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*ABsTRACT S : -
o >

Comp051te steel concrete steel sandwlch walls have beer

‘proposed as aﬂ economlcal and structurelly eff1c1ght system
ifor reszstlng local 1ce pressures on AfCth offshore

' structures. It 15 enV151oned that a typzcal comp051te
". O B v AN N
u-‘tlce re51st1ng wall in a prototype structure would have a . ﬂ-“ff

TE T
3 - J/

"span to- depth rat1o of about flve,YW%{h—the two. Steel skins -

“':separated a dlstanqe of about one meter The wall would then‘w'fT

.~

act as;a deep conerete member in which "shear" behav1our

ﬂpdommnates. B o \ . w‘ &
- ',.!5.'_'.“_. o . .. ‘ . -

N

AT research program was carrled out to develop a
-

ratlonal pr0cedure for the ana1y51s of the strength of ‘;f,; _dfl
icomp051te ice- re51st1ng walls, ot:allbrate the procedure by

‘means of a serles of laboratory tests, to 1nvest1gate ‘the

feffects of varlous de51gn detalls on the wall gehav1our and

»1to propose 5u1table decalls for composite ice-resisting wall

A\
1.

‘-constructlon. 5f~ .’f- .‘: ‘ s T e 4
The proposed analyt1ca1 method ‘utilises the lower bound og
'theorem of plast1c1ty Graphlcal techniques are developed
ifor the construction of statically adm1551ble stress flelds ’J/”
gunder general load1ng Since the predlcted failure load 1sl»rf
‘jhlghly dependent on the effectlve concrete sttength when ‘

ey
4fa11ure occurs in the concrete COre, a rat1op’l expressz@n .

’

for the concrete effect1veness factor 1is proposed
Seventeen beam type steel concrete steel sandwlch 5?!{?2- 5

spec1mens were tested in the laboratory 1n ‘order to;

callbrate the expre551on for the effectiveness factor and td
. Y R

» : b g



exa@dne the effects of various de51gn ‘details. It was found —
xthat short stud- type shear connectors could prov1de the
necessary shear té%ﬁsfer capab111t1es to ensure composite j/ﬁ\\

% action betWeen.thf steel and the concrete. Both plain
concrete and steel~£1ber-re1nforced concrete are seen ‘as ‘

.-

-potentlally attractive 1nf111 materlals Early-dfstress may

. be. encountered in the concrete 1f stlffened plate bulkheads
with exce551vely large stlffener spac1ngs are used. Finally,

L-\ -
heat affected zones ‘due to welding near ‘he suppprts may ‘

1"‘/.

.51gn1f1cantly reduce the post—crush1ng-du99111ty of the

wall } 4 -4

- A comp051te 1ce re51st1ng wall conflguratlon whlch
llncorporates the preferred detalls is proposed and areas

thr further research are suggested.

p'vi L ‘ b -
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horizontal pro;ectlon of the length of a crack

in the concrete >

-
\ 3
width of specimen.
(.\,.
. ¥
gepth of concrete core.

13

modulus of elasticity of cgoncrete.

Py

modulus of elastic;ty?bf the steel in the loaded

plate. PN

modulus of elasticity of the steel in the

support plate.

concrete.

modulus of rupture.

splitting cylinder strength.

\

‘concrete cy}imder strength.

effective concrete strength.

&

yield stress of steel./

.

ultimate stress of steel.

&

. support width.

effective support width,

confinement characteristic.

»

N

‘shear°friction coeff1c1ent between stdel and



V

1 centre- to centre dlstaﬁcerbetween supports

L length of cantilever. o )

l . ‘ ) , . : N
M , multiplier to convert from the basic stress

-

field to the stress field at fallure.

p g applied load, expressed 1n MPa, cdrrespord1ng to
the ‘hydrostatic stress.u., and calculated from
the basic stress field. o )

P, predicted‘applied(fg;;/;:\}aflure, expressed in

N
- P, applied load at failure as observed from the
test, expressed in MPa '
P ' load applled by & hydraulic ram, expressed 1in
' MPa.
/
q - average ice-crushing pressure. g
r ¢ " a distance measured along a fan line, as defined
in Fig. 5.2.
R radius of curvature of a fan line at its
‘ & intersection with a hydrostatic node, as defined
in Fig. 5.2.
't;p thickness of the loaded plate. (
A
tsp thickness o: the support plate.
{
Tep tension fogce in the support plate.
U, ) hydrostatlc stress in the concrete nodal zone in

the basic stress fleld -

\Y shear. force at a section.

A
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”~crack widthf
longitudinal strain in the loaded plate.,

9

longitudinal.strain in the support plate.

.

yield strain of steel.

\ -

. A N
ultimate strain of steel. [
$train in ;oncrete tfqnéverse to a fan line- .

1 S

angle between a fan lineiand the vertical axis.

’ -

<

"Poisson's ratio.

. »
a-distance(aldng a fan line, as defined in
Fig. 5.2.- : : 4

N
- ,

stress in concrete.along a fan line'.

1

e - ~

stress in concrete transverse to a fan life,
taken equal to zero.. ~

: -
< ’

1

‘shear, stress.

concrete effectiveness factor.



- 1. "INTRODUCTION : ” »
S _ P c . L
1.1 Motivation . | o N

The discovery of signifiéant,b}l deposits beneath the

Canadlan Beaufort %ea and off the east coast of Canada has

<

created a need for ofishore structures capable of o i

Y

ulthstandlng the rlgors of these harsh env1ronments Ih B

a

A
particular, the walls of these structures fust re51st

—

pressures of the order of 10 MPa which result from ice,
- »>
impact.

Id

Ex1st1ng exploratlon structures for the Arctic have

been constructed using either strhctural steel‘cr’/exniggged B

—

concrete walls: Composite ice-resisting walls have been

proposed as an alternatiVe to these systems (Matsuishi et

al., 1977). A composite ice-reSisting wall consists of two
. : - . , - - .

continuous steel plates separated by a plain concrete corz

and supported by internal bulkheads, as shown in¥Fig. 1.1.
~ ./
8 - . :
Comgesite action between the steel and concrete layers is
provided by a combination of interfacial friction and

mechanical shear:connectors.
. ' &

>

Compdsite ice-resisting walls dffer several advantageS'
over wall systems usind either structural steel-or
reinﬁorced concrete alone. The advantages'over steel walls
are:

i; The possibility of hard ice features punching through

the wall 1s\rfduced oy

-®. Concentrated loads are distributed over a ]argerWl

a
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bulkhe ad area,_thereby»pepmittiqg more efficient

et

Bulkhead design,
A compesife ice—fesisting wall also offers the folloying
’ advantages.over a reinfehqed concrete wall:‘ |
1. bunability ;s enhanced, einqe no concrete is exposed.
2. Faisework is not required during cqncrete pouring,

because the two_plétes act ée\forms. |
3. No reinflorcement is needed, since the externa. plates

serve as reinforeement. | i

A possible configuration for an offshore structure
utilisihg composite ice;resisting walls“is shown in Fig.
J,T} This three component system is based on the Concrete
Island Drilling Sysrem (Yee et al., 1984). The mudbase acts
}as 5 pedeetal forrthe/structure, and is located below the
eone of ice-contact. The ice-resisting module is’ |
abproiimately_tentered4ébout the water line, and is also

! L

-~

“used for oil 'storage. ,The prodhctien deck is located above
=7 ' .
this module . o /&

The bulkhead spac1ng w1th1n the ice- re51st1ng module 1s

-
2

T @ funetloﬁ of ihe ice- loadlng, the external wall and

—

bulkhead thlckness and the global requirements of the
”module’/P§%11m1nary de51gn considerations and industrial

concensus' indicate a 2kasonable'bulkhead Spacing to be
0

approx1mately five meters. The mlnlmun thlckness of a

"N

o
comp051te ice- re51st1ng wall is Qlctated by the

accessablllty of"the - 1nterst1tmal space to welders, .concrete

placers and inspectors during construﬁtion. One meter is



adequate. The foregoing considerations indicate, then, that
: : o ‘

a span-to-deoth ratio approximately equal to five is

nractical for a composite -ice-resisting wall, provided that

strength and stiff%ess,requirementshere satisfied using -

hese proportions.

1.2 Object and Scope’

The objectlves of t%}s research program are;

1. *To develop a rational procedure for the analysis of the
s;rength of composite 1ce—re51st1ng walls. Such a
procedure ehould be simple and versatile.

2. To calibrate the analytical procedure by means of a
series of tests.: |

3..1To investigate the effects of varieus'design details on
the behaviour of composite ice- re51st1ng walls.

>

4 To-propose su1table detalls for’ comp051te ice-resisting

[

wall construction .

) The effects of the followir:‘g? parameters on the
- behaviour of composite ice-resisting wails with
spaneto—depth ratios from four to six, inclusive, are
investigated:
1. Concrete strength.
2. Concrete type (plain or steel-fiber-reinforced).
3. Type and layout of mechanical shear connectors.
4. Type of bulkhead (solid er Stiffened plate).
5. Lateral concrete confinement. -

6. Type of loading (uniform or patch).



h . )

J

7.. Extent of rotational restraint at supports.
8. Load cycling.. | ’
4 Chapﬁer 2 of this thesls presents a review of the

‘ literature ;: ice pressures on offshofg structures and tests
on sandwich sections. The test specimeﬁs énd the test
prdgrém are described in Chépter 3, and the main'test
results aré discﬁsséd in Chapter 4. Statically admiJ;;ble
stress fields which are suitable for the analysis of
composite ice-resisting walls are developed in Chapter 5.
The analytical‘model is applied to the test results in
Chapter 6, and a faildgg;criterion\for composite
ice-resisting walls ié proposed. The dconclusions and

recommendations are presented in Chapter 7, and areas for

future work are suggested.

2



2 L LITERATURE REVIEW

& N
2.1 Ice Loédigg'on OffshorelStruétﬁres.
The.economﬁca};and efficient design of offshore'
structures for the Beaufort 5Sea demgnds that the o;igins'andv
subsequent ngaviour c{ the ice loading events be
understood. Several -ongoing independent research’efforts
have imen undertaken withinh the lésﬁ‘éécade, with a view to
developing a better understandiﬁgiof the ice/structure
interéction. A summary of these efforts‘ig provided by Aliyn
(1986). Despite these ongoing_investigations, design ice.
_ loads.are not ye£ available due to the sensitivity of the
loading eonditiors to the drilling location, the difficulty
in.estimating 100—year design loads from 10-year samples,
and also the ﬁroprietary nature of much of the,data. In lieu
of this.infbrmatiog¢ it is important that at least the
general characteri;tics bﬁ ice loading be understood. ®
Croasdale (1984) provides a review of.the origins ar
effects of globél ice loads on offshore structures. Three
possible Scenarios for global ice loads are proposed, as

shown in Fig. 2.1,

1. Limit stress load (F): A very large ice feature is in

continuous contact with the structure (Fig. 2.1%a)). The
maximum load to the structure is controlled vy the

N "average crushing pressure” (g) ot the ice, 1.e.



(After Croasdale)
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'Figure 2.1 Some possible pechanisms for global ice loading.
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where t is the thickness of the ice sheet and D is the.

. diameter of the structure. In this case, the force which

is driving the ice sheet can be considered to be

7
e

infinite. ‘ -

2. Limit-force;load (F,): The ice sheet is in continuous ¢
contact with the structure, but ice-crushing does not
. e« . -
occur at the ice/struct®e interface. The global load en

. . k)
the structure is that which equilibrates the external

-

forces acting on the {loe‘(Fig. 2.1(b)), i:e.'thg

o

combination of the ridge-build:.3 :opmce behind the sheet

and the wind and currernt drags on the sheet.

3. limit momentum load (F,): An ice feature of mass m and
velocity v.impacts against the structure (Fig. 2.1(c)),

thereby imparting a force Fm\WQiizl:S consistent witlf
Y

the conservation of total energ ithin the

ice/structure system. -

The critical global load to thékstructure is then defined as

F= max[FLM, min{F,q, Fny)], -
as stated by Allyn(1986), and is of sparticular importance
: . ¥ )

yhen the global stability of the structure is being

.

examined. . . -
i‘\ i

It is also necessary to estimate the local ice
¢]

pressures associated with the globaﬁ load*in order that the

[y ~

C s \ ; . e
individual elements oflthe structure (and in particular the

ice-resisting wall) can be designed. Bercha et al. .(1985)
have examined the local pressures associated with

ice/structure interaction, and state that:

3

—t . N

S



"the explicit dependence of localised contact
pressure on ice and structural stiffness and
mechanical properties for given interaction
conditions has been known\to significantly affect

the local pressure magnitude and distribution.....
Pressures generated cam range from 7000 psi (48 MPa) -
for the high speed impact associated with
ice-contact zone rheology, to barely significant 50
psi (0.34 MPa) pressures for slow interactions in
which even quasi-static crushing is not developed.”

ad The parameters of tbé ice and the structure which ‘—w\
affect lqcal ice pressure h#ve been‘listed by Bercha, and |
are repfoduced-in.?ié. ;.2. Deﬂbrﬁihapign of the ice ~
pressure distribution is a complex procedure, ahd is
certainly not accurately modelled ﬁsing an "average crushiQd
strength” approach. A finite 'element analysis (also gy )
Bercha), during which an energy inventory was kept at
intervals of time, yielded the conclusion that the local icé~

\
pressure decreases as the thickness of the ice-resisting
_ : 2

-
~

wall increa§§sﬁ This is not surprising since, for a given
- ]

N K » ..
total strain energy, the required stress regime within the

IS
"

wall will be lower as the volume of th§ wall material
increases.,

In view of the complexities of the ice/structure
interaction”as shown in Fig. 2.2, the formulation of
ice pressure/loaded area curves is a'difficult task.
Nevertheless, the curves shown in.Fig. 2.3 were éuggested bg,
Watt (1984). Although by no means final, these curves at
least provide the designer with an pstimatg'of the local

loads for which the structure should be propoftioned.

A%
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2.2 Externally-reinforced Concrete Construction. ‘
©2.2.1 Non-offshore Applications.

_Considefable,attention‘i% being paid to the use of °
sﬁeel—conorétejsteel sandwich members for offshore
structures. However, the advantages'of extefnally—reinforced
concrete ‘for non-offshore structural engineering

"appTlcatlons have been recognysed for several years.
1. Concrete slabs supported on and interconnected with ' l:

Structural steel members welte proposed for floor systems

:;gﬁifu@s aarly as 1929 (Knowles, 1973). Systems in which

.éég Brattland and Kennedy (1986)
>%%§§-6 1978) prOposed the use of st'eel

. 'd stud shear connectors as the
ilace concretq»beams as part of a

;1d1ng system. These channels would

r'"”ch beams was essentially the

' &rced concrete equwalents

1967) carrzed out tests on plaln

sofflt only, and also on beamg wh1ch had ste '~plates
! A
glued to both the soffit and the vertical sx&égﬁéThese

tests led to the construction gf é;frame in whdch the

a

P



beams was-poured into U-shaped steel

5tfﬁms which %ere coated with glue, and the performancé
“the frame was monitored over time. Bresson (1971) ‘.
t investigatéd the shear distribﬁt;bn along such glued
‘Ijbinté, and the mechanica? p;operties of tﬂé adhesives.

h

which were used.

4. Lerchenthal (1567) carried out tests on simply supported
two-way slabs reinforced with a Steel pléte glued to the
soffit. The bgnd between the concrete and the sheet
'reiqforcement was achieved using a "grip layer" i.e. a,
T@trix of stone grit and adhesive yhich was pre-applied
to the metal surface. This eliminated the time
constraints associated with poﬁring the conérgte
im@ediately after the applicalion of the adhes@ye. &,
5. A program to invesigate the use of external sheet
o reinforcement for-one-way bridge decks was initiated at
The University of Dundee in Scotland in th early 1970's.
Solgmon et al. (1976) carried out tests on
stesl/concrete/steel sandwich beams and slabs, in which
the plates were again glued to the concrete. It was
found that the top pléte carried very little load
because of the difficulty in post—bonding the plate to
the‘troweled and hardened concrete. A Series f tests on |
open sandwich slabs (i.e. with the top plate omitteé)
- was then cart?ed out,-and the results were published by
Ong et al (1982). A variation of the open sandwich “
. concept was investigated by Solomon and Gopalani (1979)

%
-



, slabs.

14

3

atd Mays and Smith (1980), in which the soffit steel

plate was curved to form arch-type "inverted catenary*

[

e

Akiyama et al. (1986) carried
3

a

Ozawa et al. (1986’ ang
out tests on both "§pen and "closed"”
'steel/concrété/steel,sandwich_sections in which ' e’
steel plates weréd bonded to the concrete using T-shéped-
shear connectors. Thé specimens were, in .general,
detailed to model components of>st£uctures subjected to

loads which are significant'y lower that those

anticipated in the Arctic offshore.

. Test’s to investigate the strengthening effect of bonding

steel platesito existing rei“_t}‘edsconcrete beams have

beeq/reported by Macdonald (197?, 1982). \\

Nuclear containment structures have used interior sfeel

° TP . .

liner plates (HalFigan, 1976)&;@he liner plate provides

" an extremely low leak rate during maximum
pressure and temperature associated with a
postulated loss of coolant incident. Because the
elongation of thePcontainment cylindrical wall
due to internal pressure is less than the
unconfined thermal arowth, the liner plate had
to be designed to ~verlude buckling. Therefore,
stiffeners were usen which would serve as
anchors as well as make the liner structurally
Qadequate as the interior form for the concrete.” °

-

2.2.2 Steel/concrete/steel Sandwich Cylinders for Offshore -

t
-

N
Construction.

Over 100 tests were performéa‘ﬂQ~steel/concrete/steel

sandwich cylinders at The University of Manchester 1in
TN .

' England between 19767and 1985 (Goode and Fatheldin, 1980;

< . B Cr

/

&
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Montague et .al., 1985, 1986). The 1/40 scale spec1mens had a

“

tio generally between 10 and 25,

diameter/wall thickness ’

3

and were tested to model hav1our of prototype 12 m ﬁ'“

w,

s . [ o A
diameter tubular members. A pa tlcularly 1nterest1ng rasulé S .
JU";?' - ‘1‘5
of  these tests was that the addition of shear connectors o 'J”

-] . ‘l(
along the steel/concrete interfaces had no,apparent effect

on the behaviour of the cyllnders. It is also 1ntecest1ng to
note that, as part of ‘this program, a parallel test series

was also carried out to inveitigate the multiaxial stress

behaviour of plain concrete by subjecting plain concrete

cylindrical shells to external preSSure (Quazzaz, 1984). °

"
3

| ] - o
2.2.3 Steel/concrete/steel Sandwich Walls tor Offshore

/
Construction,

-

Several:research_programs_have been carrieé/out over
the past decade to . investigate exp%rimentaily the use of
steel/concrete/steel sandwich members for otfshore 'éf;
applications, and tb'develop‘design methods for theseb
members. Some of these programs are ongoing but proprietary:
those results which have oeen publisheo are summarised

J ~

hereunder:

1. Matsuishi’ 1. (1977) 1n1t1ated the current interest

575

in sandwich So' truction. The progta,gyas described ip

more detail in three subsequent reports (Nishimaki zi

: o oy ' .

al., 1977; Matsuishi et al., 1979, 1980). Static tests

_ , . ; ,

to failure were were carried outyon gighteen heam-type
(. .

P4

specimensu(Nishimaki et al.,'T977)fféhe specimens were.



i ' ‘1_6

.

-
~

probogtiqned to investigate beﬁding, shear, and-combined
‘bending'and §heaf;\§hey were-simply supporﬁéd and |
po}nt*loaded"with Vefy émall bearing areas, and‘;
variety of shear connector and diaphragm arrangemenﬁs
was examined. In geheral, the specimens faifgq by
crush&ng of the concrete at midspan after the tensioq
plate had yielded. It was Teported that, in some of
these tests, the compression plate buckled prior to
crushing of the concfete.

T™wo methods were proposed to predict the uitimat
strength of these members. Fir;tly, equations based-én
the‘equilibrium and material capacities of the beam
cros ction at midspan were proposed, with&ut explicit
considerétioﬁ-of the;concrete'in the remainder of the

=beam.'Secondly,‘the beams wer;'mbdelled as simble
trusses, where the diabhfagm plates acted as the posts
.qnd lines of diagonal céﬁpression.wére assumed to act
within the concrete. Subseéuently, the behaviour of
these beams was‘modelled using the finige element

method, and the results were described b§_Matsuishi et

al. (1978).
_ The.éffect of repeated loading on similar speéiTens
1//was»reportéd by MatS;ishi'ep al. (1980). In general,kig’
was COnleééd that capacity‘was not affected unless the
tension plate yielded or @ fatigue failure occurred.

2. Hattori and Matsuishi (1985) reported a continuation of -

Matsuishi's previous work, Four two-span specimens were

‘1



, | | 17.
point:loaded at the centre of each span. Short T-section
shear connectors were welded acroés both the top and
bottom plates. Three of the speciméns had longitudinal
plate stiffeners welded to the outsjde.of the bottom
 plate to increase the shear rigidity of the beams. The
f@ufth specimen did not have such stiffeners, but the
Bottom pléte had an equivélent érea of steel. Two of the

)

three specimens with longitudinal stiffeners vere o
sugjec:ed to 20 and 40 frgeze-théw cycles respéétfyely,
prior to loading to failure. The bottom piate had
ylelded in all of these tests when the max imum load was
reached, and the concrete did not fail. It was found
that the longitﬁainqi stiffeners increased the capécity
of the‘specimens (presumably because of the increased
effective depth). There was no épparent decreasevin the
. strength of theﬂmembers due to the freeze-thaw cycling.
In addition to a finite element ;nalysisz a truss
model which explicitly‘recognised the ginite widths of
the conérete struts ‘was also proposed¥ However,qthe
specimen strengths were governed byvthe capacitié; of
\the steei plates rather than the concrete struts.
Ngjiri and Koseki (1986) carried out tests on-24
msandJ&ch sections. Of these, 14 were single span beams:
the remainder were contlguous over two spans. All spans
were loade§ w1Fh a central point load. The empha51s in

this program was to investlgate the effect of shear

reinforcement on ductility, and-so only one specimen
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failed by Efushing of the concrete prior to yieiding of

.the steel.

A dESign method was proposed to include members

both with and withoutisbeé?’reinfo:ceﬁent. The method
'suggests that the ‘capacity of the section be limited to
the lesser of itsAflexural capacity as governed by the
sfeéi plates apd‘its shear. capacity as gove ned by
Niwa's equatioﬁr(1984) for memgers without web
réinfo:cémen} or by the ACI (1983) .shear eéuations for
members with web reinforcement. ’

Shioya et al. (1986) conducted 12 flexural tests and 5
shear tests on sandwich beams. The beaméiﬁere single
span, and were loaded by two point loads located at t-e
1/3 points for the flexural tests and at the 1/4 points
fof thé shear tests. In general, the specimens were
without Web‘reinforcement, and plate type, shear
connectors were used. The flexural t;sts were cérried
out ﬁfimarily to to investigate the buckling beha?iour
of the compression plate. In the shear teSts, failure
océufred by shear compression before the bottdm’plate
yielded. It was fouﬁa thét the shear capacity was
accurately predicted uSiné Niwa's equation (1984). It
was élso noted that the$hear capacity was reduced’ when
slip occurred at the steel/concrete interfaces. Shioya's .
" paper also addressed the constructability‘requirements
for sandwic£ walls, and the results for some concrete

injection tests were reported.
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2.2.3.1 Discussion. % -

13

Two common threads seem to link most of the tests
which were described above.’Firstly, the emphasis seems
to have been on&producing flexural failures. Increased
member cap~city can be obtained by increasing the
thicknesses of rﬁe plates, but when this ié‘dbne the
‘member tends to fail in a’ shear mode. The shear capacity
of sandw1ch sections therefbre needs to be furfher
1nvestlgated

Secondly, all of the specimens were loaded using
either single or two-point loading. The shear span is
readily def1ned 1n such cases, and convent1onal shear
equations (ACI, 1983: lea, ﬂ984) can be applied.
'However, as indicated in Chapter 1-and in Section 2.1,
it is more rBalistic to model the ice loads as uniform
or-patch loads rather than as point loaée. In thes~=
cases, the shear span is not readily defined, and the
conventional shear eQuations cennot be used. (T;is will
be illustrated leter, in Sectioen 6.6.3). A method for
predicting the capecity of the concrete core in a
: sandwich sectéen under genercl loading needs to be

"developed. ‘Chapters 5 and 6 of this thesis are primarily

devoted to this task.

