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An Experimental Study of the Ultimate
Load Behaviour of Composite Steel-Concrete

Bridge Deck Structures

V. M. REDDY* Ph.D., B.E., M.Sc., AM.I.C.E.

A. W. HENDRY+ Ph.D., D.Sc., M.L.C.E., M.LStruct.E.

This article describes tests on eight model bridge decks of composite steel beam—
concrete slab construction. The aim of the work reported was to provide
experimental data for the development of a theoretical method for the prediction
of the ultimate strength of bridge decks of this type based on yield line analysis.
Simply supported bridge decks having three and four longitudinals were tested
under a variety of loading conditions.

INTRODUCTION

COMPOSITE construction, using structural steel
sections and cast in situ slabs, has long been used in
bridges. However, it was only recently that the
British Standards Institution has published Code of
Practice, C.P.117 (1967), part 2 relating to this type
of structure{l].

The analysis of a composite beam bridge is com-
plicated owing to the presence of T-beam action.
The predominating failure of such T-beams ob-
served in tests[2-4] being tension failure of steel, it
is reasonable to assume that the moment of resis-
tance is sensibly constant at failure thus permitting
the application of yield line methods for calculation
of failure loads. Though idealised plastic theories
for slab and T-beam action combined are open to
criticism, nevertheless such theories are likely to be
conservative owing to the effects of membrane
action and strain-hardening of steel[5].

Because of the complexity of a composite beam
bridge, the applicability of any analysis can be deter-
mined only by comparing the behaviour of actual
structures with that predicted by analysis. With this
in mind, laboratory tests have been carried out on
eight model composite beam bridges. The purpose
of these tests was to determine the ultimate capacity
of the bridges and their manner of failure under
different loading conditions for comparison with
possible theoretical estimates of ultimate strength
and to obtain further information on the behaviour
of the composite beam and slab elements which con-
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stitute the structure. The purpose of this report is
to give an account of these experiments but com-
parisons are given with theoretical results, the basis
of which is discussed in detail elsewhere[4, 12].

DESCRIPTION OF MODELS AND
TESTING ARRANGEMENT

The tests were divided into two groups referred
to as A-series and B-series. The specimens of A-
series had three longitudinals with a span of 72 in.
and a slab width of 36 in. In the specimens of B-
series, the span was kept the same but there were
four longitudinals with a slab width of 48 in. The
variable in each group of the tests was the type of
loading which consisted of concentrated loads only.
The layout and loading, modes of collapse, the
crack patterns after failure and the theoretical yield
patterns for all the models tested are given in various
diagrams which may be located from Table I.

Steel joists were connected to the slab by mechani-
cal shear connectors, which were designed according
to the procedure given in C.P.117, part 1[6]. A
typical load-slip curve is shown in figure 3. It was
assumed that complete composite action between
the beams and the slab existed up to failure. The
spacing of beams was chosen in order to keep the
effect of shear lag[7] to a minimum so that nearly
the entire width of slab available would be effective
in acting as a compression flange of the beam. The
design details of models are given in Table 2 and the
typical sections in figure 4. The properties of the
steel used in the beams and in the reinforcement of
the slab are given in Tables 3 and 4 respectively. The
properties of concrete control cubes are given in
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Table |

Lay-out and loading

Model and modes of collapse
Aland A Il Fig. la
A 1l Fig. 1b
A1V Fig. la
Bl Fig. 2b with additional
loads at the points 3, 4,
7 and 8
BIi Fig. 2b
B 111 Fig. 2a
BIV Fig. 2a with loads at

points 3 and 4 omitted

LLoad spacing
ratio (sec
figures 1, 2 and 3)

Crack patterns
after failure
(figure no.)

0 6
16 9
5/36 10
16 I
5136 15
536 16
5136 17

Layout ond loading Modes of collopsed considered Notation
E _E
__ —__k]hs2
Th = Gimple support
— —_— ——  Free edge
o o h m ~—~~~  Positive yield line
h/2 (tension at bottom)
N N [t Negative yield line
t-biee gL 0-fesz . Central line of beam or
Mode A im axis of rotation

h/2h h h/2

Hinge in beam

Ends of unloaded beams not anchored
down to the supports

.——__} m~ reinforcement

l m ( positive or sagging

moment /unit width
in this direction)
I
! m{negative or hogging
. moment /unit width

in this direction)

- ]
h/2h ~ h hr2 A

Moment keylines

{c)

Ends of unloaded beams onchored
down to the supports

Fig. 1. Three longitudinal bridge decks.

Table 5. Preceding the test on each model, control
tests were conducted to determine the properties of
single elements, namely (i) composite beam (ii) slab
strips in transverse and longitudinal directions.

