, both the hydraulic prestressing forces and the

corresponding tendon strains could be measured. In this ,ù/ay the prestressing forces

applied to each of the tendon were kept approximately equal-
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2.5 Material Properties

The test beams were cast as two pours. One pour was required for the beams in

Group One and other pour required for the post-tensioned beams in Group Two.

Details of the concrete properties in Group One are given from Table 2.7 to 2.14.

The compression, indirect tensile, flexural and Young's modulus of concrete

specimens \ilere tested before and afær the plated reinforced concrete beams in

Group One were tested. The concrete specimens for Group Two were tested after

the plaæd post-tensioned beams had been tested. Details of specimens in Group

Two are given in Tables 2.I5 to 2.L8. The mean ultimate stresses of 10 mm

diameter reinforcement is 590 N/mm2. The average yield stresses and ultimate

stresses of 16.0 mm diameter reinforcement is 460 N/mm2 and 580 N/mm2,

respectively. The elastic modulus of reinforcement is 210 kN/mm2.

In calculating concrete properties of the plaæd reinforced concrete beams in Group

One, the compressive strength f., indirect tensile strength f, and stiffness E" of the

concrete, f", was taken as 35.1 N/mm2,3.6 N/mm2 and34.2 kN/mm2, respectively

The compressive strength f", indirect tensile strength f, and stiffness E" of the

concrete of the plated post-tensioned concrete beams in Group Two was taken as

37.2 N/mm2, 4.0 N/mmz and 34.2 kN/mm1 respectively.

The epoxy adhesive has a compressive strength of 110-120 N/mm2 and a tensile

strength of 30-40 N/mm2 afær 2 days at 25oC.

The properties of the 5.0 mm diameter strand are given in Table 2.19. Tensile tests

were performed on specimens of the mild steel plate used as external reinforcement.

The material properties for these plates are summarised in Table 2.20.
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Table 2.7 Results of the cylinder specimens (150 mm)

962301.4t52.8t3ür.O12955.724.9434.14626.02

962318.6153.0/306.0130//.031.95587.51

Age

(days)density

fts/m3)

weight

(e)P-o

ftN)

Specimen

No.

The average of f" and E. is 33.0 N/mmzand 24.9 kN/mm2 at96 day, respectively.

Table 2.8 Results of the cylinder specimens (150 mm)

32

2ffi23n.31s2.8/306.013058.935.5935.88658.010

2ffi2310.4153.0/305.0129s5.739.4736.7r675.09

2ffi2303.81s3.u308.073079.941.2634.83&2.O8

2623U.2153.0/306.013075.832.0633.78621.07

zffi2326.6152.8/306.013055.336.M36.78674.56

2652317.51s2.8/308.0t3t3t.431.0332.94604.05

26523t4.5152.8/308.013072.029.1834.96641.04

2623t3.6153.0/306.0r3016.029.0535.19&7.03

Age

(days)density

fts/m3)

slze
/ ^ / . !!

,( t(t I t' ;' :
jt

(mm/mm)

weight

(e)

fc

(N/mm2)

P**

(k¡Ð

Specimen

No.

The average of f" and E. is 35.1 N/mm2and 34.2 kN/m m2 4t265 day, respectively



962437.7100.0/102.02486.534.47351.63

962ß1.0r00.0/101.52497.939.3r399.02

962M.t100.0/103.02476.237.94390.8I

Age

(dav)

density

fts/m3)

size

(mm/mm)

weight

(s)

f"o

(¡r¡/mm2)

P^"t

ûùD

Specimen

No.

Clnpter 2 Experimental Work

Table 2.9 Results of the specimens of cube 1100 mm)

The average of f"o is 37 .2 N/mm2at 96 day

Table 2.10 Results of the specimens of cube (100 mm)

The average of f.u is 41.4 N/mm2at 265 day.

Table 2.11 Results of the specimens of cylinder (100 mm)

33

2652429.4r02.0/103.02503.341.55436.56

2652M.t102.0/103.0248t.44t.31434.05

2652444.5103.0/104.02542.34t.21433.04

Age

(davà

density

fts/m3)

slze

(mm/mm)

weight

(s)

f.u

(N/mm2)

Prn*

0d{)

Specimen

No.

962312.6100.6/204.03749.93.18w2.45

962305.5lm.4D03.03705.33.191u2.24

962312.8rm.4t203.03717.03.26tM.43

962341.2100.0/200.03677.635.45278.42

962342.9tm..u20t.03713.534.2r269.8I

Age

(days)

density

fts/m3)

size

(nun/mm)

weight

(s)

P**

ftÌ.[)

Specimen

No.

The average of f. and f, is 34.8 MP" and 3.2uv^ at the 96 day, respectively.
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Table 2.12 Results of the specimens of cylinder (100 mm)

The average of f. and f, is 38.7 N/mm2and 3.6 N/mm2 at the 265 day, respectively

34

2652318.7rm.a20L03675.03.40107.618

2652322.1r00.3/201.03687.83.&t15.4t7

26523A2.61cp.41202.03682.43.28lM.616

2652339.1100.5/201.03',r29.63.62114.815

2652326.0lcn.71202.0\'t42.O4.09130.6t4

2652332.2100.1/201.03688.73.34105.6t3

2652318.9100.8/202.03738.03.85123.2t2

26523t4,1tffi.7DAL'3713.73.50111.61l

2652339.4tm.a200.o3æ9.43.71116.8l0

2652333.6tæ.51202.03739.437.49297.49

2652320.2100.3/203.03721.437.94299.88

2652328.3100.0/201.03615.540.18315.67

2652330.4lm2t202.03712.O39.06308.06

Age

(days)

density

fks/m3)

srzÊ

(mm/mm)

weight

(s)

Prn*

ftM

Specimen

No.
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Table 2.11 Results of the specimens of a beam (500 mm)

The average of f¡ is 4.8 N/mm2at 96 day.

Table 2.14 Results of the specimens of a beam (500 mm)

The average of f¡is 4.7 N/mm2at 265 day.

35

962355.t100.0/102.0/500.012010.94.87ró.902

t)62?16.5100.0/102.0/500.012M3.54.7616.52I

Age

(davs)

density

lks/m1

srze

(mm/mm/mm)

weight

(e)

Po,*

ftl.I)

Specimen

No.

2652391.9100.0n03.0/500.0123r 8.35.2318.508

2652?70.1100.0/102.0/500.012087.54.4316.747

2652338.9100.0/104.0/500.012162.24.8217.366

2652355.2100.0/103.0/500.0t2t29.t4.ß15.785

2652169.6r00.0/102.5/500.012144.34.7316.564

2652367.2100.0/102.0/500.0t2072.94.7316.403

Age

(davs)

density

(ks/m3)

srze

(mm/mm/mm)

weight

(s)

ff

N/mm2)

P.*

ftl.I)

Specimen

No.
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Table 2.15 Results of the cylinder specimens (150 mm)

36

22038.332.8û7.54

220?7.540.5745.53

220u.736.66',Ì2.52

22036.438.6700.5I

Age

(days)

Pr*

ftN)

Specimen

No.

The average of f. and E" is 37.1 N/mm2and 34.2 kN/mmz at220 day, respectively

Table 2.16 Results of the specimens of cylinder (100 mm)

2202149.23722.01.11ü.2.68

2202350.73692.54.61,10.67

2202144.637t4.O2t.9189.86

220218t.33706.027.9236.85

2202268.93708.04.2135.44

2202142.93711.03.812s.43

2202108.83722.04t.63,10.82

2202136.737æ.331.2270.51

Age

(days)

p

fts/m3)

weight

ls)

fr

(N/rnmz)

PmÐ(

ftN)

Specimen

No.

The average of f. and f, is 30.7 N/mm2and 3.9 N/mm2 at the 220 day, respectively
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Table 2.17 Results of the specimens of cube (100 mm)

The average of f.u is 35.1 N/mm2at 220 day.

Table 2.1E Results of the specimens of a beam (500 mm)

The average of f, is 4.2 N/mmzat 225 day

Table 2.19 Properties of strands

37

2202429.424'r8.534.9363.54

220u29.42ß7.227.3284.53

2202M.tu59.640.2414.02

2202444.5,464.437.9394.01

Age

(dav)

density

fts/m3)

weight

(s)

P**

ftìo

Specimen

No.

225239t.811959.24.2714.223

2252394.212090.84.48t5.222

2252371.t11855.43.9013.mI

Age

(days)

density

fte/m3)

weight

(s)

Pr*

tkN)

Specimen

No.

2101680.033.01528.030.03

2t01680:0i3.01528.030.02

21076t6.032.91523.029.0I

ES

ûtUmm2)

Pr^*

KM

P,

ftl.I)

Specimen

No.
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Table 2.20 Properties of the steel plates

38

210.0495.4293.0

210.0492.6300.061.737.5r0.0

200.0503.229t.262.936.410.0

210.04m.4288.861.336.1r0.0

210.047.0317.0

205.045t.2320.028.220.05.0

2r0.0ut.6313.627.619.65.0

210.0M8.0318.428.019.95.0

210.0320.0?43.O

20s.0306.0228.015.3tt.44.0

215.0326.0250.016.312.54.0

210.0328.0250.016.4t2.54.0

205.0411.0321.0

210.0408.0322.615.3t2.t3.0

205.0410.7320.015.4t2.03.0

200.0413.3320.015.5t2.23.0

215.0352.0300.0

205.0360.0288.09.07.202.O

2t5.0336.0286.38.47.162.0

220.0360.0324.49.08.112.0

2m.03t7.0

205.03f3.34.01.0

200.0308.33.71.0

200.0308.33.71.0

Average

elastic

modulus

ftl.I/hnr2)

Average

ultimate

stfess

(Nhm2)

Average

yield

st¡ess

Nftnm2)

%

0òI/mm2)

Pr*

(klÐ

P,

(KNÐ

Plate

thickness

(mm)
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P2-1 Preparation of the so.faceloncrete beam and steel plate

P2-2 The epoxy adhesive was spread over
tlre surface of reinforced concrete beam

39

I
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P2-3 The epoxy adhesive was spread over
the surface of steel plate

P2-4 Clamping and wedging steel plate
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P2-5 Extruding excess adhesive

rl
rr!

'':

I

þ

I 1t::
LI .:.ì., ' _-

P2-6 Prestressing reinforced concrete beams
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,',i
Ì[t

I
I

I

P2-7 Steel rings

Þ

P2-8 Strain control panel
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Chapter Three

Description of the Experimental Test
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3.1 Introduction

A preliminary study of both reinforced concrete beams that are strengthened by

bonding external sæel plaæs, and post-tensioned beams that are strengthened by

external steel soffit plates are carried out in the experimental tests. Four series of

plated reinforced concrete beams and one series of plaæd post-tensioned concrete

beams were tested, each series had the following conditions applied:

Series I - beams are strengthened with both soffit and side plates, the length of

the side plates is varied, the thickness of the side plaæs and the length of the soffit

plates are constanl

Series 2 - beams are plated with soffrt plates, the lengths of the plates are the same

as that of the reinforced concrete beams but the thickness of the soffit plates is

varied.

Series 3 - beams are plated with both soffit and side plates, the area of the

longitudinal tensile reinforcement are varied.

Series 4 - beams are glued with both soffit and side plates, the thicknesses of the

side plaæs is varied.

Series 5 - post-tensioned reinforced concrete beams are strengthened with soffit

plates, the initial prestressing forces are varied in each beam, and the thickness of

the plaæs art constanl
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3.2 Description of the experimental test

3.2.1 Series I
The main aim of this series is to investigate the increase of the shear stength in the

concrete beam due to the side plates; the beams are plaæd with both soffit and side

plates and do not have stimrps. The main variation is the length of the side plates,

as shown in Table 2.1. The test rig is shown in the Fig.2-1. Both shear spans of

the plaæd reinforced concrete bea¡n were tesæd and this was achieved by clamping

the adjacent shear span as shown in Fig.2-1. The loads shown in the following

photographs is the ûotal applied load and is therefore proportional to the shear load;

the maximum shear load in the section is 7l per cent of the total applied load. The

number¡ writæn on the beams in the following photographs is the load stage during

the experimental work The positions of the electrical strain gauges and dial gauges

is shown in Fig.2-3 and in Fig2-4.

Lsp = 0'0 mm

Beam SP/SI/L

The first flexural crack, which was almost vertical, occurred at the end of the soffit

plaæ at a shear load of 16.6 kN (ie., an applied load P" = 23.4 kN), as can be seen

in P3-1. As the load was further increased, a horizontal peeling crack formed at the

level of the bottom reinforcement at a shear load of 24.9 kN (ie., P" = 35.1 kN), as

shown in P3-2. When the shear load reached 26.311.I (ie., Pa= 37 .l kN in P3-3),

a web-shea¡ crack was formed. The horizontal peeling crack extended gradually

along the level of the bottom reinforcement and other inclined cracls also formed as

the applied load was further increased, as can be seen in P3-4 and P3-5,

respectively. Eventually, shear peeling and debonding of the soffit plate occurred

simultaneously at a shear load of 33.4 kN (Pa = 47.1 kÐ, as are shown in P3-6
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andY3-7 respectively.

Figure 3-1 shows the relationship be¡veen the shear load and the longitudinal

strains in the soffit plaæ. It can be seen in Fig.3-1 that the longitudinal strains in

the soffrt plate increased alnost linearly with the shear load prior to shea¡ peeling.

The horizontal peeling crack formed and developed quickly with increasing shear

load. Strain gauge No.l, which is close to the end of the soffit plate, first dropped

off at point a in Fig.3-1 before shear peeling occurred. Shear peeling and

debonding of the soffrt plate occurred instantaneously at a shear load of 33.4 kltt. It

can be seen in Fig.3-l that the longitudinal strains in the soffit plate dropped rapidly

down. Finally, the beam failed in shear at a shear load of 42.4 kN.

Beam SP/S2/L

The first inclined crack formed in the vicinity of the soffit plaæ-end at a shea¡ load

of 24.5 kN (Pa = 34.5 kN), as can be seen in P3-8. As the shear load further

increased, the shear diagonal crack occurred at a shear load of 26.4 kN (Pa= 37 .2

kN), as shown in P3-9. A further small increase in load, induced a horizontal shea¡

peeling crack at the level of tl¡e bottom reinforcement at a shea¡ load of 27.5 lù{ (Pa

= 38.8 kN). The diagonal crack tended to develop rapidly towa¡ds the point of the

applied load. Shear peeling and debonding of the soffit plate occurred

simultaneously at a shear load of 27.5 kN (Pa = 38.8 kN) as can be seen in P3-10.

Eventually, the beam failed in shear at a shea¡ load of 37.3 kl.I.

The relationship between the shear load and the longitudinal strains in the soffit

plaæ is given in Fig.3-2. It can be seen that the longitudinal strains in the soffit

plate increase with the increase in shear load until debonding of the soffrt plate had

occur
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Lsp = 9o'o mm

Beam SP/S3/L

Cracks formed along the edge of the side plaæ on the south side of the beam, as can

be seen in P3-11, when the shear load reachú 24.7 kN (Pa = 34.8 kN), As the

shear load was further increased up to 27.1 kN (P" = 38.2 klr[), it can be seen in

P3-12 that cracks also formed along the edge of the side plaæ on the north side of

the beam. The cracks extended towards the point of the applied load as the load

further increased gradually, and then the horizontal peeling cracks formed at the

level of the bottom reinforcement at a shear load of 29.4 kN (Pa = 41.5 kN) as

shown in P3-13. A small further increase in load caused debonding of the soffit

plate at a shear load of 30.8 kN @a= 43.4 kN), as shown in FB-14.

The relationship between the shear load and the strains in the side plates is

illustrated in Fig.3-3. The relationship benveen the shea¡ load and the longitudinal

strains in the soffit plaæ is shown in Fig.3-4. The relationship between the shear

load and deflection of the beam is given in Fig.3-5.

It can be seen in Fig.3-3 that most strains in the side plates vary linearly with the

shear load up to approximaæly 24.0 kN, and then become non-linear until

debonding of the side plate that occurred at a shear load of 27.1 kN. The

changeover, from linear to non-linear, suggest that cracls .ry nufftôrcuned behind

the side plaæs. Debonding of the side plates occurred at a shear load of 27.1 kN.

Furthermore Figure 3-3 also shows that strain gauge No.4, on the side plaûe on the

south side of the beam, varies lineady with the shea¡ load up to Point a where the

shear load was 20.5 kN, and then becomes non-linear. This would suggest that
É.

cracks may ha(l formed behind this side plate when the shear load was 20.5 kN,

which resulted in the side plaæ debonding. Debonding of this side plaæ occur¡ed
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when the shea¡ load was 24.7 kN, as can be seen in Fig.3-3 where the strain in this

plaæ reduces gradually. Figure 3-4 shows that the longitudinal strains in the soffit

plate increases linea¡ly with the shear load before debonding of the soffit plaæ

occurred. The sfain gauge No.2, which is close to the plate-end, drops off rapidly,

as shown in Fig.3-4. Debonding of the soffit plate occurred at a shear load of 30.8

kN. It can be seen in Fig.3-5 that the deflection of the beam increases

progressively with the shear load before debonding of the plates has occurred. The

beam failed finally in shear at the shear load of 36.7 kN.

kt this specimen, debonding of both side plates and soffit plaûe was induced by the

inclined cracks and peeling cracks. However, debonding of the side plates

occurred prior to debonding of the soffit plate.

Lsp = 180'0 mm

Beam SP/S2/R

It is shown in P3-15 that debonding of the soffit plate occurred at a shear load of

37.0 kN (Pa = 52.2 kN).

The relationship benveen the slrear load and the strain in the side plaæs is illustrated

in Fig.3-6. The relationship benveen the shear load and the longitudinal strains in

the soffit plaæ is shown in Fig.3-7 and the relationship betrveen the shea¡ load and

deflection of the beam is illustrated in Fig.3-8.

It can be seen in Fig.3-6 that the tensile strains in both side plates almost varies

linearly with the shear load at the initial stages of loading. At a shear load of

approximately 10.0 kl.I there is a slight change in the slope. When the shear load in

the section is greater than 20.0 kN, the relationship between the shear load and the
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ænsile strains in the side plaæs then becomes non-linear. This probably suggests

that cracks may have occurred behind the side plates at this stage. At a shear load

of 34.0 kN, debonding of the side plate, on the north side of the beam, occurs first

(the point a in Fig.3-6). Debonding of the soffrt plate and of the side plates almost

occurs instantaneously when the shear load reachqs 37.0 kN, as shown in Fig.3-6

and Fig.3-7, respectively. Figure 3-7 shows that the longitudinal strains in the

soffït plaæ vary almost linearly with the shear load until debonding of the soffit

plate occurs. It can be seen in Fig.3-8 ttrat the deflection of the beam varies linearly

with the shea¡ load until debonding of the plates occurs.