/
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2.3 Concrete Plasticity.
B < . .
Tﬁé4analytical method which is developed in Chapters’5

.and 6 utilises the methods of plasticity as applied to deep

. o
concrete spctions, and the literature mecessary for the d

development 1is ci*ed as reqguired throughout those chapters.
Several other plastlc solutlons for deep sectlons, although"

not directly relevant to th1s thesas, a(e glven bg Nlelsen.

(1984). Two addltlonal referencgs.on@concrete plastlc;tyJ'

.

which, may be of interest "in other areas of 'U~

oo
steel/concrete/steel/sandwlch analy51s & v ngen here for

o

completeoess

-

v

k.

A solution for the moment capacity of a one-way sandwlch"

slab was developed by.Nelson et al. (1985). °°
2. Brandli (1985) proposed a statically admissible stresg

field for a two-way reinforced concrete slab in which
the concrete in compression is .dealised as a concrete

o

plate, the reinforcement is smearedlto form a biaxially
stressed stoel plate, and the remé}gae}}of the concrete
acts as a shear core. If the compfeésive plate is
assumed to be conétrupted from steéi—ﬁh‘tead of

concrete, it may be pussible to adapt the stress field

for shallow two-way sandwich systems.



3. EXPERIMENTAL PROGRAM

o’

. p)
3.1 Introduction : $ \

To model the behaviour of a composite ice-resisting
wall in the laboratory, the wall was initialdly idealised as
a serieg of contlnuous horlzontal strips. (Fig. 3.1). The-

.\(

w;dgp of the strip was chosen as 1.5 times the wall
thlckness. A continuous strip was ¢ -ther idealised‘as a
51mply supporﬁed beam with cantllevers. These alterations to
“the klnematlc boundary equatzons are permissible, since a
.~lower bound to the waLl capac1ty was sought. . ,

Wlthln the context of these beam type specimens, two
modes of fallure were possxble. yleldlng-and straln
hardenlng of the steel plates (ouctlle behav1our) or
failure of the concrete core" (brlttle behavour). Most of the
test spec1mens in the experimental program wé??\\\'
overreinforced in order to 1nvestlgatevthe effect of various

ST

, , ‘ . ' .
parameters on the Beam strength when this is governed by the

G

'_ concrete capgﬁﬁty{ However, . some underreinforced spec1mens

we&e alSO 1ncluded to obServe some general characterlstlcs

:ofyductlle behav1our. \ -
| Seventeen 1/4 - scale beam—type specimens'were
constructed and tested in this program Five spec1mens w1th °
‘lspan—to+deoth ratio (l/d = 4 were tested first, followed by -
seven .specimens with 1/d = 6. The resulfs of these two

serles ‘were used to optlmlse details for flve further

spec;mens WIth‘l/d = 5. Accordingly, the experlmental

21
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Figure 3.1 Beam specimen from a composite ice-resisting wall
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!

program will be reported in the stquence l/q = 4, 6, 5. This

N

done to maintain,the'lq€ic of the program development.

~

Test Speciméns

Table 3.1 summarises the pafameters associated with g
each test specimen. It also ;utlines the purpose of each
specimeh,‘and gives the companion specrmens with whic£
results shoula be compared. Thé dimensi&ns of the specimens
are gié@n.in Table 3.2. '

3.2.1'B4 Test Series (1/d = 4)

The B4 series consisted of five overreinforced
speéimens} The objeétive of the‘series was to éxamine the
effect of the following parameters on the beam strength
governed by failure of the concrete;.

- bnype of shear oonnector (stud or plate)

- Concrete confinement near the support o

- Solid support or stiffened plate support (representing a
stiffened plate bulkhead)

The specific’parameters associatediwith B4/1 through B4/5

are given 1in Table 3.1.:

The loading system forcthe B4 series 1s shown in Fig.
3.2. The load was applied thrcugh sixteen 450 kN hydraulic
rams. Since the load in every ram was eqgual, this loading
'arrangpment'simula;ed tge distributed load system Show! in
' Fig. 3.2(b). The test rig actuaili applied the loads P on

-~ o
the bottom of the speC%ifn and reacted these loads on the
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Table 3.2 Dimensions of test specimens.

AN
N

Specimen n { 1 t R¢ d
/ . 1P Sp
f P {mm) {mm) (mm):* (mm?) {mm) . (mm}
. ;
[

. B4/t 375 400 1000 10.28 10 .20 250
) Ba/2 37¢% 400 1000 10. 14 9 .45 250"
E4/3 375 100 1000 9.35% 9.42 1250
B/ 375 400 1000 10.09~ 10.25 250
B4,9 375" 400 1000 10 18 _10.22 250

B6/ 1 37% 500 1500 13.30 $13.17 250
BG/2 375 500 1500 6.43 6.31 250

, B6/3 375 500 1500 13.17 13.26 250
BG/ 4 375 500 1500 6.32 6.34 250
6.5 375 50Q 1500 3.35 13.26 250

B6 6 375 500 1500 3.37 13.30 250

B6 7 375 S00 1500 13.31 13.26 250

BS. 1 375 500 1250 16.22 16 .18 250
B5/2 37% 500 1250 16 .26 16 .21 250"
B5/3 37% 500 1250 6.97 6.70 250

BS Mt 375 500 1250 6.98 '6 .68 ' 250
BS/5 375 500 1250 6.96 6.70 250

25
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¥
125 x 25 -

Loaded areaq

-~

" 238 200 200 20C 200 200 238

n

cﬂ

150 x 378'

Supporf

1000

oy

(@) Point |oads

275 1200 275
el o ]
T "
Cb‘%?p P 0.727p

(b) Equivalent distributed load

Figure 3.2 B4 series: _Loéding system.
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top of thé\épecimen as shown in Fig. 3.21, discussed later.

However, to prevent confusion, the orientatiop of Fig. 3.2
-~ y :
will be used throughout.”

Al

A graphical method for predicting the strength of these

composite sections was developed. The method is discussed in

34 Q; The technigue indicates that the capacity of the

T / i .

beam is largely insensitive to ‘i
o .

. MAgNnitude of the

cantilever load.-(This is indirectly verified in the B5

series). The, loa'c"itens’tron' the cantileveif,:‘_#.?(o.727p) was

therefore arbitrarily~a¥ ,, model some degree of
: \

jacent spans, but was not
gxpeéted to have a stréﬁg effect on the load capacity of the
beam.

Once inclined cracki&é has occurred and loads are
transferred by arch action, the grapﬁicak method of analysis
indicates that the distriLut.on of shear stress at the
steel/oopcrete -interface of the loaded plate for full
composite actipn can be represented as in Fig.~b.3. When
choosing the shear connector layouts for the B4 series, itil

was assumed that the shear transfer due to interfacial

friction was zerc. This assumption is very conservative, byt
. . 3 ~

" i was implemented to ensure that failure would occur by

o

exéeeding the concrete capacity, géther than by loss of
composite action. The sheam connector layouts for the loaded
plates used in the Bé series aée given in Fig. 3.4 (a) and
(c). The sheér connectors are more closely Spacea near the
centres of .the loaded plates so as to corfelate withAthe

“»

\ | SRR : -
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¢

<

) . Applied load p(MPa) ‘
(“ ) , < : .

Shear stresses

'8 ' ff

3

N
Figure 3.3 jdealised shear stress distribution at the

steel/concrete interface of the loaded plate.
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larger: shear requirements in these areas as shown in Fig.

. . 4
3.3. The total sheaéDcapacity of the shear connectors was

equal to the tozal horizontal sheat force which can be

calculated from the shear stress distribution as typically

°

shown in this figure.
The shear éonne%tor layouts for the supgort plates are

shown in Fig 3.4 (b) and (d).lThese'connectors'were

% .

~ coneehitrated near the supports because it was expected that

3
J

arching action wod%d dominate in these tests, and that the
horizontal tomponents of'the'arch reactions would be

. A , ,

transferred to the support plate by mechanical shear
transfer at the supporfs. ?he shear force to be transferred
at the support is équal to the tensile force in the span of
the support plate, and is calculated using equation [5.15],

developedhlatér.
" The system used for lateral ébnfinémeptNof the concrete
in the support regions of specimens B4/1 through B4/4 is
shown iﬁ Fig. 3.5. The inside surfaces of the triangular
plates were polished. fﬂﬁaglates were pressed against -
Lubrite-coated square steei pads which were glued to the
sides of the speciﬁen. These pads confined the concrete, but
were able to slide relativg“to tﬂe confining plates. The
lateral confinement system models the.influence Qf-the
concrete 1in the adjécent strips at the support regions.when
the wall is'subjected t ‘e loading. The tie rods were

preloaded to simulate the weight of 10 meters of concrete

above the strip in the prototype. The axial stiffnesses of

1
t )
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'bl/

,tﬁ; t1e rods were designed such that the lateral stress 1in
th?fconcrete over the supports would be approximately 50% of

tpat which is assoc1at d with 'plane strain condltlons,
/ﬁ$suming the concqete to be both linear and elastic:
t?%Specimen B4/5 di& not have confinement at'the supporEQ.
- Three of the five specimens (B4/3, B4/4 and B4/5)

" réacted against support devices representing the stiffeﬁed
plate bdlkheads thghumight be encountered in a profotype
structure. B4/1 an%‘B4/2 reacted against,sdiid supports. The
dimensions of thé stiffened plate supports are given in Fig.
3.5. These were used to investigate the mechanism of load

transfer from the conc:eté to this support type to see if

this affected the load carrying capacity of the beam.

3.2.2 B6 Test Series (1/d = 6)
Seven specimens were tested in the B6 series. The
'series‘was~designed to inbestigate the éffecis Ofi
-  Concrete gtrength (high or low) |
- Concrete type (plain or steel-fiber-reinforced (SFRC))

- Presence of studs on the support plate between supports-

Type of loading (uniform or eccentric patch loading).
The ram spacings and equivalent uniform loads for bogh
loading types are shown in Fig. 3.7. The lateral»qonfineﬁent
system was not used in the BS sé%iés. Shear studs weré‘used

as mechanical connectors throughout, and all supports

simulated solid bulkhead¥.
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Pigure 3.6 Stiffened plate support.
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Thé-layout of the studs for the B6 series is shown in

-Fig. 3.8. " The contribution of interfacial friction was s a4

. recogn1Sed Jn chobs1ng the layout of the studs on the loaded
plate, as shown in Flg 3 9. At any p01nt the fr1ct1ona1 |

transfef’was assumed equal to.f x p, where the coefficient
v o . :
af friction,'f, was taken as‘0,6 as suggested by Clause ;//,7

7 4. 3(d of CAN3-A23. 3—M84 All shear in excess»of this

v was assumed to ibe transferred by stud shear connectors The

\ e

v
: gotal number of studs‘thus :quired for the span between

?i supporﬁs waS'evenly spaced along the span, resulting in a
P o
more practlctl stud layout than that used 1n the B4 series.

The contrlbutlon of fr1ct1on was similarly recognlsed in: the
de51gn of the studs for the support plates Addlthpal studs
were attached to the cantllever portlons of the lcaded y

plateS\so as to reduce the p0551bL11ty of fa1lure bf the

o

test spec1mens by fallure of the: éggtllevens.
Hpw 7 A comp051te 1cerres1st1ng wall on a prototype structure

may %equlre shear connectors between the supports on the

support pﬁstes as Well as on the loaded plates fThese would 2

[
¥4

be necessary to accomodate pattern loads, and to prevent a
S '

gap from openlng between “the tension plate and the concrete

core. The effect of such addltlonal studs was 1nvestlgated

ain‘Specrmen B6/5 as shown in Flg 3 ,8tc) . These addlt onal
"i' . ’ i;’
studs werg not expected to contrlbute s1gn1f1cantly to the

1

transfer of the horlzontal components of the arch reactlons
to the support plate,’and 'so the number of studs directly

dver the support was ‘not reduced from that which.was used

s’
a o : ¢
2 Bk}

e
LB

: ; B .
Pl P . ! !
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Figure 3.8 B6 series: Shear connector layouts.
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— :
Applied load p(MPa)
1 y
Loaded plate
r / - |
, A Shear resisted - . Sheor;ﬁrunsferrgd
' by studs by shear friction:

“fp(MPa)

|
| C—

—— e f = :Shear friction coefficient = 0.6

@! [

* Shaded area represents shear force to be resisted by studs.

N

Figure 3.9 Contribution of friction at the steel/concrete

interface.
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for the other B6 series gpecimens.

&

< The addition of §teel fibres to a concrete mix can .
significantly increasé the apparent tensile strength of the
concrete. The compressive strength remains largely
unaffected (ACI 544.1R, 1982). Specimen B6/3 was included to
determiﬁé whether the load-carrying capacfty of the beamﬂwas

. more strongly¥affected by the tensilé_or compressive

Gfﬁégrength of the concrete. .

;Specimen behaviour under a patch load ;;s {nvéstigated ,
in'B6/7. The cantilevers were‘ioaded to mddel Peam
continuity, The éatch<was eccentgically located\to force an
unfavourablé load path to the most remote support. -

A specimen with a.low-strength concreEe core (B6/6) was

ﬁihclhded to inyestigate the effect of f. on specimen

behaviour. ' N
_Each of the aforementioned specimens was overreinforced

g .
in order to in¥sstigate the effects of the various

1 Y . . . ;
parameters on the specimen capacity when this was controlled

59 failure of the concrete. It is also of interest, however,

'.y;:i‘ . ,‘]ko

/

to observe the ductile behaviour of underreinfd&kced

composite ice—resisting'wails, since prototype walls would
probably be so reinforced. Two underreinforced specimens
were also tested (B6/2 and B6/4). B6/2 had a pYain concrete

core; B6/4 had a steel fibre reinforced concrete (SFRC)

~
4

core.,
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y@ﬁe ram spacing ahd equivalent uniform loads for the B5

~. geries are
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3.2.3 B5 Test Series (1/d = 5) ) . ' g’ _/ﬂ

< ’

~ . The results of the B4 series and the B6 series were

used to optimise tﬁe parameters for the BS sériesﬂ A
prototype wall was énvisioned'as having the foll%wing
cha;acter}stiés:

- Underreinforcea ;

- Studs on both plates
y o ¢

- A diaphragm plate at each support
-~ High-strength concrete. ¢

The BS series consisted of five specimens, and investigated

-

the following pargmetefs:
- Effect of a diaphragm plate at each support

- Effect of studs oh the support g%ate of an

¥

underreinforced specimen
> <

-  Effect of rotational end restraint on the behaviour of

an underreinforced Specimen.

v ’ R

shown in Fig. 3.10. The -shear connector layouts
- A ‘ B o .
are giveﬁ}in Fig. 3.11. The studs were also uniformly spaced
. * Q
in these tests.
A diaphragm plate may be necessary in the prototype
both to separate the plates during construction and to
o i) o .
provide a tensil ink to the bulkhead in case of pattern
I L [} .
N . . .
loadings. B5/2 investigated the .effect (if any) of such a’

»
diaphradn on the stfength of the concrete.

7

i/ . .
Specimen§ B5/3, B5/4 and B5/5 were underreinforced.

B5/5 examined éhe effect bf a uniform distribution of studs

g

L 4
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& Diaphragm x——{typical)
= > —
'\/’/ Elevation; B 5/2

Figure 3.11 B5 series: Shear connector ldyouts.

(Studs not shown for tlarity)
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on the support piete End rotations were preventediin BS/4
Imalnly to examlne the effect of such a klnematlc restralnt
.

on ductility. The restraint was provmded by preventlng the

Flow of hydraulic fluid frem the Qams.actlng on t?z

cantilevers. i ' qx” C ¢

, '
3.3 Material Properties ol
: . 1

3.3.1 Concrete _— ' ‘f5“
High strength concrete (f, from 45 MPa to- 64 MPa)was

used in all spec1mens except B6/3.and B6/4 whlch were madé i

of high strength steel-fibre- relnforced concrete, and B6/6

which was cast using a lower strength mix, ( £ 39 5 MPa)

The high strength concrete was purchased from a local

ready-mix suppller ‘Mlx proportxons are glven 1n Table 3.3.

This low-water, superplast1c1zed mix had been used }

extensively in a major logal construction pro;ect, and had

28-day strengths of about 50 MPa. The c .:-2te for specimen

LY

B6/6 low strength) was mixed in 1'he laboratogy The mi X
‘ &ﬁ I

proportions for B6/6 are also given in Table 3.3‘ .‘V

Tﬂé B4, B5, and B6 series were cast on separete dates.
All of, the concrete for a giveniseries came from tHe ‘same
ready-mix truckload (except fcr B6/6, 1n€5h1ch C ne
concre}e was mixed in the laboratory). Tpe compressive
‘cylinder strength, static modulus og elasticity, splitting
tensile strenéth and nodqlus of rupture nere measured‘at

intervals during the}iesting of a given Series. The results



Table 3.3 Concrete mix

3
>

proportions.

R e
; @ Q
~ &l ‘
7 .
High strength Low strength
(B6/6 only)
—
ITtem Ouant)'ty/m3 0uantaty/m3
7-\ =
( Cement 465 ka 404 kg
Sand 752 kg - 653 kg -
Alregate 1100 kg 974 kg
1S mm max)
rii
- -
. Water 1607kg 195 kg
- 'v‘f' )
Conchem-SPi - 1 3.49 litres - .
. retarding-type. {
superplasticizer |
¥
. . .
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are given in Appendix A. The data were fitted with
regression curves of the form f.(t)=a+bxln(t) by the least

squares method, The resulting best-fit equations for each

5

W

concrete mix are also.shown in Appendix A. The estimated
compressive cylinder strength on the day of testing forAeach

specimen is given in Table 3.4. With the exceptions of B6/3

'and B6/4 (steel-fibre-reinforced); and 86/6‘(Low strength)}

these values were obtained from the regression equations.

The.compréssive cylinder strengths for specipé%s B6/3, B6/4,

.

‘and,B6/6 were estimated‘using

(3.11 -

-

0.75 + (7/t0)]

ER "f'(:(t‘):' f'C(to)[O.75 + (7/t1)

where

v

t,= age at which composite specimen was

tested

t,= age at which cylinders:were tested

and f.(tg), %O and t, are from Appendix -A.

For B6/3 and B6/4, "Xorex" steel fibres were added to
the ready-mix concrete using the concrete mixer ipn the

labéfatory. The fibres were 50 mm long -and crimped at

intervals of approximately 8 mm to a minimﬁm’specified

height of 1.02 mm. The crescent-shaped cross-section of a

fibre had a minimum spécified width of 2.3 mm and a minimum

specified height of 0.3 mm. The minimum specified yield for
the fibres was 970 MPa. B6/3 was reinforced with 1.5%

* .
fibres/volume: B6/4 had 1.0% fibres/volume. The addition of

"this large proportion of fibres significantly reduced the

»~

L4

Workability'of the mix, bput proper compaction was
%

I
o S



Table 3.4 Compressive cylinder strengths of concrete in

specimens

RN

¥,

>

Y
4
LY . N ’
Specnmenx fC
7 (MPa)
. Bl 1 62.9
Ba,.2 62.4
.

. . g3 61.3.
. ' B4 63.3 .
S~ E4/5 56 6

B6, 1 54.5
B& 2 57.8
B6. 3 57.0
~ - 8574 59.6
B6/5 60.2
BG.5 39.5
B6.7 61.3
, BS, 1 1446
el
B8/2 o 263
. E5/3 48.7
- BS, 4 50.8
g B5./5 51.7

45
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neveﬂtnelese obtained. .
Cylinders and moddlue"of rupture beams were made from
the steel fibre reinforced concrete. In cdmpliance withbthe
recommended practice {(ACI 544.2R, 1978), the load—deflection
curve, das recorded for each steel-fibre- relnforced beam. The
plots, and all steel-flbre-rernforced cyl;nder test results,
are gi&en in Appendix A Thelcylinders'andrmodulus dﬁ
ruptune beams were rodded durlng castlng This actlonv
affected the random orlentatlon of the flbres, and so the

(low) tensile strength va'ues must be treated with

suspicion.

3.3.2 Steéi

TwO goupone were manufactured from each source plate
used in the testing program. Ail‘source plates were |
spetified as CAN3 - G40.21 - M81, Grade 300W. The
longitudinal axes of the coupons cQincided with the
1ongitudinal axes of the composite specimeni. The coupbns'
were manufactured and tested in accordance with ASTMfA370-
‘(1977). Every coupon exhibited a well—definedpyield‘plateau.
Two,longitndinal"andatwo transverse strain gauges wete
.‘mountedbon eaeh coupon, and the average reading of each pair
wasvused, thereby eliminating any bending effects. The
dimensions of a typical coupon gs welllas the locations of
the strain gauges are shown in Fig. 3.12.

The ceupons were tested in a 1000 kN capac1ty MTS

testlng machlne. Load and strains were redorded using a Data

@
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oGenerél'data aguisition system. In this way, the elastic “
‘mqdulus (E), static yield strength (F,), ultimate 'strength
L 3
(F,), yield strain (e,) and Poisson's Ratio (u) were -

recorded for each coupon; Estimates for. the straln hardening

v"\
‘)

strain (e,,) and elongaﬁgon a; break were made by recording

the crosshead‘movement/of the:tgsting frame.

Table 3.5 gives,hhe~mechan&cal properties for the
plates in each compoéite specimen. The values reported are
the averages for the two coupons: For'each~source plate, thé
.values for E, F and u from thte two coupon;‘agreed w1th1n
5%; The straln hardenlng strain was not always wellvéef1ned
on the stress- straln éurves, and SO the best estimates for
the two coupons varled by up to 100%. Nevertheless, the

average is also reported in Ta¥le 3.5. In all cases, the

elOngatibns at:breakifor pairs of coupons agree within 20%.

.

3.4.1 Displacement Measurement
P ) ’
‘The displacements were recorded electronically-using
linear variable displacement transducers (LVDTs). The

location and the total range of each LVDT is shown in Fig.

3.13. Measurements were considered reliable within the

middle 80% of this range. All measured displacements were

those from the supporl plate. The following displacements'
. ) 1) . . . ;l

_were recorded:

-~ Midspan deflection (two readings)
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' Table 3.5 Mechaniéalfpropeftiesoof steel.
LOADED PLATE
’
| Beam E Fo Fo. €y €or €a u
\} # (Mpa'{ (MPa (MPe) | (ue) (we ) (we)

A 1
B4/ 218 CO0 325 aa 11491 14 000 211 000 0.292
Bas2 218 000 325 497" 1491, 14 000 * | 211 000 0.222

_B4/3 202 000 362 191§ 1795 13 0C0 218 000 0.290
B4/4 218 000 325 197 1491 14 000 218 000 0.292
'B4/5 218 000 325 497 1491 13 000 218 000 0.292

- BG/ 1 211 000 363 516 1720 20 000 212 000 0.271
Ty . B6/2 208 000 279 212 1379 11 000 236 000 0.280
B6/3 211 000 363 516 1720 20 000 212 000 0 271
86/4 208 000 279 412 1379 11 Q00 236 00C 0 280
BG6/S 211 000 363 516 1720 20 000 212 009 0. 271

" BG/6 211 000 3630 516 1720 20 000 212 000 s © 271
B6/7 211 000 363 516 1720 20 000 | 212 000 0.271
B5/ 1 211 000 319 - 476 1512 18 000 | 278 000 0.270
BS/2 2117000 319 178 1512, 18 000 - | 278 000:| ©0.270

' B5/3 216 000 334 ~aga 1550 19 000 228 000 | . 0.285
BS/4 216 000 334 189 1550 19 000 228 000-{ 0.285
BS/5 216 000 334 489 1550 19 000 228 000 | ©.285

& *
SUPPORIT PLATE
3 ; .
€
eam E Fy’ F, ' €y €0 u U
, (MPa) | (MPa) | (MPa) | (ue) (ue) | (me)

Bd. 1 218 000 325 497 1491 14 000 211 000 0 292
B4/2 202 000 362 491 1795 13 000 218 000 0.230
Ba/3 202 000 362 491 1795 13 000 218 000 0.290
Ba/4 218 000 325 497 1491 14 000 218 000 0.292
84,5 218 000 325 497 1491 14 doo 218 000 0.292
B6/ 1 211 000 363 516 1720 ~-{ 20 000 212 000 0.271
B6/2 208 000 279 412 1379 11 000 236 000 0.280
B6/3 211 000 363 516 1720 20 000 | 212 000 | 0.27t
B6/4 208 000 279 | 412 1379 T 000, | 236 OO0 | U280
BE/5 211 Q00" 363 516 1720 20 000" | 212.000 0.271
B6/6 211 000 363 516 1720 20 000 212 000 | 0.271
B6/7 211 000 363 516 1720 20 000 212 0QO 0. 271

CBS/1 . 211 000 319 476 1512 18 000 278 000 0.270
BS/2 211 000 319 176 1512 18 000 278 000 0.270
85/3 219 000 a3 aas 1516 34 000 254 000 0.265
BS/4 219 00C 331 145 1516 %4 000 | 254 000 | ©0.265
B5.S 219 000 33+ 145 1516 34 0CO 254. 000 0.265

\




LVDT Range

{mm)
O@0® 50 -
@@@@ |50"
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View from underside
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Figure 3.13 DisplacementAtr_ansducer layout.