A loading frame specially constructed for the in-
vestigation with Model A I ready for test is shown
in figure 5. The strains were measured across the
depth of the composite beams at mid span using
1 in. gauge length electrical resistance gauges. The
concrete surface strains were measured using a 2 in.
gauge length Demec Gauge and also resistance
gauges of 20 mm gauge length. The deflections at
mid span were measured using dial gauges reading
to 0-001 in. and 0-0001 in.

DISCUSSION OF TEST RESULTS

The applicability of yield-line theory to a com-
posite steel-concrete structure depends mainly on
the properties of the steel used. The strength of the
concrete is secondary but it should not be so weak
as to affect the load—slip characteristics of the shear
connectors[8] which may result in splitting along
the line of the connectors. This was observed in
Model A 1V (figure 10) which was cast in concrete
of lower strength (Table 5).

The steel used in beams of models of A-series,
as revealed by tensile tests (Table 3), developed
strain-hardening to a considerable extent. Tests in-
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Fig. 4. Sections of models.

Table 2. Design details for all model bridges

span, in. 72
spacing of beams, in. 12
|(size, in. Ix 14
Steel joists J weight, 1b/ft. 4
! cross sectional area, in? 1-18
LModulus of section, in® 1-11
( Type Headed stud

| Diameter, in.

1
Shear connectors 4 Height, in. 1%
spacing, in. 2
Total number in span 36
Depth of slab, in. 14
Slab reinforcement All bars

4+ m., diameter

spacing, in. 1
( Bottom per cent 0-94

Transverse 4 spacing, in. 1
L Top per cent 0-94

spacing, in. 3
{ Bottom per cent 0-34

Longitudinal <| spacing, in. 3
L Top per cent 0-34

dicate that strain-hardening has a beneficial effect
on the ultimate capacity of a structure, though it
complicates the analysis.

The pattern of yield lines that may develop in a
beam and slab system largely depends on:

(i) Ratio of ultimate moments in longitudinal
and transverse directions,

(ii) Spacing of beams,
(ii1) Support conditions, and
(iv) Type of loading.

In the present tests, the only variable in each
group of tests was the type of loading and therefore
the present paper is concerned with the behaviour
of the test specimens under different loading
conditions.

DEGREE OF COMPOSITE ACTION

The ultimate capacity of one shear connector
found from a push-out test was 2-05 tons against
the maximum design force of [-32 tons. The slip
corresponding to this force was only 26 x 107 in.
(figure 3). This is much less than the safe value[8]
at which full interaction could be assumed without
introducing any appreciable error in calculating the
maximum moment.

The strains measured show that the strain-
distribution is more or less linear across the depth of
the composite section (figure 14) implying that any
slip present at the interface can be ignored.

BEHAVIOUR OF CONTROL BEAMS AND
SLAB STRIPS
The failure of all the control beams was by the

formation of a compression crack across the width
of the slab at the section of maximum moment[4].
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Table 3. Properties of steel in beams

Per cent Per cent Per cent
Yield ultimate strain strain
Size No. point strength at first at strain
of of I fu yield hardening E E, § = r=
Series beam tests  (Ib/in?)  (Ib/in?) e, e (Ib/in2) (Ib/in?) E/E, ele,
A J3in.x 1} in. x4 Ib. 6 45,000 69,000 015 0-15 30x10® 1x10°¢ 30 1
B 3in.x 1} in.x 4 b, 6 35,000 63,000 0-118 1-53 29-5x10° 0-473x10% 625 13

E =Young’s modulus
E,, =strain hardening modulus

Table 4. Properties of & in. dia. reinforcing bars of slab
obtained from tensile tests on 2 in. G.L. specimens

Yield point Ultimate

No. of (approx.) strength
Series tests (Ib/in?) (Ib/in?)
A 3 63,000 71,000
B 3 65,900 95,700

The steel section was fully plastic in almost all the
tests. The neutral axis moved upwards after the
bottom flange of the beam yielded and was in the
slab at maximum moment. The longitudinal re-
inforcement at the top of the slab yielded at maxi-
mum moment.