In this specimen, debonding of both the side and soffit plaæs were induced by the

inclined cracks and by the peeling cracks. Debonding of the side plates occurred

prior to the debonding of the soffit plaæ.

Lsp = 270'0 mm

Beam SP/S4/R

The crack formed at the end of the soffit plate when the shear load reached 34.4 kN

(Pa = 48.5 kl.I), as sho\4,n in P3-16. A small further increase in load induced

debonding of the soffit plates at a shear load of 35.0 kN (Pa = 49.5 kN), as can be

seen in P3-17.

The relationship between the shear load and the strains in the side plates is given in

Fig.3-9. Figure 3-10 shows the variation of the longitudinal strains in the soffit

plaæ with the shear load. The relationship between ttre shea¡ load and deflection of

the beam is shown in Fig.3-11.

It can be seen in Fig.3-9 that the tensile sûains in the side plaæs almost vary linead
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with tl¡e shea¡ load at the initial stage. When the shea¡ load is greater than 20.0 kN,

it becomes non-linear. The changeover would suggest that cracks have formed

behind the side plaæs; the local stresses in the section being redistributed due to the

formation of the cracks. Debonding of the side plaæs occurred at a shear load of

35.0 kN. Figure 3-10 illustraæs that the longitudinal strains in the soffit plate vary

lineady with the shear load until debonding of the soffit plate which occurred at a

shea¡ load of 35.0 kN.

Debonding of both the side plates and the sofflrt plate, which was induced by the

inclined cracks and the peeling cracks, occurred simultaneously in this specimen.

Lsp = 360'o mm

Beam SP/SI/R

The flexural crack formed on the north side of the beam at a shear load of 36.0 kN

(Pa = 50.6 kN), as shown in P3-18. It can be seen in P3-19 that the crack formed

along the edge of the side plates when the shea¡ load was 42.5 kN (pa = 59.1 kN).

Afær a further small increase in the load, debonding of the sofht plate occurred

when the shear load reached 43.0 kN (P" = 61.0 kN), as shown in p3-20.

The relationship between the shear load and the strains in the side plates is

illustrated in Fig.3-12. The relationship betrveen the shea¡ load and the longitudinal

strains in the soffit plate is shown in Fig.3-13. The relationship between the shear

load and deflection of the beam is given in Fig.3-14.

It can be seen in Fig.3-12 that the tensile strains in the side plates vary linearly with

the shea¡ load until the shear load equals 25.0 kN, and then the variation become

non-linear. It may be implied that the cracks, whích had occurred behind the side
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plates, formed prior to the formation of the visible flexural crack shown in P3-18.

As the shear load increase gradually, debonding of the side plates occurred at a

shea¡ load of 43.0 kN. It can be seen in Fig.3-13 that the longitudinal strains in the

soffit plaæ increase.s with the increase in shear load until debonding of the soffit

plate occurred at the shear load of 43.0 kN. Fig.3-14 shows that the deflection of

the beam increase progressively with the shear load until debonding of both plates

occurred.

In this specimen, debonding of the side plates and the soffît plate were induced by

the inclined cracks and peeling cracls and occurred instantaneously.

Lsp = 540'0 mm

Beam SP/S3/R

The flexural crack formed when the shear load reached 43.0 kN (p" = 60.0 kN), as

can be seen in P3-21. As the load increased, a few cracks occurred along both the

side and soff,rt plates at a shear load of 49.0 kN (Pa = 69.0 kÐ, as is illustrated in

n-22. After a small further increase in load, debonding of the sofht plate occurred

when the shear load attained 50.0 kN (Pa = 69.8 kN), as shown inp3-23.

The relationship between the shear load and the strains in the side plates is given in

Fig.3-15. Figure 3-16 shows that the variation of the longitudinal strains in the

soffit plaæ with the shea¡ load. The relationship between the shear load and the

deflection of ttre beam is given in Fig.3-17.

It can be seen in Fig.3-15 that initially the tensile strains in the side plaæs vary

linearly with the shear load. However, there is a changeover, in which the

relationship of ænsile strains in tt¡e side plates and the shear load change from linear
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to non-linear, when tlre shea¡ load is approximaæly 20.0 kN. The formation of the

cracks behind the side plates may have caused this changeover. It seems that

debonding of the side plaæs did not occur in this specimen. Figure 3-16 shows that

the longinrdinal strains in the soffit plate increase gradually with ttre shear load until

debonding of the soffit plate occurred at a shear load of 50.0 kN.

In this specimen, it was found that debonding of the soffit plate was induced only

by the peeling cracks.

Lsp = 690'o mm

Beam SP/S4/L

The first visible flexural crack formed in the beam at a shea¡ load of 37,8 kN (Pa =

53.3 kl.I), as can be seen nP3-24. At shear loads up to 45.7 Iû.I (Pa = 64.5 kN),

as shown in P3-25, cracks formed along the edge of side plates. As the load was

further increased, debonding of the soffit plate occurred at a shear load of 60.6 kN

(Pa = 85.54 kN), as shown inP3-26.

The relationship between the shear load and the ænsile strains in the side plates is

given in Fig.3-18. Figure 3-19 shows that the variation of the longitudinal strains

in the sofflrt plaæ with the shear load. The relationship between the shear load and

the deflection of the beam is given in Fig.3-20.

It can be seen in Fig.3-18 that initially the tensile strains in the side plates vary

linearly with the shear load. However, there is a changeover in the relationship

between the tensile strains in the side plates and the shear load when the shear load

is approximately 30.0 kN due ûo the formation of the cracks behind the side plates.

It also seems that debonding of the side plates did not occur. Figure 3-19 shows
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that the longitr.rdinal strains in the soffrt plate increase gradually with the shear load

until debonding of the soffit plate occuned at a shear load of 60.6 kN. Eventually,

the beam failed in flexure at the maximum shear load of 63.1 kN after debonding of

the soffit plate had occurred. It can be seen in Fig.3-20 that the deflection of the

beam varies almost linearly with the shear load until debonding of the soffit plate

occurred.

In this specimen debonding of the soffrt plaæ was induced by the peeling cracks.

Comparison of experimental results

The experimental results of this series are given in the following Table 3.1. The

relationship berween the length of the side plaûes and the shear load that caused

debonding of the soffit plaæ is given in Fig.3-21.
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Table 3.1 Experimental results of the series 1

kp = the length of the side plaæs

Vrp = the shear load when debonding of either the side plates or the sofflrt

plate occurs

Vp = the shea¡ load when debonding of the soffit plaæ occurs

tp = the longitudinal strain in the soffit plate when debonding of the sofht

plate occurs

V-", = the ma¡rimum slrear load when the specimen failed in shear

where

sofht plate

lebonded only

63.ttM960.660.6690SP.S4.L

soffit plate

lebonded only

123950.0s0.0540SP.S3-R

both plaæs

debonded

93743.243.2360sP-sl-R

both plaæs

debonded

77435.03s.0270SP-S4-R

side plate

Jebonded first

7to37.034.8180SP-S2-R

side plate

lebonded fi¡st

36.7M30.824.790SP-53-L

shea¡ peeling37.353826.40.0SP.S2-L

shea¡ peeline42.463033.40.0SP-S1-L

failure modeVt"*

lkÌ\Il

%vo

tkl\Il

v*
tkl\Il

L*

lmml

Specimen
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3.2.2 Series 2

The main purpose of this series is to investigate the increase in the shear strength in

reinforced concrete beams dw to the external soffit plaæ when the plaæ is prevented

from debonding through peeling. The beams did not have stimrps and were plaæd

over the full soffit a¡ea and over the supports. The main variation in the series is

the thickness of the soffitplates, as shown nTable2.2. Both shear spans of a

beam were tested to failure and this was achieved by clamping the adjacent shear

span, as shown in Fig.2-1. The loads shown in the following photographs is the

total applied load. The numbers indicated in the beams, in the following

photographs, is the load stage during testing. The æst rig is shown in the Fig.2-1.

The position of electrical strain gauges and the dial gauge is shown in Fig.2-3 and

Fig.2- 4, respectively.

tP = o'o mm

Beam FP/81/R

The first flexural-shear crack occurred when the applied load was 19.5 kN, as

shown inP3-27. The crack extended gradually towards the point of the applied

load as the load further increased, as shown in P3-28. Finally, the beam failed in

flexural when the maximum applied load rpached 30.0kN.

Beam FP/81/L

The first flexural crack formed when the applied load reached 20.0 kN. At an

applied load of 36.7 kN, the beam tailed in flexural.

The variation of the deflection of the beam, at the position of the apptied load, with

the applied load is shown nFig.3-22. It can be seen that initially the deflection of

the beam almost varies linearly with the applied load until the formation of the
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cracks had occurred (the point e in Fig.3-22). The stiffness decreased as the

applied load increased in the range ab and bc. The beam failed in flexure

eventually.

tP = 3'o mm

Beam F'P/B2IL

The flexural and flexure-shear cracls formed in the beam at a shear load of 33.1 kN

(Pa = 46.7 kl9, as shown in P3-29. It can be seen in P3-30 that the flexure-shear

cracks developed gradually as the shea¡ load further increased. The inclined shear

crack occurred when the shear load reached 38.8 kN (Pa = 54.7 kN), as shown in

P3-31. The beam failed finally in shear at a shear load of 46.9 kN (Pa = 66.1 kN),

as can be seen inP3-32.

Beam FP/B2IR

It can be seen in P3-33 that the flexural cracks formed at a shear load of 31.2 kN

(Pa = 44.0 kN). The inclined cracks developed gradually as the shear load

increased, as can be seen in P3-34. As the shear load further increased up to 43.2

kN (Pa = 61.0 kN), a diagonal crack formed, as shown in P3-35. Eventually, the

beam failed in shear when the maximum shea¡ load reached 50.1 kN (Pa =70.6

kN), as can be seen in P3-36.

The relationship betweæn the shea¡ load and ttre deflection of the beams is illustrated

in Fig.3-23. It can be seen in Fig.3-23 that the deflection of the beams initially

varies linearly with the shear load. The stiffrress of the beam reduces gradually

with the increase in shear load prior to the beam failing in shear. Finally, the beaml

fails in shea¡ at the maximum shea¡ load of 47:O*l{ and-50.1 kN¡ respectively.



Clwpter 3 Description of the ExperinetalTest 57

tP = 5'o mm

Beam FP/83/L

The inclined cracks first formed at a shear load of 40.1 kN (Pa = 56.5 kN), as

shown in P3-37. As the load further increased, the inclined cracks developed

gradually towards applied load and the support, as shown in P3-38 and P3-39,

respectively. Finally, the beam failed in shear at the maximum shea¡ load of 64.2

kl.f (Pa = 90.5 kl.I), as shown in P3-4O.

The relationship between the shea¡ load and the deflection of the beam is illustrated

nFig.3-24. The relationship benveen the shear load and the longitudinal strains in

the soffrt plate is given in Fig.3-25.

It can be seen in Fig.3-24 that the deflection of the beam almost varies linearly with

the shea¡ load prior to the formation of the inclined cracks (point a in Fig.3-24),

and then becomes non-linear until the beam fails in shear. The stiffness of the beam

decreases afær the fonnation of the inclined cracks at a shear load of 40.1 kN, as

shown in range ab in Fig.3-24. The relationship between the shear load and the

longitudinal strain in the soffit plate is shown in Fig.3-25; the longitudinal strain in

the soffit plate almost varies linearly with the shear load before the beam failed in

shea¡. Finally, the beam fails in shear at the maximum shear load of 64.2 kN.

Beam FP/B3/R

The inclined crack occurred at a shea¡ load of 43.0 kN (Pa = 60.6 Ñ, * shown in

P3-41. As the shear load further increased, it can be seen inP3-42 that the inclined

crack developed, and the other inclined cracks formed and extended to the points of

the applied load and support. Finally, the beam failed in shear at the maximum

shear load of 70.8 kN (Pa = 99.8 kN), as shown in P3-43.
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The relationship benveen tl¡e deflection of the beam and the shear load is illustrated

in Fig.3-26. The relationship between the shear load and the longitudinal stain in

the soffit plate is given in Fig.3-27.

It can be seen in Fig.3-26 that deflection of the beam varies linearly with the shear

load prior to the formation of the inclined crack. The shear load drops down

slightly when the i¡rclined crack occurs at a shear load of 43.2 kN, as shown by the

point e in Fig.3-26. Also, it can be seen nEig.3-27, the longitudinal snain in the

soffit plate almost varies linearly with the shear load before the formation of the

inclined crack and then slightly drops off (the point a in Fig.3-27). The stiffness of

the beam then decreases with increasing shear load as shown in the range ab and

bc in Fig.3-27. T\e beam failed finally in shear at a maximum shea¡ load of 70.8

kN.

tp = 1o.o mm

Beam FP/84/L

It can be seen in P3-44 that the inclined crack formed at a shear load of 47.3 kN (pa

= 66.7 kN). As the load increased, the other inclined cracks formed, as shown in

P3-45. As the load further increased, the inclined cracks extended gradually

towards both the applied load and the support as can be seen in P3-46 andP3-47

respectively. The beam failed eventually in shear at the maximum shea¡ load of

E5.0 kN (Pa = 119.9 kN ), as shown in Hl-4E.

The relationship between the deflection of the beam and the shea¡ load is illustrated

in Fig.3-28. The relationship be¡veen the shear load and the longitudinal st¡ains in

thé soffit plaæ isillusnated in Fig.3-29.
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It can be seen in Fig.3-28 that initially deflection of ttre beam varies linearly with the

shear load prior to the formation of the inclined crack at a shear load of 47.3 kN

(the point a in Fig.3-28). The stiffness of the beam then decreases gradually after

the formation of the inclined crack, as shown in the range ab and bc in Fig.3-28.

It is shown in Fig.3-29 that the longitudinal strains in the soffit plate vary linearly

with the shear load before the bearn tailed in shear. Finally, the beam failed in

shear at the maximum shear load of 85.0 kN.

Beam FP/84/R

The inclined cracks formed at a shear load of 51.8 kN (Pa = 73.0 kl9, as can be

seæn in P3-49. As the shear load further increased, the inclined cracks extended

gradually towa¡d the points of the applied load and the support, as can be seen in

P3-50 and P3-51, respectively. Eventually, the beam faited in shear when the

maximum shear load was 78.7 kl',I (Pa = 111.0 kN ), as can be seen inP3-52.

The relationship between the deflection of the beam and the shear load is given in

Fig.3-30. The relationship between the shear load and the longitudinal strains in

the soffit plate is illustrated in Fig.3-31

It can be seen in Fig.3-30 that initially deflection of the beam varies linearly with the

shear load. The stiffness decreases gradually afær the formation of the inclined

cracks at a shear load of 51.8 kN, as shown in the range ab in Fig.3-30. The

longitudinal strains in the soffit plate almost vary linearly with the shea¡ load prior

to the beam failing in shear, as can be seen in Fig.3-31. Eventually, the beam failed

in shear at the maximum shear load of 7E.7 kN.
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Comparison of experimental results

The experimental results of this series are given in Table 3.2. Comparison of the

deflections a¡e shown in Fig.3-32.

It can be seen in Table 3.2 tha¡ the failure mode of beams were different. The

plated reinforced concrete beams did not fail in flexural because the soffrt plates was

ærminaæd at the ends of the reinforced concrete beam; the plating action of the

supports prevented the plaæs from debonding due to peeling.

Table 3.2 Experimental results of the series 2

where

b = tlr. thickness of the soffrt plate

Vs = the she¿r load when the specimen failed in shea¡

Ep = the longitudinal strain in the soffit plaæ when the beam failed in shear

failed in shea¡93378.7010.0FPIB4/R

failed in shea¡tt4,/i85.00r0.0FPTB4IL

failed in shearT7M70.765.0FP/B3/R

failed in shear1492&.r75.0FPIB3IL

failed in shear50.033.0FP/B2/R

failed in shear46.803,0FPTB2IL

failed in flexu¡e25.940.0FPÆI/R

failed in flexure25.980.0FPTBIIL

failure mode%vs

û.NT)

b
(mm)

Specimen
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3.2.3 Series 3

The main variation in this series is the area of the ænsile reinforcement in the

concrete beam, as shown in Table 2.3. T\e test beams are without stimrps. Both

shea¡ spans of the beam were tested to failure and this was achieved by clamping

the adjacent shear span, as shown in Fig.2-1. The æst rig is shown in the Fig.2-1.

The position of the electrical resistant strain gauges and dial gauges are shown in

Fig.2-5 and Fig.2-6, respectively.

Asr = 157.0 mm2 (Do = 10.0 mm)

Ream SP/S8/L (Lsp = 0.0 mm)

The shear diagonal cracking took place at a shear load of 25.7 kN (ie., the applied

load P" -- 36.2 kN), as can be seen in P3-53. As the load further increased, it can

be seen in P3-54 that the horizontal peeling cracks formed at a shear load of 31.4

kN (Pa = 44.3 kN). Afær a small increase in the shear load, debonding of the sofht

plaûe occurred at a shea¡ load of 32.9 kN (Pa= 46.4 kN), as shown in P3-55 and

FB-56 respectively.

The relationship berween the longitudinal strains in the soffit plate and the shear

load is given in Fig.3-33. The relationship between the shear load and the

deflection of the beam is shown in Fig.3-34.

Figure 3-33 illustrates that the longitudinal strains in the soffit plate almost varies

linearly with the shear load until debonding of the soffit plate occurred. As the

horizontal peeling crack formed and developed quickly with increasing shear load,

strain gauge No.l, which was close to the soffit plate-end, reduced gradually

before the shear peeling and debonding occurred (the point a in Fig.3-33).

Debonding of the soffit plate occurred at a shear load of 33.0 kN (ie., the applied

ï
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load reached 46.4 kN), as shown by point b in Fig.3-33. The maximum

longitudinal strain in the soffit plate was 569 micro-strains when debonding

occurred. Finally, the beam failed in shear at the maximum shea¡ load of 41.8 kN.