51

»
- Relative horizontal movement at the supports (two
readingsL | .

- Hor*izontal and vertical movements at the_cantilever
~ e

tips. - ~

In specimens where the midspan deflection exceeded the range
) “ . ‘ , . S ]
of the LVDT, additional displacements were recorded -

4y

-~

manually.

3.4.2 Concrete Strains
Concrete strains wefebrecorded manually usingééO.B mm
gauge length Demec rosettes. Each rosette consisted of four
' gauge lengths; horizontal, vertical and 4é° each way from
vertical. The redundancy within this rosette allows four
Mohr circleé of strain to be plotted for each poin;%lf
Approximately six sets of Demec readings were taken éﬁ
intervals during each test. The smallestidivision of the
gauge corresponded to 25 microstrain (ué;. Concrete strains
~ were measured on one face only.
The rosette léyout for each test Specimen is given 1in
Figg. 3.14 - 3.16. The following points are’noted: |
- Concrete strains.could not be measured at‘the supports
for B4/1, B4/2,'B4/3 and B4/4, due to the presence of
the trianguiar zonfining plates. An attempt was made to
use concrete-compatible electrical resistanﬁe strain
gauges (25 mmAgauge length) at the support areas 1in

B4/3. However, local undulations on the concrete

- surface, combined with early cracking through the

o
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gauges, rendered this method .neffective.

- Additional rosettes were in. .uded -ear .the midspan of
B6/7, since this specimen wo s ‘oaded by cn eccentric
patch load.

- Rosettes were not attached over the §.ppor = °n /2,

il

because these would have been bisectec 2laphragm

plates.

3.4.3 Steel Strains

All steel strains were measured using eiectrical
resistance strain gauges. The gauges employed were Showa
foil strain gauges, type N11-FA-5-120-11, with the following.
characteristics: | . |
- Gauge length: 5 mm.
- Nominal resistance: 120 Ohms
- Gauge factor: 2,11 *+ 1%
- Temperature compensation for steel.
These gauges give meaningful results up to 1.5% strajn. All
gauges were installed‘usingféhe three-wire system to
minimize‘the effect of lead wire resistance.

The strain gauge layout for each beam is given in Figs.
3.17 - 3.19. Longitudinal gauges on the loaded plates were
located midway between the shear connector lines. Latéral’
gauges were located close Eo selected longitudunal gauges%
Both internal and external gauges were used at locations
where it was anticipated that plate bending may‘pe

significant. These layonts were chosen to allow

RS
i

‘ . . o~
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determination of longitudinal;andhlateral strain and
cnrvature oroflles, and to_meaaureforthogonal;strain ratios
at selected points.

The lnternal gauges were protected by steel caps, -as
shown in.Fig.3. 20 qeveral small,caps were used at each’
1nteqnal gauge location so as to m1n1m1ze the re1nforc1ng
effect ‘The gauges were seale from the wet concrete by
means of a 3 mm thlck epoxy coating, and the caps were
" embedded 1-mm into this coat1ng before~1t had set. The lead
wires from the internal gauges ‘ ed throhgh 4.0 mm holes
located 20 mm frombthé centres of the gaugesi According to

_ e : _ ;

the Kirsch solution for a circular hole in an infinite plate =

-

A(Timoshenko and Goodie%ﬁ)1970), the conseguence of such a.
hole is to reduce/the longitudinal stress at the gauge
locatlon by 1.4%. This is con51dered to be negllglble. In no

case did a plate fracture near such T hole.

3.5 Test Setup

. .

P

3.5.1 General UT//
A schemat1c layo for the frame used'to load the
specimens’is"given’in“Fig.<ﬁv21. The tension;leg/crosshead.!'

assem§¥1es were moveable, allow1ng beams to be tested w. th

varying spéns . ' g o ’

The speclmenc were 1nverted and loaded by hydraullc
rams. Interactlon between the test specimens and the loadlng

frame was mlnlmlsed by means of rocker and roller

0
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Figure®3.20 Internal Jauge protection system.
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assemblies. These load/reactlon devices are discussed in

£

Séctlon 3.5.3. To further reche the influence of the test
frame on the load/deflection response of a test specxmen,Ait
was desirable to make the frame as stiff as possible} The
frame stiffness, QOVerned mainly by the axial stiffness of
the tension legs, is estimated as 3400 LN/mm. Since the
max imum reeetion ie_approximately 3600 kN, ﬁhe maximum
ianticipéﬁed eLongation of the tension legs was approximately
1 mm; -
3.5.2 Load Application ana Load'MPasurement
Load was applied to the sper imens by sixteen ‘
single-acting hydraPlic rars, cact of 450 kN capacity. The
feur;fams used at midepan hed 325 mm stroke so as to
accomodate large deflections. The ;emaining 12 rams had 150
mmn stroke. All p1stons were extended 35 mm before each test
in order to allow for plstor *atrart1on at the cantllevers
during 1oading.A
_ .Fig. 3.22 shows themhy’;aulie circuit used. With the
exception of B6/7 (patch load) and B5/4 (no cantilever
rotation), all valves were open for -all tests. In B6/7, rams
5, 6 11 and 12 were disconnected, and rams 7,8,9 and 10 were
rep051t10ned For 85/4 the in-line valves for rams 1,2,15
‘and 16 were closed, thereby preventlng outflow of hydraullc
f.nid from these branches.

"Load was measured at the pressure gauge near the pump, /ﬁ

and at tHe load cell as shown in Fig.:3.22. Ram No. 17 was

13
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similar to rams 1 to 6 and 11 ro 16. All rams had the same
nomlnal plston diameter. The tension legs in the reaction
Kframe were also instrumented to measure the reactions. These
three‘independent load measurementa were checked ”
intermittently throughout each test. In all cases, agreement.
between the checks was highly satisfactdr?,

-

3.5;3‘Lead/Reaction De:ices

Load and reaetion devices}allow.rotational and
rranslational.freedoﬁ at the external boundarf of the test
spec1men Rotatlonal freedom is provided by rockers at the
load and r@gct1on locations: rollers allow translatlonal .
movementl” l,

% . 1

The;loading devlces»and their interconnecting braces
are shown schematieally“in4Fig. 3.23. ;he pistons from the
rams fit into recesses which are machined into the
undersides of the rockers. Corresponding sets of rams (about
the centreline) are braced against each other. The braces
“are bolted to the under51des of the rockers, and move
vertlcally as rigid bodies when the plstOWS are extended.
The rollers are mounted above-the rockers“~ .

The rocker/roller/brace assembly was designed to

)

51mulate the contlnued appllcatlon of 1Ce loadlng as th

spec1men ‘underwvent large deformatlons (F1g 3. 24). Thei“\

‘following. features are apparent - LT Aﬂ *ﬁ?

i The applled load is” always perpendlcular to the Ioaded ;iylr

Lt

surface of the speC1men Thls 51mulates the situation

-



65

£

-saoe1q pu®e sadtaap buipeo] g€z'¢ 9danbry

&7 o e _
) ‘04 6¢ 1'H
OblYy I1SIV - G2I ¥ # G21 - 432049 4
. oM G L°H
Oblt 1SV - 0G X G2l X G2l - 34D1d 19420y
o jooudssauis GZ2Ix @2l - (8) S43l10Y
$9piIs Yjoq Y4oouws vt:o‘_o.mﬂo_aq i} T D 00L-Y Ob X G2I x G2I| - 8}pid 48|10y

<m O

e

~ N

« . w:o:oo*tuoaw

. T .
wDag uol1}oDay

|D}Sapad

NG @ﬂw@ CHYE0)NACONSVANACNSS

e afelejololsle

LOLRI0 Jolelelo]ele] jelajefelelo] jejele] it bl

o : uawjidads




-

”mcoﬂu.mEuomﬁmmu sbier 3e uortrieoridde peoT $2°¢€ ainbry

66

2inssoid u__no...n,> H

: . e
SIS : . uswioedsg




67

where frictional interaction is small between the

13

ice-resisting wall and the crushed ice.

- The horizontal componehtseof'the forces on the
semi?cyllndrical rockers are reacted by forces.in the
braces between pairs of rams so that the lines of action
of the force in the rams remains essentially ;ertical
\thropgh large ‘specimen deformations, providedAthe o
deformations'of the‘specimenvare essentially. |
syhmetrical.- '

The rocker/roller system utilised at the sapports 1s

_ shown in Fig. 3.25(a). This assembly is shown in its

disturbed state in Fig. 3.25(b). The reaction always remains

vertical, and its line of action always passes through the

same p01nt on the support plate of the specimen.
M
. Because of the magnitude of the applied loads, special

considération'was given to the contact stresses in the

i

rockers, and to the contact stresses and coeff1c1ent of
statlc rolllng friction in the rollers. Contact stresses in
the rockers: and rollers (calculated from Hertzian theory)
lwere allowed to reach 3000 MPa (Fy = 700 MPa). Orlov (1976)
1nd1cated that thlS leve) of stress could be used without
permanent flatteningloccurring along the line of contact due
to the triaxial stress state at the interface. )

The use of seQefal‘small.diameter rollers (as opposed
to a few of larger diametet) gave an econoaical and

efficient solution to the problem of limiting rolling

friction effects. It is noted here that estimating the

7
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static coefficient of rolling fricfion from simple rolling
theory, 1i.e. :

glo

where

s= coefficient of static rolling friction

e= Qidth of contac-. strip (from Hertzian

theory)

D= diameter of roller
appears to be gfossly inaccurate. The static coefficient of
rolling friction for a tyﬁical load-point eight-roller
assembly was meagured, and was‘fogﬁd to Qary essentially
linearly between 0.65% for an applied load of 150 kN and
0.90% for an applied load?ofj400(kN. (Simple rolling theory
predicts a value of 1.7%;%nﬂef'an1apblied load of 400 kN).

The maximum ram loads For the B4, B6, and B5 series were

415 kN, 339 kN and“384 KN, respective.y.

B



4. TEST RESULTS

4.1 Introduction
The following guantities were recorded at regular
intervals for each te¥t.

1. Applied 1oads

Steel strains
Concrete gtrains
Concrete é&ack patﬁerns
B
5. Relative %ggizontal movement of the subports
6. Verticél deflectlon of the support plate at midspan
7. Verﬁical deflection of the éﬁdg of the cantilevers
8. Horizontal mq;%gent.of the ends of the cantilevers.

«5

Items (1) to (5) aré@necessary for comparisons;“%%h‘the

Héhparlsons

are performed in Chaptef»6 Item (6) is used to“@bserve the

analytical model-deveﬁbped in Chapter 5. Thesé?

posts fallure ductility of Ehﬁ,system Items (7) ‘and’ (8) are

not used in thls report. They wer@“ﬁe&ord:&
Lo o s;ﬂ 9?)):;'5 A
correlation with fini%e element analy51s, ¥nd will be

or future
reported in that publication.
4,2 General Test Observations

4.2.1 Failure Loads and Modes of Failure.

Table 4.1 lists the failure'loads and describes the

N

type of failure for each test specimen. The failure loads’

are given in terms of the average [ressure p on thex loaded
™

N

70
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A

- plate, expressed in MPa. The loadévpxapplied by each pair of
'ifréms can Bevdeterminédfbyvmultiplying p by the tributary |
area fér a.pair of‘fams..Forftp§~B4 series this was 75000

mm’, fqr-fhe BS s?ries igjwas 132500 mmz,ﬁand for the B5
series 93750 mu (Seé:Figs. 3.2, 3;7 and 3.10).‘Correlation
with Plates 4.1 to 4.11 is also indicated in Table-4.1. The
plgtes are groﬁped at the end of thié chapter. In these
plates; thg supports are at the top of the test specimén'and
are hidden behind the vertical steel members. Loads were -

applied through eight péirs of plate and roller assemblies

bearingpon the bottom plate.

4.2.2 Load-deflection Response, Ductility and Load Cycling.
| The load vs. midspan deflection plots for the B4, B6,
and B5 series are givéﬁ'in Fig. 4;1,AFig. 4.2 and Fig. 4.3,
respectively. In order that a full segies could be included
in one plot, it was neé@sSary to compress thé séale on the

O

5 .
abscissa. The inclined-.cracking

L

load is désignéted:by "Ic"

in thése plots, and major crushing of the concrete is shown
as "MC". This crushing occurred in the region of the

inclined cracks as shown typically in Piates 4.1(b) and 4.2,
Generally, the crushing was limited td one ehd of the span
between suppd:ts. Most of the tests were terﬁihated due to 0
asymmetry in the loading system éfté: crushing;ﬁaé ocgﬁrred“
at one supporf, and not becausé of any inability of the
-specimens to undergo further deformation. It Can be seeq’

that most of the specimens continued tof carry a‘deCfeasing
Il . e
~

A : 4

.
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load after the maximdm load had been reached.
):1 . . . 3 ;. . .

~ The area under a load-deflection curve 1s 1mportant,

) .(5 N ) . .
because ,it ‘is repregentative of the energy absorbed by the

specimen. In a prgfotype s;qucfufe}fthis absorbed energy
- L L E o o
would result from the change in kilnetic energy- of the 1ice
event. The load-deflection response for spécimeh‘BS/S’is .
. T ’ \ ) ’ . < iy N

-repeated»in Fig 4.4, where the ,scale on the abscissa hag

“

.been enlarged in cemparison with Flg. 4.3, With reference to

: thls'figure, the energy agsorption.capabilicy of a'cyp{cal |
testyegeclmen is defined in terms of the post-yield" -
ductility‘ratio.(RYD) and the post-crushing ductility ratio
(PCD). The post-yield ddctility ratio (PYD) is aefined as

Enerqgy absorbed at maximum load.(B,+B,)
Energy absorbed when steel plate yielded (B,)’

. PYD=

L e

and the post-cru#shing dUCtlllty ratio (PCD) is defined as

I

Total ener 3y absorbed (A, +A, Y
.\ - PCD=

Energy absorbed st concrete falluge (a,)

-where the areaédB,, B,, A; and 2, are defined in Fl;{ 4.4,
: d it can be seen that A, = B,*B,. It is notedhthat .
b= ﬁ1+B2 only in those cases wheﬁ the plate yielded. If the )
plates did not yield B1 is.undefined. The values of PYD and;

PCD for all ot the tests are g'ven in Table 4.2. The

A post-yie uct111ty ratio (PYD) cosuld only be calculated

—

,for th ﬂspecimens in which the support plate yielded (l.e.

the specimens B6/2, BE/4, B5/3, B5/4 and B5/5)

Spec1men 85/3 failed by tear1ng of the support plate at
8
the inside face of the support, shortly after the coi%rete

crushed (Plate 4. 1Uﬁ§% thereby preventing any further

i



™

Table 4.2 Ductility ratios.

~

J.
: ‘ .
’ ., ™
— ,
spec{méﬁ PCD rap
" A]: 1\2 e + B
A o A
T >
’ 471 g :
ba/2 38
B4/3 61 1
.BJ,J S a7 -
B4/5 5 '
26/ 1 6.2 ) 5
86,2 13 22 ©
n
VBL A a.7
Bé/q A - ’45.0
© B6/5 f\ 25
86/6 77 -
B6/7 16 -
BS/1 te - -
B5/2 36 -z -
£5/3 3 ' »>3
B5/4 1&' 1.4
B5/5 8- a2
4 *

77
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post crushlngzductlllty ThlS oecurred because the studs at
a $

L ARRN

the supporc 1n the B5 serles were placed 1n rows centered atv'

62  Smm’ about the centrel1ne whereas in the B4 auatgeig_;-"“
. S - N
serles, the Tow spac1ng was’ 5@ mm. As a reshlt

PR

.’*(

heat- affected zones due to the weldang of the‘sfuds extended

beyond the face of the _support. and into’ the ;pa@. @hese
% “.\1.-'7* * .
zones appear to have reduced the ductlllty of the plaée and

‘1n1t1ated the early rupture The 1ndentangons on the fallure

.ow

<

’surface due to the\heat affected zones can be seen 1n Platel

s

4110(b), where the whltg dots 1nd1cate the locatlons of ‘the'

studs at the. support The consequences of thlS esult are \

sergous;.pos{‘crushlng dUCtlllty may be curtalled due to

“rupture of the support plate at the heat—affected zones near

"1

the suPfport regions. . ’ - ﬂ%; o4
The load was cycled five tlmes bet;:e;>0 5 ‘MPa and
- » p
‘6.0 MPa and five times between O 5 MPa and 7. 5 MPa in 3

\

.specimens B4/1 B4/2 and B4/4. The first 1nc11nedjcracks

elongatlon was notlced dur1ng cycllng at the lower load ,

appeared in these spec1mens durlng the monotonlc loadlng

phase at' loads of 4 5 MPa, 5.9 MPa %pd 5 9 MPa,_ ‘
oA } i : 1
respectively. In B4/1, two new dxagonal cracks appeared

dur1ng cycllng to 7.5 MPa.'Im spec1men B4/2v‘some cracks
B ; :

elongated during cycllno to 7.5 MPa In B4/‘

,*however crack

A

level (6. 0 MPa), and cycllng at 7. 5 MPa‘caused\eX1st1ng,

O

independent cracks to propagate ard joxnt N01se from the .
{

o« L )-‘

»

concrete was also detected dur1ng the unloadlng phases in

B4/4. It was concluded that. B4/4 exh1b1ted 51gn1fhcantly

[ ; . *. O
)& B , R TR
h K . . N
. Vo
. IR
Vo

-l

s e



- 4.3.1 Concrete Confinement Near the Supports.

3 more distress than either‘B4/1 or B4/2j9u{jng cytling.

: tesulte ofééé/s

' confinenent dewices of Fig.

"drawn.

’Specimens.B4/1 and B4/2 were snpported on" solld bulkhead

whereas B4/3 utilised a stiffened plate bulkhead

’

support. The sxgnlflcance of this 1is clscussed in more

>

supports

detall in Sectlon 4.6.4. Loadgwas also cycled in B6/1, b

thh no- v151b1e effect

- Y

4.3 Effects of Details Investigated in the B4 Series.

;- >
- ) ' /
The test series was designed such that the effect of -
concrete bonfinement could be assessed by comparing the
(unconfined) with B4/4, which had the

3.5 at the supports. However, it

was’ found that the confinement dev1ces attracted very little

load p0551b1y because the lateral bending ‘stiffness of the

studs at'the“support prov1ded_1nternal conflnement to ‘the
concrete. There was no dpparent difference in load capacity

due to the addition of the confining plates. Accordingly, no

conclusion as to the effé%t of concrete confinement could be

.

N
N s . ) . \

4. 3 2 Type of Shear Connector. : :
\ ) * .
An 1nd1cat10n of the' effect of the type of shear

t
-

connector on the behaviour can,be seen by comparing teats

B4/1 (stud connectors) and.B4/2 (plate connegtors). Both of
\ B _
these specimens had soiid supports. Flexural cracking in the
) N * h . .



-

4.3.3 Type of Support.

81
“negatige'mameht'fegion start | ear when®plat conhectcrs
" were uSed and thefcracks aitial~d az 't - plate ;onhector
locations The type of fonne'*c did¢ no- :ppear "o have’a
stfong influence on the failure l.ad r -ha xoai-deflection
response Since stud connsctors wcte . en 3 to be easief to
use- 1n practlce, they were .sed exclus:vely »>r the rest of

the program.

—

R
7

The effect of support type was investigated by
comparing the results of ‘specimens B4/4,which had stiffened

plate.supports as shown in, Fig. 3.5,‘ahd B4/1, -which had

solid supports. Both of thesé specimens had stud shear

connectors. For beams with plate shear connectors, the
effect of support'type was assessed by,comparing:specimens
B4/3 (stiffened plate support) and B4/2 Qsolid.suppoft).'The
average capacity of geams B4/3 and B4/4 was .10.59 MPa, ‘

compared to 10.52 MPa for beams B4/1 and B4/2. Although the

'support type had no apprec1able effect ow the load capac1ty

ok the beams, local behav1our aT\th‘support was greatly
affected Thls effect is discussed in Sec\qon 4.6.4.

>

4.3.4 A ﬁotg on the Effect of Roller Assemblies vs,
| Teflop-based Slip Surfaces at the Load and heactidn
‘Points. _
Specimen B4/5 had Teflon-based slip'badéfat the load

and reaction locations, whereas all other tests used roller



S
L% 14

assemblxes The high-.coefficient of friction (approximately

13

;4%) assoc1ated with these pads prevented monotonic sllp from

- 5

occurrlng at the supportse. This is shown in Fig. 4.5, where

n

the 'load vs. relative’ support displacement curves for Teflon

pads and roll%rhaSSemblies are compared Large frictional

-~

.1

restralnt was built .up at the supports, w1th only very

sllght release occurring at dlscrete load levels. The effect
< .

of this restraint is difficult to quantify,accurately.

Accordingly the resulgs for’ specimen B4/5 will not be used

for the development of a failure critérion in Chapter 6.

L

M

. s
4, 4 Effects of Details Investlgated in the BG Series..

The B6 serles wa’s de51gned to 1nvestlgate the effects
of concrete strength, concrete type, degreerf\relnforoement
(over—reinforced or under-reinforced),rpreSence‘of studs on
the span of;the support plate, and éoad arrangement on

member behaviopr. All spetinens in this =eries used stud

connectors and solid supperts.

Al

4.4.1 Concrete Strength.

The effect of concrete strengtht '-observed by

-

compariné B6,1 (f. = 54.5 MPa) andf%G,G A = 39.5 MPa). The
Eailure-modes for the two specimens were essentially
identical, but the ratio of the'failure loads was "1.22 while
‘theyratio of the cylinder strengths was 1.38, suggesting
that the member capacity increases at a slower rate than

[ 4
cylinder strength. This concept is treated in more depth in

\
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. Chapter 6.

.ratio of-cylinder'strengfhs of 1:05. This increase in member

.51nce SFRC 1s a materi

S , L ]

4.4.2 Type of Concrete {Plain\or Steel-fibre-reinforced) in
- - : 4

g ~

- Steel-fibre-reinforced qohcfete (SFRC) was used in °

an Ovef-reintorced Specimen.
a N N .
specimens B6/3 and B6/4. The effect of SFRC in an ™
6ver-reinforce@ specimen was observed by comparing B&/3 with

; : - [ ‘
B6/1. The ratio of failurg ﬁggds was 1.22 compared to a

capac1ty fof similar cyllnden strengths is not surprlsrng

1 very different from unrelnforced

L] BN

’ concrete The add'tlon of a reaanable amount of steel "

. fibres (say, 1. 0%/vol) “'doubles the tens1ll strength of the’

"concrete"” and also 1ncreises its tougrness by a factor of

oy

at least 10 (ACI 544, 1982) Thelgiesence of steel fibres

L]

across tension crackscfends to reduce ﬁhe rate of crack

width opening, and it will be dembnstrated *n Chapter 6 that

. . , . 'S ’
the effect of this restraint is to increase the apparent -
v _ . A

compressive strength of the "contrete". i ) .-

4.4.3 Tyhe of~Concrete‘(P1ain or Steel*iibre—re\nfbrced) in

an Under-§E1nforced Specimen. ,
U

The-effect of SFRC in an under reinfcrced spec1men is

seen by comparing specimens B6/4, which had a SKRC core, and

B6/ 24 whxcp"had'é plain.concrete coré. Because¥of the L

-

increased tensile strehgth of SFRC‘ very large deformations

were obtained in B6/4 withbut any diagonal tensile cracking
B ' : '

s
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SR S s

¢

(Plate 4.5). In contrast, B6/2 ultimately failed through the

~ <

formation- of a shallow diagonal ten51on crack and suBsequent
e

-crushlng of- the concreée, even though the support plate had

{
reached the straln hardening range at thfs stage It is

noted that one cant1lever in. 86/4 fa1led prematurely due ‘to
-~ !

un21pp1ng caused b; the 1nadequate fu51€2 of %&\ stud

(Plate 4.6). Because of this fallure, the

- L

the span only for- the latter portion of tpe test ‘However

this different loadlng,pattern contrlbuted only slightly to.