The tests gave the values of ultimate moments,
which were generally higher than the theoretical
ones, calculated on the assumption that concrete
attains 2/3 cube strength or the value given by
Hognestad’s stress block[9] at maximum moment.
The ultimate moment calculated on the basis of

4/9 cube strength (C.P.117 part 1, 1965) is con-
servative. The gap between theory and test was as
high as 30 per cent in the beams of A-series and
20 per cent in B-series, even after an allowance was
made for the effect of strain-hardening in the

Table 5. Properties of concrete obtained from tests on 4 in.
and 6 in. cubes

(Concrete mix: Cement, fine sand and coarse sand were in
the proportion 1:2:3 by weight. Water-cement ratio = 0-60
by weight)

No. of
Age at tests on Average
test cube strength

Model (days) 4in.cube 6 in. cube (Ib/in2)
Al 40 3 3 5227
All 47 3 3 5096
A 111 54 3 3 6290
AlV 56 3 3 3280
Bl 30 3 3 5130
BII 37 3 3 6270
B III 44 3 3 5600
B1V 44 3 3 5600

Fig. 5. View of loading frame with Model Al ready for test.
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Table 6. Values of ¢12, w and x for vield patterns (see figures | and 2)

V. M. Reddy and A. W. Hendry

Equivalent slab method

Beam and slab method

Experimental (average)

Model : S e e — -
b2 W x{(in.) @2 W x{(in.) 92 W

Aland A1l St 34 38 267 14-3 5618 38 42 12 570 340
Al 3342 26 42 11-3 RPN 28 6 12 3230 2570

Bl 59 247 56 30 128 61 O 55 0 12 50 O 48" 0’
B Il 56 12 5424 14-0 60 6 537307 12 5007 500
B I 56" 54 53" 30 13-7 60" 6 33 36 12 510 5070

12-18

(i) Top

(if) Bottom

Fig. 6. Crack pattern of Model All after failure.
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theory[4]. This was expected because of the limit
put on the maximum value of concrete edge strain
at maximum moment. The theoretical values of this
strain[9] varied from 0-318 to 0-334 per cent for
different strengths of concrete used against the ex-
perimental values which varied from 0-35 to 0-50
per cent. By permitting higher values of this strain
observed in tests, this gap could be considerably
reduced, but how far this is justified is in doubt
because of many uncertainties inherent in the
strain-hardening nature of steel and the strain-
softening nature of concrete.

The ultimate moments of slab strips obtained
from tests were in reasonable agreement with
theoretical values which were on the safe side.

BEHAVIOUR OF BEAMS IN MODELS

The deflections and strains of beams in Models
A Iand B 1, which are typical of other models, are
shown in figures 7 and 8 and figures 12-14

| I Y N Y e respectively.
0 100 200 f3.»00 400 3;300 800 700 800 900 First yielding of the beams was characterised by
Deflection ('""‘K:b at mid span an abrupt change in the slope of load-strain curves.
) Yielding occurred first in the loaded beam and was
Fig. 7. shortly followed by large deflections.
P
o % _ 15in.
® [13in. @A) 13in. 30
® [15in. @] 15in.
% nE
= Location of resistance gouges
o at mid span of model AI
0-077%
i T
8 I /. /. /. c c
7 »—ol. of o/. o/ o/’ ‘_5 I‘:’ g
O
2 /@ ©/ Y@ / N.A.
Sy T
E
g 5e—» o
3] I / §
Go—F o Collapse load=85 tons c ) .-
\r $ HI-
3i * » 1 Ll © §
]
W
| l 1 1 | i 1 1
o] 1000 2000 3000 4000 5000 6000 095% 06% 0:155%
Strain, 10°in./in. Control beam  Beam II Beam T
at a moment at 8 tons at 8 tons
(o) of 684 ton-in.

Fig. 8.

Strain distribution near collapse
(b}



126 VoM. Reddy and A. W. Hendry

In the case of Models A 1 and A [, yielding did
not reach through the entire cross section of the
loaded beam. though strain-hardening had com-
menced in the bottom flange and the deflections
there were increasing rapidly. Yielding occurred in
the bottom flanges of outer beams but did not pene-
trate deeper into the steel section. The outer beams
were still acting as strong supports to the slab, when
failure occurred due to punching of the slab
(figure 6).

In the case of Model A 1ll, yielding reached
through the entire cross section of the loaded
(outer) beam while strain-hardening was taking
place in the bottom flange and web. Yielding had
penetrated nearly half the depth of the steel section
of the central beam. The outer (unloaded) beam
was far from the yielding stage and deflected up-
wards at mid span.

The behaviour of individual beams in B-series

was similar to that in A-series, under similar loading
but the behaviour of the bridge deck models was,
to some extent, different.

In models B I and B Il which were comparable to
Model A 11 as regards type of loading, the outer
beams (unloaded) were far from the yielding stage
and deflected upwards as in Model A 1. In model
B 111, the loading on which is comparable to that on
models A I and A 11, there is no punching of the
slab (figure 16) and the outer beams (unloaded) also
failed at ultimate load, which was not the case with
the Models A l and A 11.

The notable feature in all the models tested was
that the outer beams, when loaded, produced
relatively larger strains and deflections than the
loaded central beams at their corresponding sec-
tions at failure. The loaded beams, whether inner
or outer, tended to separate from the rest of the
bridge deck near ultimate load. The final modes of

(i} Bottom
Fig. 9. Crack pattern of Model AU after failure.
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collapse were influenced by the relative strengths of
the deck in two orthogonal directions. In all the
tests, the loaded beams failed or nearly failed. The
beams, two spacings away from the loaded ones,
were not greatly affected.