It can be seen in Fig.3-34 that, initially, the deflection of the beam varies linearly

with the shea¡ load. Afær the inclined crack formed at a shear load of 25.7 kN (the

point a in Fig.3-34), the shear load dropped slightly. As the inclined cracks and

horizontal peeling cracls further developed with increasing shear load, the stiffness

of the beam decreased, as shown in range bc in Fig.3-34.

Asr = 157.0 mm2 (Do = 10.0 mm)

Beam SP/S81R ll,sp = 6o0.0 mm)

The first visible flexural cracks occurred at a shea¡ load of 37.2 kN (Pa = 52.5 kN),

as shown in P3-57. At a shea¡ load of 51.8 kN (Pa = 73.0 kl9, it can be seen in

P3-58 that a few cracks have formed along the edge of the side plates. As the load

further increased, it can be seen in P3-59 that the cracks developed gradually along

the plates. Debonding of the soff,rt plate took place at the maximum shear load of

62.8 kN (Pa = 88.5 kN), as shown in P3-60. Finally, the beam failed in flexure at

a shear load of 50.1 kN (Pa = 70.7 kN) after debonding of the soffit plate had

occurred.

The relationship be¡peen the strear load and the strains in tl¡e side plates is given in

Fig.3-35. The relationship between the longitudinal strains in the soffit plate and

the shear load is shown in Fig.3-36. The relationship between the shear load and

the deflection of the beam is illushated in Fig.3-37.

It can be seen in Fig.3-35 ttrat initially the ænsile strains in the side plaæs varied

linearly with the shear load and then became gradually non-linea¡ for shear loads

r..l
Itl

þ
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greater than approximately 37.0 kN. It could be implied that the local stresses had

redistribuæd and that cracks may have formed behind the side plates. Figure 3-36

shows that the longitudinal strains in the soffit plate increased gradually with the

shea¡ load until debonding of the soffit plaæ took place at a shear load of 62.8 kN.

The ma¡cimum longitudinal strain in the soffit plate was 1285 micro-strains when

debonding of the soffrt plaæ occurred. It can be seen in Fig.3-37 that the deflection

of the beam varied linearly with the shear load until debonding of the soffît plaæ

occurred. Eventually, the beam failed in flexurp at the shear load of 50.1 kN after

debonding the soffit plate ûook place.

Ast = 628.0 mm2 (Do = 2o.o mm)

Beam SP/S9/L (Lsp = 0.0 mml

It should be noted in this test that tlre soffit plaæ was nvisæd before it was glued to

the beam. Therefore, the strength of the plaæd reinforced concrete beam and the

results of the test could have been affecæd.

The inclined crack and the horizontal peeling crack occurred at a shear load of 31.6

kN (Pa = 44.5 kN), as shown in P3-61. Afær a small increase in the shear load,

debonding of the soffit plate took place at a shear load of 32.6 kN (Pa = 46.0 kN),

as can be seen in P3-62. The beam failed in shear at the maximum shear load of

45.0 kN (Pa = 63.4 kN), as shown in P3-63.

The relationship benveen longitudinal stains in the soffit plaæ and the shea¡ load is

given in Fig.3-3E. Figure 3-39 shows the variation between the deflection of the

beam with the shear load.

I

It can be seen in Fig.3-38 that the longitudinal strains in the soffit plate vary linearly
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with the shear load. Debonding of the soffit plate occurrcd at a shear load of 31.5

kÀI. The maximum longitudinal strain in the soffit plate was 451 micro-st¡ains

when debonding of the soffit plaæ took place. Figure 3-39 shows thar rhe

deflection of the beam varies linearly with the shea¡ load until debonding of the

soffit plate occurred at a shea¡ load of 31.5 kl.¡ (the point a in Fig.3-39). As the

shear load furttrer increased, the stiffness of the beam decreased, as can be seen in

the range ab and bc in Fig.3-39. The beam failed in shear at the maximum shear

load of 45.0 kIY after the soffit plaæ had debonded as can be seen at point c in

Fig.3-39.

A¡r = 62E.0 mm2 (D5 = 20.0 mm)

Ream SP/So/R ll,sp = 600.0 mml

The frst visible crack took place along the edge of the side plaæs at a shear load of

48.4 kll (P" - 68.2 kl{) as can be seen in P3-64. Afær a further increase in the

shear load, the cracks develop along the side plates as can be seen in ttì-65. Soffit

plaæ debonding occurrel at the maximum shear load of 69.8 k¡¡ (pa = 98.5 kN) as

shown in P3-66. Finally, the beam failed in flexure at a shea¡ load of 62.8 kN (pa

= 88.6 kN).

The relationship between the strains in the side plates and the shear load is

illustrated in Fig.34O. The relationship between tlre shear load and the longitudinal

suairu in the soffit plate is shown in Fig.34land tl¡e relationship benveen the shear '

load and the deflection of tl¡e beam is given in Fig.3-42.

It can be seen in Fig.3-40 that initially the strains in the side plates vary linearly

with the shear load. At a shear load of approximaæly 40.0 kN, the variation in the

tensile strains in the side plates becomes non-linear. The strain in st¡ain gauge
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No.7, that was positioned on the north side of the beam which is the closest to the

position of the applied load, was the first to reduce with increasing the shear load.

It may be suggested that the local stresses had redisribuæd and the cracks may had

occurred behind the side plaæs at the shear load of 33.0 kN (the point a in Fig.3-

¿10). As the shea¡ load was further increased, the strain in strain gauge No.l0,

which was positioned on the south side of the beam, began to drop off gradually at

a shear load of 53.0 kN (the point b in Fig.3-40) before debonding of the soffit

plate had occurred. Figure 3-41 shows the gradual increase in the longitudinal

strains in the soffit plaæ. Debonding of the soffit plate occurred at a shear load of

69.8 kN. The maximum longitudinal strain in the soffit plate was 1449 micro-

strains when soffrt plaæ debonding occurred. It can be seen inFig.3-42 that the

deflection of the beam varied linearly with the shear load. Debonding of the soffit

plaæ took place at the maximum shear load of 69.8 kN. The beam failed eventually

in flexure at a shear load of 62.8 kN after debonding of the soffit plaæ had

occurred.

Comparison of experimental results

The experimental results of series 3 are given in the following Table 3.3. As

mentioned before, it can be seen in Table 3.3 that the shear load that caused

debonding of the plated reinforced concrete beam without side plates, SP/S9/L, is

less than that in beam sP/s8/L without side plates, even though the Ar, in beam

SP/S9/L is four times that in beam SP/S8/L. It is felt that the strengrh of plated

reinforced concrete beam SP/S9 was influenced by twist in the plate. The

relationship berween the shear load and the area of the tensile reinforcement in the

concrete beams with plaæs is shown in Fig.3-43.
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Table 3.3 Experimental results of the series 3

6

debonding of

the sofflrt plate

69.8r4ø,969.8690628.0SP-S9-R

debonding of

the soffrt plaæ

62.8128562.8690157.0SP-S8-R

debonding of

the soffit plaæ

45.045r31.5628.0sP-s9-L

debonding of

the sofht plaæ

41.8s6933.0157.0SP-S8-L

failurc modeV-"t

lkN)

eDvo

&If)

Lrp

(nm)

A.t

(mm2)

Specimen

No.
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3.2.4 Series 4

The main task of this series is to investigate the variation of the shear strength in the

reinforced concrete beams due to external side steel plates. The main variation in

the series is the thickness of the side plates as shown in Table 2.4. T\e concrete

beams tested were without stimrps. Both shear spans of the beams \ilere tested to

failure. The æst rig is shown in Fig.2-1. The position of the electrical resistanr

strain gauges and the dial gauges are shown in Fig.2-7 and Fig.2-8.

trP = o'o mm

Ream SP/SS/L (Lsp = 0.0 mm)

The inclined crack took place at a shear load of 21.3 kN (Pa = 30.1 kN) as shown

in P3-67. On further loading up to a shear load of 25.2 kN (Pa = 35.6 kN), the

horizontal peeling crack had occurred at the level of the tensile reinforcement as can

be seen in FB-68. Debonding of the soffit plate occurred at a shear load of 2E.0 kN

(Pa = 4O.0 kN) as can be seen in P3-69. The beam failed in shear at the maximum

shear load of 47.1 kN (Pa = 66.5 kN), as shown in P3-70.

The relationship between the shear load and the longitudinal strains in the soffit

plate is shown in Fig.3-44 and the relationship between the shear load and the

deflection of the beam is ilhuuated in Fig.3-45.

It can be seen in Fig.3-44 that the longitudinal strains in the soffit plaæ varied

linearly with the shear load until debonding of the soffit plate took place.

Debonding of the soffit plaæ occurred at a shear load of 28.0 kN. Ttre maximum

longitudinal strain in the soffit plaæ was 542 micro-strains when debonding of the

soffit plaæ took place. Ttre beam failed in shear at the maximum shear load of 47.1

kN. Figure 3-45 shows that the deflection of the beam varied linearly with the
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shear load until debonding of the soffit plaæ had occurred.

tsP = 1'o mm

Beam SP/SS/R (Lsp = 1250.0 mm)

The f,rrst visible flexural crack formed at a shear load of 40.5 kN (Pa = 57.1 kN) as

shown in P3-71. As the load further increased, debonding of the soffit plate

occurred at the maximum shear load of 55.0 klrl (Pa = 78.0 kN) as can be seen in

P3-72. Eventually, the beam failed in flexure after soffit plate debonding had

occurred. The side plates were then removed from the beam and it was found that

debonding of the soffit plate was only induced by horizontal peeling cracks along

the level of the tensile reinforcement and no inclined cracks were found in this test

as shown in P3-73.

Figure 3-46 illustrates the va¡iation of the strains in the side plaæs with the shear

load. The relationship benveen the longitudinal st¡ains in the soff,rt plate and the

shear load is given in Fig.3-47. The relationship between the deflection of the

beam and the shear load is shown in Fig.3-48. The relationship between the shea¡

load and the strain gauges No.7 and No.l1, that were positioned at the location of

the applied load as shown in Fig.2-5 and Fig.2-6, in the side plates is given in

Fig.3-49.

It can be seen in Fig.3-46 that initially the strains in the side plates varied linearly

with the shear load. At shea¡ loads up to approximately 17.0 kN, the strains in

gauge No.7, that was positioned at the location of the applied load, increased

linearly up to point a in Fig.3-46. At a shear load of 33.0 kN, the va¡iation in the

strains in strain gauges No.6 and No.10, which were positioned close to the soffit

plate-end, become non-linear (point b in Fig.3-46). Further increases in the load
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induced local peeling of the side plates which occurred at a shear load of 47.3 kN

(point c in Fig.3-46). Figure 3-47 shows that the longitudinal strains in the soffit

plate varied almost linearly with the shear load until debonding of the soffit plaæ

had occurred. Debonding of the soffrt plate occurred at the maximum shea¡ load of

54.6 kl.I. The maximum longitudinal strain in the soffit plate was 1008 micro-

sûains when the soffit plaæ debonding had taken place.

Figure 3-48 shows that the deflection of the beam va¡ied linearly with the shear load

until debonding of the soffit plaæ had occurred at a shear load of 54.6 kN. The

stiffrress of the beam then decreased afær debonding of the soffit plaæ, as shown in

the range ab and bc in Fig.3-48. The beam failed in flexure at a shea¡ load of 53.5

kN afær soffit plate debonding had occurred. Figure 3-49 indicates rhat the ænsile

strains in the side plaæs almost varied linearly with the shea¡ load until debonding

of the soffit plaæ had occurred at the maximum shear load of 54.6 kN (point a in

Fig.3-49), and then became non-linea¡ until the beam failed in flexure at a shear

load of 53.5 kN, as can be seen in the range bc and cd in Fig.3-49.

trP = o'o mm

Beam SP/S6/L (Lsp = 0.0 mm)

The inclined crack occurred at a shear load of 26.2 kN (Pa = 37.0 kN) as shown in

P3-74. After a small increase in the load, it can be seen in P3-75 that the horizontal

peeling crack had formed at the level of the tensile reinforcement at a shear load of

28.7 kN (Pa = 40.5 kl.I). Debonding of the soffit plate occuned at a shea¡ load of

33.3 kN (Pa = 47.0 kN), as shown in P3-76. Finally, the beam failed in shear at

the maximum shea¡ load of 38.5 kN (Pa = 54.0 kN).

Figure 3-50 shows that the relationship betrveen the longitudinal suains in the soffit
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plate and the shear load. The relationship between the deflection of the beam and

the shear load is given in Fig.3-51.

It can be seen in Fig.3-50 that the longitudinal strains in the soffit plate vary linearly

with the shear load. At a shear load of 26.1 kN, there is a slight change in the

relation due to the formation of the inclined cracls (points a and b in Fig.3-50).

Debonding of the soffit plate occurred at a shear load of 33.1 kN. The maximum

longitudinal strain in the soffit plate was 598 micro-strains when debonding took

place. Figure 3-51 indicates that ttre deflection of the beam varied linearly with the

shear load, and then the stiffness of the beam decreased because of the formation of

the inclined cracks, as shown in the range ab in Fig.3-51. As the load further

increased, the stiffness of the beam decreased progressively until debonding

occurred, as shown in the range bc in Fig.3-51. The beam eventually failed in

shear at the maximum shear load of 38.5 kN.

trp = 2'o mm

Beam SP/S6/R (Lsp = 1250.0 mm)

The first visible crack formed at the end of the soffit plate at a shear load of 5?.4 kN

(Pa = 81.0 kN) as shown n P3-77 . Debonding of the soffit plate occurred ar a

shear load of 64.5 kN (P" - 91.0 kN) as can be seen in p3-78. Finally, the beam

failed in flexure at the maximum shear load of 66.6 kN (Pa = 94.0 kN), as shown

in P3-79.

Figure 3-52 illustrates the relationship between the strains in the side plaæs and the

shear load. Figure 3-53 shows the va¡iation of the longitudinal strains in the sofht

plaæ with the shea¡ load. The relationship betrveen deflection of the beam and the

shear load is given in Fig.3-54 and the relationship between the shea¡ load and the
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strains in st¡ain gauges No.7 and No.ll in the side plaæs is given in Fig.3-55.

It can be seen in Fig.3-52 that initially the strains in the side plaæs varied linearly

with the shear load, and then became non-linear at a shea¡ load of approximately

32.0 kN, as shown by the point e in Fig.3-52. As the load further increased and

the cracks developed gradually behind the side plates, local peeling of the side plaæ

on the south and north side of the bea¡n took place at shear loads of 57.5 kN and

63.3 kN, respectively. Figure 3-52 indicates that strains in the strain gauges No.6

and No.l0, which were positioned close to the soffit plate-end in the side plaæ

reduced (points b and c in Fig.3-52) prior ûo debonding of the soffit plate. The

longitudinal strains in the soffit plaæ almost varied linearly with the shear load, as

shown in Fig.3-53. Debonding of the soffit plate occurred at a shea¡ load of 64.7

kN. The maximum longitudinal strain in the soffit plate was 1254 micro-strains

when tt¡e soffit plate debonding had occurred.

Figure 3-54 indicates that the deflection of the beam varied linearly with the shear

load until the occurrence of soffit plaæ debonding. The stiffness of the beam then

decreased as the load increased, as can be seen in the range ab and bc in Fig.3-54.

Debonding of the soffit plaæ took place at a maximum shear load of 64.7 kN. The

beam failed eventually in flexure at a shear load of 66.6 kN (ie., the applied load

was 94.0 kN) afær soffit plaæ debonding had occurred. Figure 3-55 shows the

relationship betrveen the shear load and stains in the strain gauges No.7 and No.l I

in the side plaæs. It can be seen that ænsile strains in the side plaæs almost varied

linearly with the shear load before soffit plaæ debonding occurred at a shear load of

64.7 kN (point a in Fig.3-55) and then became non-linear until the beam failed in

flexure.
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tsp = o'o mm

Beam SP/S7/L fl,sp = 0.0 mm)

It can be seen in P3-80 that the crack formed at the end of the sofht plate at a shear

load of 27.2k1'l (Pa = 38.4 kÐ. The inclined cracks took place in P3-81 at a shear

load of 29.8 kN @a= 42.1kN). Debonding of the soffit plate occurred at a shear

load of 33.0 kN (Pa = 46.1 kN), as shown in P3-82. Finally the beam failed in

shear at the maximum shear load of 46.7 kN (Pa = 65.0 kN).

Figure 3-56 shows the relationship between the longitudinal strains in the sofht

plate with the shear load. The relationship betrveen the shear load and the deflection

of the beam is illustrated in Fig.3-57.

It can be seen in Fig.3-56 that the longitudinal strains in the soffit plate vary linearly

with the shear load until debonding of the soffit plaæ occurred. Debonding of the

soffit plate occurred at a shear load of 33.0 kN. The maximum longitudinal strain

in the soffit plate was 552 micro-strains when debonding took place. The beam

failed in shear at the maximum shear load of 46.7 kN afær debonding of the soffit

plaæ had occurred. Figure 3-57 shows that the deflection of the beam almost varied

linearly with the shear load until debonding of the soffit plate had occurred.

trp = 3'o mm

Beam SP/S7/R ll,sp = 1250.0 mm)

The first visible cracking had formed along the edge of the side plates at a shear

load of 63.1 kN (Pa = 89.0 kN), as shown in P3-83. Debonding of the soffit plaæ

occurred at a shear load of 72.6 kN in P3-84 (Pa = 102.4 kÐ.

Figure 3-58 shows the variation of the strains in the side plates with the shear load
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and Figure 3-59 illustrates how the longinrdinal strains in the sofht plate varied with

the shear load. The relationship betrveen the shear load and the deflection of the

beam is given in Fig.3-60 and the relationship between the shear load and the

strains in the strain gauges No.7 and No.l I in the side plates is shown in Fig.3-61.

It can be seen in Fig.3-58 that initially the strains in the side plates vary linearly

with the shear load, and then become non-lineat at a, shear load of 40.0 kN

approximaæly (point a in Fig.3-58). As the shear load further increased and the

cracks developed progressively behind the side plates, local peeling of the side

plates took place at the shear load of 68.7 kN and 71.3 kN respectively. It can be

seen in Fig.3-58 that the strains in the strain gauges No.6 and No.l0, which were

positioned close to the end of the soffit plate, in the side plaæs dropped off (points

b and c in Fig.3-58) prior ûo debonding of the sofht plate. Debonding of the soffit

plaæ occurred at a shear load of 72.6 kN. It can be seen in Fig.3-59 that the

longitudinal strains in the soffit plaæ almost vary linearly with the shear load until

debonding of the soffit plate occurred. The maximum longitudinal st¡ain in the

soffit plate was 1310 micro-strains when debonding of the soffit plaæ took place at

a shea¡ load of 72.6 kN.