~ the large deformations ohfa1hed (Fig. " d

.

PN

A
.

4.4.4 Shear Studs on the Span of t
’Over—reinforced Specimen:
In many'ofvthe test specimens, the shear connector,‘
studs? on the tension plate weré con entfated near the
« supports, while those on the compression plage\were
distributed more uniformly In a prototype‘sutucture it is

-

ant1c1pated that studs would be fastened more “or less

\ unlformly in the spans of both plates. The effect\pé’SUCh
studs in over- relnforced specimens was obsefvea by COmparlng
B6/5 with B6/1. Spec1men B6/5 had stud shearfconnectors dhz

”the span of both plates, out B6/1 had studs on the span“of
the loaded plate only. “When studs. were included 1n the span
of\the support plate, the initial flexural cracks
dlstrabuted along the span, .and started at the stud
.locations. However, ‘the extra studs did not.appear.to

™ R R . s N
influence either the load at which diagonal ¢racks appeared

v

eam was load2d on-

i
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or the failure load of the specimen.
4.4.5 Loading Arrangement. - .

The effect of non-uniform load was investi%ated in
B6/7, which was loaded by an eccentric patch load as shown-/.
in Fig. 3.7 and Plate 4.8. The most interesting facet of
this tést wathhat failure occurred in the long,shgar span}'
The load carfying mec@aniém for B6/7 is discu1;ed in detail

in Chapters 5 and 6.

4.5 Effects of Details inveStigated.in the B5 Series.

N The 'details for the B5 series wére chosen on the basis
of the results of the B4 and B6 series. In addition, the
effects{of suppdrt diaphragms and rotational restraint at
the support-yere investigated. It was intended that Bé/1 anag
B5/2 would be over-reinforced, and that B5/3, -B5/4 and 35/5 N
would faill in-a ductile manner. Héwever,.it was found that
sbecimené B5/3, B5/4 and\ﬁS/S féiled by crushing of the
céncrete shortly after yielding of the support plate. It
should.not be deduced from these three tests<that, as a 
general rule, the concrete will crush immediateiy"aftgr
yiglding of thebsupport blate since,.as mentiongd in Seétion
4.4.3, specimen B6/2 failed by crushing of the concrete o(EpJL
after significant strain hardening~h§d occurred in the

support plate. Nevertheless, these tests gave valuable

\

4fﬁsight into the effect of the thickness of the support /

nlate An the 1aad-rarrvina ranacities of the smecimens. This
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infgrmation is used in Chapter 6.

4.5.1 Diaphragm Plates at the Supports.

In Qsder_to hold thF plates apart at a fixed diftaﬁce,
it 1s expected that a prototype structu;é would 1ncorporate
;diaphragm plates at the bulkhead lines. B5/2, which had _
diaphragm plates,‘was-compared with B5/1,‘which,did not havé
such plates. It was fou :hat(85/1 and B5/2 yielded ~ ?1
essentially identical re_ults, and so n® apparent effect ofd
.diaphragm plates was\gbserved.‘

.
4.5.2 Shear Studs on the Span of an ﬁnder—reinforced
Specimen. |

‘Specimens B5/3 and B5/5 differed only* in the fact that
BS/Slhad studs fixed along the span of the.support piate.
These were found to have no influqéc&\ij the member

behavieur.

4,5.3 Rotational Restraint at the Supports.

B5/4 was ¢.xed against rofation at the supports. This
kinematic reétraint had no apprecﬁable effect on the\fgﬁlure<,
load. However, i- all?wed both ends of the specimen to fail
simultaneou<1yA(PLate 4.11(a)), and post-failu'= ductility
was immediately and graphically obtained (Plate ¢.11(b)).
From this plate, ft can be seen that the load-carrying

capacity after failure was obtained from a combination of

the shallow concrete arch and thé&Hanging action of Both



steel plates.
4%6 Strain and Curvature in the Steel Plateg.

4.6,1 Longitudinal Strain and Curvature Profiles
The lohgitudinal steel strain profilps for the loaded
and support plates are required in order that the cogposﬁte

4

, :

nature of the specimens may be examined. Since several of
, . |

the specimens were tested to investigate the effect of

details on strength, only specimens B4/1, B6/1, B6/7 and

!

B5/1 are shown here. These specimens had evenly spared studs

4

on the loaded plate and studs over the support on the
support plate. These results may be considered as
representative of the other over-reinforced specimens. The
strain profile”plots for B4/1; ﬁ6/1, B6/7 and BS/f at
maximum load are presented in Figs. 4.6 to §.9 respectively.
These plots also show the yield s-rain of the material in

each plate.

4.6.1.1 Loaded Plate.

The strgin qfadients in the loaded plate indicate
that composite intéraction (shear tfansfer)»is taking
place between the loaded plate and the concrete. The
profiles for 54/1, B6/1 and B5/1 are eésentially
symmetric while the distribﬁtion for B6/7 is skewed,
since this specimen was loaded with an eccentr.c patch

1

load. Comparison between the measured -strain
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" given in Chapter

o,." ,f, B

4.6.1.2 Support Plate.

In tests in whlch the support plats.was not
mechanlcally bonded to the concrete in the spa® (i,e.
all tests except for. 'B6/5, B5/4 and 85/5)' it was
observed that the suppor€ plate separated from the

concrete over the- ent1re clear span at very early

"loading stages. The gap,between the;plate and the

concrete rema:ned open throuohoutgtpe tests. It was
. i \ $

»
-

’ o : R o
therefore anticipated that® the strain 1n the support ::

-~

platqfshould be constant along the clear span . {
This "tied arch" behaviour is confirmed by the
strain profiles in the suppart plates. However;vthe'

w

plots are complioated by.the faot that bendinq‘oOexisted_
with axial ten51on in the support plate (Fig,‘4;l0).7The
bending was indpced by the vertical component'(q)kof the
arch Teaiiion near the supports, the deflection (4) at’

midspan aud the "P-A" effect due to axial tension (T)

-

acting-on the deflected shape . Big 4.10(a) shows the

form of., the observed'equllibrium snape of the support

plate when autypical specimen was loaded. (This figure

is not draw. to scale; the observed deformations are

exaggerated [nr the purpose ofbthe following

development); Using symmetry, 3 free body diagram of one

half of the. support plate is shown in Fig. 4.10(b). The
—

b4

horlzontal component of the 1nc11ned arch reaction ds
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., significantly influence béhding in thé piate."The
'\'\\ . . ) -
flexural stiffness of the support plate is small,  and

large curvagures can be -induced along thg length of the
!p{ggz from the local tgansvétse loading g which is?
applied n;ar ghe'suppOrts. The magnitudé"of-ihé -
curvature at & is sensitive to the amount of rotation at
the sppﬁ?rtl and i§ shown gualitatively dn Ei@» 4.10(c).
_fée curvature dﬁelt§ the restgkfng moment field which is
cause§ by the tension T acting on th;.d formea
equilibrium shape is shown gualitativelf in Fig.
4-10(d), and the net curVature field is s“odﬁ in Fig
4.10(e). | .

o .

. S oo .
Since several of the gauge locations had strain

gauges mqunted only on‘the exterﬁal face of the plate,

| these measurements include a bending effect al\‘re not

-~

consideged to be reliable indicators of the average

axial strain. These strain readings are indicated by

r : R
open circular gymbols on the E}Ots. However, gauges were

fixed to both the/iﬁternal and external surfaces of the
suppoert piate near thé supports in the B4 and B6 series
and tb&gughout the spdn iv thé BS se;ies (see Chapter
3). The averageeof these two readings gives the averaée
tensile strain 1in the plate.‘TEesg locgtions are
designated by solid circular symbols. The curvature. ($)

"in the support plate at locations where both internal

and external gauges are present is calculated using

‘ €. "€
‘ 2 Toout Tan rA 11>



where ty = thickness of the suppbort plate (mm). These
plots are also showhnin Figs\\4.6 -4.9. For cohpari§bﬁ;
the curvature aséociatea_withfihe yield moment (with no

axial tension present) is calcplated using
o 2F . : e .
R S I
¢ T E “ . [4.2]

sp N

and is also indic on the plots. It is seen that the

shape of Fig. /4. is in reasonable agreement with

£ : ‘ ]
the measured curvature fields of Fig. 4.6 and Fig. 4.7,

and with the left hand sides of Fig. 4.8 and Fig. 4.9.
SN
Bending was generally less significant in -the loaded

(- N . : <
plates becduse of the clamping action of the ldading
{
. ' e
devices, and so the external gauge readings are taken to ,
g _ .

represent axial strain only.

4.6.2 Orthogbnal Strain Ratioﬁ_

In Chéptér 6; it is assuméd that both the loaded and
support plagesﬂére unigxially stressed. In this case, Ehe
Eonstitutive relationship is'simpl§ | |

Fo = Ee, o | - 14.3]
where the x-direction is the longitudiﬁal Axis of %hé,plate.

For [4.3] to be val

N \

id, the orthogonal strain rat?ﬁ (e,/€,)
mdst equal -u, where u is Polsson's Ratio. Otherwise;, the’
.plate is biaxially stressed , and the éppropriate &

constitutive relationship is

F = ﬁg—;’[exﬂuy] | » ‘ [4.4]

[

1f e./e. = N\, then [4.4]) and {4.3] ¢an be combined Lo give
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N

is a reasonablé number. Using u=0:3,."

<.

for A=0, (i}e}'ky=0) the JJongitudinal stress in the plate

o v © 97

F' . ~ . <

X 1+[J~)\ '\‘"' = . 4 ) [4 ’5]

" .Fx(u) o 1’#2 K
The values for Puisson's Ratio which Qéfggqbtained from the
5  ahy e

uniaxial tension coupon tests (Téblef%ﬁﬁ iﬁnﬁirm that u=0.3
_ ) . i it 18

P TR

5 ’_,"‘( : “ﬂ '.
3 ﬁ%§,%’can be written as
" :

F, '
= 1.099 + 0.330A,_ « . ‘ [4.6]

9

F
Equatiqn}t4.6],ié plottéd.in Fig. 4.11. It can be seen that,

x{(u) e

!

(F,) is 9.9% higher than that which would be calculated ,from
£. 2 strain gauge readings assuming a uniaxial® stress state
F . . , v .

(F

I

x(u))' » - . -

» P “
Since Poisspn's Ratio’for concrete is less than that

for steel, it can be gxpected that the .ateral restraint’

offered to the loaded plate by the concrete through th%;} '
meChaoical aAction of theé studs will induce a biaxial streéss
state into the plate. Furthermiore, it  can be anticipated

that -u < X\ <'0. Orthpgonal ‘pairs of gauges were located on

\

all loaded plates, as shown in Figs. 3.17 to 3.19. The

gauges were located midway between the® lateral stud lines,
: . p \
to obtain the minimum biaxial effect. Plots of X vs. applied
. : Y . . - ' 8
load for these ge' 1e pairs indicated that A converged to an

~

essentially constant value for each gauge pair after the

applied load had exceeded app;oximately 60% of the maximum

$

applied load. Most of tﬁeée values for A were in the range

* -

-0.3<A<-0.2y but a few were inexplizably less than -0.3.

These values for \ were used to cofipute F /F ., from [4.6]

x{u
’

and the results are shown in.Fig. 4.12. When X is less than
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°

¥ 1.010, and the standard deviation is 0.0245. It is therefore

4

concluded that the assumption of uniaxial stress in the

-~

plates is reasonable.

4.6.3 Vvariation of tongitudinal'Strain across the Width of
the Plate. |
It was shown in Section 4.6:2 that it is reasonable to

assume that both the loaded and supported plates are
. o .
uniaxially stressed. If éhg total force in elther plate is

.

to be calculated from

i EAe, ‘ .

where e, is the strain at the mid-width of the plate, then

X

it must be verified either that e, is uniform across the

'

Plate or that the average strain e,, is close to e,.’
. o :

1

To check this aégfmption, additional longitudinal

gauges were located 40" pm frorm the edges of both the loaded

;&d supported plates at midspan, as indicated in Chapter 3.
For three sample points, the best estimate for the average -
straip‘is obtained using (the three-point Gauss rule for

«numericél integration (Zienkiewicz, 1977). The values for
: .

the leights (W

-~

) and the positions (¢

1 1

) of the sampling
points for xhe generalised normalised'case‘are given in Fig,
4.13&8). Tﬁe abplicatidn of ‘the zp{ge-poiﬁt Gauss. rule to a
375 mm wide plate is shown in Fig. 4.13(b). It is noted th?f

SN 1.077.0.77459)3+0 < 42,0 mm,

a

~and so it is reasonable to use the‘gauges which were located

40 mm from the‘piate edges'fdr the three-point Gauss rule.
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\

te

the loaded plates of specimens

—

failure are shown in Fig. 4.14.

results obtained for the oéther

From Fig. 4.13 it- is secen that

fn

(exl+ex

x1 X

- ,) +8]A

102 |

+e )+

rr

§e]
gx

)t fo]

[4.7]
»s;réin fiag;ibutions:across‘
B4/4, B6/1 and B5/1 at

These are typical of the

specimens, andfshow that the

~léngitudinal strain varies across the width of the -loaded

plate.
' €

To determine -

€y

> Eguation [4.8) was applied to all

loaded plates for which three strain gauges were available

~at midspan. The results are given 1in Fig. 4.15.

The mean

value of the ratio‘is 0.892, and the standard deviation 1is

0.063. These statistics are used in Chapter 6, where

comparisons are made between the measured

and predicted

strains in the loaded plates; the measured strains «ce found

to be consistently larger than those predicted.

In conclusion, it is noted that it is meaningless to

apply [4.8] to tje Suppo‘L plate, since, as ment?oned in

Section 4.6.1., the external gauges on the spans of the

~

support plates include bending effects.

~

4.6.4 Lateral Curvature Profiles Betweep Stiffened Plate

Supports

-
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Two types of Bulkhead were considered 1in ;pe tegting'
program; soli? ghpports and sfﬁffened plate bulkﬁeads. The
dimensions of-a stiffened plate'bullhead.are given in Fig,
3.6. A cross-section through the beam an§ bulkhead is given
in Fig. 4.16 which shows the ‘locations of intérnal and ‘
external strain 4kuges.

‘In-order that the applied'loaé can be reacted at the

discrete stiffener locatdons, lateral arqpes must form

locally between tze stiffehers, as shown in Fig. 4.16(a).

Very high contéct stresses will occur at thé bases of the

*arches, and local deterioration of the arches is possible

(Fig. 4.16(b)) before the maximum capacity of the beam is

attained. Suchge\izcal failure can be detec?ed by sudden

increase in curvature in the support plate in the lateral

direction betweéen stiffeners. This curvature 1s measured

using Equahion [4.1], i.e.

LY . tSP

Stiffened plate supports were used- in B4/3, B4/4,-and
| -

B4/5§ Plots offlate;al-curvature vs. applied load for

speéﬁmen'B4/4“are shown in ¥igs. 4.17. The results ‘are
. 1. \

. alarming. It can be seen that sudden degeneratioft of the

R

arches occurred at appréximater 60% of the maiimum load.

) N

The effegt ?f this degeneration was partlcularly observed 1n

B4/4, where 51gn1f1cant crack propagation was- Gbserved

during five cycles of loading from 0.5 MPa to 6.0 MPa, along
) AW

with audible evidence of internal distres®. It is possible

that further cycling could cause appreciable damage within

€ ~

N '1"\3, -
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4
the”@éncrete core, and lead to a reduction in load-carrying
capacity. These concerns should be taken into account during

the design of stiffened plate bulkheads.

1

9 -

‘4.77Concrete¢5trains

4.7.1 General Remarks
. Concrete strains were measured using four-arm Demec

rosettes, as indicated in Section 3.4.2. The gauge length

o ' , .
‘for each arm was 50.8 mm. Since a Mohr strain circle can be

drawn when the strains in three diffeq;nt directions are
kndwn, the presence of the fourth arm introduces a. redundant

-méa§qﬁéhent.'Accordingly, four Mohr strain circles gahube‘

&a”
4

constructed for each point at each load step.

Strain calculations were perforﬁed using DEMSTR, a

-~

proéram fof cgnverting DEmec readings to STRain reFdiﬁgs.
(Sundéraraj, 1986) . In-accordance with the predeeéing -
discussion, f?ﬁr values for thé maximum and ﬁinimum
principal straips and four angles to define the orieptaton
of the maximum principal strain (counterclockwise relative:
to the horizontal axis) could be calculated. In a

*

homogeneous strain field, the four circles thus defined «
shouid theoretically coincide. However,‘strain gradients
across a rosette will cause the circles to d}ffer from each
other. Also, any cracking larger than "hairline" crécking
through a rosette will cause further differences between the

circles. v

-

T
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To estimate the reliability of the four sets of
‘ readings, the means and standard deviations were, calculated
. : 4 AN

for principal strains and angles for each rosette. If the

standard deviations were consistently less than 10% of the

&

means, the rosette was considered reliable. Using this

criterion, 54% of all rosettes used in the testing program

-

gave méaningful results at loads near failure . ﬂ’?y.
W St a .
shows plots of Mohr strain circles at an applied load of

6.0 MPa for two rosettes which were symmetrically located

G

’%w‘,ﬁl~‘ _about the centreline of specimen B4/2. In these plots,
B T ‘ :

-

tensile strain is positi&e. The‘mean values for Fig. 4.18(a)

o

are rellable, buf they are unacceptable for Fig, 4.18(b).

[ ]
rect1ons on - the beam elevations. This is discussed in

;gnn 4.7.2. Also, the principal tensile strains at the
qgi eakaon of failure are requ1red in the discussion of

;;

fa11 ke crlterla in Chapter 6.

ot

;. T

.
N ©

\\prlnc1pal stralns at each rosette locatlon on the beam
\

b

levatlon forgeach load steé%ﬁ ﬁ? ‘produced ucing the

QA% s

c mputer p;ogram DEMSTR Fig 4.19 sh@ws plots for B6/1 and
}2/7 at 3. 00 MPa. ‘These plots show only results from

e

reliable rosettes: Lines with arrowheads indicate tensile

\

. .
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strains. , o

ig. 4.19(a) is typical also of the the results obtained

dominates. Arching also occurs .: the eccentrically
patéh—loaded.specimen (B6/7)‘in Fig.4.19(b). The principal-
strains in the long shear ipanvof\specimen Bg>7 at location
"K," are almést as large as?those in the short shear span at
location "K,", even though the shear’fo;ce being carried. in
the short shear span ig 50%.higher than that in the long
shear span. It will be shown in Chapte. 6 that these

locations "Kimre critical for failure definition, and it is

oK
A

long shear span. . P

TR,
( r )

& i
o

—

gl
3
b

\;gbprising that “specimen B6/7 ailed on the ‘\‘\“?
- %x <

~in thg‘QAand BS5 Series. It is deen that-arching action S

A
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Plate 4.7 B6/6: Horizontdl crack over the support.
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5. ANALYTICAL MODEL

5.1 Introduction

L . B
The requiremenés'for an appropriate analytical model
for éomposite ice-resisting walls are as follows:
The strasngth of the wall must be accurately and easily

-

- obtained
y o " A :

The shear.distributions at the steel/contrete interfaces

must be quantifiable . ) oty

The model must be sufficiently versatile to acccﬂqdat&'

At

~any arrangement of load. o {

Since the sections considered are‘"deep", prediction of the

load vs. deflection response is not critical.

The analytical model detailed in this chapter 1s based
(&4

on the lower bound theorem of plasticity. This theorem may

°

be stated as follows (Lay 1982)

-

"An estimate of the load capacity of a structure,
based on some assumed distribution of internal

forces and external reactions, will be a leer bound

y s )

estimate, provided:
(a) all the internal and externhal forces are in
equilibrium;

(b) the internal forces assumed nowhere exceed the

o

' . P
relevant force capacity; aqd ) £
- ""J ’

L Kl ‘ t . ’ .
(c) behaviour is ductile, i.e. any section at any
\

point, when loaded to'its force capacity, can
~_.

maintain that force during any subsequent

123
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o

defofhation." _
The lower bound theorem, t%en, r&qﬁi;es that static_boundary
conditions must be satisfied. However, the kinematic
Beundary_restraints need not be observeq. It is therefore

permi<®ible o agcept the capacity of a cut-out strip (Fig.
\_".i i,‘ - A

”ﬁ:structures, sineenéhe ductility of concrete 15 = (
'iVlalch et al. (1987) suggests that the assumeag
loaé%pathvshou d be closely allied to the pr1nc1pal stress
trajectories obtained from an elastiic analysis. This limits
the reorientatié®n of the combressive load paths which is
required after tensile cracking has occurred.

Th1s chapter deals only with the development of
statically admissible stress fields for composite
ice-resisting walls (i.e. requirement)(a) of the lower bouné

theorem). Material capacity is discussed in Chaptér 6. Four

2

quantities (p, u., o0,, 0,) whic@ are used iq the development
all have,units which are expressed in MPa. These quantities

are distinguished from each other as follows:

"

- "p" 1is the’ load which is externally applied tq the

loaded plateguexpressed as a pressure,

" "

= - "u." 1s the hydrdstatic stress in the nodal area .ear
 the support. A nodal zone is defined in Section 5.2. °
- "o0," and "o," are the principal stresses in the concrete

at any point within the concrete core. T
. -3

It is assumed that the concrete is in a state of plane

/
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stress (o, = 0).V§hrthermore, it will be shown .in Section
5.2 that o, is compressive, and that o, = 0 at all points in
the concrete core unless such a pajnt is within a

hydrostatic node.

5.2 Fan-Type Stress Fields

Loﬁgrﬁbound stress fields for deep sections (beams and
corbels) sub]ected to p01nt loads have been: developed using
' strut and t1e models, q@@ %ie well documented (see, for
\example,&ylelsen<1984, Marti 19285). The strut-and-tie model
for a normalised corbel (i.e. unit depﬁh) with four{gépal
point ioads'(n=4) is shown in Fig. 5.1. Each péint load is
aﬁplied through a pad of leﬁgth "a", and this dimen;io:'"a"
is different -for eaéh point load; In this, and all ensudng
figures; a member of unit width is used.

The area DEF is traditionally called a hydrostatic
node, since the proposed state of stress in this région has
equal»in—plane‘streSSes on the sides gf the element. It is
noted that the state of stress is not truly hydrostatic
since the out-of-plane stress is zero. The node is bounded
along DE by.four concrete struts: and along DF and FE by
hypothetical steel plates. The'pla%es have the hydrostatic
stress u, actlng on one face, and are eQUlllbrated by the
externally applxﬁé reagtlons of magnltudes C and 4P
respectively, acting on the opposite faces.

Each strut has a constant cfoss.section along 1its

»
Ny : .

length, and is perpendicular to the nodal zone. The ..
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Figure 5.1 Strut-and-tie model for a normalised corbel with
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equilibrium of the_strut/ﬁode boundary therefore dictates’;
that the principal stress o, in the strut is equal to the'
hydrostatic stress dc. The other principal strgss (0,) in
the strut {s set equal to%zero as, shown in Fig. 5.1(a).
(The surface upon which bz'acts can be visualised as
“ modelling a crack in the coﬁcrete). The Mohr circle of
“stress for anyApéint in the typical strut along AB can be

A ]

drawn as in Fig. 5.1(b) since the state of stress is
hémogeneous throughout the strut. In particular, the state
of stress in the element A-A -0 at theJinterfacé of the

 strut and tension tie, shown in Fig. 5;1(c), is of interest
and the Mohr circle in Fig. 5.2(b) can then be considereq as .