BEHAVIOUR OF MODEL BRIDGES
(figures 6-17)

The cracks in the slabs in majority of the tests,
were not wide since the reinforcement in the slab
consisted of steel with high yield strength (Table 4)
and low elongation. There were many small cracks
by the side of larger ones. The assumption that full
moment of resistance developed along the yield
lines was not realised in some tests where the ends
of unloaded beams were not anchored down to
prevent their lifting up due to eccentricity of the
load applied. Only in Model A III, where the ends

e -3 imelEE
]

my

of the two unloaded beams were firmly anchored
down, there was a negative yield line along which
the full moment could be assumed to have de-
veloped. The positive yield lines were also well
formed in this case as seen in figure 9. The ratios of
yield load to ultimate load obtained from the test-
results varied from 1-77 to 1-89 in models of A-series
and from 2-11 to 2:47 in models of B-series. The
steel used in beams of A-series had higher strength
at first yield than the steel used in beams of B-series.

PUNCHING FAILURE OF SLAB

The load distribution plate 4 in. x4 in. x4 in.
size punched through the slab in Model A 1 and
A II, where the loading consisted of a single point
load at mid span over the central beam. The
probable causes for this punching are:

N I W We

(it) Bottom
Fig. 10. Crack pattern of Model AIV after failure.
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(i) Top

(i) Bottom
Fig. 11, Crack pattern of Model BI after failure.
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(i) Top

(1) inadequate size of distribution plate under
the point load,
(i) stress concentration near the loaded area
subjected to high vertical shear
and (iii) vertical separation of the slab from the
steel joist.

In the later tests, causes (i) and (ii) were removed
by applying two-point loading. There was no punch-
ing of slab in Models A 1V and B 1V, which were
subjected to similar loading (figures 10 and 17).

Laboratory tests[10, 11] indicate that, when a
single load was placed over a panel, failure occurred
as a result of punching shear, i.e. by separation
from the slab of a truncated conical section. In
Model B I, the loads over the panels were accom-
panied by loads over the joists and there was no
punching (figure 11).

(if) Bottom

Fig. 15. Crack pattern of Model BII after failure.
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(i) Top

Fig. 16. Crack pattern
after failure of Model
BIII.

(ii) Bottom

Fig. 17. Crack pattern
at top of Model BIV
after failure.
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CONCLUSIONS bridge decks, using small-scale models. How-
ever, a limited programme of tests on full-size
bridges would be required to provide conclusive
evidence regarding the validity of any theoretical
analysis.

(c) The ratios of yield load to ultimate load of
model bridges obtained from the tests show that
a load factor higher than 2:5 may be necessary,
depending on the strength at first yield of the
steel used in the beams.

(d) The chances of failure of a bridge deck due to

(a) The satisfactory measure of agreement between
theory and experiment[Table 6] indicates that the
approach of the simplified yield-line theory for
assessing the ultimate load of a composite beam
bridge is adequate for purpose of design. The
tendency of the tests to give greater ultimate
loads than the theory may be mainly attributed
to (1) membrane effect inherent in T-beam
action and (i1) strain-hardening of steel. where it

oceurred. punching of slab are less if the point loads over a
(b) The experiments described in this paper indicate panel or panels are accompanied by other point

that it is possible to obtain much useful in- loads over the beams as in a multi-point loading

formation on the ultimate load behaviour of simulating the wheel loads of a HB vehicle.
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Cet article décrit des essais effectués sur des poutres composites acier/béton de modéle
de tablier de pont. Le but des travaux rapportés est d’offrir des données expéri-
mentales pour le développement de méthodes théoriques de prédiction de résistance
extréme des tabliers de ce genre de pont, basées sur une analyse du fléchissement
linéaire. Des tabliers de pont a simple support avec trois ou quatre éléments longi-
tudinaux furent essayés en diverses conditions de charge.

Dieser Artikel beschreibt Priifungen an acht Modell-Briickenfahrbahnen aus Stahl-
trigern und Betonplatten (Verbundkonstruktion). Der Zweck des Arbeitsberichts war,
Daten fiir die Entwicklung einer theoretischen Methode zur Vorraussage der dusser-
sten Stidrke von Briickenfahrbahnen dieser Art im Experimentrahmen zu geben,
welche auf Bruchlinien-analyse basiert sind. Freiaufliegende Briickenfahrbahnen mit
drei und vier Lingstrigern wurden unter einer Anzahl von Belastungsverhéltnissen
gepriift.