Figure 3-60 shows that the deflection of the beam varied linearly with the shear load

until debonding of tl¡e soffit plate occurred at a shear load of 72.6 kN (point a in

Fig.3-60). The stiffness of the beam then decreased with increasing load afær

debonding of the soffit plaæ had taken place, ¿rs can be seen in the range bc in

Fig.3-60. Finally, the beam failed in flexure at a shear load of 65.5 kN (point c in

Fig.3-60). Figure 3-61 indicates the relationship betrveen the shear load and the

strains in strain gauges No.7 and No.l l in the side plaæs. It can be seen that the

tensile strains in the side plaæs almost varied linearly with the shea¡ load before

debonding of the soffit plaûe occurred at the shear load of 64.7 kN, and then the
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va¡iation became non-linear until the beam failed in flexure.

Comparison of the experimental results

The experimental results of series 4 a¡e given in the following Table 3.4. The

relationship berween the thickness of the side plaæs and the debonding shea¡ load is

shown in Fig.3-62.

Table 3.4 Experimental result of the series 4

debonding of tlre

soffit plaæ

72.6131072.612s0.03.0SP-57-R

debonding of tÌ¡e

sofht plate

46.t55233.0SP.57-L

debonding of the

soffit plate

64.7t254&.71250.02.0SP-S6-R

debonding of ttre

soffit plate

38.559833.1SP-Só.L

debonding of the

soffrtplaæ

54.61m854.61250.01.0SP-S5-R

debonding of the

soffit plate

47.154227.9SP-S5.L

failure modeVo,*

ftM

%vro

ûaN)

L*

(mm)

trp

(mm)

Specimen
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3.2.5 Series 5

The object of this series is to determine the effect of prestressing on the debonding

of the soffit plate by varying the degrees of the prestressing forces in a post-

tensioned beam. The tesæd beams were subjecæd to three points load as shown in

Fig.2-2. The geometric properties of this series are given in Table 2.5. The test rig

is shown in the Fig.2-2 and the positions of the electrical resistant stain gauges and

dial gauges are shown in Fig.2-ll.

Beam PTI (Pl = 3.0 kN)

It can be seen in P3-85 that the flexural cracks formed at an applied moment of 1.2
kNm (P" = 15.4 kN). Flexurc-shear cracks occurred at both ends of the soffrt plate

at an applied moment of 16.2 kNm (P" =22.3 kN at the load stage 6), as can be

seen in P3-86 and P3-E7. The horizontat peeling cracks took place at an applied

moment of r9.2 kNm and 20.7 kNm (ie.,load srages 8 and 9), as shown in p3-g7

and P3-88 respectively. As the applied moment further increased, it can be seen in

P3-88 that the peeling cracks developed gradually along the level of the bortom

reinforcement Debonding of the soffit plate occurred at an applied moment of 27 .B

kltJm (Pa = 39.0 kN), as shown in P3-89. It can be seen in p3-90 that rhe beam

finally tailed in flexure at an applied momenr of 29.2kNm (p" = 40.2 kll).

Figure 3-63 illustrates that the variation of the longitudinal strain in the middle of

the soffit plate with the applied moment. Figure 3-64 shows that the relationship

between the average strain at the both ends of the plaæ and the applied moment.

Figure 3-65 gives the moment-deflection curye for the beam.

It can be seen in Fig.3-63 that the longitudinal strain in the centrc of the soffit plate

varied linearly with the applied moment until debonding of tt¡e soffit plaæd occuned
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at an applied moment of 27.8 kNm. Figure 3-64 shows that the average strain, at

the both ends of the soffit plate, initially varied linearly with the applied moment

and then the strain reduced afier flexural cracks had formed at an applied moment of

11.2 kNm (point e in Fig.3-64). As the applied moment further increased,

horizontal peeling cracks formed at both ends of the plate at applied moments of

19.2 kNm and 20.7 kNm. It can be seen that the average strain, at the ends of the

plate, reduced again at points b and c in Fig.3-64. Figure 3-65 shows the

relationship between the deflection in the centre of the beam and the applied

moment. It can be seen that the stiffness of the beam decreases with increasing

applied moment afær debonding of the soffit plate has taken place, as shown the

range bc in Fig.3-65.

Beam PT2 (Pr = 30.0 kN)

It can be seen in P3-91 that flexural cracks occurred at an applied moment of l2.S

kNm (P" = 17.2 kN at load stage 4). The horizontal peeling crack formed ar the

applied moment of 23.4 kl.I- (P" = 32.3 kN at load srage 9), as shown in p3-92.

As the applied moment further increased, it can be seæn in P3-93 that the horizontal

peeling crack developed progressively along the level of the bottom reinforcement,

and flexure-shear cracks extended towards the compressive region of the concrete.

Debonding of the soffit plare took place at an applied moment of 32.3 kNm (pu -
44.5 kN), as shown in P3-94. Eventually, the beam failed in flexure at the

ma¡rimum applied moment of 32.5 kN- (P" = M.8 kN), as shown in p3-95.

Figure 3-66 shows how the longitudinal strain in the middle of the soffit plaæ

varies with the applied momenL Figure 3-67 illustrates the variation of the average

strain, at both ends of the plate, with the applied moment and Figure 3-6g shows

the relationship between the deflection in the centre of a beam and the applied
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momenl

It can be seen in Fig.3-66 that the longitudinal strain in the middle of the sofht plate

varied linearly with the applied moment and then the strain dropped down rapidly

when debonding of the soffrt plate had taken place at an applied moment of 32.3

kl.Im. Figure 3-67 gives the variation of the average strains, at both ends of the

soffit plate, with the applied moment. It can be seen that the strain drops slightly

when the flexural cracks form at the ends of ttre sofflrt plate at an applied moment of

12.5 lù{m (point a in Fig.3-67). The horizontal peeling cracks took place at an

applied moment of 23.4 kNm (point b in Fig.3-67), and then the strains dropped

off rapidly with further increasing in the applied moment(poinr c in Fig.3-67)

before debonding of the soffit plate occurred. Figure 3-68 illustrates the variation

of the deflection in the centre of a beam with the applied moment. It can be seen

that the stiffness of the beam decreased with increasing applied rnoment after

debonding of the soffit plate occuned (range bc in Fig.3-68). Finally, the beam

failed in flexure.

Beam PT3 (Pr = 1E.0 kN)

It can be seen in Itì-96 the sequence of the crack formation during the testing. The

first visible flexural crack occurred at the end of the soffit plate at the load stage 8

(ie., the applied moment was I1.8 kNm and P" = 16.3 kN), and then the horizontal

peeling crack formed at load stage 14 (ie., the applied moment was 23.0 kNm and

Pa = 31.7 kN). Debonding of the soffit plate occurred at load stage 23 (ie., the

applied moment reached 30.8 kNm and P" = 42.4kN). At last, the beam failed in

flexure at the maximum applied moment of 32.4¡¡rlm (pa = 44.6 kN).

Figure 3-69 shows the variation of the longitudinal strain, in the middle of the soffit
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plate, with the applied moment Figure 3-70 illustrates the va¡iation of the average

strain, at both ends of the plate, with the applied moment. Figure 3-71 gives the

relationship beween the deflection in the centre of a beam and the applied momenL

It can be seen in Fig.3-69 that the longitudinal strain in the middle of the soffit plate

varied linearly with the applied moment, and then dropped rapidly down when

debonding of the soffit plaæ had taken place at the applied moment of 30.8 kNm.

Figure 3-70 shows the variation of the mean strain, at both ends of the soffit plate,

with the applied moment. Initially, the strain varied linearly with the applied

moment up to 7.4 kNm (point a in Fig.3-70) and then dropped down rapidly. It

could be implied that the cracks had already occurred at this stage before the first

visible crack, which is shown in P3-96 (ie., the load stage 8), had been observed.

The suain then dropped down slightly when the horizontal peeling cracks formed at

the applied moment of 23.0 kNm, as shown at point b in Fig.3-70. As the applied

moment further was incrcased the cracks extended progressively; ttre average strain,

at both ends of the soffit plate, dropped off rapidly before debonding of the soffTt

plaæ had taken place (point c in Fig.3-70). Figure 3-71 illustrates rhe variation of

the deflection in the centre of a beam with the applied moment. It can be seen that

the stiffness of a beam decreased with increase in the applied moment after

debonding of the soffit plate occurred at an applied moment of 30.8 kNm, as

shown in the range bc in Fig.3-71. Finally, the beam failed in flexure at the

maximum applied moment of 32.4kNm (ie., the applied load was 44.6 kl.Ð.

Beam PT4 (Pr = 42.0 kN)

It can be seen in P3-97 the crack pattern afær the horizontal peeling crack had

formed. The fust flexural crack occurred at load stage 9 (ie., the applied moment

was 13.2 kNm and Pa = 18.1 klrl), and the horizontal peeling crack formed at load
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stage 17 (ie., the applied moment was 23.6 kNm and Pa = 32.5 kN). It can be

seen in FB-98 that the beam failed eyentually in flexure afær debonding of the soffit

plaæ had occurred at load søge 21 (ie. the applied moment reached 31.8 kNm and

Pe= 43- E klÐ.

Figure 3-72 gives the variation of the longitudinal strain, in the middle of the soffit

plate, with the applied moment. Figure 3-73 shows the relationship between the

average st¡ain, at both ends of the plate, and the applied moment. Figure 3-74

illustrates the relationship betrveen the deflection in the centre of a beam and the

applied moment.

It can be seen nFig.3-72 that the longitudinal strain in the middle of the soffit plaæ

varied linearly with the applied moment, and then dropped off at the applied

moment of 3l.E kNm when debonding of the soffit plaæ had occurred (point a in

Fig.3-72). Figure 3-73 shows the va¡iation of the mean strain, at both ends of the

plate, with the applied moment. It can be seen that the strain dropped off when the

crack formed at the end of the plaæ at an applied moment of 13.2 kNm (point a in

Fig.3-73). When the horizontal peeling cracks had occurred at the applied moment

of 23.6 kNm, the strain dropped gradually down as the applied moment was further

increased (ie., point b in Fig.3-73). Figure 3-74 illustrates the variation of the

deflection in the centre of a bea¡n with the applied moment. It can be seen that the

stiffness of the beam decreased as the applied moment further increased after

debonding of the sofht plate had occurred (range bc in Fig3-7Ð. Finally, the

beam failed in flexure at the maximum applied moment of 34.9 kNm (ie., the

applied load reached 48.1 kll).
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Comparison of the experimental results

The experimental results of the series 5 are given in ttre following Table 3.5. The

relationship between the varying degrees of the prestressing forces in a reinforced

concrete beam and the cracking moment, peeling moment and debonding moment is

shown in Fig.3-75.

Table 3-5 Experimental results of the series 5

where

I4cr = cracking moment

Mpl = peeling moment

Md - debonding moment

6t231.823.6t3.242.0Yr4

70532.323.4t2.530.0PT2

60830.823.011.818.0PT3

63027.8t9.2tl.20.00PTI

%Md

ftNm)

Mpl

ftNm)

M-

ftl.lm)

P¡

0ù.r)

Specimen

No.
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3.3 Summary of the exper¡mental results

For series l, in which the length of the side plates was varied, the test results, in

Table 3.1, showed that the slrea¡ strength of the reinforced concrete beams, without

stimrps, increases with increasing the length of the side plates, as shown in Fig.3-

21. Also the debonding moment of the plaæd reinforced concrete beams increases

as the length of the side plates increases.

For series 2, in which the tl¡ickness of the sofflit plate varied, the test results, in

Table 3.2, showed that the shear strength increases with the increase in the

thickness of the soffit sæel plaæ.

For series 3, in which the a¡ea of the longitudinal tensile reinforcement was varied,

the experimental test results show that the debonding moment increases with the

greater a¡ea of the longitudinal tensile reinforcemenL

For series 4, in which the thickness of the side plates varies, the increase in the

shear strength of the reinforced concrete beams, without stimrps, is the result of the

thickness of the side plaæ increasing, as shown in Table 3.4 and in Fig.3-62,

respectively.

For series 5, in which the degree of the initial prestressing force is varied, the

experimental results show that debonding moment increases generally with the

prestressing forces, as can be seen in Table 3.5 and Fig.3-75, respectively.
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P3-l The flexural crack formed

P3-2 The horizontal peeling crack formed at the

level of the bottom reinforcement
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P3-3 The web crack formed
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P3-4 The cracks developed
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P3-5 The peeling crack extended along the

level of the bottom reinforcement
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P3-6 Debonding of the soffit plate
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P3-7 Premature failure
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P3-8 The inclined cracks occurred in the

vicinity of the soffit plate
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P3-9 The shear diagonal crack formed
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P3-10 The shear peeling and shear failure
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P3-11 Cracks formed along the edge of the

side plate in south
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P3-12 Cracks formed along the edge of the

side plate in north
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P3-13 Cracks extended and peeling crack formed

at the level of the bottom reinforcement
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P3-14 Debonding of the soffit plate
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P3-15 Debonding of the soffit plate
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P3-16 The crack formed at the soffit plate-end
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P3-17 Debonding of the both side and soffit plate occurred
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P3-18 The flexure crack formed
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P3-19 The cracks formed along the edge of the plates
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P3-20 Debonding of the side and soffit plates
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P3-21 The flexural crack formed
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P3-22 Cracks occurred along the edge of the plates
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P3-23 Debonding of the soffit plate

P3-24 The flexural crack occurred
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P3-25 Cracks formed along the edge of the plates
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P3-26 Debonding of the soffit plate
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P3-27 The flexural crack formed
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P3-28 Crack extended toward a point of the applied load
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P3-29 The flexural and flexure-shear cracks formed
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P3-30 The cracks developed gradually
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P3-31 A shear diagonal crack formed
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P3-32 A beam failed in shear
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P3-33 The flexural crack occurred
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P3'34 The inclined crack formed
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P3-35 A shear diagonal crack occurred
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P3-36 A beam failed in shear
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P3-37 The inclined cracks formed
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P3-38 The inclined crack developed gradually
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P3-39 The inclined cracks extended toward the
points of the applied load and support

P3-40 A beam failed in shear
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P3-41

102

The inclined crack formed
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P3-42 A diagonal crack occurred and the cracks extended
toward the points of the applied load and support
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P3-43 A beam failed in shear
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P3-44 The inclined crack formed
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P3-45 A diagonal crack formed
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P3-46 The cracks developed gradually
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P3-47 'fhe cracks extended toward the points
of the applied load and support
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P3-48 A beam failed in shear
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P3-49 The inclined cracks formed
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P3-50 The inclined cracks developed gradually
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P3-51 The inclined cracks extended toward the
points of the applied load and support
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P3-52 A beam failed in shear
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P3-53 The inclined crack formed

P3-54 The horizontal peeling cracks formed at
the level of the tensile reinforcement
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P3-55 The shear peeling occurred
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P3-56 Debonding of the soffit plate
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P3-57 The first visible crack formed in a beam
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P3-58 The cracks formed along the edge of the side plate
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P3-59 The cracks developed along the edge of the plate
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P3-60 Debonding of the soffit plate occurred
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P3-61 The inclined and horizontal cracks formed
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P3-62 The shear peeling and debonding of the soffit plate
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P3-63 The beam failed in shear
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P3-64 The first visible crack occurred
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P3-65 The cracks developed along the side plates
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P3-66 Debonding of the soffit plate
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P3-67 The inclined crack occurred

The horizontal peeling cracks occurred
along the level of the bottom reinforcement
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P3-69 The shear peeling and debonding of the soffit plate

P3-70 The beam failed in shear
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P3-71 The flexural crack formed
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P3-72 Debonding of the soffit plate
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P3-73 The side plates were chopped off from
a beam after the beam had been tested
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P3-74 The inclined cracks formed
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P3-75 The horizontal peeling crack had formed
along the level of the bottom reinforcement
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P3-76 The shear peeling and debonding of the soffit plate
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P3-77 The first visible crack occurred
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P3-78 Debonding of the soffit plate occurred
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P3-79 The beam failed eventually in flexure
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P3-80 The crack formed at the end of the soffit plate
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P3-81 The inclined cracks formed
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P3-82 Debonding of the soffit plate occurred
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P3-83 The cracks formed along the edge of the side plate
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P3-85 The flexural crack formed

P3-86 The flexure-shear cracks occurred at
the end of the soffit Plate
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P3-87 The horizontal peeling cracks formed
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P3-89 Debonding of the soffit plate

P3-90 The beam failed in flexure
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P3-91 The flexural crack occurred
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P3-93
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The peeling cracks developed progressively
along the level of the bottom reinforcement
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P3-g7 the crack formed and developed after- the
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Fig.3-47 trp = 1.0 mm, Lsp 1250.0 mm. Longitudinal strains
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Fig.3-51 trp = 0.0 mm, Lrp = 0.0 mm'
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Fig.3-55 trp = 2.0 mm, L.p = 1250.0 mm. Strains in the strain gauges
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4.1 Introduction

Previous research as described in Section t.2.1had shown that debonding due to

flexural peeling forces depends on the flexural rigidity of the section. As the flexural

rigidity changes with the degree of prestress (16) a computer model had been

developed to predict the flexural rigidity of the ptated reinforced concrete beam with

varying degrees of the initial prestressing forces. The overall flexural rigidity

depends on the applied load, the degree of the cracking, the plate thickness and the

initial prestress. In order to determine the flexural rigidity of the plaæd reinforced

concrete beam at each applied moment stage, a computer program is developed to

caffy out the numerical calculation. This can be achieved by determining the

moment versus the curvature diagram in terms of the different stress-strain laws of

the concrete some of which include the effect of tension stiffening.

Analytical models based on the compatibility of deformations and equilibrium of

forces are presented to predict the flexural rigidity and hence the debonding moment

of the plated reinforced concrete beam with varying degrees of the initial

prestressing forces.