;representative of tgé state of stress in-the.element.A—A'-O.
The sign cbnven%ion férustress uSed in this thesis specifies
that tensile stress is positive and that positivé shéag_
stress causes clockwise’fotation of the element on wifich it
acts@[lnder these conditions, the ofigin of planes (ooP) for
the Mohr circlevog stress can be constructed as follows. \A
line which is parallel to the planevA-Ai of Fig 5.1(c):is @
drawn tﬁ}ough\the point (-u;, 0) in Fig. 5.1(b), since this
point represents tﬁe state ofAst;ess on the plane A-A. The
point at which the line interseéts the circumferéncé of the
circ! s a unique point on-the circle, éndﬂis called the
origin of planes for the circle. The point of intersection
of any line through the OOP with-the circle represents :ihe

state of stress-on the\plane which is parallel to that line.

Thus it can be seen from Fig. 5.1(b) that ‘the coordinates



128

°

'&s . -
(p, 7,) represent the state of stress on the horizontal

plane A-0, and 7, is the bond stress which must be developed
betwéen the tension-tie and thefconcrete.J

o ‘In‘Fig. 5r1(a>, the struts are seen to diverge as the
loaded Surface is approa-hed. Even if the number of -loads is
incr;ased from four to a véryvlarge number (n -+ =) and a
unifOrm‘load'is more closely approximated, wedge-shaped gaps
will still exist bgtWeen ﬁhe strqts. To fill these gaps,'the
. paréllel faces of the struts in Fig 5.1(a) are fanned out to
form fan-struts (Thurlimann et al., 1983), as shown in Fig.
5.2(a). A fan%strut may be tonSidered'as\a small sector of a
thick chipder,-with pressures applied to the inside and
outside faces such that the circumferential stresses are
- equal to zero (Fig. 5.2(b)). The interface betﬁeen the-
fan-strut ;nd-the hydrostatic zone isoa circular arc of
radius R. Theh§£ate of stress in the fan-strut Qaries with
the distance p, since ;quilibrium in the radial direction
demands that } t _

om(R¥p)d® =" u.RAO '\' &

or ‘ , ¢ : .
A
g

(=2-)u, <0 [5.1]

'.01N=
Equation [5.1] is plotted in Fig. 5.2(c). If o,, is the

radial stress at point A, then equation [5}1] gives

R
0,,= (Rep)ue

which can be re-arranged to give
. . 01A

R= ("G:;;:f)r - [5.2]
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- (a) Fanning a strut ///
to forma / 4
fan-strut j

O‘;_

| " (b) Free body : '
‘ diagram ~ ‘

of fan-strut

(c) Varigtion of radial .
stress along BA

Figure 5.2 Definition of a fan-strut. :
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)

As n==, d6-+0, and the fan-struts. may bé classified gs
_fan-liﬁes which radi;te ortﬂbgonélly from the hydrostatﬁc
node DEF, as shown in Fig. 5.3(a5. The stress 0,, is then
~dictated by the applied -load p and the anglé e, as'shownrin
Fig. 5.3(b) and so the radius R from equafion [5.2] varies
for each fa‘fiihe. Accord&ngly, the surface DE bechéE a
smooth curve with varying radius of curvature. The solution
for a corbel witH®uniform load (i.e. thé equation for the
curve DE) has been developed in normalised form (d=1) by
Marti(19éo) (Fig. 5.3(a)). The curve DE is the hypegpolic

£

equatpon:

u ' ’ Y
(n+1-wy)" - Ez(ﬁc—1)»= (_4.1-w0)2 B [5.3]

where the ¢ and 7 axes and w, are defined in Fig. 5.3,

ry

-~

5.3 Simply Supported Composite Ice-Resisting Wall: Fan '

o .
. N -
-y 3

Stress Field » e R
NS 4

A fan solution for a simplyfsqpbo%ted;f&mpoSite
g ¥ P IS

ice-resisting wall is developed as'foridws.i'iréﬁ of ail,

i)

: . - ’ . o
the 'solution for a corbel .is expanded to.gk#é a solution for

a simpl;f:zpported reinforced concrete beam with top‘
6 P . ‘ ,

i ) ) x ) . . . - . . ," -. ,v

reinforcekgnt, as shown in Fig. 5.4. It can be seen from Fig -
. o ~ Voo L “. : S

5.4(b) that the concrete cover. over the top reinforcement:

has no. effect on the stresd field. Hence, the tover can be

removed, and the top steel can be visualised as external
plete reinforcement, provided that a satisfactory mechanism _
for shear transfer at-the steel/concrete interface is

provided. The bottom steel, however, must be locate
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Mohr's Circle for stress at A

Figure 5.3 Far® stress field for a normalised corbel under
3 .
uniform load.
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reinforced concrete beam with bop reinforcement and under
My N o B
. L ' . ! {f n’. )
~ uniform load. = ; )

"
.



133 % .
; L

r L o
the soffit of the beam to equilibrate the stress u. on the
4

vertical face of the hydrostatic node (i.e. it must'coinéidej

with the' force C in Fig. 5.4(&){, B -t
In the case of a simply‘supported Eomposite

ice-resisting wall, both the tdp and bottom steel

f%inforcement is external. The solution for the simply

s%ppopted reinfgrced concrete beam 1n F%§. 5.4. can be

mod;fied as show% ih Eig 5.5 to allow for external bottom

reinforcement, thereby giving the solution for a simply

zsupported;composite ice—fesistiﬁg wall., Conceptually, a
steel plate is embedded-into the reinforggd concrete beam
"along the f{ axis as shown in Fig. 5.5(a).‘ff the support
width is increased fraﬁ ED to BF, the concrete and
réinforcementfbelow the + axls may be removed, and the .
normal and shéar stress distributions necessary to
Aequilib:ate ﬁhe fan along BF are supplied by the enlarged
support and by shear transfer between the steei p%?te’and
the concrete (Fig. 5.5(b)). The normal and shearﬁ&fgess
dlstributions vary along the length of the support pecahs%§
of the different radius (R+p) and angle © f?r each fan-line
which intersects the plﬁ@e, The fan sﬁles? k?efqbgor the
simply supported éoﬁposite ice—resdstiné wall,‘éhen, is
shown in Fig. 5.5(c). y |
Conceptually, ﬁhe steel platé'is embedded just above
fhe hydrostatic node because this*is the optimum- location ’

for the plate. If the plate was embedded closer to the

loaded surface, a wider support would be necessary to
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|
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oy R ;) p_.
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(c) Fan stress field

-

Figure,S.%/Faﬁ stress field for a simply éupporfed composite

beam under a uniform load.
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equilibrate the same applied load, since the point F (Fig,

5.5 (a)) would move close}'to midépan. Alternatively, if the
plate was embedded within the hydros%fﬁ&c negp, then the
horizontal farce whigh is necessary to equilibrate that
portion of tHe hydrostatic node.between the two plates could
not be ,provided, and so equi%&brium would not be satisfied.

Siéce thg fan lines divérge ghroggh phe thickness of

the steel‘éension plate at the support, £hé effectice

’ support width‘which is available‘to the concrege'core is
sllghtly 1arger/fﬁhﬁ\that which 1is prov1ded externally Even
though this increased support width 1is strlctly a function
of the beam geometry and loading pattern, it is simplified

"as ‘ ' Y.

- i g'= g+2t,

g = effective support width

g= actual width-of the support !
tsp™ thickness'of the~support plate,
and 1s shown in Fig. 5.6(a§$6iscussed in Section 5.4.1.
It can bé éeen that there is no hydrosdtatic node 1in
Fig. 5.5(c5. However, it 1s useful to considér‘an'imaginary
: - Nong,

hydrostatic node (Fig. 5.5(b)), since the tension iq the - (
support pléte, T,, can be found using ‘ ' é/
| T, ooy, . " (s.4]

The concept of an imaginary hydrostatic node is particularly”
useful in the analysis of continuoug composite ice—resfsting

.walls, as discussed in Section 5.4. - ; '

¢
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5.4 Stress Field for a Continuous Composite Ice—ﬁegisting
wWall . 4 ' N
5.4.1 Introduction | ¥
If a single“épan of a continuous cofiposite
ice-resisting wall'is isolated, 1t may bé idealised as a ’
simply supported gfam with cantilevers. The length of the
cantilever and its load intensity may be chosen to simulate ?
the degree of confinditi required. The genéfal form of such
a beam is shown in Fig. 5.6(a).
Since the stress field applies to the concrete core,
and, the steel pf%;esvare utilised only to provide the
necessary static boundary condit?ons, the éoncrete-core is
isolated in Fig. 5.6(b). If both the beam and the loading
are symmetric about the centreline, it is spfficient to
consider one half of the beam. In the proposed $fress.field,

load is transferfred to the support through three‘distinct gﬁi“
¢ i . o, v

.t g e RN}
zones, as shown in Fig. 5.6(b). Each of these zones 1s a 'w%g‘?
modificationbof a ddrbel stress field. The properkies'oﬁi o
these zones, including the locations of the hydrostatic :Ai g

'
3

nodes, are discussed in the ensuing sections. The upper case

dimensions (X,, X,, X;) of these zones refer to\distances

4

along the léaded plate, and the lower case dimensions (x,,

xz,/x3) refer to.distances along the sypport.’
(

load p will allow the external equilibrium equations for ‘all

For a given value of u_, only‘one value of the applied;
: \
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"Figure 5.6 Fan stress fi@ld‘for a continuous composite beam

under a uniform load.
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three zones to be satisfied simulianeously. Thus, the ratio
p/u. is tonstant for a given beam ggeometry. When .
constructing a stress field for a beam with cantilevers, the
hydrostatic stress u. is arbitfarily chosen and the
protedurelfor chdosing the correct valpe'of p for an assumed

value of u_ is iterative, 7

P

5.4.2 Zone 1

Zone 1 is used to‘provi§§'a load path to the support
for the éantileveriloaﬁ ap, and is shown in detail in Fig.
5;7. It can be seen from this figure that Zone 1 can be
considered as a ééction cut from a corbe’ stresé field (Figq.
?.3), where: the cﬁt lines are téken along the fan lines.
Therefore, there are no normal'oz shear stresses along the
boundarhﬁa deflned by the fan lines. For a known (or
assumed ) vafue of u, the w1dth x1'of the real hydrostatlc
node can be calculated by summlng forces in the vertical

direction (51nce X, is known). The height, h,, of the

hydrostatic nodéwls then found by summing moments about O.

.

4

5.4.3 Zone 2 u

»

3

The, foxm of Zone 2 is shown in ng.°5.8(a).'The primary
“purpose of Zone 2 iévto determine the amount (X,) of the
r/’épplied lqad p which 1s necessary to close the hydrostatic
node so that the horizontal fogfes in Zones 1 and 2 are
self- equ111brat1ng, and the corresponding length (x,) of the

_ support G\g\$ g which is used by Zone 2 These two
- 2
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140

(b) Zone 2 (normalised)

Fal

Figqure 5.8 Zone 2.
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quantities could be directly, evaluated by‘tonsideration of

the vertical and rotational equilibrium of Zone 2. However,

=

it is also advantageous to determine the location of the
crest (e) of ﬁhe hydrostatic node, since the point on the
loaded surfage which is‘ygrtically above point "e" s thg
point at which the interfacial shear stress is zero, as will
beréeén by consideratiqp“%f‘equation [5.17].’ K

 In order to find X,, x, and the location of the crest

" "

e", it becomes mathematically more efficient to examine the

normalised form of Zone 2, as shown in Fig. 5.8(b). The
"notation Qsed in this figure is in accordance with Fig. 5.3,
It.can be seen that Zone 2 consists of a full corbel stress
field (A-K-E-L) and a.portion of its "miffog image". The
slbpe s'and the quantity « (whgre k = h,/d) are known from
* .the analysis of Zone 1, It 1s raquired to find ¢, and ¢,,
frbmﬁwhich x, and X, can be found by‘pfbportion and
equilibrium‘respéctively, as shown .later in equations [5.10)
f and [5.11]. o . |
&, and'f2 are found from the following‘development._
Equation [5.3] describes the curve E-H-L:
- 2 Me

(n+1-a%)2 - ¢ (E ~1) = (1-w,)’ (5.3]

Thfs.equation can be differentiated to .give the slope of the

- | -tangent at H, which is equal to s. Therefore &
51[(Uc/p)"1]
S= ( +1_ ) : [5-6]
. m )

whege (£,,n,) are the coordinates of H.

Since ni=w;~k, equation [5.6] can be rearranged to give

o o _ s{1-k) ~ S e
// RN | | E:’.._ .(Uc/p)_1 [5.7]
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To find. the expression for £,, the coordinates of L(f;,wp)

are substituted into [5.3]. This gives

W (2-wy) o - (5.8]
=/ Tu/p)-1 | k .

_ To evaluate £,, it 1s necessary to kndw Wg - This is achieved
by combining [5.7] and [5.3] applied at H, and observingcj g

e

‘again .that 7,=wy,~k, to give

S2 o :
W= (1‘h)/ —Gja;——— [5.¢]
Once the dimensionless parameters ¢, and £, have been

: found, x, and X, are found using

x,= (g+ed [5.10]
énd.
UC
X,= -p—'X2 [5.11]

5.4.4 Zone 3
For the assumed values-of p and u., Zones 1 and 2 have’

used- a length x,+x, of the support width g. The remainder is

A

therefone avallable for use by Zone 3.

The geometry of Zone 3 1is shown in Fig. 5.9. Zone 3 is
a section of a‘corbel stress fleld,A51m11ar to‘ane 1. For
maximum utilization of cpncrete capécity, thevimaginary
hydroétatic node must be loéated'just below the line LZ
(Bereinafter referred to as thef"optimum position™ for the .
nodé{.‘To construct this'node, itlﬁﬁs£ initially be agsumed
that'the load p which-has been useévto cohstruct Zones 1 and

2 is the correct applied load. (The validity of this ' -

o 3
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- asggmptlon is checked later) The horlzontal dimension of :;“ o
. 45 ] R
the 1maglnary node is then calculated u51ng } E
. N . ‘i“& - 5
Xa= OELX;_;:i;fLE__ ,'fg'l- _ ;ﬁA[5.12]

S since X, is knbwn If~the lzne DF 1s ‘constructed parallel to -

J

%
GE as shown 1n Flg 5 92Jthen, by con51derat10n of the

51m11ar trlangles LDF and EBC the helght of the node h can

el oo ’ n
be -expr esse@ as I BT
. ’ o ??" Te d o A ) IOV
. D y{‘“‘_ =h3='—[g‘—(x +x2+x hie oyl [(5.13]

PR
Ju/

15 éﬁven by .
. R fox,+ 5 ¥ . \
5 B M = px3[a+g X2’%77?———1 [5.14(a)]

and}the restorlng moment My is . _ : {
s\s’ « h ’
= Llh (d#——ﬁ ; [5.14(b)]

o ”

The overturnlng moment ;' M,, on Zonq

'ngt;: [‘
g : _
3 % Zone 3 is 1ﬁ equilibrium, and the 39rrect
g ‘ s . .
valueefor P has been chosen It M'<Mr,.then the assumed

5

% -

-

‘value of P 1s too small If M >M the'conVerse is true. In:

. elther case, a new vaLue of p must be chosen’ and the
3: e & . 4. $ R
O process repeagqﬁ uﬁtll tHe correct value éor p is found. The

a

. e ‘
vveaall procedure is outllned in the flo art of Fig. 5.10.

wﬁe%,the cdtrect value for p has been obta1ned the -

corresponélng tension in the support plate, T, is

I

pl
calculated using

Tgo= Uhy , - [5.15]
since either the.imaginary node or the support plate must
supply the same horizontal force to'equilibrate‘Zone 3.

Finally, Fig. 5.11 shows that, for equilibrium,
. P A 8
N R _ - [5.16]

.

where C,, is t. compression in the loaded plate at midspan.

L :
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Assume p
: 5 ~ Zone | . .
E F | Find x
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il j
1 Find xp,Xp
New p . * ' )
“ ’ A‘ . . \ K I;
I 1 Zone - 3 . .
~Find*x3~,'h~3 ‘ MO ’MR s,
L
Yes p is correct
- STOP
© :{"{‘

Figure 5.f0 Flowchart to calculate the applied load p.
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Figure 5.1i Free bédy diagram of half-beam.
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Equation [5.16] assumes that the concrete does not

-

: At .
carry compression at midspan. This assumption is made

primarily for convenience, and it is recognised that the
absence of such a compressive zone, coupled with thé
4 '

assumption of uniform longitudinal compréssive§Stress

. : , .
through_the thickness of the lodded p}ate, deménds“a strain
discoﬁtinuity at the steel/concrete interface, which is not
posséble; A compressive zone does exist in the concrete at
midspan, andlkhe consequences of its neglect in the theory
will be demonstrated in Chapter 6, where measﬁfed and
predfcted steel strains in the loaded plates are compared.
Ho&ever, the inclusion of_the concrete compressive zone into
the streés '

. ﬁ' : PY . s
mathematics. and graphics involved. Since the régions within

field formulation greatly complicates the

a prescribed stress field which are of greatest interest are

those areas close to the supports where concrete failure

initiates, the presence or absence of a compressive zone at

midspan is deemed to be of little practical interest, and

1

its negléctrfor‘convenience is thereby juStified.

5.4.5 Numerical or Graphical Techniques?

The flowchart in Fig; 5.10 might indicate that the

procedure for const¥ucting a §%atically admissible stress

field should be comput&rized, thereby remoying the necessity

opn e

- for considering individual zones %nd manual iteration.

gl

However, the procedure developed in Section 5.4 applies only
_ v

to a beam with symmetric loading. For the procedure to be
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versatile, it must also be capablé of providing a stress

field for a beam loadedAwith an'eccentri; patch load..The

-algebra assoc1ated with deriving.a solution for this general

“approach becomes more appeaiind;

case becomes unreasonably complicated, and a graph1cal
1}

-~

3

The accuracy associated with the graphical approach is
highly satlsfactory if a suitably large scale is used.
Furthermore, thl determination of internal stresses (Section

5.8) demands the use of a graphlcal method.

5.5 Eccentric Patch Leading.

The properties of Zones 1 through 3 may be applieé\in .
constructing a stress field for a composite ice-resisting
wall loaded with an eccentric patchvload as shown in Fig.
5.12. This beam is also leaded on the cantilevers by a load
of‘iatensity ap. To start, a value of the hydrostatic nodal
stress u, is assumed, and the associated applied load p is
estimated. Using the methods developed in Section 5.4; éone
! and Zone 3 stress fields are fetted to transfer the .
cantilever loads to the suppor%% (Fij. 5.12). The remaining
%ehgths ot the supports which are}available tolresist the
patch load are thus determined.

The patch load is to be transferred to the_supports by
means of two Zone 3 fields (Zone 3, and Zone 3;). The

proportions of the patch-load to be carried by each support

are not immediately apparent. To find these proportions, it

is assumed that the imaginary hydrostatic node 3
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"optimum location™ at one side (the right hand side in Fig.

5.12). The amount of the patch load which 1s necessary to
provide‘both vertical and rotational equilibrium to Zone 3,
ie then determined. (For simplicity, the dimension h; is

scaled in this case.)

The remainder of the patch load is transferred to the
left hand support through Zone 3,. This Zone is simply a

two-force member (as,:indeéd,yare all other Zones), and the

&Y

" magnitude and direction of the resultant force in' the member

ére determined by the vector addition of the resﬁltant
ng}mal and shear forces at the ldaded plate/Zone 3,

. : \
interface. In.realipy, thisxresultant fogbe must be‘> ;
equiiibrated by the resultant of the coffesponﬂing normal
and shear forces at the.support plate/Zone 3, inéerfaéé.“
Howeve;; for the purpose of constructing the sfré;s fiela,
it 1s conveng%mt to considet the egistence of an imaginary
hydrostatic node with hydrostatic stress u; af the léft hana
gide also, and the resultant of the'horizontal:&ﬁd;Qthical
forces acting on this node is statically.equivaleﬁt to that
whiéh 1s actuaily provided at the suppért. For'the assumed
value of applied load p; the horizonfai dimenéibn of this
node, x,, can be calculated using equation [5.12] from
Section 5.4.4. The requirement that the tension in the
support plate (T, ) must be constant dictates that

h,(left hand side) = h,(right hgﬁd side).

Since x, andvh3 afe-bofhfgnown, the imaginéfy.node is fitted

graphically 1into its unque location between the tapering
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" . lines A aqc B using the technique.developed in Section 5.4.4

and as shown in Fig. 5.12. If the assumption that the
imaginary node in Zone3R is 1in tne optimum location is
correct, tﬁen the imaginary.node in'Zone;BL will be below
_the soffit of the concrete core. Assuminérthat the
assumption is correct, the rotational eduilibrium of Zone 3,
is checked.: For simplicity, the necessarf digensions are
scaled from the drawing. If M_<M_, the load p must be

_ ) - : g 5
increased, and the procedure repeated. The converse 1s true
’ 14
Nis
1f M>M_.
¢

5.6 rﬁterfacial Shear Transfer

",

In the preceeding sectlons it was recogn1sed that:

% w a':
unlque shear stress distributions on the horizontal. surﬁaces
of the varipus zones were necessary for, equ111br1um to &S
satisfied. These stresses are supplled to the concrete‘ed-e
by the external steel plates Since mechanlcal 1nteract16h.

between the plates and the concrete 1is requ1red to prov1§é§%

this composite effect, it is necessary to accurately

evaluate the interfacial shear distribution. The mechanical §5%f
.

shear connector layout can then be safely and economically
chosen. |

The shear ‘distribution along the.lcaded surface of ay
(normalised) corbel is evaluated as follows. The Mohr circle
of stress in Fig. 5.13 shows that the surface shear/applied.
load relationship at the arbitrary point N is

é: Tan (0) - - . [5.17)
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Referring to Fig. 5.13, Tan(®) can bégexpressed as N

I

Eyv-£y .
T-wotmny . l .
From vertical equilibrium, the ggfétionship between §,

Tah(@)=

i . v : ¥
.Eles . é%'\
. B 2

. = ,‘Q W
i R

Also, the governing equation for the nodal surface [5.

be rearranged as
., u S~y
(1-wy*n,) = /sfq(g—ﬂ) -0

Equations [5.17] to [5.20] can then be combined to giv

general egquation

T

O |4

where

»VB='p/u;

and E is the coordinate of any point along the E axis..

The 7 -*E relationship aefined by [5.21] is plott
Fig. 5.14(a). The gurve is convex and is asymptotic to
If this curve is approximated by the dashed straight

in Fig. 5.14, then the theoretical shear stress will a

be underestimated. It was shown in Sections 5.% and 5.5 that

[5.18]

and

[5.19]

3] can

[5.20]

e the

[5.21]

, »[5...22]

[5.23]

[5.24]
ed in
1/VB
line

lways

a statically admissible stress field for a continuous

. ;‘i\’,

composite member can be.constructed using corbel-type stress

fields. The shear stress distribution along the surfac

the—ctoncrete core, then, will also be convex, and the linear

AN

approximation of Fig. 3.3 will always underestimate th

theoretical shear requirements. However,:the error is

e of -

e

Y
A g,"-'
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- distribution at the loaded surface of a corbe\.
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compensated by the neglect (in.the model) of the concrete
compression zone at midspan of'the composite member, as
d?@&eesed in Section 5.4.4, the preeence of which tends to
raéuce the shear transfer requ1rements at midspan. The , |
straight line approx1mdt on is therefore deemed approprlete,
and ;HiS‘assumption greatly reduces the computational effort
whieh is‘necessary to ;alcﬁlate the steel strains. (The |
combutatioﬁal method is outlined in Section 6.7).

5.7 Mechanism for Shear Tfansger ‘ o .
| The mechanism foe shear transfer at the loaded
steel/concrete inte%face of a s;mply supported composite

beam was ouelihed pn Chapter 3; but 1s repeated here for the 
case-of a corbel for completéness; Shear transfer at the
steel/concrete interface is provided bf a combination of
friction and mechanical shear ednnectors (Nelson studs). Tee
shear friction coefficient between steel and concrete, f,;is
taken as 0.6, as recommehded by CAN3 A23.3 M—BI;TTherefore,
'in'reg@ons where 7/p > £, mechanical shear connectors must
be added, as shewn in Fig.‘5.15. The shaded‘area‘represen€e ‘ P
the shear to be ca;rie; by the mechanical shear connectors.

The peocedure'outlinéd above can also be appiied to

Zones 1 to 3 , and to both loaded and supported surfaces.