170
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4.2 Assumptions

For any symmetrical plated prestressed or non-prestressed reinforced concrete

section the theoretical flexural rigidity of the section is based on the following three

major assumptions: the first, the Bernoulli theorem, assumes that plane sections that

are plane before bending remain plane afær bending (the deformation due to shear

strains are neglected); the second assumption is that the stress-strain relationship of

concrete, reinforcement and steel plaæ are known; and the final assumption is that

the reinforcement is subjected to the same variation in strain as the adjacent concrete

so that the bond at the interface has infiniæ stiffness. In the case of a Post-tensioned

beam, it is assumed that the duct is grouted just after transfer and there is no slip

between concrete and reinforcement. However, the bonded tendons do not have the

same st¡ain as concrete at the same distance from the neutral axis of the section. It is

alsci assumed that the effect of the adhesive layer is negligible in comparison to that

of the reinforced concrete and steel plaæ because the thickness of the epoxy is very

small.

In general, a rectangular cross section of the plaæd reinforced concrete member

consists of three types of reinforcement as shown in Fig.4-la: steel plate, non-

prestressed and prestressed steel bars. The forces acting on each element of the cross

section are illustrated in Fig.4-lb.

nonprestresslng bars !

I L€
prestresslng bars

nonprestresslng bars

steel plate
->FÞ!*F.t(Ð

o

oo

(a)

Fig.a-l Analysis cross section

(b)

Fo
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4.3 Material Properties

The maærials are assumed to be in a state of uniaxial stress and have the following

properties.

4.3.1 Stress-strain relationship of concrete in uniaxial compression

For concrete in uniaxial compression, two relationships between stress and strain a¡e

assumed: firstly the stress is proportional to the strain as shown inFig.4-2(a); and

secondly the short-term uniaxial stess-strain curye adopted for the concrete is based

on the widely used relationship in compression suggested by Hognes¡u¿ (17), ¿5

shown in Fig.a-2Q).

Oc o.

fc

Ec tc
to

(b)

ßig, 4-2 Stress-strain relationship of the concrete in uniaxial compression

The concrete stress-strain relationship suggested by Hognestad is expressed as

follows.

€cu00

(a)

and

for 0lg"(go (4-1)
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A" =fc
€--&1-0.15-
&"-&

for Eo1à"1eru (4-2)

where

Oc = comprcssive stress in concrete

fc = pe* stress on the stress-strain curve of concrete in

compression

tc = compressive strain in concrete

ç -r)f"v0-s-
llc

tcu = 0'003

Ec = modulus of elasticity of concrete

4.3.2 Stress-strain relationship of concrete in tension

The tension stiffness effect represents the capacity of the intact concrete to carry

internal tensile forces between adjacent cracks. If this effect is disregarded in

analysis of a plaæd reinforced concrete beam, especially at the level of service loads,

the stiffness of a beam may be underestimated. Tension stiffening has therefore

been included using the model shown in Fig.4-3.

Researches (18-23) have found that the effect of tension-stiffness mostly depends

upon the value of mp in the member. The term m 
^nd 

p Ne commonly called the

modulus ratio and the steel ratio, respectively. Tension-stiffness is most

predominant when mp ßrelatively small and diminishes as mp increases, as shown

in Fig.4-3. In a plated reinforced concrete beam, the value of mp is much higher

than that of reinforced concrete beam since the external soffit steel plate acts as a
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part of ænsile reinforcement.

Oct

f;

t.0

0.5

0.0

6ct

1.0

1.0

mp increase

(b)

%rack

l0 Ê crck

t
1.0

Fig.a-3 Concrete tensile sress-strain curves

6C

f1

1.0

0.5

tc €ct

E c¡¡ck
oLo

(a)

Fig.a-a Concrete tensile stress-strain curves used in analysis

In the present study, it is assumed that the bond stress is constant. Three models for

tension are employed in this study. In the first model the concrete is assumed not to
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be able to have tension. In the second model, the concrete is allowed to retain finiæ

ænsile capacity, as shown in Fig.4-4(a). The tensile stress-strain relationship of

concrete shown in Fig.4-4(b) is used in the third model to investigate the effect of

tension stiffness on the flexural rigidity of a plated reinforced concrete beam. The

relationship shown in Fig.a-a@) is expressed as follows:

o"t f, for tct I tcræk (4-3)

ocr = f,It-o ] for Ê",""¡ ( €ct I 10 €çr¿ç¡ (4-4)

oct =Q for €"¡ > 10 tcrack (4-5)

where

oct = tensile stress in concrete

f, = p"uk stress on the stress-strain curve for concrete in tension

tcr = tensile strain in concrete

tcrack = strain of concrete corresponding to the maximum tensile stress

4.3.3 Stress-strain relationship of steel

For the non-prestressed steel bars, prestressed steel and the steel plate, a bilinear

stress-strain relationship is assumed in the analysis, as shown in Fig.4-5. The

relationship is expressed as follows:

Ít = E'E' for &<€y (4-6)

ft =fy (4-7)

and

for t' > ty
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1.0

8¡

0.0 1.0
Êy

Fig.4-5 Stress-strain curyes of steel

The prestressed plated reinforced concrete beams considered here arc assumed to be

simple-support beams with rectangular sections. Furtherrnore the ends of the plates

are assumed to be terminate far away from the maximum moment region and close

to the supports, hence the steel is considered to be linear elastic in the following

analyses.

Ir
fy
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4.4 Method of Analysis

The segmental method is used in this analysis. The cross-section is divided into

segments, as shown in Fig.4-6. The behaviour of each segment is defined by the

moment versus the curvature relationship obtained for the whole section as described

as following. The analysis of the section is carried out by selecting a value of the

extreme fibre strain e, inîction and then finding, by the method of iteration, the

curvature 0 and hence the location of neutral axis dn¡ which simultaneously satisfies

compatibility and equilibrium. The process is then repeated for increasing values of

the extreme fibre strain. By calculating at every sæp the internal moment and the

curvature, the corresponding flexural rigidity of the plaæd reinforced beam with

varying degrees of prestress can be deterrnined and in particular the flexural rigidity

at the debonding moment.

dnt

dci

ìayer i
ofn

I ayers

Fig.a-6 Layers in cross section and strain distribution

The prestressed plaæd reinforced concrete beam is assumed to have a curved cable

profile as shown in Fig.4-7, and also to have tensile and compressive reinforcing

bars. The analysis procedure has two stages: the reinforced concrete beam without

the external soffit plate is first prestressed and this is referred to as at Stage One; and

the steel plaæ is then assumed to be bonded to the prestressed member, so that Stage

Et
Reference Axls

€t

,\a

Acr

&'
Art

,\
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Two consists of the analysis of the exærnally loaded prestressed plaæd beam'

st€el plate

ßig.4-7 Plaæd reinforced concrete beam profile

It is assumed that the duct is grouted just after transfer and there is no slip between

concrete and reinforcement. However, it should be noted that the bonded tendons do

not have the same strain as the concrete at the same distance from the neutral uris of

the beam.

4.4.1 Stage One

Here we are considering a post-tensioned reinforced concrete beam without an

external soffit plate. The post-tensioned reinforced concrete beam consists of

tendons at a depth dps, âS shown in Fig.4-8, and ænsile and compressive reinforcing

steel at the depths d." and d.¡.

e AxlsReferenc
__/-t

E

Asc * Fsc

<- FP'

#F,,

.Ë

{ It

b

Fc

Apt

A.r

Fig.4-E Analysis cross-section at Stage One
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The section is represented as n number of thin layers as in Fig.4-6' With a

predetermined strain E¡ and a trial value for the curvature 0 as shown in Fig.4-6, the

linear strain distribution in the section is specified. The location of neutral axis, dn¡

in the section and the strain Er¡ttlayer i can be deærmined by the following:

dni = €t0 (4-8)

(4-e)

where

dci = depth of element to the top fibre section

The stress, õç¡, ând hence force, F.¡, in each layer of concrete can be deærmined by

means of the stress-strain relationships of concrete, as given by the following

equations:

oci = f(e"ù (4-10)

Fci = oa4i (4-11)

where the stress-strain relationships are described in 
^S¿cr. 

4.3 and

,\t T, tr., the area of a concrete layer

b = width of the cross-section

d = depth of the cross-section

tci o dni - dciet 
dni

Therefore, the resultant force in the concrete layers, F., can be deærmined by:
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F"

where

Asc =

Ast =

Ap, =

E
-S

E
^?s -
Fsc =

F.t =
Fp. =

E*=

ta=

c.AF

F-= e*E"A- = r,#E-A*

Fu = €,,8,{",= €,TEA,
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O¿AaI
l=l

tf(e'¡E
n

(4-12)

(4-13)

(4-t4)

(4-1s)

l=l

The forces in the reinforcement and tendons, as sholvn in Fig.4-8, are determined by:

F = t¡F+"4n"

area of reinforcement in the top section

area of reinforcement in the bottom section

afea of tendons

modulus of elasticity of reinforcement

modulus of elasticity of tendon

force in reinforcement in the top section

force in reinforcement in the bottom section

force in tendons

strain in reinforcement of the top section

strain in reinforcement of the bottom section

Strain in tendon due to initial prestress

It is convenient to treat the total forces in the reinforcement and concrete layers as

being a resultant force, Fro, as shown in Fig'4-9'
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I

Fp. F¡cc

Fig.4-9 Forces equilibrium at Stage One

For a simply supported post-tensioned beam, the resultant force, Fr"., must be equal

to the force acting in the cables as shown in Fig.4-9, hence for equilibrium:

À!

E
^ sec FPs (4-16)

where

Fr"" = Fr"f Fr,+F" (4-r7)

The external bending moment in the section is zero at Stage One. Therefore the

depth d. of the resultant forces in the concrete layers can be deærmined as:

io"A"d"
t=l (4-18)

Taking moments about the reference axis, as shown in Fig.4-8, the depth dr". of the

resultant forces in the reinforcement and concrete layers can then be determined as:

+F + (4-1e)
soc

dc
O¿Ao

i=t

dr""

The depth of resultant force in the reinforcement and concrete layers must equal the
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depth of the cable during this prestressing stage, ie. Stage One, hence:

dr"" dn, (4-20)

182

:'ì
!l
:

The following iterative procedure is used to ensure that Eq.(4-20) is complied with.

With a fixed value of strain say t¡ç, the total force F.." in the reinforcement and

concrete layers can be calculated by selecting trial values of curvature 0¡ç, 0y and so

on, as shown in Fig.4-10(a), until the equilibrium of Eq.(4-16) is satisfied in terms of

Eqs.(4-8) to (4-15), ie, F.""/Fos = 1 in Fig.4-10(a). The initial curvature 0l for a

strain t*, at the top fibre in the section is then determined. Furthermore, the depth of

resultant forces dr"" can be determined by F4.(4-19). If Eq.(4-20) is not satisfied to

within a required error tolerance, ie. dssJdps \ I in Fig.4-10(b), then an improved

value of strain say €, is chosen and the procedure illustrated in Fig.4-10(a) is

repeated. By selecting different values of strain t¡, €y and so on, in the top section

as shown in Fig.4-10(b) and repeating the above process shown in Fig.4-10(a), the

Eqs.(a-16) and (4-20) can be satisfied simultaneously, as shown in a flow-chart in

Fig.4-11. Finally,/i$can work out the initial curvature, 0¡ and extreme fibre

strains, t¡, in the section due to the initial prestressing force P¡ acting alone as shown

inFig.4-12. Hence, for a specific reinforced concrete section, the variation of initial

curvature, 0¡, in the reinforced concrete beams with the varying degrees of initial

prestressing forces P¡ can be determined in this way for Stage One.

ii
rl;"'',

\.'",,

p
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Fsec/ Fps

1.0

where,
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dsec/ dps

1.0

e, F¿

Fig.4-10

ei

tsci

0i (negattve)

tpi

8bi

Flg.4-12 Strain distribution in the section at Stage One

€Ui = strain in the bottom frbre of concrete due to initial prestressing forces

€cpsi = concrete strain at tendon level due to the initial prestressing forces

ei = strain in the top fibre of concrete due to the initial prestressing forces

%¡ = strain in prestressing steel due to initial prestress

€sci = concrete strain at the level of reinforcement in the top section due to

I

I

-t-
e

Et

-t
I

I

e¡

(b)

e
et

I

I

I
I

(a)
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I
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I

I

e,

I

I
I

I

,,'l
rI
:

'I €æpsi
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initial prestress

€sti = concrete strain at the level of reinforcement in the bottom section

due ûo initial Prestress

0¡ = initial curvature of section due to initial prestress

Yes

No

Yes

I
I

l

Determining the initial
curvature and extreme

fiber strain, 0i, ti andeh

Is the equation (4-20) satified
within error tolerance?

Is the equation (4-16) satified
within- error tolerance?

Work out Fc, Fsc, Fst,
R"c, dc and dt""

Selecting
a new

value for 0
(as shown
in Fig.S-l1a)

Selecting
a new

value of et
(as shown
in Fig.S-10b)

No

chosing a trial value for
the curvature, 0,

Selecting a value of tt

I

Fig.4-11 Flow-chart at stage one
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4.4.2 Stage Two

At the second stage, the post-tensioned concrete beam is strengthened by bonding

the external soff,rt steel plaûe as shown in Fig.4-7 and it is then subjected to an

applied load. The ends of the plate are terminated far away from the mætimum

moment region and close to the supports. The post-tensioned beam consists of the

prestressed tendons, the non-prestressed bars and the sæel plate. It is necessary to

determine the relationship between the moment and curyature in the prestressed

plaæd section in terms of the different stress-strain laws of the conctete, described in

Sect.4.3 in order to determine the variation in the flexural rigidity. This is because

the peeling forces have been shown in Sect.l.2.l depend on the change in the

curvature of the section. In order to determine the change in the curvature of the

section, the applied-moment/curyature relationship for the plated post-tensioned

beam is determined. This is achieved in the following analysis by determined the

moment and curvature for a fîxed extreme fibre strain e, and fixed prestressing

forces. In this way the complete diagram of the moment-curvature is constructed

point-by-point through a succession of analysis in which el is gradually increased.

The flexural rigidity of beam can then be found at each point of moment-curvature

diagram.

The section is represented by a number of thin layers, as shown in Fig.4-6. The

strain distribution and forces acting on the section is given in Fig.4-13, where, 0 =

total curvature in the section, 
^e 

- the change in curvature, dp = depth of sæel plaæ

to the top section, Fp = force in sæel plate, tp = conctete strain at the level of steel

plate, Ecps = concrete strain at tendon level.
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e.sc

I

(a) Straln dlstrlbutlon
at second stage

€"pt gb

(b) forces acting on the
sectlon at second stage

(4-21)

(4-22)

(4-23)

(4-24)
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_t
ê

'E

Reference Axls

-t-
esci

Fsc

F.

e
!t !,

l*Eur

Fp.

Fst

Fp

%

Fig.4-13 Strain distribution in the section at second stage

Vy'e assume that the strain in the section is linearly distributed as shown in Fig.4-

13(a), with a predetermined value ero at the extreme top fibre of section. A trial

value of curvature e is chosen. The neutral axis do¡ can be determined in terms of

F4.(4-S). The strain in each concrete layer can be calculated from Eq.(a-9). The

strains in the concrete at the levels of tensile reinforcement, prestressing tendon,

compressive reinforcement and steel plate are thus

€to

eb

t..

€st

dni - dr"
doi

dps - dni

dni

% etoLff+€ui

The suain in the tendon is
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%r = tp¡+ tcpsi * tçs (4-2s)

As it is being assumed that the steel remains linear elastic, the forces in tensile

reinforcement, prestressing tendon, compressive reinforcement and sæel plaûe are

187

Fr" = (tsc + trsi)ErAr" - o*4"
Fn, =fosEprAnr-opr$,

Fst = (tst + t.¡¡)Er4t - Ort4,

FP = %Eén

(4-26)

(4-27)

(4-28)

(4-2e)

in which, or" = f(tsc + Erç¡), op, = f(Eçps * €çpsi), or, = f(tr, + ts6)' ie'' the stress

in the concrete at the same level of the reinforcement.

The stress and force in each concrete layer and the resultant forces in the concrete

layers can be determined by the following equations:

O"i = f(€c,i) (4-30)

(4-31)Fci = oa 4¡

(4-32)

where, €ci = f(€¡,81s). The depth of resultant forces of concrete layers is then

deærmined by the following equation:

p"=io"Ac=Ërtol$
l=l i=l n

E

) o"A"d"
l=l (4-33)

OoAot
l=l

dc
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For the forces equilibrium in the section, we have

F"+Fr"+FprfFrt*Fn=Q (4-34)

Equation (4-34) can be solved by selecting trial values of curvature in the section for

the predeærmined extreme fibre strain. Then by taking moments about the reference

axis of section, as shown in Fig.4-13, the bending moment M in the section is given

by:

M = F"d" + Fr"dr"+ Fnrdp, + Fr,dr, + Fndn (4-3s)

The procedure is then repeated for different values of e, to form the moment-

curvature relationship for the prestressed plated beam from which the flexural

rigidity can be obtained at the debonding moment as described in Chapær 5. The

procedure can be repeated for varying degrees of prestressing force. A flow chart

summarising this calculation procedure is shown in Fig.4-14-
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Get the flexural rigidity at
the debonding moment

ls the moment less than the
debonding moment?

Determine moment M and curvature 0

at tt and then the f ìexural rigidity @I)b

ls the equilibrium satisf ied within
specif ied error toì erance?
(say error < 0.5 pen cent)

lncrease the vaìue of
0.0001€q s

methods)
acceì erat

Seìecting a

new value

or 0 (use

For Êt and 0 determine a trial neutraì axis,dni,

from the stress-strain reìationships of concrete,
prestressed, nonprestressed steel bar and plate
determine the forces in the section, and then check

equilibrium of forces in the section, i.e. ,

compression = tension

Selecting a triaì value of curvature 0

Yes

Yes

lecting a value of the extreme f iber strain € t

lnput Data: Geometries of sectlon, stress-strain relationship
of concrete, reinfoncement and steel plate, etc.

No

Fig.4-14 Flow-cha¡t for stage two
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5.1 Introduction

A parametric study was conducted, using the computer program described in Chapter

4, to investigate the effects of varying the degree of the initial prestressing forces on

debonding of plated reinforce concrete beams. The results of the analytical models

will be compared with results of the experimental beams later in Chapær 6.

5.2 Criteria of debonding moment

Debonding of plated reinforced concrete beams results from the forces at the interface

of the steel-plate/concrete-beam as shown in Fig.5- 1 and as described in Sect. 1.2.L &.