Test gpecimehs with the reguired number of studs distributed-
uniformly over the entife area, rather than coecentrated in
:the locations where they are theoretlcally requlred behaved e’&
satisfactorily, suggesting that“4 uniform distribution would ‘3;

u

. Q - o
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be aéceptable. This is also a more practical approach.

5.8 Principal Stresses at an Internal Point

To find the principal stresses at ény internal point,

the correct fan line must be drawn throth‘@hat poiht. This

 .can be obtained grabhically by trial and ertor by observing
R . . N ‘ = ¥

{

the féct that the regions of the zone bounded by the fan

ljne must both be in vertical equilibrium (Fig. 5.16(a)).

Once this line has been conStructed; the principal stress av

A (i.e. 0,,) can be found using

. L. 2
. 91T T4cos20

which is derived from the Mohr circle,in Fig. 5.

[5.25\]

16(h). (It

_is reasonable to determine © using scaled dimensions). The, .

principal stress at B may then be calculatéd from [5.1] and

[‘5.21, i.e. -
. 0.
R= (——)r
UC-OTA
and
(R

0,57 m)uc

where r and p can be scaled.

(5.2]

[5."]‘
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"(Shaded area must be
in vertical equilibrium)

(a) Construction of internal fan line

’26
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(b) Mohr Circle to define %A

»

Figure 5.16 Evaluation cf internal stress at an arbitrary
A

point within the coficrete core. . o .



6. ANALYSIS CF TEST RESULTS

[ 4

6.1 Introduction

The data reported in Table 4.1 give the meafured
failure loads for thertesﬁ specimens. The purpose ef‘this
chapter ig to determine why the beams failed ‘at thie reported
loads\'To this extent, it is necessary to de&elop a lailure
criterion to ue used:in conjunction wiﬁh the load paths
which we;e jevelapedvin Chapter 5. Seventeen beams were
tested eo :ailare in the series. However, the followingﬂfouf
beams»will be ~nitted duriné the development of the failure
cEiterior.

Beam 4/5 wes the first beam to be tesled in the series.
In this test, @ Hioh~load~capaclty, teflon-based slip
surface w:s used in place of rollers at the load and
reactlon/p,:xts. Because of the external restra1nt
introduced by the frictional interaction betweeh the ﬁest
specimen : :d the test frame, spurious,@oments:were'
introduced, and the supports acted as buttresses for the
concrete "arch". Accordingly, the beam 1s not simply

.

supported, and the theory developed in Chapter 5 cannot be
applied to lhis test. |

B€/2 was underfeinforced, and.so failure of" the

concrete occurred only after the plates had strain hardened.

Since the failure criterion to be developed assumes elastic

\~' 4

159
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criterion. ' ' R

Steel-fibre- re1nforced concrete was used in B6/3 and

4

B6/4. This exhlblts properties: wh1ch dlffer ‘greatly from
those shown by unrelnforced concrete Furthermore,vB6/4 was
also underreinforced. Slnce only one daga'pcint is ‘therefore
availeble, a failure criterion for steel-fibre-reinforced
concrete cannot be proposed in this thesis.

6.2 Analysis .Procedure ‘ R

6.2.1 Basic Stress Field

~In Chapter 5, 1t was shown that the ratio p/u could be

3

1oading
/

arrangement. Such a stress field is berelnafter_called'a

determined for any span- to deotb ratio and

basic scress field @ogfghose cggéiticns. Tﬁe'stress field in
a test specimen at faiiure isAobtainéd by scaling a basic
stress field by the multiplier M:H . | ‘

: D | .

M= | o [6.1]
where pt_issthe 1oa (expressed as a bressure, MPa) which
was applied to che est specimen at failure, and p is =hs

applied load (MPa)“rom a basic stress field with an assumed
.value of hydrostatlc?stress u.. Since the ch01ce of u. can
be arbitrary, it was consistently chosen to be equal to 50

“d

MPa in the forthcoming anagysis.
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6.2.2 Critical Stress Location and Failure Mode

The location w1th1n the concrete core at whlch failure
is assumed to start is de51gnated as K in Fig. 6.1. Crushing -
was first observed near this location in several of the

N

tests, and its choice can also‘be ttionalised for the
following réasons:
= pven though the maximum stress at failure is the
~ hydrostatic stress u; (= Mu.) in the nodal zone which
falls within the gegion ABCD, this‘region is heavily'
reinforced with studs. Stiffness considerations indicate
- .
that load is shared by the concrete and the studs in
this'regioh according to the proportionstEA_tEA_ . The
actual strese in the concrete in this region is
therefore considerably less than u;, and so %ailure does
not occur here.
- BC 1s a poteﬁtially weak plane since the smooth heads of
the studs ali iie along this surface. The point K lies
in an extension of t?is plane. |
- Hioh strain gradiente_exist across the ijhe DL which
F'separates_the\strés;ed and stress—freefréoioﬁs.'These

cause of the

’ 2 . M .
gradients can cause cracking along i
-inability.of cOhcretelto accomodatjs gradient.
.Fallure can therefore be ant1C1pated% .Ewhere aloﬁg CD.

e

. Concrete in the tr1angular reglon CDK”ﬁs offered

addltlonal restralnt’by the reglon ABCD :Fallurefls 4; '
therefore.unllkely in this region.

-



162

s
E . e
) D._.__.,M v
N dh /4 w
5 8
D3JD 9914 - SS81}S
4 I-— »
B e

)

*u¥., UOT3IeD01 sinyied |'9 3anbtg

P
I3
e



163

The principal compressive“gffess in the concrete at
location K at failure can be expressed as o, where o I
L : , - o
07= Moy | : o 16.2]

Since the stress o, equals the material:capacity at K and
crushing has started in this vicinity; the appliéd load
which was formerly carried By.étrut action through;this(
region must find an alternative load path. This seédndary
load path isnshowh schematically in Fig. 6.2, and was
observed : in tﬁe éests as typicall? shown for specimen B6/1
in‘Plate 6.1. The.applied ioad théh was previously carried
through the crqshéd region K 1s now transferred through the
~concrete trépezoid (which chludeé the former "stpess—free‘
area), as sﬁown in Fig. 6.2. ThiS‘ﬁrapeioid reactg directly
onto the support piate. A‘reaCt&on point for the trapezqid_

W

can be observed in Plate 6.1(b) as that locétion where the
gap cloéesbbetween the support plate'and the concrete core.

" The applgéd load near midspan is- therefore transferred
soleiy by the cateaaryvactiqn of thé support plaﬁe.-The
capacity of this catenary is injtiaiiy less than that of the
originél compoéité.member, and so the appliéd‘ioad thch can :
‘be tolerated'becomes-smaller.‘A Secoﬁdary load path t@»allow
additional applied load to be carried is therefore not
available, and it is feaéohéblevto say that failure‘dflyhe )
concrete "occurs by crushing at K. It may be noted in. Plate

6.1 that  crushing has not occurred in the trianglefq

identified as CDK of Fig. 6.1.
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concrete

"Figure 6.2 Secondary ;)ad path after concrete has crushed at

K.



a ‘ . {a; = L. . .

i _ (b)

Plate 6.1 Secondary lcad path in specimen B6/1.

’
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“for the entire BS series.

166

g

6.3 Failure Stress in Tested Beams
In order that the failure stress oy can be found for
the thirteen .beams, it is necessary to construct only four

basic stress fiel(s. These are

1. Span-to-depth ratio = 4, symmeﬁric loading,
2. Span-to-depth ratio = 6, symmetric loading,
3. Span-to-depth ratio = 6, patch loading,

4., Span-to-depth ratio = 5, symmetric loéding.

The unknown‘cantiié&erkloads induced into specimen B5/4
by rotationai'f;stra;nt at the supports were difficult tO//”
guantify éccurgtely, but were estimatedlfrom the measureé
sféel sgrains to be only 1.02 times the the controlled
canti%§Vér load for the remainder of the B5 series. Since
Chgéﬁér 5 indicates that o, is-insensitive to small changes
in;éantilever.load, the same basic stress field will be used

The calculations te determine e, from the basic stress

field‘gare giveh in Appendix B. The results are summarised

v )

in Table 6.1. From these results, the failure stress o), for

I

each beam can be calculated using [6.1]. These results are

also given 1in Table 6.1.

6.4 Failure Criterion: Effective Concrete Strength
The concrete in a compésite beam reaches 1ts
load-carrying capacity when
a * .

TSI 3 : [6.3]

where f. is the effective concrete strength at location K.
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The effective concrete strength is defined as
s T . ' v .
f.= vfl . - . [6.4]
where
v="effectiveness factor,
fi= concrete cylinder strength.
The uniaxial stress field proposed in Chapter 5 is a
simplificatioh of the true state of stress in a composite
section. In reality, the concrete will be biaxially stressed

if plane stress conditions are assumed. The effectiveness
. : W
*

factor v is a measure of the amount.by which thevtr@@ state
of stress at K differs from the state of stress in standard
cylinder, and it can therefore be interpreted as a measure

of the degree of confinement of the concrete at K. This can
. .
be seen by consideration of the behaviour of concrete

P

cylinders under the following three.different loadiﬁg!}",
: : R

conditions. Firstly, a staﬁdard cylinder test with sulbﬁhr
caps and steel loading piatens is considered to be the.
daium, and gives an effectiveness factor v equal to unity.
The friction which is developed between the sulphur caps and
the loading platens tends to confine tﬁe concrete. in the

cylinder, and so a standard cylinder test does not prodﬁcéi
uniaxial stress conditions. If a companion cylinder .is ¥

tested using steel brushes or a soft material between the
platens and the cylinder, the failure load will be reduced

due to the redug%d gonfinemént near the ends (Mindess and

¥,

- Young, 1981). In this éase, the effective conirete strength

f; is less than A

A

the standard %gpgggte'cy;gnq%gfstrengthj and
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S0 the effectlveness factor v 1s less than 1.0. Finally, ih
has been shown (Prlce, 1951) that the addltioh of a suitabiy
v'large circumferential cdnfining stress to an otherwise
standard cylinder test can increase the axial load aﬁ
fallure\by up to 14 times that which is obtalned from a
standard\cyllnder test, thereby giving an effectlveness
factor equal to 14. Effectiveness factors can therefore be
expected to vary fromAless than 1.0 (for uniaxially stressed’
concfete) up.to as large as 14.0 (for concrete which is

) assumed to be uniaxially compressed but 1s actually
triaxially confined). Effectiveness factors of the order of
14.0 are certainly not anticipated for biaxially stressed
conctete (plane stress), a state of stress which more
cloeelz approximafes the true seahe of stress in the

. 8. . .
comp&élte speciméns. However, effectiveness factors of .

* LY

épproxima;ely 1.0 can be interpreted from the'classieal
biaxial tests of Kupfer et al. (1969). Also, Bach et al.
.(1980) have reported a value of v equel to 1.22 when the
‘reinforcement ratie of a reinforced concrete T-beam (overall
depth 380 mm, flange width 800mm, flange thickness 90 mm,
web width 200 mm) with stlrrup relnforceqﬁft was made very
large-by bonding a 16 mm steel plate to the soffit of the
beam by welding the stirrups to the plate before the

concrete was poured. These conditions are similar ta those

a,

Y]

which are obtained in a composite beam.

For de51gn pu;poses, 1t is necessary that v can be
- o

rationally evaf%ated Severa

-allure criteria



~—

~

170

T
have been developed for mul'

’

1982). However, these all da._J“

lf;astressed concrete (Chen
that ¥he true multiaxial
N .

state of stress be known,'endAthey cannot therefore be used

in conjunctiom with lower bound fans which asSume uniaxia]

stress conditions. Vecchio and Collins‘(1982) préposed a.

'failure“criterion which assumes that the effective concrete’

strength v is inversely proportional\to the transverse

principal strain jn the-concrete at failure. The

relationship is expéggsee as

1 g | .
0.8 + 170¢, | be.5]
™

where e, 1s the transverse tensile strain at K at failure,

V=

and ten51le stra1n is con51dered to be positive. However, 1t
15 not p0551b1e 'to evaluate the straln £, at\K at. failur ’}D
the model used, again because of the artificial narure of
the uniaxial stress field.

An alternative formulaEion fqr the effectiveness factor

must therefore be developed. The- formulation must recognlse

"the contribution of the stress-free area (F1g 631) in .

conflnlng the concrcte at K. For the purpose of this

develppment, it 18 assumed that a crack exists ulong the

.crit cal fan.line at all levels of loading, as shown in Fig.

6.3.\It is also assume% that D moves horizontally to D,

\ - | -

where

D-D = ¢ 5pd

and e, is the strain in the support plate. By proportion,

“ the crack width, w, at K may be expressed as

hs'
w= —a—)e“@Cose.
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But o+ B
A\'i ' . Cos®= yxﬁ-ﬁ_ | ' ) ,
) - a*’d ' P
- B ., =, 1 '
. X ;1+(_a/d) ’
and $o L ST .
| : [ (h/d) lae,y : S o
S0 e — . C1%.6]
o i+ &/d) | B 4
" For a given beam geometry, then, w 9s a function of €5
{ : = ! .
Ohl¥. . : . . . . . " - A

In“the development so far, it has beeA'assumed\that the

éopcrete is a rigid material. In reality, the concrete along

AD' will tend to expand into the crack. If is,assumed that
: .
5 coa .
this expansion will cause conpaék between the stressed and

‘stress-free aré%s ag_discrete locatidns, then it fcdlows

that, fdr a stressed area with a given f_, both the number

of contact points and the intensity of the compressive

stresses at these points of contact would increase for a

smaller créck width w at a given applied load level p, i.e.

- %

at a lower value of w for a given value of oﬁ. The

. : ‘
confinement charactoristic at K, G,, is therefore defined as
G o | | o [6.7]
KW . " *

and is interpreted &s, a measure of the lateral restraint
offered to the conqré%e a¢'K by the overall beam geometry

. and support piate. 1f the support plate remains elastic,‘éx (
is independent of the load level. -

- The concrete in the beam PBas-an associaged generic
v » 4 ] ’
. N N
transverse stiffness, which cap be vi;ualised~with reference
‘to consideration of a uniaxially stressed concrete cylinder

of the’same material -as that used in the’'concrete core of

A
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" the conposite'be. . If it is assumed that P01SSon s ratio- 1s1
" constant®or all concrete types, and remains constant
throughout the loadlng[hlstory, then the generlc transverse
stiffness of the cylj der is dlrectly,proport1onal to to the
elastlc modulus of the concrete (EC),'which ingturn,-
1ncreases w1th increase 1n concrete strength approx1mately

~
1n accordance with the folIow1?g equatlon from CAN3 A23 3

M- 84 clause 8.5.1: | . -

N

c

.4 E.= 5000/f, - ~ 16.8]
’ . . . s o .
2Fere f' is in MPa. Therefore, the generic transverse

stiffness increases approximately in accordance with Vfg;

. .The effectiveness factor (or-degree of confinement) v

is then a function of the interaction between the generic
- - s A S

-transverse stiffness of the concrete and the restraint
offered by the beam at K, i.e.

U ou= £(VEL, G _ ' [6.9]
. - ‘ X [
~ The nature of the interaction is demonstrated in Fig. 6.4.

For ‘a given crack width w at load level oy, (Fig. 6.4(a)),
! co
it can be seen that a h1gher degree of conf;nement is o

obtaine | in the case of the lower strength (and ‘less stiff)
_ - .

concre'e. The effectiveness factor v is therefore a |

A\l

decreasing function of VE.. Furthermore, for a given

concrete strength and load level o, (Fig. 6.4(b)), the

¢

degree of confi fit increases as w decreases (i.e. as Gy

=,

increases). The effectiveness factor v is therefore an
k) I ‘ . '. .

increasing fdnction of G,. = b 3
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| whgfé fe is given lnlchepter 3, and oh is from Table“6.1
Slnce the conflnement characterlst1c Gy = 0, /wvis‘
lndependent of load,level, it is convenlent to calculate 1ts
value usiﬁg the Sasic stress fneld The concrete stres'"o1K

"is found u51ng the technlques developed in Sectlon 5.8. The

0

crack w1dth W at K can be Jelculated from*[6 6] once the

strain in the-support ‘plate €, is known. ég;s can most
readily be calculated using '

e = Tep .
LT Et, -
uh, L7 ‘

Egplap

“since T”'=ul1 (from [5 15]) and h, is also immediately

= = . | [6.11]

avallable from the\bas1c stress fleld The calculations to
”generatevthe input data (v,, /T:, G,) for the regre551on
analysis are giden'in Table 6. é. { i

The scatter plot foy v, aga1nst G, is g1ven in Flgure’.
6 5 and suggests that the relat10nsh1p between v, and GK is

linear and increasing. The mathematlcal form of equation

(6. q] is therefore postulated as . L
L= [A + BG ] \ “ ¥
V;—: GK ' E " ’ ’
: Ve VR |

Wh%Fe A and B are the cop§tants to be determlned from the

- B R [6.10]

-~ 4.

A
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_linear regression analxsisy Hg&ng the dat;vitom'Tabie 6.2,
The re;ults of the reg&eséion analysis are ¢ -en in Appendix
C, and_are statﬁstically satisfactor“ it ¢ ' respects,

| As a resdit of this regressicn 27w, .e ne oroposed T

-

: /!
expression fo# the effectlvenecs Fete s L s

.

v= 3.40% 0.022. _, 2012 -
‘. VT | Lozl
Equatlon [6 12] is plotted in F ' g. 6.2 ). -~ d t.e
experlmentélly derlved valges v, are a. » shown on ".s

flgure. It is v1sually confirmed that :he proDOSE”
expfession [6 12] provides a good fit .to the exper1mental
‘_data. Because of the linea;itytof the stress fields, the
test—to?predicted-ratios for the failure loads (pt/p;) can
be exptessed as - v

| o= A _ | [6.13]
' and so the results of the: regre551on analy51s can be used
dlrectly to give test—to—p;edlcted ratios. The results are
shown in Fig. 6.6(b). The heap value is 0.598 and the
standard"deViation is 0.056.

Equation [6.12] .was derivea based on data with _

40 MPa < fi <. 65 MPa and 125 MPa/mm <YGK < 300 MPa/mm, and’
~must§be"extrapolated hith-caution..Howeveg, an e}pression
for the effectiveness factor v developed by éiﬁér (1979) 1is

¢ 3.2 | T~

’ v= , (6.14]

~and is almost identical to eqUation [6.12] when G, is set )

equal to zero (i.e. when the contribution of the steel to v
a * . : .

providing confinéﬁent,iS“small).,This indicates that it ‘may

»

be possible to extrapolate,[%.12] for values of G, as low as

\

k4
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Figure 6.6 Relationships between measured and prediq;ed (a)

effectiveness factors, and (b) loads, using equation [6.12].

~
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>
zero, and for f| as low as~15 MPa. Flg 6 7 shows 6.1
» -

.plotted as v vs. f; for d;fferent values of’ GK. Extrapolated

- -

: {
.curves are shown as dotted curves.ln th;s&flgure, and

™
. ’ . ’ ) "'
- Exner's equatlon ([6 1&E is shown as the lower 50 1d curve. -

As a chegk on the extrapolatlon capabllltles\of [6. 1?}$\~}

- it 1is appl1ed td spec1men B6/2, which yltlmately falled

through concrete crushlng even though the support plate had
strain hardened at this stage (i.e. the assumption of
[ . [N

elastic behaviour in the support plate is not satisfied). G
| . - _ : o
is equal to"109.1 MPa/mm and f| is equal to 57.8 MPa for

this specimen. The test—tOfpredicted‘Talﬁg;g load ratio is
- ' St ‘

1,09, which is surprisingly'good considerzné the assumption
’ L2
made. It-is therefore fea51ble that [6.12] may be dpplicable

even when G, is so low that the support plate is 1nelastléfh\\\
at failure." Slnce thlsrtentatlve conclu51ond=gnnot be
rationalised, add1t10na1 expsrlmgpfal data are needed before

it can be'verlfled or refuted.

’\/
It can be seen from.consideratdgen of equations [6.6],
' ' :
[6.7) and [6.12] that the crack width w at %} and hence v,
are dependent on the dihension'ah'with v decreasing as a
: . «

increaset. This suggests that a size effect might exist,

. R . . . i
i,e. for given support plate strain e, and

stress omfvthe effectiveness f?ctor v decreases with

3 ) . .
increase in beam size. Since data on tests for large scale
composite tests are not available, equation [6.12]\was used

to predict the results of three single span, oentrally\"'

loaded reinfotced concrete deep beams which were tested by

t
~
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Rogowgﬁy and MacGregor (1983) :%ig "6.8-gives detaiis of the ;-_*e

- g D
3 -

beams \and shows the assumed fa11ureklocat1on K Basic.

stress flelds wergﬁconstructed u51ng strut and- t1e models,
\s——
;zf\ as typ;cally shown also in Fig. 6.8. Because of the large

dimensions and Small steel areas, the calcuiated Values-of'
L
+ Gy for the three beams B1/1.0, B1/1,5 and.B1/2. 0 were 24, 0,

\ '30.8 and 26 S MPa/mm, respectively. These valués are

A d

con51derably lower than those for Whlch equat1on [6 12] was
»

. ? :
@ developed. In addition, f} was equal to 26.1 MPa for bgam -7
2 I .

B1/1 wh\ch 1s also out51de of the development range Qf °

—

o [6 121 Nevertheléss, the test-to-predicted fal}ure load

ratios for the three beams are‘\.254, 0.800 and 0:867. These

nd
e Y

are considered to be reasonablﬁtgebd predicti
indicate that the fuggested size effect may actually eXist., -

In summary, equation [67T2] seems t give;aﬁgurate
predictions of failﬁre-leads over a—wi e rdange, of values for..'
- £ and G, but.more test data are neeedéd to. substantiate
this conclusion. The estimate for the eff.ctiveness faetor‘v.

is formally summarised as follows:

\—-"
' ol .
-~ . . \
1 [ ] - -
v= 3.40 + 0.0243G,{, [6.12]
, t VR o kj . .
. where : ‘ v S | . - %
«f'= concrete cylinder strength (MPa) -
o - K R . ?a,
GF= 1K .

w . .
= confinement‘9haracteriSti¢ (MPa/mm)
0,= uniaxial stress (MPa) at location K
;o determined from the basic stress(‘fieid}' o

]
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Beam | A | B8 | C | D | ¢ [mm?) (Mpa)| (MPa)|(MPa) | (kN)
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oy

)

Y

.\o\q |

b

-

i

Typical basic stress field using strut-ond-tie model

Figure 6.8 Details of beams B1/1.0, B1/1.5 and B1/2.0 as

tested by Roéowsky (1983).
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" w= Crack width (mm) at K at load o,

v 1a01-(hy/)] T

Bty 1t(a/d) ﬂ‘

\

T~ tension in unit width of support
“ v

-

plate(N) at load o,
= h,u, (from [5.15])

a= horizontal projection of critical crack

length (mm) ’

h,= height c¢: . ‘ud{(mm)
d= depth of concrete core (mm)
Eqp= elastic¢ modulus of support plate (MPa)

<

Eep™ thicknegs of support plate (mm).
u
6.5 Summary of Anélytical Procedure
In this procedure, the multiplier M which scaled the
basic stress field to a stress fisld corresponding to the
measured failure load p, in [6.1] and (6.2 \}£ redefined as

the multiplfer M which scales the basic stress field to the .

predicted stress field at failure, i.e.
‘ pi‘ —

= - D [6.15])

The analytical procedure can then be summarised as follows.

M=

1. Choose the section geometry, plate thicknesses and
loading pattern. A ’
2. Construct a casic stress field (say, using u,=5J MFa) as

detailed in Chapter, 5, and find the corresponding

applied load p. Calculate G,, using o, and hy which are

o
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a&ailable from the basic stress field.
3. Calculate v from equatibn [6.127.

4. Since Mo, = ot = £, = vfl, calcul=tec M usbng.
vf]

c i .°
M= : 6.16
" . [e.16]

5. Calculate the predicted failure load p, (MPa) us}ng
[6.15] which is rearrénged to give .
- .
’ p,= Mp , g : 96.17]
6. To ensure that [6.12] is valid, check th?t the support
| plate remains elastic at failure of the concrete, 1.e.