1.2.2. The interface is subjected to a shear flow that reduces to zero at the end of the

plate and also to the peeling forces normal to the interface that are induced by the

discontinuity of the plate and that are concentrated in the region in the vicinity of the

end of the plate. From previous research(4) as described in Sect. L.2.2, it was shown

that debonding due to the peeling action of shear forces and flexural forces can be

prevented by using the following equation:

(5-1)
t¡c

in which

Ve is shear force at the end of steel plate,

Vo" is shea¡ strength of reinforced concrete beam without stimrps,

M" is the moment at the end of plaæ,

Mup ß the ultimaæ peeling moment at the end of steel plate,

C1 is an empirical coefficient, ie., Ct = 1.17.

l9l

-l4r
MW C1V+ -Y'-
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tensile stress
ecross interface

compressive stress
across interfacc

Fig.S-l Debonding forces

In order to apply Eq.(5-1), the properties Muo and Vu. are needed and their derivation

is determined below.

5.2.1 Shear strength of a reinforced concrete beam without stirrups

Debonding due to peeling of the plated reinforced concrete beams due to the shear

forces has been found to depend only upon the shear strength, Vu", of the reinforced

concrete beam without stimrps, since it is the formation of the diagonal shear crack in

the unplated region adjacent to the plate-end that induces shear peeling. Therefore,

this form of debonding is not controlled by the shear flow along the steel-

plate/concrete-beam interface and also not prevented by the inclusion of stirrups. The

ultimate shear strength Vu" of the reinforced concrete beam with varying degrees of

prestressing forces and excluding the contribution of shear reinforcement, can be

determined from AS 3ffi0{24) where it is given by the following equation:

192

V,. - p,prBrb"d"[ ]ã + V" + P"

steelplate

resulted compressive
peeling lorce

shear{ I

concrete beam

Ì

rcsulted tensile
peeling forcc

(s-2)
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where

193

Fr -- 1.4 - (dJ2000) >

þz = 1-0 or

A.=è

N*=

0l=
&t=

Sr=
Pv=

Vo=

= 1.0 - (N*/3.54g) > 0 for members subject to signifrcant

tension; or

1.0 + (N*/144g) for members subject to significant axial

compression

the gross cross-sectional area of a beam

the axial compressive or ænsile force on a cross-section

1.0

area of longitudinal ænsile reinforcement

a¡ea of the ændons

the vertical component of the prestressing force

the shear force which would occur at the section when the

bending moment at that section was equal to the decompression

moment, Mo, which is the moment that causes the concrete

stress in the bottom fibre to reduce to zero.

For simply-supported conditions,

vo = MJ(M*A/*)

where M* and V* are the bending moment and shear force respectively,

at the section under consideration.

5.2.2 Peeling moment Mun

The moment, M¡p, at which pure flexural peeling occurs has been quantified in

Sect.l.2,1 and is given by the following equation:
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Mup (s-3)

(s-4)

in which

(EI)rp = flexural rigidity of cracked plated section,

Ep = Young's modulus of Plaæ,

ft = indirect tensile strength of concrete,

b = th" thiclness of the soffit steel plate.

In determining the above equation (5-3), the flexural rigidity of the cracked plated

section was based on a idealise linear elastic analysis in which it was assumed that the

tensile strength of concrete was zero. Hence the bending stiffness of the cracked

plated section \ryas assumed as to be constant. Therefore the curvature of the cracked

plated section, Oun, at which flexural peeling MuO occurs can be derived from Eq.(5-3)

and is given by the following equation:

0up 0.474Eptp

However, the flexural rigidity of plated prestressed reinforced concrete beams varies

with the degree of the initial prestressing forces and also varies with the applied

moment (16). Hence,1up in Eq.(5-4) is the change in curvature required for pure

flexural peeling, which can not be determined from Eq-(s-a) for prestressed beam.

The computer progr¿rm described in Chapter 4 was developed to simulate the actual

flexural behaviour of the plated prestressed reinforced concrete beams using ditïerent

stress-strain laws for the concrete. The flexural rigidity, (EI)u, of the plated reinforced

concrete beam can be determined from the moment versus curvature plots for varying

degrees of the initial prestressing forces; example of which are shown in Fig.5-2.
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Applled Moment
(M)

prestressed member
M

/1

non-prestressed member

Curvature(0 )

Fig.5-2 Moment-curvature plots

For the apptied moment M and curvature 0 in the section as shown in Fig.5-2, the

'secant' bending stiffness (El)src, is the required flexural rigidity needed to determine

the debonding moment of the prestressed plated reinforced concrete beam and is given

by the following equation:

(s-s)

in which

^e 
= (0 - 0i), ie., the change in curvature after the external soffit

plate has been bonded to the prestressed beam

e = total curyature in the section

0¡ = initial curvature in the section due to the prestressing tbrces

r95

e00,

F<-¡e->l

M

^0

(EI).*
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The initiat curyature 0¡, the total curvature 0, and the change in curvature Â0 in the

section afær the beams are plated a¡e illustrated in Fig.5-3.

er Er

e
Êp steel Plate

Compressive strain

19ó

E

Tensile strain

Fig.5-3 Curvature in the section

where

ti = strain in the top section due to the initial prestress

tbi = strain in the bottom section due to prestress

Ê¡ + t¡ = strain in the top section due to applied moment

€6¡ + €5 = strain in the bottom section due to applied moment

% = strain at the level of plate due to applied momsnt

Therefore the relationship between the bending stiffness of the section (EI)** and the

moment at plate-end M" can be determined at each applied load stage, as shown in

Fig.5-4.
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r' (El)"*

(El)cp

Fig.5-4 Variation of bending stiffness with moment at plate-end

where

(EÐucp = flexural rigidity of uncracked plaæd section

(EDq = flexural rigidity of cracked plaæd section

The ultimate peeling moment, ie., the debonding moment due to pure flexure, can then

be determined by the following equation:

r97

(El)ucp

Me

Mup (5-6)

5.2.3 Debonding load

The load to cause debonding can be determined by calculating the parameter C1 in

Eq.(5-7) at each applied load stage as shown in Fig.5-5.

-Y"-l4rMw +
Vuc

C1 (s-7)
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Debonding occurs when C1 equals to 1.17, as shown in Eq.(5-1)'

Ct

1.17

198

Me
MT Mz M¿

Fig.5-5 Variation of C1 with moment at plate-end

5.2.4 The parameters used in the calculations

The maærial and geometric properties of the experimental beams in Chapter 2 were

used in this parametric study. The initial prestressing forces applied in the tendons

were varied from 0 to 67 Vo of. the yield stress of the tendon. The properties of

concrete, reinforced steel bars, tendons and sæel plates were the same as experimental

tests and are given by: f. = 37.I N/mm2, ft = 4'0 N/mm2, Ec = 34'2 kN/mm2' tn -

4.0 mm, fsry = 460 N/mm2, fpsy = 1527.0 N/mm2, fpy = 243-0 N/mm2, Es = 210'0

kN/mm2, Ep = 210.0 kN/mm2, M*/V* = 0.95. The geometric properties of reinforced

concrete cross-section are given in Table 2.5.
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5.3 Analysis of the plated reinforced concrete beam with

varying degrees of the prestressing forces

Anal¡ical models are presented to predict the flexural rigidity and debonding moment

of plated reinforced concrete beams with varying degrees of the initial prestressing

forces. The models are given for beams having rectangular section. The moment

versus curvature diagrams for various degrees of prestressing forces in the plated

reinforced concrete beams are plotted and compared. The moment-curyature plots are

tenninated when the debonding moment has been reached. A plated reinforced

concrete beam without prestressing forces is regarded as a reference beam with which

to compare the prestressed beam. Therefore, the debonding moment of this beam is a

reference moment, which is compared the debonding moment of the prestressed beam;

the result of comparison is referred to as a moment ratio C2.

5.3.f Model One

The stress-strain law of concrete employed in the analysis of the Model One is shown

in Fig.5-6. The ænsile strength of concrete is zero. The concrete is assumed to be an

idealised linear elastic material.

A family of ttre moment versus curvature diagrams of the beams with different degrees

of the initial prestressing forces are shown in Fig.5-7. A family of the change in

curvature of the section versus applied moment at the plate-end are plotted in Fig.5-8.

The relationship between the flexural rigidities (EI)."" of the sectiotts and applied

moments M, at the plate-end are plotted in Fig.5-9. The relationship between the

coefficient Cr in Eq.(5-7) and momenß M" at the end of the plate diagrams are shown

in Fig.5-10.

199
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Oc

tc

Fig.5-6 The stress-strain law of concrete used in the Model One

5.3.1.1 Example of an Analysis

As an example of the analysis procedure, \¡/e take a beam with a prestressing forces

Pi = 30.0 kN. The results of the calculations are given in Table 5.1. The variation of

the strain and stress profiles in the section with the applied moment are shown in

Fig.5-l1a and Fig.S-11b, respectively. It can be seen in Fig.5-1la that initially the
it-. ,ilti

strain in the top fibre of.section is tensile and the strain in the bottomnsection is

compressive due to the prestressing forces applied to the section. The stress profile in

the section indicates that the concrete section only has compressive stress because the

tensile stress of the concrete is ignored in this model, as shown in Fig.5-1lb. When

the strain in the bottom concrete section is tensile, the section changes from a plated

uncracked section to a plated cracked section. It is also shown in Fig.5-9 that the

peeling flexural rigidity (EI)r"" is decreasing with the increase in moment.

2W

Ec

0
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Table 5.1

where

dni = depth of the neutral axial

tt = strain in the top section

tb = strain in the bottom section

M = moment in the middle of the beam

À4 = moment atthe plaæ-end

5.3.1.2 Results of analysis

The variation of the applied moment with total curvature for the beams with six

different degrees of the initial prestressing forces applied to the section are shown in

Fig.5-7. For the prestressed beams, it can be seen that a kink occurs, which implies

20t

4.001220.030.4684-60184.27.60397.t367

4.0373l7.526.7580-52585.56.60836.1407

4.085s15.022.9484-M286.0s.61235.1447

4.154912.6t9.2386-36187.04.61534.t477

4.26t310.115.4283-28490.03.61733.t497

4.45107.611.6183-20495.02.61502.r477

4.86785.17.885-t201051.6053t.1377

5.430622.23.00.00-291800.62610.r585

5.430620.00.0-582655.00.0000-0.4676

(EI)re"

l.0E+12 (N mmz)

l\rl.

(lò[m)

M

(kl'[m)

t¡

1.0E-06

gr

1.0E-06

dni

(rrm)
^e

1.0E-06

(mm-l)

0

1.0E-06

(mm-l)
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that the strain in the bottom frUrËlÍon"."te section is equal to zero at this moment. As

the moment increases, the flexural rigidity of the section changes from the plated

uncracked section to the plated cracked section. Also, it is indicated explicitly in

Fig.5-8 that for the beam without a prestressing force the slope of the plot is a

constant, and for those beams with prestressing forces the slope of plots are the same

at the uncracked stages and that the change in slope changes at different moments.

The change in slope is delayed as the prestressing force is increased. Therefore, it can

be expected that the debonding moment will increase with the increase in the

prestressing forces. Figure 5-9 shows the results of the variation of the flexural

rigidity (EI)re" with the moment M" at the plate-end. It can be seen that, for those

beams with prestressing forces, the flexural rigidity of the section is initially equal to

that of the plated uncracked section (EI)o"p. The stiffness of beam then reduces

gradually with increased moment and tends to approach the flexural rigidity of the

plated cracked section (EI)"p. The change in stiffness from plated uncracked section to

plaæd cracked section is postponed due to the greater prestressing forces applied to the

section.

Figure 5-10 illustrates the relationship between moment M" at the end of the plate and

the coefficient C1 described in section 5.2-3. As the debonding moment occurs when

C1 equals to 1.17, it can be seen that the moment M, at the plate-end at which

debonding occurs progressively increases due to the result of increase in the initial

prestressing forces applied to the section.

5.3.1.3 Summary of results

A comparison of the results is given in Table 5.2 and illustrated in Fig.5-12. Table

5.2 contains the flexural rigidity (EI)se" of the section when debonding occurs. The

moment at the plate-end (M")o represents a beam without prestress and the moment at

the plate-end (M")o¡ represents a beam with prestress when debonding occurs. It can
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be seen in Fig.5-12 that the moment ratio, C2 = (MJpi/(M")o, is proportional to the

initial prestressing forces, P¡, applied to the section. The increase in the debonding

moment is from 1 per cent to 17 per cent.

Table 5.2 Calculated data in Model One

5.3.2 Model Two

The stress-strain law of concrete employed in the analysis of Model Two is shown in

Fig.5-13. The tensile strength of concrete is not zero. The concrete is assumed to be

a linear elastic material.

A family of applied-moment versus total curvature diagrams for beams with six

different degrees of the initial prestressing force are shown in Fig.5-14 and a family of

the change in curvature of the section /0 versus moment at the plate-end M" are

illustrated in Fig.S-15. The relationship between the flexural rigidity (EI)r.. of the

section and moment at the plate-end M, are plotted in Fig.5-16. The relationship

between the coefficient C1 and the moment M" diagrams are given in Fig.5-17.
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õc
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Fig.5-13 The stress-strain law of concrete used in model two

5.3.2.1 Example of an Analysis

The results from an analysis with a beam with a prestressing forces, Pi = 30.0 kN, are

given in Table 5.3.

The va¡iation of the strain and stress profiles in the section with the applied moment

are illustrated in Fig.5-l8a and Fig.5-18b, respectively. It can be seen in Fig.5-l8a

that initially the strain in the top fibre of the section is tensile and the strain in the

bottom section is compressive due to the prestressing forces. The stress protìles

shown in Fig.5-18b indicaæ that the concrete section has a tensile stress because the

tensile strength of concrete is taken into account in this model. Table 5.3 shows that

the strain in the bottom section is zero and the depth of neutral axis equals to the depth

of concrete section when the applied moment was 3.4 kNm. At applied moments up

to 10.4 kNm, the bottom strain in the concrete section is less than the tensile strain of

concrete and hence the secúon is uncracked. High moments will cause the section to

crack hence the stiffness of the section will changeover from a plated uncracked

2M

F,C
tt

0

fr

,f

t



Cløpter 5 Paramctric Study

section to a plated cracked section. Further increase in the moment cause the depth of

the neutral axis to reduce gradually until debonding of the soffit plaæ takes place.

Table 5.3

4.0062024.437.2850-75484.s9.28568.9269

4_0989123.235.3785-70084.88.61208.2s33

4.1507319.529.8640-58886.27.17956.8217

4.2088616.024.4500-48088.25.79735.4395

4.31832t2.419.0360-3719r_74.39994.0412

4.437159.214.0225-28099.73.16162.8029

5.430626.810.4100-184tI71.90901.5503

s.430624.56.950-1 181271.26530.9066

5.43062)')3.40.00-54r800.61980.26t1

5.430620.00_0-52t234.00.0000-0.3s87
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(mm-l)

e

1.0E-06

(mm-l)

5.3.2.2 Results of analysis

The results of applied-moment versus total-curvature diagrams are shown in Fig.5-14.

The curvature varies linearly with the moment in the uncracked stages, and then the

slope of the moment-curvature relationship changes when cracking has formed in the

section considered. It is also illustrated explicitly in Fig.5-15 that during the

uncracked stages the change in curvature of the section varies linearly with the moment

in all the beams and hence the slope of moment-curvature is constant. For the beam

without the initial prestressing force cracking causes a very sudden change in
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curvature and for those beams with the prestressing forces there is a slower

progressive change in the moment-curvature relationship.

The variation of the flexural rigidity (EI)r"" is shown in Fig.5-16. During the

uncracked stages the flexural rigidity of all the beams is constant at (El)ucp as would

be expected. For a beam without or with a small prestressing forces there is a sudden

drop in stiffness due to the cracking and the stiffness becomes asymptoúc with (EI)*.

For those beams with prestressing forces, the flexural rigidity of the section drops off

gradually as the moment increases. The greaær the prestressing force that is applied to

the section, the higher the cracking moment as would be expected. As the moment

further increase, the flexural rigidity of a beam with prestressing forces reduces

gradually and tends to approach that of a beam wittrout prestressing forces (EI).p'

The results of the variation of the coefhcient C1 with moment at the plate-end M" are

shown in Fig.5-17. Where kink occurs the section changes from a plated uncracked

to a plated cracked section. The debonding moments, indicated in Fig.5-17 ie. when

the line cross C1 = 1.17, increase with increasing initial prestressing forces.

5.3.2.3 Summary of results

A comparison of the results are given in Table 5.4 and shown in Fig.5-19. It can be

seen in Fig.5-19 that the increase in the debonding moment given by ratio C2 is

proportional to the initial prestressing forces P¡ applied in the section. The increase in

the debonding moment ranges is from I per cent to 18 per cent when the prestressing

force va¡ies from 3 per cent to 67 per cent of yield stress of the tendons.
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Table 5.4 Calculated data in model two

5.3.3 Model Three

The stress-strain law of concrete used in the analysis in Model Three is Hognestad's

parabola for the stress-strain curye in uniaxial compression, as shown in Fig.5-20 and

discussed in Sect.4.3.1. The tensile stress of concrete is assumed to be zero.
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Fig.5-20 The stress-strain law of concrete used in Model Three
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A family of the applied-moment versus total-curvature diagrams for the beams with the

initial prestressing forces are shown in Fig.5-21. A family of the change in curvature

A0 of the section versus moment at the plate-end M. are illustrated inFig.5-22. The

relaúonship between the flexural rigidity (EI)*., of the section and the moment M" are

plotted in Fig.5-23 and the variation of the coefficient C1 with moment M" diagrams

are given in Fig.5-24.

5.3.3.1 Example of an Analysis

The results of a calculation of a beam with a prestressing force Pi = 30.0 kN are given

in Table 5.5. The variations of strain and stress profiles in the section with the applied

moment are shown in Fig.5-25a and Fig.5-25b, respectively.

Table 5.5
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In this model the tensile strength of the concrete was assumed to be zero. Therefore,

as soon as the strain in concrete section is greater than zero, in which the negative

value of strain represents the compressive strain, the corresponding stress is equal to

zero ¿u¡ shown in Fig.5-25b. It can be seen in Fig.5-25a that the strain in the section

varies linear with the applied moment. The stress profiles shown in Fig.5-25b

illustrate that the variations of stress in the section with the applied moment are linear

at the lower applied moment stages. However, at the higher applied moment stages

the stress in the section varies non-linearly with the moment as shown in Fig.5-25b.

The calculated results in Table 5.5 show that the bottom strain in the concrete section

is zero when the applied moment is 3.0 kNm. As soon as the applied moment is

greater than 3.0 kÌ.[m the section changes from plaæd uncracked to plated cracked.

5.3.3.2 Results of analysis

The results of the applied-moment versus total-curvature are shown in Fig.5-21. For

those beams with the initial prestressing forces, the kink occurs when the strain in the

bottom fibre concrete section is equal to zero. As the moment is increased the flexural

rigidity of the section changes from plaæd uncracked to plaæd cracked. Figve.5-22

indicates that for those beams with prestressing forces the slope of the plots are the

same during the uncracked stages and the change in the slope depend upon the

prestressing forces applied in the section. The change in slope is delayed as the result

of the greater prestressing force.

The variation of the flexural rigidity with the moment at the plate-end are shown in

Fig.5-23. It can be seen that for the beam without prestressing forces, the stiffness of

the section reduces progressively with increasing moment due to the non-linear

behaviour of the concrete. Furthermore, for those beams with prestressing forces, the

flexural rigidity of the section is a constant and is equal to the flexural rigidity of the

plaæd uncracked section. After cracking the stiffness of the beam reduces gradually
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as the moment increases and the stiffness tends to approach the flexural rigidity of the

plated cracked section. The presUessing forces postpone the change in stiffness from

the plated uncracked section to the plaæd cracked section'

Figure 5-24 illustraæs the relationship between moment M, at the plate-end and the

coefficient C1. It can be seen in Fig.5-24 that there is a slight kink in the curves

which indicates that the section changes from plated uncracked to plated cracked. The

debonding moment, ie. when C1 equals to 1.17 in Fig.5-24 increases due to the

increase in the initial prestressing force.

5.3.3.3 Summary of results

A comparison of all the results are given in Table 5.6 and shown in Fig'5-26' The

increase in the debonding moment fanges from 1 per cent to 16 per cent.

Table 5.6 Calculated data in Model Three
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5.3.4 Model Four

The stress-strain law of concrete used in this analysis is Hognestad's parabola of

idealised stress-strain curve in uniaxial compression as used in Model Three.

However in this case the tensile strength of concrete is taken into account as shown in

Fig.5-27.

Oc

r"

o.8sf f-

tc
0.003

Fig.5-27 The stress-strain law of concrete used in model four

The family of the applied-moment versus total-curvature diagrams of beams with the

six different degrees of the initial prestressing forces are shown in Fig.5-28. A family

of the change in curvature A0 of the section versus moment M" at the end of the plaæ

are plotted in Fig.5-29. The relationship between the flexural rigidity (EI)re. of the

secúon and moment M. at the plate-end are illustrated in Fig.5-30 and the relationship

between the coefficient C1 and moment M" diagrams are given in Fig.5-31.

5.3.4.1 Example of an Analysis

The results of the calculations for a beam with a prestressing forces Pi = 30.0 kN are

given in Table 5.7. The strain and stress profiles in the section vary with the applied

moment are illustrated in Fig.5-32a and Fig.5-32b, respectively.
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Table 5.7

4.5636225.438.7900-5887 r.08.483988.26923

4.6302522.935.0800-5237 t.r7.562707.34795
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Comparing with the süess profiles as shown in Fig.5-25b, it can be seen in Fig.5-32b

that the section has tensile stress due to the tensile strength of concrete. Also the

comprcssive stress profiles in the section at the high applied moment vary non-linearly

with the moment as expected. Table 5.7 indicates that the depth of neutral axis

reduces gradually with the increase in the applied moment until debonding of the sofht

plate takes place.

5.3.4.2 Results of Analysis

The curvature varies linearly with the moment during the uncracked stage, and then

the slope changes as shown in Fig.5-28 and Fig.5-29 respectively. The results of the

flexural rigidity (El)sec versus moment M" shown in Fig.5-30 indicate that at
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uncracked stages the flexural rigidity of all the beams is constant. The stiffness

reduces gradually until debonding has taken place. It can be seen in Fig.5-31 that the

increase in moment, M", at the end of soffit steel plate is the results of the greater

initial prestressing forces applied to the section.

5.3.4.3 Summary of results

The results of comparison are given in Table 5.8 and shown in Fig.5-33. The

increase in the debonding moment of the plated reinforced concrete beams is from 1

per cent to 17 per cent.

Table 5.8 Calculated data in model four
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5.3.5 Model Five

The stress-strain law of concrete used in this analysis is shown in Fig.5-34. The

concrete compression part is Hognestad's parabola and the tension part allows for

tension stiffness as described in Section 4.3.2.
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Fig.5-34 The stress-strain law of concrete used in model five

5.3.5.1 Example of an Analysis

The variation of strain and stress profiles in the section with the applied moment are

illustrated in Fig.5-39a and Fig.5-39b, respectively. The results of the calculations

for a beam with prestressing forces Pi = 30'0 kN are given in Table 5'9'

It can be seen in Fig.5-39a that the strain profiles in the section are the same as the

previous models. However the stress profiles are different as shown in Fig.5-39b'

The variations of the stress in the section with the applied moment are almost linear

prior to cracking. After cracking and at the moment up to debonding moment, the

compressive stresses in the section vary non-linearly with the moment and the tensile

stresses are proportional to the strains.
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Table 5.9
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5.3.5.2 Results of analysis

A family of the applied-moment versus total-curvature diagrams of beams with

varying degrees of the initial prestressing forces are shown in Fig.5-35 and a family of

the change in curvature A0 withmoment M" at the end of plate are given in Fig.5-36.

The relationship between the flexural rigidity (EI)."" and moment M" are plotted in

Fig.5-37. The variation of the coefficient C1 with moment M" a¡e shown in Fig.5-38-

Comparing with Model Four, the change in slope at the kink is less in Model Five

than that in Model Four, as illustrated in Fig.5-35 and Fig'5-36, respectively-

5.3.5.3 Summary of results

A comparison of the results is given in Table 5.10 and shown in Fig.5-40' It can be

seen in Fig.5-40 that the increase in the debonding moment given by ratio C2 is

proportional to the initial prestressing forces P¡ applied to the section.
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Table 5.10 Calculated data in model five

5.4 Comparison of analysis models

To predict the debonding forces, M" and V., and the flexural rigidity, (EI)r"., of the

prestressed plated beams, five different models were used in the analysis as described

above. The results of the five models Íue compared in Fig.5-41 and Fig.5-42.

It can be seen in Fig.5-41 that the slope of the moment-curvature relationship in Model

One is the same as that in Model Two during uncracked stages as would be expected.

After cracking, the slope of Model Two is parallel to that in Model One. Also, before

cracking, the slope of Model Three is the same as that in Model Four and Five. As the

moment further increases the slope of Model Four and Five tend to be close to that in

Model Three. It can be seen in Fig.5-42 that the debonding moment calculated from

Model Three, Four and Five are greater than that from Model One and Two, but the

difference is not significant.
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Chapter Six

Analysis of Experimental Tests
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6.1 Introduction

The purpose of this chapter is to analysis the experimental data described in Chapter

3. For the plaæd post-tensioned beams, the results from the experimental tests are

compared with the results from the computer analyses as described in Chapter 5-

Details of the specimens and the tests are given in Chapters 2 and 3.

6.2 Analysis experimental data

6.2.1. Shear strength of reinforced concrete beams without shear reinforcement

To determine the shea¡ strength of the reinforced concrete beams without shear

reinforcement, two specimens in series 1 (SP-S|-L and SP-S2-L) and three

specimens beam in series 4 (SP-S5-L, SP-S6-L and SP-S7-L) were tested to failure

in shear. The results of the tests are given in Table 6.1:

Table 6.1

shear1.0432.0402SP-57-L

shea¡1.0733.r402SP-S6-L

shear0.9127.9402SP-S5-L

shear0.8927.5402SP-S2-L

shear1.0833.4402SP-S1-L

failure

mode

(Vu.)"*p

ftl.t)

Ar,

(mm2)

Specimen

where, 4., is areas of longitudinal tensile reinforcement, (Vun)o is the average shear

strength of the test beams.
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The average shear strength, (Vup)o, of the reinforced concrete beams without shear

reinforcement was 30.8 kN. This result is used in the following analysis to

determine the effect of plating on the shear strength.

6.2.2 Shear strength of reinforced concrete beams with full soffit plating

The shear strength of the fully plated reinforced concrete beams in which the length

and width of the soffit plates a¡e as same as that of the beam, are determined from

experimental test. Also the shear suength of the fully plated reinforced concrete

beams are derived from AS 3600 Q4) and the results compared with the experimental

tests

6.2.2.1 Shear strength of the fully plated reinforced concrete beam determined

from experimental tests

To investigate the ultimate shear strength, (Vup)rt, of the fully plated reinforced

concrete boam, six specimens in series 2, in which the thickness of the soffit plate

va¡ied from 3.0 to 10.0 mm, were æsted. The test results are given in Table 6.2.

Table 6.2

1.5647.902.5678.7010.0FP/B4/R

t.7654.202.768s.0010.0FPIB |L

1.3039.962.3070.765.0FP/B3/R

1.0833.372.0864.r75.0FPIB3IL

0.62t9.231.62s0.033.0FP/B2lR

0.5216.001.5246.803.0FTIBZIL

S2(vio)rr

ftrù

S1(Vup)rt

0Ò{)

b
(mm)

Specimen
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where

to = the thickness of the soffit plaæ

(Vio)rt = (Vup)st - (Vup)o , ie., the increase in shear strength of the reinforced

concrete beam due to the full soffit plating

51 = ffi, 
ie., ratio of the shea¡ strength of the reinforced concrete

beam with full soffit plating to the shear strength of the unplated

reinforced concrete beam

52 = ffi, 
ie., ratio of the increase in the shear strength due to the soffit

plate to the shear strength of the unplated beam

The relationship between 51 and tp are shown in Fig.6-1. The relationship between

(Vio)rt and tn are illustrated in Fig.6-2. It can be seen in Fig.6-1 that the shear

strength of the fully plated reinforced concrete beam increases with the thickness of

the soffit plate, as given by the following equation:

(Vup).t = (1.0 +kltpXVup)o (6- 1)

in which, kt = I.77 mm-I, the coefficient of correlation in linear regression is 0.94.

Therefore the shear strength of the fully plated reinforced concrete beam is a

function of the area of the external soffit steel plate. The increase in the shear

strength due to full plating is from 52 to l7 6 per cent.

6.2.2.2 Shear strength of reinforced concrete beams with full soffit steel plating

in terms of AS 3600

The ultimate shear strength, Vu", of a reinforced concrete beam without shear

reinforcement may be determined by the following equation in AS 3600.
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V

where

Fr=

þz=

Ao=è

N*=

Þt=

Ast =

Ast

ÞrÞzÞ¡bnd"t+o^"J

240

u3 (6-2)
uc

t.o-#t1.r
1.0 or

1.0 - (N./3.54g) > 0 for members subject to significant

tension; or

1.0 + (N*/144g) for members subject to significant axial

compression

the gross cross-sectional area of a beam

the axial compressive or tensile force on a cross-section

1.0

a¡ea of the longitudinal tensile reinforcement in the section

excluding the area of sofht steel plate

bv bv

Ast

(a) (b)

oooo
oo

N
o.

1)Ap

oo oo

Fig.6-3 Cross-section
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The geometric properties of the cross-section that are required in Eq.(6-2) are

illustrated in Fig.6-3(a). It can be seen infu.(6-2) that the shear strength of the

reinforced concrete beam is a function of the area of the longitudinal tensile

reinforcement in the section.

For the fully plaæd reinforced concrete beam, the shear strength, (VoJp, of the beam

may also be a function of the total area of the tensile reinforcement ie. the external

soffit plate acting as part of the tensile reinforcement of the section, as shown in

Fig.6-3(b). Therefore, the ultimaæ shear strength of the fully plated reinforced

concrete beam may be determined by the following equation:

(vuJp = ÞrÞzÞgbud"t(#" I Lß (6-3)

where (Ast)p = Ast * An, ie., is the total area of the tensile reinforcement.

The area of the longitudinal tensile reinforcement As¡, the ultimate shear strength of

the reinforced concrete beam without shear reinforcement Vus, the area of the

longitudinal tensile reinforcement including the areas of the soffit plate (4.)p, the

shear strength of the fully plated reinforced concrete beam (Vu.)p, and the

parameters 51, 53, 54 as well as (At)1/3 that are defined below are given in Table

6.3.

51 =

Sr-Sa
S3

(Ast)p

S3

Sa

1A Ast
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Table 6.3

r.620.45r.772.5642.6170224.t402FP/B4/R

t.620.56r.772.7642.6170224.1402FPIB4IL

1.380.541.492.3036.0r05224.r402FP/B3/R

1.380.40r.492.0836.0t05224.1402FPIB3IL

r.250.201.351.6232.679224.r402FP/B2lR

1.250.131.35r.5232.679224.1402FiPIBZIL

(Ar)1ÆSaS3S1(vu")r

ftID

(A.t)p

(mm2)

Vo"

ftNI)

Art

(nrm2)

Specimen

The relationships between the shear ratios 53 and 51 and (Ar,)p1/3 are shown in

Fig.6-4. The relationships between the shear ratios 53 St, and (41)l/3 is shown in

Fig.6-5. The dash line represents the value calculated from the Codes and the solid

line and curve represent regression analyses of the experimental tests. The

relationship between the shear ratio 54 and (41)l/3 is shown in Fig.6-6-

It can be seen in Fig.6-4 that the shear strengths of the beams increases with the

greater area of longitudinal tensile reinforcement. The increase in the shear strength

that was obtained in the experimental tests is larger than that calculated tiom the

Code. The increase is given by the following equation:

51 = kz(Ar)pl/3 (6-4)

where, kz = 0.39 (mm-za, the coefficient of correlation is 0.94. The curvilinear

variation of 51 with (At)lß as shown in Fig.6-5 is given by the following equation:

Sr = [(.qr)*]k' (6-s)
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in which, kt = 2-07 and the coefficient of correlation of the curvilinear regression rs

0.96. The variarion of 54 with (Ar)1Æ as shown in Fig.6-6 is given by the following

equation:

Sa = þ 1n[(41)1/3] (6-6)

where, k4 = 1.15 (mm-1/3¡ and the coefficient of correlation of the curvilinear

regression is 0.79.

A comparison of the shear strengths of the fully plated reinforced concrete beam

between the experimental tests and the Code in terms of AS 3600, shows that the

actual shea¡ strength of the beams is greater than that calculated from the Codes; this

increase in the shear strengths is from 13 to 56 Vo, as described in Table 6.3 and in

Fig.6-6. Therefore, the ultimaæ shear strength of the fully plated reinforced concrete

beam without shear reinforcement can be determined from AS 3600 as this gives a

conservative value compared with the experimental tests-

6.2.3 Shear strength of the reinforced concrete beam with the external side

plates (thickness trn of the side plate varied)

To investigate the shear strength, V.O, of reinforced concrete beams with external

side plates, three beams in series 4 were tested, in which the thickness of the sidc

plates varied from 1 mm to 3 mm. The results of the tests are given in Table 3-4 in

Chapter 3.

The shea¡ strength with side plates V.O was determined indirectly from the analysis

of the debonding of the soffit plates by applying Eq.(5-7) in the form shown in

Eq.(6-7). The shea¡ strength with side plates V.o is now the unknown parameter and
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M.n is the pure peeling moment in terms of the properties of the beam with the side

and soffit plates.

+ = l.I7 (6-7)

where

Me 
' 

Msp if Me t Msp, thanM.n =M"

Ve ! Vsp if Ve > Vsp, than Vro - Ve

Me = the moment at the end of plate when debonding occurred

M^- = 
(Ðtpft 

, the ultimate peeling moment, ie., debonding momentrvrsp 
0.474\tp

of reinforced concrete beam with both soffit and side plates

(EÐsp = flexural rigidity of reinforced concrete beam with both soffit and

side plates based on the linear elastic analysis, ie., the tensile

strength of concrete is zero

Ve = the shea¡ forces at the end of plate when debonding occurred

Vrp = shear strength of reinforced concrete beams with side plates, but

without the shear reinforcement stirrups

Therefore by rearranging Eq.(6-7), the shear strength of a plated reinforced concrete

beam with side plates, VrO, may be derived from the following equation:

v (6-8)

24

_b
vrp

l&_
Mrp

sp
t.t7

The geometric properties of the beams in series 4 are given in Table 6.4
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Table 6.4

where

245

(El)csp = the flexural rigidity of a plaæd cracked reinforced concrete beam

with both side and soffit plaæs

(EI)u.p = the flexural rigidity of a plated uncracked reinforced concrete

beam with both side and sofht plates

t.p = the thickness of side plates

L.p = length of the side Plate

du* = depth from the neutral axis to the center of the soffit plate in the

plated uncracked section

dcn = depth from the neutral axis to the center of the soffit plate in the

plated cracked section

lusp = second moment of area of the plated uncracked section with the

reinforcement transformed to an equivalent area of concrete

k.p = second moment of area of the plaæd cracked section with the

reinforcement transformed to an equivalent area of concrete

k

4.44318r.29935101.73.6116110.560388.66904.OSP-S4-L

4.22870t.23646102.43.4073t9.6290488.412503.0SP-S7-R

4.01222r.r7316t03.23.202989.3654988.212502.0SP-S6-R

3.794061.10938104.12.998608.7678488.012501.0SP-S5-R

(EI)u.p

L.OE+12

Iu.p

l.0E+8(mm4)

du"n

(mn)

(EI)csp

l.OE+12

Iop

l.0E+7(mm4)

dcn

(rur)

Lsp

(mn)

tsp

(mn)