Muchy < toF o [6.181

i

.6 Comparisons of observed failure loads with those

[o,}

predicted by other theories

6.6.1 CAN3 A23.3 - M84, General ‘Method
The compression field approach ailowea by CANB A23.3 -
MB4 "Design of Concrete Structures for Buildings™, Clause
11.4.2.3., stateé'that the diagonal crushing strength(of
may be.computed“as‘

£e | .
£ MTGEF 1706 [6.19]

concrete, f, ...

where
X= 1.0 ags normal weight concrete
¢.= perfogaénce factor for concrete = 0.6
f'= specified concrete_strehgth (MPa)
e,= principal tensile sfrain.
‘This equatlon is based on the experlmental work of Veccblo

t

and Collins 1985 It is rewritten here as

] ’ .
* . N
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. 4
fC= v\;CfC
where
- v o , 1 é; .
Vve® 0.8 + 170e, . - [6.20]
d . : * ¢
. = effectiveness factor according to
’ .
S Vecchio and Collins
- '
and

e,= principal tensile strain (positive) at:
failure.
Démec rosettes were located close to the failure location K

in the B6 and BS5 series (see Figs. 3.15 - 3.16), and so -

estimates of e, at K at failure could be made. Even though

2

two rosettes were available for each specimen, only one gave

B

reliable results in each case. Unfortunately, no such

rosettes were available for the B4 series (see Fig. 3.14).

Y .
Plots of principal ten%TIé strain in. the concrete ndar

K vs. the applied load p (Mﬁa) for the B6 and B5 series are

given in Fig. 6.9. The principal strains were calculated

using program DEMSTR (see Chapter 4). The dashed portions of
these curves indicate extrapolations which were used to
estimate e, af,ghe failure loads. The extrapolated values

for e, are used to calculate v, from [6.20], and

A ~

" test-to-predicted ratios for the Vecchio/Collins theory are

then calculated using almodified version of [6.13)} i.e,
P. Y
Pp Uy

The results are shown in Fig. 6.%70. They are good for- the B6

series, but they are less satisfactory for the BS series,

4

This result is by no means a reflection of any innacuracy in ,
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the Vecchio and Collins eQuation ([G.fgl). Rather, it is a

refleotlon in the method 1n which it is applled here. ;
Equation 6. 1§> was der1Ved from the results of tests

performed on relnforced concrete panels subjected to |-

'homdgeneous straln flelds. Slnce strain gradlents did not

exist, arbltrarlly large gauge 1engths could be ‘used to
measure-strain, and the effect of cracklng across the gauge
length was smeared. Indeed, in CAN3 A23.3 - M84, the use of

[6.19] isgalloned only for compression flelds in which _
o = s .

—

- homogeneous strain conditians are assumed. However," ge

strain gradients exist across a 50.8 mm gauge length. near

location "K" (as indicated in Chapter 4), and it is

\

unreaJQnaole to smear cracks'overlsucﬁ a short gauge length.
Therefore, it is not proper to apply'[6.20] in this_caéeﬂ

and this fact is‘reflected in the results in Fig. 6:10.

The code d1scu551on of the Generz! M~:thod also proposes

..,

a stress f1eld and allowable concrete atresses for unlformly
ioaded reinforced concrete deep beams (Fig. 6.11). However,
this method should not be appliedtto the analysis of the

composite specimens feported hefe, sincelthe reinforcemenc

is external. -

[
\

6.6.2 CANT A23 3 - MB4 S1mp11f1ed Method - . ¥

According to the simplified method 1n the Canadlan

" Code, the shear capacity of a rectangular member is given by
&

- v,="0.2¢ M, bd o | 6.21]

where : * ‘ o
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¢ .= performanée factor for concrete = 0.6
A= 1.0 for normal weightLCOhcrete
f'= specified concrete strength (MPa)

-
b= width of section’ (mm)

© .
867

C A d= effective depth of section (mm) .
In this case, ¢. is set equal to unity, and "d" 1s taken as
.‘ e

the depth of the concrefe core. Then h .

A

[of

- ' = 18.18V/E kN,

V= 0.23x1.0x1.0x/E, x375.0x250.0x107 kN

- The critical-éhear force V, is taken as being equal to the

-

" maximum shear force at a disténqe "d" from the face of the
Suppdét;‘This method, then, predicts failure on the short

shear span in specimen B6/7. In the test, such a failure was

!

not obsefved.
Using the above approach, the test—to—preditted ratios

are ‘
p. VY, ’ ’
- g ’ " 16.22
pp VC - - 4‘(‘ ‘ [ ]
and are shown in Fig. 6.12, It is obvious that -the
' éimplified method is grossly conservative"ih this case.

-

Indeéd, the Canadian Code recognises this fact in Clause

11.5 which states thaE'the General Method should be used

"for those parts of members in which

“(a) the distance from the poiﬁt'§f zero shear to the face of
the support is less than-2d4; or

_(b) a load causing more than 50% of the shear at a support

is located less than 2d from the support.” ~ ¥

]
L~y

Y
All of the specimens in this testing program are governed by



: B . 192

- 8.0 T 1=

-

o
N )
6.01 i
. .
o

aolt1tt 't X3 - )):

>
1234 1567 12345 - »
B4 Series B6 Series  B5 Series Specimen vl
N e

. .

‘e _ -
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CAN3 A23.3 M-84 Simplified Method.
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this requlrement ‘and so the Simﬁiified Method cannot be
T . . C s - ~/ -

a lled T
PP @#

6.6.3 Niwa's Equation

.

4

An equation to predict ‘the shear capacity of the
concrefle in deep reinforced concrete beams without
transverse reinforc ment has een proposéd by,Ni&a (1984).

The form of the equatlon waé derlved from finite element
analy51s, and the proportionality constant was fourtd through

A 1

callbratlon with published data and a subsequent series of

[y

tests. The equat;on“ls

R S 66’bd[1+3 33(r/d (1+ Vo) [6.23]
V.= .
c _ + a/d) e )

where - ' Vo ¢

bl

. V.= shear capacity of concfete_i}N)
K= a cqnstan;,‘2.4x10%
£ = specifiéd concrete strength (MPa)

~b= width of beam (mm)

ey

d= effective depth '(mm)
r= width of supporﬁ(mm)
p= reinforcement ratio (%) . s N

a= shear span (mm).

R

This equation was derived for beams subjected to .
symmetr.cally applied discrete point loads, in which case

the shea~ span "a" is well defined. Thé shear spanfis?not so

'readily defined for uniformly loaded beams. .For the purpose

L . . B
of this comparison, however, the ‘shear span is taken to be

the horizontal projection "a" of the 'assumed critical crack,
A ’ ’ }
<
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-

as indicated in Fig 6.3. TheAEpplied shear, Vt,'isfhefined

-

"‘as in Section 6.6.1., (i.e. at a distance "d" from the face
‘of the support). For specimen_B@/i,.v; was calculated for

the,long shear §ban, since failure occurred in this'sban.
\
The relnforcement ratio p is defined as " s
100t ;'i,“wﬂé

- e [e.24]

where t, 1§ the thlckness of the support 5ia€€§§bf
The resukts of the comparlson are given in Fig. 6.13,

It is seen that the results are good for the B6 and BS -2
. \
serles, but ars‘very poor for tbe B4 series. The explanqtioﬁ

.lies ir the definition for V.. Th® chojce of V_ at a

, dlstance "d" from thé inside face of the Support 1s‘qu1te
L

arbitrary fpr deep sections. Indeed for’ 1/d = 2.0} V['f‘O .

v

vnder this condition. The accuracy of .the assumption \“tBZ

improves as the mémber becomes shallower.

. x
e -

6.7 Comparison of Measured and Predicted Steel Strains -

6.7.1 Loaded Plate . : _ ) \

\

In sectioh 5.6, it was ghown, that the.shear stfess, T,
at any point on the steel/contrete ipterface-ot the loaded
'surface is given by 7
~ | r= prar® o 15.17)

where p is the applied normal load (MPa) and ® is defined in

Fig. 5.13(a). It was also shown that it is reasonable to )

$

assume a linear variation in shear stress between locations

o . !
v at which the sheag:stress is known,
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‘steel plates, as also shiwn in Fig. 6.14. Th

196

. l .
With reference, to Fig. 5. 13(a) and 'Figqg. 6(b), the
theoretlcal shear proflle at l terface for a spétlmen-_\\

with unlformly dlstrlbuted -Wad’ngvls as shown in F1g
6.14(a). The situation for a patch load*&s shown in.Fig.

6.14{b). The sign comvention assumes that positive shear .,

causes clockwise rotation. These shear profiles are

7

equ111brated by equal and opposite shear stresses on the

‘steel strain °

A

~in the loaded plate at any distance "x" from ’he caﬂt;lever

tip &S calculated using

’
©

[6.25]

X

1
fip(X)= m—JO 7(x) dx .

as indiCateé:?; Fig. 6.15, For a linear shear distribution,

the integration can be conveﬁiently performed numerically

using the trapezoidal rule.

.

Fig 6.16 shows the predicted and measured Strain -

. - o .
.

distributions at failure in the.loaded plates of specimens
B4/1 86/1’and B5/1. The measured stralns were obtalned from -
the gaugeleocated «t the m1d-w1dth of ‘the plate. Increments
of 100 mm wereJused for the numerlcal 1ntegrat1on W1th the
exception of specimen B5/1, the predlcted shapes of the

strain olstrlbutlons Jgree with those wh1ch were measured.

The pegks in the s*raln dlstr1but1on for 85/1 (1nd1cated by

."P™ in Fig. 6.16) can be explalned with reference to Flg.

6.17(a), which shows the locations of the gauges relative to

the lgading devices age the stud connectors. The gauges
hS

-which correspond to the peaks in Fig. 6:16. are also

-1nd1cated by "P" in thlS flgure. The clamplng actlon of the

<

o Y
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| ‘r ' . Uniform load
. =

K S Loaded plate

I §

\ 0 | L v . B
: C () (N
Flgure 6 14 Theoret\&al shear stress dlstrlbutlon at the |

~ N
loaded pla*e/concrete coré 1nterface of a contlnuous

composite beam,
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, b
¥ .
-~ _~Cantilever tip ‘x ’
- ( N - Tgp(x.)‘
I e
|
/.~ - | ——
Shear stress r
&
§
> X
T4p(*)= Shaded area BT {
fap(x)=__Tlp | ¢
K
ZptUp
,
-
C .
\

Figure 6.15 Calculation of €, (x).
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Figure 6.16 Predicted and measured strailn distributions at

failure in the loaded plates of the uniform1y~)oaded

specimens B4/1, B6/1 and E», 1.

®
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load1ng devices 1nh1b1ts curvature 1n the loaded piate at.
gauge locations "A", and the strains measured by these
gauges are essentially free of Ben@ing effects. Curvature in
the beam must then be concent}ated in tﬁe vicinities of the
gauges "Pz,_and thg;straihs measured ffém theseégéuges may
include a chvature component (Fig. 6.17(b)). If the gauges
"p" are ignored, then the shape,}ndicétedAby the dotted line
in Fig. 6.16 is also in agreement Qith that which is
predicted. '

Two significant differenées between the predicted and
measured strains can be observed from‘Fig. 6.16. Firstly,.
the measured tensile strains are higher than those which are
predicted. The difference is mainly attributed to ;hé fact -
that the averagé longitudinal‘strain across the widthfbf the
plate is app}ox}mately-0.9 times the strain measured at the
midwidth of the-giate, as shown in Section 4.6.3. Seéo;dly,
the predicted compressive strain at midspan is larger 'than

b 3 N
that which is observed. The-primary reason is that 'the

o - .
concrete compressive zone at midspan is ignored in the

4

: : s
analytical model, as explained in Section 5.4.4.

The measured and predicted strain distributions in the
loaded plate of the patch loaded specimen (B6/7) are given
in Fig. 6.18. It is seen that agreement 15 very poor over
the "stress-free-zones", and a detalled‘ahvestlgatlon is
warranted to explain the discrepancy. Fig. 6.19 shows the
measured strain distributions in'the:loaaed"plate at load

levels 3.0, 4.0, 4.5 and 5.0 MPa (%.e: at 0.55, 0.74, 0.83

T
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_K)OO

‘Measured -

Predicted

0

- -I000

~

’ -~

., 0

Figure 6.18 Predicted and measured strain distribuﬁipns in

the loaded plate of the patéh-loaded specimen B6/7 at
- ? " “I\k

failure. o T o
[
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"and 0.92 times the failure load, respectively). With = °

reference to the strain dist}ibut&bn over the
"stress-free-z ne" on ﬁBé‘right-hand’side, it is seen that
an abrupt change of shape occurred between load levels
4.5 MPa apd 5.0 a. The change occurred almost 1mmed1ately
after ‘the fermation (at 4.4 Mpa) of the cracks ;;\Ehe‘
"stress free- zome (Thece cracks can be observed in Plate
4.8). An equ1valent change of shape (albelt not as abrupt)
can also be observed for the strain distribution over the :
fﬁst;ess—freengone" at the left-hand side. This change
occurred between load ;evels 4.0 MPa and 4.5 MPa, and the
test records indicate ehat cracks formeq.in this region’at‘
' 4 .
3.8 MPa The change of shape of the strain distribution may
therefgre be' related to th& formatlon of these cracks, as
explained qualjitatively for the right- hand 51de
"stress-freelzone" hereunde;dand in Flg. 6.20.
» In the analytical modelf;?> is assumed that slip takes
glaee between the steelﬂplate and the concrete in the |

stress-free-zohe,rsince the steel plate is strained but the

concrete is not ( Fig 6.20(a).). This strain discontinuity

‘_is not possible because of fhe mechanical,interaction at the

interface and the limited plastic capabilities of cohcrete
s _ .

(i.e. the ductility"requi;ement of the lower-bound theorem -
is nét satisfied). Equal and opposite shear sfresses may be
required in this‘regidh to force eompatibility dt the
interface.\These are designated as compatibility shear

ja)

stresses in Fig. 6.20(b), and would be responsible for

Y

~
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Figure 6.19 Measured strain distributions in the loaded

~ plate of specimen B6/7 at various load levels.

4
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Figufe 6.20 Compétibility shear stresses in specimen B6/7.
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additional tensile strains’'in,the plate.

It is clear that the 3nalytical model for a T
patch-loaded specime: does not accurately describe the
strain:distribution in the iﬁaded plate. Fortunately, it can
still be used to predict the failure load for the specimen,
since the concrete in the "tied-arch" which is used to
transfer the patch load to the supports is essentiglly
independent of the_“stress—free~zones". Nevertheless, the
poor (and ugsafe).prediction of the strains in the loaded

» piate_is cad;étfqr concern, and'could‘be further
’inve§Eigated bysfuture laboratory testing. _

C e

5?2
@ 7 ) Support Plate ;

]

averaée strains as indicatéd in Section 4.3.1. The

g gn . uihy
\g e

5&A ﬁﬁer1ved from Equation [5.15]. Tied-arch behaviour

) '." .~ %1 é’

o Some dlff“ £ ices between .predicted and measured average

cdn~ ant strain) is confirmed in this figure, despite
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7. CONCLUSIONS AND RECOMMENDATIONS

]

7.1 Introduction

"In.acqordance with the philosophy of limit states
design, seveéral limit states can be identified for composite

R} - 3 .
ice-resistin ¥11s in Arctic offshor structures. The main

serviceability limit st;tes_thCh have been identified are:

1. Degeneration of.the concrete core.-by the effect of
fhermél gradients thrdugh the thicknesé~of the wall
(Clarke and Symmons, 19795. |

2. ExcésgiVe vfbration of the qali when-it‘is subjected to
perlodlc loads (Gerwick and Bgrner, 1987).

3. External deflectlon of the wall when it :s ;B jected to -

Ultimate limit states are concerned with the behaviour

AN . " .
of the mall when its:hhs reached its maximum load-carrying

O

capacity. Ultimate' limit states which have been identified
for composite ice-resisting walls includé;

g. LoSs of com@bsite getion between the steel plates and

’ the concret= core.

2. Local buckling of the lo;ded plate between shear

connectors (Matsuishi et al., 1977). |

3. Fracture of the steel piate in tension (underreinforced
R failure). 5~.

4. Loss of load-carrying capacity of the concrete core

(overreinforced failure). ‘

208
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Post-ultimate limit’ states can also be con51dered

since it has been shown in Figs. 4.1~ 4.5’ and in Table 4 2

-

u

that evegoverreinforced walls may possess slgniflcant

,capacity ergy absorption after the ce@crete has

e,

failed. These liMrit states may be 1mpottant%0nde; ‘he action
- . . ° Jq/—%‘ % .
of- an extreme 1ce event. R o =
. . ‘. ) -,

! . R S S . )
The work described herein has been primarily concerned

with ult1mate limit state No.4 above, i.e. examination of
the ultimate behav1our of overrelnforced eomp051te'
1ce—re51st1ng,walls.eln partlcu?ar,_a method has been
developed which predicts the strength of these walls.

:

7.2 Conclusions ~ : ™~

Yy L

»7.2.1 General

1. \Composite'iee-resisting Qalls‘with span;tofdepth ratios
varying from 3 to 5 can withstan§§eXternal pressures in
the range of 1J0_MPa to 10.0 MP%..‘

2. Assuming there are.adequate shear connectors, the
capacitytof an individual wall configuratien is a

function of the span—tb-depth ratio, the concrete

strength,. the size an%,mechanlcal propertles of the

teel plates, and th andlng.

’ <
i SL
3 S
, "\ o !
L .
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© 7.2.2 .Construction Details. . o

1. The type of shear connector used to provide composite

action between the steel plates aqd the céncfétq core

had no apparent effect on the failure load of the

composite beams which were tested. Even thouéh'flexufql

]

cracks initiate earlier when plate conneéctors are used’

T —
(as opposed to stud connectors), this id deemed to be of

little practical gonseduence.i. '

2. Stiffened plage bulihéads should be d'signed‘to take
into account both the effect of the s iffenér spacing on
the concrete in the support area of.;he composite walﬁ
and ghe efféct of the stiffener-spacing on the strength

~and stability of.ﬁhe bulkhead itself. Theteffect of

. inappropriately-spaced stiffeners may be to ﬁhftiatg‘
local degenerétidh of the concrete nea; the .stiffeners
at a idga leve%.which is significantly lower than the
maximum load for the wall;‘Furthﬁrmore; this |
Qegeneratibn may ultimately léadﬁﬁo é f%duCtibn in the
loadfcafrying ggpacity of the.wall yhen it is subjectéd.

./)‘-" to cyclic load;ﬁg.‘ ,5

3. The- inclusion of diéphfagm plates at the supports:seems

3

to have no apparént effect on the strength of the ¥all.

' i :
4. The 'addition of shear connectors on the support plate
between the poinfé'where the wall is supported affects

the crack pattern but does not have a ‘significant effect

~ on the strength of the wall.

4\1.3
St



.3 Fan-type Stress Fields.
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7

The\use of a higher strength concrete does not provide a
préportiohate increase in the load-carrying capacity of
the wall. Rather, the tests indicated thag the capacity
increases only with ViL. |

Data on the use of steel-fibre-reinforced concreée in
cOmposite‘ice—resisting walls are limited, but the
preliminary results are encouraging. Of the five

specimens which were designed to, give a duct®e failure

(B6/2, B6/4, B5/3, B5/4, B5/5), _tbeéonly specimen: which

did not ultimately fail by crushing&pf the coﬁd@%ie used

steel-fibrE—reinforced concrete. Fdréhermoreq siﬁce
ice-loadiqg on offshore structures is essentia’ly an |
energy-absorption phenemenon, the toughness
charagfepisticé of SFRC may be advankageous. The urit
cost of SFRC is approximately twice that for a
conventional plain concrete mix. Ho&ever, this incfeasé
fﬁ cost may be small in comparison‘with the total cost

of the structure. . AR

I

For the uniformly loaded composite specimens, fan-type

stress fields give a simple and realistic assessment of

the load paths iﬁ.the concrete core. Accordingly, the :

associated predictéed equilibrium states for both the

loaded and éupport.plates closely match those which were.

observed in the tests.
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a

%

_ A fan-type stress field for a patch-loaded specimen:does
not realistically describe the léad paths in the regions
of the loaded piate over the "stress-free-zones", siice
this stress field demands the existence of strain
discontinuities which éhe specimen cannot provide.
Acdprdihgly, the state of stress in the ioaded plate is
nct accurately predicted. However; a fan-type sgress

. field can nevertheless be usc] to predict the strength
Lgf fHe member, éince the failure locatioﬁ is close to

“the suppoft plate and withiA the "tied-arch” whichhis
'essentially independent of the "stress—free-zéqes".

R

.4 Failure criterion.

A failure criterion for the concrete in compbsite
specimens which accurately and ragibnally predicts the
failure loads of the members has been developed. The
criterion is similar in philosophy to the transverse
strain criterion which is éurrently sugsgstéd in the
General Method of CAN3 A23.3 M-84. However, the method
uses an easily-determined confinement tharacteristic G,
in place of the transverse strain, which is‘difficult to

determine, at the failure location.

¥

The failu¥e criterion was developed for specimens‘with
concrete cylinder strengths in the range
40 MPa < f. < 70 MPa and for confinement characteristics

in the range 125 MPa/mm < G, < 300 MPa/mm. However,
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b

ﬁherc is evidence to suggegt that the .failure criterion
~may also be applicabie over la;gef ranges of both f. and
G,. . - . :
3, The failure criterion assumes that the concrete fails
EefOre the support p1a£e yields. However, there 1is
evidence®to suggest that it may also pé applicable for.

underreinforced specimens.

7.3 Recommendatidns.
&
7.3;i An Appropriate Composite Ice-Resisting Wall
Configuration. . X
The composite ice- re51st1ng wall conflgurataonvwhich is
recommended 1s’§hown in Fig. 7.1. Such a wall would be eigfx/
to construct, and has the following features:
1 The concrete core material is eithér plain concrete or
steel-fibre-reinforced concrete. °
2. Nelson stud shear connectors are attached to both the
loaded and support plates, with a closer spacing'in the
support regions of the support plate.
3. The_attachment of studs near the outer corners of fne
.~ bulkheads is avoided in order that the heat affected

zones due to the stud welding may be kept within the

uppuL widths.

U‘)

4, Diaphragm plates are used at the support locations to

space the two steel skins during fabrication and to tie

e

them together during the pouring of the concfeté core.
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7.

3.

'Ausihg fan-type stress fields- for patch—loaded specimens.' -

215

Either solid or stiffenéd plates are used, but it 1is
emphasized that the stitfener,spacipg must ,be desigried
to include their»;ffect on the strength of the wall as

well as on the strength and stability of the bulkhe:ds.

2 Future Work.
K
The number of sheay connectors on both the loaded and'

support plates was conservatively chosen to ensure that

premature failure did not occur due to loss of composite ‘
action‘.ﬂ 51gn1f1cant economic advantage could be )
real1sed if the number of\s\uds could be reduced This

is part1cularly Qrue for the support region, where a

reductlon of the congest1on due to the large ﬁumber of

studs would be de51rable

1

The test- series used 51m11ar plate thicknesses for both

the logded and support plates, and it was observed ‘that
the strains”in the' loaded plates were lower than those
in .the support plates. It may theretore be'possible %f
reduce the thickness of the supportéplate without
adversely affecting the strength of the member. However,
such research should be tempe;ed by the fact that the

strain in the loaded plate may be unsafely predrcted

The analytical model suggests that the fallure loaa 1s
sensitive to the support width. ThlS could e, conflrmed

by varying the support yidth.in-future tests.

o

e
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~1imiting the allowable height of the

( | S 216
y .
Tests with Varying stiffener spacing at Lpe supports

would yield valuable information. .
The effect of patch-logding on the strains in the iéaded

plate needs to be further‘investigated by tests. '
. X » ot
Steel-fibre-reinforced concrete »s potentially
Toos S ’
attractive as an infill material, and could be further

<

examined. R : > ‘ o e

A

7. It has been asiymed that diaphragm plates located at the
a N . . .

supports would be adequate for reéisting the hydrostatic’

& . .
.pressure of the wet concrete during construction. The

hyarostatic thrusts on the plates can be controlledfby

concretevi?f , and
) ;‘ {\\
it is anticipated that the skin plates would resist \\’

\

_these thrusts by membrane rather than bending action. N

The permanent deformations‘andastresses in the steel

skins due to the concrete pouring could be examfnedfby

.

further testing. ' R

b d
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7.4 Ciosufe. - &“s ‘
Marti (1987) has written that; ' ~ . -

"At present, .we must admit that we are unable to
_provide a comprehensive and accurate theory capable’
of predicting the response of reinforced concrghe to
general loading. #e have to content ourselves with
simplified-approaches which provide at least answers
to partial problems. This is not a.serious drawback
since we could never apply #¢uch a comprehensive :
theory in ‘practice simply because we cannot
accurately assess the initial conditions for any
_practical problem....... It is better to use several
* simple approaches which are capabl® of illuminating
partial aspects of a problem rather th¥h to apply
y ~ one theory which pretends to cover all aspects”.