Specimen

:"!
Ì[f

The calculated values of Mçsp, Mu*p, V".o and Vu.o are given in Table 6.5.
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Table 6.5

where

Mrp = ultimate pure peeling moment based on the flexural rigidity

, (El)csp, of plated cracked section with both side and soffìt plates

Morp = ultimate pure peeling moment based on the flexural rigidity

,(EÐurp, of plated uncracked section with both side and soffit plates

V"rp = shea¡ strength of reinforced concrete beam with side plaæs

derived from Eq.(6-8), which is based on the flexural rigidity of

plated cracked section

Vusp = shear strength of reinforced concrete beam with both side plates

derived from Eq.(6-8), which is based on the flexural rigidity of

plated uncracked section

It can be seen in Table 6.5 that the shear strengths V.rO and Vurn are less than the

experimental shear force at failure V" at which debonding of the soff,rt plate occurred

in the experimental test. Therefore, it can be assumed that these specimens

debonded due to the shear peeling and hence the shear loads at failure V. are the

shear strengths of the specimens with side plates V.p N listed in Table 6.6

h

56.357.53.0360.632.126.rSP-S4-L

69.17t.03.6372.630.624.7SP-S7-R

61.162.83.2464.729.023.2SP-S6-R

51.052.32.7354.627.421.7SP-S5-R

Vorp

ft¡t)

vcsP

ûN)

Me

ftNm)

ve

ftI.O

MusP

(kNrr)

Msp

(R.Im)

Specimen

rl
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Table 6.6

where

Mrp = ultimaæ peeling moment based on the flexural rigidity, (EI)"rp,

of plated cracked section with both side and soffit plates, it is

based on the linear elastic analysis and tensile strength of

concrete is zero

(Vin).p = Vsp - (V¡p)o , ie., the increase in shear strength due to the side

S5

The relationship between the shear strength, Vrn, of the reinforced concrete beam

with the side plates and the thickness, trn, of the side plates is shown in Fig-6-7- The

relationship between (Vin)sp and t n is shown in Fig.6-8. The relationship between

55 and tr' is illustrated in Fig.6-9. The relationship between 56 and tr' is given in

Fig.6-10.

s6

plates
vsp-

(Vuo)o
(vin).p
(Vup)o

r.362.3641.872.624.7SP-S7-R

1.102.t033.964.723.4SP-S6-R

0.77r.7723.854.621.7SP-S5-R

S6S5(vio)sp

ûN)

Vsp

ftÌ.Ð

Msp

(L¡tm)

Specimen
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It can be seen in Fig.6-7 that the shear strength of the reinforced concrete beams with

the side plates increases with the thickness of the side plates. The correlation is

given by the following equation:

Vsp = (Vup)o+krtroo'4 (6-e)

where ks = 25.0 (kNmm-2/s) and the coefficient of correlation is 0.95. The results of

the analysis of the increase in the shear strength induced by the side plates, as shown

in Fig.6-8, are given by the following equation:

(Vio)sp - ku trpo'to (6-10)

in which ko = 23.8 (kNmm-tlz) and the coefficient of correlation is 0.99. The results

of the analysis of the relationship between 55 and t.O, as shown in Fig.6-9, are given

by the following equation:

S 0.25 (6- l l)

where kl = 1.77 (mm-tr+, and the coefficient of correlation is 0.98. The results of the

analysis of the relationship between 56 and t.o, as shown in Fig.6-10, are given by

the following equation:

56 = ka,.oo'tt (6-12)

in which ks = 0.77 (mm-osr, and the coefficient of correlation is 0.98.

It can be seen from Fig.6-7 to Fig.6-10 that there is a correlation between the

experimental data and the regression.

kzkp5
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6.2.4 Shear strength of the reinforced concrete beam with the external side

plates ( length L.o of the side plates varied )

To investigate the effect of varying the length of the side plates on debonding of the

soffit plates, the length of the side plates L.n was varied from 0.0 to 690 mm; eight

specimens in series I were tested and the results are given in Table 3.1 and the tests

described in Chapter 3.

The shear strength of the reinforced concrete beam without shear reinforcement

(Vup)o was determined from the experimental tests as described in section 6.2.I.

The shear strength of the reinforced concrete beams with full side plates of thickness

4.0 mm V.n can be derived from section 6.2.3 and it is equal to 74.3 kN. The

flexural rigidity (EI).rp of the plated reinforced concrete beam and the ultimate pure

peeling moment and Moo are given in Table 6.7. The parameter C3 is derived from

the following equations:

Jt
vrpc3=

Me
M"rp + (6- l3)

in which Mcsp = -SJfl , ie. ultimate peeling moment based on the flexural
0.474\te'

rigidity, (EI).rp, of the plated cracked section with the side plates and (EI).ro is the

flexural rigidity of a plaæd cracked reinforced concrete beam with side plates

Equation (6-13) is based on the strength of the beam with full side plates. It is

assumed that the ultimate shear strength of the reinforced concrete beam with the

side plates can be reached when the parameter C3 is equal to 1.17. Therefore the

length of the side plates required to achieve¿ Vsp can be determined from that

experimental tests.
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Table 6.7

26.13.611623.8690SP-S4-L

26.13.611623.0540SP-S3-R

26.r3.61t622.0360SP-S1-R

26.r3.611621.5270SP-S4-R

26.r3.611621.0180SP-S2-R

26.13.611620.590SP-S3-L

26.t3.611620.00.0SP-S2-L

26.r3.611620.00.0SP-S1-L

McsP

(kNm)

(EI)op

1.0E+12

kD
d

ftl.I)

Lro

(mm)

Specimen

The parameters C3 and 57 are given in Table 6.8.

Table 6.8

250

1.970.913.0360.63.8690SP-S4-L

1.620.752.5050.03.0540SP-S3-R

t.400.652.1643.22.0360SP-S1-R

t.l40.531.7535.01.5270SP-S4-R

1.200.561.8537.01.0180SP-S2-R

1.000.46r.5430.80.590SP-S3-L

0.860_40t.3226.40.00.0SP-S2-L

1.080.50r.6733.40.00.0SP-S1-L

S7C3Me

ßNm)

ve

(kl'Ð

kp
d

ßro

Lro

(mm)

Specimen
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where

S7

The relationship between C3 and Lrnd is shown in Fig.6-11. The relationship

between 57 and Lrld is shown in Fig.6-12.

The variation of the parameter C3 with Lsp/d as shown in Fig.6-11 is given by the

following equation:

ve
(Vup)o

c3 = 0.424*çtþl (6-14)

(6- r5)

where þ = 0.118 and the coefficient of correlation is 0.93. The variation of the

parameter 57 with Lrld as shown in Fig.6-12 is given by the following equation:

s7 = o-97 eo'l8s ?

where the coefficient of correlation is 0.92.

The length of side plates Lsp/d required to prevent premature failure due to

debonding of the side plates before debonding of the soffit plate can be determined

from Fig.6-11 and Eq.(6-1a) and is equal to Lsp/d when Cl = I.17. Hence, the

minimum length L.y'd required is 6.3 ie. the length of the side plate must be equal to

6.3 times the depth of the beam.
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6.2.5 Interface shear strength of plated reinforced concrete beams

The longitudinal shear strength at the interface of the soffit steel plate and the

concrete beam, when the plated reinforced concrete beam failed in shear or shear

peeling, can be deærmined from standard elastic formula as

S

uncracked
sect I 0n

(a)

(6-r6)
S

where, Vp = shear force acting on the plated section, Ap = areas of the soffit plate, m

= modular ratio, yO = distance from centroid of the soffit plate to neutral axis of the

plated section, Ip = the second moment of area of the plated section with the

reinforcement transformed to an equivalent area of concrete' bp = width of the soffit

plate, as shown in Fig.6-13-

Ast

o @

Ap r l- Oo *l Ap

b b

Ast

C
U-Ð

I

-1ol>. I

_l I

1
I

C
UÐ

\
/

o

\

1

o
I

\
o--

¿)

cracked
sect i on

(b)

Fig.6-13

For the fully plated reinforced concrete beams in series 2 in section 2.2.2, the section

properties, shear stress S. and S./f¡ are given in Table 6.9 and Table 6.10,
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respectively; this series will be referred to as Group A. For those plated reinforced

concrete beams without the side plates, the section properties, shear stress S, and

S*/f¡ are given in Table 6.11 and Table 6.12, respectively and will be referred to as

Group B. For the plated reinforced concrete beams with the side plaûes in series 1,

which will be referred to as Group C, the section properties, shear stress S. and S./f¡

are given in Table 6.13 and Table 6.14, respectively. Also, the previous results of

the plaæd reinforced concrete beams æsted by D.J. 6s¡1s¡s(4) and J.P. lvts¡an(3) ars

referred to as Group D and Group E, respectively and the section properties, shear

stress S, and S./f¡ are given in Table 6.15, Table 6.16, Table 6.17 and Table 6.18,

respectively.
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Tabte 6.9 Group A (plated cracked section)

Table 6.10 Group A (plated uncracked section)

254

0.943.3978.7lt.454580.4104.6130013010.0FP/B4/R

1.023.6685.0r1.454580.4104.6130013010.0Fpts4tL

0.702.5270.88.1700694.787.86501305.0FP/B3/R

0.632.2864.28.1700694.787.86501305.0F?IB3IL

0.40r.4550.06.M462r03.677.93901303.0FP/B2lR

0.381.3546.86.4M62r03.677.93901303.0Fprs2lL

ss/frvp

(kr.I)

Ip

ld(mn4)

Yp

(mm)

dcn

(nm)

Ap

(mÍP)

bp

(mm)

b
(mm)

Specimen

0.742.6578.712.838470.3114.7130013010.0FP/B4lR

0.792.868s.012.838470.3TT4.7130013010.0FiPIB4IL

0.451.6170.8to.M9977.4105.16501305.0FP/B3/R

0.41r.4664.210.449977.4105.16501305.0FP/B3/L

0.220.7850.09.3286281.0100.53901303.0FP/82lR

0.200.7346.89_3286281.0100.53901303.0FPIB2IL

SJf,SS

(NinrrÐ

Vp

ftÌ.û

b
107(mm4)

Yp

(mm)

do"o

(mm)

Ap

(mm2)

bp

(mm)

h
(mm)
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Table 6.11 Group B (plated cracked section)

Tabte 6.12 Group B (plated uncracked section)

255

0.270.9831.58.8435689.892.76501305.0SP/Sg/L

0.391.4033.07.31654tOt.281.36s01305.0SP/S8/L

0.321.1632.78.1700694.787.86501305.0SP/S7/L

0.331.1833.r8.1700694.787.86501305.0SP/S6/L

0.280.9927.98.1700694.787.86501305.0SP/S5/L

0.260.9426.48.1700694.787.86501305.0SP/S2/L

0.331.1933.48.1700694.787.86501305.0SP/S1/L

ss/frSS
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ûN)
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Yp

fm¡n)
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Ap

(mm2)

bp

(mm)

h
(mm)

Specimen

0.190.6831.s10.786975.41 1076s01305.0SP/Sg/L
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Table 6.13 Group C (plated cracked section)

Table 6.14 Group C (plated uncracked section)

256

0.602.t660.67.31654r0t.281.36501305.0690SP/S4/L

0.491.7850.08.1700694.787.86501305.0540SP/S3/R
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Table 6.15 Group D (plated cracked section)

Table 6.16 Group D (plated uncracked section)
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0.311.354r.06.7405t94.882.76501305.02ITIS

0.51r.644r.09.5992280.497.r6501305.0TI4IS
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0.220.9541.00.89567576.9100.66501305.0UUS
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Table 6.17 Group E (plated cracked section)

Table 6.18 Group E (plated uncracked section)
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0.340.9126.1t2340999.26103.2600t205.08-4

0.270.7421.212.340999.26t03.26001205.08-3

0.310.9427.99.13992111.590.97600r205.08-2

0.220.6619.49.13992111.590.976001205.08-1
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o.230.7433.91.4181686.0116.56001205.07-4
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For all the beams considered to have plated cracked sections, the relationship

between S, and Vn is given in Fig.6-14 and the relationship between Sr/f¡ and Vo is

shown in Fig.6-15. For all the beams considered to have the plated uncracked

section, the relationship between S. and Vn is given in Fig.6-16 and the relationship

between S./f¡ and Vn is illustrated in Fig.6-17.

The longitudinal shear forces shown in Figs 6-14 - 6-17 are a lower bond to the shear

strength at the interface between the plate and R.C. beam because none of these

beams failed by debonding due to the shear flow. It can be seen in Fig.6-17 that

shear stress up to 80Vo of. the tensile strength of the concrete f, have been resisted

without shear flow failure.

6.2.6 Debonding of the plated post-tensioned beams with varying degrees of the

initial prestressin g forces

As a preliminary study of the effect of post-tensioning on debonding, four plated

post-tensioned beams were tested. Also a computer program was developed in

Chapter 4 to simulate the actual flexural behaviour of the beam and a parametric

study was carried out in Chapter 5. The results of the experimental test are

compared with the results of the analysis model.

6.2.6.1 Expcrimental results

Four beams in series 5 were tested as described in Chapter 3. The results of the

experimental tests are given in Table 6.19.

The relationship between the cracking moment (M"r)"*p and the initial prestressing

forces P¡ is illustrated in Fig.6-18 together with a linear regression analysis. The
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variation of debonding moment at the plate-end (M")"*p with the initial prestressing

forces P¡ is shown in Fig.6-19 also with a nonlinear regression analysis of the results.

Table 6.19

20.813.242.OPlT4

21.212.s30.0w2

20.111.818.0PT3

18.2tt.23.00PTI

(Me)e*p

û¡ltlm)

(Mcr)e*p

0òùm)

P¡

0dv)

Specimen

No.

where, (M"J"*p = the cracking moment obtained from the experimental test, (M")"*p

= moment at the plaæ-end when debonding of the soffit plate occurred, Pi = the

initial prestressing forces applied to the section.

The results of the linear regression analysis of the cracking moment (M"r)"*n with

the initial prestressing forces P¡ as shown in Fig.6-18 is given by the following

equation:

(Mcr)e*p= 11.0+k1sPi (6-17)

where kro = 5.166F-02 (m) and the coefficient of correlation is 0.99. It can be seen

in Fig.6-18 that the cracking moment increases with increasing prestressing force.

Also, debonding moment increases with increasing prestressing force, as shown in

Fig.6-19. The variation of the debonding moment with the initial prestressing forces

P¡ as shown in Fig.6-19 is given by the following equation:
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(M")"*p = I7.o + k11 ln( P¡ ) (6-18)

in which k1t = 1.1 (m) and the coefficient of correlation is 0.94.

In conclusion the experimental results show that both the cracking moment and the

debonding moment are increased due to prestressing.

6.2.6.2 Comparison of the results between the tests and analytical models

The predicted data in the five different models described in Chapter 5 are compared

with the data obtained from the experimental tests. A comparison between the

theoretical and experimental cracking moments is given in Table 6.20 and shown in

Fis.6-20.

Table 6.20 A comparison of the cracking moments

l.l30.930.8913.242.0

1.090.900.83t2.530.0

1.040.870.7811.818.0

0.940.840.76tt.23.00

model-5model-4model-2

(Mcr)e*p

flù.[m)

P¡

dòI)

in which, Mcr = the cracking moment calculated from the analysis described in

Chapær 5.

Considering the cracking moment, the predicted data from the three different

models, in which the tensile strength of concrete was taken account in the analysis,
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are compared with the experimental results. It can be seen in Fig.6-20 that the

predicæd data calculated from both Model Two and Model Four are lower than that

in the experimental test. However Model Five gave the best fit with the

experimental æsts.

A comparison of the debonding moments are given in Table 6.21 and shown in

Fig.6-21.

Table 6.21 
^ 

comparison of the debonding moments

1.241.22t.2t1.151.1320.842.0

1.181.161.151.æ1.082r.230.0

t.201.181.181.111.1020.118.0

r.271.25r.25t.I7I.t718.23.00

model-5model-4model-3model-2model-1

(M")"*p

ftÌ.{m)

P¡

ftN)

l\4
G4)"-

in which, Me = the debonding moment calculated from analyses, as described in

Chapær 5.

It can be seen in Fig.6-21 that the predicæd data from all the models are slightly

larger than the results obtained from the experimental æsts. However the variation

of predicted results in the five different models is not significant. Therefore, all

models gives reasonable results for the debonding moment.
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6.3 Summary

For the fully plated reinforced concrete beams, the shear strength of the beams

without shear reinforcement, can be deærmined from Codes in terms of AS 3600 by

assuming the plate is part of the tensile reinforcement. Experimental test have

shown that this procedure will underestimate the increase in the shear stength due to

the plates. Longitudinal shear stress at the plaæ/concrete interface up to 807o of the

tensile strength of the concrete were achieved without debonding due to shear flow.

For the plated reinforced concrete beams with the external side plates, the shear

strength of the beams, without stirrups increased with increases in the thickness and

increases in the length of the side plates. Debonding of the side plate can be

prevenúed by ensuring that the length of the side plates is greater than 6.3 times the

depth of the beam.

For the plated post-tensioned beams with varying degrees of the initial prestressing

forces, the analytical models gave reasonable representation of the behaviour.
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The following conclusions were drawn from the results of this investigation:

1. Adding steel plates to the sides of reinforced concrete beams increased not only

the shear strength of the beams by up to 97Vo but also increased the debonding

moment of the plated reinforced concrete beams by up to I05Vo.

2. The longer and thicker the side steel plates that were glued to the reinforced

concrete beams with, the greaûer the increase in both the shear strength and the

debonding moment of the beams. For this reason, debonding of the soff,rt plate,

in plated reinforced concrete beams, due to shear peeling could be prevented

using side plaûes. Experimental æsts showed that this can be achieved by using a

length of the side plate of 6.3 times depth of beam. The use of that lengrh of the

side plates also restricts the formation of inclined shear cracks in the vicinity of

the soffit plate-end.

3. The fully soffit plates can substantially increase the shear strength of the

reinforced concrete beam by up to 56 Vo and debonding is prevented. If the plate

is assumed to act as the longitudinal tensile reinforcement being from Codes such

as 453600 give a conservative estimate of the strength of the fully plated

reinforced concrete beam.

4. In the experimental tests longitudinal shear stress of up to 80 Vo of the tensile

strength of the concrete were achieved without any signs of debonding due to

shear peeling.

5. A computer program was developed to predict the the debonding moment of the

soffit plate for the plated reinforced concrete beams with varying degrees of the

initial prestressing force. A parametric study showed that the debonding moment

increases with increasing initial prestressing forces. The increase in the

debonding moment at the plate-end is proportional to the initial prestressing

force.
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6. A comparison of experimental tests with the results of five analytical models in

which the models of simulating the material properties was varied,found that

there was not a significant difference to the predicted debonding moment. Also

the tension-stiffening effect is small in predicting debonding. This is because the

external steel plates act as part of the longitudinal tensile reinforcement and the

value of. mp in the plated beams is much higher than that in the reinforced

concrete beams.
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