In accordance with the lower bound theorem of
plasticity, the use of fan-type stress fields in combingtion
with the recognition of the strengthé and deformation
capabilities of 'the constituent materiads will give a safe
estimate to the load-carrying capacity of a composite -
ice-resisting wall. Perhaps more importantly, this approach |

. also forces the designer to identify a realistic load path
within the strycture, and thereby to understand the.
structure, rather than to content himself with the (often
- blind) application of mathematical formulae or "canned"

U computer pfograms. Hardy Cross (1952) suggests that;.

"Studeﬁ%s should be encouraged more to draw pictures
of what they are thinking about. They should draw
pictures of deformed structures, pictures of
structural failure, pictures of stress distribution.
To try to draw them raises, or should raise,
hundreds of questions. If men can't draw them they.
don't know what they are talking about and the
degree of detail shows the amount of familiarity
with the subject..... To try to draw a pictyre will
' frequently answer or invalidate a qgestion”.
Practicing dgsigners are continuing students; and it is the

writer's opinion that the statement .by Professor Crcss



- o . 218
' . -
succinctly summarises the correct approach to be taken, not

only in the design of composite ice-resisting walls, but in

A}

engineering desjgn in general.

-
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APPENDIX A: CONCRETE TEST RESULTS.

O £
The concrete cylinder strength (f), the modulus of

elas&icitx;in compressiqn”(E;), the splitting tensile
strengthk(ft) and the modulUs of rupiure (f£.) Qeré recorded
at intervals for eachﬁéonc;ete mix “used in the testing p\‘
program. The values for the :y.inder strength and the
modulus of elasticity in compression were obtained from
300 mm x 150 mm diameter concrete cylinderé, tested in
accordance with CAN3 A23}2—9C..Splitting tensile strengths '
were obtained from split cyiinder tests carried out in
accordance with CAN3 A23;2-13C.¢Modulus of rupture was
" calculated from tests on 150 mm x 150 mm x 900 mm beams,
tested under two-point loading in accordance with
CAN3 A23.2-8C.
The concrete teét results are presgnted in

Tables A.1-A.7 and Figs. A.1-A.4. Table A.f gives the age at
whith each composite‘specimen'was tested, ancd cérrelates the
Eomposite‘specimens with the corresponding concrete mixes. ¢
Since the concrete cylinder st;engths corresponding to the -
concrete in the chposite test specimens at the age of
testing are of particular interest for the development of
“the failure criterion 1in Chaptér 6, thesef%alues have been
_extracted from Figs. A.1-A.3 for all composité specimehs
' éxcept B6/3, B6/4 and B6/6, and are presented ih Table 3.1.
The regression curvés in Figs. A1-A3 were-obtained from the
data in Tables A2-A4 using the statistical paékage M;nitab
(Rpan et al., 1985). Since the numbers of cylinders
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available for specimens B6/3, B6/4 and B6/6 were
insufficient to allow meaningful regression analysgs7 the
coﬁcretg cylinder strengths for these speciméns were
calculated using equation f3- 1], where the vaiﬁes for t,
were obtained from Table A. 1 and the values for t, aﬁé
correspondlng values for f' were obtained from Tables A.5,
A.6 and-A.Z~respectively.

_Sincetthe'sectibn on Toughnéss-Energy Abéorption for
steel-fibre-reinfor&ed—cbncrete.(SFRC) in ACI 544.2R-78 has -
been removed froﬁ‘the publication and is currently under
fevision,_the load—ﬁidspan deflection curves for the SFRC

gwdulus of rupture beams are reported in Fig;4A.4 without

any interpretation of the areas under the curves.

e
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Table A.1 Mix designataohs‘énd age at téstfhg for each.

specimen. . %
.
[
. >
A
~
Specam - # Age at testing. '(1 - Concrete Mix =
(days)
/“-‘ ’
Ba/1 79 . H4
Bd/2 73 Ha
( B3 62 CHA g
Q Ba/4 g4 Ha
B2/5 31 H4
. .
B6/1 ¢ N o H6
> BG,2 a2 HE
B6/3 ' 35 H6/1 5
BE/4 . 1 . " HE6/1.0 ]
! -~ o -
B6/5 N .63 . H6
o .
BG/6 31 N L
e X -
B6&/7 o L, He
. ‘ gy o - ; B }J" N
B5/1 . @ K s Hy @t
- . o ° JENEIR ]
) AR : - e IR
. 85,/2 © 16 ..‘2 ) ¢ H C
v ¢
B5/3 o 21 ‘ H5
¥ > "
BS/4 27 - HS
85/5 ' P ; HS
‘ . * .
P
2 N
. r \
- *

-

-

r
.
&
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Table A.2 Concrete test results for Mix~ H4. ;
13 »
[ Q)
o .
. ~ ’1- " 2 - /
Compression: Tension NS
- wn
Cylinder (C) Age 1 ¢ £ ~
Y 9 c C A r )
or Beam (8} | (davs) {MFa) (MPal (MPa) <Ay
X ‘ -
c £ 3" 36 4 g Y
c 3 A4 0 - ‘{‘ *
bl
C 7 48 1 - \ )
c 7 472 - / |
_(D
C ‘ 28 55 2 -
¢ 28 56 1 -
c 57 59 7 -
' ’ , ¥ ¢
C 57 58 .0 - \
—— , >
c. ¢ 57" 62.5 -
jc 71 -
1o C . 71 -
C 86 29 000
c 86 60 0 28 700 -
| C 86 71.2 - -
c 86 - ’ s 04 ¥’ ‘
c’ 86 - - } 96 -
[t
"B / 86 - - 5 232 7
O ' 86 - 5 32
.'1 “ T )
3 f;; :;,; <&
L
? \
A
By
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Table A.3 Concrete test resuits for Mix H6.

\r
¥ 5

. % A
»
e i < -
Neu , g
* Compression Tens 1.on
, , - | .
. IS K f . L]
Cylinder (C) : Age t FC EC ft f ,
3 L4
ot Beam (B (days) (MFa) (MPa) (MPa) (MPa)
' ’ L2 2 AL
3 . 4
s
C 4 49.8 - - Y
¢ ‘ 4 a3 9 - - -
e c Loa 47 5 " & - o
C L 11 a8 1 - - L
- ‘, .
' c . kK a8 - - -
w i
C < i1« Jt B - . _
g ' - N
c i 21 51 3 - X - 7
- > : e R
c 21 53 2 - o .
‘ st LS
c 28 aa g . - -
c 1 28 55 ¢ S v - 5
o C 36 86 5 - X - -
e N o
c ng-i’j .52+ - -
; c } 42 54 .9 - -5 -
‘; Y - " ‘g - A B
“\ Co.o ik, 42 6278 Sy . f
o = ax ‘59: 1 - ( - -
b & k N
j C 42 = - . \?‘_ 15 -
¢ . " es 03 | - S - ‘
C 86 63 o - 30 900 . - _
c 66 68 3 3¢ 102 - -
C 66 - - 45,17 -
} ) o '
( v 66 oo - 4.52 -
[ ,‘l_:‘
- i < s £
ik LN ; e
B 4 66 .7 - - - 5.36
B” 66 £ - C- 6 01
¢
Lt A
M. , - . ¢ .
o I N 4 .
n
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Vi
‘- Comprnss'\om Tensyon
Cylind {C) A t f/ 3 f f
inder e .
y 9 c c t | ;
or Beam (B) (days) (MPa) (MPa) (MPa) (MPa)
| ' ‘ - *
c 3 33 7 -
\\
c 5 35 1 - -
c 7 36 5 - -
c 7 31.5 k -8 - :
, o ° \J
C 12 16 . C - - 7
o 12 46 © - ‘ <
T 19 e 25 500 - -
c 19 48 2 27 100 - - T
c 19 - - 3 a2 - "
c 19 - : 3.84
c Y 45 2 -
c 27 a3 7 " 29 100 - -
C 27 48 R~ 26 100 - -
c . 27 - - 180 -
c 27 - - 452 .
N 34 54 3 - - -
c 34 56 5 26 300 . - ﬁ *
. ¥ A
c © 34 513 28 600 . - '&q
. c 34 - 3 90; - :
C 34 - - 363, -
B 20 - v - - 43 94
B 20 - @ : - - 4.32
P .
8 27 - - _ 5.15
" X .
8 27 - - - 5.09 ¥
B 31 - | - . - 4.58
. ]
8 <X - - - 5 34
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Table A.5 Concrete test results for Mix L6.

Torpress on Tension
4
e (7) A o g f
Cy 1 1ndet " ge t c te : t ‘ fr
A .
or Beam (E) (days) (MPa) (MFa) (MPa) (MPa)
¢ 28 33 0 21 900 - -
C 28 31 0 - - -
]
C 28 37 6 S BN -
2
C - 28 36 2 - - -
¢ 28 - 3.50 -
LY
B 28 - - - 1 .50
: N €
4
Sy N \ ,
. .
M “ 4 P TR -
) . :‘ . 71 “. )
Table A.6 Concrete test results for Mix H&/1.5 (1.5%
] . . ;{J'-' 'r h
N <

fibres/vol.).

¢
Compression® . Tension
Cylind (c) A t o E f f
inder e .
y § ) c ¢ ¢ r’
or Beam 1R) (Ways) {MPa) 2 (MPa) {MPa) (MPa)
e 36 . 53 3 - - -
c 39 61.7 29 900 - - K
C 39 - - 5 34 -
B8 39 | - \ S - 6.46
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*  Table A.7 Concrete test results for Mix H6/1.0 (1.0%

fibres/vol.).

4
-
% .
) ] .
.® P
o Compressionr ' . 1L 10N
- I . A . :
Cyli A f f
Cylinder (C) ge t fC EC { 't
or Beam (B) (days) {MPa) {MPa) (MPa) {MPa)
N Y
c ' 66 60 6 - -
C 66 62.5 - - -
) C 66 61 9 29 020 - -
c . 66 63.9 29 900 -
c 66 - - 370
o 66 ) - - 6 10 -
Lo 66 - 5 00 -
c 66 oo - 5.34 .
8 66 - - - 5 7%
B 66 - - 6 46 )
Lo
".'a
Q
’ ’
’ "
4 -
J
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APPENDIX B: CALCULATIONS FOR THE BASIC STRESS FIELDS.

. Since the basit stness_fields for a.. three span-to#depth

ratios‘have the same form for unifarmﬂloading, only the

calculations for §pan-to-depth ratio = 5 are given in'depth

here, aad they refer to Fig. B.1. The results of the

jcorresponding calculations for span-to;depth ratios equal'tb
4 and 6 are shown in Figa. B.2-B.3. Thezcalcdlations foq~tﬁe
basic stréss field for: the batch loaéed specimen B6/7 are
algo given, sincg the solution involves the use <1
addltlonal techniques whlgh were not used in the solutlon of
the B5 series basic stress field. Since the hydrostatlc
stress u. can be arbltrarlly chosen, a value of 50 MPa is.
used. The notation is defined in the List of Symbols and is
repeated throughout Chapter 5. Calculations are given only
Ifor the correct applied load p (MPa). If any other load had‘
beeen used, equ;llbrlpm in Zone 3 wopldkndt'have_been

satlsfled( Pnd andther choice of p woufd have been

neceagafy. |

; N N
18;1 Unifdtmeoading: Basic Stress Field for 1/d = 5. e
Tha geometry for-1/d = 5 is shown in Fig. B.1, where

only half of ‘the beam is shown because cf. symmetry‘ Assume

that the applled load p=4.0 MPa. BN
'L ZOTE 13 ‘
! Load on cantilever = 0.769 x 4,1 = 3.153 MPa.
'z (Forces in the ve;t}yal direction) = 0: . 3y//’
‘ . “ ///'
T 237 yd
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3,153 x 325.0
" 50 '
s = 20.0 mm.
z (Momentsaéboqt the point 0) = 0:
S N . : -
50h, (250 - %)= 50 x 20.0 x 208.
The solution to this quadratic ‘equation gives'h1.= 17.1 mm.
. Zone 1 can be constructed.
‘ Z0ME 2; .
.THe non-dimensionalised height « of vertical face of the '
ndde’is‘ '
(N AR IV 0
. - = 4 = S50 © 0.0684 | |
.. ~ The slope s of the fan lire which is common to both Zone 1
‘and Zone 2 is | o .
_ 359, + 20,0 -325 _
| | - B 0.2319.
Calculate.the non-dimensionalised horizontal distance §,:
. ' ) %
_ .s{i-k) . : o
‘ ) £1_ (Uc/p)_1 . [5.7]
~a - ‘ - 0.2319(1-0.0684)
' ‘ ' (50/4.0)-1 _
. = 0.01879. S

calculate thé maximum height w, of the hydrostatic node:

. / | 2 . |
. _ _ _ ____S_____ )
wo— 1 (1 K'.) 1 (Uc/p)_.‘ [5-9]

: . ' . «®
. . 2
\\\, | = 1-(1-0.0694)V//1 0.2319

e "150/4.0)-1

.-

= 0,07058.
Calculate the ngn-dimensibnéliéed horizontal distance §£,:
0,- wo(z_wo) . : ‘
- | ‘Ez" W [5.8]

//5207058(2~0.07058)
(50/4.0)-1

0.1088.
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Knowing the nonfdimenéionalisea quantities f, and §,, the

horizontal dimensions x, and X, can be calculated using:

%= (£,+E,)d - [5.10)
= (0.01879+0.1088) x 250 *

¥ = 31.9 mm‘,

UC
e (5]
50 x 31.9
4.0

= 399 mm, = . - 2
‘and so Zone 2 can be constructed.

X, is known, since it is the amounteéffthe top surface which

has not been used up by Zones 1 and 2.

z (Force's in the verﬁical direction) = O:
Xg= By [5.12]
4,0 ' B |
= 50 x 351"
= 28.08 my )

The height h; of the vertical face of the ihaginary

, . ~, : . .
hydrostatic node can now be calculated by proportion using

h3= g[lg'—(x1+x2+_x3)]t | B , [5..13]
_ 534[182 (20.0+31.9+28.08) |
{ ‘ = 47.8 mm.
The overturning moment M, is calculated usihg
. o X, X371 '
M = pX3[a+g fx1—x2f§—“§‘] . [5.14(a)]

| &
= 4.0 x 351(534 + 182 - 20.0 = 31.9 -

14.04 -7 175.5)

=‘6.66 x 105 Nmin ,

coe
. w;'
I &
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. and the restoring moment M, is
' : hy.
Mg= uh,(d + 2—»)

50 x 47. 8(25’0«4'23.'9)_*

i
,g.‘.
. ﬂ
0

L | = 6.54"x 10° Nmm '}'l

por = 4
&II

SE
Em
ce M, = M, p 4 O MParls aCCEpted as the correqt varué

R
for the applied load If MJ and M had not been close, then
) g

it would have been neceasary to choose another valquof p

. and repea§ the procedura. '

AT S . . .
Slnce a statfcally adm1551ble str s field has«now been
> dgflned the‘prunc1pal compre551ve stress om at K'can be

found u51ng equatlons E5 1]”’[5 2] and [5‘25] %a follows.

."Q’.r

. a2

,The angle ¢ between the %an l1ne through K and the vertical

< i the
? axis 1; | |
e : 0= Tan 1[—34.] .
‘ e 250 =
§ ~_.'é‘l ) 3 s | . . ,/
. ‘»
3 ,5,- 01}\‘— ]+COSQ@ ,‘ [5.2’5]
| G, P e -
‘ »X
’f" ~0.640% o
A 22 25 Mpa.
- '43 [N i q’-

The radlus of curvature R correspondlng to thlS fan line at
the 1maglnary hydrostatlc node 1is
‘Re [_i"_A__,_]r o [5.2]
o lug 7oy, ! e
and r, the dlstance along the fan line between the. imaginary
hydrostatic node'and A, is scaled from the d;aw1ng Slnce r
. , 1

is scaled to he 700 mm, then

)
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' v§ ‘ ' \/ﬂ
ST K Lo A

o 22.25 |
Re{ 552 22.25}x 700
= 561 mm,

The principal compressive stress at K, o,, is then found

using s

¢ . P )
, R- '
Jo [l
: ]
The dlstance p along the fan line between the imaginary

hydroStatic'pbde and K is scaled as 227 mm.

.o 561 _
O [551¢+ 77| * 50

= 35.60 MPa.
For the'purposesvof the failure criterion in Chapter 6,

Jthe most 1mportant results from the ‘above calculatlons are . -

the stress 0, . and the height h; of the 1mag1nary node in
*- -
Zone 3, and are included in Tables 6.1 and 6.2. The values

for the B4 series and the B6 series (shown in Figs B.2 and

B. 3) a;e also {ncluded in these tables.

/ K ~

B.2 Eccentric Patch.Load:.Basic Stress Field for Specimen

B6/7. | 7 N

The geometry and loading for specimen B6/7 are shown in

Fig. B4. For u, = 50 MPa, it is initially (and correctly)®
c : .

Rais

assumed that p = 3:3 MPa. The loads én the cantilevers are
transfer;ed to the support using a combination of Zones !
and 3. The calculations are nbt shown here, since they are
similar to those used for the BS series basic stress field.
Tﬁé effé&f of the cantilever load is to use 20 mm of the
suppdrtvwidth at each support. The remaiping 156 mm is

o £
therefore available for supporting the patch load.
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initially assumed.that the imaginary hydrostatic node in

Zone 3, is in the optimum gmgition (i.e. it is assumed that

failure would occur in thig'span). The gropértion of the

lpatch load which is carrled through Z;%e 3 is obtained

through trial —and error by examlnlng the eguilibrium of

Zone 3; 'as follows: ’

1. Assume that the, Zone 3 :Zone 3, split for the 600 mm
patch load is 360 -mm:240 mm.

2. T (Forces in the vertical direction) = 0%

3.3 x 240
X3p= 50

= 16 mm .
3. Then, hy,; is deEermihed gréphically to be 46 mm, as
shown invFig. B.5(a).
4. Calculate the overturning moment M,
%3 3. 3x24OX(675+431+120 20 8)
= 6.2 x 10° Nmm
aﬁd the ré$t6rihg moment M,
© M= 50x46x(250+23)
= 6.3 x 10° Nmm.
Sinéé’M' E’ "Zone-3 is»in equilibrium, and the assumed 360
'5- .

mm: 240 mm spllt 1s correct.

!. i

Zone;3 ‘1s now checked for. equ111br1um under the

.."

applled loaﬁ pa—»B 3 MPa, ‘as follows:

S (Forcgs‘in theﬁvgrtlcal direction) = 0:

3.3 x 360 | ,
X3= TTE0 : A

/’ \
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- s
= 23.7 mm, i
2. ThedredyireQent of constant £en§ion iﬁ the éuppo;t plate
éemands that ﬁ
hy = h;R |
= 46 mm, ‘ "
“and the imaginary"nqde @ay thefefore bé_fitted
graphicali; as shown in Fig B.5(b).
3. The overgurningbmoment M, is calculated as
| M= 3.3 x 360 x 586
=7.0 x10° NTm, : =
since the horizontal lg;er arm is scaled as 586 mm. The
~re§toring moment M, is
" Mz= 50 x 46 x 306
¢ - 7.0 x 10° Nmm,
& '

since the vertical lever arm is scaled as 306 mm:

Since M, = M,, Zone 3, is also in equilibrium, p = 3.3ﬂMP%¢£sf

v ¥

INE L

the correct applied load. | ‘ ) R
I1f a différent (incorrect) Vvalue for p had been,

initially chosen, the split of the patch load between Zones.,

3, and 3, would have been different, and rotat%ééal

equilibrium would not have been satisfied in Zone 3,. If the’ @i
X : ‘ T, ";'.',

iﬁé@inary hydrostatic node had been located-at the optimum

location in Zone 3, instead of in Zone Zome 3;, then for

PR ]

equilibrium to be satisfied in both Zones 3, and 3;, the,
hydrostatic node on the right hand side would have been
" located within the concrete core. This situation is

statically inadmissible ,since it would not be possible to
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equilibrate the ver' cal face of the node.
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APPENDIX C REGRESSION ANALYSIS TO DETERMINE AN'EgVBESSION

FOR: THE EFFECIVENESS FACTOR v. ~

%
< e
,y-' : o ‘l i

The regre551on ana1y51s ‘was performed u51 the stat15t1cal

R

J
package Minitab (Ryan et al., 1985), and the output is given
in the last two pages of this Appendlﬁg The input data for ,
the analysis have been calculated ﬂ& Table 6.2. The

\

followwng notation is usqd in thaéoutput:

From. the Minitab output it is seeh that the regression

equation is

x b= j.zs[k%: ] + 0.0259[3%: ].
From tables.for the F-gistribution, it can be seen.that if
the variables 1/Vf, and Gy //f, were not affecting the
response variable v, there would be only a 1%vprobability of
obtaining an F-ratio above.7.21; In fact, the Minitab output
indicates that tbe‘Ffratio (= mean square for

W
regression/mean square for error) is 8.7590/0. 0052 = 1684,

and the p-value (i.e. the probability of obtainingaa sample

250 B
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L . | ‘
,result ak/ie;;t as extreme as thlS) under the hyﬁbt?ﬁsiﬁm .

'the varlables 1//Tr and G //?r are not affectlng the
‘O
o3 : ) ’ D

-
7

response v 1s practlcally zero.
It is also noted that the - ratl@s for the effects of
the varlables 1//fr and G //fr 1nd1v1dually are 6 33 and
9.58. These are h1gh1y 51gn1f1cant In fact, from tables of
the t-distribution w1th 1 degrees of freedom the
probability of obta1n1ng a value in excess of 3.106 is onl?
0.5%. Thus there is high statlstlcal ev1dence that ‘neither

of the input variables 1/VI, and GK//f: should be ignored.

Pe

&



/

MINITAB OUTPUT
The 1nput data from Table 6.2 are echoed

ROW v 1/rfc
1 0.948 00,1261
2 1,054 0.1266
3 0.985 0.1297
4 1.042 0.1257
5 1.194 0.1355
6 1.161 0.1289"
7 1.357 0.1591
8- 1.155% 0.1277
g 1.627 0.1497
10 1.576 0.1470
11 0.941 0.1433
12 0.894 0.1403
13 0.863 0.1391

GK/rEC'

26.229
22.649
22.731
26.296
29.675

28.448

35.209
35.284
42.066
41.366

'17.253

16.822
164748

The regression equation is
V =3.40 1/rfc + 0 0243 GK/rfc

Predictor" Coef Stdev
Noconstant v :
1/rfc . 3.4018 0,5371
GK/rfc  0.024324  0.002540

= 0.07199
Analy51s of Varlance
SOURCE DF 5SS MS
Regression 2 17.5180. 8.7590
Error 1M 0.0570 0.0052~
Total 13 17.5750 .
SOURCE DF SEQ SS
1/rfc 1 17.0425 ~
Gk/rfc 1 0.4755

t-ratio

6.33

252
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Obs. 1/rfc- - V . Fit Stdev.Fit Residual
1 0.126_ 0.948Q_ 1.0670 0.0184 -0.1190 -
2 - 0.1277%1,0540° 0.9816, 0.0201 0.0724
3 0.128 ' 0.9850 0.9873 ' 0.0204 -0.0023
4 0.126 1.0420-. '1.0672° 0.0184 -0.0252
5 0.135 1.1940 1.1827 0.0204 0.0113
6 0.129 1.1610 1.1305 0.0196 0.0305 .
7 0.159 * 1.3570  1,3976 0.0243 -0.0406
8 0.128  1.1550 1.2926  0.0300. -0.1376
§ 0.150 1.6270 1.5324 0.0366 0.0946
. 10 0.147 .1.5760  1.5062 0.0361 * 0.0698
11 0.143 0.9410 0.9071 .0.0368 0.0339
12 0.140 0.8940 . 0.8864 0.0361 0.0076
43 0.139 0.8630 0.8806 0.0357 =-0.0176
' (4
© {/\_" @ Y
)
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